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A Traffic Jam Model of Biological Evolution and Species
Abundance Distribution
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Abstract

We studied the asymmetric simple exclusion process with Langmuir kinetics (ASEP-LK) [1, 2]
as an evolutionary model for genetic populations on a 1D niche space, and we obtained an
exact solution for the ”length distribution of traffic jam” in its steady state. This is the third
example of the analytically-obtained species abundance distribution based on realistic multi-
species evolutionary dynamics, following the neutral model [3, 4, 5] and the random community
model [5, 6, 7, 8, 9].
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The effect of inflow rate and conflict around the exit on
evacuation efficiency
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Abstract

In this paper, a cluster approximation method based on the floor field model is proposed to
analyze the effect of inflow rate and conflicts around the exit during an evacuation process. The
conflicts have been taken into account by 2 different approaches: the friction parameter and the
friction function. It has been observed that despite the difference of conflict level, there always
exists an optimal inflow rate. The calculation results could be considered as the verification
of the ‘faster is slower’ effect. Besides theoretical analysis, we also conducted simulation to
validate our model. We found that through adjusting the inflow rate to appropriate value, the
evacuation time in all the conflict regime could be approximated with satisfactory accuracy.

1 Introduction

Pedestrian evacuation is vigorously researched
over the last decades. In addition to a lot of evacua-
tion experiments conducted to investigate complex
behaviors of pedestrians during evacuation process
from a perspective of both psychology and physi-
ology [1] [2], various kinds of microscopic models,
which enable computer simulation based studies,
are developed. Floor field cellular-automata model
is a famous decision-based model, it is based on
cells in 2 dimensional space and discrete in space,
time and the state variables [3]. Despite its sim-
plicity, floor field model could reproduce various
complicated evacuation dynamics, thus it is well
studied and extended in recent years.

An important phenomenon in evacuation is the
so called ‘faster-is-slower’ effect, which refers to the
phenomenon that as individual pushes harder to
escape through an exit, an increasement of the
total evacuation time can be achieved. Besides
the experimental verification, researchers also in-
corporated the friction parameter [4] and the fric-
tion function [5] to reproduce such phenomenon
via floor field model simulation. The friction pa-
rameter stands for the clogging and sticking effects
between evacuees, it describes the probability an
evacuee could not proceed to its desired position
when engaged in a conflict with other evacuees.
Friction function accounts for the fact that the
larger the number of evacuees engaged in a con-
flict, the stronger the competition will be, it treats
the probability that all the movements are denied
as function of the number of evacuees.

In this research, we investigated the evacuation
dynamics near the exit through theoretical analy-
sis and simulation. Because of the complexity of
2 dimensionality, unlike vehicle traffic which has
been well theoretically studied by extending the 1
dimensional asymmetric simple exclusion process,
only in a very limited number of evacuation re-
searches theoretical analysis has been conducted.

This paper is organized as follows. In Sec. 2,
we briefly review the floor field model along with
the friction parameter and the friction function.
Subsequently we propose the cluster approxima-
tion method in Sec. 3, and compare the simulation
results with the theoretical calculation. Finally,
Sec. 4 is devoted to summary and discussion.

2 Floor Field Model and conflict res-
olution

2.1 Floor Field

As the focus of this research is the evacuation
dynamics near the exit, we consider a square room
with only 1 exit. The room is divided into 2 di-
mensional cells, for each cell, only 2 conditions are
available: empty or occupied by an evacuee. At
each time step, an evacuee could choose to pro-
ceed to a Von Neumann neighbor cell, or stay in
its current place (Fig. 1). The decision-making of
evacuees is determined by 2 floor fields: the static
floor field and the dynamic floor field. The static
floor field describes the shortest distance from the
exit, as shown in Fig. 1. The dynamic floor field is a
bionics-inspired approach, it could be considered as
the footprints left by pedestrians, and reflects that
under emergency, human-beings are likely to lose
their minds and just follow the footsteps of others.
By adopting dynamic floor field, the long-ranged
interaction among evacuees is mimicked to local-
ranged one. The probability an evacuee chooses
the cell (4,7) to move into is determined by the
following equations.

pij = N&ij (1 —nij) exp(—ksSij + kaDij), (1)

-1

N = > &;(1 = nij) exp(—ksSij + kaDij) | (2)
(

,5)
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Fig.1: (a) Target cells for an agent, only the Von Neumann
neighbor cells are available. (b) Static floor field of a 5 X 5
room. The exit cell is marked as green. The number in each
cell represents the Manhattan distance from the exit cell.
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Fig.2: A schematic view of how the friction parameter resolves
conflict. The movements of two pedestrians are denied with
probability u, otherwise a pedestrian will be randomly selected
and able to proceed.

3)

Here, ks and k; are sensitive parameters of the
static floor field and the dynamic floor field, respec-
tively. n;; € 0,1 refers to the occupation number.
As in this research we only consider the evacuation
from a simple room, we suggest that all the evac-
uees have a good knowledge of the location of the
exit, thus the effect of the dynamic floor field is
ignored. For simplicity we set kg large enough to
ensure the effect of static floor field dominates, i.e.,
ks = 10, kg = 0, which corresponds to the ordered
regime in Ref. [3].

~_ ] 0, for obstacle or wall cells
Sij = 1, otherwise

2.2 Friction Parameter and Friction Func-
tion

Under parallel update, a conflict occurs when
more than 2 agents attempt to move to a same
cell. In order to quantitatively describe the level of
the conflict, the friction parameter p € [0, 1], which
means the probability that all the movements are
denied due to friction and clogging effect (Fig. 2),
is proposed. Note that through adopting = 0 we
recover the studies in Ref. [3].

The friction function originates from the assump-
tion that the more agents competing for the chance
to move, the stronger the conflict. For example, the
impact of friction is stronger when 3 pedestrians
are involved in the conflict compared to 2 pedes-
trians. Yanagisawa et al. conducted simulation to
show that most conflicts at the exit cell are among
3 pedestrians [5]. Thus, it is not appropriate to
consider only 1 kind of conflict, as the friction pa-
rameter does.

The friction function, which takes the number
of pedestrians k into consideration, is expressed as
follows:

dc(k)=1—-(1-QF —k¢(1—-0QF " (1)

where ¢¢(k) represents the probability the move-
ments of all the involved pedestrians are denied. ¢
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Fig.3: A schematic view of how the friction function resolves
conflict. Depending on the strategies of all the involved agents
in a conflict, whether the movement is denied is determined.
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Fig.4: (a) Ilustration of notations. « and S represent the tran-
sition probability to the exit cell and the transition probability
getting out of the room, respectively. ~ is the probability an
empty neighbor cell be occupied in the next time step. (b) A
schematic view of the configuration of exit cell and its Von Neu-
mann neighbor cells. There are 2% = 16 kinds of configurations,
which are divided into 8 classes. P; represents the probability
that at a timestep the configuration belongs to class 7. Notice
that the only difference between the left 4 classes and the right
4 classes is whether the exit cell is occupied.

is an aggressive parameter, which is the probability
that a pedestrian does not give ways to others. As
shown in Fig. 3, it is supposed that if 2 or more
than 2 involved agents do not give ways to others,
all the movements will be denied. In other words,
only in 2 situations a standstill will not happen:
(1) All the agents give ways to others, in this situ-
ation an agent will be randomly selected and able
to proceed. (2) Only 1 agent does not give ways to
others, thus this agent will win the conflict. These
2 situations are expressed by 2 terms: (1 —¢)* and

kC(1 — ¢)*1, respectively.

3 Simulation and theoretical analy-
sis

3.1 Cluster approximation

In this section, we propose a cluster approxima-
tion method to computes the flux of evacuees over
exit cell. Since most of the conflicts occur near the
exit, we only consider the exit cell and its 3 Von
Neumann neighbor cells. The configurations of the
4 cells are shown in Fig. 4.

First we adopt the friction parameter to solve
conflicts. We define P;(t) the probability finding

|
class ¢ at time t, denote the permutation ﬁ
as (2), and then take the calculation of P, as an



example:

Pyt +1) =P1(t) (3)7(1 — 7)*+
Po(t)(1 — a) (1 —7)*+
3 2 (5)
Ps(t)B()v(1 — )%+
Ps(t)B3(1 =)

As shown in Fig. 5, the transition into class 2 at

a-3

B(1— )3 0 0

time ¢t + 1 is possible for 4 classes at time ¢: class
1, class 2, class 5 and class 6. The transition

probability of these 4 classes are: (?)'y(l - 7)?,

(1-a)(1 =772 B()r(1 —7)? and B(1 - 7)?, re-
spectively.

Similarly, the probability of other classes
could be calculated. Furthermore, the mas-

ter equation of the cluster is listed as follows:

0 0 0
Pit+ 1 I M? G-a)i-m2 0 0 31— B(1— 7?2 0 0 Pi(t)
ety Ty 200G 2 a0 wwgu—w) 2671 = ) -~ 0 P2
Py(t+1) | _ ~3 (1 — a)y? ag3 agq B~3 ﬁ'v By B « | Pa(t) ®)
gs(eri) 0 a(l — )2 0o 0 (1-8)1-~)3 0 0 }1;’5(2)
al 0 207(1 =)  agz 0 3(1— Byl -2 (1= Byt = m? 0 P
Pyt + 1) 0 an? arg arg <1—B>3w2<1—w> 2(1 = )v( =) <1—ﬁ><1—v) 0 Pg(t)
0 0 0 0 1-p)y3 (1 - 872 (1= 8)y 1-5
_ _ 2 2 _ 3 2 3 _
where agz = (1—7)(,u2a +(1—a)?), a43 = Y(20?+(1—a)?), agq = pza®+3a?(1—a)pa+(1—a)3, ags =
2 _ 3 2
(1=7)(2a(1 =) +a*(1 — p2), ar3 = 7(a®(1 — p2) +2a(1 — @), aza = (1 — pz)a® +3a*(1 —a)(1 — po) +
3a(l — )2
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Fig.5: A schematic view of the calculation of Ps(t + 1), the
color of the relevant part in the graph and the formula are cor-
responding.

Adding the normalization condition

(7)

the flux (represented by Q) in the stationary state
(t — o00) could be calculated by following equation.
For configurations 5, 6, 7 and 8, the agent standing
in the exit cell has a probability of 3 egressing from
the room in the next time step.

Q = B[Ps(t) + Po(t) + Pr(t) + Ps(t)]  (8)

For simplicity we set a = 1,5 = 1. First we vali-
date our model by 3 simple cases, each represents a
very special situation where the flux could be easily
calculated:

(1) v = 0. Because that there is no inflow, what-
ever the value of p, we get P, = 1,P;, = 0(1 =
2,3,...,8). Apparently the result is correct.

(2) © = 1. This situation leads to the result:
P,=1,P,=0(i=1,2,3,5,6,7,8), which refers to
a complete deadlock condition.

1—
(3) vy =1. Weget Q = 27'“, which is in ac-
cordance with the results in previous studies [4] [5]
[6].

The calculation result is shown in Fig. 6, from
which one can see that as the friction effect being
stronger (represented by a larger value of friction
parameter u), the optimal value of « is declining.
We also take p as fixed variable, and show flux

as function of «y. The result is in accordance with

Flux
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Fig.6: Calculation results based on the friction parameter. (a)
Flux from the exit as function of p and +, the high flux regime is
represented by warm colors. (b) Flux from the exit as function
of v for different conflict levels.
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(a)
Fig.7: Calculation results based on the friction function. The
difference from Fig. 6 is that the parameter describing the con-
flict level is changed to ¢ rather than p. (a) Flux from the exit
as function of p and ¢. (b) Flux from the exit as function of v
for different conflict levels.
the previous work [6], in which the pedestrian flow
through multiple bottlenecks is simulated. It has
been demonstrated that when the cluster merges
faster around the final exit, the overall flow rate
declines thus leads to longer evacuation time. Ac-
cording to our result, the final outflow decreases
monotonically after the critical point of inflow rate
(Fig. 6).

We also present the calculation result based on
the friction function, which is easily realized by re-
placing po in equation (6) by 1—(1—¢)?—2¢(1—¢)
and 3 by 1—(1—¢)3—3¢(1—¢)?. The results are
shown in Fig. 7

(b)



3.2 Comparison between simulation and
theoretical analysis

In the following we present the simulation re-
sults to validate the cluster approximation method.
In our simulations a representative set of parame-
ters in the so called ordered regime: ks = 10, kg =
0, = 0,0 = 0 is adopted (according to Ref. [3]).
We consider a grid of size 63 x 63 sites with an
exit of one cell in the middle of the upper bound-
ary. All the agents are randomly distributed in the
room initially.

We want to stress that it is not in this research at
the first time the flux over exit based on the floor
field model is theoretically analyzed. The origi-
nality of our work is that the parameter v is not
just a fixed value, to the best of our knowledge,
its value is fixed in all the previous works [4] [5]
[6]. It is reported in Ref. [4] and Ref. [6] that such
setup gives satisfactory agreement for weak fric-
tion regime: p < 0.6, but in the region of strong
friction: p > 0.6 large deviation can be observed.
From Fig. 6 one can clearly observe that the flux
takes local minimum value when v = 1, that is to
say, the reason of the deviation is the underesti-
mate of the flux when v = 1 is adopted. What
is more, the decline of flux from the optimal point
is more obvious as g grows, thus the deviation in
strong friction regime is further enlarged.

The comparison of theoretical analysis and simu-
lation is presented in Fig. 8. Five different values of
~v:0.2,0.3,0.4,0.5,0.6 are adopted to calculate the
evacuation time. We do not consider the regime:
v > 0.6 because in which the curve slopes in both
Fig. 6 and Fig. 7 are not so steep, indicating there
may not be huge differences in the calculation re-
sults. One can see from Fig. 8 that as v grows,
there is a tendency the theoretical results better
fit the weak friction regime: p < 0.6(¢ < 0.6),
but the deviation in the strong friction regime:
1> 0.6(¢C > 0.6) becomes larger. We assume that
a moderate value of v such as 0.3 or 0.4 would min-
imize the total deviation.

4 Conclusion

In this paper, we have introduced a new method
to approximate the outflow from a single cell based
on the floor field model. Two different approaches
to solve the conflicts are considered and the theo-
retical results are presented accordingly. We found
that despite the difference of conflict level, an opti-
mal inflow rate, which would maximize the overall
flux, always exists. The value of the optimal inflow
rate tend to decrease as the conflict grows stronger.

We conducted simulations and applied the clus-
ter approximation approach to calculate the evac-
uation time. We found that for both friction pa-
rameter and friction function based simulation, in
order to give satisfactory accuracy in strong fric-
tion regime, a relatively lower value of the inflow
rate should be adopted. The investigation of the
inflow rate in stationary state during evacuation
will be our future work.
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Fig.8: The comparison of theoretical analysis and simulation.
(a) Results based on the friction parameter. (b) Results based
on the friction function.
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Fundamental diagrams for heterogeneous traffic and their
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Abstract

This paper explores on how fundamental diagrams have evolved over a period of time. Fluid flow
analogies are used to depict the differences and highlighting the behaviour of vehicles. The
heterogeneity of vehicles is also discussed along with the underlying fundamental diagrams.

Keywords: fundamental diagrams, heterogeneity, traffic states.

1. INTRODUCTION

In traffic flow theory the representation of traffic state is done through the fundamental
characteristics speed, flow and density. These characteristics however cannot describe the traffic
state entirely, as these variables can vary greatly depending on the type of observations made.
Typically the observations on the traffic variables are achieved through a variety of sensors. They
can be categorized as point, mobile and space sensors. Point sensors yield the observations that
are corresponding to the cross-sectional data, while space sensor gives those over a short or long
stretch of a road. Mobile sensors could give the position of an individual vehicle over time. As
indicated earlier the relationship among the traffic flow characteristics can give insights into the
dynamics of the traffic state and its evolution over space and time. Thus the models and the
associated graphical depiction of the pairwise relationships of the traffic flow characteristics can
be referred to as the fundamental diagrams (Ni, 2016). In the vehicular traffic, Greenshields
postulation of the pairwise relationship between speed and density can be considered as the first
fundamental diagram (FD) (Greenshields, 1935).

Given the variety of the traffic states that exist in different types of environments that involve
multiple vehicle types, infrastructure and driver population leads us to the need of exploring
fundamental diagrams in these conditions. The multiple vehicle types can include motorized two-
wheelers, trucks, buses and motorized three-wheelers besides cars, leading us to heterogeneous
traffic. Also with the advent of the autonomous vehicles would necessitate the revisiting of the
FDs of the conventional human-driven vehicles (HVs) and connected and autonomous vehicles
(CAVs). Some studies show interesting insights into the scatter aspects of the FDs with the
increased penetration of CAVs (Zhou and Zhu, 2020). This paper tries to explore the evolution of
the FDs and their applications to heterogeneous traffic conditions.

2. FUNDAMENTAL DIAGARM AND ITS EVOLUTION

The flow-density diagrams with steady state equilibrium of identical driver units can be called as
fundamental diagram. Here the steady state refers to the stationarity of traffic. FDs describe the
theoretical relation between density and flow in these conditions (Trieber and Kesting, 2013).
Thus the equilibrium relationships are theoretical and can be described by unimodal functions



within certain limited range of independent variables. In the case of flow-density pair, flow as a
unimodal function of density. Many researchers tried to define the properties of FDs both
microscopic and macroscopic conditions. Kessels (2019) gives an excellent summary of the
properties of the fundamental diagrams. Some of them are worth mentioning here. Before we
plunge into these details it is important to understand the evolution of fundamental diagrams from
the physical phenomenon such as flow of water through pipes and flow of granular media.

If one considers drivers choice of the speeds, the relationship between speed and density best
describes this process. At low densities drivers have larger spacing and can choose speeds close
to free flow, while during congested conditions the converse is true. Thus a non-decreasing
function would fit this description very well. However, when this relationship is translated to
flow versus density the relationship, it has an inflection point. Often the traffic flow draws
heavily from fluid flow analogy, but here is the stark deviation from this analogy which is very
well depicted in Figure 1.
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Figure 1: Traffic and fluid (water) analogy (a) Flow-density curve (b) granular/agents vs. water
flow through constrained exits (similar to bottlenecks) (Kessels, 2019)

The critical point that needs to be highlighted here is the inflection point, after increasing portion
in Fig. 1(a). This is clearly depicted in Fig 1 (b) where granular media/agents passing through
constriction as the flow goes past the peak, the throughput decreases which are in contrast to the
flow of water which is non-decreasing after the peak. In the next section some idea of the
multiple vehicle types and the related heterogeneity is discussed.

3. HETEROGENEITY

Heterogeneous traffic is a common sight in many Asian countries, which predominantly
comprises of motorized two-wheelers (MTW), and some extent motorized three-wheelers
(MThW, tuk-tuks or auto-rickshaws) besides cars and heavy vehicles (HVs). Understanding the
FDs when such traffic mix is prevalent offers interesting insights into the evolution of the traffic

-10 -



phenomena over a range of densities (which are again defined in terms of passenger car
equivalencies). In one of the recent studies by Gaddam and Rao (2020), the fundamental
diagrams evolved show an interesting trend. It is observed that traffic flow and density increases
with the increase of MTW proportion due to their smaller physical dimensions and shorter
longitudinal headways maintained by them. In MTW only conditions, maximum flow values
observed to be four times higher than that of cars only condition. However, if MTW proportion is
less than 0.4, it has little effect on flow values when compared to that of cars only situation
(where MTW proportion is zero). The concept of including the heterogeneity is also
demonstrated by Chanut and Buisson (2003).

10

1
Dansit

(a)

o
10 ?

¥ 20
y (veth/im)

[ e )
MTW anly 9.4 8 R Cars only
=t MTW D% I N e IV 0%,
B MTW G0% 1.2 I", Y HV 0%
3 g e IV OO
— ok ——— MTW 40% &y Py ) \\ W ange
& e MTW 20% = 2
a Cacn anly Eonl s . \\ HV only
i i a | g S WG
S Sosl N i
w 2r W o e
B ~ 0a '&.\ %0 -~ .
e 1 s
! o . ‘\\ : gy
—_—— n b | S, e
2 ne 0=

0. na
Danaity (vah/m)

0 n7z

(b)

Figure 2: Effect of (a) MTW and (b) Heavy vehicle proportion on capacity of traffic flow
4. SUMMARY

It is important to explore the FDs evolution for a variety of traffic situations. This can lead to an
in depth understanding of the underlying evolution of dynamic traffic phenomena.
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Abstract

In this talk, we focus on COVID-19 to discuss elementary applications and problems of
mathematical model for infectious diseases for prediction and control of the epidemic. First,
we introduce recent results for the estimate of the basic reproduction number and exam-
ine the effect of declaration of the state of emergency. Next, based on the asymptomatic
transmission model and the state-reproduction number, we consider the effect of quarantine
of symptomatic infecteds under the social distancing policy. Subsequently we construct a
mathematical model to quantify the effect of massive testing and quarantine by using the
effective reproduction number. Finally, we consider an estimation problem for the size of

unobserved asymptomatic infecteds.
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spreading and to simultaneously minimize the social cost
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Abstract

We establish a multi agent simulation (MAS) model to emulate dynamic vaccination (DV) in which only
direct neighbors of an infected agent are immunized by vaccination. The model takes account for the
stochastic feature of vaccine’s efficacy, and for the information noise to detect an infected agent as well as
his neighbors. MAS reveals that although the information noise less significantly affects on how
successfully DV confining a disease spreading, the vaccine efficacy does dominate it. In a nutshell, DV
with a less reliable vaccine misses out opportunities of initial containment. The expanded intervention
measure, where DV is also applied to some fraction of second neighbors of an infected agent, does not
increase the probability of such initial containment, yet rather boosts the total social cost; the sum of
vaccination cost and that of illness.
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Influence from different definition of ‘transmission rate’ for SIR process on final
epidemic size

Shinobu Utsumi*!, Jun Tanimoto*2

*1 Undergraduate School of Engineering, Kyushu University
*2 Faculty of Engineering Sciences, Kyushu University

Abstract

By means of multi agent simulation; MAS, approach, presuming Small world (SW) networks, the
sensitivity resulting from average degree, i.e., density of links in other words, and short-cut
probability affecting on final epidemic size (FES) as well as peak infection size was explored. Besides
the effective transmission rate by Fu’s concept in his vaccination game model, we newly introduced
the equivalent transmission rate that literally indicates how a single infectious person
communicating his disease to a neighboring agent on one of the links during an unit time (day). Our
result reveals that the effective transmission rate by Fu’s concept overestimates both FES and peak
infection size. In contrast, the equivalent transmission rate well-reproduces that the increase of
average degree or/ and the increase of short-cut probability pushes up the peak infection size.

155
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Estimation of human contact rate from the scaling relation
between the effective reproduction number of COVID-19 and the

size of active crowd in Tokyo area

Takashi Shimada'+?

! Department of Systems Innovation, Graduate School of Engineering, The University of Tokyo

2 Mathematics and Informatics Center, The University of Tokyo

Abstract

The relation between the number of passengers in the main stations and the infection rate of
COVID19 in Tokyo area is studied. Based on a natural assumption that the human contact
rate is an increasing function of active population density, we first determine average time
from the day of infection to the report day as 15 days. Furthermore, from the scaling relation
between the density of active population and the infection rate, we find the dependency of
the human contact rate on the population density is slower than that of Lotka-Volterra type

model.
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The relationship between the spread of COVID-19 and the

number of people around major stations in Osaka area

Daichi Kuroda!, Takashi Shimada!?

! Department of Systems Innovation, Graduate School of Engineering, The University of Tokyo

2 Mathematics and Informatics Center, The University of Tokyo

Abstract

In this paper, we empirically study the relationship between the number of people observed
around the main stations and the spread of COVID-19 infection in Kansai-area. Our analysis
suggests: 1) Average delay from the true infection day to the report day is around 14 days.
(This delay is almost the same with the delay estimated in Tokyo.) 2) In Osaka, about 40%
decrease of active population may prevents COVID-19 infectious spread. 3) The number of

incoming infections from Tokyo is relatively smaller than the number of infections in Kansai-

area.
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Reduction of Facing Duration by Restricting Circling Direction

Toshihiro Kawaguchi'

! Department of Safety Management, Faculty of Safety Science, Kansai University
Abstract

Considering the spreading of COVID-19, a numerical simulation was performed to evaluate the effect of the
restriction of the circling direction on the facing duration between pedestrians in supermarkets and so on. The
behavior of pedestrians was expressed by the Discrete Element Method introducing the virtual spring model and the
reactive torque model. The spread risk of infection was evaluated by the cumulative value of the duration in which
pedestrian in a short distance face each other. The relation between the ratio of opposite circling and the cumulative
facing duration shows the effect of the restriction of the circling direction and the necessity of observance of the
regulation.

o VB, REIRESIRL . —HE T o - ORI
I [FLHIC OB A DI CES, 17U, A S
BRI L KU (COVID-19) At iyry 77 PO AT O — LR TS S
B RA G AR COEORRERIL T p, — SHHLLLLERLRD,
A AC o AL et mi ey TR, M ARES AL B
BIWET COVID-9 ~oii it o, FgiR M HILIZLD, BT L Ox ki i s
BONMEBLBZ LR | SLLTESn Ty THIBERDIIONT Hifs Ral =2 CRFl
R A BB BRI 5 ) O-EERA D, STE ORI T T LS
VER DB, ZOW, Ao b cmpge 20T AV NETVDIERMIOAA TR R SR
e e 1 AT BICET MACS %, JEIEL A 0 o 3 B B
JE A B8 AERAT L CUNS PR o S o L A il Pl DL EBIZ, — B TON— VAL T I
HER87 7Y (COCOA) THE, AN ARAEHD| A—p  IWTABTDABRIELI ES ORI 2L
VBT 15 4080 L EL - A% Ty L C TP e
WD), EBIT, AWIZEXLTWDIREBICHHEXIC
JEGU R PR EDLZ LIRS TG TED,
A/ =y NED JE [EE E A7 AN E B
BNIRAET B, NSRS R D LB %

-31-



1: DEM #fih =51

2 HHEFE
2.1 B ESRE

Bl EE#275(Discrete Element Method : DEM) [ 34H
HAERZ RIZL 0B 8T 5 2 ORL 1284 fif
W 2FETHS, EATHME], PR TAS], B 1%
IRFAFRI6]72 8 DAY CRVSIVTETZ, TEITHT
FHWTNCHHEAS TS,

BB SRVE CIE A WICEERR L 7oh 7[R DA ABLAE
F1a "R By amy b ATA44 CRELTH(K 1),
PNRITHIERFE I H R L, &>y Ry NI FEHPEE2E
ZRELT DT DR 12 BER T 2, AT4571%
J Y EEEE (TR KT,

BERC SRR BT DA T B LU T o HE
ik N Iw AT HZBND,

Je. =(~k0, =,V n)n M

Femlg-nonfif] @

ZIT k IANRER, SIET R, nlT kMRS
ERUIRT n, t 1TENEI BRI, B A%
BT D, w JEEELREL VIR 1 i BRI T j OAERHE
FE, Vgl ZRL - i LR j OBl 31T D8 5 1AH
KR EEETHD, o 1 TIERIT AT MV 7138
BB HNL R WLV Th D, R(2)DFEH min[A,B]IX A,
B OHYBHIHED/ NSV R LD LR EIRT D, T
Db BT AR 3/ NS L& (D T - EEER A ME
AL, LEWMEZ B2 DB BRIV b b a3
HL WA,

22 BCEFEE

3 R R O = SR v U A RAN R S 1 e s T
DIZOIZANVSINTEZLOTHY A T8 DOZEE) 23
M523 A CBREWEZ T 5920 ERH D, RET
TR 7 a7 7 4—/VR[8]& AW T TE OB E)
HIh M52 72,

REHETIX, /A~ 52 v, B8 H 5T

LD 4 FFROHT, BRI RIS O
LT, B SRIEI SIS 2k 11 e 22 ] AR @
THDICKL, FH7 a7 74— VR IZBEHze R kT
Hzbhb, oF0, 7T 74— VROV R E
FECERTRL OB 8 B 7 ma BB 2 (k352
LI D, T2T2L | BERCELFRIEIZ BT DB TERL1IT
IIEMENH DT RFIEIHN 70T 74— /LR Tk
WRENTZF N> Tl BICBEN T 51 Tlde
<L EHINRBEN T A2 HTETTeD,

23 RENRETIL

W BIFICBIDO ARNBZ BRI E HITE I
HEAARD DS AR Z D CE AR T oL
By ZDZEEFRBIT DO, BN RET NV 2)%E
AT %,

2 \IRT DT, BATE DRI IO TEE TR
HUT- A, W O R L7 i A ER S
%y ZOZET, WE LD HEIWEL AT OHATH % 0]
DALCENED I A RBLCEDHIEI/2D, OB TH
DB Z T TN FEAEAS T2,

() BOVB—EDOHEHENIZND

(i) —EDOHIEFOFHANITD
DO EME Ut &DHRET D, BARKIZIE, K 2
DT ATHATE B 238 L TEAEARIZL D 1%
ZAFBN, HATE CRODIE—ED MM DT
B2 AT ECF I REMON D70 BB
ZAFRN, E BT B D RLESTE A 1T
FMCNDT=D R BEZ T2\, DED | ARAESRITED
FNZOWTIER - KAEAOERNZ LT LH D ST
AN

24 RE—+AURNETIL

Bl B SRVE TR M o 12 X0 [l E R 3 A=
UAM, [BHRICKT T DG @700, 2, BT
BIIFEARNC BB AN IER L2 oH T35, Kit
BT, RE—AVFETIRIZEATLZE TR T
DRMRICKT DI 5% . HITED B S MICIE

2: AR ET L

-32-



destination

3: E—AMET IV

LRI A T DATE A RBLT D,

3NTRT IO TR OMED BEE S MbT
NG A . TNEEET DAY ERHEE S,
AFETIX, LE—AN T2 THANILHT LD
25272, 72720 . TRl L 27210 Cidlal
EROIRENDEU D720, KNZHBIT D5 v oy he[F
RRICA R AT DA A Tz, LTz3> T,
FE—AD TIFRATHZ 615,

T =-k06-now 3)

ZZ Tk n THBIEETHY . ol TR DEFL A
HEThHD,

3 FEREBE
3.1 FEEH

FERFHRSMEE 1 1CEEDD, BATEILERR 0.4m
ORI T 95, A% 1.0m, fHEFA %
A 60 T od 120 EELT-, F7aT 7 4—/LK
(SFF)IZ 0.1m X 0.1m D EH KTV RELT=,

4R X, 20m X 20m DHETEAEEN D4 E
HRIZHE 4m OB Z R E LT, R HJOlE 10m O H
AN ADBAITE DA TR T 5, SN O AT
DR NEIT 40 NELT-,

BTEEE 60 kg
A RIERES 04 m
HATERL L 40
MRS RIEE 1.0X105 N/m
IABANRTEEL 20%X10* N/m
PRAREEE 10 m
AEPERRAREL 350 Ns/m
T £ 120 deg
B — A MRS 50 Nm
T A NI 100 Nms
SFF 7V RYA X 0.1 m

#1 FeRtESm

20m

20 m

-

10m

4: FHEAENL

32 EtERER

IEEHElY) (JRE) &R (F62) DA TE DS 20
AT 2DEE GBS 0.5) OFHFEAE RO —FZX 5
R, WO TH EbT—F—ONHEZ @S
RPELRDINTE T 0T 74— LR EFHEL TND
7o Fa— T —THRTH R LR 28k 78 il
iz, ZHUTIBES BB ER O 2L —2 a2 T
Tsuji[9] 2 B L 7=b D LRI TH D,

WA THE O JE B A% REEHE D IZBRE LT 5
A CRImEIS 0.0) OFFEFE RO —FIEX 6 779, 2D
AT E OMBIXIFEA L RoNT | AL—X
7RJE R TENE 75T,

DA NADEGAEREH 2 T2 L& N [R50
TxHE T AR ORE A FE/2D, Z2TlE, B TE
TOHEEA 1m LANT, 22 OBEAD A1E 36>
510 ELNTHLHEEA T L TV EERL, &
AT O B R & SR ed 7, RFHREIZBWLT,
ATHE DTMAZAIL T RNENLT o H L THHTD,
SHAEIS 0.5 DJAITHONT 20 FIFFEEITVO, B
S O FEHEE RO T-L2 A, 345 B ThH-oTZ,

°
°
® )
a
L ]
°
L]
°
< °
®oe
°
°
°
°
o
. ° ® o
®
°
° °
() L 3PS
e o o° e -

5: FHERE R GorElA 0.5)

-33-



6: FHERERAAE GerElA 0.0)

—J7, XTAEIED 0.0 OBAITIL R O
PHEIE 0.98 B Tho7-, DFY, JEBEITEEHIR
2T 35 /3D 1 BEEIZFMES I TS, 2
DZEND, R Mz HIFRL CRif @ T2 8T, —F
WITOWNEAEDZE T, AT Rl L3I R C Xt
T O A REOEHIEN DD,

L, A== —lry NETII— F il T/ —
NEEBICESFSE LI EITHEHL DS EIR N, X 7
(SR EI A 2 2 LSBT L& 0 B R O 2 b %
RT, MHEOBRN LSO T 7B NTNDHIE
D, — B TON— LV ESFOIR A TE DV D BURIE
T BT, AATE R AT ROt 9 DR Y
REHIMTBILEARBRL TS, Bz X, trmElE
23 0.1 D& B mEEHIT 14.3 B ThHD, DD,
40 NDHH 4 N3 5 I JE BI357200 T, 2R 23
CH TN EEIL TWOBEETEEAT, RFHEFEERIZY 15 1%
ISETHRL TS,

DN PN NN | Bl 1 vl RS e N e A e
[i] =23 0T B C o 1 3 DM O RIE 72 s 213 %

70
. ¢
°
60 P
=50 | -
B 40 | °
< .
®30
ﬁﬂ'; °
Bk o9 |
°
10
0 L L n L
0 0.1 02 03 04 05
*EEE

7 RTAEG & BRRER RO BIER

AR

EPERENE DO | L— LESFARE LTS,

LRI TLEIEE R D,

4 F£&

FHBARRET N BL VR E— A NET L Z A
ATEBEREE SR L2 T R A D@2 31T
HWATEZB ORI 2L —av 2{ToT-, HITHER

LD R A E

L, WG EICA RIS SHTH D

FNE L DRERET T,

ZORER, BREIFMMNERIIT A DIRGEIT
T, RAN—F TR T35 A I R A 35
3D 1 BREICRDI BN, 727200 1 B A —
JFE T DI — U REDIRWZT T, RNV — LV E
BT D AT A TR RERIE: 15 (AR BRI L
7o ZDOZEME, RHHIRERIZ S RIS 5720
IV — VB RSP S D TRALETHLH L
DIREES T,

HEE

ARG ISPS FHERFIERL IR HARHFE(C) (R

A5 19K04936) D X IB A Z 1T 7=,

RLTHELER

12,
25 3K

(1]

(7]

(8]
(9]

-34-

BT E R — L=, Frilan ) oL A5
filftes® 7Y,
https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/co
coa_00138.html (2020 4= 11 A 3 HHER).
JIIBFFE, %5 20 RIEZ@ROT 2l —var iy
WY L I (2014) 83.

P.A.Cundall, O.D.L.Strack, Geotechnique 29-1
(1979) 47.
ARILZERR, AT, bART 5O %E 333
(1983) 137.

AR, @REZ, =X, A LPasE
26-2 (1989) 77.

NI AZEM, H g, s, B AR =6
4 (B #w) 58-551(1992) 2119.

THEFALSE, =T, AT —, BRPRR
4£ 537 (1996) 233.

Burstedde,C. et al., Physica A 295 (2001) 507-525.
Y.Tsuji, Pedestrian and Evacuation Dynamics 2003
(2003) 27.



Multi-Layer & 72 B 1T 2 B AR T AE D
78RN — 2 Rk

Hid 7 o2 b, e s i 2

RNV S s N E S S5 NI
2 R R R R IR I A SRR E R

Bz

RERD A 2 EERBEE TV T, EMEERIZERIZSY FRIZBEHL TV, UL, BEOER
HWIZBEWTIE, Ny FOZEMIZIZR) DD, ARETIET ) VT2 D &S BfbREAHES
% Multi-Layer E7 NV EHWTY I alb—Ya VI T U7z, TORE, Sy FRIBAI
MRt ] WFAET D720, HENRI D ZEDBnno7z, THUIRERD A R FERFEEIED & 1315
SNRIINO FERT, FFHREEFBENSEESML THTEH, FERIITEEY OB E DR
MPRIZEY BRI UNEEITEETED2OTHD I Db hrorz,

Spatial pattern formation of ambush predators

in a multi-layered model

Nariyuki Nakagiri' and Yukio Sakisaka?

! School of Human Science and Environment, University of Hyogo

2 Division of Early Childhood Care and Education, Nakamura Gakuen Junior College

Abstract

In the conventional metapopulation model, individuals were free to move between patches.
However, in real-life habitats, the patch space is limited. In this report, ambush-type predators
such as antlions were analyzed by simulation using a multi-layered model. It was found that
“traffic jam” occurs in the migration between patches, so that prey and predator coexist. This
is a result that could not be obtained from conventional metapopulation dynamics. It was

found that even if the ambush-type predators are distributed at high density, they can coexist

without being exhausted due to the traffic-jam effect of the migration of prey organisms.
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Abstract

In biological systems, collective rotations frequently appear in cell aggregations. We examine
leader cells as a possible guide for these collective rotations. For this purpose, we model the
multicellular system based on the cellular Potts model for these rotations by assuming the
persistently-polarized heterophilic cell-cell adhesion of leader cells. We show a possibility that

the leaders guide these rotations.

1 Introduction

In developmental processes in biological sys-
tems, eukaryotic cells collectively and sponta-
neously move to their suitable positions for their
fates [1]. One of the spontaneous collective move-
ments is a persistent collective rotation of cell ag-
gregations [2-4]. For example, this rotation sorts
out Dictyostelium discoideum cells by their fates
[3,5]. This rotation has been investigated by biol-
ogists and its guiding mechanisms were speculated
to be chemotaxis [6, 7] and molecular chirality [8].
In addition to these mechanisms, the persistence of
the rotation lets us deduce the persistent motility
in individual cells [9,10]. This rotation, however,
is naively contradictory to the persistent motility,
because the persistent motility seems to stabilize
only the unidirectional order of movements instead
of the rotation [11-15]. Therefore, improvements
for matching these mechanisms to the persistence
is necessary for the understanding of the collective
cell rotations.

As such an improvement, the contact following
was theoretically considered and successfully repro-
duced the rotation [6,7,16,17]. Because the contact
following is implemented by the Vicsek-like interac-
tion based on visual recognition [18], it is not sim-
ply supposed for natural cells in contrast to birds or

fishes. As an alternative improvement independent
of such recognition, we focus on the effects of the
leader cells which drag the surrounding cells [19].
Namely, we hypothesize that the leader cells guide
the rotation. In this case, only the leader cells have
the persistent motility, while the surrounding cells
do not. Hereinafter, we call the surrounding cells
follower cells for convenience in explanation. This
hypothesis is based on the fact that leader cells
cannot stabilize the unidirectional order in their
low concentrations below a certain threshold value
necessary for the order.

In the present work, to examine this hypothesis,
we model these leading and follower cells based on
the cellular Potts model [19,20]. As a test case of
this hypothesis, we consider a persistent motility
due to the persistently-polarized heterophilic cell-
cell adhesion between leader and follower cells [21]
for tractability in this model. By this model, we
confirm that the leaders successfully guide these
rotations by avoiding the unidirectional order in
the case of a few leaders.

2 Model

For our purpose, this work utilizes the two-
dimensional cellular Potts model. In this model,
cell configurations are represented as Potts states

-39-



m(r)’s. Here, 7 is a coordinate in a square lattice
with linear dimensions of L. m(r) takes a number
in {0,1,2,..., N}. m(r) is the cell index occupying
r except for m(r) = 0, which is no cell at 7. The
fixed number N is the number of cells. These cells
belong to two types of cells with 7(m) = 1 and 2.
7(m) = 1 indicates that the mth cell is a leader
cell with a polarity vector p,, and 7(m) = 2 indi-
cates that the mth cell is an unpolarized cell. We
additionally set 7(0) = 0. By sampling the consec-
utive series of these Potts states with Monte Carlo
simulation, we simulate the cellular dynamics.

For this simulation, the realization probability
for each Potts state is given by the Boltzmann
weight exp(—FH). Here, H is Hamiltonian,

H:Z’HE—F’HA-FHB, (1)

and f is an inverse temperature.
The first term in the RHS of Eq. (1) is the surface
term

Hs =98 D e (m(e)Or(m(r) I (rym(r)

rr/

Y8 D Dmimym(r) [Orrr () Som(rr)

(2)

where 7, is the surface tension of cellular interfaces
for type 7, 7§ is that between cells with type 7 and
the empty space. 7y iS 1 — 0py and dy,,, is the
Kronecker §. The summation between r and ' is
taken over the nearest and next nearest pairs. This
summation rule is commonly applied hereinafter.

The second term in the RHS of Eq. (1) is an
additional surface term [21],

+ 5m(7‘)05‘r"r(m(r’))] 3

Ha= Z Tl (m(r)7(m(r")) e (m(r))07l7’ (m(r))0

X [ve = Y (Pmr) * €m(r) (P)F1r(m(r))

+ Pm(r) em(”")(r/)él‘l'(m(T’)))] SE)

which expresses the heterophilic cell-cell adhesion
on the interface between the leader cells and fol-
lower cells. ~ygy is the strength of surface ten-
sion and 7, is the polarized component of the het-
erophilic adhesion [22,23]. e,,(r) is a unit vector
indicating from R, to r, where R, is the center
of the mth cell as a parameter of adhesion molecule
density [24]. The unit vector p,, that is the adhe-
sion polarity of the mth cell,
: pm> pm:| .

dR,, dR,,

= —
dt dt

The equation indicates the dynamics of p,, follow-
ing the polarity of cytoskeletal polarization in the
direction of dR,, /dt [25] and, furthermore, the ad-
hesion molecules binding with intracell cytoskele-
tons, which is well known [26]. This term results

in the driving force of leader cell motions in the di-
rection of p,, [27]. Note that the driving is exerted

dpm
dt

(4)

only through the contact with follower cells [21].
Here, v is the ratio of dp,,/dt to dR,,/dt. R, is
quasistatically equal to the center of domain mass
Zr T(Smm(r)/Am with Am = ZT, 5mm(1‘)~

The third term in the RHS of Eq. (1) is the bulk
term,

Hp=rAD (1- Ajm)?, (5)

which maintains areas of cells to A. Here k is the
bulk modulus and A is the reference area. These
values are independent of m and therefore 7(m).

On the basis of H, we simulate the cell dynamics
by the following Monte Carlo simulation [20]: The
time unit of this simulation is taken to be a single
Monte Carlo step (MCs). In this unit, L? single
flips are attempted. The flip indicates the copy
trial of a Potts state from a randomly chosen site r
to its randomly chosen nearest or next nearest sites.
The flip is accepted with the Metropolis probability
min{1, exp[—f(H. — H)]} with the Hamiltonian of
the copied state, H.. After this procedure in MCs,
P is updated once by Eq. (4) and R,, is set to
the center of domain mass, respectively.

3 Simulations

At the beginning of this section, we explain the
system used in the simulation. We impose the peri-
odic boundary condition for simplicity on the anal-
ysis of the cell motion. For avoiding a finite size
effect of a boundary condition, we employ a suffi-
ciently large system with L = 192. For the purpose
of checking the effect of the leader cells, we compare
two cases. The first system consists of 32 follow-
ers and 32 leaders and the second system consists
of 56 followers and 8 leaders. For convenience, we
call the former the dense leader case and call the
latter, the sparse leader case. The latter case cor-
responds to the expected situation for the rotation
in the introduction.

Next, we move onto the explanation of the model
parameters. We consider the parameters 8 = 0.5,
k = 10, 7 = 10 to realize the cell motion by the
flexible deformations of cell shapes. For realizing
the collective motion of cells, the aggregation of
all the cells are necessary [1]. For this, we set the
surface tensions between cells less than twice the
cell-empty interface tensions. Concretely, we im-
pose 74 = vy = 4.0 and v}, = 7% = 6.0. For
this, we set 74 = 9.0 larger than 2yy. We also
assume the leader cells aggregate without follower
cells, and therefore impose 710 less than 2v4,. For
the propulsion, we employ a sufficiently large value
of 7p, 1.0. By this choice, we can easily observe
the motions of leader cells in cell aggregations and
satisfy a necessary condition for the leader to drag
the follower cell rotations.

In these settings, we simulate the collective mo-
tion of cells. Hereafter, we explain the simulation
and the observations of the collective motion. From
Eq. 4, the collective motion is expected to reflect in
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Fig. 1: Snapshots of cell configurations for (a)
the dense leader case and (b) the sparse leader
Violet colored domains are leader cells.
Yellow or orange colored domains are follower
cells. Red arrows in leader domains represent
the direction of adhesion polarity.

case.

the configuration of leaders’ polarities. Therefore,
to confirm the type of collective cell motion, we
sample cell polarities in the steady states. In this
case, the initial state consists of an 8-by-8 array
of cells. Each cell has the 8-sites x 8-sites square
shape and they are separated from the neighboring
cells by an interval. The leader cells are aligned at
4-by-8 for the dense leader case and 1-by-8 for the
sparse leader cells. In this case, the leader cells are
separated from the follower cells. To obtain the
steady states from this initial state, we simulate
the relaxation of the state during 2 x 10* MCs.
After the relaxation, we sample steady states. The
steady states do not depend on the initial states.
In fact, the leader and follower cells mix as shown
in Fig. 1 and therefore relax their surface tension
from the initially-separated states. Here, the pan-
els (a) and (b) show the aggregated state of cells
for the dense and sparse leader cases, respectively.

For the dense leader case, the leader configura-
tion takes a checkerboard pattern of leader cells
[28,29]. This pattern reflects the suspension con-
dition of leader cells in the aggregation: The sur-
face tensions satisfy 2yy < 4 and inhibits the
contacts between the leader cells. Owing to this
pattern, the leader cells are relatively restricted to
each other in their relative positions. This restric-
tion effectively realizes a similar situation of a uni-
form system consisting of leaders and reflects in
the unidirectional polarity order of leader cells. As
a result, the cell aggregation behaves as a moving
droplet with motility persistence.

In contrast to the dense leader case, the leader
cells in the sparse leader case randomly disperse in
the aggregation of cells. The random dispersion re-
sults from the absence of the positional restriction
and thereby the disorder of the leader polarities.
However, the polarities in the snapshot seemingly
rather align in similar directions in contrast to the
rotation in the contact following [6]. Therefore, if
the collective rotation appears, the rotation may
not steadily but statistically occur in a long time

T
(a)\
" leader — B
. follower —

0

4 -

Fig. 2: Trajectories of a leader cell and a fol-
lower cell for (a) the dense leader case and (b)
the sparse leader case. Black line represents the
trajectory of a leader cell. Red line represents
the trajectory of a follower cell. The origin of
trajectories is taken at the position of the fol-
lower after the relaxation.

even if it occurs. For the careful examination of
the rotation, the cell rotation should be confirmed
not indirectly by the snapshot but directly by the
trajectories of cells.

To directly confirm the cell rotation from the
cell trajectories, we calculate the trajectories of the
leader and follower cells. For the comparison with
the dense leader case with the polar order, we show
the trajectories in Fig. 2(a) for the dense leader
case and in Fig. 2(b) in the sparse leader case. For
the dense leader case, the trajectories of the leader
and follower cells are almost the same and there-
fore, suggest the collective cell motion in the same
direction. In contrast to this, the rotational motion
of the cells appears in the sparse leader case as pre-
viously expected. Thus, we confirm the collective
cell rotations as a leader effect.

To speculate the driving mechanism of this rota-
tion, we focus on the leader motion in this rotation.
Leader cells mainly stay in the boundary of aggre-
gation and move along it in our observation. In
fact, reflecting this motion, the leaders take their
rotation radius equal to the radius of the aggrega-
tions, which is (NA/m)Y/? ~ 4.5A'/2 as shown in
Fig. 2(b). From this observation, we can speculate
that the leaders drive the boundary of the aggrega-
tion in the rotation direction by dragging follower
cells because the leader cells cannot move in the
normal direction of the boundary.
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4 Summary and Remarks

In conclusion, we confirm the collective cell ro-
tation guided by leader cells. From our simula-
tion, the number of leader cells is necessary to be
small for stabilizing the rotation. This is because
the dense leader cells stabilize the polar order and
thereby inhibit the rotation [19].

This collective cell rotation has two prominent
properties. One prominent property is the per-
sistence of the collective cell rotation. Namely,
the direction of the rotation does not change in
a long time. The mechanism of this persistence
may originate from the persistence of leaders’ po-
larities. However, as shown in Fig. 1(b), the di-
rection of leaders’ polarities are not always aligned
in the same direction consistent with the rotation.
Namely, the persistence of polarities apparently
does not contribute to the persistence of the rota-
tion. Therefore, another origin of the persistence of
rotation is expected. One possibility of this align-
ment is the long-range coupling of leaders’ polari-
ties through the motion of follower cells as shown
by Kabla for the collective migration [19]. This
coupling may statistically stabilize a slight net po-
larity consistent with the rotation.

The other prominent property is the fact that
the velocities of leader cells are two times faster
than those of follower cells as shown in the num-
ber of trajectory circles in Fig. 2(b). This prop-
erty may be useful as a sufficient marker of the
leader-guiding. Namely, the leader mechanism can
be explored by the experimental observation of the
cell trajectories in the collective cell rotation in the
future. When our setting is realized, the distri-
bution of cell velocity or displacement is predicted
to become bimodal because of the difference be-
tween the leader and follower cells in their veloc-
ities. Such a bimodal distribution has never been
reported in experiments of Dictyostelium discoidem
at least. Therefore, this absence of the report at
least in Dictyostelium discoidem implies another
still-uncovered solution where the leader and fol-
lower have the same velocity.

For the universality of these properties on the
propulsion, we additionally give a remark. In the
present work, we assume the heterophilic cell-cell
adhesion as a propulsion source of leader cells. We
expect that these properties do not depend on the
origin of the motility and depend only on the per-
sistence of motility’s polarity. This is necessary for
rotations of leaders to avoid simple random walks.
If the polarity has persistence, this leader mech-
anism is applicable to the cases of propulsion by
either chemotaxis or molecular chirality.
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Abstract

Entropy is a useful property that can express both macro and micro states of Newtonian par-
ticles. However, in previous research studies, researchers did not fully determine how entropy
can be defined for self-driven particles that do not satisfy Newton’s laws. In this study, we re-
define the entropy and mutual information in one-dimensional traffic flow from the information
theoretical perspective. Moreover, we used the mutual information to detect a metastable state

by calculating GPS data from three following vehicles on a real expressway to demonstrate the

practical application of the formularized mutual information.

1 Introduction

Entropy is defined both from a macro perspec-
tive, such as thermodynamics and fluid dynamics,
and a micro perspective, such as statistical me-
chanics and information theory. Therefore, en-
tropy is a useful property that can express both
the macro and micro states of Newtonian parti-

cles. However, the self-driven particles do not sat-

isfy Newton’s first and third laws of motion. In
contrast to the usefulness of entropy to define both
the macro and micro states of Newtonian parti-
cles, researchers are yet to fully determine how en-
tropy can be defined for the non-Newtonian self-
driven particles. For instance, Kerner & Konhauser
[1] and Reiss et al. [2] performed thermodynamic

studies of vehicles that are typical examples of self-
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Fig.1: The schematic diagram of the relation
between X, P(X = X;), D;, L, and vehicles

Kerner & Konhauser defined

the traffic temperature and pressure in terms of

driven particles [3].

the correspondence between their hydrodynamic
models and the Navier—Stokes equation. In addi-
tion, Reiss et al. [2] performed further study on
one-dimensional traffic flow using thermodynamics
to define traffic temperature and pressure. They
mentioned entropy but considered that it was not
an appropriate property to represent the uncer-
tainty in traffic flows. Therefore, explaining the
entropy of vehicular traffic, which is described both
by macro- and micro-scale models [3], is a notable
challenge.

In this study,
Sadakata’s definition of entropy [4].

we begin with Iwasaki and

S() = = 3° P(X = X)) log, P(X = X,). (1)
i=1

where n is the number of vehicles, X is a discrete
random variable, X; is the i-th possible value of
X, and P(X = X;) is a probability distribution
function. Note that X; corresponds to the situa-
tion when the headway of the i-th vehicle becomes
D; and P(X = X;) = D¢ where L is the length
of the road. The schematic of the relation between
X, P(X = X;), D;, L, and vehicles is shown in
Fig.1. The definition in Eq. (1) is analogous to
the formula of entropy commonly used in informa-
tion theory with the assumption that the headway
between the vehicles is a mutually isolated, inde-
pendent event. Entropy formularized as S(X) rep-
resents the variation in the locations of the vehi-
cles. S(X) is maximum when the headway con-
sists of equally spaced intervals and the vehicles

are widely scattered on the road, while S(X) is

minimum when all the vehicles form a single clus-
ter with the minimum intervals. However, they
did not examine the velocity variation of vehicles
in traffic flow. In this study, we advance the pre-
vious research, which focused on traffic flow from
information theory, by defining the new entropy in

traffic flow.

2 A New Formulation of En-
tropy in 1D Traffic Flow

We discretize a random variable Y for the veloc-
ity, and we assume the possible values of Y into
three values Y7, Y5, and Y3 corresponding to situ-
ations when the velocity is 0, between 0 and max-
imum, and maximum, respectively. Although it is
possible to discretize Y in further detail because
measured data show that the velocity changes con-
tinuously, we categorized Y into three values for
the sake of simplicity.

For a fixed length of the road, the joint distri-
bution P(X = X;,Y = Yj) can be formularized
between the random variables X and Y as listed
in Tables 1 and 2. (X;,Y7) occurred when the
headway of i-th vehicle was D; and the velocity
of vehicle ¢ was 0. This situation reflected that the
headway of the vehicle was D, + Dy in terms of
the length of the vehicle D, and the inter-vehicle
gap D; as the vehicle came to rest. (X;,Y2) oc-
curred when the headway of i-th vehicle was D, and
the velocity of vehicle i was between 0 and max-
imum. It indicated that the headway was longer
than D, + D, but shorter than D, + Dy + D,,
where D, represents the threshold value of the
inter-vehicle gap to distinguish the maximum ve-
locity from any lower velocity. (X;,Y3) occurred
when the headway of the i-th vehicle was D; and
the velocity of vehicle i was at maximum; this sig-
nified that the headway was longer than or equal to
D,+Ds+D,. A schematic of the relation between
Y;, P(X;,Y;), Dy, Ds, Do, D;, L, and vehicles is
shown in Fig. 2.

P(X;,Y;) can be classified based on the magni-
tude correlation between D; and D, + D, + D,,
and these are listed in Tables 1 and 2. Further-
more, when D, < D; < D, + D, P(X;,Y;) is the
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when D, + D < D; < D, + Dy + Dy

when D; = Dy, + Ds + Dy
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Fig.2: A schematic diagram of the relation between Y, P(X;,Y;), Dy, Ds, Do, D;, L, and vehicles.

marginal distribution of X;. This formulation is
dependent on the assumption that vehicles have a
relation between the headway and velocity.

Subsequently, we can formularize entropy in a
system of n vehicles. The entropy S(X) represent-
ing the location variation is given by Eq. (1), and
the entropy S(Y') is defined by

3
S(Y) ==Y P(Y =Y))log, P(Y =Y}),

Jj=1

(2)

where Y denotes the discrete random variable, Y
is the j-th possible value of Y, and P(Y =Yj) is a
probability distribution function, as defined in Ta-
bles 1 and 2. S(Y") represents the velocity variation
of all the vehicles. We assume that the velocities
of the individual vehicles are mutually isolated be-
The

entropy S(X,Y) considering the location and ve-

cause each vehicle is a self-driven particle.

locity variations is defined as

S(X,Y) =

n 3
— Y ) P(X=X;,Y=Y))log, P(X=X;,Y =Y)),
i=1j=1
where P(X = X;,Y =) is a joint distribution
function, as defined in Tables 1 and 2. In accor-
dance with the formalism of information theory,
Tlogy ¥ =0. S(X), S(Y), and S(X,Y) were cal-
culated when the length of the road L was constant.
The three types of entropy described above can be

used to derive the mutual information I(X;Y);

I(X:Y)=S8(X)+ S(Y)=S(X,Y). (3)
3 Detection of Metastable
States Using I(X;Y)

We use the GPS data obtained when three vehi-

cles were platooning on a real expressway in order

100 ~ o Hoaduay Distance (m) | 1
B % Velocity (km/h)
~ o ¥ " —_
3 80 g 80 <
H x * €
8 - g
% =
Z o0 . .. 60 >
> . .« S
g a0 L o w0 3
® * o 0% . ¥ . B >
£ 2 . Mo T e s <el20
x * e
Sl * <)
b2 ” = Wy 0
0 200 400 600 800 1000 1200
Time (sec)

Fig.3: Time evolution of the average velocity
values for three vehicles and average headway
values between the three vehicles.

to verify the characteristics of mutual information.
The velocity and headway are calculated from the
GPS data. Their average values for the three ve-
hicles are shown in Fig.3. After 200 s, there is a
period during which the average velocity increased;
although the average headway values were high in
the early half of this period (200 to 400s), they
were small in the latter half (400 to 600s).

We obtained the real data of the following three
vehicles in open system. To calculate each entropy
defined for a system with periodic boundaries, we
assume that the front vehicle varied the speed and
the succeeding two vehicles increased or reduced
their speed owing to the front vehicle in the cir-
cuit L = 300 [m]. The circuit length L is set such
that it does not exceed the sum of the headways of
the succeeding two vehicles. I(X;Y), as shown in
Fig.4, increases when the average velocity is low
and headway values are small in congested flow
but decreases when the congestion starts to clear.
I(X;Y) obtains different values at 200 to 400 s
and 400 to 600 s because I(X;Y") varies between
a state of high velocity and long headway and in a
state of high velocity but short headway. In other

words, the mutual information I(X;Y") enables the

-45-



Table 1: P(X;,Y;) when D, + Dy < D; < Dy + D + D,.

P(X;,Y;) X Xi Xn P(Y;)
v D,+D, D,+D, Dy,+D n(Dy+Ds)
1 L L L
Dy—(Dy+Dy) D;—(Dy+D.) Dn—(Dy+D.) n  Di—(Dy+D.)
Ys —7 L L >ic1 L
Y3 0 0 0 0
P(X;) & L L 1
Table 2: P(X;,Y;) when D; > D, + D, + D,.
P(X;,Y;) X3 X; X, P(Y;)
Y. Dy+Dg . Dy+Dg D,+Dg n(D,+Dy)
1 L L L L
D, D, D, Dq
Y2 T T T "
Y- D1 —(Dy+Ds+Dy) D;—(Dy+Ds+D.,) Dp—(Dy+Ds+Da) n  D;—(Dy+Ds+D,)
3 L L L 2 i1 L
P(X;) o D . 1
03t , . tained from three vehicles on a real expressway,
® 3.0 S . Y
030 .M'-B"- - {-'s".’e,:;- we found that although the average velocity of
025f °  ° . o [ X &
- 2: s :‘2 2o % the three vehicles was high, I(X;Y") varied with
o Ty e .
2 015 vl E': the average headway between the three vehicles.
010 Pl .. The detection of a metastable state is an appli-
025 23 : . o .
0ok, s ‘ ‘ ‘ ‘ cation of I(X;Y) in this study, but it also has
0 200 400 600 800 1000 1200

Time (sec)

Fig.4: Time evolution of I(X;Y") of three vehi-
cles (calculated with D, = 5 [m], Dy = 3 [m],
Dy =10 [m)]).

detection of a metastable state of high velocity but
short headway. The advantages of using I(X;Y) for
metastable state detection is that using one param-
eter for the detection is easier than two parameters,
considering the computation of autonomous vehi-

cles.

4 Conclusion

We modified the formularization of entropy in
one-dimensional traffic flow from a micro view-
point. This was proposed in previous research [4]
that formularized entropy focusing on headway be-
tween vehicles. We redefined entropy focusing on
the velocity variation of vehicles to formularize en-
tropy and mutual information. Moreover, when

we calculated 7(X;Y) using experimental data ob-

a practical application for traffic management as
the detection of these metastable states can be a
sign of imminent congestion. For further details
of this study, please refer to our published article
https://doi.org/10.1016 /j.physa.2020.125152.
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Three Types of Agents Walking at Different Speeds

on Two Lanes
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Abstract

Recently, heterogeneous pedestrian flow has been studied vigorously. This paper is also aimed
to get deeper understanding on heterogeneous pedestrian flow with simulations, especially the
flow composed of agents, who are divided into three groups by their walking speed, on two
lanes. Our simulations suggest that slow walkers should use only one lane under the condition
of low density to increase flow. This result could contribute to managing pedestrian flow of
low density in light of the recent pandemic. Besides, when the density increases, fast walkers
should also keep walking the other lane without lane-changing or overtaking to increase flow.

This knowledge could be applied to dynamic pedestrian guidance in facilities.
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Relationship among integrable systems related to the

asymmetric simple exclusion process
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Abstract

The asymmetric simple exclusion process (ASEP) is a one-dimensional stochastic model,
which describes nonequilibrium transport phenomena and has rich mathmatical properties,
such as solvability. The ASEP is related to two integrable systems: the Burgers equation,
which is a classical integrable equation, and the derivative nonlinear Schrédinger equation
(DNLS), which is also an integrable field equation. In this paper, we investigate these

relations and present a derivation of the Burgers equation from the DNLS.

1 LI

JERFRHAIPEMEFE (Asymmetric simple exclusion process: ASEP) X, #HERRAEENRZE B ok 125, X
1 ZTets ¥ L2 A IENFRR L — b THAR L T HERIBIEEAITH 2 [1]. ASEP IZHAMAREAITH D 72
WMo, HRARYHEBSRY XEHL, ARRCE»RBEMEL RO, IFFEEHXEIS 2iiR 3 254K
MRBEET LY LTRAKRIIZEENTWS. ASEP T, BRICBI 3R TFOMMAL — M LT,
WAL (B HHE /B RKREN) 2EZ 5. ZoMHIEED, SHEROMHE K< HRT5 2
ERENPS, REMELARTAEET L LTEHIATWS [2]. ficd, AARNOHELERR S S K
ROXAF I 7 RE, ZREAYHBEKANISHIN TV, ASEP &, ZRRIFFEEREHFRT 2221
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MAT, AfRTH 2 0HFELWHEZFD. (THIBOHERR—TRFEC L > T, EFRERZ A F
IV ADEEIZIBENDATRETH 2 EBHI STV S |3, 4].

AWHFETIX, ASEP ¥ BHH#S 5 A[fEr R ONBEREZE RS 5. ASEP % 6 Al i & WM /i T
»H % Burgers TREADPEHINZ2EPH SN TS [5. — /4T, AIEDGOERTD 2 M9 BIERE
Schrédinger /7#23X (Derivative nonlinear Schrodinger equation: DNLS) & QXI5 & RS ATV [6].
L72>L, DNLS & Burgers 723\ & O IGBIGRIZARMIHT D o 7z, AGHCTIE, Burgers /#2343 DNLS
M OEBEEHARETH 2 2 ZRT [7]. F72, DNLS Z&H L2E8HETIEX, B ASEP OFRK T
WEHEZ EOHESHETRHENT 5.

2 ASEP
ASEP X, KB ERIEMFIZL — TRy Y2753, LR TEIITH 5. ASEP OERIX %X
NRT. SRV NRER] dt e, G () ~WHEE pdt(qdt) TREIT 5. F7z, SN AISPERAREREE
b, Ry Y Z7RICBHITH TPV B AT, "y BV Z2ER I skw. N T, FNSERSE 2%
Z, P4 ML 5%, jBEEDOYA FOWREE |n;) 1&, WFRNEW (03) BEZE|0)(1) £ LT, 2
RILRT PV TREINDS. HERAN BT 2 RDKRERY Movid, ERELEEL |n) = |n1,ng, -+ ,nr)
& LT,
[W(t) =Y v(n,t)n) (1)

LEIFB. Z2T(n,t) i, RIS FELED n = (ny,ne,--- ,ny) LRDMHERERT. ASEP DFFHE
X, UTov2x&2—7E (EREFERO Schrodinger HE5)

d )
21/0®) = —Hasee[$(?)) (2)
ko TaERENs., NI =T Y Hasep &,
R L
Hasee = Y [=p87 851 — 487871 +pij(L— ) +q(1 —ny)ig] (3)
j=1

LRIND. L, FREET 7, ROBEET 2,13, 7 VT 677% 2T 57 = (67 +i6Y),
iy =1(1-06%) LEBRSNZHEETFTHS. FHARIE (s| = (Olexp (zL §+) =3 (n| ZEAT B,

=155
EEOYH R A OHIFEIZ (A) = (s|Ajp(t)) L E T 2. UEDZhs, RTHEORMFEREGER
d
%<m> = p(fi—1) + ¢(Rir1) — (P + @) (i) + (p — Q) (Ri(Riy1 — Ri—1)) (4)
PEHTE 3.
a p x
N MY N\

1: ASEP AKX
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3 ASEP ¥ Burgers AR DXI G
AL THESR T 5 DNLS Z#EH L 7z Burgers IBEROEM & DL ORy, T 2 TIRMEKROEEICD
WTHiHIZL Y2 —F 5 [5]. AIEICEM UL, MTHEEOREFERESTEN (4) 1L, FE5a iz
W, GEGER 2 5 & Burgers ARERSEH IS, FI1D12, KX (4) OHLE 3TH (A (Rigr — 1)) &
d
dt
iz, EGMER (h;) — p(x,t) ZE R, KZ at -t ¥V X7 =5 2%, Burgers /7R

(i) = p(i—1) + q{fig1) — (p+ @) (i) + (p — Q) {R) (i1 — Ni1)- (5)

Oip = aDO?p — 2ap + 4apd,p (6)
MPEMEINS.

4 DNLS & Burgers A2 DX IE

ARETTUE, WMOTIIERIE Schrodinger /7250 (DNLS) 205 Burgers HFIERDEEEHIN 2 HEZRT.
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A model of camphor-type self-driven particle

Chikoo Oosawal

! Department of Physics and Information Engineering, Graduate School of Information Engineering,

Kyushu Institute of Technology

Abstract

Camphor particle floating on water is recognized as self-driven particle. A wide variety of
motions of camphor particles has been modeled by partial differential equations. Here the
author proposes dynamic floor filed model to deal with one of the motions, especially straight
motion. With using the dynamic floor field model, self-avoding rule can be formulated,
leading to a model for the motion. Numerical results from the model can reproduce a
typical behavior of camphor particle. In addition, analytical results show that mechanism

of the motion is sensitive to difference of camphor intensity before and after particle.
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Counter flow of robots based on non-linear sensorymotor

mapping

— Dependence on the course width of transition to one-direction flow and flow rate —

Li Fangzheng', Shimpei Hashizume?, Yasushi Honda?

! Division of Information and Electronic Engineering, Graduate School of Engineering, Muroran
Institute of Technology, Japan
2 Department Information and Electronic Engineering, School of Engineering, Muroran Institute of
Technology, Japan

3 College of Information and Systems, Muroran Institute of Technology, Japan

Abstract

Counter flow of self-driving particles which include insect herd behavior and human walking

in crowded situations is a widespread phenomenon.

In this study, we have developed sensorimotor-mapping robot which can avoid obstacles using

nonliner function (hyperbolic function) and we regard those robots as self-driving particle.

Then we have carried out experiments in which these robots start from a counter flow in some
oval-course, and we found a transition phenomenon from counter flow to one-direction flow.

We have measured the flow rate and the transition time to one-direction flow.
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Hodgkin 5134 7 OB RMHEMKMED B SHIIRITED S AV 7 LA F > O RE LR TR 2 Bl

L7z, ZOREREXERREZHFT2HDL LT Hodgkin 5 I1ZHIE VBT 2 DDEE 2 8
PEOISBREFTAZBELE. 20X ICEBNICEAINERE XDV FREEDNEE L 5

MR DR L%, BT 2@#H 2T UELZdD LTHOE Y Y— RERBH 5.
AL TIE, MTFOREZZEFERL, NTHEEOHZZRTOLY Y — FRIZOWVWTZDOLY
Y — FNTER B O ERNCIE S MR M ZREY I 2L —> a VI K DR, BOEREHHE L
DEEIZ ONWTEE T 3.

Open Billiard Model of Ion Channels

Naoya Nakane, Syuji Miyazaki

Department of Advanced Mathematical Sciences, Graduate School of Infomatics, Kyoto University

Abstract

Hodgkin and Keynes showed that metabolic inhibitors like dinitrophenol and cyanide produce
large changes in the relative magnitude of the fluxes of potassium moving inwards and outwards
across the membranes of giant axons from Sepia officinalis and proposed such a mechanical
model that two flat compartments are separated by a narrow gap with spacers. In a similar way,
it is considered such a situation that point-wise particles repeatedly and elastically collide with
the wall of a container without any particle-particle collision and eventually escape through a
small window from the container, which can be modeled by an open billiard. In the present
study, point-wise particles are replaced with finite-size disks and disk-disk collisions are also
considered, and inverse power laws of distributions of dwell time in the container are obtained

from numerical simulations. Relationship between the power laws and anomalous transport is

discussed.
1 Frsh DEBEDOENIIE L TA A YDA D 2T 3.

RN D73 T-oMIB T Z DEMERBIN S 2T LD
fRIAD 7=, AEVPENRRTIZ T TR L, WEt %
72 ¥ DM B W e, FHERSE Ve
DT Ial—arREDOFHITX > THMEL
BRENTVWS., ZOXIRHFADOHRD 1D LT
AFF 21D DHB. A F T vy VTR OAE
WIEIIFIET 2 R 7 EBO—HETH D, MEAH

ARIRIZZF DBUKIED & 4 F > 2 IEIZER LW
B, 44 2F v FVIIFHFEPCEE L Wolo A F
DD B ERRRICBWTEERZ Y RIETH 5.

A F Y FrxLDOWFEIE 1950 FRICBT S
Hodgkin & O ENTH 5. Hodgkin & 1%
A 51 D EKMAFEHEE W= BRI REEIC L - T
AV T LA F Y OHIFNN OB Z BRI L7z, [EH
T2 ENENETDON S 5E, Ussing 23 1949 1242
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Mg L 2= BRI & » THRAR, TRHEEO D
FTHI XN 255 Hodgkin & DHEIETIE Z DGR 5
RELANFEEREEHERPBIHIE N, OB
RODJFK ¥ LT Hodgkin 5134 Vw7 L4 4 >V H3iE
WIEEE D & 5 1 b D% - THIFEA L o8 % L T
W3 e THIL. ZoFHlEHEDD %72 Hodgkin
SIELIT D & 5 MR T VR R LSRR 21T -
72 [1]. ZDFER, ELMZHAE L RIT X 512 Ussing
DR D H R E TN RE REEH R B X
Nni.

short gap long gap

100 50 balls 100
balls balls

50 balls

1: Hodgkin & DfMEET IV

Z D XD BAMEWE T ORGEH R $ R R lias
REMNTT 2 DD U THIMRIEED S % [3]. —
HIFFEBRALBNIRL T DBV L ZHIR L7 1 ot D HK
12BN BRI FDIHCEENC OW TR L2 DTH
5. ZOXSRBRFBTEIN PN FOEEERICED,
RIF D4 RN AR O 5 T i3 5 8 7
WD FRET 2 L WO R H 5.

Z D X 512 Hodgkin & 13HHR\ER % BEHIZED
JRRE E 27203, ZDX S5 EBEPIEL & HENE
WL Z 2AREE LTV Y — FREEX 5.
VY — FREIIERA OB CE o5 E
35K THDH, BERDOIRIC X o TFE A DEHH)
WAAZRDPRETZZePHIONTWS., HA D
HETAIHWIRD 1 D LTRRY 7 LD 5. &
DARI T LD ) ¥ — FONEIZ/ T =5
EZD. EVY— KNSR EE-> TIRCH T F
TOREE DHER AR % ETFRERIER S L TER
T2, REOAFRBMERDM —1 3%, &
—2 FDOREGHITI D 20D ATIHGED D 5 [4].
2D & S BEHED Hodgkin 5 DFEERIC R SN
FEERICEBRT 20T W EZILONS. F
FHOWRBOE Y Y — RIEh, 2RI 2R
7 ¥ ¥y )L e RN R R 2206 00, £720%, R
MFICXoTElER I AN A A TRIRMICE -
T, AROBRFEEENECHFZ2DTERVLEE
ZTWBA[5], ZIZTE, BOLYY— RT3
RS %217 5.

AFFETIE, Litov v v— RFR%E X D BSICH
L 72 RITBIE U 72 R T DA TR REEER 31 12D W
TORUERN, BLXOEBEREZITS. KX TIE, 2
5T Hodgkin-Keynes &5 D5t £V ¥ — FRIZD
WTOFHZITS. 3ETIINEEZER LD %E
W) v — FROBUEMN OFE L Z DfERZ R
. ABTELDEERRITS.

2 FITHAZE
2.1 Hodgkin-Keynes Q3%

Hodgkin 513 1950 48, ¥ U A 7 D ERHHEM
HexR N EBLRNZIEC L > THYV T LA A VD
JEHR IS ONWT O ZITo T\ [1]. AV T LA
A EHINE D WA 2 R ABLIART U 7= 32 Bk
FoTHREIL TS, ZOXZEEEICDOWT, Ussing
DR U2 LUTF 0 & 5 IR ELBIRAD D 5 [2].

influx

F(E — Ey)

efflux RT
influx XMW E DFRE, efflux I3 A Z DK TH
h, BEWREENTHE. B, i TEREHAICBIT 5
VYA DFEEMTHD,
_RT. [K]i

THERINS. K] ¥ K], Zzheiuiian, et
DHVT LA F VBEETHS.
Hodgkin & OBEXHIRHIE T, BFRA» K=<
I B R EED B X 7z, Hodgkin 51X 2 D
BHEBEZEDERERNE LT, Vv ALALFUDBHIEN
WS 2l D MIEAANEBEI L TW 2D TIZ R\ e
WO FRIENT, K10k BERZHERELZ (1.
ZDEBFETIX2 DOEENIN, FILEKE TEL
NIAEREHEL, ZoBlZhziucic 100 E,
HI2 50 HDERE ANS. ZOEEE 15 RIKFIC
MHRU 7z & B L BE LI EROBEHNSZ Z
WZED, 4 0lE T L. JlEE D Ussing
OB EE Z, ErohN, GooENBEILZ
HRo¥x iz influx, eflux & L THRZ N,
[K]o
K

= exp

infl
influx _o

efflux

LB envREIh. EROMRE, RTErh
72T influx/efflux = 2.7, @& CTEIN
AT influx/efflux = 18 74 D, BXHVRHIE H
LTS NZED, BB TEINEIYTIX Ussing
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2.2 Dettman DHFZE

EUY—FReiE, SRICHENARBEEANZ
—ODERPHMEINHEE T 2R TH . WDOh
DY Y —FRIX, BROFBICE > THAANZE
OEMRH SN TWS., ZOHOD 1212 Bunimovich
MI97T4 FIWCBALZAX I 7 LYY — RS
BND 5.

ZDEIREY Y — FRIZNERITZRITOWT
EZ 5. BAISHEBNZHENEE L, H 2R
TRPOLAANTRCHT. 2D &5 72R1EH RN
BV THEEMLEBANICHE > TOWBIERD /I &L -
TR T 2 ENTE B, DO & B R RIER
DHEERT S, HECHEFRARI 7L ¥ —
RCAFEREERD M EE X 5 &, EFR I
b DITFEBEIEIC L, RV DBRZIMMIZ
RBZENHOLNTWS. ZDOREMDEIFRIFESR Y
10 % AT U 72 EATIRSE [4) 23D D, ZDRHIERD
ATHRINS.

(3In3+4)((a+ h1)? + (a — ha)?)
4(4a + 2mr)t

P(t) =
+g+nuﬁ%

a X AT D 12 DEX, v ZMIOEEE, hy, ho
2N ZNROLEN, GO EERLTWS. ¥
722D T DIXERTH Y, BEFRITICE->T
kdohz, ORIV ARSI 7L YY—FTIX
EHOETFRREMER DM —1 F, —2F OXRZOD
ELEDLDETREINDE Z b2 5.

D& BREMOEFHERDREDI O, BarDIE
e EFOGERZ2ITED, Hodgkin 5DETILD
EOBMEVHEBEZFR TR &, BOERE X
BRETZOTRE VWL EbNS.

3 EUY—RFROBEREN

3.1 WFREHEEER

OV ¥ — FRTIZ 1 DOEEOHEE ## 2 T
W27, FITORE XRBEBANDZRN T IIEET
AIGE DN FEMHEERZSIFEZ SR TV,

ZOFEFTIIHFEDA A > F ¥ VDKW & 1 X TehHf
LTWA7, BEMIIENTZEEL, fTFOX
XXM FRIMHEERZEZERLREEZ 5. 5,
7 FEAH A F L BT AR PR O st E 22 L 37 5.
Z Ol PR EEH TEIBSDOIRITHRIE L 720
XOoBEERD e TFRINDID, KTOKREX%E
INEL LTV BIRAZICE Y Y — FRD & 5 B
DRI L 2EENBNZ EZ NS, 2 TS
FNE, DAADBFETIZAXIS T LEE, FELR
WIESEZRERE LTHY, WEZ2HRLICELLXE
72 IRF D AEFEIRFRETREESR 0 A1 2 BT I K - TAAR 5.

3.2 BERRIRFE

AL TIE, e THMEEZSEED RS
DEUERHT % event-driven IEZ FWTITS.
1%, event-driven {EDfEHREAZITS. Z
TR TR DEZER T & R DS % event & L,
event Z IR R ED B L WS FETH B, KA
t=0I1ZBWVWT, 5328 T i, j OFEELHEDZ
NZN xi0, Xjo & Vio, Vjo TRINDETS. 2D
e, Rl t OREBUILT O X 5 1cF T 5.

X; = Xjo + Viot, Xj = Xjo + Vjot.

ZDrE, KT, j DRt THEZET 350
Ixi — xj| =2r £725.
C ORI x;, x; RACAL, BT 3 LI ¢
BRDBZEWTES.
bij + \/bgj - 1‘2]‘(7"1‘2]‘ —4r?)
02

ij

t =

Z T Tbij = (xi0—Xj0)-(Vio—Vjo), Tij = |Xio—Xjo|
e L.

ZDESIT, EZE (event) FTORMEMEIET 2
ZEMTES., ZZTCTTOEHIRTFIEEZEZ 3.

1. TRTORFIZOWVWT, DT TORF LD
EH2e % ORI ZFE
2. 1. TRDOI-FHEOR F TRl t 2D 3
3. 2T BRI LB Z1T 5.
4. 1505 3 Z#EDIRT.
ZD XD HTIERE event-driven EE WS,
LOALIDEERL 1 AR FHH OFHEEN
O(N?) t RET X270, KERLZRZTIEE#ELD
WEDRH 5. FTFDEANDDE] FHiK%E W
BRI OMRZ Y OE#EbEiT e, 14XV b
H7=H DFERIF Olog(N)) £ 72 5.
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3.4 ZABEV)V—RFROBIERN
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(RAXY7 Lt R RN
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Simulation of two-dimensional crushable granular materials

Haruto Ishikawa'!, Satoshi Takada!?

! Department of Mechanical Systems Engineering, Graduate School of Engineering,
Tokyo University of Agriculture and Technology
2 Division of Advanced Mechanical Systems Engineering, Institute of Engineering,

Tokyo University of Agriculture and Technology

Abstract

Two-dimensional simulation of crushable granular materials is performed in terms of the dis-
crete element method. First, we investigate two-body collisions. There exists a threshold of
the breakage, which is explained by a simple model between the kinetic and bond energies. We
also measure the relative speed dependence of the bond number and the restitution coefficient
to clarify the breakage. We also study many-body simulations under a shear condition. We

find that the shear stress is almost independent of the mean cluster size of the macroscopic

particles.
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The Mean Field Game Model of the Rail Commuter Behavior

Allowing for Congestions

Ryotaro Ishii!, Itsuki Watanabe! and Hiroshi Toyoizumi!

I Department of Pure and Applied Mathematics, Graduate School of Fundamental Science and

Engineering, Waseda University

Abstract

We constructed the commuter behavior model from a viewpoint of the mean field game (MFG)
and obtained the mean field equation (MFE) describing his behavior, considering his behavior
as a game with a large number of other commuters in a railway in which two types of trains
run. Moreover, we claim the difference between the MFE in this paper and in a previous research

about space and time.
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FIEHE O ERHETOREED —KIZR > T WD, ik 30 FEOFRFEBEIZE TS 10 7 RKiEOBEDRKFD 5 5
48.3% \ZRPERRIETH B [1]. RHEAEMIELEZL12&k0, KO LT LUFIHEOERETE2 WHEIZR S
LEZLND.

AR TIEE T & ZBA 2N 2 FEO I HANEIT U TV A 8ERHRIC B W T, 2 FEO S #H O MALHHEEH 72
D DERNPELD L EOBEEOTH L EOMDEEE D7 — L UTHA, mean field game (MFG)
[2] DA SET VL, mean field equation (MFE) R UCTERMLTE S Z b &R LAz, 7z, 2] &
AFEOZNZND MFE THEZ 5N TW5%EME K URMICET 2 HER 2R R 5.
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2 Mean Field Game

mean field game [2] DEFIZ S AT LA RBIZ RITTEADNS W T VA Y = DL BAAET 57 — L DT
AW BNB. [2] TEASNTNS 1 B MFE,

f%(m,t) = ai(l;ft) {%|a(x, )2 + F(z,m(t)) + Du(m,t)a(x,t)} , (x,t) €REx (0,7)
%T (1) + div(m(z, )o* (2, 1)) = 0, (@) € RY x (0,T) (1)
('T70) = mo(m)7 u(z,T) = G(:L’N’L(T)), z € RY

ZBWT, o iF (1) OF 1 ADOLHLD NREZZELT S o, m(t) IFRZI ¢ € [0, T) ITB T 2D T VLAY —D
DA, m(x,t) Lt € [0,T) TB I 2fE 2z € RE DO T LA Y —0HEEEZERDT. (1) DM (u,m) D
55, u(z,t) &Rt € [0,T)], filEx € REICHBITB T L1 Y —offif kT,

(e, 1) mf/ ( 97 + Fla(s), (»)ds+G@amnmm) 2)
EAT. 2L, alet) ERE € [0,T) 281328 2 € [0,1]] TOTVAY—DHE, z(t) =
x4+ [T a(x(s),s)ds ZIZ t € [0,T] 2B 2 T LAY —OfiETHZ. £z, (2) DEBLD FREEKT 2

TLA Y — @;Er@ Fa* T, o =—Du kb, ZOVATLIIEM, KR, REses & oFRE (2, 3]
2L, ROWENARSNT WS, F,GRTVA Y —DAE x LMD TV A ¥ —DHHAIZ DWW TiHfnD
RO mIZHLTC? VVATHBTHEZ L, DT LAY =D/ mg 122\ T Lebesgue il
Eﬂﬁbfﬁﬂﬁﬁ,ﬁﬁfﬂ/ﬂ7b&u%ﬁﬁbt%ﬁmbttgu()@%@ﬁfﬁméﬂfmé@]
Theorem 4.1).

3 BEHEDOITEIETI

o & ZBA & K SPGERARIC BT 2 M EOITEEE 2 LS. BEKKROEITXME [0,1]) & L, #HAT
KN TEEFEE, 2470 2 EOFEINETLTVWDET5. KHEH, JfT0TNTNOES %
v, (0 < vy <ve) &5 5. HE v ITTHHNEMHZDDEREZ f(v) &5, 20L&, LPIFH, &
TICRET 2 L TOBMBEH#D 72D DERIZZTNEN f(v), flve) ERIND.

EEFEIIREL 1y € [0,00) THIL 29 € [0,1] 20 EEZIED, ML 1 AFPIHDT B, @HFOMA L ~
DHFERL Z t* € [0,00) & 5. BEFIIHNL], LHATHNT, RO 3 DDA,

(a) HFE 0 THEITS (BHLAW)

(b) v, THBT S (FREHETHHTS)

(c) M v, THBT S (ATTBETS)
DUWFNDEERT 2 LT 5. 7270, M1 ICBWTEDH W () DAEBRT 5T 5. %72, K
WO 0 BEHS X OMMOLEEI L >THEL S IR MRVTNE 0 LT 5.

EE OB E B o 1 [0,1] x [ty,00) — R THLU, alz,t) Wt € [ty,00) LB BHIE 2 € [0,1]
TOBIEOBBHIE L+ 5. BIEOBIHE a(z,t) 1 12OV THMIE L T 5. BEH LA (a),
(b), () PVWThrZRRT 20T, BHEOFTH o O {0,0,0,) DEWHEETHS. WHEN
78 o [0,1] x um %) = REL L XD € [ty,00) LB BMMEDMTEE 2(t) LT 52,
w(t) = wo+ [} ala(s),s)ds LRIND. F7z, (78 0 % ¥ o7& & OHHHE DU 1 ~OYEIERH A(a)
¥, Aa) = uﬂjeﬁmm”xmzl}fiéné.Ilfikﬂ%iﬁ%m#bﬁ%hi%ﬁf%ﬁ
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BEIL W lio@EEDEEE ms(z,t) &35, Rt € [0,00) 2B 2 z € [0,1] DAL @EEH 2K
DEEE m(z,t) £T 5L,

m(x,t) = my(xz,t) + me(x,t) + mg(z,t) (3)

WAL 5. £z, 0 IZB T S MOEEHE RIKDEELEE my &5 5.

3.1 BHIRbG

WBEHEDPTE o 222 EORYPIAD Cla) 2FAS. ATIRBEHHEO@EEG A N Z2MAL £TO
HE, BMIZN, EEIAN, REIXAMOAFHEHOIAMOMNELTEZS. M1 £ TOEEIZRL]
t € [to,00) LB BBEDEHRIL f(a(e(t), t)a(x(t),t) LB I M5, [~ flal(t),t)alx(t),t)dt T
IND. RHEDZ MLBEEH ONE, WEE ORI M, SFUSHE, [UTICZNENIERES 2 Moi@EEE O
BIEIEET 200U, [ F(a(t),mi(c(t), t), me(x(t),t),a(z(t),t) dt LB <. EHEIZX DB LPRED
A ML, BARES 01223 A e e > 08328, TNEN cmax{A(a)—t*,0}, cmax{t*—A(«a),0}
rEREING. PEASARICEITZEH IR Ca) i,

Cla) =/ (fla(z(t), t)a(x(t), t) + F(x(t), mi(x(t), t), me(x(t),t), (x(t), 1)) dt + c|A(a) — ¢7[ (4)
to
EHRINS.
4 BEFEODOITEICS TS MFE
EEIE OITENC B IS MFE 25 2 5. SGEKAROEST X ENIZ S W C 2 83 13I8m0 AR RS R
e [0,00) BbOL D, £, W0 ICH T HMOMBESKDEEE me £+ 5. 1 ADMIEH L

te0,00) THIf 2 € [0,1] SBEE DS LT 5. Bdl ¢ THIR © 75 7 DRI & - 5 A0R
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L85, W%t € [0,00) 2 S WUNKEE At A58 U 72 & & O @Eh# 2RO EE X, fhomEhE h 5olfT
o THET L,

m(z,t + At) = mj (x — v At t) + mi(z — v At t) + mi(z,t) (7)

Y0, (3), (7) BHWDE, BXARRE LT,

om omj om}

E(m,t) + o (x,t) + Uea—x(a:, t)=0 (8)
PESNB. (8) 1 (1) O 2 RITHYT 5. (6), (3) B &MWL 012513 BMOMBIE DEE mo 25, K
o MFE,
,%(z,t) = a(z,t)em{i(?,vl,vc} { (f(a(x,t)) + %(m,t)) ofz,t) + F(:t:,ml(x,t),me(x,t),a(;c,t))} . (z,1) €0,1] x [0, 00)
om omy om}
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m(z,0) = mo(z), z € [0,1]
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BELNG. (1) TBWTT LAY —ZEROWR [0, T] 2B WTHEARZEM R E2BEIT 501351,
(9) TIET VA Y —Td 2 @EHHEIZLEBOHIM [0,00) THRRKH [0,1] EABEILTWS. £/, (9) T
FEROYM TOEBEDOTEH2EZ TVEOTRIEIAMNIEZ SN TVARL.

5 &

EENH OITENZDOWT MFG O#lE»S5ETLL, MFE (9) 23607z, %72, MFE (1) & (9) T#
Z6NTWAZEME ORI T 2 HEM 2R, ARTIREH A N 2EZ 5L 312, BN
BOWTHE FICBEANRBERESZTEST, EIAMSLITREIZ MORMRMBD D IZrRE 3R
FEWTINE c L LTWS., SHROPEL LT F LEEIR S, REIX MORAKMDZDDIZ b
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Detecting Transition of Collective Motion by Dynamic Mode

Decomposition

Yoshinari Inomata!, Toshiya Takami?

! Graduate School of Engineering, Oita University
2 Faculty of Science and Technology, Oita University

Abstract

Time-Shifted (TS) Dynamic Mode Decomposition (DMD), a new method to analyze collective
motion, is introduced by paying attention to reproduction error by DMD. Since it is unknown
how this analysis to detect transition of motion behaves for mixed-collective motion or faint
change of the motion, analyses for simple collective motion were conducted in this study. As
a result, it was shown that TS-DMD recognizes irregular motion by however small number of
particles. In addition, it is also shown that it works up to the limit of the number representation.

With these analyses, it was confirmed that TS-DMD detects a slight change of collective motion.
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