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In thls range, the mean diameter pollen (d= 30um) without
adhesion force is transported in the rolling or sliding motion.

In this range, the mean diameter pollen (¢=30pm) without
adhesion force is transported in the rolling or sliding motion.

. e
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(c) Forward facing step flow

Fig.4. Simulated absolute velocity Va and the predicted transport field and condition of pollen
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Effects of chromatic color lighting on time sense
Hiroshi TAKAHASHI, Shohei KOHAMA®, Tomohito UETSUHARA®

! Kanagawa Institute of Technology, Japan, htakahashi@ele.kanagawa-it.ac.jp

Abstract: The use of LED lighting has become widespread. LED light sources are manufactured in
the primary colors of red, green, and blue, and are able to reproduce most chromatic colors.
Chromatic color lighting is considered to have physical and psychological effects on humans.
Therefore, the aim of this study is to investigate the time sense affected by chromatic color lighting.
The experiments were conducted to test the effect of light color on the time sense in different
working tasks. The result is suggested that green and red lighting seem to shorten the time sense,
and green lighting is considered to be practical from the results of subjective evaluation scores.

Keywords: Chromatic color lighting, time sense, green lighting.

1. INTRODUCTION

The use of LED lighting has become widespread. LED light sources are manufactured in the
primary colors of red, green, and blue, and are able to reproduce most chromatic colors. Chromatic
color lighting is considered to have physical and psychological effects on humans. For example,
blue lighting is reported as having the effect of suicide prevention [1]. Red lighting has an
awakening effect. Some studies have reported that long-wavelength (red) light increases alertness
in the daytime [2],[3],[4]. Katsuura [5] reported that experimental participants judged 180 seconds
to be shorter in a red lighting environment than in a blue lighting environment. However, the
comparison of white color lighting has not been previously studied. Therefore, the aim of this study
is to investigate the time sense affected by chromatic color lighting.

2. EXPERIMENT

An experiment was conducted to test the effect of the lighting environment on different work
tasks. An experimental work space with a desk was lit by LED light source and various colored
films. The partition that created paste the white wallpaper in white styrene board was installed on
the desk. The light source was adjusted to a height of 0.7 m from the desk surface. The
illuminance was adjusted to 500 Ix by a DC power supply. Table 1 shows the experimental
conditions.
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The general procedure of the experiment is presented in the following. Eight male participants
are asked to perform six different tasks. Thinking task 1 is solving a Sudoku puzzle, in which
players input humbers from one to nine into a grid consisting of nine squares, subdivided into a
nine smaller squares, with the goal of ensuring that every number appears once in each row,
column, and square. Each participant is asked to declare when he feels 180 seconds has passed
since starting the task. The time sense of the participant is then compared to the actual time.
Creative task A is creating a new application task. The participant is given a topic and is asked to
suggest many ideas in 3 minutes. Creative task B is a “predict results” task, in which the participant
is given an impossible situation as a topic and asked to suggest many ideas on the predicted
results in 3 minutes. The concentration task is making a card tower. The participant makes a
three-stage card tower. Thinking task 2 is a crossword puzzle. Each participant is asked to declare
when he feels 300 seconds have passed, and this time sense is then compared to the actual time.
Subjective evaluation tasks are evaluated by the semantic differential (SD) method. In the SD
method, 16 pairs of words are employed in this study: able to concentrate/not able to concentrate,
not uncomfortable/uncomfortable, not sleepy/sleepy, bright/dark, not oppressive/oppressive,
warm/cool, calm/restless, stress-free/stressful, easy to work/difficult to work, rested eyesftired eyes,
feels short/feels long, easy to think/difficult to think, like/dislike, strong/weak, motivated/not
motivated, not glaring/glaring).

The following procedure was used in the experiment:

(1) The participant is given 10 minutes to adapt to the chromatic color lighting while performing a
subjective evaluation task by the SD method before the experiment in the laboratory.

(2) The participant performs thinking task 1.

(3) The participant performs creative task A for 3 minutes.
(4) The participant performs creative task B for 3 minutes.
(5) The participant performs the concentration task.

(6) The participant performs thinking task 2.

(7) The participant performs the subjective evaluation task.

Steps (1) to (7) are repeated for each light colour at random to avoid the order effect.

Table 1: Experimental conditions

Light source LED
llluminance of work space 500 Ix
Uniformity ratio of work space 0.9 or more
The height of light source 700 mm
Desk size H:750 mmxW:1040 mmxD:730 mm

White : (0.31, 0.33)
Red : (0.64, 0.32)
Chromaticity Green : (0.30, 0.56)
Blue : (0.16, 0.16)
Yellow : (0.47, 0.51)

participants 9 males in their 20s
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3. RESULTS AND DISCUSSION

One-factor analysis of variance (ANOVA) was performed in this study. The factor was light color
and multiple comparisons were performed by using Fisher’s least significant difference (LSD)
method. Analyses were conducted to determine significant differences between the white light and
the other colors. The results are shown in the following figures. In the figures, the error bars
represent the standard error.

Figure 1 shows the time senses for thinking task 1. The participants’ declared times were over
180 seconds for all colors. This result indicates that the participants felt the time was shorter. Under
green light and red light, the time was felt to be shorter than under white light. On the other hand,
under yellow light, the time was felt to be longer than under white light. A significant difference
(p<0.05) was observed between the green light and yellow light.

Figure 2 shows the time sense for thinking task 2. The declaration times were over 300 seconds
except under yellow light. This result indicates that the participants felt the time was shorter except
under yellow light. Under red, green or blue light, the time was felt to be shorter than under white
light. A significant difference was not observed in the thinking task 2 for each light color.

These results suggest that green and red lighting seem to shorten the time sense. Moreover,
yellow lighting might lengthen the time sense.

Figure 3 shows the subjective evaluation scores. All evaluation scores for the white and yellow
light were positive. Many of the evaluation scores for the red light were negative, and many of the
evaluation scores for the green and blue light were positive. By comparing the green light and red
light, it is suggested that the green light left a better impression than the red light, because the
green light had a lot of positive subjective evaluation scores.

350.00 ——

300.00
250.00

I

200.00 1
150.00
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Figure 1: Declaration times for thinking task 1
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Figure 2. Declaration times for thinking task 2
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Figure 3: Subjective evaluation scores after five tasks
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4. CONCLUSION
In this study, the effects of a chromatic color lighting environment on time sense were investigated.
The results are summarized as follows:

(1) Green and red lighting seem to shorten the time sense, and green lighting is considered to be
practical from the results of subjective evaluation scores.

(2) Yellow lighting might lengthen the time sense.
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Technique of Obtaining Visually Perceived Positions From Hitting Movements
in Real Time

Takuto NAGAOKA'T  Hiroshi UNNO!  Masahiro SUZUKI* and Kazutake UEHIRA *

T 1 Kanagawa Institute of Technology 1030 Shimo-ogino, Atsugi-shi, Kanagawa, 243-0292 Japan

E-mail: T no.scared.00.1@gmail.com, I {unno@nw, msuzuki@ctr, uehira@nw} kanagawa-it.ac.jp

Abstract We evaluated a technique of obtaining the visually perceived position of a virtual object presented in front of the
screen of a 3-D display. Interactions between the virtual objects and users’ bodies actually seen by the users require executing
them at the visually perceived positions of the virtual objects. Although conventional techniques execute interactions at the
positions calculated from binocular disparity, the visually perceived positions of the virtual objects are often different from
them. The proposed technique meets the requirement described above by obtaining the visually perceived positions from users’
body movements. In the evaluation, we conducted the experiment in which the accuracy and precision of the visually
perceived positions obtained from hitting movements in real time. The results obtained from the experiment indicated that the
visually perceived positions obtained with the proposed technique were temporally accurate and precise. We demonstrated that
the proposed technique was feasible.

Keyword 3-D Display, Interaction, Body Movement
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extension of the HMMs using interval type-2 fuzzy sets to produce interval type-2 fuzzy HMMs to
model uncertainties of hypothesis spaces. The advantage of this extension is that it can handle both the
randomness and fuzziness of traditional HMM mapping. This system aspires to be a solution to the
scalability problem, i.e. has real potential for application on a large vocabulary. Furthermore, does not
rely on the use of data gloves or other means as input devices, and operates in isolated
signer-independent modes. Experimental results show that the type-2 FHMM has a comparable
performance as that of the FHMM but is more robust to the gesture variation.
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Stencil Cutouts for Virtual Reality Inputs
Natalie Ausmeier and Turgay Celik
Council for Industrial and Scientific Research, Pretoria, South Africa

Abstract—Virtual Reality (VR) is widely used in training simulators of dangerous or expensive
vehicles such as aircraft or heavy mining machinery. The vehicles often have very complicated
controls that users need to master before attempting to operate a real world version of the machine.
VR allows users to safely train in a simulated environment without the risk of injury or damaging
expensive equipment in the field. VR however visually cuts off the user from the real environment,
which may obtain obstructions. Users are unable to safely move or gesture while wearing a VR
headset. Additionally, users are unable to use standard input devices such as mice and keyboards. By
using stencils to cutout sections of the virtual world and insert a live video feed of the real world the
user can still see and interact with the physical environment.
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iMAP-CampUS (an Intelligent Mobile Augmented Reality Program on Campus as a Ubiquitous
System): A theoretical framework to measure user’s behavioural intention

Hamed Algahtani and Manolya Kavakli

King Khalid University, Saudi Arabia

Abstract—Technology has become a part of our daily life, growing the vital need for institutions to
provide rapid access to information available all the time. Recently, Augmented Reality (AR) has
emerged as a technology for educational institutions to enhance students' and visitors' experience
through its capability to overlay information into the real world environment. The iMAP_CampUS is
a mobile augmented reality application that would have the capability to show campus-related
information superimposed on a map of Macquarie University, Sydney. In spite of the popularity of
widespread AR applications and user acceptance of geo-based AR technology, there is limited
academic research conducted to study users' acceptance of AR applications. In this paper, our goal is
to review and clarify the factors influencing the acceptance of iIMAP_CampUS systems using the
Unified Theory of Acceptance and Use of Technology (UTAUT), IS success factors and Motivation
theory. This integration results in three success measures (information quality, system quality, and user
satisfaction) and two acceptance constructs (effort expectancy and facilitating condition). As stated by
motivation theory, perceived enjoyment has been affected by visual quality. Therefore, visual quality
is one of the external factors in the AR acceptance model we propose.
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New Technique of Obtaining Positions of Virtual Objects from Users’ Hitting Movements for
Augmented Reality Simulations

Hiroshi Unno, Masahiro Suzuki, and Kazutake Uehira

Kanagawa Institute of Technology, Japan

Abstract—We evaluated our proposed technique in which the positions of virtual objects were
obtained from the movements of users’ bodies. This technique is proposed for augmented reality
simulations where users’ actual bodies, but not their video images, interact with virtual objects
floating above the screens. Such simulations require carrying out interactions at the positions of
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virtual objects. However, this requirement is difficult to meet with conventional techniques because of
the human visual characteristics. Therefore, the proposed technique utilizes the characteristics of
human body movements to obtain the positions of virtual objects. The velocities of movements as a
function of time are first fitted into a Gaussian function in the proposed technique. The positions
where users’ bodies will collide with virtual objects are then obtained before collisions by using the
fitted function. In the evaluation, we created a new system in which the proposed technique was
running in real time. We also conducted experiments to measure the success rate of obtaining, or the
accuracy and precision of obtaining. The results obtained from the experiments indicate that the
positions of virtual objects can be obtained in real time. We demonstrated that the proposed technique
was feasible.
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Augmented Reality Game for People with Traumatic Brain Injury: Concept and Prototypical
Exploration

Leah Gilbert, Annika Hinze, and Judy Bowen

University of Waikato, New Zealand

Abstract—Traumatic Brain Injury is the leading cause for disability in young people in New Zealand,
and has long-term effects on memory and other cognitive functions. There is increasing evidence
linking body movement with memory and memory improvements. We explore here the concept of a
mobile memory game which encourages body movements to interact with an augmented reality
environment. This paper describes the reasoning for and exploratory design of an Augmented Reality
card game for people with Traumatic Brain Injury.
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18:45-19:00

VR ethics — A response to the Virtual Reality Code of Ethical Conduct proposed by Madary and
Metzinger (2016)

. James Hazelton, Tweedie Dale and Annaliese Finnane

Macquarie University, Australia

Abstract—VR offers great potential rewards but also risks to the community. Mindful of these risks,
Madary and Metzinger (2016) have proposed a code of ethics for VR and call for further discussion of
VR ethics. We respond to this call and make four comments in relation to the proposed code. First, we
suggest that such a code is necessary but not sufficient as many key ethical aspects of VR (such as
providing the background skills to make access beneficial) will likely be beyond the audience of the
code; second any code must be developed via an inclusive and consultative process; third many of the
ethical issues raised by VR may be better addressed via extensions to existing codes and finally in a

stand-alone code key areas are likely to be access, privacy and psychological triggers.
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Analysis of the Impact of Leveraged ETF Rebalancing Trades on
the Underlying Asset Market Using Artificial Market Simulation
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Abstract: Financial markets occasionally become highly volatile, as a result of a financial crisis
or other factors. Previously, index futures trading and program trading have been singled out as
direct causes of market destabilization, but more recently it has been suggested that leveraged
ETFs (funds aimed at amplifying several-fold the movement of a price index such as the Nikkei
Stock Average or underlying assets) rebalancing trades may also be a factor. This study uses a
financial market simulation (artificial market) constructed virtually on a computer to assess the
impact of leveraged ETF rebalancing trades on the underlying assets market. Analysis results
showed that a larger amount of the managed assets of leveraged ETFs corresponds to a higher
volatility of the underlying securities market. They also demonstrated that leveraged ETF trading
can destroy the underlying assets market, if the leveraged ETF trading impact on the market is

greater than that of ordinary volatility of the underlying assets.
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Vv MDA EREEIZ 1,000 (= 100%x20—1,000)
T, TZAR=Y¥—1%2,000 720, LANLy Ik
2 (= (100 x 20)/(100 x 20 — 1,000)) TH 5. % 1
DFEEFEMED 1101275, LAV Y RT—Vx
> b DIRERIE FERRAEIX 1,200 (= 1,000 x 1.2) , T
ZAR—=T ¥ —1322,200(=2,000 x 1.1) &% 5. ZD
EE, BELXINSGIIAKR—Y ¥ —1%2,400 (LN
Lw Pk 1.83 (=2,200/1,200)) TH2ZDT, FEM
% 1.81 (= (2,400 — 2,200)/110) 7ZFEMEAL T,
LNy O% 2RZHERE L 22 i3 i o 2w, IRITES
2 WD JFEPEMIMEAY 99 1275, LNy Y RT—
Vv OREMEFERREL 960 (=1,200%0.8), T
2 AR=TV ¥ —1%2,160(= 2,400 x 0.9) £ 72, LN
Ly Ul2.25 (=2,160/960) &725. HFELIhbT
JAR=TY % —131,920 THBHDT, FEEE 2.42(=
1,960 — 2,160|/99) 72135 H LT, L ALy V% 245
WHERE L 2 i iz & 72z,

UEDESHBBEEZITO> VALY Y RT =YV b
ERDE S IZET AT A,

EHt OB ERT -V POADIENIZE 5T
WeE B GO E Pl & U, oz —Y v b
i DEBEMRARE S, 235, TLUT, HEL RSN

2LV V=G A PEARE A MU PR, 72720, AR
BPERREI=I G BTG x PR, (AN PEAR AR = P T
I x FERERER + F vy ¥ a.

BEUEMEMI D EE T 2 2212, LAV UNLHch2 k58
ELTWRRWE, (R FEFERE OISR AR A M FEAR DI
WRD LI5Izm 575720,



SIG-FIN-018

F£ 1 FEEOPISRKIZN TS 25D L NNy Y R ETF OV NT > ZHG 4

Ji 2x JFUEFE 2x LNV w YR ETF
(6) BER (7) BEA | (3) BER
B () iR | (2) MR | (3) WK | (4) TZAR—Y v — | (5) MBEERH (LALV YY) | TZAR=Y v — Did= JiUE R HN S 4
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FRIE, 77V XA ZD A MD4,500, F¥r—TF 1A b
24,500, /A XML —=&—=H1,0002F5. Zho5D
I PEIX 1,000,000 295, LAALYy Y RT—Yx v
MOMEAEIE1 & T3, K-V bXATIZEHTS
NRIA—=RIFKDEBHYTHS. a=0.02, a=0.001,
o.=01, pb =0, 05 =10.02, ul =2, ol =0.1,
p =0, o =002, p} =2, oY =/0.1, N =5,
Ny = Ny =20%, P.= P, =0.05.
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RITHZODOEHEMIELTWS) &, RF7F714V
TAETRTRELZR>TVWEIENRRTENS.

L2251, HHFvy Y aBRPRELLRDTES
&, THBIGEEED 2 T HOMHBENEIZRE Z LR
Tend (RE&E, X225 EFWHF Yy v aEN—
MRIEERD 1,700 f5A EDSFELTWE K S ITR X
50, [EREIZIZ 1,600 506 FELTWAE. ZhiE, K
IR 20 M DOFEHTRERLTWERSTH D,
BRI U ARBEDFAE L TV \n 1,600 5054
3E 2 ICHEE AL TWRWRSTH D). ZTBESR
BTEAZTONRWERKTH Y, TGP EI N
ZEaERBLTVWS., FHITREKIE, R3IIZBWVT,
LAV Y R —Vxy bOFIRIF vy ¥ 28A8 1,600
L EDHBO MIAS, LALY Y RZ—Yx v Mk
ZIMOHHZDRT T4 VT4 LY RKELR>TWVWB R
ThHbH. i, IFvyyYaBRRELRY, LA
Ly Y RZ—Vz Y bORBIART T4 VT LDK
ERI=T YNNI NEHEZBEDIZRBE, T
GBI NTUES Z 2 RELTWEDTIEARWN



SIG-FIN-018

# 2 HFikfTIZ B BK T T 1Y T 1 & Stylized Facts
—HERERT -V v OYHIF vy v a RIINT S
ALy YRz —Y v OFIF vy ¥ 2 BOMR
FBM | x1 | x10 | x100 | x500 | x1,000 | x1,500 | x1,600 | x1,700 | x1,800 | x1,900 | x2000 | x5000 | x10000
EEEPRE:
jﬂj};:{gfi;r‘{ 116 | 117 | 119 | 138 | 174 | 146 | 138 | 144 | 259 | 356 | 207 | 239 | 395 | 39.0
R 432 | 399 | 382 | 283 | 069 | 646 | 224 | 1488 | 4.05 | -1.31 | 3838 | 3.06 | -1.87 | -1.87
77
1| 0497 | 0.488 | 0.491 | 0.392 | 0.175 | 0.391 | 0.605 | 0386 | -0.338 | -0.769 | 0.089 | -0.110 | -0.997 | -0.997
PRsED 2 | 0701 | 0.713 | 0.719 | 0.719 | 0.789 | 0.609 | 0.497 | 0.534 | 0.751 | 0.982 | 0.450 | 0.340 | 0.999 | 0.999
2D 3 | 0.503 | 0499 | 0.503 | 0.423 | 0.233 | 0330 | 0.365 | 0.231 | -0421 | -0.775 | 0.270 | 0.186 | -0.997 | -0.997
EOMBE 4 | 0.642 | 0.654 | 0.660 | 0.653 | 0.706 | 0482 | 0.267 | 0.413 | 0.670 | 0976 | 0.287 | 0.076 | 0.999 | 0.999
5 | 0513 | 0513 | 0.515 | 0447 | 0275 | 0200 | 0.184 | 0.114 | 0.479 | -0.779 | 0.238 | 0.313 | -0.997 | -0.997
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VALY YRI—Vz Y b OFIEIF vy ¥ 2 ROME
REH | x1 x10 | x100 | x500 | x1,000 | x1,500 | x1,600 | x1,700 | 1,800 | x1,900 | x2,000 | x5,000 | x10,000
[ORZAZ AN
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DI
(2) MI(x10%) 0.000489 | 0.00499 | 0.0392 | 0.0842 | 0.0585 | 0.0798 | 490 | 105 | 142 | 7.11 | 860 | 165 | 165
RS s
® T;];o{?)) 7 et | o1ar 119 | 138 | 174 | 146 | 138 | 144 | 259 | 356 | 207 | 239 | 391 | 390
@ r=r 0.000421 | 0.00430 | 0.0337 | 0.0725 | 0.0503 | 0.0687 | 4.22 | 907 | 122 | 613 | 741 | 142 | 142
(= (2)/(8) 1) : : : : : 4 : : : : : : .
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l PAPER Special Section on Intelligent Transport Systems

Analysis of Vehicle Information Sharing Performance of an
Intersection Collision Warning System

SUMMARY In this paper, the performance of a vehicle information
sharing (VIS) system for an intersection collision warning system (ICWS)
is analyzed. The on-board unit (OBU) of the ICWS sharing obstacle de-
tection sensor information (ICWS-ODSI) is mounted on a vehicle, and it
obtains information about the surrounding vehicles, such as their position
and velocity, by its in-vehicle obstacle detection sensors. These information
are shared with other vehicles via an intervehicle communication network.
In this analysis, a T-junction is assumed as the road environment for the
theoretical analysis of the VIS performance in terms of the mean of en-
tire vehicle information acquiring probability (MEVIAP). The MEVIAP on
OBU penetration rate indicated that the ICWS-ODSI is superior to the con-
ventional VIS system that only shares its own individual driving information
via an intervehicle communication network. Furthermore, the MEVIAP on
the sensing range of the ICWS-ODSI is analyzed, and it was found that
the ISO15623 sensor used for the forward vehicle collision warning system
becomes a candidate for the in-vehicle detection sensor of ICWS-ODSI.
key words: intelligent transport system (ITS), intervehicle communication
(IVC), intersection collision warning system (ICWS), obstacle detection
sensor, vehicle information sharing (VSI)

1. Introduction

A driving assistance system that reduces vehicle accidents
is one of the intelligent transport system (ITS) applications
that is expected to spread widely and rapidly. In Japan,
the Japanese Ministry of Land, Infrastructure, Transport and
Tourism calls vehicles with such systems as advanced safety
vehicles (ASV) [1], and it is promoting some ASV-related
projects. The intersection collision warning system (ICWS)
that uses intervehicle communication (IVC) technology is
one example of an ASV application system [2]. This system
allows a vehicle that has an on-board unit (OBU) with IVC
function to share neighbor vehicles’ driving information (po-
sition, velocity, etc.) and prevents its driver from a crossing
collision caused in an intersection. Thus far, some wide-
scale demonstration experiments on public roads have been
conducted as a part of the ASV project. In the demonstra-
tion experiment on public roads, information sharing among
vehicles with an OBU (hereafter called OBU vehicle) has
already been realized. However, it is actually difficult for all
vehicles to be equipped with OBUs simultaneously. There-
fore, it is necessary to consider the fact that the system will
be operated in situations where both OBU and non-OBU
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vehicles will be present. Obviously, because an OBU ve-
hicle cannot acquire information about non-OBU vehicles,
the lack of information might lead to incorrect recognition
of the driver, and the driver might cause a crossing colli-
sion. Furthermore, even if the driver is careful, when the
number of vehicles provided by the OBU interface to the
driver differs from the actual number of vehicles in the vehi-
cle detection area required by the ICWS (called IVC area),
the receptiveness of the driver to the ICWS might become
impaired. These are unavoidable difficulties for this type
of system based on IVC information sharing, which will be
widely used in the ICWS. Therefore, it is necessary to ac-
quire as much information as possible about both OBU and
non-OBU vehicles.

One of the methods for acquiring information about
non-OBU vehicles is to share in-vehicle detection sensor in-
formation among vehicles. Some concepts, experiments, and
performance evaluations of such systems have been reported.
To extend the vehicle’s field of view, Tischler included re-
mote information concerning the state of each participating
vehicle and its object detections [3]. Kato developed a visual
information presentation system that sends a real-time video
image to other vehicles by IVC [4]. One of the authors eval-
uated the safety performance of a driving assistance system
that uses sensor and/or communications in a freeway situa-
tion through a microscopic traffic simulator [5]. However,
this concept has not been introduced into the ICWS [6], [7]
and the VIS performance for the OBU penetration rate of an
ICWS is not even been analyzed.

In this paper, at first, the performance of a conventional
VIS of an ICWS that shares only the individual driving infor-
mation for the OBU penetration rate is analyzed. Moreover
the performance of the VIS of an ICWS that shares driving
information of both the individual vehicle and other vehi-
cles that is acquired by on-board front and/or rear obstacle
detection sensors is analyzed.

This paper is organized as follows. In Sect. 2, the con-
ventional ICWS and the scenario of the analysis are ex-
plained. In Sect. 3, a theoretical analysis method of the con-
ventional ICWS is described. In Sect. 4, theoretical analysis
methods of each ICWSs that shares driving information of
both the individual vehicle and other vehicles that is acquired
by on-board front and/or rear obstacle detection sensors is
described. In Sect.5, the VIS performance of each ICWS
are analyzed. Finally, Sect. 6 concludes this paper.

Copyright © 2017 The Institute of Electronitt8 Information and Communication Engineers



458

Priority
vehicles

Priority road

Inflow
vehicle

Fig.1  Blind T-junction.

2. VIS of the ICWS that Shares Individual Vehicle In-
formation

2.1 Overview of the ICWS [6], [7]

The ICWS discourages a driver in a vehicle that approaches
a blind intersection from entering the intersection if another
vehicle approaches the same intersection from another di-
rection. In this study, a T-junction model shown in Fig. 1
is configured. The T-junction combines a priority road and
an inflow road. The road extending horizontally is called
the priority road, and vehicles running on it are called pri-
ority vehicles. In the priority road, priority vehicles run on
the left-hand side of the road (drivers obey Japanese traffic
rules). Furthermore, the road that intersects at right angles is
called the inflow road, and vehicles running on it are called
inflow vehicles. Inflow vehicles should not tie up priority
vehicles that approach the intersection. When the line-of-
sight from the inflow road to the priority road is interrupted
by obstacles (by a pedestrian, hedge, wall, building, etc.), the
driver of the inflow vehicle might pass over with the priority
vehicles and get into danger of causing a crossing collision.
To avoid this danger, the ICWS assists the inflow vehicle
in entering the intersection safely by providing driving in-
formation (position, velocity, etc.) of the priority vehicles
that approach the intersection. In this system, for the pri-
ority vehicle to broadcast its individual driving information
repeatedly with short intervals, the OBU of the system must
have two fundamental functions; a real-time IVC function
and a real-time positioning function. By using these func-
tions, the inflow vehicle’s OBU can acquire other priority
vehicles’” driving information in real-time. In this paper, we
call this conventional ICWS that shares individual vehicle
information as ICWS-INDV.

2.2 Intervehicle Communication (IVC)

In this paper, IVC is defined as communication between on-
board information-processing units that are coupled with the
vehicle mechanistically and functionally. It is assumed that
the broadcasted information from priority OBU vehicles can
be received by the inflow OBU vehicle that is stopped at
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Fig.2  Vehicle information sharing in the ICWS (left-turn situation).

the stop line when priority vehicles run within the IVC area
(from the center of the intersection to Dg[m] beyond). Dg is
set to 200 m because a 700-MHz bandwidth is used for IVC
[6], and a report about using IVC with 700-MHz bandwidth
at an intersection [6] indicated that the signal from a prior-
ity vehicle located 200 m away from the intersection reaches
the inflow vehicle set back 14 m from the intersection. Fig-
ure 2 shows the broadcasting of the priority vehicles’ driving
information.

2.3 Operational Scenario of the ICWS at T-Junction

Naturally, an operational scenario in which an inflow OBU-
vehicle approaches an intersection is considered, because
this system supports a driver who drives an OBU-vehicle.
There are two entry actions of an inflow vehicle: right-turn
entry action and left-turn entry action. First, a left-turn entry,
which is simpler in nature, is analyzed, because it takes only
one-way traffic flow (from right to left) into account. The
operational scenario is as follows.

(1) An inflow vehicle is headed for the stop line.

(2) Every priority vehicle that is running in the IVC area
broadcasts its own driving information in a short time
interval.

(3) The inflow vehicle receives the driving information of
the priority vehicles that are running in the IVC area.

(4) The OBU of the inflow vehicle judges whether it should
stop at the stop line based on its driving information
and the priority vehicles’ driving information.

(5) If the OBU of the inflow vehicle decides that the inflow
vehicle should stop, it provides warning assistance to
the driver.

3. Analysis of the VIS Performance of the ICWS-INDV

3.1 Entire Vehicle Information Acquiring Probability

To analyze the VIS performance in a simple manner, an
ideal T-junction in which the headway-distance distribution
of priority vehicles is invariant is assumed. Then, the case
in which an inflow vehicle turns left and enters the priority
road is discussed. That is, the OBU of the inflow vehicle
is required to collect the information of the priority vehicles
that approach from the right-hand side. In this paper, the au-
thors define an index of the VIS performance named “entire
vehicle information acquiring probability” (EVIAPy, where
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k is the number of vehicles in the IVC area) of the inflow
vehicle as the probability that the inflow vehicles arriving at
the stop line can acquire entirely priority vehicles’ running
information in the communication area of the priority road.

EVIAP; depends on the priority road traffic condi-
tion when an inflow vehicle reaches the stop line. Because
the vehicular headway-distance follows a certain probabil-
ity distribution (exponential distribution or Erlang distribu-
tion), EVIAP; also shows a certain probability distribution.
To evaluate the VIS performance, the mean of EVIAP;
(MEVIAP) is analyzed in this paper, because the number
of vehicles existing in the communication area changes de-
pending on the traffic flow.

3.2 MEVIAP of the VIS of the ICWS-INDV

In free-flow traffic, every vehicle does not have to follow
another car; in this case, it is known that intervals that each
vehicle passing a fixed point in a given period of time shows
an exponential distribution [8]. Moreover, when some vehi-
cle follows the forward vehicle, it is known that intervals that
each vehicle passing a fixed point in a given period of time
shows an Erlang distribution [8]. When the phase parameter
of the Erlang distribution is set 1, the probability distribu-
tion corresponds to an exponential distribution. In addition,
when all vehicle run at a constant velocity v [km/h], the dis-
tribution of the number of vehicles in a certain road section
follows the distribution of the inflow traffic of the road sec-
tion. Therefore, the probability that there are k-vehicles in
the IVC area of priority road P(k, 1., n) can be expressed by
the following Erlang distribution.

kD=1 1 5 ,-ae
Plkdem)= )~ (1
s=nk '

where k is the actual number of vehicles in the IVC area of
the priority road, 4. is the mean number of vehicles in the
IVC area of the priority road, and » is the phase parameter of
the Erlang distribution. Then, EVIAPy of the ICWS-INDV
is the probability of all k-vehicles located in the IVC area
having a communication device. Therefore, MEVIAP of
the VIS of the ICWS-INDV is obtained by the sum of the
product of P(k, A, n) and EVIAP.

kmax
MEVIAP = Z P(k, Ao, n) EVIAP;
k=0

(@)

Here, k.. is set as the maximum number of vehicles in
the IVC area. In this analysis, the minimum distance between
two vehicles is assumed to be 4.5 m (the nominal length of
a vehicle) and the length of the IVC area Dg is set to 200
m, k,,.x can be determined to be 22 vehicles. Moreover, the
mean number of vehicles in the IVC area of the priority road
A is obtained following equation.

_ N Dg
de = v 1000

3
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where N is the traffic flow of the priority road [veh./h].
In the case of the VIS of the ICWS-INDV, if £k =0, the
OBU recognizes that the number of existing vehicle is zero.
Because this judgment corresponds to the actual number
of vehicles in the IVC area, EVIAP, is calculated as one.
Moreover, when k > 0, if all the vehicles in the IVC area
have an OBU, the OBU of the inflow vehicle can obtain
the entire vehicle information. Therefore, EVIAP; of the
ICWS-INDV is calculated as follows.

EVIAP, = r* 4)

where r is the OBU penetration rate.
Then, MEVIAP;Npvi is expressed by the following
equation.

Kmax

MEVIAPiNpy = ) P(k, de,n)r*
k=0

o)

4. Analysis of the VIS of the ICWS That Shares Obsta-
cle Detection Sensor Information

4.1 Overview of the ICWS That Shares Obstacle Detection

Sensor Information

To sharing non-OBU vehicle information among vehicles
with OBUs, in-vehicle obstacle detection sensor informa-
tion is added to the sharing information of VIS of the ICWS-
INDV. In this section, this ICWS is called ICWS-ODSI (ob-
stacle detection sensor information). The operational sce-
nario is the same as that of the ICWS-INDV. The ICWS-
ODSI broadcasts the other vehicles’ obtained information
directly or processes positional information on the road co-
ordinate. Figure 3 shows an overview of the ICWS-ODSI.

4.2 In-Vehicle Obstacle Detection Sensor

In the ICWS-ODSI, the type of obstacle detection sensor and
number of sensors are not specified. We assume the ICWS-
ODSI can divert information from already standardized driv-
ing assistance systems such as FVCWS [11] and LCDAS
[12]. In the ICWS-ODS], it is expected that the safety per-
formance will be enhanced sustainably by substituting a new

k—— IVCarea Dg(m)—
<Priority road>

STOP

B C |Detectingforwardvehic|e

@D 08U Vehicle
@0 non-0BU Vehicle

<Inflow road>

VIS of the ICWS-ODSI.

Fig.3
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high-performance sensor or installing more sensors. In this
paper, it is assumed that the forward obstacle detection sensor
for the FVCWS is used as the in-vehicle obstacle detection
sensor in the ICWS-ODSI. For the sensor model, the forward
obstacle detection sensor can detect a nearest vehicle within
the forward D meters in the longitudinal direction. Mean-
while, when an OBU-equipped vehicle’s driving information
is observed by the following OBU-equipped vehicle, a wait-
ing inflow vehicle obtains driving information of the vehicle
from two sources. Because this vehicle receives duplicated
information, it is assumed that the OBU integrates them into
the information of one vehicle. Furthermore, in recent years,
applications using both forward and rear detection sensors
have attracted much attention. Therefore, an ICWS-ODSI
that uses both forward and rear obstacle detection sensors is
also analyzed in this paper.

4.3 MEVIAP of the VIS of the ICWS-ODSI Using For-
ward Detection Sensor

First, it is assumed that the forward vehicle obstacle detection
sensor information is shared (called ICWS-ODSI/F). When
the VIS of the ICWS-ODSI/F is analyzed, the Eq. (2) is used.
Though the probability that k& vehicles exist in the IVC area
P(k, Ac,n) is the same as the analysis of the VIS of the
ICWS-INDV, EVIAPy is different from the analysis of the
VIS of the ICWS-INDV except for k =0 or k = 1. In this
case, EVIAP; is a probability that all vehicles in the IVC
area meet the following conditions simultaneously.

* There is not more than one non-OBU priority vehicle
on a line in the IVC area.

* All the non-OBU priority vehicles in the IVC area are
within the range of the sensors of the posterior OBU
priority vehicles.

When k > 1, EVIAP; is obtained from the product of the
following probabilities.

* Probability that there is not more than one non-OBU
priority vehicle on a line in the IVC area.

 Probability that all the non-OBU priority vehicles in
the IVC area are within the range of the sensors of the
posterior OBU priority vehicles.

The former probability is given by an equation. The
probability that there are m non-OBU vehicles among &
vehicles (k is the sum of OBU and non-OBU vehicles) is ex-
pressed as 1 Cp, (1 — r)™rk=m  Number of combination ;Cp,
is the number of ways to sample k elements from a set of
m elements where order does not matter and replacements
are not allowed. Therefore, the combination that every non-
OBU vehicle in the IVC area is followed by a vehicle with
a posterior OBU vehicle corresponds to the repeated com-
bination of m pairs of “a non-OBU vehicle and a following
OBU vehicle” and “the remaining k — 2m OBU vehicles”.
Number of combination with repetition  H,, is the number
of ways to sample k elements from a set of n elements allow-
ing for duplicates but disregarding different orderings. It is
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expressed as ;41 Hrk—2m (= k=mCk-2m = k-mCm). Therefore,
the probability is expressed as _,, Cp, (1 — )"k~

Meanwhile, the latter probability is expressed by the
term 1 — P(0, A5, n) in the same way as Eq. (1). The prob-
ability that all the non-OBU vehicles in the IVC area are
within the sensing area of the posterior OBU priority vehi-
cles is given by the mth power of the probability that at least
one vehicle is within the sensing range. Here, it is assumed
that the mean number of Erlang-distributed vehicles within
the sensing area of an OBU vehicle is A, and the probability
that k vehicles exist within the sensing range of the vehicle
is denoted by P(k, A5, n). Therefore, the probability that
at least one vehicle is within the sensing range is given by
1 — P(0, A5, n). In addition, the following relationship can
be obtained regarding A, v, and Dy:

_N Ds
7 0 1000

Therefore, EVIAP; of the VIS of the ICWS-ODSI/F
can be obtained as follows.

(6)

EVIAP =
Lk/2]
D A=) Cn] = PO, A5, )}

m=0

)

Here, | k/2] means the maximum integer that does not ex-
ceed k/2. Consequently, the MEVIAPopsi,F is derived as
follows.

kmax
MEVIAPODSI/F = Z [P(k, Ae,n)
k=0
Lk/2]

x Z (1= )" Con{1 = PO, A, )™ (8)
m=0

4.4 MEVIAP of the VIS of the ICWS-ODSI Using Both
Forward and Rear Detection Sensors

The basic idea to obtain EVIAP) of the VIS of the ICWS-
ODSI using both forward and rear detection sensors (called
ICWS-ODSI/FR) is similar to that for the ICWS-ODSI/F.
EVIAPy and EVIAP; can be obtained in the same manner
as the VIS of the ICWS-INDV. For k > 1, EVIAP; is
the probability that all vehicles in the IVC area meet the
following conditions simultaneously.

condition A) Every non-OBU priority vehicle is immedi-
ately before or behind an OBU vehicle.

condition B) All the non-OBU priority vehicles in the IVC
area are within the range of the sensors of the prior or
posterior OBU priority vehicles.

Therefore, EVIAP; can be obtained as the product of
the probability of condition A being fulfilled and the proba-
bility of condition B being fulfilled. Here, the probabilities
of the pattern j (j is the pattern ID of the k-vehicles arrange-
ment, and the total number of arrangement patterns is 2~)
fulfilling conditions A and B is denoted by P4 (j) and Pg (),
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respectively. P4(j) is given by the following equation:
Pa(j) = <" (1 =)™ )

where m; is the number of non-OBU vehicles in the vehicle
arrangement pattern #j. Regarding Pp(j), the probability
that one non-OBU vehicle is within the sensing area of an
OBU priority vehicle depends on the number of OBU vehi-
cles next to it. When an OBU vehicle is next to the non-OBU
vehicle, the probability Pj, that the non-OBU vehicle is lo-
cated in the sensing range of the OBU vehicle is given by

Piv=1-P(0, A, n) (10)

However, when the non-OBU vehicle is between two
OBU vehicles, the probability P,, that the non-OBU vehicle
is located in at least one of the sensing range of the two OBU
vehicles is given by

P =1 - P(0, A5, n)? (11)
Then, Pg(j) is given by the following equation:

Pp(j) = Pio% Pyu™i~%

(1 - P(0, A5, n))%

X(1 = P(0, Ay, n)?)™i =4 (12)

where a; is the number of non-OBU vehicles that have an
OBU vehicle next to them. Therefore, EVIAP; is obtained
by the following equation:

2k

EVIAPc = " PA(j)Pp()j)
j=0

2k
=Y ki -y
j=0

X(1 = P(0, A5, 1)) (1 = P(0, A5, )*)"™i = 13)

Consequently, the MEVIAPopsi/Fr is derived as fol-
lows.

MEVIAPoDsI/FR
kmax 2k

= DU IPU deym) X Y {rk i (1 = )™
k=0 7=0

x(1 = P(0, 45, n))% (1 = P(0, Ag, n)*)™i =45 }] (14)

To find the value of EVIAPy by this equation, we have
to know the values of m; and a; in each vehicle arrangement
pattern. In this study, the authors made all vehicle arrange-
ment patterns on a computer and counted them. Because the
maximum number of vehicle arrangement patterns is 2%max
=222, the counting can be speedily done using a computer.

4.5 Upper Limit of MEVIAP for the VIS of the ICWS-
ODSI

The upper limit of the MEVIAP for the VIS of the ICWS-
ODSI (called M EVIAPy ) is achieved if an ideal in-vehicle
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obstacle detection sensor that can obtain information from
all vehicles in the IVC area is used. This means that if at
least one OBU priority vehicle with an ideal sensor exists,
the inflow vehicle can obtain information about all the other
vehicles through the ideal priority vehicle. A complementary
event would be if there is no OBU vehicle in the IVC area.
This is expressed as follows:

Kmax

MEVIAPy, =1 — Z P(k, As,n)(1 = r)* (15)
k=1

5. Analysis Results
5.1 Analysis of Left-Turn Merging Situation

Because the MEVIAP of the VIS of the ICWS depends on
the OBU penetration rate, traffic flow, and sensing range of
the obstacle detection sensor, the performance of each VIS
is analyzed based on these parameters. Parameters and their
specifications are given in Table 1.

5.1.1 MEVIAP on OBU Penetration Rate

At first, the VIS performance on the OBU penetration rate is
analyzed for free-flow traffic (Erlang distribution phase is set
as 1). The variations of the MEVIAP with the OBU penetra-
tion rate are shown for different traffic flows in Figs. 4, 5, and
6. Here, four types of VIS of ICWSs (ICWS-INDV, ICWS-
ODSI/F, ICWS/FR, and ICWS-ODSI/UL) are analyzed. In
addition, the sensing range of the forward and rear sensors
is set to 100 m.

These results show that each MEVIAPs does not be-
come zero for 0% penetration rate. This is because if there
is no priority vehicle in the IVC area of the priority road,
the inflow vehicle will not receive any signal, and its OBU
will conclude that there is no vehicle in the IVC area. This
shows that the information received by the inflow vehicle
agrees with the number of vehicles in the actual traffic. Be-
sides, MEVIAP of the ICWS-ODSIs are better than that of

Table 1  Parameters and specifications of simulation.

Average velocity v [km/h] 40,60(const.)
Average traffic flow N [veh./h] | 300/ 600/ 1200
Distribution of headway distance | Erlang distribution (n > 1), expo-
nential distribution (n = 1)

100
90
80
70
60
50
40
30
20
10

0

——ICWS-INDV
ICWS-0ODSI/F
~—#&—|CWS-ODSI/FR

MEVIAP [%]

——UpperLimit

0 20 40 60 80 100
penetration rate [%]

Fig.4 MEVIAP vs. OBU penetration rate (300 veh./h).
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Fig.5 MEVIAP vs. OBU penetration rate (600 veh./h).
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Fig.6 MEVIAP vs. OBU penetration rate
(1200 veh./h).

the ICWS-INDV. This is because the OBU of the ICWS-
ODSIs can receive information about non-OBU vehicles,
which is not shared in the VIS of the ICWS-INDV. More-
over, the ICWS-ODSIs can be used with lower OBU pen-
etration rates to achieve the MEVIAP equivalent to that of
the ICWS-INDV. For instance, Fig.5 shows that MEVIAP
of the ICWS-INDV with 70% penetration rate is achieved
by the ICWS-ODSI/F with 50% penetration rate. Further-
more, when the traffic flow increases, the difference between
the upper limit of the MEVIAP and other MEVIAPs also
increases. This is because as the traffic flow increases, the
probability that only non-OBU vehicles exist in the IVC area
decreases.

Next, the VIS performance on the OBU penetration
rate is analyzed for the vehicle speed. Figure 7 shows the
results of the variation of the average vehicle speed. This
result shows that the MEVIAP increases with the vehicular
speed in all traffic situations (traffic: 300, 600, and 1200
veh./h, sensor type: front sensor, traffic: exponential dis-
tribution). When the average vehicle speed increases while
traffic flow remains constant, the vehicle density decreases.
Therefore, the MEVIAP shows a tendency similar to that
of the MEVIAP when the traffic flow decreases while the
vehicle speed remains constant.

5.1.2 Influence of Headway Distance Distribution on
MEVIAP

In Sects. 5.1 and 5.2, free-flowing traffic for which the head-
way distance follows an exponential distribution is assumed.
At the same time, it is necessary to consider the vehicle-
following situation. Therefore, headway distance with an
Erlang distribution is analyzed. It is known that the headway
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Fig.8 MEVIAP vs. OBU penetration rate (Erlang distribution).

distance of traffic including some vehicle groups caused by
vehicle-following has an Erlang distribution. Previous stud-
ies showed that an Erlang distribution with phase parameter
of 2 or 3 is suitable for the actual vehicle headway distance
[13]. Moreover, other studies about expressway traffic used
phase parameters of 3—7 [14], [15]. According to these re-
ports, phase parameters of 1 (corresponding to exponential
distribution), 2, and 3 have been adopted in the analysis.
The result of the MEVIAP with the Erlang distribution
is shown in Fig. 8. In this analysis, the left-turn situation
is assumed, and the traffic in the left direction is set at 600
veh./h. The result indicates that the MEVIAP of traffic fol-
lowing an Erlang distribution is smaller than that of traffic
following an exponential distribution when the OBU penetra-
tion is low (0%—40%). Because the breadth of the headway
distance of the Erlang distribution is narrower than that of
the exponential distribution, the probability at OBU pene-
tration rate of 0% P(0) that no vehicle exists in the IVC area
decreases, and it leads to a decrease in the MEVIAP. Exam-
ples of histograms of the Erlang distribution and exponential
distribution are shown in Fig.9. Moreover, the MEVIAP
of the traffic following the Erlang distribution is higher than
that of traffic following the exponential distribution when the
OBU penetration rate is 40%—80%. Figure 9 shows that the
frequency of the long-headway distance of the Erlang dis-
tribution is lower than that of the exponential distribution.
Therefore, it is considered that because the probability that
a non-OBU vehicle detected by the forward obstacle detec-
tion sensor of its following vehicle increases, the MEVIAP
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Fig.9 Example of intervehicle distance histogram generated by Erlang
distribution.

of the Erlang distribution becomes higher than that of the
exponential distribution.

5.1.3 Influence of Sensing Range in Longitudinal Direc-
tion on MEVIAP

The results of the performance analysis based on the sensing
range in the longitudinal direction are shown in Figs. 10, 11,
and 12. The results indicate that when the sensing range
is less than 100 m, there is a significant improvement in the
MEVIAP with an increase in the sensing range; furthermore,
when the sensing range exceeds 100 m, the MEVIAP gradu-
ally saturates. Consequently, when the sensing range is less
than 100 m, increasing the sensing range significantly affects
the MEVIAP, resulting in an increase in the OBU penetra-
tion rate and traffic flow. The 1SO15623:2013 (FVCWS)
[11] requirements for the longitudinal sensing distance are
given by the following equation.

dmax = Urelmax X Tmax + U'?elmax /Zamin (16)

Here, it is assumed that T,uy = 1.5, apin = 3.6 m/s?,
and vyer,,, = 100km/h; then, dp.x is approximately
150 m. Therefore, this type of forward obstacle detec-
tion sensor is applicable to the ICWS-ODSI. For example,
millimeter-wave radars are expected to achieve detection dis-
tance of 150 m in the longitudinal direction[16].

5.2 Analysis of Right-Turn Merging Situation

When the inflow vehicle wants to turn right, it is useful to pro-
vide information to both the right- and the left-approaching
vehicles. Therefore, the MEVIAP for a right-turn situation
is analyzed in this section. Figure 13 shows the IVC area that
is used for a right-turn situation. In this case, it is desirable
for the inflow vehicles to acquire information about entire
the vehicles that run in the IVC area (R) and (L). Therefore,
the MEVIAP is given by the probability of the MEVIAP of
the IVC areas (R) and (L). In particular, when traffic flows
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in the left and right directions are the same, the MEVIAP of
the right-turn situation is given by the square of MEVIAP of
left-turn situation.

Figure 14 shows the result of the MEVIAP of the right-
turn situation. In this analysis, the traffic in the left and right
directions is set at 600 veh./h. A comparison of the results
shown in Figs.5 and 14 indicates that the MEVIAP for the
right-turn situation is lower than that for the left-turn situ-
ation. When the information sensed by a forward obstacle
detection sensor is shared, even for 70% penetration rate,
the MEVIAP does not exceed 50%. Furthermore, if the sys-
tem adopts forward and backward obstacle detection sensors,
when the penetration rate reaches 70%, the MEVIAP will
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finally exceed 50%. Therefore, it is evident that high OBU
penetration rate is required for both ICWSs in right-turn sit-
vation. If the ICWS-ODSI achieves higher MEVIAP with
lower penetration rate, it is considered effective to combine
other sensors; for instance, the sharing of the information
acquired by the vehicle with side obstacle detection sensors
is expected to improve the performance of the ICWS-ODSI.

6. Conclusion

In this study, VIS performance of ICWSs were analyzed in
terms of MEVIAP. The analysis results based on the OBU
penetration rate showed that the MEVIAP of the VIS of the
ICWS-ODSI was better than that of the ICWS-INDV, that
shares only individual vehicle driving information via the
IVC network. The results revealed that the ICWS-ODSI
could be used even with lower OBU penetration rate to
achieve the MEVIAP equivalent to that of the ICWS-INDV.
Furthermore, the analysis results based on the sensing range
indicated that an ISO15623 sensor for an FVCWS could be
adequately used as the in-vehicle detection sensor for the
ICWS-ODSI. Moreover, the analysis in the case of a right-
turn situation indicated that high penetration rate is required
if the ICWS-ODSI shares an on-board forward obstacle de-
tection sensor, because the OBU has to acquire information
about both right and left direction vehicles on the prior-
ity road. In addition, to determine the influence of vehicle
groups caused by vehicle-following, In case that the head-
way distance follows the Erlang distribution, the MEVIAP
was analyzed. The analysis result revealed that MEVIAP
becomes smaller for low penetration rate and larger for in-
termediate penetration rate than the MEVIAP for the case in
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which the headway distance follows the exponential distri-
bution.

In this study, it is assumed that an FVCWS sensor is
adopted as the forward/rear obstacle detection sensor. How-
ever, the feasibilities of other sensors such as side-rear obsta-
cle detection sensors have attracted attention in recent years.
Therefore, the authors plan a future work to study an ICWS-
ODSI that obtains side vehicle information and shares it via
the IVC network. Moreover, the present study considered
the sharing of information in the case of a T-junction and
an “X” intersection. Furthermore, it is necessary to study
the effect of the ICWS-ODSI on the safety and receptive-
ness of drivers. Moreover, although this study assumes that
the ICWSs have an ideal positioning system, the analysis
result does not include the effect of some positioning errors
of the positioning system. Therefore, in future work, it is
also important to analyze the VIS performance in considera-
tion of the environment and characteristics of the positioning
system.
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FERIEDNEA, XEDAAF/NYV U TIThh
BT ENZL. ANTNARELTIEF—AR—
ROGLEHONTEY, XEATDOMEEFIZAE
VUDERELEHIICIKETSH. EEBAAD
ZTINA ADRIGE NS ABEENSO—TFA
IBRZRBELFERAINTNED, UL EE—
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XANZEWTEZDRE VA —FELEDR
% Dvorak BB5lZAWNCA—YFEAAZTITS . FH
BEODEWE—Z2hRICERE LSBEMARITRA
EDIRE, Ial—23rvETHoTVWS BED
QWERTY B2l & LB L TEAEBANICHTSE
BEERNTWEN, FHILLEEZREZADDLEN
PHEOF—X O—INEFKRTHE=HEAD
FRINAKREWNWEEZ OND. XHE[2] TIETFHEIZE
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FEEDHLEBREERZITS.

Simultaneous keying for streamlining of Japanese input.
TNaoki Matsubara,"Shoichi Kajiyama, *Masayuki Kaneko
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L2 LTI R o, ZORELE D ORI FEH)NT A —H# — T 5 Flory-Huggins ®
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TREFMICE RS2 L EEp(RE LI FHOBIDOKE 2L - T, WEAUET S L OikRe
PN T D L EALND, SbIT, BUBHEN G 5 WIEZ QDI ET 2 ORI L -
Th, FLOREl JOMERRIZE T 5 & Filah b, PVA OBG. KE/HGEN LT,
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Figure 1. x1, & ZEEERDOIBR (PVA 6] & LizEE) . (o N, S-diad DZ&fkick~TC, #
INOBREY A X (G, p) RV TRENED L HITETE0%E, ZOHETHLMNITS,)

O ZUEEEORKE S SExp) B KEL 720 | Figure 1ANI/R L2 K 912, S DOEE D &\ O EIK
AR D 2 TR 5,

Q@ mHTHEEROM BRI NS 78D X RN BAER L7 VT, 2EmHEEk o &I
BETIZ L AV CTEERE T, @O - BB XL 0 &0 7 - @ FRIOMAERNRRKRE 20,
TN~ M) 7 APBEEEEZ T CEH L TN FRINCARLE L 2D, ZTOX DT VT,
EWIRIZHER T2 Z LT S 7220y,

AW TIE, BEE NSSK I F T 4 —DRID PVA 25 L., COpHREL 2D L 97
yi2 IR L, ZHODOEET T, FICENRTZ PVA SVE1ESL Z &2k - T, ANL#RE

RN L7 &~ b IRET LT,
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4. HIRTFBSL S UVHER

BT O—FMEIEIL, 2V OMWE DRI BT, FIVIBREEIC & K& 2R84 KIE 3, Bl 213,
Z 0 F T 4 =R PR ETII S TR TKER B TR 200G BRT 5208, 2 DZERIT,
RSSOV IRMEIC R E KB E KT T, PVAILIZZ 7 F T 4 —DFEL, T, Yo UFH o7 F
T 4= E L IR D & FRIKRERE DR 720 | BI)FRNZE R PVA T VISR T 5 LT
TZE 2,

AR TIZ, MW AL T TFT 4 — b b, o, MAREPVAEZEKRL, TH I Ty
7 PVA LG LT, B/ ~—ITHfRE =L L BN VB = L% BlEHICo,0-T Y EAAL VT
Fr=hrVVAIBN)AZEH L, UV LT EGEIToT2, I HIT, BEEGE NORL 55062 G
T 2729012, AIBN OEZZE(IETHEAE L, HFoNRYEHEE=/L(PVA) LRI EXRY &~
fe =L (PVP) %, T2 NaOH KFEKE L' NaOH A %/ — /W igiik %z F LT A b L,
PVA %157, 551 7= PVA |3 10 fi35C, PVAc k(% a-PVA, PVPi Hi3ki3 s-PVA & L T/RL
Thd, fFohiz 10 fEO PVA iR e =1L, ORI VEEY S8 M EZHR LT,

[n] =5.63 x 107*[M,,]>%% (PVACc in benzene at 30°C) )

Tablel. B LT EZ I F v I RO IOFF 7 F v 27 PVA OYEE

DS S-diade Tmd

Sample M
% % °C

a-PVA-1 8200 99.9 52.6 236.9
a-PVA-2 5600 99.8 53.3 236.9
a-PVA-3 3700 99.8 52.6 234.3
a-PVA-4 3300 99.9 53.3 232.7
a-PVA-5 1800 99.6 52.9 233.1
s-PVA-1 10500 98.5 62.7 250.4
s-PVA-2 6700 99.1 62.4 250.3
s-PVA-3 5700 98.1 62.7 250.1
s-PVA-4 1900 98.7 62.7 240.2
s-PVA-5 1700 99.0 61.4 235.6

HOVEAEE, TR C = /L% OB TR ELE
LH-NMR & Y sRad7=1F AALE ;
'H-NMR LY sRp7=o v A Z I F T 4 —

d: DSC X YR/,

B 57 PVA OWPEES Table 1 127 L7, WTHLORES 13 AALEEDS) 1L 98%LL ETH Y |
S-diad 1% a-PVA THJ 53%. s-PVA TITHI 62% Th o7, 2 bOREZH W PVA X LD X v 5
IHEIVY— g B Toln, TIBIEEILY XA F L 2 LRF S KIDMSO0) &K & DIRSIRIETH
4. HIESHZREG%)IT XoMso=60%& L7-, Z DT, PVA 4 M OKER-E L AR
L. WFEREICEN-SANELNL EEZHND D,

PVA Z L OBWIME 25 7-DI2. Figure 2 124V ELE(Twe) ORIERE B4R L7, a-PVA
FARIWNsPVA ZFVITEE CL & HICHFHIC EF LTS, /- NoBERT 2L Tl B5H

A

3

139



L7ce 612, a'PVAS VLD | s PVA 7LD Tugldm< e Dz~ Lz, Z#uE, ssPVA @
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Figure 2. PVA Z/VORE(Twe) L BE C DEE.
(sPVAIZ > P4 & 7F v PVA, aPVAIRT #2F v 7 PVAThH 5, )
END, NOIEGEERBNTWS, ZOZELD, FAEEKRT HEUMERORE SI1E, NIZHH)
THETHRTED, TI T, BROKE S E2RNUITR L7ZHF - Stockmayer(TS) B 2 FV T
B L7z 2,
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kp'TE
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ZIT, QRDONATA—H—DFERITROEY TH D, C:AY ~—JE[g/100cm’] ; kg : RV~
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Figure 3. PVA Z¥/VOLEBROKE S LEAE N OB

ZZT, 10T #InM Z InCicxf LT ry hL, T EE —E& L, ILEELbSE-LxD
HEx% A BEZ-ELL O TEEZEMIEELEDHEEEB LT5 L, OE)HX KUM@ L
D, BBRCESEEpERDDZENTE D,

__10%kp _ 103R
= Tanel XA = T oy ®)
B-1
p=— (4)

ZIT, L INVOBEBREEERBSICAV AT ) ~—D%) ; [(Ah))ml : VKL Y720 OFEA
T & )L ' —(1.64kcal/mol).

TS BEa b7 NV OYMERDORE S SGUGRxZ HEEp) Z RO 1K R4 Figured (I~ L7z, H
BENPHEKRTLE ZERORES SHHERT AN ROND, SHITERTLHLE, SOK
TIFEDFEE R, TR ¥R Uo7, R, ssPVA THHE TH Y, PVA SHOEH A
WHABRL TS EEZ NS, NBHEKRT DL, T 2 PVA 8238 < 720, PVA 43181
M CARFREEEZIERL TREmIL L, S BHERTLEEXOND, SHITHKRTLHE, EHAEWVIT
K0 53 EENHE S TEETEIIC A VIAD < e . T E SITRESHKETE ot
LEZLND,

AT, PG AL RTEERE L SR o R E S 2/ X EELIE XV SR Tz, SAXS ~2—r %
Figure 4 [Z/R L7z, WFHF D SAXS A — i35 L. Wb RLAKONNZ = THhDH 2
Enb, BAEMITRWEEZZ DD, WIT, 156407 SAXS A & BEL~Y 7 RV g L0 BRSSO
RESEHH Lz, BELY L ¢(=(4n/M)sin(0/2)) D/ S WFEIE F = = f8ik & MR i, K& 7
ZE R OB Bk RE . RIEWIEEDR 2025, S 512, PVA S LVHF O RORE S1X, ¥
= OEA EMEENDBG) LV RkDDH Z LN TES I,

1(q) = 1(0)exp(— %) )

Figure 4. SAXS & —r.
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Figure 5. PVA ¥ /LvOF¥=xF v b,

ZZC.Rg TR OEMEERETH D KT E2ERIR EUET D & MIERORE INHEHTE 5,
Figure 512 aPVAB LW s PVA DX =27y MRz, EAE NOARREIZRD LI,
a-PVA B LW s-PVA %, 24 3 FHIH®ROH LT SAXS JIEZ1T>72, Z DD ¢2<0.02 DH.
MR OMEZ 205, KB)EY RgaRODZENTX D, FiraERIREBZT-GA. R RIT
R=Rg < (5/3)V2 DBURMNL D NSEDZ ERNF B TWD, £ 2T, Figure 5 7' v v b X 0 EMHY-
P& R % ROTCIFERREH I LI A, Table 2 OffR L7,

Table 2. PVA 7'V ORlfE 8

a-PVA-1 a-PVA-2 a-PVA-5 s-PVA-2 s-PVA-3 s-PVA-4

R (nm) 17.5 16.2 15.5 19.3 17.7 19.1

ZOERLY, WEROKRE ST aPVA LV ssPVARKE W, Ut 727 F v o7 Lo oy
FH Ty IHEEO S OR, KR KEFBEDMIE . PVAHR LA XV EE LTV odlohy
KRLT-eE2OND, 77, ZO#EFIT. Figure 3 IR LR LA THY . BBAOKRE &
DPAERORE SICHEBE HEZ TnD B2 b5, £, MRS OKRE SREWHEE I EL
HBZTnwbeEZEx bbb,
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Intracellular ice crystal formation (IIF) causes several problems to cryopreservation, and it is the key to
developing improved cryopreservation techniques that can ensure the long-term preservation of living
tissues. Therefore, the ability to capture clear intracellular freezing images is important for under-
standing both the occurrence and the IIF behavior. The authors developed a new cryomicroscopic system
that was equipped with a high-speed camera for this study and successfully used this to capture clearer
images of the IIF process in the epidermal tissues of strawberry geranium (Saxifraga stolonifera Curtis)
leaves. This system was then used to examine patterns in the location and formation of intracellular ice

Keywords: . . s
High—speed camera crystals and to evaluate the degree of cell deformation because of ice crystals inside the cell and the
Ice crystal growing rate and grain size of intracellular ice crystals at various cooling rates. The results showed that

Intracellular freezing an increase in cooling rate influenced the formation pattern of intracellular ice crystals but had less of an
Plant effect on their location. Moreover, it reduced the degree of supercooling at the onset of intracellular
Plasma membrane freezing and the degree of cell deformation; the characteristic grain size of intracellular ice crystals was
Supercooling also reduced, but the growing rate of intracellular ice crystals was increased. Thus, the high-speed
camera images could expose these changes in IIF behaviors with an increase in the cooling rate, and

these are believed to have been caused by an increase in the degree of supercooling.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Cryopreservation techniques are used in various fields,
including food and medical engineering. The most appropriate
cryopreservation temperature depends on the properties of the
object being preserved, and the preservation period varies with
temperature. Cryopreservation involves placing living materials
such as food, biological organs, and tissues under a low tempera-
ture, thus reducing putrefaction by bacteria and plant respiration
[25]. However, since living materials contain water, they are also
frozen spontaneously through supercooling when placed at a
temperature below the solidification point. Therefore,

* Corresponding author.
E-mail addresses: s1291001@cco.kanagawa-it.ac.jp (T. Ninagawa), ykawa@
iwate-u.acjp (Y. Kawamura), konishi@oita-ct.acjp (T. Konishi), narumi@me.
kanagawa-it.ac.jp (A. Narumi).

http://dx.doi.org/10.1016/j.cryobiol.2016.06.003
0011-2240/© 2016 Elsevier Inc. All rights reserved.

cryopreservation techniques can be classified into two categories
depending on whether the living materials are frozen, with frozen
preservation generally being considered to allow an extended
preservation period.

The suitability of frozen preservation depends on the state of the
living materials during cryopreservation. Mazur [19,20] previously
described a general relation between the cooling rate and survival
rate of freezing cells, which applies to both animal and plant cells.
At a slow cooling rate, the inside of a cell becomes dehydrated
because of the difference in chemical potential between the
extracellular ice crystals and the intracellular solution [16,19].
Although absolute dehydration is lethal to a cell, partial dehydra-
tion increases the survival rate of freezing cells. As the cooling rate
increases, intracellular freezing occurs as a result of supercooling
following extracellular freezing [19,23], which is also lethal to cells
[1,16,23,31,34]. However, a further increase in the cooling rate can
lead to vitrification preservation, which significantly increases the
survival rate of freezing cells [19,27]. At present, however,

149


mailto:s1291001@cco.kanagawa-it.ac.jp
mailto:ykawa@iwate-u.ac.jp
mailto:ykawa@iwate-u.ac.jp
mailto:konishi@oita-ct.ac.jp
mailto:narumi@me.kanagawa-it.ac.jp
mailto:narumi@me.kanagawa-it.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cryobiol.2016.06.003&domain=pdf
www.sciencedirect.com/science/journal/00112240
www.elsevier.com/ locate/ycryo
http://dx.doi.org/10.1016/j.cryobiol.2016.06.003
http://dx.doi.org/10.1016/j.cryobiol.2016.06.003
http://dx.doi.org/10.1016/j.cryobiol.2016.06.003

T. Ninagawa et al. / Cryobiology 73 (2016) 20—29 21

vitrification preservation can only be applied to micro-objects,
making it difficult to prevent the occurrence of intracellular
freezing when living materials are frozen.

Frozen preservation is used for food storage, where it is un-
necessary to keep the living material alive. Rapid freezing can
preserve fish and meat for a long time period with a less decline of
the quality [12,18], and so is used, for example, to store tuna.
However, it is difficult to apply cryopreservation techniques to
plant foods, such as vegetables and fruits, as intracellular ice for-
mation leads to a decline in their texture because of mollification of
the tissue [5,13]. Plant cells are surrounded by cell walls, and it is
believed that the mollification of the tissue is caused by injury to
the cell wall when ice crystals form both outside and within a cell
[9].

Based on this information, the authors consider that the ability
to visualize intracellular ice crystal formation (IIF) behavior to un-
derstand the point at which intracellular freezing begins and how
IIF progresses, is the key to developing improved cryopreservation
techniques.

Studies have captured images of intracellular freezing in animal
and plant cells and tissues since the 1930s [6]. Most of these
studies have investigated the effect of intracellular freezing on the
survival rate or level of injury to the cells [2,17,19,21,29], or relate to
vitrification preservation [30,33], with fewer studies examining IIF
behavior. However, Modilibowska and Rogers [22] filmed intra-
cellular freezing in plant tissues, and reported the behavior outside
and inside the cells upon intracellular freezing; Asahina [3] pro-
vided a detailed report on the freezing process in plant cells, and
recently, Stott and Karlsson [32] investigated IIF using a high-speed
camera. All of these previous studies used images that captured
the phenomenon known as “flashing,” whereby the inside of the
cell darkens upon freezing. However, the authors consider that it is
necessary to capture the progress of IIF and to investigate its
behavior in even more detail. It is known that intracellular freezing
begins with the invasion of an ice nucleus from outside the cell
[24,31]. However, it is thought that ice nucleation may occur not
only as a result of extracellular factors, but also intracellular fac-
tors, with heterogeneous or homogeneous nucleation inside the
cell.

To gain a better understanding of the IIF behavior, the authors
developed a new cryomicroscopic system, which comprised an
inverted microscope, a cooling stage, and a high-speed camera with
a maximum frame rate of 2000 frames per second (fps) and a
resolution of 512 x 512 pixels. Plant tissues consisting of a single
cell layer were selected for specimens to examine in this system
because they were easy to obtain in a living state. The above-
mentioned system successfully captured images of IIF in these plant
tissues.

This study was performed to investigate the IIF behavior in
further detail using high-speed camera images of intracellular
freezing acquired at different cooling rates. First, the progression of
intracellular freezing was observed and patterns in the location and
formation of intracellular ice crystals were determined to evaluate
the effects of cooling rate on the occurrence of intracellular freezing
and IIF. The ice crystals formed inside the cells due to intracellular
freezing deform the cells. Thus, the relation between the degrees of
supercooling and cell deformation due to intracellular freezing was
shown to be the effect of cooling rate on IIF behavior. In addition,
using the high-speed camera images, the growing rate and grain
size of intracellular ice crystals were also evaluated. The results
show that an increase in the cooling rate caused an increase in the
degree of supercooling and a decrease in the degree of cell defor-
mation and indicate that the degree of cell deformation decreases
due to a decrease in the grain size of intracellular ice crystal with
the increase in the degree of supercooling.
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2. Materials and methods
2.1. Cryomicroscopic system

The cryomicroscopic system used in this study consisted of an
inverted microscope (IX71, Olympus) equipped with a cooling stage
(HCD301, INSTEC) and a high-speed camera (Phantom V4.2, Vision
Research) (Fig. 1).

The plant specimens were irradiated with light from a 100-W
halogen lamp (12V100WHAL-L, Olympus) passed through a
condenser (IX2-LWUCD, NA: 0.55, Olympus). Intracellular freezing
in the plant specimens was then captured by the high-speed
camera through an objective lens (SLCPlanFl 40x Olympus). The
high-speed camera could capture images at a maximum frame rate
of 2000 fps and a resolution of 512 x 512 pixels using Phantom
Camera Control software package (Version9.0.640.0-C PhCon:640).

Cooling was performed by pouring combination air using liquid
nitrogen and a heater (STC200, Instec) onto the cooling stage. The
cooling rate was controlled by a computer and varied from —1 °C/
min to —100 °C/min. Nitrogen gas was also flowed onto the cooling
stage to prevent the observation window from clouding.

2.2. Plant materials

Epidermal tissues on the abaxial surface of the leaves of straw-
berry geranium (Saxifraga stolonifera Curtis) plants obtained from
the campus of Kanagawa Institute of Technology, Atsugi, Japan, were
used as specimens. The leaves were removed from their leafstalk
and placed in a dish filled with water to prevent them from drying.

Initial trials to investigate the usefulness of our cryomicrosopic
system for observing intracellular freezing behavior were carried
out using specimens obtained in early summer 2007 (Figs. 2 and 3).

Specimens to investigate intracellular freezing behaviors in the
tissues were obtained between late December 2014 and mid-
January 2015, and in early December 2015. The strawberry gera-
nium plants grew at the campus of Kanagawa Institute of Tech-
nology, which is located in a humid subtropical region. The
meterological station at neighboring Ebina city recorded an average
air temperature of 7 °C and an average day length of 172 h.

2.3. Experimental method

Each specimen was cut into a 10 mm? section and placed onto a
cover glass with distilled water to prevent it from drying. A second
cover glass with silicon grease applied around the edges was then
placed over the specimen. The cover glasses were placed on the
cooling stage and cooled from room temperature (approximately
22 °C) to the temperature at which intracellular freezing occurred
at cooling rates that ranged from —1 °C/min to —100 °C/min.

The shutter of the high-speed camera was pressed when half of
the cells (approximately seven cells) within the observation area
had experienced intracellular freezing. Thus, intracellular freezing
in each specimen was captured at 1000 fps for 2 s before and after
pressing the shutter. The experiments were repeated at least 10
times at each cooling rate.

All images were analyzed using Image ] (v1.46) [26,28].

2.4. Definition of the degree of supercooling

The temperature at which intracellular freezing occurred (Ti)
was defined using the temperature when the shutter of the high-
speed camera was pressed. Ti was then converted into the degree
of supercooling (Ts), by subtracting the temperature at the release
of supercooling from the solidification point of water (0 °C). Thus,
the Ts was defined as follows:
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Fig. 1. Schematic illustration of the cryomicroscopic system used in this study.
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Fig. 2. Progress of intracellular freezing in the epidermal tissue of a strawberry geranium (Saxifraga stolonifera Curtis) leaf at a cooling rate of —1 °C/min. The temperature was
approximately —8 °C. These images were processed using filtering, and the contrast and brightness were adjusted using image analysis software. Bold white arrow: location where
the intracellular ice crystal appeared; small arrows: direction of progress in the formation of intracellular ice crystals; white bar: 25 um; t": time elapsed (ms) since the start of
intracellular freezing. (A) t' = 0 ms, (B) t' = 3 ms, (C) t'= 8 ms, (D) t' = 13 ms, (E) t’ = 20 ms, and (F) " = 31 ms.
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Fig. 3. Progress of intracellular ice crystal formation in the epidermal tissue of a strawberry geranium (Saxifraga stolonifera Curtis) leaf at a cooling rate of —100 °C/min. The
temperature was approximately —17 °C. These images were processed using filtering, and the contrast and brightness were adjusted using image analysis software. Bold white
arrow: location where the intracellular ice crystal appeared; small arrows: direction of progress in the formation of intracellular ice crystals; white bar: 25 pm; t": time elapsed (ms)
since the start of intracellular freezing. (A) t' = 0 ms, (B) t' = 3 ms, (C) t' = 8 ms, (D) t' = 12 ms, (E) t' = 17 ms, and (F) t' = 25 ms.
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Fig. 4. Locations where intracellular ice crystals appeared in the epidermal tissues of strawberry geranium (Saxifraga stolonifera Curtis) leaves. (A—D) Progress of intracellular ice
crystal formation. Bold white arrow: location where the intracellular ice crystal appeared; white bar: 10 pm; t": time elapsed (ms) since the start of intracellular freezing. (A)
t'=0ms, (B)t'=2ms, (C)t' =3 ms, and (D) t' = 4 ms. (E) Proportion of cells in which intracellular ice crystals appeared at each location at cooling rates of —1 °C/min (n = 15),
—10 °C/min (n = 28), and —100 °C/min (n = 45).
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Ts = | Ti |

2.5. Definition of the degree of cell deformation

The degree of cell deformation (¢) indicates how much a cell has
been deformed as a result of intracellular ice crystals, and was
measured by calculating the area of cells before (Ap) and immedi-
ately after (Ac) intracellular freezing. The ¢ was then calculated as:

_ Ac - Ab
E = Tb

2.6. Evaluation of the growing rate of intracellular ice crystals

The growing rate of intracellular ice crystals was evaluated

based on the area velocity of intracellular ice crystals, by measuring
the area of an intracellular ice crystal every 2 ms from the time of its
appearance until 10 ms had elapsed.

2.7. Statistical analyses

The degree of supercooling was presented the average value
obtained from 10 specimens at each cooling rate. I[IF behaviors were
analyzed using four moving images obtained during intracellular
freezing at each cooling rate. These images were used to examine
the locations at which intracellular ice crystals appeared and the
formation patterns of intracellular ice crystal. Since intracellular
freezing in the same plant tissue occurred more frequently with an
increase in cooling rate despite the same capture time (2 s) being
used, the sample size also increased with an increase in cooling
rate.

To evaluate the degree of cell deformation (¢), the growing rate,
and the grain sizes at the edges of intracellular ice crystals, at least
10 cells were randomly sampled across the four moving images in

Elapsed time from the start of intracellular freezing.

e

€ (O C-C-@
¢ €O @@
o( (@) () (@) @@

(D)  ®Formation pattern (A) ™ Formation pattern (B) ™ Formation pattern (C)
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Fig. 5. Schematic illustration of the formation patterns of intracellular ice crystals in the epidermal tissues of strawberry geranium (Saxifraga stolonifera Curtis) leaves. (A) Schematic
Formation pattern A, where intracellular ice crystals formed around the outline of the cell. (B) Formation pattern B, where intracellular ice crystals formed across the center of the
cell. (C) Formation pattern C, where intracellular ice crystals expanded from the center of the cell. (D) Proportion of cells exhibiting each type of formation pattern at cooling rates of
—1 °C/min (n = 15), =10 °C/min (n = 28), and —100 °C/min (n = 45). (A—C) Small arrows: direction of progress in the formation of intracellular ice crystals.
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which IIF could be clearly seen. The IIF behaviors in the selected
cells were then converted into values, and the average of the 10
values was calculated. These median values were then compared
using one-way analysis of variance (ANOVA) followed by the
Tukey—Kramer method.

3. Results

3.1. Pattern classification of ice crystal formation at intracellular
freezing

Examples of the high-speed camera images that were obtained
from the start until the completion of intracellular freezing at
cooling rates of —1 °C/min and —100 °C/min are provided in Figs. 2
and 3, respectively. These images are also supported by Supple-
mentary Videos 1 and 2, and show that our cryomicroscopic system
could capture clear images of the IIF process, allowing us to observe
the formation of intracellular ice crystal grains.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.cryobiol.2016.06.003.

The progress in IIF following the appearance of crystals inside
the cell shown in Fig. 2 is shown in Fig. 4A—D. Intracellular freezing
began with the sudden appearance of ice crystals inside the cell,
with intracellular ice crystals first being observed at the cell wall
(Fig. 4B). At all cooling rates, over 96% of ice crystals appeared at the
cell wall, but some crystals also appeared at the center of the cell as
the cooling rate increased (Fig. 4E; Supplementary Video 3).
However, it was not possible to determine whether these intra-
cellular ice crystals started to appear in the inner part of the cell or
at the cell wall on the closest or opposite side of the field of view
because the cryomicroscopic system could only obtain images in
two dimensions.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.cryobiol.2016.06.003.

Schematic illustrations of the patterns of IIF over time are pro-
vided in Fig.. 5A—C. These patterns could be classified into three
types: formation pattern A (Fig. 5A), where intracellular ice crystals
formed around the periphery of a cell after appearing at the cell
wall; formation pattern B (Fig. 5B), where intracellular ice crystals
formed across the center of a cell after appearing at the cell wall;
and formation pattern C (Fig. 5C), where intracellular ice crystals
expanded to the edges of a cell after appearing at the center. At a
cooling rate of —1 °C/min, approximately 53% of formation patterns
fell into category A, while the remaining 47% fell into category B
(Fig. 5D). However, as the cooling rate increased, the proportion of
cells exhibiting formation pattern A decreased and the proportion
exhibiting patterns B and C increased, so that at —100 °C/min, the
proportions of formation patterns A and B were more or less
reversed.

3.2. Evaluations of cell deformation and ice crystal formation at
intracellular freezing

The relation between the cooling rate and the degree of super-
cooling and cell deformation due to IIF was examined. Compared
with its initial shape (Fig. 6A), the cell area was deformed following
intracellular freezing (Fig. 6B). The degree of supercooling at
—10 °C/min was twice that at —1 °C/min, while the degree of
supercooling at —100 °C/min was three times that at —1 °C/min
(Fig. 6C). In addition, the ¢ at a cooling rate of —10 °C/min decreased
to approximately 68% of that at —1 °C/min, while the £ at —100 °C/
min decreased to approximately 35% of that at —1 °C/min (Fig. 6C).
Thus, the degree of supercooling and cell deformation was affected
by the cooling rate.

The growing rate of intracellular ice crystals was evaluated using
the area velocity of intracellular ice crystals. The areas of intracel-
lular ice crystals immediately after their appearance inside a cell
were the same across all cooling rates (Fig. 7). However, the relation
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Fig. 6. Effect of cooling rate on the degree of cell deformation and supercooling in the epidermal tissues of strawberry geranium (Saxifraga stolonifera Curtis) leaves. (A) Cell area
immediately before intracellular freezing. Broken line: cell shape before intracellular freezing; white bar: 25 um. (B) Cell area immediately after intracellular freezing. The area
outside the cell original shape indicates the degree of cell deformation. (C) Relation between the cooling rate and both the degree of supercooling (Ts) and the degree of cell

deformation (). Bars: SE (n = 10).
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Fig. 7. Intracellular ice crystal growing rate at different cooling rates in the epidermal
tissues of strawberry geranium (Saxifraga stolonifera Curtis) leaves. Bars: SE (n = 10).
Different lower-case letters indicate statistically significant differences between
treatments using one-way ANOVA followed by the Tukey—Kramer method (*P < 0.05,
**P < 0.01).

between the area of intracellular ice crystals and the cooling rate
became statistically significant with increased time since their first
appearance.

The grain size of intracellular ice crystals was also attempted to
evaluate. Fig. 8A shows an image that was obtained before intra-
cellular freezing, while Fig. 8B was obtained when intracellular ice
crystals occupied half of the cell. As can be seen, the cell appeared
dark in the areas where ice crystals were located after intracellular
freezing (Fig. 8B), but there was also a dark area inside the cell
before intracellular freezing (Fig. 8A). Therefore, images in which
the brightness of the image obtained when the intracellular ice
crystals occupied half of the cell was subtracted from the brightness
of the image obtained before intracellular freezing (Fig. 8C) were
prepared to allow us to distinguish the formation of intracellular ice
crystals. This modified image was used to evaluate the size of grains
at the edges of the intracellular ice crystals (white line a—b in
Fig. 8C).

The grains at the edges of the forming intracellular ice crystals
became finer with an increase in cooling rate (Fig. 9A—C).
Furthermore, as the cooling rate increased, the peaks in the
brightness differences became lower and more numerous, and had
narrower intervals between them (Fig. 9D). It is supposed that the
teeth at the edges of the forming intracellular ice crystals become
finer with an increase in cooling rate. Moreover, it is suggested that

the brightness difference relates to the grain size of intracellular ice
crystal because the variation in that reduces with an increase in
cooling rate. Thus, the standard deviation of the brightness differ-
ence was noticed and examined assuming as a character of the
grain size of intracellular ice crystal. As the cooling rate increased,
the standard deviations of the brightness differences decreased
(Fig. 9E). It is indicated that the standard deviation of the brightness
difference decreases with a decrease in ice crystal grain size.

To obtain a more accurate assessment of the grain size at the
edges of intracellular ice crystals, the brightness difference was
attempted to use to calculate the characteristic grain size of the
forming intracellular ice crystals. First, a distance from the point
where the brightness difference markedly increased to the point
where it dropped was traced, and was used to estimate the grain
size at the edge of an intracellular ice crystal. This was repeated at
least 10 times in each selected cell and then calculated the average
value to obtain the characteristic grain size. The characteristic grain
size at —10 °C/min decreased to 84% of that at —1 °C/min, while the
characteristic grain size at —100 °C/min decreased to 47% of that at
—1 °C/min (Fig. 10). Thus, the grain size at the edges of forming
intracellular ice crystals significantly decreased as the cooling rate
increased.

4. Discussion

Cryo-scanning electron microscopy (cryo-SEM) is often a
preferred technique for observing and measuring microscopic ob-
jects at low temperatures [4,7,10]. However, although cryo-SEM can
measure microscopic objects extremely accurately, it is difficult to
obtain a series of images due to the methodology used. By contrast,
high-speed camera images can provide information about kinetic
behavior and the microscopic object itself. Therefore, it is beneficial
to capture clear images of intracellular freezing using a high-speed
camera to obtain a comprehensive understanding of the mecha-
nism of intracellular freezing.

Karlsson, who is a leader in the use of high-speed cameras to
investigate intracellular freezing, recommended a frame rate of
8000 fps and a resolution of 128 x 128 pixels for high-speed
cameras in cryomicroscopic systems [14], and Stott and Karlsson
previously used a camera with a frame rate of 8000 fps and a res-
olution of 256 x 128 pixels to capture intracellular freezing [32].
The high-speed camera used in the present study had a much lower
frame rate (1000 fps) than this, nevertheless the same comple-
mentary metal-oxide semiconductor (CMOS) image sensor. How-
ever, a resolution was higher (512 x 512 pixels) than this. When
considering the performances of high-speed cameras, an increased

©)

Fig. 8. Method used to evaluate the size of intracellular ice crystal grains in the epidermal tissues of strawberry geranium (Saxifraga stolonifera Curtis) leaves. (A) Cell area
immediately before intracellular freezing. White bar: 25 um. (B) Cell area when intracellular ice crystals occupied half of the cell at a cooling rate of —1 °C/min. (C) Image that has
been adjusted by subtracting the brightness of image (B) from that of image (A). The grain size that was evaluated on the edge of an intracellular ice crystal is indicated by a white

line (a—b).

155



T. Ninagawa et al. / Cryobiology 73 (2016) 20—29 27

(B) -10°C/min

®-1° C/min

)
(=)

—10° C/min

[oN)
(e}

AN
S
I

Brightness difference
[\e]
[w]

0.0 32 6.5 9.7 12.9 16.1 194 226 258 29.0
Length [pm]
(E)
18 a
16
= 147
S
N 12 m
<
.E b
& 10 -
T .
.§ c
g 6 !
»
4 |
2 ,
0 -
-1 -10 -100

Cooling rate [°C/min]

Fig. 9. Brightness differences at the edges of intracellular ice crystals in the epidermal tissues of strawberry geranium (Saxifraga stolonifera Curtis) leaves at different cooling rates.
(A) The edge of an intracellular ice crystal at a cooling rate of —1 °C/min. (B) The edge of an intracellular ice crystal at a cooling rate of —10 °C/min. (C) The edge of an intracellular ice
crystal at a cooling rate of —100 °C/min. (D) Brightness differences at the edges of the intracellular ice crystals shown in images A—C. (E) Average values of the SDs of the brightness
differences at the edges of intracellular ice crystals at different cooling rates. Bars: SE (n = 10). Different lower-case letters indicate statistically significant differences between

treatments using one-way ANOVA followed by the Tukey—Kramer method (P < 0.05).

frame rate can compensate for a decreased resolution, and vice
versa. The frame rate is important for observing IIF through time,
but the resolution is also important for observing more subtle
changes that occur during that time. Therefore, we believe that the
higher resolution and lower frame rate of our camera was appro-
priate given the specific focus of our study.

The most unique aspect of our cryomicroscopic system was the
use of an inverted microscope. The movable distance between the
specimen and the objective lens is shorter with an inverted mi-
croscope than with an ordinary, upright microscope. However, an
inverted microscope can also observe the cells at the bottom of the
culture solution in a container or a dish during freezing and post-
thawing because the objective lens points upward, as a result of
which biosystem laboratories often prefer to use inverted micro-
scopes. In addition, this orientation allowed the microscope to be
refocused on a cell more quickly than an upright microscope in the
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short time between the distilled water inside the cover glasses
freezing and the occurrence of intracellular freezing. This is because
the downward expansion of water during freezing was restricted
due to the presence of the cooling stage.

The initial stages of intracellular freezing were first examined
using the moving images obtained with our microscopic system.
Intracellular ice crystals appeared at the cell wall in over 96% of
cells at all cooling rates (Fig. 4). However, IIF progressed not only in
the vertical direction relative to the cell wall, but also along the cell
outline. Plant cells are separated from the extracellular environ-
ment by a plasma membrane, which is extremely thin. Therefore,
although the intracellular ice crystals were thought to appear at the
cell wall in most cases, it may be that they sometimes appeared at
the plasma membrane. These images also showed that intracellular
ice crystals appeared successively around the cell outline. Thus, it is
possible that when intracellular ice crystals appeared at the plasma
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Fig. 10. Characteristic grain sizes at the edges of intracellular ice crystals in the
epidermal tissues of strawberry geranium (Saxifraga stolonifera Curtis) leaves at
different cooling rates. Bars: SE (n = 10). Different lower-case letters indicate statis-
tically significant differences between treatments using one-way ANOVA followed by
the Tukey—Kramer method (P < 0.01).

membrane, the side of the membrane inside the cell served as a
nucleation site.

Our findings also suggested that the deformation of a cell due to
intracellular freezing may release intracellular supercooling in the
adjacent area. Supplementary Video 4 shows an example where
intracellular freezing appeared to be caused by an indirect effect
from the outside to the inside of the cell through the plasma
membrane. In this video, the ice crystal inside the cell to the right
develops in a vertical direction toward the formation direction of
the ice crystal inside the cell to the left. When supercooled water in
a plastic bottle is given a mechanical shock from the outside,
supercooling is released and the water freezes instantly. It is
generally known that an invasion of ice nuclei from outside the cell
to inside causes ice nucleation inside a cell [24,31]. Moreover, the
view point of thermodynamics can predict that intracellular
supercooling may be released due to heterogeneous nucleation in
the vicinity of a plasma membrane or organelle, or homogeneous
nucleation of the intracellular liquid. However, this study showed
that a new mechanism of the release of intracellular supercooling
that had not been supposed ever might be presented.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.cryobiol.2016.06.003.

Next, IIF behavior in randomly selected cells was examined.
Although the sample size was small, this approach allowed us to
examine the degree of cell deformation, the growing rate of
intracellular ice crystals, and the characteristic grain size at the
edges of intracellular ice crystals at different cooling rates.

The degree of supercooling increased with an increase in cooling
rate, as did the intracellular ice crystal growing rate (Fig. 7). It has
previously been shown that as water freezes, the growing rate at
the edge of a dendritic ice crystal increases with an increase in the
degree of supercooling [11]. Therefore, it is likely that the increase
in the degree of supercooling that accompanied the increase in
cooling rate caused the intracellular ice crystal growing rate to
increase. Furthermore, it was found that as the cooling rate
increased, there was a decrease in the proportion of cells exhibiting
formation pattern A and an increase in those exhibiting formation
pattern B, in which intracellular ice crystals formed across the
center of a cell (Fig. 5D). The increase in the intracellular ice crystal
growing rate may have influenced this transition between IIF
patterns.

By contrast, the degree of cell deformation decreased with an

increase in the degree of supercooling (Fig. 6C), as did the bright-
ness difference at the edges of the intracellular ice crystals (Fig. 9E).
The phenomenon whereby the inside of a cell darkens during
intracellular freezing is known as “flashing” and is caused by the ice
crystals inside the cell interfering with the transmission of light
from the light source [3,17]. Therefore, it is considered that a greater
brightness difference indicates greater interference in the light
transmission. Alternatively, it is also possible that a decrease in the
brightness difference with an increase in cooling rate indicates that
the edges of the intracellular ice crystals are becoming thinner. To
better understand the processes occurring, the characteristic grain
size at the edges of the intracellular ice crystals was evaluated,
which was found to decrease with an increase in the degree of
supercooling (Fig. 10). It has previously been shown that spending a
shorter time in the maximum ice crystal generation temperature
zone leads to the formation of finer ice crystals in food [8,15].
Although the present study examined grain size at the edges of
intracellular ice crystals, this may affect the size of intracellular ice
crystals just after their formation. An increase in the degree of
supercooling caused the intracellular ice crystal grains to be finer,
leading to an increased density of ice crystals inside a cell. Thus, it is
considered that the degree of cell deformation decreased with
increased cooling rates due to the formation of finer intracellular
ice crystals.

It is known that rapid freezing can reduce the food quality
deterioration due to freezing [12,18]. The present study shows that
an increase in cooling rate can decrease ice crystal size formed
inside not only food but also cells and suggests that a decrease in
the degree of cell deformation due to this contributes to the food
quality with rapid freezing. Thus, high-speed camera images pre-
sent the new knowledge of IIF behavior to us.
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