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Abstract: We have already proposed a multiple-vehicle bike sharing system routing problem (mB-
SSRP) to adjust the number of bicycles at each port using multiple vehicles in short time. However,
there are many strict constraints in the mBSSRP, thus it is difficult to obtain feasible solutions of
the mBSSRP for some instances. To obtain feasible solutions of the mBSSRP, we have proposed a
mBSSRP with soft constraints (mBSSRP-S) that removes some constraints from mBSSRP and ap-
pends violations to an objective function as penalties, and a searching strategy that explores both
the feasible and infeasible solution spaces. Numerical experiments indicated that solving mBSSRP-S
to obtain feasible solutions of mBSSRP results in better performance than solving mBSSRP directly.
However, mBSSRP-S includes infeasible solutions of mBSSRP, thus the neighborhood solutions and
computational costs increase. In this study, we propose search strategies with low computational
costs while maintaining performance. In particular, we propose two search strategies: the first one
is to reduce neighborhood solutions to obtain a feasible solution in a short time before finding a
feasible solution of the mBSSRP, and the second one is to change the problem to be solved (mBSSRP
or mBSSRP-S) after a feasible solution is obtained and to search good near-optimal solutions in a
short time. As the first search strategy, we propose two search methods for reducing the number
of neighborhood solutions in the Or-opt and the CROSS-exchange and compare their performance
with our previous results. From numerical experiments, we confirmed that a feasible solution can
be obtained within a short time by exploring only the normal order insertion of the Or-opt and the
normal order exchange of the CROSS-exchange as the neighborhood solutions. Next, as the second
search strategy after a feasible solution of mBSSRP is obtained, we propose four search methods
and compare their performance with our previous results. Numerical experiments show that the
search method that only searches for the normal order insertion of the Or-opt and the normal order
exchange of the CROSS-exchange with hard constraints after obtaining a feasible solution can obtain
short tours within a short time.

Keywords: bicycle sharing system; combinatorial optimization problem; tabu search; low
computational costs; Or-opt; CROSS-exchange

1. Introduction

Bicycle sharing systems (BSSs) have been introduced in many cities around the world
as a new public transportation system. Currently, more than 1,700 programs of BSSs are
operating in the world [1], for instance, BIXI in Montréal [2], Velib” in Paris [3], docomo
bike share in Tokyo [4], citybike in Vienna [5], Citi Bike in New York [6], Capital bikeshare
in Washington D.C. [7], BULEbikes in Boston [8] and Bicing in Barcelona [9].

Appl. Sci. 2022, 12, 2675. https:/ /doi.org/10.3390/app12052675
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A BSS consists of many distributed automatic rental ports and many rental bicycles.
A registered user can rent a bicycle at a port, use it for a short trip and return it to a different
port. A BSS is not only a convenient service, but also it can reduce greenhouse gas and
traffic congestion issues. For example, Zhang et al. (2018) [10] have estimated that the
introduction of a BSS at Shanghai saved 8358 tonnes of petrol, and reduced CO, and NOx
emissions 25,240, and 64 tonnes, respectively in 2016.

In a BSS, almost all ports are in either an empty or full state after a while. An empty
bicycle port implies that a user cannot rent a bicycle, whereas a full bicycle port implies
that a user cannot return a bicycle. Thus, full or empty states lead to dissatisfaction of
users. In addition, broken bicycles are left unattended. Consequently, users’ frustration
is further increased. To address these issues, several capacitated vehicles need to relocate
bicycles among ports so that sufficient bicycles are available at each port. If operators can
execute repositioning works efficiently, users will not have experience that they cannot
rent or return bicycles and BSS companies can reduce labor costs and carbon emissions of
vehicles. Thus, both users and BSS companies benefit.

Recently, many studies have been conducted on repositioning bicycles of a BSS.
The repositioning of BSS can be divided into two cases.

The first one is a static case. In the static case problem, the number of bicycles does
not change at each port while the bicycles are restored by the vehicle, because the system
assumes that the bicycles are not moving much at midnight or after operation hours. As for
the static case problem, Dell’Amico et al. (2014) [11] proposed a bike sharing rebalancing
problem (BRP) and formulated BRP as a mixed integer linear programming problem,
and they solved BRP using the branch-and-cut algorithm for the 22 real world instances
collected from the web sites. Then, they proposed a destroy and repair algorithm for the
BRP, and tested their algorithm on benchmark instances [12]. Although these studies [11,12]
are interesting, they did not consider a time limit constraint: vehicles must return to a depot
within a given time limit. Then, it is not guaranteed that all operations will be finished
within the working hour in BRP.

On the other hand, Rainer-Harbach et al. (2013) [13] proposed a general variable
neighborhood search (VNS) with an embedded variable neighborhood descent for finding
efficient vehicle tours of a balancing bicycle sharing system (BBSS). In the BBSS, they
considered the time limit constraint, and that a vehicle can visit a port multiple times.
Then, they tested their algorithm on benchmark instances of real-world data provided by
Citybike in Vienna with up to 90 ports, and the result of numerical experiments showed that
their algorithm obtained good solutions in a reasonable time. In addition, Raidl et al. (2013)
[14] proposed efficiently determining optimal loading operation of VNS method for finding
efficient vehicle tours of the BBSS. They tested the same instances with Rainer-Harbach et al.
(2013), and they reported that their method showed better performance than the original
VNS. Moreover, Papazek et al. (2013) [15] also address the BBSS, and they proposed
two GRASP (Greedy Randomized Adaptive Search Procedure) heuristic approaches and
conducted numerical experiments by varying sizes of instances that ranged from 30 to
700. The numerical experiments show that combined PILOT (Preferred Iterative Look
Ahead Technique) and GRASP method obtained good performance than VNS for large size
instances. In the BBSS, when vehicles start and come back to a depot, the vehicles must be
empty. However, if broken bicycles are found in the process of rebalancing operation, they
must be repaired at the depot after the rebalancing operation, because the depot has many
spare bicycles. Thus, the constraint that vehicles must be empty when vehicles start and
come back to the depot is not realistic [13-15].

The second one of the repositioning of the bicycle sharing system is a dynamic case.
In the dynamic case problem, the number of bicycles is changed at each port while the
bicycles are restored by the vehicle. Kloimdiillner et al. (2014) [16] extended the BBSS to
a dynamic case problem, and proposed a model of a dynamic balancing bicycle sharing
system (DBBSS). Then, they applied their previous approach to the DBBSS. The numerical
experiments showed that their approach was also effective to DBBSS. Chiariotti et al.
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(2018) [17] also addressed the dynamic case problem. Then, they tested instances with
280 ports generated by New York City’s CitiBike, and the result of numerical experiments
showed that their dynamic strategy obtained better performance than static approach. In
the numerical experiments for the dynamic repositioning of BSS, Kloimdillner et al. (2014)
and Chiariotti et al. (2018) used Vienna and New York City’s data, respectively. However,
it is not clear whether their approaches can be applied to other cities. Table 1 summarizes
the related literatures.

Table 1. Summary of the related literatures.

Paper Static or Dynamic Maximum Number of Port Size
Rainer-Harbach et al. (2013) static 90
Raidl et al. (2013) static 90
Papazek et al. (2013) static 700
Kloimiillner et al. (2014) dynamic 90
Dell’Amico et al. (2014) static 116
Dell’Amico et al. (2016) static 564
Chiariotti et al. (2018) dynamic 280
This study static 100

In our previous study, we formulated a new bicycle sharing system routing problem
as “multiple-vehicle bike sharing system routing problem (mBSSRP).” The mBSSRP finds
tours within the shortest travel time when multiple vehicles load and unload bicycles
at each port. In the mBSSRP, we consider the time limit constraint, and vehicles can
start and finish at the depot with bicycles. Although we treated the static case problems,
the mBSSRP is close to a real-life situation. As a result of solving the mBSSRP using
a mixed-integer linear programming (MIP) solver [18], an optimal solution is obtained
for small-size instances. However, we cannot obtain an optimal solution for large-size
instances within a reasonable time frame. Thus, we proposed local search methods to obtain
approximate solutions of mBSSRP within a short time [19]. Nevertheless, owing to some
strict constraints of mBSSRP, the proposed methods could not obtain feasible solutions
for some instances. Therefore, we proposed a “multiple-vehicle bike sharing system
routing problem with soft constraints (mBSSRP-S) ” that removes some constraints from the
mBSSRP and appends violations of the mBSSRP to the objective function as penalties [20].
In Ref. [20], we also proposed a method that controls the execution of the Or-opt [21]
and the CROSS-exchange [22] with the tabu search method [23-25] for solving mBSSRP
and mBSSRP-S. Numerical experiments show that solving mBSSRP-S to obtain feasible
solutions of mBSSRP achieves good performance when compared to solving directly
mBSSRP [20]. However, computational costs increase because neighborhood solutions
increase as a result of including infeasible solutions of mBSSRP. Thus, it is necessary to
reduce the computational costs while maintaining the performance.

Regarding the reduction in computational costs, there are several discussions for
the combinatorial optimization problems. For example, Hasegawa et al. (2002) [26] and
Matsuura et al. (2008) [27] introduced a method of limiting the search space to short paths
when they solved the TSP (Traveling Salesman Problem). In particular, Hasegawa et al.
(2002) used only the 10% nearest neighbors of the cities. Then, Matsuura et al. (2008)
used only the near neighbors of the cities. This is because most good TSP solutions have
short paths. Motohashi et al. (2008) [28] used a neighborhood list to efficiently solve
the TSP. Moreover, Motohashi et al. (2009) [29] used two different candidate lists, that is,
the nearest neighbors and quadrant neighbors to solve a large scale TSP. Finally, Taillard et al.
(2019) [30] showed that the computational costs of heuristic methods can be significantly
reduced by constructing a set of edges that are considered to be included in the optimal
solution at first.
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Regarding the BSS, Pal et al. (2016) [31] used a candidate list based on nearest neigh-
bors to efficiently solve the static complete rebalancing problem. Then, Dell’Amico et al.
(2016) [12] used some formulations to determine whether constraints are satisfied or not to
speed up the computation of bike sharing rebalancing problem. Thus, it is important to
reduce the computational costs for finding a good rebalancing tour of the BSS, because a
BSS has hundreds of ports and it is not practical to wait for hours to find a rebalancing tour
of the BSS. Then, the goal of this study is to propose efficient search strategies with low
computational costs while maintaining the performance of the mBSSRP.

To reduce computational costs in this study, we focused on the search process and
investigated the rate of the Or-opt and the CROSS-exchange executions. The execution rate
of the Or-opt that inserts ports in the normal order was 66%, that of the CROSS-exchange
that exchanges ports in the normal order was 20%, and the reverse orders of insertion of the
Or-opt and exchange of the CROSS-exchange were rarely executed. In addition, we found
that once a feasible solution of the mBSSRP is obtained, our conventional method [20]
searches for the feasible solutions successively.

From these results of the investigation, in this paper, we propose two search strategies:
the first one is to reduce neighborhood solutions to obtain a feasible solution in a short
time before finding a feasible solution of the mBSSRP from the mBSSRP-S, and the second
one is to change the problem to be solved (mBSSRP or mBSSRP-S) after a feasible solution
is obtained and to search good near-optimal solutions in a short time. As the first search
strategy, we propose two search methods for reducing the number of neighborhood so-
lutions in the Or-opt and the CROSS-exchange, and compare their performance with our
previous results. The results of the numerical experiments indicate that by limiting the
neighborhood solutions to the normal order insertion of the Or-opt and the normal order
exchange of the CROSS-exchange, we obtained feasible solutions within a short time while
maintaining the performance.

Next, as the second search strategy after obtaining a feasible solution, we proposed
four methods in which the searching space is further reduced. The problem to be solved is
changed from mBSSRP-S to mBSSRP to explore only feasible solutions. The results of the
numerical experiments show that by reducing the number of the neighborhood solution,
only searching for the normal order insertion of the Or-opt and the normal order exchange
of the CROSS-exchange with hard constraints after obtaining a feasible solution can obtain
short tours within a short time. From these numerical experiments, we have succeeded in
reducing the computational time while maintaining the performances. Furthermore, we
found that after finding a feasible solution, we could find short tours within a short time by
solving the hard constraint problem instead of the soft constraint problem.

This paper is structured as follows. In Section 2, we describe the mBSSRP and mBSSRP-
S. In Section 3, we present the heuristic method. Then, Section 4 presents the computational
costs reduction method. Numerical experiments are reported in Section 5. Finally, conclu-
sions and future works are provided in Section 6.

2. Problem Description

To determine tours that efficiently relocate bicycles using multiple vehicles, we have
already proposed mBSSRP and mBSSRP-S [20]. In mBSSRP, the search is executed with
satisfying hard constraints of the time and capacity of the vehicles. In mBSSRP-S, these
constraints are removed and violations of these constraints are added to the objective
function as penalties.
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In mBSSRP and mBSSRP-S, given are one depot, n ports and m vehicles. Each port
is classified into two types: pickup and delivery ports. In the pickup ports, the number
of bicycles is excess and bicycles must be loaded on the vehicle. In the delivery ports,
the number of bicycles is lack and bicycles must be delivered. In mBSSRP and mBSSRP-S,
vehicles relocate the bicycles from the pickup port to the delivery port. The rules of mBSSRP
and mBSSRP-S as follows:

(1) The vehicles can load bicycles at the depot, because the depot has spare bicycles
available.

(2) All vehicles must leave the depot and return to the depot.

(8) The number of bicycles does not change during the repositioning process.

(4) Each port can be visited only once by one vehicle.

Under these rules, reposition of bicycles is executed using vehicles. For details, we
refer to Tsushima et al. [20].

2.1. Multiple-Vehicle Bike Sharing System Routing Problem (mBSSRP)

In addition to the rules, the solution of the mBSSRP must satisfy the following two
constraints:

(i) time limit constraint: vehicles must return to the depot within the time limit.
(ii) capacity constraint: vehicles cannot load more bicycles than their capacity, and the
capacity of a vehicle cannot be less than zero.

The purpose of the mBSSRP is to find the tour that minimizes the total travel time
of the vehicles among the routes that satisfy the rules (1) to (3) and the constraints of (i)
and (ii).

2.2. Multiple-Vehicle Bike Sharing System Routing Problem with Soft Constraints (mBSSRP-S)

In the mBSSRP-S, the hard constraints i) and ii) are removed from mBSSRP and these
constraints are added to the objective function as penalties if they are violated. Then,
the objective function of mBSSRP-S is defined as follows:

minimize T+axPr+px(Pgy+Pp) (1)

where T denotes the total travel time and is the objective function of mBSSRP, Pr denotes
the time that vehicles worked over the time limit, Pp; and Pg_ are the number of bicycles
that could not be loaded or supplied, and « and f are the weight coefficients of the penalty.
If Pr, Pp+ and Pp_ are equal to zero, the solution is a feasible solution for mBSSRP.

3. Heuristic Methods

To obtain good approximation solutions of mBSSRP, we proposed a method using
the tabu search method [23-25]. In the proposed method [20], first, we generate an initial
solution by the construction method based on the farthest insertion method. Second, we
improve the initial solution by the local searches: the inserting method and the swapping
method. Finally, good approximate solutions are searched by the tabu search method,
which is one of the metaheuristic methods. The neighborhood solution of the tabu search is
constructed by the Or-opt and the CROSS-exchange. Figure 1 represents the flow of the
proposed method.
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Tabu search method

( i =1; i <iteration; i++ ‘j

Neighborhood Solutions

Constructi Local search method Or-opt, Local search method
onstruction
Inserting method, Cross-exchange Inserting method,

Swapping method Swapping method

Obtained feasible solution

)

Figure 1. Flow of the proposed framework [20]. First, we construct an initial tour using the con-

struction method. Then, we improve the initial tour using the inserting and the swapping method.
Next, the Or-opt and the CROSS-exchange are controlled by the tabu search and aim to transition to
a feasible solution of mBSSRP. The red rectangle corresponds to the computational cost reduction
part. The details are described in Section 4. After feasible solutions of mBSSRP are obtained in the
tabu search process, the 2-opt is executed. If we cannot obtain a feasible solution, the 2-opt method
is not executed. Finally, to obtain better solutions, we executed the inserting and the swapping
method again.

3.1. Construction Method for Generating an Initial Solution

First, to generate an initial solution, we use the construction method based on the
farthest insertion method. It is often used as one of the construction methods for the
combinatorial optimization problem. The procedure of the construction method is described
as follows:

1.  We randomly select p ports, where p denotes the number of available vehicles.
2. Each vehicle constructs a subtour with the depot and one of the selected p ports.
3. Anunvisited port k, which is the farthest from the depot, is selected.
4. The port k is inserted between ports i and j in the subtour where Ay; =t + ty; — £;
is minimized.
5. Steps 3 and 4 are repeated until all ports are visited once by one vehicle.
When we solve mBSSRP, we continue this operation while the constraints of mBSSRP
are satisfied. On the other hand, when we solve mBSSRP-S, we consider only the travel
time between ports i and j.

3.2. Local Search Methods for Improving the Initial Solution

To improve the initial solutions, we use the following two local search methods: the
inserting method and the swapping method. The inserting and the swapping methods
improve a single tour. The inserting and the swapping methods are used after constructing
an initial tour and after improving the tour by the tabu search.

In the inserting method, a partial tour i — j, whose length covers a maximum of three
ports in a tour is inserted into an edge (k, ) in the same tour (Figure 2). Then, there are two
types of insertion operations as follows: the normal order (Figure 2b) and the reverse order
(Figure 2c).
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Figure 2. Example of the inserting method. Black squares represent depots and gray circles represent
ports. (a) A tour before the inserting method is executed. (b) A partial tour i — j is inserted into k — |
as the normal order (the orange rectangle). (c) The partial tour i — j is inserted into k — [ as the reverse
order (the green rectangle).

The swapping method swaps a partial tour i — j for a partial tour k — I (Figure 3). Then,
there are four types of swapping operations: both partial tours i — j and k — I are exchanged
with the normal order (Figure 3b), only the tour i — j is the reverse order (Figure 3c), only
the tour k — [ is the reverse order (Figure 3d), and both partial tours i — j and j — k are
exchanged with the reverse order (Figure 3e).

Q-0 @ erT ?aMmT ?m ?m
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Figure 3. Example of the swapping method. Black squares represent depots and gray circles represent
ports. (a) A tour before the swapping method is executed. (b) Both partial tours i — j and k — [ are
exchanged with the normal order (the orange rectangles). (c) Only a partial tour i — j is exchanged
in the reverse order (the green rectangle). (d) Only a partial tour k — [ is exchanged in the reverse
order (the green rectangle). (e) Both partial tours i — j and k — [ are exchanged with reverse order
(the green rectangles).

3.3. Method by Using the Tabu Search

In the local search methods, a solution moves to only good solutions that are better
than the current solution. Thus, the solutions get stuck at local optimal solutions. To
escape from the local optimal solutions, we use the tabu search method in this study as
well as in our previous study [20]. Namely, we used the tabu search to propose search
strategies with low computational costs while maintaining the performance for the mBSSRP
in this study. The tabu search is one of the powerful meta-heuristic strategies for solving
the combinatorial optimization problem. The tabu search is successively used for the
vehicle routing problem, which is a similar combinatorial optimization problem to mBSSRP.
Moreover, the tabu search also has some advantages, because it has few parameters, leads
to easy implementation and has low computational costs. To avoid repetitive operations,
a tabu list is used in the tabu search. The tabu list records the previous search history.
Thereafter, the solution in the tabu list cannot be selected for a certain temporal duration.
This duration is known as a tabu tenure.

In this study, a current solution moves to the best neighborhood solution generated
by the Or-opt and the CROSS-exchange. The Or-opt and the CROSS-exchange methods
improve the total length of the tours using two different tours. The Or-opt inserts a partial
tour i — j of a tour in an edge (k,[) in another tour (Figure 4). There are two types of
insertions: the normal order (Figure 4b) and the reverse order (Figure 4c). The CROSS-
exchange replaces a partial tour i — j in one tour with a partial tour j — I in the other tour
(Figure 5). There are four types for swap operations: both partial tours i — j and k — I are
exchanged in the normal order (Figure 5b); the partial tour i — j is in the normal order,
and the partial tour k — [ is in the reverse order (Figure 5c); the partial tour i — j is in the
reverse order, and the partial tour k — [ is in the normal order (Figure 5d); and both partial
tours i — j and k — I are exchanged with the reverse order (Figure 5e). If a neighborhood
solution of the CROSS-exchange that exchanges the partial tours i — j and k — [ is selected,
the combination i and k is memorized in the tabu list. If a neighborhood solution of the
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Or-opt is selected that inserts the partial i — j into the edge (k, ) is selected, the combination
i and k is memorized. Thus, the selection of the neighborhood solution that connects port i
and port k is prohibited during a certain temporal iteration.

If a feasible solution of mBSSRP is found, the 2-opt method is executed to obtain better
solutions than the current one. The 2-opt method replaces two edges by two other edges
(Figure 6). If we have never obtained a feasible solution of mBSSRP at once in the tabu
search process, the 2-opt method is not executed.

{oee} pmmm} pmmmi

(

Figure 4. Example of the Or-opt. Black squares represent depots and gray circles represent ports.
The red and blue lines represent each tour. (a) Tours before the Or-opt is executed. (b) A partial tour
i — jis inserted into another tour k — I in the normal order (the orange rectangle). (c) The partial tour
i — jis inserted into another tour k — I in the reverse order (the green rectangle).

o ? '*0—“—‘0*? .*0—'.—‘0*? ® o-{H-0-6-
Yoedl lowol lownl lossl lowm

Figure 5. Example of the CROSS-exchange. Black squares represent depots and gray circles represent
ports. Orange rectangles express normal order and green rectangles express a reverse order. Red and
blue lines represent each tour. (a) Tours before the CROSS-exchange is executed. (b) Partial tours
i — jand k — I are exchanged with the normal order. (c) Only the partial tour k — [ is exchanged in the
reverse order. (d) Only the partial tour i — j is exchanged in reverse order. (e) Partial tours i — j and
k — I are exchanged in the reverse order.
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Figure 6. Example of the 2-opt method. Black squares represent depots and gray circles represent
ports. (a) A tour before the 2-opt method is executed. (b) A tour after the 2-opt method is executed.

(b)

3.4. Dynamically Changing Weight of Penalties

To move good solutions of mBSSRP from the solution of the mBSSRP-S, we must set
appropriate values of the weight parameters « and B in the objective function (Equation (1))
of the mBSSRP-S. If we set the parameters to small values, we cannot obtain feasible
solutions owing to the small values of the parameters. Because the penalty becomes
weak even when the solution has many constraint violations. Meanwhile, if we set the
parameters to large values, the power of the parameters will be excessively strong, which
is the same situation for solving mBSSRP. Thus, we dynamically change the parameters «
and B according to the solution state.

To adjust the weight parameters « and B dynamically, the objective function of the
mBSSRP-S was modified as follows:

minimize T(t) +a(t) x Pr(t) + B(t) x (Ppy(t) + Pp_(t)) )

where a(t) and B(t) represent weight parameters for the time limit, loading and supplying
constraints at the tth iteration, T(t) denotes the total travel time at the tth iteration, Pr(t)
denotes the excess working time beyond the time limit at the tth iteration, P (¢) denotes
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the loading violation of the bicycles at the tth iteration and Pg_ () denotes the supplying
violation of the bicycles at the tth iteration.

The adjustment of the parameters is determined by comparing «(t) x Pr(t) and
B(t) x (Pp4(t) + Pg—_(t)) at the tth iteration. If the penalty of the time limit a(#) x Pr(t) is
larger than the sum of penalties loading and supplying constraints f(#) x (Pp(t) + Pg_(t)),
a(t) is increased and B(t) is decreased. If the penalty B(t) x (Pp(t) + Pp—(t)) is larger than
a(t) x Pr(t), a(t) is decreased and B(t) is increased. If Pr(t) = 0 or P, (t) + Pp_(t) =0,
a corresponding weight a(t) or B(t) is not updated. Then, the followings are used for
adjusting the parameters:

if PT(t) = 0,
a(t+1) = at), 3)
otherwise
alt) if a(t)pr(t) = B(t)(pq+(t) + pg— (1)),
a(t+1) = ¢ Aa(t), if a(t)pr(t) > B(t)(pg+(t) + pg—(t)), @)
pa(t), if a(t)pr(t) < p(t)(pq+(t) + pg- (1)),

and if pqy(t) +pg-(t) =0,
Blt+1) = B(t), ®)

otherwise

AB(t), i a(t)pr(t) < B(t)(pq+(t) + pg- (1)), ©6)
uB(t), if a()pr(t) > B(t)(pq+ () + pg- (1)),

where A is an increasing parameter (A > 1) and yu is a decreasing parameter (0 < u < 1).
If the value of the weights is less than 1.0, the weights are set to unity (a(t +1) = 1 or
B(t+1)=1).

B(t), ifa(t)pr(t) = B(t)(pg+(t) + pg—(1)),
B(t+1) = pr(t) < B
>

4. Computational Cost Reduction Method

To reduce neighborhood solution and computational costs, we investigate the per-
centage of the Or-opt and the CROSS-exchange executions used in the tabu search part.
The feasible neighborhood solutions of the mBSSRP-S include the infeasible neighborhood
solutions of the mBSSRP. Therefore, when we solve the mBSSRP-S, it takes more time
to determine the next solution than in the case of mBSSRP. To reduce the computational
cost of solving mBSSRP-S, we need to remove unnecessary neighborhood solutions. The
percentage of the insertion and exchange operations performed by the proposed method
was approximately 66% for the Or-opt, which inserts ports in the normal order (Figure 4b),
and approximately 20% for the CROSS-exchange, which exchanges ports in the normal
order (Figure 5b), implying that the reverse order of insertion and exchange was rarely
executed. Thus, we did not search for less frequently performed reverse order operations
to reduce the computational costs. In our previous study, we have shown that once a
feasible solution of the mBSSRP is obtained, the proposed method searches for the feasible
solutions successively [20]. Next, to find a good feasible solution of the mBSSRP, we
examine whether we should change the problem to be solved (mBSSRP or mBSSRP-S)
before and after a feasible solution is obtained.

Table 2 summarizes the search strategy before obtaining a feasible solution of the
mBSSRP. We propose two search methods (1B-S and 1C-S) in this case. In Table 2, the first
search method 1A-S searches for all neighborhood solutions of the Or-opt and the CROSS-
exchange. Thus, this search method is the same as the conventional search method [20]. The
second search method 1B-S only explores insertion of the normal order of the Or-opt which
is the most executed (Figure 4 b). The third search method 1C-S searches for the insertion of
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the normal order of the Or-opt and exchange of the normal order of the CROSS-exchange
(Figures 4b and 5b). The goal of the search methods before obtaining a feasible solution is
to find a feasible solution within a short time for all trials.

In addition, to further reduce the computational costs the search strategy is changed
after a feasible solution of mBSSRP is obtained. In this paper, we propose four new search
methods (2B-S, 2B-H, 2C-S and 2C-H). Table 3 shows the search strategy after finding
a feasible solution of the mBSSRP. In Table 3, the first search method 2A-S involves to
searching for all neighborhood solutions of the Or-opt and the CROSS-exchange with soft
constraints. The second search method 2A-H involves searching for all neighborhood
solutions of the Or-opt and the CROSS-exchange with hard constraints. The difference
between the search methods 2A-S and 2A-H is whether the instances are solved with
hard or soft constraints. The reason why we introduced both soft and hard constraints is
that we found that once a feasible solution of the mBSSRP is obtained, our conventional
method [20] searches for the feasible solutions successively. Then, 2A-S and 2A-H are the
same as the conventional search method [20]. The third search method 2B-S only searches
for insertion in the normal order of the Or-opt with soft constraints. The fourth search
method 2B-H only searches for insertion in the normal order of the Or-opt with hard
constraints. The fifth search method 2C-S explores the insertion of the normal order of the
Or-opt and the exchange of the normal order of the CROSS-exchange with soft constraints.
Finally, the sixth search method 2C-H explores the insertion of the normal order of the
Or-opt and the exchange of the normal order of the CROSS-exchange with hard constraints.

Table 2. Search strategy before finding a feasible solution of the mBSSRP. The first column shows local
search names, the second column shows the types of the Or-opt or the CROSS-exchange operations,
the third to fifth columns show the name of the search method and the sixth column shows the
percentage of local search methods that are executed.

Executed Rate

Local Search Type 1A-S 1B-S 1C-S (One Decimal Point Omitted)

Normal

o— 4 4 v 66%

Or-opt

.—'? 4 4%
)

Normal
Trﬂaom«? v v 20%
| |

| |
|
04@*.*0»&
One-sided reverse

:*0*.*0*: 4 2%

CROSS-exchange ‘m‘

One-sided reverse

:m: v 3%
| i

o-H-0-0-0
Reverse

omg v 4%

f

m:
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Table 3. Search strategy after finding a feasible solution of the mBSSRP. The first column represents
local search names, the second column shows the types of the Or-opt or the CROSS-exchange
operations, the third to the eighth columns show the name of the search method and the bottom line
indicates whether instances were solved with hard or soft constraints.

Local Search Type 2A-S 2A-H 2B-S 2B-H 2C-S 2C-H
Normal
.%? v v v v v v
g/Mo\;
Or-opt

oP Reverse
®
f

4’? v v
& 3

Normal

?*(PO*O*? v v v v
| ] |
&m‘

One-sided reverse

?*0*.*0*? v v
| ] |
o Ee=T-0

One-sided reverse

:m: v v
|

Ucme e Lige

Reverse

:m: v v
o =e=13-¢
Constraint Soft Hard Soft Hard Soft  Hard

CROSS-exchange

¢

5. Numerical Experiments

To evaluate the performance of the computational cost reduction methods, we gener-
ated benchmark instances. Figure 7 shows an example of these instances. We distributed
100 ports and a depot uniformly in a region measuring 10 km?. The number of bicycles at
each port was set to a random number between —5 and +5 at intervals of 1. A negative
value (“—") represents the delivery port, and a positive value (“+") represents the pickup
ports. The capacity of the vehicles was 10, the average moving speed of the vehicles was
30 [km/h], the loading or unloading time of a bicycle was 2 [min] and the time limit (all
vehicles start from the depot and return to it) was 180 [min]. Thereafter, the tabu tenure was
set to 50 and the initial values of weights were set to «(0) = 1 and B(0) = 1. The increasing
A and decreasing parameter y were set to 1.07 and 0.3, respectively.

For the search methods 1A-S, 1B-S and 1C-S (before a feasible solution was obtained),
we performed 50 trials per instance and performed 200 [s] of computation for trials. Mean-
while, for the search methods 2A-S, 2A-H, 2B-S, 2B-H, 2C-S and 2C-H (after a feasible
solution was obtained), we started the calculation from 50 feasible solutions per instance
and performed 200 [s] of computation for each solution. These numerical experiments were
performed on a Mac mini with a 3-GHz 6-Core Intel Core i5 processor and 32 GB RAM.
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Figure 7. An example of instance. A black square represents a depot, red circles represent pickup
ports and blue circles represent delivery ports.

5.1. Results of Search Strategy before Obtaining a Feasible Solution

Results of the numerical experiments for the search strategy before obtaining a feasible
solution are shown in Table 4. In Table 4a—c, the first column lists the instance numbers,
the second to the fourth columns present the average, the best and the worst objective
function values [min] for each instance, and the fifth column indicates the number of
obtained feasible solutions for each trial. We performed 50 trials; thus, the maximum value
was 50. Table 4a summarizes the result that searches for all neighborhood solutions of
the Or-opt and the CROSS-exchange (the search method 1A-S). From Table 4a, feasible
solutions of the mBSSRP were obtained for almost all trials. From Table 4b, the search
method that searches for only normal order of the Or-opt (the search method 1B-S) cannot
obtain several feasible solutions compared to Table 4a. By contrast, the search method 1C-S
(Table 4c) obtained almost the same number of feasible solutions and the average objective
function values [min] as the search method 1A-S (Table 4a).

To compare the performance of the search methods 1A-S and 1C-S by statistical
analysis, we used the t-test. Table 5 shows the results of the t-test. In Table 5, the first
column lists the instance numbers, the second and the fourth columns present the average
objective function values [min] for each instance, the third and the fifth columns show the
standard deviations and the sixth column presents the results of the t-test. In the numerical
experiment, the level of significance was 5%. Thus, if p > 0.05, there is no significant
difference between the performance of the search methods 1A-S and 1C-S. By contrast,
if the results show that p < 0.05, there is a significant difference between the performance
of the search methods 1A-S and 1C-S. From Table 5, only for instance No.1 and No.10,
the p-values are smaller than 0.05. However, for instance No.2~No.9 (Table 5), the p-values
are larger than 0.05. These results indicate that we cannot say that there is a significant
difference between the performance of the search methods 1A-S and 1C-S.

Next, to clarify the difference between the search methods 1A-S and 1C-S, we eval-
uated the relationship between the time [s] until a feasible solution was obtained and
the number of obtained feasible solutions (Figure 8). Figure 8a shows the result of the
search method 1A-S (search for all neighborhood solutions of the Or-opt and the CROSS-
exchange), and Figure 8b shows the result of the search method 1C-S (search for normal
order insertion of the Or-opt and normal order exchange of the CROSS-exchange). The
horizontal axis shows time [s] and the vertical axis indicates the number of obtained feasible
solutions. We can see that the highest value of the number of obtained feasible solutions
takes approximately 70 [s] from Figure 8a. Meanwhile, the highest value of the number of
obtained feasible solutions takes approximately 40 [s] from Figure 8b. Thus, although the
number of obtained feasible solutions and the average objective function values [min] for
the search methods 1A-S and 1C-S were almost the same as shown in Table 4, the search
method 1C-S finds a feasible solution approximately 30 [s] faster than the search method
1A-S (Figure 8).

To investigate whether there is a significant difference in the average time [s] until
a feasible solution was obtained between the search methods 1A-S and 1C-S, we also
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conducted a statistical analysis by the ¢-test. Table 6 shows the results of the ¢-test. In Table 6,
the first column lists the instance numbers, the second and the fourth columns present the
average time [s] until a feasible solution was obtained for each instance, the third and the
fifth columns show the standard deviations and the sixth column presents the results of the
t-test. From the results, the p-values are smaller than 0.05 except for instance No.6. Thus,
we could find a significant difference between the search methods 1A-S and 1C-S for almost
all instances from the viewpoint of a searching speed.

Table 4. Results of search methods before obtaining a feasible solution. (a) Search method 1A-S
(search for all neighborhood solutions of the Or-opt and the CROSS-exchange). (b) Search method
1B-S (search only normal order insertion of the Or-opt). (c) Search method 1C-S (search for normal
order insertion of the Or-opt and normal order exchange of the CROSS-exchange).

(@)

No. Avg. [min] Best [min] Worst [min] # of Feasible Solution
1 243.76 230.85 259.07 50
2 238.16 230.87 252.95 50
3 228.47 218.98 237.25 50
4 242.56 232.38 252.36 50
5 249.06 240.95 260.69 50
6 270.81 260.50 284.04 31
7 238.52 225.12 252.72 34
8 213.15 207.43 226.01 50
9 241.64 231.13 255.18 49
10 243.28 234.40 252.54 45

Avg. 240.94 231.26 253.28 459
(b)

No. Avg. [min] Best [min] Worst [min] # of Feasible Solution
1 245.46 234.80 258.63 40
2 242.59 228.66 260.92 50
3 234.57 222.44 249.94 50
4 246.81 236.23 268.79 49
5 25491 241.88 269.26 42
6 268.45 260.94 276.57 16
7 238.02 222.71 247.85 10
8 213.98 207.79 237.93 49
9 245.18 233.40 260.38 44
10 244.20 236.92 257.74 29

Avg. 243.42 232.58 258.80 37.9
(c)

No. Avg. [min] Best [min] Worst [min] # of Feasible Solution
1 241.63 233.74 251.90 50
2 236.61 227.33 246.43 50
3 228.31 217.29 242.36 50
4 242.15 233.15 254.30 50
5 249.59 241.04 259.27 50
6 269.55 256.99 284.94 32
7 236.17 225.00 252.39 30
8 213.14 205.85 22493 50
9 239.44 228.72 252.01 50

10 239.80 229.91 253.65 44

Avg. 239.64 229.90 252.22 45.6
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To summarize the results, there is no difference in the performance between the search
methods 1A-S and 1C-S (Tables 4 and 5). On the other hand, as for the search speed,
the search method 1C-S (54.53 [s]) can find feasible solutions with shorter time (approxi-
mately 30 [s]) than the search method 1A-S (85.29 [s]), which means that by using the search
method 1C-S, we can reduce the computation time by (85.29 — 54.53) /85.29 x 100 = 36.1%.
Therefore, we concluded that the search method 1C-S (the search for the normal order
insertion of the Or-opt and the normal order exchange of the CROSS-exchange) is the best
search method before finding a feasible solution.
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Figure 8. Relationship between time until a feasible solution is firstly obtained and the number of
obtained feasible solutions. (a) Search method 1A-S (search for all neighborhood solutions of the
Or-opt and the CROSS-exchange). (b) Search method 1C-S (search for normal order insertion of the
Or-opt and normal order exchange of the CROSS-exchange).

Table 5. Results of the -test to evaluate the difference of the average objective function values [min]
between the search methods 1A-S and 1C-S.

1A-S 1C-S
No. Avg. [min] SD Avg. [min] SD p
1 243.76 5.72 241.63 451 0.041
2 238.16 5.08 236.61 4.34 0.104
3 228.47 4.36 228.31 6.42 0.886
4 242 .56 4.92 242.15 454 0.668
5 249.06 4.64 249.59 4.38 0.558
6 270.81 6.42 269.55 7.13 0.464
7 238.52 6.27 236.17 6.96 0.163
8 213.15 3.39 213.14 4.00 0.985
9 241.64 6.19 239.44 5.25 0.061
10 243.28 4.62 239.80 5.14 0.001

Avg. 240.94 5.16 239.64 5.27 0.393
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Table 6. Results of the t-test to evaluate the difference time [s] until a feasible solution was obtained
between the search methods 1A-S and 1C-S.

1A-S 1C-S
No. Avg. [s] SD Avg. [s] SD p
1 78.76 24.84 44.67 16.83 0.000
2 72.83 16.30 32.84 5.60 0.000
3 66.37 10.68 30.22 5.79 0.000
4 75.37 13.50 36.85 9.72 0.000
5 72.86 10.15 42.23 15.70 0.000
6 123.70 41.62 109.59 45.82 0.205
7 115.36 37.28 89.80 45.26 0.018
8 68.81 19.88 32.74 8.61 0.000
9 75.99 16.51 42.16 16.41 0.000
10 102.82 39.51 84.23 42.42 0.035
Avg. 85.29 23.03 54.53 21.22 0026

5.2. Results of Search Strategy after Obtaining a Feasible Solution

Results of the numerical experiments using the six search methods after obtaining
the feasible solution are shown in Table 7. In Table 7a—f, the first column lists the instance
numbers, the second to the fourth columns present the average, the best and the worst
objective function values [min] in 200 [s] of each trial, when we started the calculation from
a feasible solution. From Table 7ef, the search methods of reducing neighborhood solutions
were also effective when the search was started from feasible solutions. The performance
showed no significant differences between soft (Table 7e) and hard constraints (Table 7f).
In particular, the difference of the average objective function values [min] of the search
method 2C-S and the search method 2C-H is only 0.39 [min].

To investigate whether there is a significant difference in performance, the ¢-test was
used on the average objective function values [min]. Table 8 shows the results of the ¢-test.
In Table 8, the first column lists the instance numbers, the second and the fourth columns
present the average objective function values [min] for each instance, the third and the fifth
columns show the standard deviations, and the sixth column presents the results of the
t-test. From Table 8, except for instance No.6, the p-values are larger than 0.05. Thus, we
could not find any significant difference between the performance of the search methods
2C-S and 2C-H from the viewpoint of the statistical analysis.

Next, to investigate whether there is a difference in searching process between the two
search methods 2C-S and 2C-H, we evaluated the transition of the most feasible solutions
when solving soft and hard constraints. The results of instance No.1 are shown in Figure 9.
From Figure 9, we can find that there is a difference between these two search methods 2C-S
and 2C-H. From Figure 9a, it takes a long time (38.82 [s]) to update the better solution for
solving the mBSSRP-S. The reason is that to realize an effective search, the weight values of
penalty in Equations (3)-(6) must be adjusted to appropriate values. The average transition
time to a better solution for other instances is shown in Table 9. In Table 9, the first column
lists instance numbers and the second column shows the average transition time [s] to
a better solution. From Table 9, the search method 2C-S takes about 30~80 [s] to find a
better feasible solution. Meanwhile, from Figure 9b, a solution of the search method 2C-H
moves to a better solution as soon as a search is started because it cannot search for an
infeasible solution.

The results of the t-test of the average objective function values of the search meth-
ods 2C-S and 2C-H showed that there was no significant difference in performance
(Tables 7 and 8). However, from Figure 9 and Table 9, the search method 2C-H can find a
better feasible solution in a shorter time (approximately 30~80 [s]) than the search method
2C-S. Therefore, as for the search strategy after finding a feasible solution, we concluded
that the search method 2C-H (the search for the normal order insertion of the Or-opt
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and the normal order exchange of the CROSS-exchange with hard constraints) is the best
search method.

Table 7. Results of search methods after obtaining a feasible solution. (a) Search method 2A-S (search
for all neighborhood solutions of the Or-opt and the CROSS-exchange with soft constraints). (b)
Search method 2A-H (search for all neighborhood solutions of the Or-opt and the CROSS-exchange
with hard constraints). (c) Search method 2B-S (search for only normal order insertion of the Or-opt
with soft constraints). (d) Search method 2B-H (search for only normal order insertion of the Or-opt
with hard constraints). (e) Search method 2C-S (search for normal order insertion of the Or-opt and
normal order exchange of the CROSS-exchange with soft constraints). (f) Search method 2C-H (search
for normal order insertion of the Or-opt and normal order exchange of the CROSS-exchange with
hard constraints).

(a)

No. Avg. [min] Best [min] Worst [min]
1 241.81 232.13 254.94
2 238.45 227.14 245.73
3 228.09 218.60 244.40
4 241.43 231.95 251.71
5 247.58 240.39 256.60
6 266.76 257.19 281.07
7 234.84 222.53 251.80
8 212.02 205.77 220.14
9 240.48 232.09 251.94
10 241.65 230.99 256.75

Avg. 239.31 229.88 251.51

(b)

No. Avg. [min] Best [min] Worst [min]
1 242.53 235.06 251.29
2 237.70 229.25 247.47
3 227.98 219.98 237.32
4 241.36 231.52 250.18
5 248.68 241.96 258.93
6 268.91 253.71 286.59
7 235.25 222.83 255.66
8 211.91 205.99 218.02
9 239.90 227.68 253.67
10 239.90 231.80 252.12

Avg. 239.41 229.98 251.13

(c)

No. Avg. [min] Best [min] Worst [min]
1 244.20 232.75 259.46
2 239.29 228.66 249.19
3 227.79 217.16 238.15
4 242.41 234.88 254.57
5 251.11 242.17 264.62
6 270.60 253.39 284.24
7 236.22 226.03 251.93
8 211.75 206.02 223.83
9 243.22 231.37 258.92
10 241.93 230.33 258.83

Avg. 240.85 230.28 254.37
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Table 7. Cont.

(d)

No. Avg. [min] Best [min] Worst [min]
1 248.89 236.91 270.39
2 241.65 228.40 258.26
3 230.96 221.46 244.89
4 246.12 230.94 263.21
5 252.34 240.32 267.20
6 275.42 263.31 286.62
7 242.98 225.28 262.27
8 212.27 206.68 222.78
9 243.85 233.61 259.85
10 249.20 231.04 266.57

Avg. 244.37 231.79 260.20

(e)

No. Avg. [min] Best [min] Worst [min]
1 240.88 232.42 254.18
2 235.86 228.96 243.84
3 226.88 216.81 235.18
4 240.18 231.96 254.29
5 246.75 241.68 254.52
6 264.58 255.89 276.92
7 234.09 22251 254.30
8 211.11 205.87 216.95
9 237.62 227.48 249.52
10 238.92 230.84 249.83

Avg. 237.69 229.44 248.95

()

No. Avg. [min] Best [min] Worst [min]
1 241.36 232.87 255.56
2 236.58 227.65 249.19
3 225.96 216.81 233.52
4 239.99 231.78 247.36
5 247.18 240.11 255.19
6 267.60 254.18 281.03
7 235.12 222.29 255.66
8 210.42 206.12 215.98
9 238.72 230.49 247.28
10 237.86 230.42 253.19

Avg. 238.08 229.27 249.40
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Figure 9. Transition of the best solutions found in case of instance No.1. The red lines show the
transition of the best feasible solution from 50 initial feasible solutions, whereas the blue lines show
their average. (a) Search method 2C-S (search for normal order insertion of the Or-opt and normal
order exchange of the CROSS-exchange with soft constraints). (b) Search method 2C-H (search for
normal order insertion of the Or-opt and normal order exchange of the CROSS-exchange with hard
constraints).

Table 8. Results of the t-test to evaluate the difference of performance between methods 2C-S and

2C-H.
2C-S 2C-H

No. Avg. [min] SD Avg. [min] SD 4
1 240.88 4.20 241.36 441 0.572
2 235.86 3.89 236.58 5.18 0.432
3 226.88 4.64 225.96 4.39 0.309
4 240.18 4.74 239.99 3.66 0.833
5 246.75 3.26 247.18 3.92 0.550
6 264.58 5.27 267.60 6.45 0.016
7 234.09 727 235.12 8.14 0.518
8 211.11 2.86 210.42 2.54 0.209
9 237.62 5.09 238.72 4.64 0.262
10 238.92 391 237.86 427 0.203

Avg. 237.69 451 238.08 4.76 0.390

Table 9. Results of the average transition time to a feasible solution for the search method 2C-S.

z
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38.82
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68.04
29.10
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59.94
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6. Conclusions

In this study, we proposed two search strategies with low computational costs while
maintaining the performance of the mBSSRP: the first one is to reduce neighborhood
solutions to obtain a feasible solution in a short time before finding a feasible solution
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of the mBSSRP, and the second one is to change the problem to be solved (mBSSRP or
mBSSRP-S) after a feasible solution is obtained and to search good near-optimal solutions
in a short time.

As the first search strategy before obtaining a feasible solution, we propose two search
methods (the search methods 1B-S and 1C-S) and compare their performance with our
previous method (the search method 1A-S) [20]. The search method 1A-S searches for all
neighborhood solutions of the Or-opt and the CROSS-exchange [20]. The search method
1B-S searches only the normal order insertion of the Or-opt. The search method 1C-S
searches for the normal order insertion of the Or-opt and the normal order exchange of the
CROSS-exchange. The results of the numerical experiments showed that the search method
1C-S that only searches for the normal order insertion of the Or-opt and the normal order
exchange of the CROSS-exchange is the best search method, because the search method
1C-S obtained many feasible solutions within a short time.

Next, as the second search strategy after a feasible solution of mBSSRP is obtained, we
propose four search methods (2B-S, 2B-H, 2C-S and 2C-H) and compare their performance
with our previous methods (2A-S and 2A-H) [20]. The search method 2A-S searches for
all neighborhood solutions of the Or-opt and the CROSS-exchange with soft constraints.
The search method 2A-H searches for all neighborhood solutions of the Or-opt and the
CROSS-exchange with hard constraints. The search method 2B-S searches for insertion in
the normal order of the Or-opt with soft constraints. The search method 2B-H searches
for insertion in the normal order of the Or-opt with hard constraints. The search method
2C-S searches for the insertion of the normal order of the Or-opt and the exchange of the
normal order of the CROSS-exchange with soft constraints. Finally, the search method
2C-H searches for the insertion of the normal order of the Or-opt and the exchange of the
normal order of the CROSS-exchange with hard constraints. The results of the numerical
experiments showed that the search method 2C-H that searches for the normal order
insertion of the Or-opt and the normal order exchange of the CROSS-exchange with hard
constraints is the best search method, because the search method 2C-H obtained short
tours within a short time. These results indicate that the search method 1C-S reduces the
neighborhood solutions in the Or-opt and the CROSS-exchange and that the search space
was shifted from soft constraints to hard constraints after a feasible solution is obtained
is effective.

In this study, we used a dynamically changing method for weight parameters (« and
B) to find good solutions of mBSSRP from the solution of the mBSSRP-S. To adjust these
weight parameters « and 8, we used an adjustment method (Equations (3)—(6)). Then,
from the results of numerical experiments (Figure 9a), it takes a long time to update the
better solution for solving the mBSSRP-S (for example, 38.82 [s] for instance No. 1). The
results of other instances are shown in Table 9. From Table 9, the search method 2C-S takes
about 30~80 [s] to find better feasible solutions. In this temporal duration of 30~80 [s],
the weight values & and p must be adjusted to appropriate values by Equations (3)-(6). If
we can set optimal parameters for an initial state, the search method 2C-S can find a better
solution more efficiently and quickly than the search method 2C-H. Thus, one of the future
works is to determine the parameters by using a parameter optimization approach.

In the numerical experiment, we used randomly distributed ports. However, some
bicycle sharing repositioning studies have used real BSS data. For instance, Rainer-
Harbach et al. (2013) [13], Raidl et al. (2013) [14] and Papazek et al. (2013) [15] use
data from Vienna, and Chiariotti et al. (2018) [17] use data from New York. Thus, it is an
important work to use real BSS data in a future study.

Moreover, we need to address the dynamic cases because the number of bicycles in
each port changes while restoring bicycles in the real BSS. The studies of static BSS (Rainer-
Harbach et al. (2013) [13], Raidl et al. (2013) [14] and Papazek et al. (2013) [15]) have been
extended to dynamic BSS by Kloimiillner et al. (2014) [16]. Thus, we also aim to extend this
study to a dynamic case. The completion of the dynamic case would have a great impact
on solving an issue inherent in BSS: users cannot rent or return a bicycle at an empty or a
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full port. A solution to this issue would lead to the development of BSS in the future, and it
is expected that BSS will be used for a wide range of purposes such as commuting to work,
daily life, and even in times of disaster. It will also have an effect to promote the spread of
the next generation system called MaaS (Mobility as a Service), which has been attracting
attention recently: all public transportation systems are connected by IT technology. To
address the dynamic case, we have to consider forecasting future demands of bicycles from
actual data and repositioning them based on the forecast data by investigating statistical
characteristics of real data of BSSs [32].

In our previous study [20], we proposed a heuristic method by using the tabu search.
Then, in this paper, we also used the tabu search to propose search strategies with low
computational costs while maintaining the performance of the mBSSRP. However, it is
important to use not only the tabu search but also the other approaches (for example,
simulated annealing) and compare these approaches. In addition, we only focus on the
operation of the rebalancing bicycles [19,20] and statistical analysis of BSS usage history [32].
However, Kabak et al. (2018) [33] focus on the location of bicycle ports. It is an impor-
tant idea to evaluate the existing BSS ports and suggest alternative places for additional
BSS ports.
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Abstract: In bicycle sharing systems, many vehicles restore bicycles to ports. To construct the shortest
tour of these vehicles, in a previous work, we formulated the multiple-vehicle bike sharing system
routing problem (mBSSRP) and demonstrated that an optimal solution can be obtained for small-sized
instances through a general-purpose mixed-integer linear programming solver. However, for large-
sized instances, the optimal solution could not be found in a reasonable time frame. Therefore, to
find near-optimal solutions for the mBSSRPs in a short time, in this study, we develop a method with
a searching strategy, which explores both the feasible and infeasible solution spaces. To investigate
the performance of the proposed method, we solve benchmark problems of mBSSRP. In addition, we
compare the proposed method with the method exploring only the feasible solution space, in terms
of performance. The results of the numerical experiments demonstrate that the proposed method
can reach optimal solutions for almost all small-sized mBSSRP instances and that searching both
the feasible and infeasible solution spaces yields good feasible solutions both for small-sized and
large-sized instances.

Keywords: bicycle sharing system; heuristic method; tabu search; feasible and infeasible solution

1. Introduction

In recent years, bicycle sharing systems (BSSs) have been implemented in many cities
around the world to ease traffic jams in town centers, to reduce CO; emissions and to
improve public health [1]. A BSS is composed of many dispersed automatic rental ports
with rental bicycles. People can rent a bicycle at one of the many ports and return it to
a different port. In BSSs, when many bicycles are used, the number of bicycles at each
port becomes unbalanced, because almost all users conduct not only round trips but also
one-way trips. To overcome this problem, capacitated vehicles restore the required number
of bicycles to the rental ports.

Recently, many researchers have investigated the optimum rebalancing of the bicycles
with BSSs. Chemla et al. (2013) [2] proposed a branch-and-cut-algorithm for finding
an optimal solution to the static rebalancing problem using a single vehicle with up to
100 ports. The results of their numerical experiments demonstrated that their method is
very efficient up to 60 ports [2]. Wada et al. (2013) [3] proposed a construction method and
a local search method for the bike sharing system routing problem. They reported that for
up to 50 ports, their proposed method performed better than their previous method [3].

Appl. Sci. 2021, 11, 7749. https:/ /doi.org/10.3390/app11167749

https://www.mdpi.com/journal /applsci



Ikeguchi Laboratory 2021(p. 24 / 170)

Appl. Sci. 2021, 11, 7749 2 0f 20

In real-life situations, the number of ports is more than 100, making it almost impossi-
ble to restore the bicycles using a single vehicle. To address this issue, a bike repositioning
problem with multiple vehicles has been proposed [4-6]. Lin et al. (2012) [4] proposed
heuristic algorithms using the actual path distance and a maximum of 11 vehicles to
demonstrate that shorter travel distances are obtained when the actual path distance is
used instead of the Euclidean distance [4]. Raviv et al. (2013) [5] presented two mixed-
integer linear program formulations, with the aim of minimizing the total travel cost and
penalty cost. They obtained good solutions for the Paris and Washington D.C. problems,
using two vehicles, with an instance size up to 60 ports and 104 ports, respectively [5].
Ho et al. (2017) [6] proposed a hybrid large neighborhood search method and tested in-
stances with up to 518 ports using a maximum of three vehicles. They conducted experi-
ments and compared their solution with the method proposed by Forma et al. (2015) [7]
and they obtained better solutions than Forma et al. (2015) [7]. In Refs. [4-6], it is assumed
that the vehicles do not need to visit all ports. In this case, an operator cannot notice a
broken bicycle or any trouble at the port. To address the problem of visiting all ports using
multiple vehicles, Dell’Amico et al. (2014) [8] proposed four mathematical formulations,
built a set of benchmark instances and solved them using the branch-and-cut algorithm. An
optimal solution was obtained with one of the proposed formulations for the 49 instances
out of 65. Research on the bicycle rebalancing problem, while producing interesting results,
does not consider time limit constraints [8]. Without a time limit constraint, the operations
differ in the amount of work required. In the case of the static bicycle rebalancing problem,
the bicycle relocation must be performed within a limited time after the end of the daily
BSS. Table 1 summarizes the literature related to the static bicycle rebalancing problem.

Table 1. Summary of the characteristics of the related literature. v indicates that the proposed solution considers visiting
all ports or a time limit. X indicates that these are not considered.

Paper Visit All Ports Vehicle Time Limit Maximum Number of Ports Tested
Lin et al. (2012) [4] X Multiple v 132
Chemla et al. (2013) [2] X Single X 100
Raviv et al. (2013) [5] X Multiple v 104
Wada et al. (2013) [3] v Single X 50
Dell’Amico et al. (2014) [8] v Multiple X 116
Ho et al. (2017) [6] X Multiple v 518

As for other related works, Benchimol et al. (2011) [9] proposed a static bicycle reposi-
tioning problem, discussed the complexity of the bicycle relocation process and provided
an integer linear programming problem and an approximation algorithm. Schuijbroek et al.
(2016) [10] proposed an approach for determining the tours while considering the bicycle
demand. It is difficult to directly compare these related studies because of the differ-
ent constraints that have been considered. This is also mentioned in Kloimiillner et al.
(2014) [11].

The research on BSS is not only about the relocation of bicycles, but also about the
further development of BSS. To expand the BSS, it is necessary to install ports in locations
where there is a demand for bicycles. Makarova et al. (2020) [12] proposed port installa-
tions and developed a decision support system to automatically calculate the efficiency
of the port. They also proposed to assign a new BSS port to improve the safety of the
traffic system in Naberezhnye Chelny, Russia. Lyu et al. (2020) [13], in an effort to expand
BSS, interviewed the BSS users in Shanghai, China to determine the motivation of BSS
users and the factors impeding the development of BSS. As a result of the interviews, it
was determined that BSS users are motivated by convenience as well as savings in time
and money. However, the drawbacks of using BSS consist of poor bicycle maintenance,
mishandling by users and operational problems. Torrisi et al. (2021) [14] conducted a
survey targeting university students in Catania and Enna to determine the factors encour-
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aging and hindering the use of the bikes. The results of the questionnaire revealed that
health management had the highest weight among encouraging factors, while the lack
of infrastructure and safe cycle routes had the highest weight among hindering factors.
Cheng et al. (2021) [15] investigated the effect of public transportation closures on BSS
demand in Washington D.C. It was determined that, in the case of public transportation
closures, BSS is used as supplementary transportation, and the frequency of bicycle use
depends on the proximity of the ports to metro stations. They also showed that extreme
weather prevented the use of bicycles.

In our previous study, we formulated a new bike sharing system routing problem,
called the “multiple-vehicle bike sharing system routing problem” (mBSSRP) [16]. In mB-
SSRP, multiple vehicles visit all ports only once within a time limit. We then confirmed that
an optimal solution could be obtained by using a mixed-integer linear programming (MIP)
solver for small-sized instances [16,17]. For large-sized instances, however, the optimal
solution could not be found within a reasonable time frame. We have already proposed
construction and local search methods for mBSSRP [18]. Through numerical experiments,
we confirmed that the proposed method constructs short tours in a short time. However,
the construction method used in Ref. [18] cannot provide feasible solutions for some bench-
mark instances due to the strict constraints of the mBSSRP. Thus, a method that can provide
feasible solutions for any instances is required.

In real-life problems, a solution is required even when all constraints are not satisfied.
For example, an operation that could be completed in a few minutes will still be carried out
beyond the time limit. To address such cases, we formulated a new bike sharing system
routing problem called the “multiple-vehicle bike sharing system routing problem with soft
constraints” (mBSSRP-S). In the mBSSRP-S, some constraints of the mBSSRP are removed,
while adding weighted penalties to the objective function for the violations corresponding
to these constraints. Thus, the solution space of mBSSRP is explored such that if the penalty
value of an mBSSRP-S solution is zero, the solution is feasible; however, if the penalty value
is greater than zero, the solution is infeasible. By solving the mBSSRP-S, we can explore the
feasible and infeasible solution spaces of the mBSSRP.

The aim of solving the mBSSRP-S is to obtain feasible solutions. To this end, we
propose a meta-heuristic method that explores the feasible and infeasible solution spaces.
The proposed method consists of three steps. First, an initial solution is constructed. Next,
the initial solution is improved by the local search methods. However, the local search
methods cannot find the optimal solution when they are trapped in local minima. To
avoid local minima, or to jump out of a local minimum in the search space, several meta-
heuristics are proposed, such as genetic algorithms [19], simulated annealing [20], neural
networks [21-23] and the tabu search [24,25]. In this study, we used the tabu search to find
better solutions for mBSSRP [24,25]. The tabu search is one of the most powerful meta-
heuristic methods and has proved effective in solving many combinatorial optimization
problems, such as the traveling salesman problem [26], quadratic assignment problem [27]
and vehicle routing problem [28].

Moreover, to search the feasible and infeasible solution spaces effectively, we propose
a weight adjusting method that dynamically adjusts the penalty weights in accordance
with an obtained solution. We investigate the effectiveness of the proposed method for
solving the mBSSRP. The results of the numerical experiments demonstrate that searching
both the feasible and infeasible solution spaces yields a feasible solution for all instances
and is effective in solving problems with strict constraints.

2. Problem Formulation

In this section, we present two types of mBSSRP formulations. In the first problem,
there are strict constraints regarding the time limit and the number of bicycles that the
vehicles can restore to each port. The first problem is referred to as mBSSRP. In the second
problem, some constraints of the first problem are removed and the violations of these
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constraints are added to the objective function of the first problem as penalties. The second
problem is referred to as mBSSRP-S.

2.1. Multiple-Vehicle Bike Sharing System Routing Problem

In this section, an integer linear programming formulation of mBSSRP is described.
The mBSSRP consists of a depot and many ports where rental bicycles are parked. The
ports are classified into two sets: (i) a set of delivery ports with a shortage of rental bicycles
and (ii) a set of pickup ports. From the pickup ports, some bicycles are transported to the
delivery ports because of inadequate bicycle parking space. In mBSSRP, multiple vehicles
transport the bicycles from the pickup port to the delivery port. All vehicles start from the
depot, load and unload bicycles at the corresponding ports and return to the depot. The
vehicles can leave the depot loaded with bicycles because there are many bicycles at the
depot. The tour of the vehicles must satisfy the following constraints:

e Time limit constraint
All vehicles must start at the depot and return to the depot within a limited time.
¢ Capacity constraint
The number of bicycles loaded onto the vehicle cannot exceed its capacity throughout
the tour.
*  Visiting constraint
Each port must be visited exactly once by a vehicle.
* Loading and supplying constraint
The vehicle must load all excess bicycles and supply the required bicycles in one visit.

Under the above constraints, the goal of the mBSSRP is to find tours that minimize
the total travel time of all vehicles.

Let G = (V,E) be a graph, where V = {0,1,...,n} is a set of nodes representing a
depot {0} and ports {1,...,n}, and E is a set of edges. Let t;; be the travel time from port i
to port j (t;; = t;;). Let b; be the number of excess or shortage bicycles at port i. If b; > 0,
b; bicycles are in excess at port i. In this case, b; bicycles at port i are transported to the
delivery ports. If b; < 0, the vehicle must supply b; bicycles to port i. In mBSSRP, the excess
bicycles are delivered to the delivery ports by multiple vehicles. The set of capacitated
vehicles is K = {1, ..., m}. The vehicles cannot carry more than ¢ bicycles. The capacity
g is max |b;| < g, because the vehicle can visit each port only once. It takes T minutes to
load /unload one bicycle onto/from the vehicle. The vehicle leaving the depot must restore
the bicycles and return to the depot within T minutes.

We introduce four decision variables (Table 2), yj, Xijx, zijx and f;j. The first variable
Yix is a 0-1 variable and denotes whether vehicle k visits port i (y;; = 1) or not (y; = 0).
The second variable x;j is also a 0-1 variable and denotes whether vehicle k moves from
port i to port j directly (x; = 1) or not (x;, = 0). The third variable z;j is a non-negative
variable that represents the number of bicycles loaded onto vehicle k when vehicle k moves
from port i to port j. This third variable z;j is essential: in the static rebalancing problem,
the direction of the vehicle is very important, because the number of bicycles on the vehicle
depends on the direction. Let us suppose that five bicycles must be supplied at port 1;
two bicycles must be picked up at port 2; and the vehicle is loaded with three bicycles.
In this case, the vehicle can travel from port 2 to port 1, but not from port 1 to port 2.
This is because, if the vehicle picks up the two bicycles at port 2 before visiting port 1,
it cannot supply five bicycles at port 1. Thus, if the decision variable z;j is not defined,
vehicle k cannot determine if it can move from port i to port j. To eliminate sub-tours, the
fourth non-negative variable f;j is used, which represents the number of ports visited by
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vehicle k before it reaches port j from port i. Using these four variables, the integer linear
programming formulation for the mBSSRP is described as follows:

minimize Z Z Z tijxijk (1)

i€V jeV keK
subject to Y. xp<m Vk € K )
jev\{o}
Z Xpok < m Vk € K 3)
heV\{0}
Y Xnik = ik Vie V\ {0}, Vk e K )
hev
Y Xijk = Vi vie V\ {0}, vk e K (5)
jev
Y yik=1 vie v\ {0} ©6)
kek
Zjjk >0 Vi, \V/] eV, VkeK (7)
Zijk < qxijk Vi, V] ev, Vk € K (8)
Yz — Y Zhik = biva VieV,VkeK ©)
jev heV
Z Z tijxijk +7T Z |bi|yik <T Vk € K (10)
i€V jev 9%
fojk =0 Vje v\ {0}, Vk e K (11)
Yo ) fuk=n (12)
heV\{0} keK
fijke < nxije VieV,¥jeV,YkeK  (13)
fix =0 VieV,VjeV,VkeK (14)
Y fik— Y fuik = Yik Vie V\{0}, Vk e K (15)
jev heV
Yik € {0,1} VieV,VkeK (16)
xij € {0,1} VieV,VjeV,VkeK (17)

Equation (1) is the objective function of the mBSSRP used to minimize the total travel
time of all vehicles. Equations (2) and (3) describe that bicycles can be relocated using
up to m vehicles, which leave from and return to the depot. Equations (4)—(6) state that
every port should be visited exactly once by a vehicle. Equation (7) states that when the
vehicle moves from port i to port j, the number of bicycles loaded onto the vehicle is
larger than 0, and Equation (8) states that when the vehicle moves from port i to port
j, the number of bicycles loaded onto the vehicle is less than the capacity of the vehicle
throughout the tour (capacity and loading constraints). Equation (9) states that after visiting
port i, the number of bicycles on the vehicle can increase or decrease (supply constraint).
Equation (10) describes that all vehicles must return to the depot within the time limit T.
Equations (11)—(15) are sub-tour elimination constraints obtained using flow formulation.
Finally, Equations (16) and (17) define the variables as binary values. Our formulation of
mBSSRP has a time limit constraint and a requirement that all ports are visited, which are
not considered in the other BSS study formulations. Thus, all variables are needed.
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Table 2. The four decision variables used in the mBSSRP.

Yik vehicle k visits port i (y; = 1) or not (y;x = 0)

Xijk vehicle k moves from port i to port j directly (x; = 1) or not (x;j = 0)
Zijk the number of bicycles loaded onto vehicle k when vehicle k moves from port i to port j
fijk the number of ports visited by vehicle k before it reaches port j from port i

2.2. Multiple-Vehicle Bike Sharing System Routing Problem with Soft Constraints

In the mBSSRP, there are three strict constraints, namely the time limit, the capacity
and the loading and supplying constraints. As for the time limit constraint, in real life,
if a work can be completed through overtime within a few minutes, we would work
beyond the time limit. As for the loading and supplying constraints, if we have only four
bicycles and are required to supply five bicycles, in real life, we would only supply the four
bicycles. In other words, the mBSSRP constraints should not be treated strictly in real-life
situations. We propose a problem that treats some of the mBSSRP constraints as penalties.
In this problem, violations of these constraints are added to the mBSSRP objective function
(Equation (1)). The resulting problem is called mBSSRP-S.

In the mBSSRP-S, the time limit constraint (Equation (10)), the loading and capacity
constraints (Equation (8)) and the supplying constraint (Equation (9)) are removed. Instead,
the violations of these constraints are added as penalties to obtain the following objective
function for the mBSSRP-S.

minimize Yo Y Y i +apr + B(poy + po)- (18)
i€V jeV keK

In Equation (18), the first term is the sum of the travel times of all vehicles, which is
the objective function of mBSSRP. The working time is the sum of the traveling times of the
vehicles and the loading and supply times of the bicycles. In Equation (18), « and p are
the weights of the penalties for the time limit constraint, and the loading and supplying
constraints, respectively; pr is the excess working time extending beyond T; p, refers
to the loading and the capacity violation of the bicycles, representing the total number of
bicycles that could not be loaded onto the vehicles at the pickup ports; p;_ refers to the
supplying violation of the bicycles, representing the total number of bicycles that could not
be unloaded bicycles to the delivery ports.

Figure 1 shows examples of the violation of the loading and supplying bicycles.
In Figure 1, the capacity of the vehicle is five. In Figure lab, the vehicle must load
three bicycles at port i (colored in red). In Figure 1a, the vehicle can take all bicycles
because the number of bicycles loaded onto the vehicle before visiting port i is two. On the
other hand, in Figure 1b, the number of bicycles loaded onto the vehicle is four. Then,
the vehicle can load only one bicycle. Therefore, the two bicycles cannot be loaded onto the
vehicle. The number of unloaded bicycles is two, and the loading penalty is added to the
objective function, namely p;, = 2. Figure 1c shows an example of the supplying violation.
In Figure 1c, the vehicle must supply three bicycles to port i (colored in blue). However,
the number of bicycles loaded onto the vehicle is only one. Therefore, the two bicycles
cannot be supplied at port i. The number of unsupplied bicycles is two, and the supplying
penalty is added to the objective function, namely p;,_ = 2. When pr, py+ and p;,_ are zero,
the solution is a feasible mBSSRP solution. However, if one of them is positive, the solution
is an infeasible mBSSRP solution.
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(a) All bicycles can be loaded. (b) All bicycles cannot be loaded.  (c) Sufficient bicycles cannot be supplied.

Figure 1. Examples of the loading violation and the supply violation (a—c). In these examples, the capacity of the vehicle

is five (3 = 5). Red and blue circles indicate ports. The numerals in the circles are the shortage and excess number of

bicycles. At the red port, there are three excess bicycles. Thus, the vehicle must load three bicycles. At the blue port, there

is a shortage of three bicycles. Thus, the vehicle must supply three bicycles; however, only one bicycle is supplied in this

example.

In Equation (18), « and B are the weight parameters of the penalty. If the parameters
are set to a large value, a small constraint violation becomes a large penalty. Nonetheless, it
is possible to search for a solution that sufficiently satisfies the mBSSRP constraints. In the
actual relocation operation, it may not be possible to obtain a solution that satisfies all of
the constraints, i.e., we may not be able to find a feasible mBSSRP solution. In such a case,
adjusting the values of & and 8, we can decide on a priority order for the constraints.

3. Heuristic Methods

An optimal solution can be obtained by using an exact algorithm using the mBSSRP
formulation and a general-purpose MIP solver. However, for an instance with a large number
of ports, it is almost impossible to obtain an optimal solution in a reasonable time frame using
the exact algorithm. Therefore, we used an approximation algorithm, a construction method,
local search methods and the tabu search as a meta-heuristics method. The construction
method is used to construct an initial solution. The local search methods ensure decent
downbhill dynamics. The tabu search is used to escape from local minima.

The proposed method can find a solution to mBSSRP or mBSSRP-S in three steps. First,
an initial tour is constructed by the construction method. Second, the initial solution is
improved by the local search methods, consisting of the inserting method and the swapping
method. Then, to find a good solution for mBSSRP, the execution of the CROSS-exchange
and the Or-opt are controlled by the tabu search. Figure 2 is a flowchart of the proposed
method. In the following subsections, we explain the construction methods, the local search
methods and the tabu search in more detail.
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Input data

|Construction method|
I

Inserting method

Local search method
Swapping method

i =1; i < iteration; i++

Tabu search method

Cross-exchange
Or-opt

Obtained feasible solution
Yes

end

Inserting method

Local search method
Swapping method

Figure 2. Flowchart of the proposed method. We construct an initial tour using the construction
method. Then, we improve the initial tour using the inserting method and the swapping method.
Next, the CROSS-exchange and the Or-opt are controlled by the tabu search and aim to transition to
a feasible solution of mBSSRP. After feasible solutions of mBSSRP are obtained in the tabu search
process, the 2-opt is executed. If we cannot obtain a feasible solution, the 2-opt method is not
executed. Finally, to obtain better solutions, we execute the inserting method and the swapping
method again.

3.1. Construction Method

We introduce two construction methods. The first method constructs a feasible solu-
tion for the mBSSRP and the second constructs a feasible solution for the mBSSRP-S. The
first construction method sequentially inserts a port into a current tour until all ports are
visited by a vehicle. We refer to the first construction method as “the cheapest insertion
method”. When a port is inserted into the current tour, the resulting new tour must satisfy
the constraints of the mBSSRP. The algorithm of the first construction method is described
as follows:

1. Portiis randomly selected. If the number of bicycles at port i is negative (b; < 0), the
vehicle departs from the depot after loading b; bicycles, supplies b; bicycles to port i
and returns to the depot. However, if b; > 0, the empty vehicle goes to port i to load
b; bicycles and returns to the depot. In Figure 3a, the red port is a randomly selected
port, and the pink vehicle goes to the selected red port and returns to the depot.

2. An unvisited port k is inserted into the current tour. To insert the unvisited port
into an edge (i, ) in the current tour, the cost Ay; = tj + tj — t;; is calculated for
all unvisited ports k. If the sub-tour after inserting port k into the edge (7, j) cannot
satisfy the constraints of the mBSSRP, this inserting operation is prohibited.

3. Portk, where the cost Aj; is minimum, is inserted into edge (i, j). In Figure 3b, the red
port is inserted into the tour of the pink vehicle.

4. When no ports satisfy the constraints, another vehicle goes to the unvisited port
nearest to the depot. Figure 3c shows such a case; the red port is inserted into the
tour of the pink vehicle; however, the time limit constraint is not satisfied. Therefore,
a new vehicle (yellow) goes to the unvisited port nearest to the depot and returns to
the depot as shown in Figure 3d.
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5. Steps 2 to 4 are repeated until all ports are visited once by one of the vehicles
(Figure 3e).

6. If all vehicles are already used and there exist unvisited ports, the method cannot
construct a feasible mBSSRP solution. In Figure 3f, the red port cannot be visited by
any vehicle. This is an infeasible solution.

The second construction method is used for the construction of a feasible mBSSRP-S
solution. We refer to this as “the farthest insertion method”. It is often used as one of the
construction methods for solving the traveling salesman problem. The algorithm of the
second construction method is described as follows:

1.  We randomly select m ports, where m is the number of vehicles. In Figure 4, the num-
ber of vehicles is three. Each vehicle goes to one of the selected ports and returns to
the depot. In Figure 4a, three red ports are randomly selected. In Figure 4b, the blue,
yellow and pink vehicles go to one of the selected ports and return to the depot.

2. An unvisited port k, which is the farthest from the depot, is selected. In Figure 4c,
the farthest port from the depot is shown in green.

3. Port kis inserted between port i and port j in the tour, where Ay; = tj + f;; — £ is
minimized, which means that an increase in the tour length after the insertion of the
farthest port is minimum. In Figure 4d, the farthest port (green) is inserted into the
tour of the blue vehicle.

4.  Steps 2 and 3 are repeated until all ports are visited once by one of the vehicles.

Ne
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Figure 3. The cheapest insertion method. Black rectangles indicate depots and circles represent ports. (a) A red port is

Cannot visit

Infeasible

randomly selected and visited by the pink vehicle. (b) An unvisited port is inserted. (c) If the travel time of the pink vehicle
exceeds the time limit after inserting the red port, (d) another vehicle (yellow) visits the nearest port from the depot. (e) An
example of a feasible solution. (f) An example of an infeasible solution.
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Figure 4. The farthest insertion method using three vehicles (m = 3). Black rectangles indicate depots

and circles represent ports. (a) Three red ports are randomly selected. (b) The selected red ports are
visited by the vehicles. (c) The farthest port (green) from the depot is selected. (d) The farthest port is
inserted into the tour of the blue vehicle.

3.2. Local Search Methods

To improve the initial tour, the following five local search methods were used: the
inserting method, the swapping method, the Or-opt [29], the CROSS-exchange [30] and the
2-opt method. While the inserting, the swapping and the 2-opt methods improved a
single tour, the CROSS-exchange and the Or-opt improved the total travel time using two
different tours.

In the inserting method, a partial tour whose length covers a maximum of three ports
in a tour is inserted into an edge in the same tour. In Figure 5a, a partial tour i’ — k is
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inserted into an edge (j, ;') in the same tour. The swapping method swaps a partial tour
for another partial tour in the same tour. In Figure 5b, a partial tour i — k is swapped for a
partial tour j' — I. The Or-opt inserts a partial tour of a tour into an edge in another tour. In
Figure 5¢, a partial tour i’ — k in the orange tour is inserted into an edge (j, ;') in the gray
tour. In the Or-opt, the number of vehicles can be reduced, because of the insertion of ports.
The CROSS-exchange replaces a partial tour in a tour with a partial tour in another tour.
In Figure 5d, a partial tour i’ — k in the orange tour is exchanged with a partial tour j/ — I
in the gray tour. The neighborhood solutions of the CROSS-exchange include that of the
Or-opt. The 2-opt method deletes two edges in a tour and adds two new edges in the tour.
In Figure 5e, two edges i — i’ and j — j’ are deleted, and two new edges i — j and i’ — j’ are
added. The 2-opt method is used to improve a current solution if the current solution is a
feasible solution obtained during the searching process using the tabu search.

Tl G Sl G B

F'H@\ 000, —— 580 f\

\0 ,,,,,,,,,,,,, 50 \QQQ.{Q«Q/. rrrrrrrrrrrrrr 0/ 1‘0'0*0*0 Oj ‘—0‘/

(a) The inserting method  (b) The swapping method (c) The Or-opt  (d) The CROSS-exchange  (e) The 2-opt

Figure 5. Five local search methods (a—e) used in this study. Black rectangles represent depots and gray and orange circles
indicate ports. Letters in the circles indicate the port number. In these figures, dotted lines represent edges removed by the
local search method, and green lines represent newly added edges.

3.3. Tabu Search Method

Most solutions obtained by the local search methods are locally optimal solutions
but not the globally optimal solution. Hence, to find the globally optimal or near-optimal
solutions, we used the tabu search [24-26]. The tabu search is one of the most powerful
meta-heuristic strategies for solving combinatorial optimization problems. In the tabu
search, to prevent a periodic search, previous solutions are stored in a tabu list for a certain
amount of time. This duration is called a tabu tenure. During the tabu tenure, solutions are
prohibited from moving to solutions in the tabu list.

In the proposed method, a current solution moves to the best neighborhood solution
generated by the CROSS-exchange or the Or-opt. The combination of ports i’ and j/
(Figure 5c¢,d) is then stored in the tabu list. During the tabu tenure, the CROSS-exchange or
the Or-opt cannot be performed on ports i’ and j’ because they are now in the tabu list. If a
feasible mBSSRP solution is obtained using the tabu search method, the 2-opt algorithm
is applied to the feasible solution to obtain a solution that is even better than the current
one (Figure 5e). The tabu search explores the solution space of the mBSSRP through many
iterations. Finally, the best solution obtained through the tabu search is further improved
upon by using the inserting and the swapping methods (Figure 5a,b).

3.4. Dynamically Changing Weight of Penalties

When the penalty values in the mBSSRP-S objective function are zero, the solution
is a feasible mBSSRP solution. In contrast, if one of the penalty values is larger than zero,
the solution is an infeasible mBSSRP solution. To obtain feasible mBSSRP solutions from
mBSSRP-S solutions, the parameters a and f in the mBSSRP-S objective function must be
set to appropriate values. If the parameters are small, the penalty becomes weak even
when the solution has several constraint violations. Then, the method tends to search
the infeasible solution space of mBSSRP. Thus, it is difficult to obtain a feasible mBSSRP
solution. If the parameters a and 3 are large, the current solution moves to a solution space
that has small constraint violations, because these slight constraint violations result in a
strong penalty. To perform an effective solution search for a good mBSSRP solution, the
values of the parameters « and § must be adjusted in accordance with the solution states.
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To adjust these values, we introduced a strategy based on a method for solving the
vehicle routing problem with time window (VRPTW) [31]. The objective of the VRPTW is
to find the shortest tour that serves all customers while satisfying the capacity, time limit
and time window constraints associated with each customer. It is difficult to find a feasible
solution for the VRPTW due to multiple constraints. To relax the constraints of the VRPTW,
the vehicle routing problem with soft time windows (VRPSTW) was proposed. In the
VRPSTW, the time windows can be violated if a penalty is paid. To find feasible VRPTW
solutions, the weight penalty for the time windows is dynamically changed to obtain many
feasible VRPTW solutions [31].

Thus, for the mBSSRP-S study, we extended this method [31] to dynamically adjust
the weights of the penalties. In VRPSTW [31], there is a single weight parameter, while
in mBSSRP-S, there are two weight parameters a and B. Thus, we had to consider how to
change the values of two parameters. To adjust the weights of the penalties dynamically,
the objective function of the mBSSRP-S was modified as follows:

z(t) =) Y ) tijxie + a(t)pr(t) + B(t) (pqs (£) + pq— (), (19)

i€V jeV kek

where z(t) is the objective function of the mBSSRP-S at time ¢; a(¢) and B(t) are the weights
of the penalties for the time limit constraint and the loading and supplying constraints,
respectively; pr(t) is the excess work time at time ¢, which extends beyond the time limit
T; pq+(t) refers to the loading violation of the bicycles at time ¢, where loading violation is
defined as the total number of bicycles exceeding the loading capacity of the vehicle; pq—(t)
refers to the supplying violation, representing the total number of bicycles that could not
be supplied.

In this method, if a feasible solution is obtained at time ¢, the weight parameter is
decreased, making it is easy to move to an infeasible solution at time ¢ + 1. However, if
an infeasible solution is obtained at time ¢, the weight parameter is increased, making it
easy to move to the solution with small constraint violations at time t 4 1. In this study, we
propose two methods for adjusting the weights of the penalties.

The first method (Method 1) updates the weights through the following equations:

e - (Um0

and

_ [ AB(t), if pqy(t) + pg-(t) >0,
A+l = {uﬁm, if pa (1) + pa_ (1) =0, @b

where the parameter A is an increasing parameter (A > 1) and the y is a decreasing
parameter (0 < p < 1). If the penalty of a solution at time ¢ is positive, the value of the
weight corresponding to the penalty is increased. In contrast, if a penalty value is zero,
the corresponding weight is decreased. After updating the weights, if the values of the
weights are less than 1.0, the weights are set to unity (x(t+1) =1 or f(t+1) = 1).

If the solution violates both penalties, Method 1 increases the weights of both con-
straints to find a solution with a lower penalty at the time of the next iteration. As the
weight increases, the searching strategy becomes almost identical to the search used for the
feasible mBSSRP solution space.

To search the infeasible mBSSRP solution space widely, we introduced a second method
(Method 2). In Method 2, when the solution violates both constraints, first, the values of
penalty for the time limit and the loading and supplying constraint are compared. If the
penalty of the time limit constraint is larger than that of the loading and supplying constraint,
only the weight of the time limit penalty a(t) is increased. Although the solution violates the
loading and supplying constraint, B(t) is decreased. Meanwhile, if the penalty of the loading
and supplying constraint is larger, B(t) is increased and «(t) is decreased. In a combinatorial
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optimization problem, good solutions have similar structures. Hence, there may be other
feasible shorter mBSSRP tours around the feasible mBSSRP solution. In Method 2, if pr(#) = 0
or ppy () + pp_ () = 0, the corresponding «(t) or B(#) is not updated.

Method 2 updates the weights as follows:

Aa(t) if a(t)pr(t) > B(t)(pq+(t) + pg-(t)), and pr(t) #0,

at+1) = J Fe®) iEa®pr(t) <B(t)(pgs(H) +pq- (1)), and pr(t) 20, 22)
a(t) if a(t)pr(t) = B(t)(pq+ () + pg—(t)), and pr(t) #0,
a(t) if pr(t) =0,

and

t) if a(t t) > B(t t) +pq—(t)), an £)+ pg—(t) #0,
B(t+1) . t)ZT 1Z 8 (Z‘li Pq Pa+ Pq 0 (23)

(£) + pq- (1)), and pq+(t) + pg-(t)

Thus, if both the time limit and the loading and supplying constraints are violated,
in Method 1, both parameters «(t) and B(t) are increased. In Method 2, the parameters
a(t) and B(t) are adjusted after comparing the time limit penalty with the loading and
supplying constraint penalty. If the penalties associated with the time limit and the loading
and supplying constraints equal 0, both parameters «(t) and p(t) are decreased in Method
1; however, the parameters a(t) and () are not updated in Method 2. After updating
the weights, if the values of the weights are less than unity, then they are set to unity
(a(t+1)=TorB(t+1)=1).

4. Numerical Experiments

To evaluate the performance of the proposed method, we built a benchmark problem
for the mBSSRP. We distributed n = 10, 30, 50 ports uniformly in a 10 km? region. The
number of bicycles at port i, b; was set to a random number integer between —5 and +5
at intervals of 1. Note that ! ;b; = 0. The number of vehicles was set to a maximum of
three. In applying the CROSS-exchange and the Or-opt, if the constraints are satisfied and
the number of tours can be decreased, the number of vehicles is decreased such that the
relocation of bicycles is performed by one or two vehicles. The capacity of the vehicle was
g = 5. The moving speed of the vehicle was 30 [km/h]. The loading or unloading time of a
bicycle was T = 2 [min]. The time limit T was 120 [min] for n = 10 and 30 and 210 [min]
for n = 50.

4.1. Results of the MIP Solver

First, we performed numerical experiments to find an optimal solution using the
mBSSRP formulation and the MIP solver. For the simulation, we used the Gurobi optimizer
9.1.1 [17]. These numerical experiments were performed on an iMac with a 3.2-GHz 4-Core
Intel Core i5 processor and 40 GB RAM. If an optimal solution was not obtained within
12 h, then the best solution obtained within that period was output.

Table 3 presents the results of the numerical experiments. The first column contains the
instance numbers, the second column provides the values of the objective function, and the
third column provides the calculation times. If the CPU time was less than 43,200 [s]
(=12 [h]), then an optimal solution was obtained by the Gurobi optimizer. According to
Table 3a, for small-sized instances, the optimal solution was obtained for all instances in a
short time. However, when the number of ports was increased to 30 or 50, the calculation
times became prohibitively long. For instances 3 and 6 of n = 30 (Table 3b), no feasible
solutions were obtained. For instance 2 of n = 30 (Table 3b) and all instances of n = 50
(Table 3c), no optimal solutions were found within 12 h. In such cases, the tables display
the best solution obtained within the 12 h period.
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4.2. Results of the Proposed Method

To evaluate the performance of the proposed method, we generated 50 initial solutions
using the cheapest insertion method for the mBSSRP and the farthest insertion method for
the mBSSRP-S. The tabu tenure was set to 20, and the number of iterations was set to 1000.
The initial weights were set to #(0) = 1 and (0) = 1. The increasing A and decreasing
parameters u were set to 1.05 and 0.7, respectively. In evaluating the solutions generated
by our method, we used the gap between our solution and the optimal or best solutions
(Table 3b,c). The gap is defined by the following equation:

Obtained best solution — Optimal or Best solution

0, —
Gap[%] = Optimal solution

x 100. (24)

Thus, small gaps indicate good performance. Tables 4-8 present the results. The first
column provides the instance numbers and the second to fourth columns present the average
gaps obtained after 50 trials of the proposed method with the best and worst gaps as deter-
mined from the optimal or best solution. The gaps were calculated using Equation (24). The
fifth column states the number of feasible solutions obtained during 50 trials.

As observed in Table 4, the method that only searches the feasible solution space does
not yield a feasible mBSSRP solution for n = 30 and 50. In Table 4a, “-” indicates that the
feasible solutions are not obtained. Then, for instances 3, 5, 7, 9 and 10 of n = 50 (Table 4b),
the best gaps take negative values, which means that the method exploring the feasible
solution space obtained better solutions than those obtained by the Gurobi optimizer 9.1.1
in 12 h. From Table 4, we cannot obtain feasible solutions for most of the instances. These
results indicate that it is difficult to find feasible mBSSRP solutions when only the feasible
solution space is explored.

Therefore, to find feasible mBSSRP solutions, we solved the mBSSRP-S with fixed
values of the weight parameters. Tables 5 and 6 present the results. With the Gurobi
optimizer, it takes about 12 h for 30 ports, and more than 12 h for 50 ports to obtain
feasible solutions. Such long times are not realistic. Meanwhile, the average calculation
times of the proposed method are 14.7 [s] (n = 30) and 56.5 [s] (n = 50). Therefore, the
proposed method can obtain better results, in a time shorter than that required by the
Gurobi optimizer.

As observed in Tables 4a and 5a, the method that explores both feasible and infeasible
solution spaces of the mBSSRP obtains many feasible solutions compared to the method
that searches only the feasible solution space. In addition, according to Table 5a,b, when
the parameters « and § have large values, the number of feasible solutions increases,
and the average gap indicates that the method performs well. Moreover, the method that
explores both the feasible and infeasible solution spaces finds optimal solutions for multiple
instances. The difference between the best and worst gaps is large for n = 30 (Table 3).
Tables 4b and 6 indicate that for n = 50, we can obtain numerous feasible solutions when
the parameters « and $ have large values.
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”

Table 3. Optimal or near-optimal solution obtained by the Gurobi optimizer. Symbol “-” means that
no feasible solutions can be found by the Gurobi optimizer 9.1.1 within 12 h. Symbol “*” means
that an optimal solution can be obtained using the Gurobi optimizer 9.1.1 within 12 h. (a) n = 10.

(b) n = 30. (¢) n = 50.

(@

No. Objective Function CPU-Time [s]
1 45,346 * 1.31
2 32,530 * 0.21
3 63,209 * 1.37
4 27,522 * 0.43
5 45,971 * 1.20
6 32,828 * 1.44
7 38,623 * 1.82
8 40,304 * 1.20
9 41,640 * 0.76
10 31,825 * 0.93

(b)

No. Objective Function CPU-Time [s]
1 80,740 * 307.61
2 78,903 43,200.00
3 - -
4 73,681 * 1048.03
5 72912 * 21,800.49
6 - -
7 74,625 * 3499.36
8 68,347 * 1068.09
9 73,328 * 1347.61

10 66,403 * 219.87
(c)

No. Objective Function CPU-Time [s]
1 101,119 43,200.00
2 100,356 43,200.00
3 82,201 43,200.00
4 95,257 43,200.00
5 96,297 43,200.00
6 107,727 43,200.00
7 93,003 43,200.00
8 93,003 43,200.00
9 84,409 43,200.00

10 88,029 43,200.00

Tables 7 and 8 present the results obtained using the method of dynamically adjusted
parameters. From Tables 7 and 8, the number of feasible solutions is 50 for almost all
instances. The difference between the best gap and the worst gaps is smaller than that of
the fixed case, as can be observed in Tables 5 and 6. The results indicate that the weight
adjusting method can effectively control the search in the feasible and infeasible solution
spaces. However, there is no significant difference between Method 1 and Method 2.
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Table 4. Results of exploring feasible solution space for solving the mBSSRP. Ave., Best and Worst

”

represent the average, best and worst gaps calculated using Equation (24). Symbol “-” means that no
feasible solutions can be obtained. The feasible solutions of the instances 3 and 6 (n = 30) cannot be
found using the latest version of the Gurobi optimizer 9.1.1. For n = 50, negative values of the best
gaps mean that the method can find better solutions than that found by the Gurobi optimizer 9.1.1
within 12 h. Symbol “*” means that an optimal solution can be obtained using the Gurobi optimizer

9.1.1 within 12 h. (a) n = 30. (b) n = 50.

(a)

No. Ave. Best Worst # of Feasible
1 - - - 0
2 - - - 0
4 - - - 0
5 - - - 0
7 - - - 0
8 1.90 0.00 * 15.95 32
9 - - - 0
10 - - - 0

(b)

No. Ave. Best Worst # of Feasible
1 - - - 0
2 - - - 0
3 4.59 -1.76 10.01 35
4 2.96 1.35 3.76 3
6 3.94 1.88 5.99 2
5 0.16 —3.92 3.81 11
7 3.44 —0.62 7.13 15
8 - - - 0
9 3.23 —0.63 5.25 20

10 0.79 -3.14 5.87 34

The searching processes used in Method 1 and Method 2 when solving mBSSRP-S are
shown in Figure 6. The horizontal axis shows the number of iterations and the vertical
axis shows the objective function value (Equation (19)). In Figure 6, it is observed that
feasible mBSSRP solutions are not obtained (black circle) with 200 iterations in Method 1
and with 400 iterations in Method 2. The parameters «(t) and B(t) were adjusted using
Equations (20) and (21) in Method 1, and Equations (22) and (23) in Method 2. After these
phases, as observed in Figure 6a, Method 1 finds several feasible mBSSRP solutions with
1000 iterations. However, Method 2 finds more feasible solutions than Method 1 according
to Figure 6b. When the penalty value is zero, Method 2 does not update the penalty weight
because the current value is appropriate for conducting a search on feasible mBSSRP
solutions. Once feasible mBSSRP solutions are obtained, Method 2 conducts repeated
searches for more feasible solutions.
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Table 5. Results of the method using fixed values of weight parameters for n = 30. Symbol “-”
means that no feasible solutions can be obtained. Feasible solutions of instances 3 and 6 cannot be
found by the latest version of the Gurobi optimizer 9.1.1 within 12 h. Symbol “*” means that an
optimal solution can be obtained using the Gurobi optimizer 9.1.1 within 12 h. (a) « = 200, 8 = 2000.
(b) & = 1000, B = 10, 000.

(€]

No. Ave. Best Worst # of Feasible
1 2.40 0.00 * 5.89 21
2 0.79 0.00 4.68 41
4 0.82 0.00 * 2.46 3
5 1.48 0.40 4.05 9
7 - - - 0
8 1.17 0.00 * 441 23
9 - - - 0
10 1.16 0.00 * 9.98 40
(b)
No. Ave. Best Worst # of Feasible
1 2.75 0.00 * 9.77 45
2 0.85 0.17 12.86 50
4 0.28 0.00 * 4.63 19
5 1.01 0.40 4.02 6
7 4.52 0.40 7.10 32
8 0.85 0.00 * 6.12 50
9 0.32 0.00 * 1.51 50
10 0.80 0.00 * 10.83 50

”

Table 6. Results of the method using fixed values of weight parameters for n = 50. Symbol “-” means
that no feasible solutions can be obtained. Negative values of average and best gaps mean that
the method can find better solutions than that found by using Gurobi optimizer 9.1.1 within 12 h.
(a) & = 200, B = 2000. (b) « = 1000, 8 = 10, 000.

(a)

No. Ave. Best Worst # of Feasible
1 241 241 241 1
2 2.51 —0.41 9.21 13
3 4.36 —0.69 10.71 7
4 5.53 1.60 9.92 9
5 —-0.57 —1.68 0.66 3
6 -0.23 —0.23 —-0.23 1
7 3.58 1.19 6.31 3
8 - - - 0
9 3.06 —0.63 5.26 17
10 0.50 —3.14 5.13 19

(b)

No. Ave. Best Worst # of Feasible
1 1.27 —1.61 5.87 47
2 2.57 —0.50 11.92 50
3 3.01 —2.11 13.31 49
4 3.59 —0.33 11.13 48
5 0.83 —3.92 4.80 50
6 3.23 —0.23 8.62 50
7 1.81 —0.69 8.06 50
9 4.33 —0.64 11.24 50

10 1.08 —3.44 9.78 50




Ikeguchi Laboratory 2021(p. 39 / 170)

Appl. Sci. 2021, 11, 7749 17 of 20

Table 7. Results of gaps in the method that dynamically adjusts weights for n = 30. Feasible solutions
of instances 3 and 6 cannot be obtained by the latest version of the Gurobi optimizer 9.1.1 within 12 h.
Symbol “*” means that an optimal solution can be obtained using the Gurobi optimizer 9.1.1 within
12 h. (a) Method 1 (Equations (20) and (21)). (b) Method 2 (Equations (22) and (23)).

(a)

No. Ave. Best Worst # of Feasible

1 2.03 0.00 * 5.74 48

2 1.08 0.00 413 48

4 043 0.00 * 3.21 50

5 1.75 0.00 * 6.18 35

7 5.19 0.40 10.18 41

8 0.38 0.00 * 3.51 50

9 1.22 0.00 * 5.33 50

10 3.44 0.00 * 12.36 50

(b)

No. Ave. Best Worst # of Feasible

1 0.83 0.00 * 3.56 50

2 0.56 0.00 3.53 49

4 0.20 0.00 * 5.07 50

5 1.64 0.00 * 4.47 48

7 3.09 0.00 * 6.68 50

8 0.84 0.00 * 5.95 48

9 0.22 0.00 * 0.67 48

10 1.03 0.00 * 12.33 46

Table 8. Results of gaps in the method that adjust weight dynamically for n = 50. Negative values
of average and best gaps mean that the methods can find better solutions than that found using
the Gurobi optimizer 9.1.1 within 12 h. (a) Method 1 (Equations (20) and (21)). (b) Method 2
(Equations (22) and (23)).

(a)

No. Ave. Best Worst # of feasible
1 0.26 —1.60 2.51 50
2 0.57 —0.41 3.15 50
3 1.55 —2.11 8.49 50
4 0.89 —0.33 6.49 50
5 —0.09 —3.30 3.43 50
6 1.73 —0.31 5.94 50
7 0.90 —0.69 6.56 50
9 2.02 —0.10 4.87 50
10 —-1.32 —3.40 2.19 50

(b)

No. Ave. Best Worst # of feasible
1 1.47 —1.66 5.47 50
2 224 —0.50 8.51 49
3 2.99 —2.11 11.48 49
4 2.20 —0.33 22.49 50
5 0.80 —3.61 7.60 50
6 3.60 —0.69 9.28 44
7 1.54 —0.69 6.89 48
9 3.23 —-0.15 11.40 50

10 0.59 —3.39 10.78 38
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Figure 6. Temporal changes in the process for searching objective function values in (a) Method 1
and (b) Method 2 when solving the mBSSRP-S (n = 30). Black circles represent when the method
finds feasible solutions of the mBSSRP. Results show that Method 2 finds more feasible solutions than
Method 1 during 1000 iterations.

5. Conclusions

In this study, to adjust the number of bicycles at ports in BSS, we solved the mBSSRP.
However, it is difficult to obtain feasible mBSSRP solutions because of strict constraints
such as the time limit, the capacity and the loading and supplying constraints.

Thus, to find feasible solutions for problems with strict constraints, we developed a
strategy of searching not only the feasible solution space but also the infeasible solution
space. To explore both the feasible and infeasible mBSSRP solution spaces, we introduced
the mBSSRP-S formulation whereby some constraints were removed and penalties were
added to the objective function for constraint violation. In addition, we introduced two
methods for dynamically adjusting the weights of the penalties, to enhance performance,
by effectively searching the feasible and infeasible solution spaces.

The results of the numerical experiments demonstrated that the proposed method
could find feasible solutions for almost all benchmark problems while identifying the opti-
mal solutions as well. Thus, it is effective to search both the feasible and infeasible solution
spaces. Moreover, we could enhance the performance of our process by introducing a
method for dynamically adjusting the weights for solving the mBSSRP-S; namely, we were
able to explore the infeasible solution space of the mBSSRP effectively. In this study, we
proposed a strategy of searching the feasible and infeasible solutions and showed that the
proposed strategy works well for instances of mBSSRP with 30 and 50 ports.

In the future, to obtain an optimal solution for larger instances using the MIP solver,
we will propose a more effective formulation with a smaller number of variables and
constraints. Although we used flow formulation (FF) to eliminate sub-tours in our study, we
also examined Miler, Tucker and Zemlin (MTZ) [32] formulation and conducted numerical
experiments. With FF, an optimal solution was obtained in a shorter time, possibly due
to the automatic cut generation function of the Gurobi optimizer. Although an important
issue, this was not investigated any further as it was not the focus of the current study.

In the numerical experiments, we used original benchmark instances because there
are no suitable research examples on BSS restoration. However, generating and sharing
benchmark instances in this field as well as comparing the performance of the proposed
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methods with existing ones are important issues to be addressed in the future. In addition,
to find good near-optimal solutions for large-scale instances, we intend to implement
algorithms using a meta-strategy, such as simulated annealing, genetic algorithm and ant
colony algorithm, and compare the performances. With the current relocation operation, it
may not be possible to obtain a solution that satisfies all conditions; namely, we may not be
able to find a feasible mBSSRP solution. In such a case, we must prioritize the constraints.

In a real BSS, the number of bicycles and empty docks at each port will change during
the relocation operation. Therefore, it is impossible to perfectly restore the BSS to its initial
state. An operational goal of the BSS is to always satisfy the user demand: users can rent
bicycles at any port and return bicycles to any port, any time during the day. To achieve
this goal, we need to predict the travel demands of the users in order to efficiently relocate
the bicycles by using the predicted data. To resolve this issue, it will be necessary to analyze
the occupancy level [33] and to come up with an efficient prediction model [34], based
on actual travel history data that are available for New York [35], Washington D.C. [36]
and Boston [37].

In this study, we used scenarios that randomly placed ports and compared the perfor-
mance of the proposed method, which explores both the feasible and infeasible solution
spaces, with the one that explores only the feasible solution space. To apply the proposed
strategy to real-world problems, different scenarios have to be entertained. One possible
strategy is to use real-life information from the rented and returned bicycle data of actual
travel history data [35-37]. This information would include the distribution of bicycles
at each port as well as the use frequency of the ports. Using this information, more effec-
tive strategies can be designed to solve real-world problems. Introducing additional soft
constraints could also be beneficial in improving the performance of real-world BSS.

In this study, to adjust and control the parameters « and B dynamically, we searched
all neighborhood solutions of the CROSS-exchange and the Or-opt. However, a long
time is needed to search for all neighborhood solutions of the CROSS-exchange and the
Or-opt. When we deal with a larger number of ports or more complex problems with soft
constraints, the calculation time further increases. Thus, as a future step, to reduce the
calculation time, one of the possible directions is to reduce the number of neighborhood
solutions by not searching all neighborhood solutions in the CROSS-exchange and the
Or-opt.
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Abstract

We can observe marked point processes in a wide variety of
natural phenomena. Thus, it is important to establish theories
and methods for analyzing such observed marked point pro-
cesses. In a nonlinear time series analysis, the theories are
the embedding theorems and the methods are the state space
reconstruction from the observed time series. Although it has
been revealed that we can reconstruct a state space from a
point process without marked values, it has not been clarified
yet whether we can reconstruct the state space from a marked
point process. Therefore, in this study, we numerically inves-
tigated whether a state space could be reconstructed from a
marked point process using a delayed coordinate system. To
assess the issue, we evaluated the similarity between the in-
terpoint distance distributions on an attractor of the original
dynamical system that generated the marked point process
and an attractor reconstructed from the marked point process.
Results of numerical experiments show that the interpoint
distance distributions in the original and reconstructed state
spaces are similar, implying that it is possible to reconstruct
nonlinear dynamical systems from the observed marked point
processes.

1. Introduction

In recent years, it has become possible to observe vari-
ous time series data with high precision because observa-
tional technologies have been much improved. Then, we can
observe marked point processes that are observed at irregu-
lar time intervals with a marked value. Typical examples of
marked point process data include spike trains derived from
neural activities, occurrence timings of seismic activities, and
temporal fluctuations of economic indices.

Identifying causal relations only from the observed data
would be useful to understand various phenomena. For ex-
ample, using a method for detecting causality, we can esti-
mate the network structure only from a multi-dimensional ob-
served time series [1]. Thus, various methods for estimating
causality from the observed time series, such as the Granger
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causality [2] and the transfer entropy [3], have been proposed.
However, it has been pointed out that these methods cannot
distinguish actual causality from spurious causality and that
they require a large number of data points [4]. On the other
hand, a method called convergent cross mapping [4], based
on the nonlinear dynamical system theory, has been proposed
to resolve these issues.

We have already proposed a causality detection method
for point processes [5-7] by modifying the convergent cross
mapping. The proposed method detects causality based on
information in the reconstructed state space. Then, we need
to reconstruct an attractor from the marked point process. Al-
though it is already known that we can reconstruct the at-
tractor from event intervals of the point process [8—10], it has
not been clarified yet whether we can reconstruct the attractor
from a marked point process.

Therefore, in this study, we investigate the possibility of
reconstructing the attractor of a nonlinear dynamical system
from a marked point process. Considering the marked point
process as a two-dimensional time series of event intervals
and marked values, we evaluate the validity of the method of
reconstructing the attractor from this two-dimensional time
series.

2. Method for Generating Marked Point Processes

In this section, we describe how to generate a marked point
process. We generated a marked point process by extracting
local maxima of a continuous time series (Fig. 1) [11]. In
Fig. 1, the nth event timing S(n) is defined as that when the
continuous time series takes the nth local maximum and the
marked value M (n) is its state value. Then, we define the nth
interevent interval (IEI) as T'(n) = S(n+ 1) — S(n). To gen-
erate the continuous time series and marked point processes,
we use the Lorenz system [12] as shown in Eq. (1).

i=o(-z+y)
y=—xz+rT—1Yy (1)
Z=uxy—bz

where we use the parameter values r = 28,0 = 10, and

127



Mn+1) ® :Marked value

M(n)

Mark

T(n)

1 1
S(n) S(n+1)

Figure 1: Schematic diagram of the method of generating a marked
point process by extracting local maxima of an original continuous
time series

b = 8/3 in this paper. These parameters are the most well-
known parameters for generating a typical chaotic behavior,
as first studied by Lorenz [12]. The reason why these param-
eters were used in Ref. [12] is that for » > 24.74, a chaotic
response was obtained.

3. Evaluation of Reconstructed State Space from Marked
Point Process

3.1 State space reconstruction from marked point
process

We describe how to reconstruct a state space from the
marked point process. First, we normalize the IEI time se-
ries 7'(n) and marked value time series M (n) to the range
[0, 1] by Egs. (2) and (3).

T(n) — Tmin

T(n) = T 7T 2)
max min

N M(n) — My

M(n) = H ®

where Tihax and T, are the maximum and minimum values
of T'(n), and Myax and My, are the maximum and mini-
mum values of M (n); T'(n) and M (n) are the normalized
IEIs and marked values. Then, the state space can be recon-
structed using the delay coordinate system [13] as follows:

V(n) = (M(n), T(n), -,

M(n+ (m—1)7), T(n+ (m —1)7))
where 2m is the reconstruction dimension and 7 is the time
delay. It seems reasonable to reconstruct the state space from
the time series of IEIs and marked values because it has al-
ready been shown that the state space can be reconstructed
from a multi-dimensional time series [14, 15].

If a nonlinear dynamical system can be reconstructed from
the marked point process, several properties of the nonlinear
dynamical system should be preserved in the reconstructed
state space: the orbital instability characterized by the Lya-
punov spectrum and the self-similarity of attractors charac-
terized by the fractal dimension. If the topological character-
istics of the dynamical system are preserved, the interpoint
distance distributions of the original and reconstructed attrac-
tors will be similar. Therefore, to evaluate whether the origi-

“
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nal dynamical system can be reconstructed, we calculate the
Jensen—Shannon (JS) divergence [16] between the interpoint
distance distributions in the original state space and the state
space reconstructed from the marked point process obtained
from the Lorenz system.

Then, we investigate whether the JS divergence between
the interpoint distance distributions of the original state space
and the state space reconstructed from the marked point pro-
cess is sufficiently small. We also generate the random shuf-
fle surrogate data (RSSD) of the marked point process and
evaluate the JS divergence between the interpoint distance
distributions of the original state space and the state space
reconstructed from RSSD as a baseline in our analysis. We
generate RSSD by randomly shuffling the temporal order of
the normalized IEIs and marked values independently. We re-
spectively define 7”(n) and M’(n) as the randomly shuffled
IEIs and marked values.

3.2 Jensen—Shannon (JS) divergence

The JS divergence [16] is defined as the sum of the
Kullback—Leibler (KL) divergences. The KL divergence is a
measure used to quantify the dissimilarity of two probability
distributions. The KL divergence of a probability distribution
P from a probability distribution @ is defined by

S P(k;)
Dkr(P = P(k;) lo

kL(P||Q) ; (ki) g(Q(ki)
where P(k;) and Q(k;) are the probabilities of the ith class of
the probability distributions P and () in ascending order and
N is the total number of classes. In this study, we set N =
20 in all the numerical experiments. From Eq. (5), the KL
divergence is an asymmetric measure, namely D 1, (P||Q) #

Dk (Q||P) except in the case that P(k;) = Q(k;) for all i.
The JS divergence for the probability distributions P and

Q is defined by

Dss(P.Q) = 3 (Dice (PIIR) + Dia(@QIIR) 6

where the probability distribution R is the average of the
probability distributions P and @, and is defined by R(k;) =

5 (P(k) + Q).

(%)

3.3 Results

First, we numerically investigate whether we can evaluate
the similarity between the interpoint distance distributions of
the original attractor and an attractor reconstructed from the
time series by calculating the JS divergence. Figure 2 shows
the JS divergence between the interpoint distance distribu-
tions of the original Lorenz attractor and the attractors re-
constructed from the time series of variables z, y, and z of
the Lorenz system, where the reconstruction dimension varies
in the range of [2, 20] at intervals of 1. Here, we set the
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time delay 7 as four when we reconstruct the attractor. In
Fig.2, Djs(P,, P;) (i € {x, y, z}) represents the JS diver-
gence between the original state space of the Lorenz system
and the state space reconstructed from the time series of the
variable ¢ (i € {z, vy, z}). In this study, we numerically
solved the Lorenz equations using the fourth-order Runge—
Kutta method with step size h = 0.01, where we excluded
the first 100,000 data points as a transient state. Then, we
used 10,000 data points to calculate the interpoint distance
distribution. Namely, the number of interpoint distances is
49,995,000.

0.16
0.14 Dys(Po P} —— Dys(Po, Pp) ———
§ 0.12 Dys(Po, Py) —

9 01

§ 0.08
5 0.06
wn 0.04
—0.02

0

12
Reconstruction dimension m

Figure 2: The JS divergence between the original Lorenz attrac-
tor and the attractors reconstructed from the time series of variables
x,y, and z of the Lorenz system when m changes

2 4 6 8 10 14 16 18 20

From Fig. 2, we found that the JS divergence takes mini-
mum values at the reconstruction dimensions of five for vari-
able x and seven for variables y and z. The box-counting
dimension of the Lorenz attractor is approximately 2.06 [17];
thus the reconstruction dimension that satisfies the condition
for an embedding is five or more. Therefore, from Fig. 2, it is
reasonable that the JS divergence is minimized at reconstruc-
tion dimensions of five for variable = and seven for variables
y and z. These results suggest that the interpoint distance dis-
tributions of the original and reconstructed attractors are sim-
ilar when the transformation by the delay coordinate can be
an embedding as the reconstruction dimension is increased.

To discuss the reason why the JS divergence increases with
the reconstruction dimension in Fig. 2, we show examples of
the interpoint distance distributions of the original Lorenz at-
tractor and the attractor reconstructed from the time series of
variable z at reconstruction dimensions of 7 and 20 in Fig. 3.
From Fig. 3, we found that the interpoint distance distribu-
tions of the original and reconstructed attractors are similar
when the reconstruction dimension is seven. However, the
peak of the frequency distribution of the interpoint distances
of the reconstructed attractor (green) is larger when the re-
construction dimension is 20 (Fig. 3(b)). This is because the
reconstructed state space becomes sparser as the dimension
increases, and the interpoint distance becomes larger.

We next investigate whether the state space can be recon-
structed from a marked point process by calculating the JS
divergence of the interpoint distance distributions between
the original and reconstructed attractors. First, we show the
state spaces with and without trajectories reconstructed from
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Figure 3: Frequency distributions of the interpoint distances of the
original Lorenz attractor and the attractor reconstructed from the
time series of variable z: The purple and green distributions are
the interpoint distance distributions of the original and reconstructed
state spaces, respectively.

the pair (T,(n), M,(n)) and the pair (T%(n), M.,(n)) in
Fig. 4. Here, we defined the normalized marked point pro-
cess obtained by variable z of the Lorenz system as M, and
the normalized IEIs and marked values of M., as T}(n) and
M, (n), respectively. In addition, we defined the randomly
shuffled normalized IEIs and marked values of M, as T, (n)
and M (n), respectively. From Figs. 4(a) and (b), we found

0s U

“U j\

Ti(n)
T,(n)

0 02 04 06 08 1 0 02 04 06 08 1

M, (n)
of (b) Reconstructed states of the
original M

M,(n) .
(a) Reconstructed trajectory
the original M

T(n)
T(n)

0 02 hD/II, (::) 08 1
(c) Recons)t(ructed trajectory of (d) Reconstructed states of RSSD
RSSD

M',(n)

Figure 4: Reconstructed trajectories of the original M, and RSSD

that the trajectory of M, has a recurrence structure and that
the points on the reconstructed state space follow determin-
istic dynamics. In contrast, from Figs. 4(c) and (d), the tra-
jectory of RSSD has no structure and the points on the recon-
structed state space do not follow any deterministic dynamics.

Then, we investigated the relationship between the JS di-
vergence and the reconstruction dimension. Figure 5 shows
the results of the JS divergence between the interpoint dis-
tance distribution of the original dynamical system and the in-
terpoint distance distribution reconstructed from the marked
point process in the case of changing the reconstruction di-
mension. In Fig. 5, we also show the range between the min-
imum and maximum values of the JS divergence of RSSD.
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We generated ten RSSD for each value of m. We varied the
reconstruction dimension in the range of [2, 20] at intervals
of 2. We set the time delay 7 to unity.

In Fig. 5, the horizontal and vertical axes represent the re-
construction dimension and the JS divergence, respectively.
In Fig. 5, Djs(P,, Pa,) represents the JS divergence be-
tween the original state space of the Lorenz system and
the state space reconstructed from the marked point process
of variable i (i € {z, y, z}) and Dys(P,, P)y,) (i €
{x, y, z}) represents the JS divergence between the original
state space of the Lorenz system and the state space recon-
structed from RSSD for each variable.

Dy(Po Py)

Dy, Py)
Dys(Pou Pig)

DAPPy) —o—
Dys(Py Py) —o—

Dys(P, Py) —o—

n
o_o

w

a

2 4 6 8 10 12 14 16 18 20
Reconstruction dimension 2m

Figure 5: The JS divergence between the original Lorenz sys-
tem and the system reconstructed from the marked point process
M; (i € {z, y, z}) when m changes: The grey, red, and blue
areas show the range from the minimum to maximum values when
calculating the JS divergence of RSSD

From Fig. 5, we found that D js(P,, Pa.) has a small
value of less than 0.02 when 2m = 8. Moreover, the values of
D js(P,, Pay.) are smaller than that of D ;g(P,, Py, ). In
other words, the interpoint distance distribution reconstructed
from the marked point process is similar to the interpoint dis-
tance distribution of the original state space. In addition, al-
though D js(P,, Pap,) and D js(P,, Ppy,) are larger than
D js(P,, Ppy.), they are smaller than the JS divergences of
RSSD, namely D js(P,, Py, ) and D s(P,, P//vt, ), when
2m > 6. This condition 2m > 6 might be closely related
to the theorem [14] that a reconstruction dimension > 2D
is sufficient, where Dy is the box-counting dimension. Be-
cause the box-counting dimension of the Lorenz attractor is
approximately 2.06 [17], the minimum value of 2m that sat-
isfies Dys(P,, Pum,) < Dys(Po, Py,) (i € {z, y, z})
seems to satisfy the condition that 2m > 2D ~ 4.12.

On the other hand, in the cases of D;s(P,, Pa,) and
Djs(P,, Pa,). the values of the JS divergence calculated
from the original M, and M, are not significantly smaller
than that of RSSD when the reconstruction dimension is
small. The reason for this is presumably that for lower dimen-
sions, especially for 2m < 4, a one-to-one correspondence
between the points on the reconstructed state space and the
points on M; does not exist; as shown in Fig. 4 (b), several
points are not unfolded at lower dimensions. These points
lead to a higher frequency of small distances, allowing the
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value of the JS divergence to be larger than that of RSSD,
even though there are no folded points in the original Lorenz
attractor. Different from Fig. 2, the values for which the JS di-
vergence is minimized do not appear clearly for all variables
in Fig. 5. However, even though the peak value of the JS di-
vergence does not appear, using the JS divergence of RSSD
as a baseline, we might be able to infer an appropriate recon-
struction dimension for an embedding when we only obtain a
finite number of points of marked point processes.

4. Conclusion

We investigated whether a nonlinear dynamical system can
be reconstructed from an observed marked point process us-
ing a delay-coordinate system by calculating the JS diver-
gence between the interpoint distance distributions in the
original state space and in the state space reconstructed from a
marked point process and its randomly shuffled marked point
process. As a result, it is shown that the trajectories of the
attractors reconstructed from the marked point process had
a more recurrence structure than those of the attractors re-
constructed from RSSD. It is also shown that the interpoint
distance distribution in the state space reconstructed from the
marked point process is similar to that in the state space of
the original Lorenz system.

In this paper, we evaluated the similarity between the re-
constructed and original attractors in terms of the similarity
of the interpoint distance distribution. However, it should also
be evaluated in terms of dynamics. To evaluate the possibility
of reconstructing the state space from a marked point process
in terms of dynamics, it is an important issue to investigate the
reconstructed attractor by evaluating the prediction accuracy
or estimating the Lyapunov exponents. In addition, we inves-
tigated the similarity between the original and reconstructed
Lorenz attractors for the parameter values of r = 28, ¢ = 10,
and b = 8/3; however, it is also important in the future to in-
vestigate the similarity when we change the parameter values.

In this study, we did not theoretically clarify whether an
embedding was satisfied by observing the marked point pro-
cess from nonlinear dynamical systems. Then, another im-
portant future issue is to prove that the delay coordinates by
marked point processes observed from nonlinear dynamical
systems can be an embedding.
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Abstract: One of the engineering applications of chaotic nonlinear dynamical systems is a
pseudorandom number generator. Pseudorandom numbers generated from chaotic dynamical
systems are called chaotic random numbers. A logistic map which exhibits a chaotic response
can be used as such a chaotic random number. However, an important issue exists when we use
such dynamical systems as a pseudorandom number generator by a digital computer: when the
chaotic response of a logistic map is reproduced numerically, the number of iterations that the
chaotic response is sustained depends on the precision of the numerical calculation, because
the precision of the numerical calculation affects the size of the numerical error. In this paper,
we extended the logistic map to an integer logistic map to reduce such numerical errors. We
investigated the performance of chaotic random numbers obtained from the integer logistic map
with varying numerical precisions and transforming them into binary random numbers. We
then used NIST SP 800-22 to evaluate the performance of the random numbers. The results
show that a numerical precision of 20 orders of magnitude or more is desirable to the generation
of a well-performing chaotic random numbers from the response of the integer logistic map.

Key Words: Chaotic random number, numerical calculation precision, and integer logistic
map
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1. Introduction

A random number sequence is an irregular and unpredictable sequence of numbers, each element of
which is called a random number. One property expected of random numbers in any situation is
unpredictability. Then, random numbers are employed in a wide range of applications, for example,

setting initial values for cryptographic communications and numerical simulations.

On the other hand, chaos is a phenomenon that can be observed from deterministic nonlinear
dynamical systems. One of the properties of deterministic chaos is sensitive dependence on initial
conditions, wherein a small error in the initial conditions would expand over time. Then, it is dif-
ficult to predict responses produced from deterministic chaos in the long term due to such sensitive
dependence on the initial conditions.

The long-term unpredictability of deterministic chaos is therefore potentially beneficial to the un-
predictability required for random numbers, which has led to a number of research efforts on random
number generation using deterministic chaos [1-12]. The random numbers generated using chaos,
as in these references, are called chaotic random numbers. There are two main types of random
number generation methods. One is physical random number generation, which is based on physical
phenomena. For example, Uchida et al. proposed a high-speed physical random number generation
method using laser chaos [13] that can greatly improve the random number generation speed, which
is otherwise a drawback of physical random number generation methods. The other is pseudorandom
number generation, which uses numerical calculations, such as the Mersenne Twister [14], which is a
well-known pseudorandom number generation method.

In this paper, we discuss a chaotic random number generator that is classified as a pseudorandom
number generator. The random numbers involved in this study are binary random numbers, i.e.,
0 and 1. We focused on the generation of chaotic random numbers using a logistic map [15], which
can be used to observe chaotic phenomena using a very simple mathematical formula. Although several
studies [7,16] have already been conducted on the generation of chaotic random numbers using the
logistic map, they require post-processing methods, such as exclusive summation of multiple sequences,
to improve the performance of the generated chaotic random numbers. One of the reasons why post-
processing is necessary is that the numerical precision is insufficient for common double-precision
floating-point operations. In a numerical simulation, it can be difficult to accurately reproduce the
chaotic response due to the influence of numerical errors. In addition, the response converges to a
periodic response or a fixed point because of the numerical calculation error. Therefore, we aim to
reduce this error by increasing the precision of the numerical calculation. Namely, we generate chaotic
random numbers based on the response of an integer logistic map [4, 17], which converts the decimal
part to an integer part.

In [4], Ishida et al. evaluated the performance of chaotic random numbers generated from the
responses of integer logistic maps from the viewpoint of the power spectrum [4]. However, this
evaluation from the power spectrum perspective may not be sufficient from a statistical perspective.
This is because the evaluation criterion is decided as follows: if the power spectrum of the generated
chaotic random number is less than or equal to 0.6 for all the frequencies obtained, the number is
considered as white noise and can be used as a pseudorandom number. In [6], Araki et al. proposed
pseudorandom number generators using the logistic map and the integer logistic map with renewing
the initial value. The renewal process of the initial value is introduced to avoid the convergence of
the response to a periodic orbit caused by a finite numerical precision. In [11], Wang et al. evaluated
the performance of a pseudorandom number generator that updates the bifurcation parameters of
the logistic map. This process improved the confidentiality of the cipher by updating the bifurcation
parameters.

In this study, we evaluated the performance of a pseudorandom number generator in a simple,
natural and straightforward way: we only give an initial value and set numerical precision without
any processing, such as the renewal of the initial condition or changing the bifurcation parameter.
Then, we evaluated the performance of random numbers using the NIST [18] Special Publication
800-22 provided by the U.S. National Institute of Standards and Technology. The NIST test is an
international standard statistical test method that is widely used and suitable for evaluating the
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performance of fair random numbers.

In addition, we investigated the case that the bifurcation parameter a of the logistic map is negative,
because it has already been shown that the chaotic response can be obtained even when the parameter
a is negative [19]. Further, we investigated the performance of the pseudorandom number generator
in relation to the values of the Lyapunov exponent by evaluating the number of passed NIST test
items.

Therefore, this study has two objectives. The first is to investigate the performance of chaotic
random numbers generated from an integer logistic map when the numerical calculation precision is
changed. The second is to clarify which factors, other than numerical calculation precision, affect the
random number performance.

2. Random number generators

The logistic map is a simple one-dimensional discrete time dynamical system [15]. The equation of
the logistic map is described as:
Tep1 = flae) = aze(1 — 24), (1)

where a is a bifurcation parameter and z; is the state value at time ¢.

Figure 1 shows the bifurcation diagram of z; when the value of @ is changed in the range —2.0 <
a < 4.0 [19]. The horizontal axis is for a, the left vertical axis is for the state value z; (purple dots),
and the right vertical axis is for the Lyapunov exponent A (green crosses) which is defined to be

A= ;tfjlu'(wm, (2)

where T is the length of the time series. Figure 1 shows that A can be greater than 0 regardless of
the positive or negative value of a. The symmetric property in the Lyapunov exponent of the logistic
map is discussed in [19], which showed that the Lyapunov exponents are symmetric about a = 1.0.
Thus, A for a = 4.0 and A for a = —2.0 are equal and have the largest values (A = In2).

Fig. 1. Bifurcation diagram of x; and the Lyapunov exponent A of the logistic
map.

Figure 2 shows the invariant measures when a = 4.0 and —2.0. The horizontal axis represents the
state value x;, whereas the vertical axis represents the appearance probability P(x;). Figure 2 shows
that P(x;) is symmetric about x; = 0.5, whereas Fig. 3 shows the frequency proportion for z; < 0.5
and x; > 0.5, using the data from Fig. 2. In Fig. 3(a), the proportion of z; < 0.5 is 0.499160, whereas
the proportion of z; > 0.5 is 0.500840. Meanwhile, in Fig. 3(b), the proportion of 2; < 0.5 is 0.499583,
whereas the proportion of z; > 0.5 is 0.500417. These values are expected to make the frequency
distributions of 0 and 1 uniform when the random numbers are binarized.
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Fig. 2. Invariant measures of the logistic map for bifurcation parameters (a)
a = 4.0 and (b) a = —2.0. In these cases, responses are chaotic, and the
Lyapunov exponents are A = In 2.
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Fig. 3. Frequency proportion of binary values of the logistic map for (a)
a=4.0 and (b) a = —2.0.

In terms of the density function, we show that the frequencies of 0 and 1 are almost equal based on
a binarization of the response of the logistic map. The invariant measure of the response for a = 4.0

in the logistic map is calculated using

P(xy)

1

m/r (1 —xy)

3)

The product of z; and (1 — z;) appears in the square root of the denominator of Eq. (3), indicating

that the probability density P(x;) of the logistic map, which is an interval dynamical system of [0, 1],
has symmetry with x; = 0.5 as the center. Thus, if we binarize the response of the logistic map with
x; = 0.5 as the threshold, we can obtain a random number with an equal probability of occurrence.

On the other hand, because the numerical calculation precision is finite, the chaotic response of the
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logistic map cannot be reproduced in the numerical simulation. Therefore, we extended the logistic
map to an integer logistic map in decimal notation using [4]. The integer logistic map can be derived
from Eq. (1). The procedure for extending the logistic map to the integer logistic map is as follows.
First, multiplying the left term and the right term of Eq. (1) by 10V, we obtain

10N x 41 = 10N x azy (1 — ). (4)
With X; = 10V x x4, Eq. (4) is rewritten to
Xip1 = aX,(10Y — X;) x 107V, (5)
We use the floor function | | to extract the integer part as follows:
Xiy1 = [aX:(10Y — X,)107 V. (6)

In Eq. (6), X is the state value of the integer logistic map at time ¢, and N represents the numerical
precision.

We then explain how to make pseudorandom numbers from the integer logistic map. In this study,
the parameter a is set to 4.0 and —2.0, at which the Lyapunov exponent becomes In2 and chaotic
responses can be observed. We generate a time series from the integer logistic map (Eq. (6)) and
convert it into binary random numbers using Eq. (7):

o )0 (Xi<0),
Xe = { 1 (X, >0), @

where 6 is a threshold. When a = 4.0, the range of the state values of the logistic map (Eq. (1)) is
0 < 2, < 1. Thus, in the case of an integer logistic map (Eq. (6)), the range is 0 < X; < 10V. If
a = —2.0, the range of the integer logistic map is —0.5 x 10V < X; < 1.5 x 10V, Thus, we set 6 to
0.5 x 10V, which is the median of the distributions of state values of the integer logistic maps in case
that a =4 or a = —2.

Figure 4 shows the results of generating chaotic random numbers from the response of the integer
logistic map (Eq. (7)). In Fig. 4, the size of each image is m X m pixels, where m = 800. The (4, j)th
pixel in Fig. 4(a)-(f) (4,7 =0,1,--- ,m — 1) corresponds to X,,;+;, where the (¢, j)th pixel is colored
white if X,,;4; < 6, and black otherwise. In Fig. 4, the upper row shows the generated random
numbers when a = 4.0, and the lower row shows them when a = —2.0. The numerical calculation
precision is set to N =7, 15, and 20 from left to right.

(a) a=4.0, N =

(b) a=4.0, N=15 (c) a=4.0, N =20

(d) a=-20, N=7 (e) a=—2.0, N=15 (f) a=—2.0, N=20

Fig. 4. Examples of binary random number sequences displayed on two-
dimensional plane.
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When N = 7, the generated random numbers exhibit a regular pattern, as shown in Fig. 4(a) and
(d). On the other hand, when the precision of the numerical calculation is increased, the generated
random numbers seem to be more random. However, to verify their randomness, the obtained random
numbers have to be evaluated by a random number test method.

3. NIST SP 800-22

In this section, we describe the NIST test [18], which statistically evaluates whether a sequence of
numbers is really random or not. The NIST test consists of 15 test items, which are listed with their
respective test numbers, names, and descriptions in Table I. The NIST test in Table I is provided by
the National Institute of Standards and Technology (NIST). Each test item in Table I tests properties
required in random numbers.

Table I. Descriptions of 15 NIST test items [18].
‘ No. ‘ Ttems ‘ Descriptions

1 Frequency Test Test whether the occurrence probabilities of 0 and 1 are close
to %

2 Frequency Test within a Block For a given block length, test whether the occurrence prob-
abilities of 0 and 1 are close to %

3 Cumulative Sums Test Convert the binary random numbers to (41, —1) and test for
the maximum deviation from 0 of the random walk defined
by the cumulative sum.

4 Runs Test Test for the number of consecutive 1s (runs).

5 Test for Longest Run of Ones in a Block For a given block length, test for the longest runs.

6 Binary Matrix Rank Test Test for the ranks of sparse matrices across several columns.

7 Discrete Fourier Transform Test To investigate the periodicity, test for the height of the peak
due to discrete Fourier transformation of the sequence.

8 Non-overlapping Template Matching Test | Test for the numbers of occurrences of bit string prepared
in advance, without overlap.

9 Overlapping Template Matching Test Test for the numbers of occurrences of bit string prepared
in advance, with overlap.

10 Maurer’s “Universal Statistical” Test Detect and test matching patterns within a sequence, to see
if they can be compressed.

11 Approximate Entropy Test Test for the frequencies of occurrence of patterns of a given
bit length.

12 Random Excursions Test Test for the total number of times K is visited by cumulative
sum random walks.

13 Random Excursions Variant Test Test for the sum of the number of visits to a specific state
with cumulative sum random walks.

14 Serial Test Test for the occurrence frequencies of all overlapping bit pat-
terns of a certain bit length.

15 Linear Complexity Test Test for the length of the linear feedback register to generate
a random number.

A random number sequence with a length of at least 1 Gbits is necessary to conduct the NIST
test. If the random number sequence has a length of 1 Gbits, it is then divided into shorter segments
with lengths of 1,000,000 (= 1 Mbits) each. Each of these 1,000 segments are then subjected to the
15 NIST test items. As a result, we obtain 1,000 p-values from each test.

The following two sub-tests are then conducted. In the first sub-test, the P-value, which indicates
the uniformity of distribution of the 1,000 p-values, is obtained. Meanwhile, in the second sub-test,
for each of the 1,000 p-values, we evaluate the probability that the p-value is greater than a (= 0.01),
where the significance level « is the probability that the random number sequence is not random in
the sense of each NIST item. A random number sequence is considered to have passed a certain test
item if and only if it passes the first and second sub-tests for that item.

On the other hand, the parameter rules of the NIST test are important for obtaining an appropriate
verification result according to the length of the random number sequence. Table II outlines the
parameters used in this study. The values of the parameters in Table II were determined based on
the method provided by NIST for setting the parameters [18].
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Table II. Parameters used in NIST test [18].

Parameters ‘ Values
Significance level « 0.01
Number of segments m 1,000
Frequency test within a block: Length of each block 16,384
Non-overlapping Template Matching Test: Length in bits of each template 9
Overlapping Template Matching Test: Length in bits of the template 9
Approximate Entropy Test: Length of each block 10
Serial Test: Length in bits of each block 16
Linear Complexity Test: Length in bits of a block 500

4. Experiments

In this study, we used the number of passed NIST test items, out of a total of 15 items, as an index of
the performance evaluation of the generated random numbers. In addition, the binary random number
sequences evaluated in this study were generated using 23° (= 1,073,741,824) responses obtained from
an integer logistic map after the first 100,000 responses were omitted as transient states.

Figure 5 shows the relationship between the number of passed NIST test items and the positive
Lyapunov exponent A of the logistic map. The horizontal axis is for the Lyapunov exponent A\, whereas
the vertical axis represents the number of passed NIST test items. For the result shown, we had set
the initial value Xy = 0.0002 x 10" and the numerical calculation precision N = 20. Then, we set
the threshold # to Z x 10V, where Z is the average value calculated by

230

_ 1
t=1

Figure 5 shows that the larger the value of A, the larger the number of NIST test items that are passed,
indicating that the orbital instability of the random number generator affects the performance of the
generated random numbers. However, even when A is positive, the number of passed NIST test
items is particularly large when a = 4.0 and a = —2.0, at which A is maximized (A = In2). From
these results, the performance of chaotic random numbers generated from the integer logistic map is
expected to improve only when a is 4.0 or —2.0.

Meanwhile, Fig. 6 shows the results of examining whether the number of passed NIST test items
changes between a = 4.0 and a = —2.0. The initial value was X, = 0.0002 x 10", and the numerical
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Fig. 5. Relationship between positive Lyapunov exponents A and the number

of passed NIST test items. The square marks denote the number of passed
NIST test items, and the cross marks denote the average value Z.
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Fig. 6. The number of passed NIST test items for generated chaotic ran-
dom numbers with respect to numerical calculation precision. Two bifurcation
parameters were used: a = 4.0 (circles) and a = —2.0 (triangles).

calculation precision is in the range 6 < N < 155. Then, we set # as 0.5 x 10"V in the following
analysis. The horizontal axis represents N, whereas the vertical axis represents the number of NIST
test items that were passed. The results for a = 4.0 are shown as circles, whereas the results for
a = —2.0 are shown as triangles. According to Fig. 6, the number of passed NIST test items is likely
to be large when the numerical calculation precision is in the range N > 20 for both ¢ = 4.0 and
a = —2.0. To clarify the change in quality of generated random numbers with respect to the value of
a, we further investigated the ratio of the number of passed NIST test items to the total number of
items. The horizontal axis corresponds to the NIST test names listed in Table I, whereas the vertical
axis represents the percentage of 150 random numbers with different N that passed these NIST test
items. From Fig. 7, it can be seen that, for each test item, there is no difference in the distributions
of the percentage due to the difference between a = 4.0 and a = —2.0. In addition, it is clear that
both parameters occasionally fail in the Non-Overlapping Template Matching test, probably because
of the nature of the logistic map used as the source of the random numbers.

On the other hand, Fig. 8 shows the results of generating chaotic random numbers as the precision of
the numerical calculation is further increased. The horizontal axis represents the numerical calculation
precision N, whereas the vertical axis represents the number of passed NIST test items. Because there
was no difference in the performance of the random numbers generated when a = 4.0 and a = —2.0, we
performed numerical experiments focusing on a = 4.0. Figure 8 shows that the higher the numerical
precision N, the higher the performance of the generated chaotic random numbers.

However, when N = 455, the number of passed NIST test items dropped to 12. In addition,
there are many cases wherein one item was rejected. These results imply that there are other factors
than numerical calculation precision that may improve the number of passed NIST test items. If the
performance of the chaotic random number is degraded even if the numerical precision is large, the
initial value may be the cause.

Finally, we report the results of the investigation based on differences in the initial value Xy. The
numerical calculation precision N was investigated in the range 6 < N < 30. We prepared 98 initial
values (Xg) for each value of N, where we increased the value of X in increments of 0.005 from
0.005 x 10V to 0.495 x 10Y. Because the response of the integer logistic map converges to a fixed
point when Xy = 0.25 x 10V, we excluded Xy, = 0.25 x 10" in this experiment. We investigated
the performance of chaotic random numbers generated based on these values of N and X. Figure 9
shows the results. The horizontal axis represents the numerical calculation precision N, whereas the
vertical axis represents the average number of passed NIST test items based on the initial values for
the 98 patterns. The error bars in Fig. 9 show the maximum and minimum numbers of NIST test
items that were passed, whereas the histograms show the standard deviation.
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Fig. 8. The number of passed NIST test items when chaotic random numbers
are generated as numerical calculation precision is varied from 155 < N < 1000.

In the range N < 9, both the mean and standard deviation of the number of passed NIST test
items were zero. Therefore, in this case, it is difficult to generate high-performance chaotic random
numbers. On the other hand, when N = 19, the average number of passed NIST test items was high,
but the minimum value was 6. Such performance differences depend on the initial value, suggesting
that both the numerical calculation precision and the initial value are key factors that affect the

performance of chaotic random numbers.

In the range N > 20, the average number of passed NIST test items was close to 15, and the standard
deviation did not exceed unity, which means that if N > 20, the performance of pseudorandom
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Fig. 9. Performance evaluation of generated chaotic random numbers with
respect to numerical precision N and initial value Xj.

numbers is high. Namely, to generate high-performance chaotic random numbers from the response
of the integer logistic map, the precision of the numerical calculations must be at least 20.

5. Conclusion
In this study, we investigated the performance of chaotic random numbers and the factors that affect

their performance improvement. To mitigate numerical calculation errors, we extended the logistic
map to an integer logistic map and used it as a random number generation source. The integer logistic
map allows calculations with arbitrary numerical precision, where the numerical precision is defined
as the number of digits used in the numerical calculations of the state of the integer logistic map. To
generate chaotic random numbers, we binarized the responses of the integer logistic map.

The performance of the generated chaotic random numbers was evaluated using NIST SP 800-22.
The results of the numerical experiments indicate that the precision of the numerical calculation is
a leading factor that affects the performance of the generated chaotic random numbers. In addition,
both the numerical calculation precision and the initial value were inferred to affect the performance
of the generated chaotic random numbers. In particular, it was suggested that the performance of the
chaotic random numbers could be stabilized if the number of digits used for the numerical calculations
was set to 20 or higher.

In this paper, we used the NIST test for evaluating the performance of pseudorandom numbers.
However, it is also important to introduce other test suites, such as TestUO1 [20]. Then, it is an
important future work to verify the performance using these methods.
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Abstract: It has been reported that the activation of the Ca?*-permeable transient recep-
tor potential melastatin2 (TRPM2) channel enhances a pancreatic f-cell’s insulin secretion.
Further, it increases the resting potential, and prolongs the burst duration of the pancreatic
[B-cell. However, the mechanism by which the TRPM2 channel activation enhances insulin se-
cretion is unknown. Therefore, in this paper, using a mathematical model that represents the
dynamics of the membrane potential, we investigate the reproducibility of the results obtained
from physiological experiments, and reveal the mechanism of enhancing insulin secretion. We
demonstrate that the TRPM2 channel activation prolongs the burst duration when the TRPM?2
reversal potential is close to the value observed in the physiological experiments. This could
be a plausible theoretical explanation of the experimental value of the TRPM?2 reversal po-
tential. In addition, we reveal that the TRPM2 channel activates the voltage-dependent and
Ca?T-sensitive channels with large conductance, thereby inducing insulin secretion.

Key Words: pancreatic §-cell, TRPM2 channel, insulin secretion
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1. Introduction

Insulin is secreted by the pancreatic S-cells in the islet of Langerhans. Insulin is a critical regulator of
metabolism so that pancreatic 5-cell dysfunction leads to both type 1 and type 2 diabetes. In type 1
diabetes condition, the body no longer produces insulin, and in type 2 diabetes condition, the produced
insulin is not enough or does not work effectively. It is widely known that the membrane excitability
of the pancreatic S-cell leads to the insulin secretion [1]. Therefore, it is important to preserve the
membrane excitability of the pancreatic S-cell to prevent from insulin secretory dysfunction. However,
the detailed mechanism of how pancreatic S-cell dysfunction leads to the insulin secretory dysfunction

is still unknown [2, 3].

It is generally difficult to investigate the properties of ion channels in pancreatic 5-cells. Then, sev-
eral mathematical models have been proposed to clarify these properties. Chay and Keizer proposed a
pioneering model of the pancreatic -cells incorporating a Hodgkin-Huxley type gating mechanism for
Ca®" and Kt channels [4]. Since then several models have been proposed including those of human
B-cells [5]. Although these models are simple and are able to partly reproduce experimental results of
the pancreatic S-cells, their ion channel constitutions are not sufficient. For example, the closure of
the adenosine triphosphate (ATP)-sensitive K+ (KATP) channels triggers the membrane depolariza-
tion of a pancreatic [-cell, and triggers insulin secretion. Riz et al. proposed a detail mathematical
model of the pancreatic S-cells incorporating 12 types of ion channels including KATP channel [6].
This model describes a detailed ion channel mechanism of the pancreatic S-cells, which enables us to
investigate the detailed membrane activation through ion channels. Therefore, we analyze the [-cell
activity based on this model [6] in this paper.

Although the dynamics of the membrane potential is mainly determined by the activity of the
KATP channels, these channels alone cannot evoke the membrane depolarization. The inward currents
through the transient receptor potential melastatin2 (TRPM2) channels are crucial for inducing the
membrane depolarization that follows the closure of the KATP channels [1]. The TRPM2 channel
is a Ca?'-permeable non-selective cation channel. It has been reported that the TRPM2 channel
activation enhances insulin secretion, and prolongs the burst duration of the Ca®* concentration [7].

The dynamics of the membrane potential, including the TRPM2 current, has been expressed using
mathematical models [8,9]. However, the TRPM2 conductance is not a quantitative value, and the
prolongment of the burst duration in the TRPM2 channel activation cannot be observed in these
models. Therefore, in this paper, we incorporated the TRPM2 current into the mathematical model
proposed by Riz et al. [6], and clarified effects of the TRPM2 channel on the membrane potential.
Our mathematical analysis reveals the mechanism of enhancing insulin secretion by the TRPM2
channel in pancreatic S-cells. We investigated the reproducibility of the results obtained following the
physiological experiments [7]. Furthermore, we revealed the mechanism through which the TRPM2
channel activation enhances the insulin secretion.

2. Methods

The TRPM2 current

The TRPM2 channel is Ca?*-permeable. The relationship between the membrane potential and the
TRPM2 current is linear. It is reported that in rat S-cells the TRPM2 channel activation enhances in-
sulin secretion, increases resting potential, and prolongs the duration of Ca?* and inward currents [7].
In [7], if the TRPM2 channel is activated by its activator ex-4, the slope conductance and reversal
potential are 0.0823[nS] and —19.2[mV], respectively; otherwise, they are 0.0252[nS] and —4.4[mV],
respectively. Such tendency that the TRPM2 channel activation induces the increase of TRPM2 chan-

nel conductance and the decrease of the reversal potential of the TRPM2 channel is consistent with
other study [10]. In this paper, we set several values for the conductance and the reversal potential
of the TRPM2 channel to express several levels of TRPM2 activation.

We expressed the TRPM2 current Itrpne as follows:

Itrpmz = grreM2(V(E) — Virrpm2), (1)

where V(t) is the membrane potential, and grrpmez and Vrgpume are the TRPM2 conductance and
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reversal potential, respectively.

The dynamics of the membrane potential

We incorporated the TRPM2 current shown in Eq. (1) into the model that expresses the dynamics of
the membrane potential of a pancreatic S-cell by Riz et al. [6]. The Riz model has a small conductance
Ca®"-sensitive K* (SK) channel, a large conductance Ca®"-sensitive K* (BK) channel, a delayed
rectifier K* (KV) channel, an ATP-sensitive K* (KATP) channel, a Nat channel, three voltage-
dependent calcium channels, an L-type Ca?' (CalL) channel, a PQ-type Ca?" (CaPQ) channel, a
T-type Ca®" (CaT) channel, and a leak channel.

The dynamics of the membrane potential V (¢) is expressed as follows:

v (t)

Cm T

= —(Ixarp + Isk + Ipx + Ixv + Ina @)
+ IcaL + Icapq + Icat + Licak + ITRPM2):

where Cy, is the membrane capacitance, variables Ixatp, Isk, Ik, Ikv, INa, Ican; IcaPq, IcaT, licak
and ITrpne are the currents of the KATP, SK, BK, KV, Na, Cal,, CaPQ, CaT, leak, and TRPM2
channels.

The KATP channel closes as a result of an increase in the intracellular ATP concentration induced
by a glucose metabolism corresponding to the elevation of glucose concentration in the blood. The
closure of the KATP channel depolarizes the membrane potential, and triggers the insulin secretion
in a pancreatic S-cell. The KATP current Ixarp is expressed as follows:

Ixarp = gKATPﬁ(V(t) - Vk), (3)

where [ATP] is a variable that mimics ATP levels, gxarp is a KATP conductance, and Vi is a reversal
potential of the KT channel.

The SK channel is one of the Ca?T-activated K+ channel, and its conductance is small. The SK
current Igk is expressed as follows:

5.2

2
Can® ") w0, (4)

Isk = gsk - .
I(SKQ'2 + [Caz—wm(t)

where gsi is an SK channel conductance, a variable [Ca®T], () is a submembrane Ca®' concentration,
and Kgk is a dissociation constant.

The BK channel is one of the voltage-dependent KT channels, it is activated by the Ca** con-
centration. Therefore, we incorporated the TRPM2 current Itrpye into the BK current. The BK
current Ik is expressed as follows:

Isk = gexmBk(—IcaL — Icarq — Icat — ItrPM2 + Bk (V (E) — Vi), (5)

where gpk is a BK conductance, mpk is an activation variable of the BK channel, and Bgxk is the
basal Ca®"-independent activation of the BK channel.
The KV channel is the voltage-dependent K+ channel. The KV current Iy is expressed as follows:

Ixv = grvmky (V(t) — Vk), (6)

where gkv is a KV conductance, and mky is an activation variable of the KV channel.

The flux of Ca®" through the voltage-dependent Ca®" channels regulates the intracellular signal
transductions, such as insulin secretion. The Riz model has three voltage-dependent Ca?" channels:
Cal,, CaPQ, and CaT. The CalL channel participates in the upstroke of action potential, and increases
the excitability of the pancreatic -cell. The CaL channel has high voltage-dependence and large
conductance. The CaL current Ic,r, is expressed as follows:

Ical, = gCaLmCaL,oo(V)hCaL(V(t) - VCa)7 (7)
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where gcar, is a CaL conductance, mcar, o (V) is an equilibrium activation variable, hcar, is an inac-
tivation variable, and V-, is a reversal potential of the Ca?* channel.

The CaPQ channel is highly voltage-dependent, whose inhibition increases the spike frequency. The
CaPQ current Ic,pq is expressed as follows:

ICaPQ = gCcaPQMCaPQ,00 (V)(V(t) - VCa)a (8)

where gcapq is a CaPQ conductance, and mcapq, (V) is an equilibrium activation variable.
The CaT channel has low voltage-dependence; it also has small conductance, compared to both the
CaL and CaPQ channels. The CaT current, Ic,r, is expressed as follows:

ICaT = gCaTmCaT,oo(V)hCaT(V(t) - VCa)v (9)

where gcar is a CaT conductance, mcat, o0(V) is an equilibrium activation variable and hcar is an
inactivation variable.

Blocking the Na™ channel reduces and prolongs the action potential amplitude. The Na™ current,
INa, is expressed as follows:

Ina = gNamNa,oo(V)hNa(V(t) - VNa): (10)

where g, is a Na conductance, mya o0 (V') is an equilibrium activation variable, hna, is an inactivation
variable, and Vi, is a reversal potential of the Na™ channel.
The leak channel is always open. The leak current, Ijc.x, is expressed as follows:

Ileak = gleak(v(t) - ‘/leak)y (11)

where gjeax and Vieai are the leak conductance and reversal potential, respectively.

The submembrane Ca?' concentration is changed due to the influx of Ca®" currents. Therefore,
we incorporated the TRPM2 current into the dynamics of the submembrane Ca?t concentration.
The submembrane Ca”" concentration variable, [Ca®'],(¢), and the cytosolic Ca*™ concentration
variable, [Ca®T].(t), are expressed as follows:

w =faCm(—IcaL — Icarq — Icar — ITRPM2)/V 0lm
— f(Vole/Voly)[B([Ca* i (t) — [Ca®T]c(t)) "
+ Jpmea + JInex],
and
d[cadi?c“) = f[B([Ca**Tm(t) — [Ca**]e(t) — Jserea + Jeail: (13)

where f is the free-to-total ratio of the Ca*" concentration, a converts the currents to flux, Voly, and
Vol. are the volumes of the submembrane compartment and the bulk cytosol, B describes the Ca®"
flux from the submembrane compartment to the bulk cytosol, Jppca and Jyex are the functions of
the flux through the plasma membrane Ca?"-ATPases (PMCA) and Na™-Ca?" exchangers (NCX),
respectively. In Eq. (13), Jsgrca is a function of the sarco/endoplasmic reticulum Ca?t-ATPase
(SERCA) pump-dependent sequestration of Ca?* in the endoplasmic reticulum, and Jieax is a constant
of the leak flux from the endoplasmic reticulum to the cytosol.

In the original Riz model, there exist two more currents expressing the ligand-gated C1~ channel
current carried by GABA, receptor, and the human ether-a-go-go K™-channel current. However,
these channel currents are specific to human S-cells. In this paper, we excluded these human-specific
currents because our study is based on the experimental results of rat S-cells [7]. Table I shows the
parameter values used in the numerical experiments. The undescribed variables and parameter values
are the same as that of the Riz model [6].
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Table I. Parameter values used in the numerical experiments.
Cm = 1[pF] Vk = =75[mV] | gkarp = 0.13[nS] | gsx = 0.1[nS]
gBk = 0.02[nS] gxv = 1[nS] Vo = 65[mV] gcar, = 0.3[nS]
gcarq = 0.17[nS] gcaT = 0.05[nS] VNa = 70[mV] gNa = 0.4[nS]
Vieak = —30[mV] Gleak = 0.02[nS] | Kgsk = 0.57[uM] f=0.01
a = 5.18 x 10~ 2[umol/pA/ms] | Voly, = 0.1[pL] | Vol. = 1.15[pL] | B = 0.1[ms™!]
Jieak = 0.00094[1:M /ms)

Firing patterns and definition of bursts

The model reproduces various firing patterns of the membrane potential (Fig. 1). Figure 1(a) reveals
that the parameters in Table I, except for gcar, = 0[nS] and grrpMm2 = 0[nS], are consistent with the
resting membrane potential. Figure 1(b) shows a firing followed by the resting state of the membrane
potential at the parameters in Table I, except gcar, = 0.283[nS] and grrpme = 0[nS]. Figure 1(c) shows
continuous burst firings at the parameter grrpyz = 0[nS]. Figure 1(d) shows that persistent firings by
the membrane potential always correspond to the parameters in Table I, excluding gxatp = 0.01[nS],
gcar = 0.07[nS], and grrpmz = 0[nS]. Normal insulin is secreted when there are action potential burst
firings [11].
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(b) Firings followed by a resting state of the
membrane potential

(a) A resting state of the membrane potential
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(c) Bursts (d) persistent firings
Fig. 1. Various firing patterns of the membrane potential.

We numerically integrated the differential equations using the Euler method with the step size of
h = 0.01[ms]. When ¢y and t; were two consecutive times, t; = to + h. If V(t1) — V(tp) < 0.05
was maintained for 5[s] or more, and the difference between the maximum and minimum membrane
potential was less than 20[mV], we determined that the membrane potential was in a resting state.
When the membrane potential was not in a resting state, we determined that it was in an active state.
When the active state was maintained for 5[s] or more, we determined it as a burst and its duration
is defined as burst duration. Thus, we determined that bursts fired continuously in active states of
the membrane potential, and did not fire at all in the resting states.

Using the above-mentioned condition, we investigated the burst duration, because it corresponds
to the duration of insulin secretion. A burst duration was defined as the first spike to the last spike
in a burst. When the membrane potential was kept in the resting state of the membrane potential
(Fig. 1(a)) or a firing followed the resting state of the membrane potential (Fig. 1(b)), the burst
duration was 0. In addition, when the membrane potential fired persistently (Fig. 1(d)), the burst
duration was equivalent to the observation time.
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3. Results
Reproducibility of the physiological experiments

The values of the TRPM2 conductance and reversal potential vary for every trial in the physiological
experiments [7]. Therefore, we investigated these effects on bursts by varying the TRPM2 conductance
and the reversal potential. The TRPM2 activation is represented by the increase in the TRPM?2
conductance. In addition, longer bursts correspond to increased insulin secretion. Figure 2 shows the
resting membrane potential and burst duration per observation time when the TRPM2 conductance
grrpM2 Is increased from O[nS] to 0.1[nS]. These conductance values are quantitatively close to the
physiological experiment [7]. In Fig. 2, the lines with filled circles show that Vrrpye = —10[mV], lines
with open circles show that Vrgpye = —20[mV], lines with crosses show that Vigpyme = —30[mV],
lines with triangles show that Virgpye = —40[mV], and the lines with squares show that Virgpme =
—50[mV]. When the membrane potential shows no bursts or persistent firings, their durations per
observation time are 0 and 1, respectively.

Virpmz=-10[mV] ——

Vrrppe=-20[mV] ——

45 | Yrep=-30mV] —— T e
rReM2=-40mvV] —— T o

Viremp=-50[mV] —— T 000

Resting potential[mV]
n
wn

-60
-65
-70
0 0.02 0.04 0.06 0.08 0.1
grrpm2[nS]
(a) Variations in the resting membrane potential when the TRPM2 conductance is increased.
1

Vrremz=-10[mV] ——
TRPM2=-20[mV] —o—
TrPM2=-30[MV] ——

0.8 | Vrrpmp=-40[mV] ——

g Vrrpmz=-50(mV] —o—

2

5 06

°

s 04 T e '
R o0

5

[==]

0.2 M

0 0.02 0.04 0.06 0.08 0.1

grrpm2[0S]

(b) Variations in the burst duration when the TRPM2 conductance is increased.

Fig. 2. Variations in the resting membrane potential and the burst du-
ration when the TRPM2 conductance is increased. The lines with filled
circles show that Vigpma = —10[mV], lines with open circles show that
Vrrpmz = —20[mV], lines with crosses show that Vigrpyme = —30[mV], lines
with triangles show that Virgpamae = —40[mV], and lines with squares show that
Vrrpmz = —50[mV].
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In Fig. 2(a), the resting potential increases at any reversal potential when the TRPM2 conductance
grrpM2 i increased. This result is consistent with the physiological experiments [7]. When Vrrpye =
—10[mV] (the line with filled circles), the membrane potential fires persistently, corresponding to
excessive insulin secretion at grrpyz > 0.077[nS]. For the same reason, the line with filled circles
peaks at 1 in Fig. 2(b). On the other hand, the line with squares (Vrrpmz = —50[mV]) reaches 0 at
grrpM2 > 0.051[nS]. This corresponds to a lack of insulin secretion.

The physiological experiments [7] show that the TRPM2 activation prolongs the burst duration; the
TRPM2 conductance is 0.0823[nS] in the TRPM2 activated state. However, when Vigppye = —40[mV]
(the line with triangles), the burst duration is not directly proportional to grrpm2 at grrpmz = 0.0823.
Further, when Vrrpymz = —30[mV] (the line with crosses), the burst duration does not increase at
grrpM2 < 0.08[nS]. Therefore, it is assumed that the TRPM2 reversal potential is approximately
—20[mV]. This value is close to the value obtained in the physiological experiments —19.2[mV] under
the control condition wherein the TRPM2 channel is not activated [7].

As shown above, we confirmed that the TRPM2 reversal potential affects bursts. Here, we investi-
gated the effects of increased TRPM2 conductance grrpye on the TRPM2 currents in Figs. 3(a)—(c).
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Fig. 3. The TRPM2 currents Itrpy2 when the TRPM2 conductance grrpma

is increased. Orange lines show that grrpmz = 0.02[nS], blue lines show that
grrpm2 = 0.035[nS], and black lines show that grrpamz = 0.08[nS].
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In Fig. 3(a), the burst duration is prolonged, and the influx of the TRPM2 current is directly pro-
portional to the TRPM2 conductance. Increasing the influx of the TRPM2 current increases the
membrane potential, and shortens the quiescent duration.

As shown in Fig. 3(b), although the burst duration is long when Vrgpyme = —20[mV], the TRPM2
currents persistently burst. A comparison of Fig. 3(a) and 3(b) reveals that the influx of the TRPM2
current decreases when the TRPM2 reversal potential is low. This contributes to lengthen the burst
duration.

The TRPM2 reversal potential is directly proportional to the influx of the TRPM2 current, and
inversely proportional to the efflux. The efflux of the TRPM2 current corresponds to a low membrane
potential and firing difficulties. In Fig. 3(c), the relationship between the conductance and bursting
duration is reversed compared to Fig. 3(a) and (b), because the low reversal potential Vigrpnae =
—50[mV] induces the efflux of the TRPM2 current increase as the TRPM2 conductance increases.

Effects of TRPM2 channel on Ca2t concentration and channel currents

The results of the TRPM2 reversal potential in our model were consistent with the physiological
experiment [7] as shown in the previous section. In this section, we investigated the mechanism
underlying enhancing insulin secretion by activating the TRPM2 channel.

The cytosolic Ca?>* concentration increases while the membrane potential exhibits bursts [12]; the
amount of insulin secretion may be inferred from the amplitude and duration of its concentration.
Therefore, the amount of insulin secretion corresponds to its area of concentration.

Figures 4 and 5 show time series of the membrane potential V and the cytosolic Ca?* concentration
when the TRPM2 channel is blocked and under the control condition. Figures 4(a) and 5(a) represent
time series when the closure of the TRPM2 channel, grrpymz = 0[nS], and the control condition,
where grrpmz = 0.0252[nS] [7] in Figs. 4(b) and 5(b). The TRPM2 reversal potential Vrrpye is set
to —20[mV], because the value is optimal for replicating the physiological experiments as shown in
the previous section.

Figures 4 and 5 show that the timing of the burst is consistent with the increase in the cytosolic
Ca?T concentration, which is consistent with the physiological paper [12]. In Fig. 5, the line under
the TRPM2 control condition (Fig. 5(b)) rises faster, and returns more slowly to the resting state
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(a) The TRPM2 channel block condition. (b) The TRPM2 channel control condition.

Fig. 4. Time series of the membrane potential under the TRPM2 channel
block and control condition. (a) The line denotes that the TRPM2 channel
is blocked, i.e., grrpm2 = O[nS]. (b) The line denotes the control condition,
where the TRPM2 is represented as grrpmz = 0.0252[nS].
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Fig. 5. Time series of the cytosolic Ca?* concentration under the TRPM2
channel block and control condition. (a) The line denotes that the TRPM2

channel is blocked, i.e., grrpm2 = O0[nS]. (b) The line denotes the control
condition, where the TRPM2 is represented as grrpmz = 0.0252[nS].
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than the voltage in Fig. 4. In addition, the resting Ca?t concentration rises, and the amplitude
increases. These results indicate that insulin secretion can be increased by activating the TRPM2
channel. To compare these results quantitatively, we calculated the area S; of the cytosolic Ca’*t
concentration that represents the amount of insulin secretion in Fig. 6. The area, Sy, is calculated
using fttlz ([Ca**] (1) — [Ca®*], . )dt, where t; and t; are the start and end time of the active state
and [Ca2+]Res is the average resting Ca’t concentration. The resting state of the cytosolic Ca’*t
concentration is described as when the value of 0.999 < [Ca"].(t+1)/[Ca®*].(t) < 1.001 is maintained
for 5[s] or more. In addition, the active state is defined as when the cytosolic concentration is not in
the resting state. Figure 6 shows that the area of cytosolic concentration under the TRPM2 channel
control condition was approximately three times as large as it was when the TRPM2 channel is
blocked.

700

600 1
500 1
400 1 1

S

300 - 1
200 1
0
Block Control

Fig. 6. The areas of [Ca?T].(¢) that denote the amount of insulin secretion.

Figure 6 shows that the TRPM2 channel increased the area of the cytosolic Ca?t concentration
during insulin secretion. It is also important to investigate whether channels other than the TRPM2
channel regulate insulin secretion. We then calculated the areas So of the currents of the other
channels during the active states using Sy = ff 1(t)dt, where t; and t2 are the start and end time of
the active states, and I(t) is a target channel current. The definition of the active state is the same
as that of the membrane potential. In Fig. 7, the black boxes represent the condition under which
the TRPM2 channel is blocked, and white boxes represent the control condition. The calculation
conditions are the same as in Fig. 4. The outward and inward currents are represented by the rise
and fall of the lines, respectively. Figure 7(a) shows the area Sy of the currents of all the channels,
I(t) = Ixarp + Isk + Ipk + Txv + Ina + IcaL + Icarq + Ioar + lleak + ITrpM2. In Fig. 7(b)-7(k),
the results obtained from calculating the areas Sy of the individual channel current. In Fig. 7(b),
I(t) = Itrpm2, in Fig. 7(c), I(t) = Icaw, in Fig. 7(d), I(t) = Icapq, in Fig. 7(e), I(t) = Icar, in
Fig. 7(f), I(t) = ISKy in Fig. 7(g), I(t) = IBKa in Flg 7(h), I(t) = IKATP~, in Fig. 7(1)7 I(t) = IK\/7 in
Fig. 7(j), 1(t) = INa and in Fig. 7(k), I(t) = lcak.

In Fig. 7(a), the inward currents are increased by activating the TRPM2 channel. Increasing the
inward currents induces the membrane depolarization to initiate the insulin secretion. In addition,
Sy of each channel current is shown in Fig. 7(b)—(k).

Figure 7(b)—(e) show results obtained from calculating Sy of Ca?t currents. These currents are
negative because of the inward currents. All the inward Ca?* currents increase when the TRPM2
channel is under the control condition. Specifically, activating the TRPM2 channel increases the
inward CaL and CaPQ currents (Fig. 7(c) and (d)). This is because the Cal. and CaPQ channels
are voltage-dependent; thus, these channels are activated when the membrane potential is increased
by the activation of the TRPM2 channel. The increases in these inward currents exceed that in
the TRPM2 current. This indicates that the TRPM?2 channel contributes to enhancing the insulin
secretion by increasing the Cali and CaP(Q currents.

Figure 7(f)—(i) show the calculation results obtained for Ss of KT currents. These currents are
positive, because of the outward currents. All the outward K currents increased when the TRPM2
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Fig. 7. The areas Sy of channel currents during the active states. In (a),
I(t) = Ixare + Isk + Ik + Ixv + Ina + IcaL + Icapq + Icar + licak + ITRPM2,
in (b), I(t) = Irrpm2, in (c), I(t) = IcaL, in (d), I(t) = Icapq, in (e),

1(
I

t) = ICaTs in (f), I(t) = ISK, in (g), I(t) = IBK7 in (h), I(t) = IKATP, in (1).
(t) = IKV7 in (J), I(t) = INa7 and in (k), I(t) = Ileak~

channel was under the control condition. The outward KV current, in particular, increased as a result
of the TRPM2 channel activation (Fig. 7(i)). This is because the increase in the membrane potential
due to the TRPM2 activation activates the voltage-dependent KV channel. Furthermore, the BK
channel is activated by the Ca?T currents that are increased by the TRPM2 channel activation.
Thus, the outward BK current is increased by the TRPM2 channel activation (Fig. 7(g)).

Figure 7(j) and (k) show the calculation results of Sy of Na® current and leak current. Both
inward currents are increased slightly by the TRPM2 channel activation. These results reveal that
the TRPM2 channel increases the inward currents. Specifically, the TRPM2 channel activates the
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voltage-dependent and Ca?*-sensitive channels with large conductance, and these activation increases
the cytosolic Ca?* concentration. This increase in the cytosolic Ca?t concentration leads to the
increase of inward currents, then contributes to the membrane activation and prolongment of the
burst duration. Consequently, insulin secretion is induced by the TRPM2 channel activation.

4. Conclusion

The activation of the TRPM2 channel has been reported to enhance insulin secretion, and prolong
the burst duration in the pancreatic S-cell [7]. In this paper, we incorporated the TRPM2 current
into the mathematical model proposed by Riz et al. [6], and investigated the reproducibility of the

experimental result [7] and effects of the TRPM2 channel on the membrane potential.

The results of the numerical experiments showed that the activation of the TRPM2 channel pro-
longs the burst duration when the TRPM2 reversal potential is close to the value observed in the
physiological experiments. These results support the relevance of the physiological experiments, and
confirm the effects of the TRPM2 channel on insulin secretion. This also indicates that the value of
the TRPM2 reversal potential is optimal in terms of efficient insulin secretion.

Furthermore, we investigated the effects of the TRPM2 channel on the other channel’s currents.
It was revealed that the TRPM2 channel increases the inward currents by activating the voltage-
dependent Ca?*-sensitive channels with large conductance; this activation increases the cytosolic
Ca2* concentration. These results imply that this is the mechanism through which insulin secretion
is increased by the TRPM2 channel activation.

We have constructed a mathematical model including the TRPM2 channel. The effects and rela-
tionship between multiple ion channels in the pancreatic (-cells are still physiologically unknown in
detail. It is an important future issue to investigate the dynamics of our model by detailed analyses
such as a bifurcation analysis.

Pancreas consists of hundred millions of 3 cells and they are connected via gap-junctional connec-
tions. It may be beneficial to construct a network of our proposed model for understanding overall
network dynamics of the pancreas. In addition, our theoretical investigation contributes to a new
treatment for diabetes by activating TRPM2 channel. There exist several drugs such as calmodulin
and ex-4, which are known as a TRPM2 channel activator [13]. Using our model, we can design and
control the timing and the duration of drug perturbation for diabetes.

Finally, our model of TRPM2 channel is a simple conductance model, so that it can also be in-
corporated into neural models. Recently it has been reported that the TRPM2 channel could be a
therapeutic target for treating a wide variety of brain diseases, including Alzheimer’s disease, neuro-
pathic pain, bipolar disorder, and Parkinson’s disease [14]. It would be a future problem to investigate
the effects of TRPM2 channel to treatments for such diseases.
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Emotions are hubs in a network of colexification

'Mitsuki Fukuya

Studies on emotions from the viewpoint of languages have

ITomoko Matsumoto

!Tokyo University of Science

2Yutaka Shimada
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been conducted [1]. They classified concepts of emotions by
analyzing a network of colexification.

Multiple concepts in polysemous words are related to colex-
ification. For example, a Spanish word “malo” expresses two
concepts; “BAD” and “SEVERE.” These concepts are per-
ceived as conceptually similar, colexified by “malo,” and re-
lated as colexification. This is the reason why colexifications
are useful for addressing issues about semantic structure[2]. To
analyze such colexification, we can use CLICS?[3] database,
which aggregates colexifications in 208 language families and
3,061 languages[4, 5].

In Ref. [1], networks are created by assigning a concept to
a vertex and a colexification to an edge and weights of edges
are defined in the created network as the number of languages
that colexify two concepts which are connected by an edge.
Figure 1 shows how to create a network. In Fig. 1, red lines are
colexification, and blue ovals are concepts.

“malo”: Spanish
BAD colexification @

Weighted Network

Weight:2
(French -
Spanish)

Figure 1: An example of creating a network

weight:1
(Russian)

(ero)—Geverd

(“n Y P HoO 1" Russian

BAD

In Ref. [1], random walk was applied for a created network
to reveal communities of concepts that have many colexifica-
tion. Random walk is a procedure of moving from one specific
node to another specific node through the edges of a network
in n steps. Using the random walk, we obtain the transition
probability matrix on a network at n steps P". In the case of
Fig. 1, “SEVERE” and “UGLY” are easy to reach each other
through “BAD” by the random walk, then the transition prob-
ability between “SEVERE” and “UGLY” is high. Therefore,
concepts that are clustered closely together in a network will
have high transition probabilities, which reveal communities in
a network.

The transition probability matrix at one step (n = 1) is de-
fined as Pj; = A;;/ Zgzl A, where P;; is the (4, 7)th entry
of P, A;; is the (i, j)th entry of the weighted adjacency matrix
of a network A, and N is the number of vertices.

In Ref. [1], a new weighted adjacency matrix B(™ was
dedined as B = 3" | P°. Moreover, a new matrix Bg>
is defined by choosing only the vertices of 24 typical emotional
concepts in B(™). They only analyzed the network of Bg’) to
research a network which has a minimal influence of colexifi-

!Tohru Ikeguchi

cation with non-emotional concepts[!]. This is because n = 5

is the minimum number of steps that Bgl) becomes a complete
graph. As the result, their network has some similarity-based
communities of emotional concepts.

On the other hand, first, we increased the number of steps
of the random walk to investigate a network which has a max-
imum influence of colexification with non-emotional concepts.
Next, we defined Py by choosing the vertices of 25 typical
emotional concepts by not integrating “HAPPY” and “HAPPI-
NESS” which were integrated as “HAPPY” in Ref. [1]. This
is because we create an accurate network from concepts in
CLICS®. Finally, we created a new network whose weighted
adjacency matrix is P using language data in CLICS? to re-
veal the influence of increasing the number of steps. Figure
2 shows networks of Py at n steps (top). and distributions of
weights of edges at n steps (bottom).

n=1

n=>5

n =100

n = 1000

1 0.002
Py P

i i

[ 0

index

index

+ a weight
of an edge

index index

Figure 2: Networks and distributions of weights of edges at

step n

Fig. 2 shows qualitatively that weights of edges converge
as the number of steps increases. The bottom of Fig. 2 also
shows that every edge directed to a vertex has the same weight.
Furthermore, the weights of edges directed to specific vertices
(“GOOD”, “WANT”, “BAD”, and “LOVE”) were large. Then
results indicate that networks increasing the number of steps of
the random walk clarified existence of hubs rather than com-

munities.

In this study, we increased the number of steps of the random
walk for a network of colexification and analyzed the network.
From the results, we show that emotions are hubs in colexifica-

tion networks.
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An investigation of basic emotions by colexification network

'Mitsuki Fukuya

ITokyo University of Science

Abstract

In studies on emotions from a perspective of natural language
processing, an investigation of basic emotions is receiving in-
creased attention. In this study, we investigated the basic emo-
tions from a perspective of colexification of emotional concepts
by discovering hubs in a network of colexification. Colexifica-
tion is a phenomenon in which a word possesses multiple con-
cepts and these concepts tend to be perceived as conceptually
connected. A network of colexification is created from colexifi-
cation in many languages by assigning a concept to a vertex and
colexification to an edge. We analyzed a network of colexifi-
cation consisting of vertices to which concepts of emotions are
assigned by defining hubs in this network as basic emotions.
As aresult, we found four basic emotions: “GOOD,” “WANT,”
“BAD,” and “LOVE.”

1. Introduction

Investigations of basic emotions have been conducted from
various viewpoints. For example, C. Darwin studied basic emo-
tions from a perspective of evolutionary biology [1]. P. Ekman
also analyzed the basic emotions from a perspective of psychol-
ogy [2].

In recent years, from a perspective of natural language pro-
cessing, an investigation of emotions using colexification is re-
ceiving increased attention [5]. Colexification is a phenomenon
in which a word possesses multiple concepts [3]. Multiple con-
cepts which are colexified tend to be perceived as conceptually
connected [3, 4]. For example, in Spanish, the word “malo”
means two concepts, “bad” and “severe,” and thus these two
concepts are colexified each other in Spanish. Then a network
of colexification is created by assigning a concept to a vertex
and colexification to an edge. In a previous study [5], emo-
tions are classified into several groups by discovering commu-
nities in the network of colexification. Although basic emotions
have been defined from perspectives of evolutionary biology
and psychology [1, 2], the previous study [5] did not discuss
basic emotions from the perspective of the network of colexifi-
cation.

In this study, we identified hubs in a network of colexifi-
cation consisting of concepts of emotions and their colexifica-
tions in various languages. We then defined emotional concepts
corresponding to hubs as basic emotions because the concepts
corresponding to hubs and many other emotional concepts are
colexified, namely conceptually connected with each other, in
many languages. As a result, we found that four emotional con-
cepts, “GOOD,” “WANT,” “BAD,” and “LOVE,” are hubs in a
network of colexification, and these concepts are basic emo-
tions.

2. How to create a network of colexification

ITomoko Matsumoto

2Yutaka Shimada !Tohru Ikeguchi

2 Saitama University

In a network of colexification, vertices represent concepts
and two vertices are connected by a weighted edge when their
corresponding concepts are colexified in one or more lan-
guages. The weights of the edges connecting vertices ¢ and
j are denoted by W;;, and W;; is the number of languages
in which two concepts corresponding to vertices ¢ and j are
colexified. Figure 1 shows an example of creating a net-
work of colexification from concepts “BAD”, “SEVERE”, and
“UGRY” which are colexified in Spanish, French, and Russian.

/41 “malo™ Spanish %\

(om0 —Geverd)

-
— “mauvais”: French
|_'mauvais’ French | e N

(o)

‘/ “nypHoOM™ Russ:an\
@ |

Figure 1: How to create a network of colexification.

Weighted Network
BAD

weight = 2
(French - Spanish)

’O concept =——— colexification

weight = 1
(Russian)

—

In Fig. 1, no edges are drawn between “SEVERE” and
“UGLY,” however, both of these concepts and “BAD” are
colexified in these three languages. Therefore, “SEVERE”
and “UGLY” are also considered to have an indirect connec-
tion through colexification associated with “BAD.” To quantify
such an indirect relationship and clarify relationships between
distant vertices, we apply random walk to a network of colexi-
fication.

In our random walk model, random walkers move along
edges based on the transition probability matrix P = (FP;;),
where P;; is the probability that a random walker on vertex 4
moves to vertex j. In a network of colexification with IV ver-
tices, P is defined as P;; = W,;j/ Zﬁ;l Ws. Then, the transi-
tion probability matrix after n steps is P" in this model.

In the previous study [5], the following procedure was ap-
plied to create a network of colexification.

1. Create a network of colexification from data of CLICS®
[4].

2. Calculate a transition probability matrix P" for n =
1,...,5.

3. Generate a network, denoted by G z(»), whose weighted

adjacency matrix B(™ is defined by B = S Ps.

4. Create an emotional colexification network G-y whose
weighted adjacency matrix is C'") by extracting vertices
corresponding to typical emotional concepts and edges
connecting them from the network G z(») (Fig. 2).



Gc(n)

0—0

(O emotional concept

(O non-emotional concept

Figure 2: Extracting emotional concepts in a network of colex-
ification.

CLICS? [4] is a database of colexification in 3,061 lan-
guages. Several studies using features of colexification are
based on CLICS® [6,7]. In CLICS®, concepts are tagged
according to their attributes, and emotional concepts are also
tagged with “Emotions and values.” In the previous study [5],
24 emotional concepts are selected as typical emotional con-
cepts which are tagged with “Emotions and values” in CLICS?
according to previous studies about emotions [8—17]. Thus, the
size of the weighted adjacency matrix C(™) is 24 x 24.

When the number of steps in the random walk n is five, the
network G5y becomes a complete graph for the first time.
In other words, the minimum value of n satisfying C’Z(Jn ) >0
for any pair of vertices ¢ and j is five. In the previous study
[5], emotional concepts are classified into several groups by
detecting communities of the emotional colexification network
G . However, basic emotions are not taken into account.

3. Methods

In this study, we investigated vertices that are hubs in an
emotional colexification network to detect basic emotions from
a perspective of colexification. In an unweighted network, a
hub is a vertex with a large number of edges. In this study, the
emotional colexification network is a directed weighted net-
work, and thus we defined a hub as a vertex whose sum of
weights of in-coming edges is large. This is because a weight
of an edge in an emotional colexification network is related to
the number of languages in which the concepts corresponding
to vertices at both ends of the edge are colexified. Then, we
created an emotional colexification network and investigated
vertices which are hubs.

Let us discribe the (4,7)th element of P™ by
Zi\]{zl,sg&i,j ngil e Z?LVL Pis, Py sy - 'Psnj’ which
is the probability that a random walker moves from vertex %
to vertex j through paths of length n — 1. Thus, when n = 5,
the edge weight between vertices 7 and j in the network G'g(n)
reflects the effect of indirect connections through other vertices
on paths with length at most » — 1. To take into account the
effect of long paths between two vertices, we increased the
number of steps 7 in the random walk to 103.

We created an emotional colexification network G ;) using
the following procedure.

1. Create a network of colexification using data from
CLICS?, and defining this network as Gy and the num-
ber of vertices in Gy as Ny .

2. Calculate P™ for n = 103, and generating a directed
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weighted network G p» whose weighted adjacency matrix
is P".

3. Create a directed weighted network GQ(”) whose
weighted adjacency matrix is Q™) by extracting the ver-

tices corresponding to typical emotional concepts and
edges connecting from the network G pn.

When increasing the number of steps n in the random walk,
the values of elements in P™ become small. In the previous
study [5], the value of the (7,j)th element of oM, namely
the edge weight, is dominantaly determined by the (i, j)th el-
ements of P™ with small values of n. Thus, the values of P"
with large values of n have little influence on the edge weights
in a network G (n). Then, to take into account the values of
elements in P™ with large values of n, we create the emotional
colexification network Gy from the network G pr.

We used 25 typical emotional concepts to create an emo-
tional colexification network. In the previous study [5], two
concepts “HAPPY” and “HAPPINESS” were treated as a sin-
gle concept. However, we treated them as distinct concepts be-
cause increasing the number of steps in the random walk may
detect differences in the vertices assigned to these concepts.

In this study, we investigated weights of edges in the net-
works G asn = 1,5,102, and 10°.

4. Results

Distributions of weights of edges in the networks G as
n = 1,5,102, and 103 are shown in Fig. 3.

Figure 3 shows that weights of edges in the emotional colexi-
fication networks are likely to converge to a constant value as n
increases and edges with the same weights exist in the networks
GQ(102> and GQ<103). We found that all edges with the same
weight were directed to the same vertex. We also confirmed
that edges with significantly large weights are directed to four
vertices: “GOOD,” “WANT,” “BAD,” and “LOVE.” Namely,
these four vertices are considered to be hubs in the emotional
colexification network.

Then, we defined a strength of in-coming edges of a vertex
(n)

whose index is 7, denoted by In; ", as follows:
Non)
m" =3 QY 1
J=1g#i

where NQW is the number of vertices in GQW. We also de-

fined the rank of vertex whose index is ¢ in decending order of
( (n

Inin), denoted by 7;, and a rate of change in In; ), denoted by
0;, as follows:
"
b= i, @)
In,,

where a vertex h is the vertex whose rank r;, satisfies r;, =
Thg middle two columns in Table 1 show the values of
InE10 ) and 6; of vertices in the emotional colexification net-
work G 5 103) -
From Table 1, the four concepts, “GOOD,” “WANT,”

“BAD,” and “LOVE” have the largest values of InEmB) and

(1% of “LOVE” is 1.80 times larger than that of “FEAR
(FRIGHT).” These results indicate that these four vertices
stronger have in-coming weights. Then, we concluded that



these four vertices corresponding to emotional concepts are
hubs in the emotional colexification network. We call these
four concepts hub concepts. Then, we defined these hub con-
cepts as basic emotions from the perspective of colexification.

Distribution of weights
n of edges
1
o |
1| 9
0] sl s
edge index
0.002
(n)
5 0;"!.
edge index
0.002
(n)
102 | %
0.002
(n) |
103 Qij """"""""""""
edge index
+ a weight
of an edge

Figure 3: Distributions of weights of edges whenn = 1, 5,102,
and 103,

We also researched relationships between hubs in the emo-
tional colexification network G 103, and the network of colex-
ification G'yy. Then, we generated an unweighted colexification
network, defining its adjacent matrix A as follows:

AU:{ (1) (Wij #0)

(Wij =0) -
Using the adjacent matrix A, the degree k; of vertex ¢ in the
network of colexification Gy is defined by

Nw
=1

3

(C))
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Moreover, the strength g; of vertex ¢ in the network of colexifi-
cation Gy is defined as

Nw
9=y Wi
j=1

We showed the results of k; and g; (: = 1,...,25) in the two

right columns of Table 1. We then compared the values of
(10%)
In;

®

with those of k; and g;.

3
Table 1: r;, Ing10 ), and ¢; in the network G503, and k; and

g; in the network Gy .

‘ T vertex Ingw‘) ‘ 0; ‘ k; ‘ gi ‘
1 GOOD 449 %1072 ] 1.17 | 126 | 420
2 WANT 3.81 x 1072 | 1.07 | 156 | 356
3 BAD 355 x 1072 | 1.57 | 72 | 332
4 LOVE 225 x 1072 | 1.80 | 96 | 211
5 | FEAR (FRIGHT) | 1.25 x 10~2 | 1.03 | 42 | 117
6 GRIEF 1.21x 1072 | 1.16 | 35 | 113
7 LIKE 1.04 x 1072 | 1.00 | 27 | 97
8 HAPPY 1.03x1072 | 1.13 | 61 | 97
9 HATE 9.10x 1073 | 1.01 | 59 | 85
10 DESIRE 899 %1073 | 1.13 | 51| 84
11 ANGER 792 x 1073 | 1.07 | 46 | T4
12 REGRET 738%x 1073 | 1.04 | 31| 69
13 HOPE 7.06x 1073 | 1.13 | 25| 66
14 ANXIETY 6.21x1073 | 1.16 | 19| 58
15 SHAME 535%x 1073 | 1.31 | 43 | 50
16 PITY 4.06x 1073 | 1.11 | 13| 38
17 ENVY 364x1073 | 1.00 | 13| 34
18 PROUD 364x1073 | 189 | 20| 34
19 SURPRISED 1.92x 1073 | 1.12 | 13| 18
20 SAD 1.71 x 1073 | 1.23 9| 16
21 HAPPINESS 1.39 x 1073 | 1.85 6| 13
22 MERRY 7.49 x 1074 | 1.75 7 7
23 Joy 428 x107% | 1.33 1 4
24 WORRY 3.21 x 10~ | 3.00 3 3
25 GLOOMY 1.07 x 10~* 1 1

Focusing on the four hub concepts “GOOD,” “WANT,”
“BAD,” and “LOVE” in Table 1, we found that k; and g; of
these four vertices are higher than those of other vertices, but
(10%)

<

%

the rank order of k; is different from that of g;: for In

3
Ing-10 ) at any pairs of vertices (4, j), g; always satisfied g; < g;
but k; does not satisfiy k; < k;. Therefore, the values of g; are

3
related to those of Ing10 ) of a network of colexification. This
implies that hub concepts are likely related to the number of
languages in which hub concepts are colexified with other con-

cepts.

5. Conclusion

In this study, we created a network based on colexification
and investigated hubs in the network to define basic emotions
from a perspective of colexification. We also increased the
number of steps in the random walk which is applied to a net-
work of colexification and investigated indirect relationships



between emotional concepts via non-emotional concepts. As
a result, we confirmed that the vertices corresponding to the
following emotional concepts are hubs: “GOOD,” “WANT,”
“BAD,” and “LOVE.” We also found that hub concepts in a
network of colexification tend to be colexified with other con-
cepts in many languages. In this sense, these four emotional
concepts are basic emotions.

The four basic emotions that we discussed here are differ-
ent from basic emotions in other fields; C. Darwin gave ba-
sic emotions as “SAD,” “HAPPY,” “ANGER,” “CONTEMPT,”’
“HATE,” “FEAR,” and “SURPRISED”, and P. Ekman gave ba-
sic emotions as “ANGER,” “FEAR,” “DISGUST,” “SAD,” and
“ENJOY”. Therefore, it implied that the basic emotions from
a perspective of colexification are different from those in other
fields. However, B. Spinoza gave basic emotions from a per-
spective of ethics: “PLEASURE,” “SAD,” and “DESIRE” [18].
Although no emotion corresponds to “WANT” in the basic
emotions given by C. Darwin and P. Ekman, the basic emotions
given by B. Spinoza include the emotion “DESIRE” which
may correspond to “WANT” in our case. Therefore, the ba-
sic emotions from a perspective of colexification in this study
are closely related to the basic emotions defined by B. Spinoza
from a perspective of ethics.
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Abstract—In this study, we investigated the similari-
ties between inter-point distance distributions on original
and reconstructed attractors, by varying the reconstruction
parameters for reconstructing a dynamical system using a
time-delay coordinate system. The results show that the
product of the reconstruction dimension and the time-delay
should be constant to obtain high similarity.

1. Introduction

The goals of time series analysis include understanding
characteristics of systems, generating appropriate models,
predicting time series accurately, or controlling systems ef-
fectively, from time series data. In particular, understand-
ing the characteristics of systems is of paramount impor-
tance. In nonlinear time series analysis, it is known that an
attractor of the dynamical system can be reconstructed only
from observed time series, even when all the state variables
of the system cannot be observed, through a time-delay co-
ordinate system [1, 2]. When using the time-delay coordi-
nate system, attractors cannot be properly reconstructed if
we fail to set appropriate reconstruction parameter values.
In particular, it is not easy to set appropriate reconstruc-
tion parameters when finite data length is only available
as in the real world. If the attractor is reconstructed with
appropriate parameter values, the reconstructed attractor is
expected to be similar in geometric structure to the original
attractor. The geometric structure of the attractor is closely
related to the fractal dimension, and a method of estimat-
ing the fractal dimension using the inter-point distance dis-
tribution on an attractor has been proposed [3]. Thus, this
paper focuses on the inter-point distance distribution on the
attractor as a geometric feature and investigates the dissim-
ilarity between the inter-point distance distributions on at-
tractors using the Jensen—Shannon (JS) divergence [4].

2. Evaluation procedures and methods

In this study, the Lorenz equations [5] are used as an ex-
ample of a chaotic dynamical system. First, we normalize
the three variables x;, y; and z, of the Lorenz equations to
the range [0, 1]. For example, the variable x; is normalized
by &, = (X, — Xmin) / (Xmax — Xmin), Where %; is the normal-
ized x; and x;, and xpi, are the maximum and minimum
values of x,. The variables y; and z, are normalized in the
same manner. We define a point at time ¢ on the normalized
Lorenz attractor as v(t) = (%, ¥;, Z;). Then, we transform
the normalized time series X; into the time-delay coordi-
nate system: x(t) = (%, Xz, -, Xpr@u-1)r), Where m is
the reconstruction dimension and 7 is the time-delay. Let
dy(i, j) be the inter-point distance between points v(i) and

v(j) on the normalized original attractor, and dx (i, j) be the
inter-point distance between points x(i) and x(j) on the nor-
malized reconstructed attractor. We calculated dy (i, j) and
dx (i, j) for every pair i and j and normalized the distances
such that the mean and variance of the distances would
be zero and unity. Then, we generate the inter-point dis-
tance distributions Py and Py from the normalized inter-
point distances. Finally, we calculate the JS divergence
Djs(Py, Pyx) between inter-point distance distributions Py
and Py. The same procedure is applied to the variables y
and z to calculate Dys(Py, Py) and Dys(Py, Pz).

3. Numerical experiments

We calculated the JS divergence when the reconstruc-
tion dimension m and the time-delay T were varied in the
range of 1 < m < 20and 1 < v < 20. The Lorenz
equations were solved using the fourth order Runge-Kutta
method with a step size of 0.01. We used 5,000 data
points after removing 100,000 data points as transient

states. The result for the variable x; is shown in Fig. 1.

Figure 1 shows that ) 01
as the reconstruction : LEEEEENEEEEEES
dimension increases,  { .camEEE" 008
Fhe JS' .dlvergeqce i amma" HH 006§
is  minimized with g % EE j_Hg'D 5
a small time-delay. ¢ = =8 mw 00s 2
By contrast, as the F i g% A 9
reconstruction di- 1 ® mmE 00z
mension  decreases, i & = 0
the JS divergence i

is minimized with a
large time-delay. This
is because the trajec-
tories on attractors
unfolded even in low dimensions when the time-delay is
large. This result reveals that the reconstruction parameter
values that minimize the JS divergence followed a curve
where the products of the reconstruction dimension m and
the time-delay 7 are constant.

This research is partially supported by JSPS KAKENHI
Grant Numbers JP17K00348, JP20H00596, JP21H03508,
and JP21H03514.

Figure 1: JS divergence between
inter-point distance distributions of
the original and reconstructed
Lorenz attractors (variable x).
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Abstract—In this study, we investigated how the event
generation of bicycles rented and returned in a bike sharing
system behaves using real usage history data as a point pro-
cess. As a result, it is suggested that the event generation
of bicycles rented and returned follows a Poisson process
when we restricted the usage history to working days from
8:00-20:59.

1. Introduction

In bike sharing system (BSSs), when many bicycles are
used, the number of bicycles at each port becomes unbal-
anced. To overcome this problem, capacited vehicles need
to relocate the bicycles at each port. Thus, we have al-
ready proposed a method for finding optimal tours of vehi-
cles in short time [1]. To investigate the performance of the
proposed method [1], we generated original benchmark in-
stances with randomly placed ports in the numerical experi-
ments. However, it is important to built realistic benchmark
instances from actual usage history of rented and returned
bicycles to realize effective strategies for rebalancing bicy-
cles in real BSSs. Thus, in this study, we conducted statis-
tical analysis of usage history data of bicycles of four BSSs
(Boston, Washington D.C., New York and Chicago).

2. Statistical Analysis

To analyze how the temporal patterns of events of rented
and returned bicycles at each port behave, we treat the us-
age history data as a point process in this study. The data in-
clude time stumps when a bicycle was rented and returned
with the IDs of ports. Then, we defined the generation of
an event as the time when a bicycle is rented or returned.
We analyzed two point processes, rented and returned, sep-
arately. To analyze these point process data, we used raster
plots and coefficient of variation (CV).

In this article, we only show results of New York BSS
[2]. Figure 1 shows the raster plot of rented bicycles in
New York from 1Ist to 7th August 2019. The horizontal
axis shows time in minutes and the vertical axis shows the
port ID (the total number of ports is 794). From Fig. 1,
we can see a periodic pattern, which indicates that many
bicycles are used during the daytime and few bicycles are
used during the midnight.

Next, we calculate inter event interval (IEI) from rental
and return timings. Using the IEI, we calculated coefficient
of variation, CV = ¢/X, where o is the standard deviation
of IEI and X is the mean of IEIL If CV = 0, IEI is regular,
and if CV = 1, IEI follows the Poisson process. Figure 2
shows a result of CV of rented bicycles on August 2019 in
New York. The horizontal axis shows the port ID and the
vertical axis shows the CV values. In Fig. 2, the red line
shows CV of rented bicycles using all the data (31 days) of
August 2019. If we use all the data of August 2019, the CV
value is larger than unity. From Fig. 1, users rarely rent a

200
400
600

Port ID

Figure 1: Rater plot representation of timings of rented bi-
cycles of New York. The black points represent that the
bicycles are rented.

400
Port ID
Figure 2: CV values of rented and returned bicycles on

August 2019 in New York. We have removed ports which
have only one IEI

bicycle at midnight. Then, we calculated the CV values by
removing events from 21:00-7:59 and weekends. In these
cases, we used the edge-connecting method (CN) [3] to ob-
tain the IEI. The black line shows CV of rented bicycles
calculated from IEI of working days from 8:00-20:59. The
blue line shows CV of returned bicycles calculated from
IEI of working days from 8:00-20:59. As a result, the CV
values take values near to unity at almost ports. These re-
sults indicate that events generation of bicycles rented and
returned follow the Poisson process.

3. Conclusion

In this study, to determine how the temporal patterns of
rented and returned bicycles of BSSs exhibit, we used a
raster plot and the coefficient of variation to analyze real
usage history of BSSs. From the result of raster plot, we
can see a periodic pattern, which indicates that many bicy-
cles are used during the daytime and few bicycles are used
during the midnight. Then, from the results of the coef-
ficient of variation, it is suggested that the temporal pat-
terns of bicycles rented and returned of working days from
8:00-20:59 follow a Poisson process. This research is par-
tially supported by the JSPS Grant-in-Aids for Scientific
Research (No. JP20H000596 and JP21H03514).
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Abstract—In recent years, information diffusion on
static networks is well discussed. We have already reported
that the contact order of vertices with high eigenvector
centralities affects information diffusion on the temporal
networks. In this paper, in addition to the eigenvector
centrality, we introduced closeness and betweenness cen-
tralities and defined a synthetic centrality by integrating
these three centralities. We then investigated the relation-
ship between the contact order of vertices with high syn-
thetic centralities and information diffusion on temporal
networks. As a result, we found that if contacts with high
synthetic centralities occurs more frequently in the early
term, the information spreads more widely in case that
the information is influential and the decay of interest is
strong.

1. Introduction

Many researches on information diffusion have been re-
ported. These researches are mainly applied to static net-
works [1-3]. However, the real world is not static but dy-
namic, which means that we have to analyze not only static
networks but also temporal networks (TN) whose structure
changes dynamically. We have already reported that the
contact order of vertices with high eigenvector centralities
affect information diffusion on the TNs [3]. However, many
centralities other than the eigenvector centrality can also
be important measures on information diffusion. In this
paper, we define a synthetic centrality as the average of
three centralities: eigenvector, closeness, and betweenness
centralities. We then hypothesize that if contacts of ver-
tices with high synthetic centralities occur more frequently
in the early term or late term of information diffusion, the
information spreads more widely. To validate this hypoth-
esis, we produce surrogate networks that have high syn-
thetic centralities in the early term or the late term, and
compared the final diffusion rates of the original temporal
network and those of surrogate networks.

2. Numerical Experiments

We obtain TNs by transforming a face-to-face contact
data sets taken at a high school in France [4,5]. Let us
describe the (i, j)th component of the adjacency matrix of
the TNs at time ¢ as A;;(¢). If there is a contact between
two vertices (people) i and j at time ¢, A;;(t) = Aji(t) =1,
otherwise A;;(t) = Aji(t) = 0. These contacts are recorded
every 20 seconds. Then, we use the model of information
diffusion proposed in Ref. [3]. We define the interest level
on information of vertex i as z;(¢t). It follows: z;(t + 1) =

gi(r )ai(t) + aH(zi(t) — 0) Y F(x;(t) - 0;), where
JEG;(t)

F(z) is the step function; G;(¢) is the set of adjacent ver-
tices of vertex i at time t; 6; is the threshold of vertex i
and follows a truncated normal distribution with an aver-
age 1 = 0.5 and a variance o = 0.04 which lies within the
range [0, 1]; « is the influence of information; g;(7,t) = T,
ift —t; =0 (mod 3600), otherwise g;(7,t) = 1 and t;
is the timing when vertex ¢ first receives the information;
7(7 < 1) is a decay coefficient; and H(z) = 0, if z > 0,
otherwise H(z) = 1.

Next, we define a synthetic centrality of vertex i as
Z; = (E; + C; + B;)/3, where E; is the eigenvector cen-
trality [6], C; is the closeness centrality [7], and B; is the
betweenness centrality [8] of vertex i. Note that we cal-
culated F;, C; and B; on the static network in which all
contacts are merged. We normalized them [6-8] in the
range of [0,1]. We define the synthetic centrality of con-
tact (4,7) as Z;;" = max{Z;, Z;}. Then, we define con-
tacts with high Z;7** as influential contacts in informa-
tion diffusion, because these contacts include vertices with
high Z;3** which can play an important role in informa-
tion diffusion. To make surrogate networks, we sort all
contacts except the first contact in the descending order or
the ascending order. We define the final diffusion rate S as
the fraction of the number of vertices whose interest level
reaches the threshold once before the diffusion ends. Sub-
sequently, we evaluate S using the proposed model on the
original TN and its surrogate networks by changing o when
7 = 0.95 and 0.99. We define the first contact as (i*,j*)
and set the initial interest level of vertex i* as z:+(0) = 1
to start the diffusion. The results are shown in Fig. 1.
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Figure 1: Relationship between a and S on the original TNs and
their surrogate networks. (a)7 = 0.95 and (b)7 = 0.99.

From Fig. 1, we found that S obtained from the surrogate
networks whose contacts are sorted in descending order is
higher than that of the original TN, where a > 0.03 and
7 =0.95.

3. Conclusion

In this paper, to investigate how network centralities of
vertices on a temporal network affect the information dif-
fusion, we compared the final diffusion rate of the original
temporal network and its surrogate networks. The results
suggest that if contacts are sorted in the descending order
of the synthetic centrality, the information spreads more
widely, if the information is influential (o > 0.03) and the
decay of interest is strong (7 = 0.95). This research is par-
tially supported by the JSPS Grantin-Aids for Scientific
Research (Nos. JP17K00348, JP20H00596, JP21H03508
and JP21H03514).
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Abstract—Recent researches on languages based on
complex network theory have revealed structural features
of various word co-occurrence networks (WCNSs) created
from text documents written in different languages. The
WCN consists of vertices that correspond to words (mor-
phemes) and edges that connect n consecutive words in a
sentence, based on n-gram. Most of researches used WCN's
transformed with n = 2 (bigram). However, it is not suf-
ficient to investigate structural features of the WCNs only
in case that n = 2. In this study, we investigated structural
features of WCNs created from the New Testament of the
Christian Bible for nine languages, when n is increased.
The result shows that language analysis with WCNSs cre-
ated as n increases is an essential way to reveal structural
features of multiple languages.

1. Introduction

There are about 6, 800 different languages in the world,
and various studies have been conducted. Recent re-
searches on word co-occurrence networks (WCNs) have
revealed commonalities and differences in their structures
among multiple languages [1]-[3]. In WCN, n consecutive
words are connected to each other. We have already inves-
tigated the structural features of WCNs transformed from
the New Testament of the Christian Bible [4] when n = 2
(bigram). However, there is an issue that WCNSs can cover
only a part of syntactic dependency relations [5] if n = 2.
Therefore, in this study, we investigated structural features
of three different WCNs constructed by connecting n con-
secutive words (n = 2, 3, 4), namely, bigram, trigram and
quadrigram.

2. Method for transforming documents into word co-
occurrence networks

We used the New Testament of the Christian Bible trans-
lated into nine languages [4]. The reasons why we used
these documents are two folds: (i) the content of these doc-
uments is the same, and (ii) these documents are translated
into many different languages. First, we applied a morpho-
logical analysis to the documents to divide a sentence into a
prototype of words and obtained their part-of-speech (PoS).
Then, we treated the pair of the prototype and its PoS as a
vertex. Next, we created unweighted and undirected WCNs
withn = 2,3 and 4. In WCN, #n vertices are connected with
each other if their corresponding words are consecutive in
at least one sentence. Note that the duplication of words or
connections between words are not allowed, and symbols
are excluded. Figure 1 shows an example of transforming
the documents into WCN. In Fig. 1, the upper part of the
vertices expresses a prototype of the word, and the lower
part of the vertices expresses the PoS tag [6].

3. Results

We calculated the clustering coefficient (C) [7] and the
average path length (L) [7] of WCNs. Figure 2 shows the
results of the relation between C and L for the WCNSs.

n=3

Now " =2 after Jesus be bear in Bethlehem of Judea in the day of Herod the King ,

Rﬂwvﬂb VBN IN NNP  IN NNP IN DT NNS IN NNP DT NN
-4
Now after Jesus be bear in Bethlehem of
RB N NNP VBD VBN IN NNPX
Judea
NNP
3 DT NN

Figure 1: An example of transforming documents into WCNSs.
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Figure 2: Relation between C and L. (a) n = 2, (b) n = 3 and
(c)n=4.0,0, A and V express the Gospels of Matthew, Mark,
Luke and John, respectively.

In Fig. 2(a) and (b), the values of C increase for all lan-
guages when n increases from n = 2 to n = 3. However,
the values of C remain almost unchanged when »n increases
fromn = 3 ton = 4 in Fig. 2(b) and (c). On the other
hand, the values of L approach unity for all languages as n
increases in Fig. 2, because words that are not connected
when n = 2 are connected as n increases. As a result, the
number of shortcuts in the WCNs increases. In addition,
Fig. 2 shows that the increasing rates of C and L vary
across languages as n increases. For example, from Fig.
2(a) and (b), we can see that the value of C of Japanese
(red) increases from 0.4 to 1.2 and the value of L increases
from 1.04 to 1.0. The increasing rate of C in Japanese is 3.0
and that of L is 0.96. On the other hand, the value of C of
English (blue) increases from 1.0 to 1.2 and the value of L
increases from 0.99 to 1.0. The increasing rate of C in En-
glish is 1.2 and that of Lis 1.01. Therefore, we could reveal
hidden structural features of WCNs by using the increasing
rates of C and L as n increases.

4. Conclusion

In this study, we constructed WCNs by connecting n
consecutive words and analyzed structural features of the
WCNs by increasing n. As a result, we found that the
structural features of the WCNs changed differently as n
increases, depending on the language.

This research is partially supported by the JSPS Grant-
in-Aids for Scientific Research (Nos. JP18K12701, JP20H
00596, JP21H03514 and JP21HO03508).
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Abstract—It is widely acknowledged that neurons show
irregular responses with periodic inputs. In this study, we
numerically analyzed responses of the Izhikevich neuron
model to sinusoidal inputs. Evaluating the diversity index
of inter spike intervals (ISIs), we discovered that sinusoidal
inputs can produce irregular responses of the Izhikevich
neuron model.

1. Introduction

It is experimentally shown that real neurons exhibit
irregular responses such as chaotic responses or quasi-
periodic responses under periodic stimuli such as sinu-
soidal inputs [1][2]. In Ref. [3], responses of the Izhikevich
neuron model [4] to sinusoidal inputs were studied and var-
ious mode-locked states were observed. In this study, we
used the Izhikevich neuron model with a parameter set of
a regular spiking (RS) neuron and analyzed whether sinu-
soidal inputs can produce non-periodic responses.

2. Experiments

In this study, the Izhikevich neuron model were stimu-
lated by a periodic input current defined as I(f) = Ipc +
Isc = Ipc + Asin (2x/T)t, where Ipc is a constant part and
Ixc is a periodic part. We set Ipc = 10 and changed the
amplitude A in arange of 0 < A < 10 and the period 7 in a
range of 1 < T < 2000.

To evaluate the response of the Izhikevich neuron model,
we used the diversity index of inter spike intervals (ISIs),
which is defined as R = m/n [5], where m and n represent
the number of the kinds of ISIs and the total number of
ISIs, respectively. In this study, if the ith and the jth ISIs
are equal to two decimal places, these ISIs are defined to
be the same. Then, R — 0 means a periodic response and
R — 1 implies an irregular, possibly a chaotic response.

Figure 1 shows the diversity indices of ISIs by chang-
ing the amplitude and the period of the sinusoidal inputs.
The color bar represents the diversity index of ISIs. In Fig.
1, the region where the diversity indices are close to zero
corresponds to periodic responses and the region where
the diversity indices are close to unity corresponds to ir-
regular responses. When the period 7T is relatively small,
amplitudes less than six can result in periodic responses.
However, as T increases, the boundary between periodic
responses and irregular responses in Fig. 1 converges to
the amplitude A = 6.

Figure 2 shows an example of trajectories of the model.
Figure 2(a) corresponds to a periodic response and Fig.
2(b) corresponds to an irregular response. In Fig. 2(a),
when A is greater than six, the v-nullcline intersects with
the u-nullcline if the sinusoidal input takes the minimum
value (I(f) = Ipc — A). In contrast, in Fig. 2(b), when A
is less than six, the v-nullcline does not intersect with the
u-nullcline. When the amplitude A = 6, the v-nullcline
is tangent to the u-nullcline at the minimum value of 1(¢).

These characteristics could play a crucial role in producing
irregular responses of the Izhikevich neuron model stimu-
lated by the sinusoidal inputs.

0 200 400 600 800 1000 1200 1400 1600 1800 2000

T [ms]
Figure 1: Diversity indices of ISIs in case that the ampli-
tude A and period T changed.

) P20 i1g™
N0 =0 [i=0(=lpcA)

(a) (b)
Figure 2: Trajectories induced by the sinusoidal inputs of
(a) a 9-period response (A = 7.5, T = 200) and (b) an
irregular response (A = 2.5, T = 200).

3. Conclusion

In this study, we evaluated responses of the Izhikevich
neuron model with sinusoidal inputs by the diversity in-
dex of ISIs. As a result of numerical experiments, even
if the parameters of the Izhikevich neuron model is set
to RS parameters, irregular responses can be observed if
the two nullclines do not intersect. The diversity index
of ISIs is a simple method for distinguishing periodic re-
sponses and irregular responses. Therefore, one of the
important future issues is to determine whether irregular
responses are chaotic or not in a rigorous way. This re-
search is partially supported by the JSPS Grant-in-Aids for
Scientific Research (No. JP17K00348, JP20H000596 and
JP21HO03514).
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Dynamical Characteristics of Wild-Type Mouse Spontaneous
Pupillary Fluctuations*

Nina Sviridova, Pietro Artoni, Michela Fagiolini, Takao K. Hensch, and Kazuyuki Aihara

Abstract— Spontaneous pupil size fluctuations in humans and
mouse models are noninvasively measured data that can be used
for early detection of neurodevelopmental spectrum disorders.
While highly valuable in such applied studies, pupillometry
dynamics and dynamical characteristics have not been fully
investigated, although their understanding may potentially lead
to the discovery of new information, which cannot be readily
uncovered by conventional methods. Properties of pupillometry
dynamics, such as determinism, were previously investigated for
healthy human subjects; however, the dynamical characteristics
of pupillometry data in mouse models, and whether they are
similar to those of human subjects, remain largely unknown.
Therefore, it is necessary to establish a thorough understanding
of the dynamical properties of mouse pupillometry dynamics
and to clarify whether it is similar to that of humans. In this
study, dynamical pupillometry characteristics from 115 wild-
type mouse datasets were investigated by methods of nonlinear
time series analysis. Results clearly demonstrated a strong
underlying determinism in the investigated data. Additionally,
the data’s trajectory divergence rate and predictability were
estimated.

I. INTRODUCTION

Spontaneous pupil size fluctuations are controlled by the
autonomous nervous system. Even under constant conditions
pupil size fluctuates and produces complex, seemingly random
dynamics [1,2]. Pupil size fluctuations can be used to track
changes in mental states and behavioral performance [3].
Pupillometry data of both human subjects and animal models
have been utilized in numerous applied studies [1-6], including
those on neurodevelopmental disorders [4,5]. This makes a
thorough understanding of the dynamics of pupillometry an
essential task.

The activity of the brain is highly fluctuating even at the
resting state. This intrinsic brain fluctuation may influence the
control system of the pupil to produce spontaneous pupillary
fluctuations in the time series waveform that possesses a great
complexity. Yet, while there are numerous applied studies
involving pupil size fluctuations, there seem to be few that
investigate its dynamics and properties in detail. In [1,2]
pupillometry dynamics from healthy human subjects was
investigated by methods of nonlinear time series analysis,
which have been found useful in numerous studies on the
dynamics of complex biological signals [7]. In [1,2] the
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applied analysis included the time-delay-reconstruction
method, the method of surrogate data, and calculation of
correlation dimension, the largest Lyapunov exponent,
recurrence plot, recurrence rates and determinism, which are
recurrence plot quantification analysis measures. As a result,
the determinism of the healthy human subjects’ data was
reported in both studies, and, additionally, in [2] its dynamics
was claimed to be deterministic chaos.

Spontaneous oscillations of pupil size in mouse models
have been taken as a noninvasive biomarker to address such
important and challenging problem as the early detection of
neurodevelopmental disorders like autism [5]. Full
understanding of the underlying pupillometry dynamics and
the extent to which their properties are similar across species
may provide new valuable information that could not be
uncovered by previously applied analysis methods, potentially
yielding better results in existing studies. While some attention
has been paid to human pupillometry dynamics as above,
practically no studies have investigated the pupillometry
dynamics of mice, which can be experimentally manipulated
in preclinical models. Thus, a detailed investigation of mouse
pupillometry dynamical characteristics is needed.

Pupillometry data from wild-type (WT) mice are used as a
control for comparison with diseased mouse models [5]. So, in
this study, we aimed to confirm whether the WT mouse
pupillometry data have dynamical characteristics similar to
those of healthy human subjects, whose dynamics were found
to be deterministic and even claimed to be chaotic [1,2].
Presence of ‘determinism’ implies that the dynamical system
is determined by a certain rule and its evolution is defined by
the current state and past information, making it one of the
defining properties of deterministic chaos. However, it is a
very challenging task to prove that experimentally measured
pupillometric data have chaotic dynamics. So, in this study,
besides the determinism criterion, we estimated two more
important properties of complex dynamical systems, namely
trajectory divergence and predictability, which can provide a
clue on the underlying pupillometry dynamics. The presence
of trajectory divergence as well as the possibility to obtain
short-term predictions, i.e. forecast process state in short-time
(but not long-time) evolution, are important properties of a
chaotic dynamical system. Thus, the determinism, trajectory
divergence, and predictability of collected WT data [5] were
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carefully tested by multiple methods of nonlinear time series
analysis.

II. MATERIALS AND METHODS

A. Data

Here, spontaneous pupillary fluctuation data recorded by
an infrared camera with 50 Hz sampling frequency from 115
WT mice were used. Awake mice were head-fixed but freely
moving on a circular treadmill under dim light conditions
(50 lux) to allow pupil fluctuations [5]. Pupil size data were
collected over 30-minute periods by an infrared camera aimed
at the right eye. Data included a variety of age groups from
postnatal day P20 to P369. Animal care and experimental
procedures were performed in accordance with protocols
approved by the Boston Children’s Hospital Institutional
Animal Care and Use Committee [5]. Detailed information on
the experimental procedure can be found in [5].

Data were preprocessed by a low-pass filter with a
passband frequency of 6 Hz before the analysis. An example
of the resulting pupillometry time series is shown in Fig. 1.

B. Analysis

Methods of nonlinear time series analysis were applied to
the WT mouse pupillometry data to unveil its dynamical
properties. Most of the methods of nonlinear time series
analysis require complete state-space information of the
process dynamics. However, for the experimentally measured
data often only a single variable observation is all that is
available. The method of time-delay reconstruction [7] allows
one to obtain possible dynamics of the process in m-
dimensional phase space based on single variable observation,
x(t). Therefore, first, the possible dynamics was reconstructed
in the phase space by the time-delay embedding technique.

To avoid reliance on a single measure to test pupillometry
dynamics properties, multiple tests were applied to the
reconstructed trajectory. The Wayland test translation error
(WTE) [8], which allows to estimate determinism of the data
as well as provides an estimate on the level of the noise present
in the data, was calculated. Then, the recurrence plot (RP)
method [9], which utilizes neighborhood relations to visualize
m-dimensional system dynamics as a 2-dimensional binary
image, was applied. Depending on the type of system’s
dynamics RP has a unique pattern that qualitatively
characterizes a dynamical system. As the RP provides only
qualitative characteristics of investigated data, the recurrence
quantification analysis (RQA) [9] was performed. RQA
quantifies underlying structures in RP, and, therefore, allows
one to go beyond RP image-based qualitative results. Then the
largest Lyapunov exponent (LLE), which provides qualitative
and quantitative characteristics of the dynamical system, was
calculated. Qualitatively, a positive LLE implies the presence
of trajectory divergence and is recognized as a hallmark of
chaos. Quantitatively the value of the LLE measures the
trajectories divergence rate. As the LLE reflects important
properties of a dynamical system, it is one of the methods of
nonlinear time series analysis frequently used in applied
studies. In this study, the LLEs were calculated by the
Rosenstein et al. method [10]. Finally, the deterministic
nonlinear prediction method was applied to estimate data’s
predictability. Presence of the short-term predictability can be
recognized as a sign of data determinism [7]. Additionally, the
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method of surrogate data [11] was applied to the LLE and
prediction results to address the issue of the noise
contamination in the experimental data.
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Figure 1. An example of preprocessed wild-type mouse spontaneous
pupillary fluctuations time series.

III. RESULTS

A. Time-Delay Reconstruction

The time-delay-reconstructed trajectory was calculated for
all datasets. The dimension necessary for the reconstruction
was estimated by the false nearest neighbors method [7]. The
minimum embedding dimension was estimated as m=4 for 22
datasets and as m=3 for the rest of the datasets; therefore, the
reconstruction dimension was chosen as m=4 for further
calculations. The value of time delay, t, applied in time-delay
reconstruction was chosen as the time when the time series
autocorrelation function falls below (1-1/e). Figure 2
demonstrates an example of the time-delay-reconstructed
trajectory corresponding to the time series shown in Fig. 1.

B. Wayland Test Translation Error (WTE)

Figure 3 demonstrates the distribution of WTEs calculated
for all datasets. The WTE values close to 0 indicate strong
underlying determinism in the data. In contrast, a stochastic
process, such as colored noise, produces a WTE value close to
0.5 [12], and an uncorrelated random process, such as white
noise, produces a WTE value close to 1. Although there is no
clear WTE-value boundary between deterministic and
stochastic processes, in previous studies it was discussed
[12,13] that WTE values significantly larger than 0, but less
than 0.5 can be produced by a deterministic process with a
considerable level of noise contamination.

w437

-l

x(t+7)

Figure 2. An example of pupillometry time-delay-reconstructed trajectory
in the 4-dimensional phase space.

60

ES

Frequency
]

B

0 0.05 0.1 0.15 0.2
Waylan test translation error

Figure 3. Distribution of the Wayland test translation error values for 115
wild-type mouse pupillometry datasets.
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C. Recurrence Plot (RP) and Recurrence Quantification

Analysis (RQA)

In this study, the calculated RP size was 10000x10000
points. The threshold, which is a parameter required for RP
calculation, was chosen as 5% of the size of the trajectory
reconstructed in the phase space. To obtain quantitative
measures of the pupillometry dynamical characteristics, RQA
[9] was conducted on obtained RPs. In this study, the
following RQA measures were calculated: determinism
(DET), maximal diagonal line length (Lmax), average diagonal
line length (L), and entropy (ENTR). Obtained results are
summarized in Table 1.

TABLE L. SUMMARY OF THE RECURRENCE QUANTIFICATION
ANALYSIS RESULTS
RQA measure

Stats
DET L Lnax ENTR
min 0.736 4.167 28 1.807
max 0.997 59.931 9499 3.801
mean 0.966 23.630 3036.435 2.937
deviation 0.040 11.982 2647.737 0.425

D. Largest Lyapunov Exponent (LLE)

The distribution of calculated for all data LLEs is shown in
Fig. 4 (blue bars). As seen in Fig. 4, all the LLEs are positive,
however, the presence of noise cannot be overlooked as a
factor that can cause overestimation of the LLE value. To
address the problem of noise in experimental data the method
of surrogate data was applied to verify the results of the LLEs
calculation. For each pupillometry time series 100 Fourier
transform phase-randomized surrogates [11] were generated,
and its LLEs were calculated. Then it was tested whether or
not the original time series LLE is within its surrogates’ LLEs
distribution. Figure 4 demonstrates the distribution of 100
surrogate data LLEs (yellow bars with dashed line border) and
the LLE value (red diamond-shaped mark) of the original time
series (shown in Fig. 1) to which these surrogates correspond.

Distribution of the LLEs for

Distribution of the LLEs for ,---, The LLE value of the

- e " N _phase-randomized surrogates ¢ . . . .
5 origj e serie: series
. 115 original time series of the original time series #1 original time series #1
30 ‘
25
z
520
R
S15F ..
=
10
5
0 : : : ¢ I e
-0.02 0 0.06 0.08 0.1 0.12

.02 0.04 X
The largest Lyapunov exponent

Figure 4. Results of the Lyapunov exponent estimation. Distribution of
the largest Lyapunov exponents for 115 wild-type mouse pupillometry
datasets (blue bars), the value of the largest Lyapunov exponent of the dataset
number 1 (red diamond-shaped mark), and the distribution of the largest
Lyapunov exponents calculated for the 100 phase-randomized surrogates
corresponding to the dataset number 1 (yellow bars with dashed line outline).

E. Deterministic Nonlinear Prediction
Investigated data predictability was estimated by the
deterministic nonlinear prediction method. The correlation

coefficient (CC) between original and predicted data for the
time series in Fig. 1 is shown in Fig. 5 (red dashed line), where
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the prediction step indicates how many data points ahead
system state is predicted, and each step corresponds to the
physical time equal to the sampling step. The distribution of
the CC for the 10 steps prediction for all data is shown in Fig.
6. Similarly to the LLE results, the phase-randomized
surrogate data were used to test noise influence on the
prediction performance. The CC curves characterizing
predictability for 50 surrogate time series are shown in Fig. 5
(black solid lines).
1

Original time series

e 8
-

1

Fourier transform phase
randomized surrogates

Correlation coefficient
o

0 20 40 60 80 100 120 140 160 180 200
Prediction step
Figure 5. Deterministic nonlinear prediction results. The correlation
coefficient between original and predicted data for the original pupillometry
time series (red dash-dotted line) and for its 50 surrogates (black solid lines).
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Figure 6. Distribution of the correlation coefficient for 10-steps forward
prediction for 115 wild-type mouse pupillometry datasets.

IV. DISCUSSION

The conducted analysis aimed to test different properties
of WT mouse spontaneous pupillary fluctuation dynamics [5],
in order to clarify whether these properties are similar to those
of healthy human subjects reported previously to be
deterministic and chaotic [1,2]. First, the minimum embedding
dimension — offering an estimate of the number of variables in
the dynamical system involved in the creation of pupillometry
dynamics — was estimated as 4, which might reflect, for
example, the number of major neuromodulatory systems
(ACh, NE, DA, 5HT) affecting process dynamics. The 4-
dimensional time-delay-reconstructed trajectories calculated
for all datasets demonstrated the presence of a certain structure
which implies the existence of an attractor. Based on the
obtained trajectories, methods of nonlinear time series analysis
were applied to the collected data.

One of the primary goals of this study was to demonstrate
that similar to human subjects, mouse pupillometry dynamics
are deterministic. Pupillometry dynamics are extremely
complex, possibly due to interaction with intricate fluctuations
produced by the brain. At the same time, experimental data
tend to contain a certain amount of noise of unknown nature,
which could be almost indistinguishable from the process
dynamics. Therefore, rather than relying on a single test,
multiple methods are preferable to test the data’s dynamical
properties. We diagnosed the determinism of pupillometry
dynamics using three methods: the Wayland test, RQA’s DET
calculation, and short-term predictability estimation. The
WTE values close to 0 (Fig. 3), DET values close to 1 (Table
1), and presence of short-term predictability (Fig. 5 and 6)



identified strong underlying determinism in the data.
However, as seen in Fig. 3 and Table 1, calculated values for
several datasets were larger than 0.1 and less than 0.9 for WTE
and DET, respectively. This means that a certain amount of
noise is likely to be mixed in the data. The presence of
observational noise is almost unavoidable for experimental
data. At the same time, the biological system itself may
produce a system or dynamic noise. Distinguishing types of
noise and its levels mixed into the data is highly challenging,
but an increase in the WTE value is expected to reflect an
overall increase in the noise level [12,13]. Therefore, we can
conclude that we are dealing with noise-contaminated
deterministic data. Additionally, it is worth mentioning that
while the presence of dynamical noise makes dynamics
analysis more complicated, once extracted from the signal,
dynamical noise may provide important information itself.

As the next step, the LLE was calculated to clarify the
trajectories divergence rate. As seen from the distribution in
Fig. 4, all LLEs were positive, however, their values were
rather small. Positive LLE value is traditionally recognized as
an indicator of deterministic chaos; however, data length
limitations, imperfection of existing LLE estimation
algorithms, as well as presence of noise in the data may lead
to misestimation of the LLE. Trajectory divergence is also
linked to the RQA’s Lyax measure, which is the inverse of the
divergence. On average, large Lmax (Table 1) indicates small
divergence in the investigated data, which is consistent with
the obtained LLE values. Several datasets demonstrated low
Lmax values. Taking into account that the same datasets have
higher WTE and lower DET values, low Lmax values are likely
due to the effect of noise in the data, as the noise disturbance
of the trajectory leads to misidentification of the neighborhood
and the RP diagonal line interruption.

Taking into account the noise contamination issue, to
verify the reliability of the obtained LLE results, the method
of surrogate data was applied. When there is a clear separation
between the results corresponding to the original time series
and the surrogate data results, or if the original results lie
within less than 5% of the surrogate results distribution, we
can assume reliability of the obtained results despite the
presence of noise. However, the comparison of the results of
the LLE estimation with the distribution of corresponding
surrogate data LLEs demonstrated that the original time series
LLE was placed close to an inconclusive 5% of surrogate
LLEs distribution. This indicates that there might be a
significant influence of noise on the data in the LLE
calculation results, thus leaving open the question whether the
calculated positive LLEs can be treated as an indicator of
deterministic chaos in the data.

Another calculated RQA measure is the average diagonal
line length, L, which can be interpreted as the mean prediction
time. As seen in Table 1, data predictability was recognized as
relatively low, which is consistent with the results of the
deterministic nonlinear prediction shown in Fig. 5.
Additionally, high ENTR values seen in Table 1 indicated the
high complexity of the system, as well as its low predictability
[9, 14]. Taking into account the results of the surrogate data
method application, a fast decrease in prediction quality with
time is likely to be caused by the presence of noise in the
experimental data.
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V. CONCLUSION

This study aimed to investigate properties of WT mouse
spontaneous pupillary fluctuation dynamics by the methods
of nonlinear time series analysis. Results clearly indicated
strong underlying determinism in the data, which, however,
was altered in several datasets by a considerable amount of
noise. As pupillometry dynamics of human subjects is
recognized to be deterministic [1,2], we can assume
determinism of spontaneous pupillary fluctuations regardless
of species. The presence of determinism is essential for
further applied studies on pupillary data.

Additionally, predictability and trajectory divergence rates
were also investigated. Although the obtained characteristics
were similar to those of time series produced by chaotic
dynamics, results of surrogate data method application
indicated that the effect of noise in the data cannot be
overlooked, and further careful investigation of WT mouse
pupillometry data is required.
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FHRERIRTE m LIENRE 7% 1<m <20, 1<7<
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1 FANE

NA YT ) VI VAT LATEL S HEHEOBEARE
% %89 5 72812, multiple-Vehicle Bike Sharing Sys-
tem Routing Problem (mBSSRP) @& L, #HHDH
i o [N B AN R ] CRI R IC L EAEE 21T S 728
OXMEREEZRD D Z LN TELRANBIEORF %
7o T3 [1]. mBSSRP TI& AL EH I HIRRERE & &
HilRID D 57D, —HORIEFIZR U THELTAIREAR T
SNHWEEDH o7z, T I THLIE, ENEIPERL
IRFHT D I % 38 3 2 FEAT AR W] AR & BRE AY vl RE 7
(multiple-Vehicle Bike Sharing System Routing Prob-
lem with Soft constraints, mBSSRP-S) 2% L7z. #
EEBROFEE, e BRIZET 2 HH 28 L W E
FEZK U T, mBSSRP-S % f# & mBSSRP D317
A REMR % 19 5 I VWK BRI 215 5 vz [2]. AT
1, HIRRRE OGOV EGAIZE, mBSSRP-S % fif
& mBSSRP DFEAT I fEfif % 155 WK I3 H XN TH B %
MEL 7.

2 HBOBEGEDNELZBW-BEREBRRERE

mBSSRP & mBSSRP-S T, 1 DO F K& [z
NHEBEE7ZEAR L TWBERDOFR— AR5 Z6N15.
mBSSRP T, A&HH & BEEHR D B 2 EE D [E I
B, FREZHAE, BELTWER— b THIZHE% [
R, FRLUTWER— MZHEREZ2 A, BT R
R & EQEINHEOHBRBEIIR % R/IMLT 2 Z 22 HIK
T#H 5. mBSSRP-S Tld, A& L RIZET 2 M2
WO krA»n, s 0EKENEHMBEEICIMASNS.
AR OREZE T, HIBRRERH AV 72 & mBSSRP-S
OHMBEEIL, T()+ P@t) x B(t) THB. T(t) it
XL — 3 v HOEINEDOKRBEIRRZ /R L, mBSSRP
DOHMEHTHS. P(t) ik, t1 XL —a vHEIZEIY-
MARTERP o BEHEEREZRT. fE) Ikt 1 XLV —
vavHOEMIITHS. t M HOBPRCTERERK %
B U756, t+ 1 EHOBERTIE, BEt+1)=A58(t)
L, BRURHSREAE, Bt+1)=ub) &7
% [3).

3 mBSSRP & mBSSRP-S I8 %9 7 —%—F
EEBWE
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T =Y —FIET, EEREEERL, EEREOR TR
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150| 9.44 6.34 14.16]6.99 4.37 8.98

200| 7.61 5.23 10.72|6.76 4.77 10.17
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Edge candidate reduction method for Vehicle Routing Problem with Time

Windows
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Abstract Vehicle Routing Problem with Time Windows (VRPTW) is one of the combinatorial optimization problems based on
a mathematical model of a real delivery service. Many combinatorial optimization problems, including VRPTW, are known to be
NP-hard and it is difficult to find the optimal solution in a realistic time. Therefore, researches on heuristic methods for finding
a good solution in a short time have been actively conducted. When searching for a solution by the heuristic methods, they wastes
computation time if they take into account solutions with obviously poor performance. To avoid solutions with poor performance,
one of the possible methods is to reduce the number of edge candidates by looking for edges that are estimated to be included in
the optimal solution. In the traveling salesman problem, which is one of the most studied combinatorial optimization problems,
it has already been shown that a good solution can be obtained in a shorter time by reducing the number of edge candidates. In
this paper, we report the results of edge candidates reduction for VRPTW. Numerical experiments show that the reduction of edge
candidates can significantly reduce the computation time while maintaining the performance of the solution.

Key words combinatorial optimization, VRPTW, edge candidates
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1. FANE

REMENEFRITbRA TV A HEERELMEDZ
FENP HEETH 2 ZepHIsN TS, NP KRR
P+ NP PROTUICBWTHROER# 2 O TRERE %
AR TRD D e L WeEZSNTEDY, HENR
R TRERE KD 2 Z L IIREETH S, TD, THNk
B & 13 EfRE B R D 2 Tk v FIRRIC, ROEfRICIW
BWEEZHORETRD Z2FIRDIEFHICEETHS. 20k
5 IR FRFEFERINAE e h, # & RioE LRI BV TR
FTHRRINTVS. BROBMFAIN TV RS ERBELEED
1 oTH % [E £ — A< V[ (Traveling Salesman Problem,
TSP) T, MROMKESR UUT, &) oM AN 2 BED
A TEMRERFEE KD 5 Z & AT & S 2-opt {£%° Lin-Kernighan
heuristic (LK i) [1] 72 ¥, BRA R FERNBENTIE DRI N
M TW3B., X512, 27—V —FEHWIEBERRFIE2,
A R=a—ua XA F I 7 RERWIEFEB]4]15]16] K Y,
AR a—VRT 4 v VREZRICHT 2 Z e TR LR
RKDEZ7 T —FHEFELET 5.

FEREZIN TV R RANREDZ 1F, RDOANE 21
fEZED B UATOWEREDEE X b ROWRICERT % 2 & T
PROHZ. LrL, MEORICHEET 2% L ofidE kbR
RIS PICEENRVEIREBEVETHZ. ANB X
EEITOROMERETIE, ITRTORX—VENRE TS
ik, BOEEZEOMEIHETAIEEEKT S, Thbb,
ETORNEHERT 2 2 L TR EZEDIET I 2 kD,
EMRE R R RNFEE VW THZ L OFMERE 2L EY 33,
ZD7=0, FRNMREE W3 BN RERE 2T 2 L
XINBHEHLPUDRDTEE, HOANEZE2T S R
(LUTF, e 20022 EMTH 5.

TSP O b B HRRBEMOHIBFE L LT, EEOEW
AL OROAEEBERML T2 FELPHOLATY
3 [31[41[51[6]. F7z, HNEBERZ BB OHIETF %
212 & D LK EOFH AR i MERE 2 R L 72 Lin-Kernighan-
Helsgaun heuristic (LKH 7£) [7], X &t 22—V X T 4 v 7 fRED
—- DT & % Partial OPtimization Metaheuristic under Special Inten-
sification Conditions (POPMUSIC) [8] % F \ 7= 78 8 72 R fe i A
BFE 9] PIREINTWS. Fax D, POPMUSIC %W/ f
BT EERR L, BRNBEOHERMZ XD EET
= B RERAITRFEZ IR LT3 [10][11].

NP W& R bRED 1 D12, RRIZRT & EEGTHE
fi178 (Vehicle Routing Problem with Time Windows LT, VRPTW)
W& B. VRPTW ¥, FLXEOEIMA R & BEEOTHIZ(IrHE
R OFIFI 2o 7z, FLEHEBBE T v 7 OB EIEREZ
BMET 2RI TH B, VRPTW 1, HEOEE Y — L X%2TT
WHERINEMETH D, ERY —ECROFEI ML 723k
FIEFIEHZEDTWS. VRPTW T EMEZIGH L 7-fi#
%12], B OHIBRIRIE & AR EZ M DR 3K [13] 72
Y, BEA RBERNBEN T TIHREIN TS, F/z, EEN
7TV X LZIGH UL [14][15], A R=a2—m XA F
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IV RERAOCEFE6) REDRXR 2 —URT 4 v I T
TV ALEAVEEDRIN TV, 5 ICHEDENX
fLizonTHPFEINTE D, HINEHEERMT2 22Tk
DRI FRRER 5 25 F(ET 5 [17].

VRPTW Tl3bk & BIERNEESHIAEN TN ST, F
RIETHRR T 2 BIEMOHIBFRICOVTE, 1Z2AY
BEts I TRy, 2 2 TARMETIE, VRPTW OREIC
WA RTRE R AR ORI TFEZIRE T 5. 2D, RAzHhH]
BREOMREZRE T 272912, VRPTW OHIZETIAL VS
ATV 3 Solomon DRV F<— ZHEE (121 1CH B4 VA XK
VAL UCHEERRD, IV A XRDKRENAS VARV R %
BT 5 Z e THETRITo 72, fERLT72A4 Y R X Y REHW
THEERR 1T o 7o/, Fisnhz BT LT b 5 RRE
B BROMEREICE X 2B NI W e b otz Fiz,
BRE DK = VR R IIRRE TR B, Rl & HITR
5 Z 2 TRl B2 KIRICHIRTE 2 Z e b oz

2. BFRERM SEXFTERE (VRPTW)

FRERE A EECREETHEIRIRE (Vehicle Routing Problem with Time
Window, VRPTW) 1%, RFfEIGIKIO D 2 BLAFHHIFETD 5.
VRPTW O BV, FEEEICHIBRD H 2 Bk % 815 Huv
T, BAONTBERTAMYZEET 272D DK D MHEN
KL—F E2HOF2Z8TH5.

VRPTW X, BUEHOES VYV, HEOEA N, BHT T 7
G = (N,E) TEZIN 5. BRHICEKEEZRL, 2THU
e, BEEELRD. HAREG NI, n N\OBROES

N={0,1,2,--- ,n,n+1} D535, 0FHFETEK, n+1 13FHET
R, 1,2, n i3EEERT. BEAE X, TRLEECER
FELOERORKOERERL TS, 2L, WEFKn+1
HIER ORI TR 0 PEORIIFE LRV, Fheho
K (i, j) € E (i # j) 1ZI&, BBENEERE c;; EBBEIRR 1 = cij + i
(ri VIR | DRI % 2T B 72 DI E R ) OB S 2
o b.

BLEHOES VICH TN A AL IIHEEHIR ¢ 285, B
KRG C OBR i IIHE 4 LA (a1, b)) ZFD. BKi &
AN A BLE B b; FTICHER ( ICHIE LRIz S 3
Wil a; $TIEE LB EE o TR L TR IO
JELZ LRI S0, tﬁio’, q,ai,bi,di,cij,tij 13IEE
BTHY, cijtij BEAREXLI T

VRPTW Ti3, 2 O BELER x; k. s BFIET 5. K
(,))eE(i#])) &, EEHEOES VICEENIELEH k12K
LT, xjx B3R (1) TERSND

1 FOREEE &k ASTHR G A5 j ICEERD S

Xjjk =
T o BokE K ASTES A5 ICEBEEA DN

Z OBELER x; 5 VT, VRPTW O HIIBIEIIRX ) TE
3N,

minimize Z Z Z CijXijk 2)

keV ieN jeN
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RTEZH sip V&, B | DBELIEE k 2> S Y% 20T B S Rl %
RT. BLEH k DR ISR EZFEIRWES, b5
xijk =0 (j € N\{0,i}) DL &, sy DEIERZFLL0

VRPTW D HIIE, AT OS5 3 HGEH ORI DR
i r ML T 22 THS.

s FEKicCITH O 1ERIFHN, MYOZIFEL
2175,

BlXEORBAER LB Z RV,

© IRTOEEFRIHFETROLSLHEFEL, REFTRn+1
IR T 5.

* BEEROFMEOMIHYOZFEL 21T
ZhsDfFNE, R G)~9) TREINS. FEHER 1ITRT.
K3 1F, BEZ 1 ELFHMT 2R, X @) 3HE
HAZOREBEZTLIAMEENRN 2 RT. £/, K
35), 6), (DX, TNZHOEEEIHRETREHKE TS L,
FRICENE Lzt ilo Bisicmu TS 32 28, T
OEGEEIRBRICIFR T RICHET 22 2RT. X ©6) i,
TN ZBEEONETE © Z 3 LHBORZICFEIET TEV
FhnwzZ e ERT. T, R ) FEEEIFEORHEEDH
FINICZITELR T2 2 2RT. 2B, HHLRVELXS
DUEEIE xo 1 =1 2L, HOMEREETTE2dOL
LTERbEh3

|

Z Z Xijk =1 Vie N 3
keV jeN

Z di Z Xijk < g VkeV (4
ieN jeN

Z X0jk =1 Yk eV ®)
JEN

Z Xink — Z xpjk = 0 YheC,VkeV (6)
ieN JEN

Z Xi,n+1,k =1 Vk eV @)
ieN

xijk(sik +tij—sj) < 0 Vi, jeNVkeV (8

ai < six < b; VieNVkeV (9

3. VRPTWDA2VRAHZ2VR

VRPTW D T—ANCIA < AW 540 TW 3 Solomon @
Ry Fv—7BBEE[12] DA Y RAX Y RX, HEEEHWT
BUEINERZI N2 DTH B, 4 VAKX A RI0 DBEF Y
FROEEZK 1 ITRT. 4 Y ZA&X 2 ZRIOI~RI2 EMUT
DX EREIhT NS,

s BHREC-XUFHE LEEIATEY, Thzho i
& i DIEERE (pix. piy) & 0 < pix < 70,0 < p;y < 80 D—HEEERL
igcs5xon3.

© HETRETET RDOERR (pox, oy (Pnst x> Pnst y)
VIE U EERE (35,35) WCIFET 5.

o THA MOBEIER o 1%, 2 HEREO2Z-2 Y v F
HHTE o3,
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K1 BEROHH
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V| EEEOES

C |EEOES
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&L T ROES

BE D

cij | T, j OB BIFEAE

T B i DOZITTE LITH D 2 R

q | FCRXEH O REHIR
di BRI OFRER

ai, by | R i ORRIE DM, KAl

xiji | BOEH k DTHE 225 jICEIERD S H
sic | & | DEEHE k D S W EZT & B
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1 A YRXYARION2] OBEZ L 7T ROEE B BR, ik
7K)

o HF I DWYIDRZITELICHD BEER r; DEIZET 10
TH—3NTW3.
* BGEHEOBEEHIRIE ¢ = 250.
o EELORRHIX 0~ 230 DTS A 505
s BERIDFEEE 4,130<d; <45 D—FEETEZ S
hs.
s FERDB n 32T 100.

R101~R112 THE74 % flk, HEEBOE DY THIETH .
RIOI~RII2 1T 2E D Y THEERLR 2 ITRT. ROBEED
RATHERIITRT.

Solomon DR Y F v — 7 DL  I3REFESHIHL TH
DREZ IR THWSRT WS — 5T, iRtz i
FTEDWEBEERDBD BT ELZ L WO MEND L. 22T
ARETIX, Solomon DRV F<—ZHEEDA VARV AL [H
FEDVERLTIE TR n = 200 ~ 1,000 DHFT LWVA Y ARV R
%, BRMHBOE D Y THIEZ L IT/ER L.

4. RIRFBHOHIRFE

VRPTW OREZ KT 22 TOKOES EICIZn2 +n+1
ROBEMPFIET 5. ZOHTRIBEFRICE N2 OAREBIIE 4
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£2 ZFRAEADA VARV ADREY
L VAR VR | B

R101 ETOBENXA T 1
R102 RAT 1D T75%, ZA T 4755 25%
R103 RA T 1D 50%, ZA T 4755 50%

R104 RAT1D525%, XA T 45 75%
R105 ETOBEENEA T2

R106 RA T 2D575%, XA T 455 25%
R107 RA T 2D550%, XA T 4D 50%
R108 RA T 29525%, XA T 4D575%
R109 ETOBEN XA 7 3[35:85]
R110 ETOBEN XA 7 3[20:150]
RI111 2TOBEEN XA 7 3[15:195]
R112 2TOBEEN XA 7 3[70:170]

£3 EROREEOXA T—E
247 | Bl
1 REZEOR I 10 OFF
2 RERDOR X2 30 OFF
3 RERIADE X2 TWhin ~ TWnax DR
(ITWmin : TWinax] & #50)
4 WORTTH BVER

mARTHD, Py n?-n+2 KU EOKIIEERICE £
NBORDRETH B, 22 TOREFERNERE CHER
T2, ZLOHERBEZ R BBOBRIZRELTLE S
kb, Tk, FEANREEFAWTHRERD 3R
Hoh U HRERICETNDS LHERIX N 22 L TEL
Z 2T, HSPITENREANDOEBR Z LT % 3720, TR
RO ERBZHIRT 2 2 TE 3.

BRI E N2 HDORB DIy, FANETOR
BIEIIHIR ST 2 2 e TE 5. — /T, BiEMcEEh s
HROFABO D0y, EANRETROWHEE TERLTL
FoZ Tk, ROBEELNLLIKRE. Thbb, iFEmH
WIERHERICE TN ER L OOARBRFEDOAEHIRT 2
CEMEETHD. IO X, BRNBELZ I TRERE
TOBRMEHIR T 2 FIEDERETHE I L EZERL TV S,

VRPTW IZBWTHRERICEEN S L HEIE N 2 BOR D&
L EELRRBO 1 DBTHAHMOEHAFH N2, 3205 ¢
PNEWZETHB. T, TSP & ¥ oftofHas Rl
BEicdIEL 03, L L, BOERREDEES§ % VRPTW
TR ZHE Y O c3 kL, BFERLORBED
BIRME, TRbbIFEVEER G EETH L Z LI N .
Z T, TEAEOYIER BERE N 2 TRV EERE 2 E R L
TeTER D, j PO BEREREIS 6;; 23 (100 D K S ITEHRT 2.

bij = aicij +az(aj — bi —tij) + a3(bj — a; — tij) (10)
aj+ay+az3=1,a1 >0,ap >0,a3 >0
FRBEIEAS 6,5 13, 3 DOIEIEE ay, 00,03 TEAMN L THEAES

N3, o) TEATFINTVS ¢;; BWHREROEA L
RKLTWVS. a THEAMITEINTVS aj — b; - tij X, E2lpes
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A OREZROBIIARE 2 & HFE A | ORBEROK TR B
B0 2REE S Wb DTH B, ZhE, THEI 2D j I
BRI - 72 BUC T j TR L2 7% & R VR E DR
MTdHs. FELRTIUIR S RWIFRZEWZY, THE )
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Reconstructing dynamical system from marked point processes and its
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Abstract In this report, we applied the method of reconstructing dynamical system for the marked point process to the human
photoplethysmogram (PPG) measured from a finger. In particular, we generated a marked point process by extracting the
maxima or maxima and minima of the photoplethysmographic pulse wave time series. Then, we reconstruct an attractor from
the time series of inter-event interval and marked value of the generated marked point process, or only from the time series
of inter-event interval and marked value, and compared with the attractor reconstructed from measured PPG time series. As
a result, it was qualitatively confirmed that the recurrence structure of the attractor reconstructed from the original PPG time
series was retained in the attractor reconstructed from the marked point process. However, no clear trends were found in the
similarity between the inter-point distance distributions of the six attractors reconstructed from the marked point process and
those reconstructed from the original time series evaluated by the JS divergence between the inter-point distance distributions
on the attractor reconstructed from the original PPG data and attractors reconstructed from the marked point processes.

Key words Reconstructing dynamical system, embedding, delay-coordinate system, marked point process, inter-point

distance distribution, Jensen-Shannon divergence
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Analysis of usage history of bicycle sharing system with seasonal impact
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Abstract In Bicycle Shairng System (BSS), it is necessary for vehicles to visit ports and relocate bicycles to reduce the
situation where bicycles cannot be rented or returned at ports. To restore the bicycles in a short time, we developed heuristic
methods which can find a near optimal solution in a short time. In the numerical experiments, we have evaluated the perfor-
mance of the proposed method by producing original benchmark instances with randomly distributed ports and randomly set
the number of bicycles. However, an efficient strategy of repositioning operation in a real BSS should be based on realistic port
locations and actual usage history data. Therefore, in this study, we report the results of the analysis of the seasonal variation
of the actual BSS usage history in Boston, Washington, D.C., New York, and Chicago using raster plots, the coefficient of
variation, and the local variation. The results of the numerical experiments show that the value of the coefficient of variation
of the pattern of rented and returned bicycles timing was greater than unity and the value of the local variation was close to
unity throughout the year for all cities.

Key words bicycle sharing system, point process, coefficient of variation, local variation
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Abstract In this report, we investigated appropriate parameter values for reconstructing a dynamical system using delay—
coordinate systems. In particular, we calculated the distances between the inter-point distance distributions of the actual and
reconstructed attractors through the Jensen-Shannon (JS) divergence by varying the reconstruction dimension and time-delay
exhaustively. As a result, we found that the JS divergence is minimized when the product of the reconstruction dimension and
the time-delay keeps a small constant value. In addition, we calculated the entropy of the inter-point distance distribution on the
reconstructed attractor. As a result, we found that the combinations of reconstruction dimension and time-delay that minimize
JS divergence roughly correspond to the combinations of reconstruction dimension and time-delay that maximize entropy.
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ENTVWB[1L[2]. 2O XDIT, BIEEERIC X2 T¥ROH
W RIT IR R YR O B R & 7o TV 5.

BIE RN DI & 2 A RFMAUE, FRMRORODE
FURFREEDS J1 2500 & D BIHIRE R D JE B T2 W D AR
RICHEDNERDR Y 7 2T FRITD 2 B ETHIUE
HDAAPRIEE NS [2]. ZOEDAAEHE, +HREZXD
T ZPERIN T2 R CHENREG T TOARIMEIN S
2, BEHROBRIRRYNI BRI O ARl S h 25
BbH5. LidoT, EEOMBNOGHETIX, HEYREK
RIRX—=REFRL, FIRERIRD RWIRREZZM 2 RS % 2
EOHETH 5.

B NRTA=RERAWTT b 7 X 2HBKT 5L, B
BT b7 7 ROBMENFFBIIRAD N EROERICH BHE
Bo7 o272 BUT 2 I3, 7b77%0
BATERE, 7927 Z2ARTO—2TH ZMEBEXTIC LD
FEmlbINnd. £/, 7727 % L0 2 ABESREHV
THEXTEHEET 2 2P TES[3]. ZZTARETIEET,
BATANRIE LTy P27 2 Lo 2 S HICEEL,
Jensen-Shannon (JS) divergence [4] Z VT, BEOT7 F 77Xk
KT b7 27 &% Lo 2 AEEESROBEUEERERILT 5 H
W XA =2l BET Uiz, ZORE, BT & R
O NSVWERHETHIUE, EEOT b7 7 X e HEK 7
b & ED 2 SRS AIIEMUT 2 e B bh o, HY
ABE L WEN 2 FEERIOT & REHBIEOfZ —E RO 2 &
HEETH 3 2 L B SRS TE D [51~[15], A&
THREZOMRERR, ThoDMREFMELTVS. EE, Ho
ABBREEST 52 8T, HBEXTHEDERENH T2k
bWE XN TV [9].

¥/, FEBRORRIIFHOBETIX, EOT b7 7 XDER
ERIITH 2720, HHET + 77 XDIHHRD A% FAWTETZ
MR ST X — R BIRT 2RENDH 5. 22T, BT
X =R ERTBROBEHET + 7 7 % Lo 2 mEEsEIh
Oy hub—%2iHEL, EO7 M7 X HERT N7 X
D 2 MEFEBES AR O IS divergence DEDFRINT 72 2 FEf A<
FA—ZDEFATZY bR E—RNED XS REZIZ2HHEL
7. ZORR, BEOT7 N7 7 X HBKT T 7 2D 2 HHEE
BESFRE O IS divergence D% F/IMbF 2 B ST X — & D
FFEEEME T b7 272 Lo 2 SHEfSfiozy e —%
AT 2 EHIFH & RSS2 Z e b oz,

2. F &

BRI LT, RERRIE AR % A W 72 J1 2 R B AR
FRIGIHIERRYIITICB VL TRDIES HvshTtns, A
I, BIRERYIZ X, 1<t<n) &322, RO DX
WCHBER 2 P EMRT 2 22T, h¥REFEHRT 5.

V() = {Xe, Xeazs s Xpw(m-1)7} (1

22T, m BEMERXIE,  3HEENETH S, TORVE
ZADERE N, BONERDIKITIIH LT HOKRELRRITT m
THEHMRT 2558121F, X AQ) D &S REEBERANDZEHIZ,
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WDIAA Y 725 Z ¥ 5 Takens 12 & o THERINITHRIF X LTV
3 [1]. —7F, BEENRERIEN OBETIX, BHKRIIOR
ZICIFIRD D 2 IGEMEL AL TH Y, IREEEND 7 — &
BRE - (m- DT TH 272D, FRICHEREDF— &I LT
W&, ATRERR D/NEWm & 1 THEYIRIRREZEM 2R S5 Z
EWEBETHS. Fie, BHIRRIOY > TY 7L — Mkt
LTINS W ¢ 28RS 3 &, REEMN O 7 — X 53R
BYNCAHBED R T b, RIS K =W T BIBINT 2 &, IRAEZE
MM OD T — X SR 2 D, FEYIREER Y 2> TL
5. ZDXSIZ, FERATIA—Zmt rt OREERD L,
NEZDEMMAERT X\, BIEHBERIC X 5 RAEZR
BT O BUCIE, TRABDNRF A — R BHEBEICHKET 24
ERH 5.

ZIZTARRETIE, EOT7 NI 7R BEHRT N7 72D 2 5
IPERE A O % PGS 2 FIREIREL, 777 X D%
MR AT 2 m & 1128 D & 5 RIEMDS D % HhFHE
L7, AT, FEOFEIC 3 XRITOEMEHERTDH 5
Lorenz A2 [16] W7z, 8RFIETIX, 3 Lorenz 12
RORELEH x1, yr, 20 % [0,1] OEFICIERYLT 2. BIZIZZE
B xr DEENX, £ = (¢ — Xmin)/ Fmax — Xmin) THB. T I T,
£ WXEHE U7 x; T, Xmax> Xmin ETNZN x, DRAME - &
METHS. By &z DHBESFEBCIERLL, Bl T
DEFE LT VI 7R EDRT bV o) = {&, 01, 24} &
LTEHET 3. MAT, ERILUZRRYI 2, % IEHL 72BIE
R PV x(t) = &, Rrers o0 Rpp(mot) o} CEWT 3. K2,
BHO7 77X EDHvi) & o(j) BMOKERY dy(i,j), ZH x
OFBRT b7 72 EDE x(i) & x(j) BOEMEE dy(i,j) &
ERTD. £z, dy(i,)) & dxe(i,j) BZhZEN, FEEHR0, &
A1 ez3 k5, (), 3) CEFLTS.

do i, j) = W @
v

R dy (i, j) — d;

x ) = EED = ©
X

T, dp ¥ dy BZERER, dy(i,j) & de(i,)) DFHITH
D, dy ¥ dy BZENENdy(i,)) ¥ dx (i, j) DERERATH 5.

Jiz, ERMLU T 2 SRIFERE dy (i, j) & dx (i, j) 7 & RS
DAYT v I R% k& UT2 mEEMST Py(k) & Px(k) %
T 5. £, FERIE B X E N 2 LT, @) Tk
ET 5.

1

B=—
N

(maxi.; (do (i, ). dx (i, ) = ming j (do (. ). dx (0. ) (4)

2T, max;, j(dp (i, j),dx (i, ) ¥ ming j(dy (i, j), dx (i, j)) &
e NERE U7 2 RO R KE - R/METH 5. ik
2, 2 MRS Py & Py OO IS divergence [4] %X (5)
ko TRk B,

1
Djs(Py, Px) = E(DKL(PDHQ) + Dx1(Px|1Q)) %)

Z 2T, Dgp & Kullback-Leibler (KL) divergence TH b, R
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736 Py (j € {v,x,y,2}) ¥ Q DD KL divergence 1%, X (6)
TERIN 5.

DrL(PlIO) = 3 B3y log 2 E) 6
kL( ,||Q>—I; (6 log 5 ©)
RFEL, WENM Q) & Py ¥ Px OFHOHT Q(k) =
(Po(k)+Px (k)2 THB. %7, KHETIE, N=20 L¥EL
8y, IOV THABDOFIRTED 7 + 527 2 L BT b
77 & LD 2 [HHEERET O IS divergence Dys(Py, Py) &

Dys(Py, Pz) DEtHEZITo 7.

3. HERER

3.1 REREH
AT, AN h A 2 )1%HREe LT (7) O Lorenz /12
A [16] Z W7z,

X=0(-x+y)
y=-xz+rx-—y )
Z=xy—wz

RNDICBWT, RFTX—XiX, r=28,0=10,w=8/3%2L
7. f#IE 4 XD Runge-Kutta E%Z FIWTEE L, ZDOBOZIA
g% 0.01 & L7z, F7, #@EKE L LT 100,000 7— & RSt
L, IREEZEHEMK T 2 7 — X B2 TOHAT 5,000 &7
3551 L. EREFEMR T 2 BOBEMRKIT m & R
Nrid1<m<20,1<71<20OFFETELIET.

3.2 i B

FARCOT L REEN 2 (L X B0 BED 7 + 5 7 & v Fil
K7+ 57 & b0 2 SRR O IS divergence DFERZ X
1(a), (d), (2) \RT. X 1(a), (d), () IZBWT, MlilIEMRIT
m, MERMIRFREN v, h 7 — N—1X IS divergence 2K 3. F7z,
R ST X =2 (m, 1) D ¥ ZD IS divergence % JS(m, 1)
YLTC, BOUAZIS(n,7) < T 2723 (m,7) DlAEHYE
TH?b. ZIZT, TEBMETHD, T = (JSmax —ISmin)0 TEFEL
7z. 2T, ISmaxs ISmin FENZEN, 1<m<20,1<7<20
OHPFATHE S5 20 x 20 D JS divergence DIHD I AKAHE + /s
ETH3. 0(0<0<1)IFBMERRDZFX—=RTHDY, &K
fTiE, 6=01%L7%

X 1(a), (d), (g) "2 &, BRI m 2R E L RBI1I2o10,
INZWEREREAL 7 T IS divergence 2/ NE K R BMHANICH B Z &
Bbhofe. ZHUX, BROFBEXITTH->TH t HIRETH
WEHEYNIREZE A MBS N, FERRIOLm BRELRBI
DITHEI N W ¢ THEYNREEM A EMRIhE Z L
EEKLTWS. %72, ZThoDE»S, FRRKXTm LI
BN r O D 2/ NI WEEERD & &, IS divergence A3
MELTWReEZONE. Lo T, mertDEm-t% W
CEFEL, IS(m,7) ST %% mt v DHAELEIIHIET %
W OEEFRE Lz, D% D, ISdivergence Z /M52 m & ¢
DHAEDEDEDE IR T 4 v T 4 ¥ 7B m =W/t 12
SHhIE L. BAEICE, XK@ k5w e ISim,1)<T
YR m-t ORN_FBEEN RN TRDE W RFE L.
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argminy, Z (m-t-W)* (WeZ) 8)
(m,7)€E
T, ZREBEEESTHY, EZISn, 1) <T &I meE
T DHAEDOEEERL TIEATHS.

1(a), (d), (g) 25, IS divergence Z /ML 3% m & v D
ABEDLBIET7 4 v T4 BRI E S TIEE->TBY, EH
X, y, 2z CW OEIZ W =30, 33, 21 £ olz. ThoDRERD
b, 777 XDOBIMERNRIEE BB S 27201213, HdiA
BELIHINTVS m-1 2D 2 EEEBICHRO Z L NEET
HpBZeRbhrb. 727201, IS divergence & F/IMEL T 2 3HDIA
ABRENERPT—2E, 7V r—b, JAXBRY
WCHMIFT 2720, BHIRRYIZ 2 EBIO#RIBETH D,
R FROREIN R HBIMEIC KRESEEEZITSEZXD
hs.

Fiz, AETIRE - METLFIETIE, BEOT7 I 7 20D1E
e AWT WA, FEERORERYIEN OS5I T, BRI
POEMELIZ7 b7 7 XDIEMD A% W TEHBR ST X —
Zom, T BHE LRI R SRV, LT, AT b
77 2D 2 pEERES I LT, BREO#MAD S, Bk
m, T RIRD ZFEEHT 5. AT, m, v % IS divergence
DOFEE L FRICHRICE TR T, X 9) ZHWTEBE Y
FZ 72 B0 2 MEEBITOTY e —%2F8H Lk,

N
H= ) —Pj(k)logP;(k) (j € {x,y.z}) )]
k=1
PR b 727 &2 Lo 2 SREEEI Oy b a v —ofiRz
B 1(b), (e), (h) IZ7RF. X 1(b), (), (h) DRI FEREHKIT m,
MR RN 7, AT —AN—IZEMEK T N Z 7 2 LD 2 S/
RSOy Y —TH 5.

1(b), (e), (h) £ Xl 1(a), (d), (g) ZLL#F 2 &, JS divergence
PR/MELZEE Ty brE—dRAXT 2EHCHZ 2
Whrotz. FEBRIZ, IS divergence ZHvMET 2 m ¥ DA
fbhbgrzritrb—2RALTEmE r OMAEGDOEIIG
T 2R T 572912, IS divergence & LY F 1 ¥ —DEZHE
L7z. ZDRg, IS divergence ¥ T + v ¥'—DO#HiF % [0, 1] IZIE
B L TEZFHE L. BERNZ, 2TO m, v DHAEDE
THIE L 72 IS divergence IS(m, 1) DEAME ISmax, H/IME ISmin
ZHAWVT, 18(m, 1) = JS(m,7) = ISmin)/ ISmax — ISmin) & L
TIERMEL, = bo -3 RBROGETIERL L. K 1),
), () WEHL LY b a =5 L L 7 IS divergence
LG IIAVAS i S

X 1(c), (), (i) 75, T> hwrE—¥ JS divergence D7 % i
KT % m & v OMEOHFIZ IS divergence DFER & MIGT %
XoRMEMMPEN. X511, E8lx, y DHEEE, ZORKHE
M UGEWeD, Ty b —RK, 2FD ISV ED 2
12 JS divergence 23/, DFE D 0TAEWEZ X o T2 W
2%, Z z DFEF, HORKED 0T RETH 279, IS
divergence /M T % (m,7) DEOHFH L =Y b —% K
KIZF 3 (m,7) DEOHPFNIFZ2IINE LRV EWVWR S, T
NHOMERD S, HOT7 M7 R LHMKT b7 7 20 2 B
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m, T EZALERTBED Lorenz 7 b7 7 R ZDFMKT b T 7 2 Lo 2 sSEEERES TR

@ JS divergence (%), BT F 527 & LoD 2 fiflilE#ES O Y b ¥ — (FFF), IE
MtL/zz> b rE—t IS divergence DEDH 7 —~< v 7 (F5)

HEEES TR O IS divergence % F/IMbLT % m, v DIAE DRI,
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Responses of the Izhikevich Neuron Model to Periodic Inputs

—In Case of Fast Spiking Neurons—
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1 LIS

4 FBEIZ, Izhikevich =2 —v ¥ €7 L28 Regular
Spiking % 23 2 BROIEKIE AT 5 )5E 2 A L
TW3 (1, 2. ZOER, FHSE L ERBISE I FE
TRZeEkmE L. BRroMick, BEE=1—n1
et a—u UAEET S, Wt —m >
i%, Izhikevich =2 —1u ¥ E 7LD Fast Spiking (FS)
Za—n Y UTHEARRTHS. Z I TARTIE, W
filf=2—v>D—>2THBFS —2—u YOFEHAN
W B IGEZRE LD THET S

2 HEXRR

AFETIE, Izhikevich =2 —0 Y EFI)L[3) DT X —
X% FS (a=0.1,b=0.2,c=—65,d=2) XHRET 3.
BEFEIIZA A 5= (KRR T v 7 0.01) ZHWT,
FKEAN R X DHE L 4], 72, FABA
1% 1E5% I1(t) =Ipc+Iac = Ipc+ Asin (2w /T)t &
T3, Ipc=10¢2 L, I,c DIRIE A, F#T 22X

B7BED, Izhikevich = 2 — 1 Y EFLOINE % ERN
IZHRE L7z, FHMiicid, ISI (Interspike Interval) (2443

BEFREEE R = m/n [5, 6] W, 72/2L, ISI®
BHE n, ISIORBERE m 3%, AIEE (n>m)
DEE, Re0&k5. ¥z, ERMIEE (n~m) ©
BE, Re127k%. ARTI, ISIZ2/NEEE 10 fii E
TOMREY L7z, R0 <t < 5,000 Z#EREL LT
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Emotions and hubs in a network of colexification
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A study on reconstruction parameters for transforming photoplethysmogram into time-delay coordinate system
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Analysis on usage history with user attribute in a bicycle sharing system
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In this thesis, we firstly proposed an information diffusion model which focuses on the interest in
information, and conducted a numerical experiment to reproduce Centola’s experiments. As a result, we
found that information spreads more widely on lattice networks than on random networks as well as the
findings of Centola’s experiments. We analyzed the influence of network structure on the extent and the
speed of information diffusion using lattice networks and random networks. As a result, we found that
if the information is influential, information is easier to be spread on the random networks than on the
lattice networks.

Furthermore, information diffusion in the real life is dynamic, which means that we have to analyze the
temporal networks whose structure changes dynamically. Therefore, we also analyzed the information
diffusion on temporal networks through numerical experiments. We firstly generated temporal networks
from the face-to-face contact data of a high school and a hospital in SocioPatterns. Then, we proposed
a new information diffusion model for temporal networks modified by the proposed model on static
networks. After that, we analyzed the extent of information diffusion on the temporal networks. We
found that information diffusion on the temporal networks is related to the contact density.

Then, we generated surrogate contact data with different contact density. After that, we investigated
the influence of contact density using this surrogate data. As a result, we found that information spreads
widely when the contact density is high. In addition to the contact density, there are many other factors
that affect the information diffusion. Then, we generated surrogate contact data with different contact
order using three methods. We investigated the influence of contact order on information diffusion using
three surrogate data, respectively. Moreover, we also found that if the decay of interest in information is
strong, the order of vertices with high centralities strongly affects the information diffusion. In contrast,

if the decay of interest in information is weak, the contact order weakly affects the information diffusion.
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Many of the combinatorial optimization problems are known to be AP (Non-deterministic Polynomial-
time)-hard. NP-hard problems are considered to be challenging to find the optimal solution in polynomial
time using modern computers under the P # NP expectation. It is not easy to find the optimal solution
in real-time. For this reason, many researchers study heuristic methods for efficiently finding near-optimal
solutions. However, in recent years, there has been a need to solve problems with very large sizes and
complex constraints. Even with high-performance heuristic methods, it takes a lot of computation time
to solve large problems or problems with complex constraints.

One way to reduce the computational time of heuristic solution methods is to reduce the number of
unnecessary solution components (edges). Edge reduction methods have already been studied for the
Traveling Salesman Problem (TSP), one of the most studied combinatorial optimization problems. The
research shows that edge candidate reduction is important for solving large-size TSP.

This thesis improves the conventional edge candidate reduction method for TSP. Numerical experiments
show that the proposed method reduces the computational time while maintaining the performance of
the heuristic solution. A detailed study of the reduced edge candidates shows that the proposed method
reduces unwanted edges than the conventional method while retaining the necessary edges. This indicates
that the edge candidate reduction method has a significant impact on the performance of the heuristic
solution method.

In addition, there is not much discussion on edge candidate reduction methods in many combinatorial
optimization problems. This thesis proposes a new edge candidate reduction method for the Vehicle
Routing Problem with Time Windows (VRPTW) with temporal information. Numerical experiments
show that the edge candidate reduction is as effective for VRPTW as for T'SP. As a result of the detailed
investigation on the parameters of edge candidate reduction, it is shown that temporal information is not
necessary for edge candidate reduction, even for VRPTW, where temporal information is important. This
suggests that the edge candidate reduction by the proposed method may be effective for combinatorial

optimization problems other than VRPTW.
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Previous studies using word co-occurrence networks (WCNs) with the number of connected words equals
two could only analyze a part of the structural features of languages. Therefore, in this thesis, we examined
the structural features of WCNs from two perspectives. First, to capture the features of languages that
cannot be reflected in the WCNs when the number of connected words is two, we conducted a multilingual
analysis by investigating the changes in the structural features of WCNs when the number of connected
words increases. Second, to investigate the effect of document content on the structural features of
WCNs, we compared the structural features of WCNs created from different documents. To perform
these analyses, we used four different text datasets translated into nine different languages: the New
Testament of the Christian Bible, the UnitedNations proceedings, the Paris Agreement, and the Novels.

We conducted mainly three experiments. First, we investigated the basic information of the text
data we used and the WCNs. More specifically, we calculated the relationship between the number of
words and the number of vertices, the frequency of parts of speech in sentences and WCNs, the effect
of punctuation marks on the WCN analysis, the length of a phrase, the number of edges, the density,
and the cumulative degree distribution. Second, to investigate whether the structural features of WCNs
reflect the frequency of words, we calculated the correlation coefficient between the frequency of words
and six network measures: the degree centrality, the closeness centrality, the betweenness centrality,
the eigenvector centrality, the clustering coefficient, and the square clustering coefficient. Third, we
investigated the structural features of WCNs when the number of connected words n increases and the
connections between pairs of parts of speech.

Our conclusions are two folds. First, by increasing the number of connected words, we can capture the
features of languages that cannot be reflected WCNs when the number of connected words equals two.
In particular, agglutinating languages (Japanese and Finnish) have different structural features of WCNs
from the other languages. Therefore, we suggest that multilingual analysis using WCNs with increasing
the number of connected words is a promising approach to clarify the commonalities and differences
among languages. Second, we found that some network measures depend on the document content.

Hence, text data used in the analysis is an important factor in multilingual analysis.
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T ZEDFHET B RENTVS [I]. £/, EXFETHIMS N4 7 OERKMZEDIEEZ,
JARIEE, MERMINE, AARRELRZ I BREINTVS .
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Hodgkin-Huxley € 7V 3] ICIESKIKERZHMST 2 &, £ ZOEKERL H*i@fiﬁﬁaib 5Tk
MPREINTWD M. F7z, Izhikevich =2 —u1 €7V B OEAANICHT 2 I0EDMETIE, 1E
SIED m BV A4 Z AR n[BFEKTZ nm T— Ry 22345 T 3 2RI ATVWS 6. L
L, Izhikevich =2 —w Y E7A0, AEAAINCH U TERIN D 2 Wi H F ARIEE 2T 11
SIS TOVRW,

Z ZTTARIZE T, Izhikevich =2 —v Y EFADRBIAAINIK T 205 % 3 2D 151k [P1, P2, P3)
THAE L. 7, HFH EOMBHENE D XS5 IRS5E S OhZ2#E L. Kz, ISI (Interspike
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DFEfEZ FIE L.

2 Za—[AOYETI

Za—n YOMEEDIMIIEFEREY Uiz, MUl ARIOEMEZZREME VWS, —a—a i, A
N%EZT 5 REMPEH L, BEM LICR2 e BKTE. ZOL5R=a—a YOiEH2HIET
7.1, IFIERBEETAPREINTVS. AHKTE, sTHEENDRL, BERFEAS
R — > & BT % % Izhikevich = 2 — v Y& 7L B Z Wz, Izhikevich =2 —w Y E7LE, K
M), @) TEEINS.

{@zomw+ﬁv+M0—u+uw, )

= a(bv —u),

if v > 30, then v < ¢, u + u+d. (2)

ZZT, vIERENM V], «ZEEER, 1(t) FANERTD 5. 0,0 FKH tms] KX 2D TH
5. BB, NIRA—=Rabc,dZBYNIRET DI LT, RABRFEKAZ-VE2HBTE5. A
T, Regular Spiking (RS) EMHINZ IEEDRREZMET S, £/, v>30[mV]| DL E, —a—
aYBEXLIeARZL, A@) b2 v,uz )ty VT 5.

AFFRTHERA LA I(t) 2 B) 2R3, 22T, K@) FEFRKT Ipe & MDD Lac
POIRBIERKTH YD, AIRIE TIXEHTH 5.

2
I(t):]Dc—f—]AC:]Dc—Q—ASiD%t. (3)
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FFHENIE D RO B EB R o T EREERD Z 2 TH D, MOZEENZ EWHMNICHIHNS
ZEMTES. ¥/, HFEH LIV F4 V2B T2 8T, MOBHZFTNPLI RS, 22
T, XNT T4 22%, ZBROWIR0ICRZEHOEETHS. KiFFFETIEE S, Izhikevich =2 —
OYETILD v, u BN o AEFEZER L. K2, HFEHE =0, o =0%{#/~3 v XL
7534 uRVT T4 EME L. MR EICBWT, v XV2 542 ED ETIE, 9<0TH
27 DRHET v OB DR EICHEA, TTRIEDOREICHED. FES, uXVv254> kb BT
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3.2 ISIICX T 2ZREER
ISIDIE 62 X2 ERMCIHIET 3 7212, ISLICHT 2 ZHEFEE W, ISI oM % M,
WEBE N T, ZRRERBE @) cERSINS [1,8)].

M

R= N (4)

N@) &Y, ROMED0FHED & 2ZEIGE, RDOED 1AHED & 2 I3IFEPINELZ L EZ 5N 5.

3.3 X bORESRA=

2 RERIE 2 E, FAATIOWL O ONHEICE T 2 FHOAZBHEIT 2FETH 2 [1,2).
2 b REREERZ Z 2T, IBEOEEEXBT 22N TE 3. BRI, BREOD SIS
X NG EFEHINE, FHMRABIH SN 583 EEREEE2E®R T 5. 72720, VEvy +o
HBHRTIIFAMIRE 2255085 5. X512, WREMEI WL OO T EmIXxh, Blofitd
THIDEENZ VS, FIEIEXL - 1 h BAEIBN X NG5 A AICEEEKRT 5.

4 #HR

Izhikevich =2 —B Y EFT DRI A =K% RS (a =0.02,b =0.2,¢c = —65,d = 8, Ipc = 10) &
L, IEEICHT 2052 L. BIEEBIIA A 7 =1k (KR 7 v 70.01) 2RV, $EN
IS & D KL HEE L7 [9]. U, (A,T) = (7.5,200),(2.5,200) & L7z & & DM %X
MRS, BHRE 0 VT T4y, BRUEu IV 4 0 %RST. AT O LR TRIZIGT
TovXVI T4 Vb LR, THT 2720, 2200BW%E v XLy 74 O ETHOHPE YL LTR
L7.

15 Voo fioota)
-80 -60 -40 20 0 20 -80 -60 -40 -20 0 20
(% v
(a) (A,T) = (7.5,200) (b) (A, T) = (2.5,200)
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5 &

ARFLTIE, 191240 5 1944 F-D 10 tHOFH 7 — X LT, XEOEARNLRFHHE, Efr v
b — ZHREEE A WTHETS & OFF RO » 4 2 ¢ OFHGE 2RO X ER#E DR ZL
BB L. OB RITR o F24ER, CEORANLRRMER, HEHEAhoREt e B
DM, MR Y N — 2R, BN R E BRI W ot e, £
L OXEMEOELEFE LR, XEOHEAWRFHAE TH 2T, 0ok, hXDF,
DHEGDOEZ DEF e EHMry VU —JINRIBETH 5 7 7 AXRE, WA 7 2 X158, X
BOMOMEEDET L DEFMNER L e hotz. 5%IZ, XEHEEDOZILFELE LR
FERZLIWCOWTHEZITO 22T, YEMEORMZLZ X DT T2 2 e R ETH 3.

SENB

[1] R. F. Cancho and R. V. Solé, “The small world of human language,” Proceedings of the Royal
Society of London. Series B: Biological Sciences, Vol. 268, No. 1482, pp. 2261-2265, 2001.

[2] IN. Shijulal et al., “Networks uncover hidden lexical borrowing in Indo-European language
evolution,” Proceedings of the Royal Society B: Biological Sciences, Vol. 278, No. 1713, pp.
1894-1803, 2011.

[3] [P. G. Lind, M. C. Gonzalez, and H. J. Herrmann, “Cycles and clustering in bipartite networks,”
Fhysical Review £, Vol. 72, No. 5, pp. 056127, 2005.

[4] [A. Clauset, C. R. Shalizi, and M. E. Newman, “Power-law distributions in empirical data,”
SIAM Review, Vol. 51, No. 4, pp. 661-703, 2009.

[5] [“MeCab:Yet Another Part-ot-Speech and Morphological Analyzer,”
http://taku910.github.io/mecab/ (FAXBE H:2021 4 12 H 10 H)

(6] |“fP KRB AR, http: //www.lib.kobe-u.ac.jp/sinbun/ (F#*BH% H:2021 9 H 7 H)

FRCHER
[P1] AxA ¥, PF %z, BH &, Mo 6 HriEic e o 72 METHER O N AL | 12022 4
B HABGRFRIZERR], 2022 410 A, $&h&EH.
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Colexification v b7 — 2712 HB1F 2 ZEARYXE BT 2052
fazKH (WO #3% , Nina Sviridova Bh#)

1 (FC®IC

WA, BARSFELHEDO EFICE W TREEICBET 20 ThI TV, ZOHTHHRIT, colexifica-
tion Z W TRIEZEZAIT o 72M5EnER T W3 1], Colexification & 1%, & % HEENEB OB
REBTIHRTHS. HIZIEARAL VFEZBWT “malo” ¥\ 5 BEEX “BAD (HW)” ¥ “SEVERE
(LW O oDERZEKRL, 451X colexification BT 5. 2 FREICEBWT, colexifi-
cation ZTEA T 2 EEOBERIIERDIEM T 2HTICH 5. ZD XS5 BEBISND D, colexification 1
FREOEKRNRIFTICHY LTV S 2.

Colexification Z W TIER S 17z v s 7 — 2 % colexification v s 7 —2 ¥ IFES. Colexification
2y b7 —20%, THEZEBE, colexification 282 35 Z & TER X LS. F72, colexification v
P =228 S, BREZR IS T 2THAIOWTHEEZITS 22T, BARSELHOB
RICBI2EEICOWTERTE S, XE 1T, 7Y&avr—22HA0T, BRiEERITHEEM
DL % B/ IME U 7z colexification v b7 =27 Z{ER L TW5S. ¥/, fEL7zAxy vV =200
O, BFEZRIMES TR EIN2aI2=T7 1 2MHT 22 TRELZZELTVWS. LarL, 2y
b =228 AEANEE LR TR OV TR I TOR Y.

ZITARHETIE, FVXLU+—2DRTy TREEMEE S 22T, BIELUI2RITHED
WEEPRMAMELER Yy U —Z ZER L, colexification v 7 — 271281 3 HAEIEICB T 5
FEZITo7-. FAEDFER, “GOOD,” “WANT,” “BAD,” “LOVE” ® 4 D DRER TR I3 EIED,
colexification % v bV —=2ZIZBITF 2 HANKIETH 2 Z & 2R L 7.

2 2y bI7—0DERE

BEZZTHAL, colexification ZTE T % 2 DDERZ TSR Z & T, colexification v v —2
ZERT 5. 22T, HRi L jEMIEOEAZ W,; &L, W, Zik jiIMts 2820/
colexification BFEIET 2 B DL 35, KMIIARA VEED “malo”, 7 7 ¥ AFED “mauvais”’, H
STED “py pHOUITEBWT colexificaion P L TV A “BAD,” “SEVERE,” “UGRY”
25, colexification % v bV = BMERIN A FEZRLTWVWA.

KD ® “SEVERE’ ¥ “UGLY” O Sorenee e
2312, BEAR-LICEAHE L )
Banns. UL, chonro |(CAD—GEVERD) BAD
DEEZIXEH 5B “BAD” & colexi- Weight = 2 Weight = 1
fication ZFE LT3, ZD7=8, BAD @ L, (French - Spanish) (Russian)
“SEVERE” £ “UGLY” % A8 LU{E % ~ @E@
5, MIEEMIC colexification % % "y PHoatRussian )
MLTWbEEZ5. 20D X5 KMH C BAD / O concept colexification

A 7 B —
%E;zgﬁ%i%ift%;ﬁ%ifé 1: Colexification v & 7 — 2 OIERH
Y =21 LTI VR — 7 2B E 5.

ZYELY x— 2 3 TED 2 ERM 2 BRMERITY P = [Py TEDOWTRBEIT2FETH 5.
Colexification v b7 — 27 DIEASE N v B, Py =W,/ N, Wi, LERSNS. £/, n
ATy TROEBTERITING P L7325,
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SCHA [ T, colexification oy N7 —27 8 7 Y X LY x— 27 ZHWT, LLTDOFNET colexification
S hT—2 Gc(n) PYERR L TW53.

1. CLICS’[B] 7 — & % FAWT, KO®D X S I colexification # v b7 —2Z7 Z{EK 3 %. CLICS?
1%, 3,061 D SFEICBIT % colexification ZUER L 72T — X R—ATH 3.

2. fERL L 7z colexification % v F 7 —2Z W L TCATy 7Hn=1,...,5 TIVXLU5—I %
HWH L, BRHERTYI P ... PP RERT 5.

3. kv MU =7 Ggoy DEAT EREETH BM =" | PSR ERT 5.

4. 2w VT =2 Gpow XBIF 3, REVBEEOBERISICT 2THS ., ZOTEHAEEIZ
H32ZeTHZICHRY VT —2 Gowm ZIERT % (K D).

FSURET A —TZIZBOTAT Y TH8Hn =
5TH %G, Gowm PHIDTRETF T L7R
5. ZDZehb, n=5DFR, Fv hU—
27 DN 2 2 SRS S 2 TH A R o #8%
WZBWT, BIELS 2R ITHERITIG S 5 THR
ZREH T AR RN RN 2 5. SCHR 1] T,
2 NI =2 Gowm 2T 22 2T, BIE%

Gc(n)

( emotional concept

(O non-emotional concept

RIWRDaI2=T 4 MEZFHEL TV 5. X 2: 2w b —2 Gow OIERSI
L2, n=50%E, BRIELRIMRMEE

CRIBICHN B TEHS () OREE A5 D TH D720, 6 A7 v 7L LN ZTHS (BES) O EIX
BRI TWARWL.

3 Colexification % k7 —27 D&

AWFFETIE, BiEERITRM 2B OBRICBWT, BIELN ER TS ERRAIC L4 Y
]‘ ‘7“—‘7 GQ<n) %D(T@?J“E’Cﬁfﬁkbfz

1. CLICS®* ®F—& % H\WT, KO®D X 51 colexification v b7 —27 BT 5. Z 2T, fE
BENT2%y b —2% Gy BL. 2, 2y VU —2 Gy OIEAEE Ny 8L,

2. fERL 7% v b7 =210 U TERMERITH PICED 0 X a T+ —2%n=1,...,1000
A7y THERAL, EBHERITYI P, ... P 2{ERT 5.

3. BRMERITY| P  EA EBEEITYIE Lzt y VU —2 Gpn 205, REMLEIEOREZIC
IS BIHM L, ZOHRZHIDAZME LIAREAMNE XY T =2 Gom Z1ER
T5. ZIT, &y MU= Gom ODEANEBHETIZ QW 35, 7, Xy bV —7
Gom DIHFEZ Nyw & BX.

AWFETIE, U EDFIMETIER SNy V=2 Gom DRAIBHLEIT o7z, fERL Sy b T —
2 Gow ZRB D LBIC, %y b7 —2 Gom KBTI 2REALD D2 FRITRT.

XB2 5, n DEIMItE-> Ty b7 — 27 ODEAD—EMICIER T 2 HA RSNz £z, K
BTFMED, RICEAZRHOBIEBIFET I b 005. ZASLDRICEAZFORIZETHL
TEHEAICHA2 S THZ Z e ALz, 72, ThHDRD S5, FHEIRKEZ VD DI “GOOD,”
“WANT,” “ BAD,” “LOVE” ® 4 D DOBEZIH IS T 2 THRICHERT 2R TSN TV S Z & Z i
Bl ZOZehs, ZNHD 4 DDIEHMD colexification v 7 —ZIZBWVWTAT 2 HoTW
LA[REMD D 5.
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n =100 n = 1000

i = [N d, (n)
_ \ edge Qijn

- /s - 1
- 0.002

N Vg - W 0

1 0.002
+ a weight
Qi(j”) Qg’) L. of an edge
" edge index. " edgeindex  edgeindex  edgeindex

M 3:nRA7Ty FWCBITE3y bV —2 L HEADDT
£ 1: Colexification v b7 — 2128 2 XL 8

Colexification v b 7 — 27128 W
TATeh2BRE, 2L oML
UL TWBHEAPH 2. £ TAH
Eﬁ%f&i v bT—2 GQ(1000> >3
WTANT e B2, colexification
v MU =228 B HARNERIEE R
TR TH2 e EERT . BRI
&i, uT@%EJILE\TZ‘\V U —2 GQ(n)
WKBIFEINTZER LK. £7, HA
P S FoMmE " 2 L =
S QW £ ) v F B KIS, B
FE Inl"™) % RENEIC A A7 BE D TES i
NER % r, £ B, E 512, A I,
NENL % r; 2 FHWTC, THA G ICBU 558
Il OZERG, % 6, = Ingn)/lngn)
TXRD2. 22T, HE jIZOWT
rp=r+1%Z2ltTdb0LTd. K
#iz, Fv b 7—212B B "
BREVWEHERD S B, ZHF, HERD
REWHEZ a2 L, r, <71, Bl
JHEENT L ERT .

Iy M7 =7 Goao IZBIT S, T8
20 s ' ERL 25K 6,
ZRMIRT. ROOKELD, v
rT—2 GQ(moo) ZBWTAT RS
TESIE “GOOD,” “WANT”, “ BAD”,
“LOVE” @ 4 D OBERITHIG 3 5 THA
THDBZ b, BB, colexifica-
tion v bV — 271281} B REARIKGE
X “GOOD,” “WANT”, “ BAD”,

T vertex ¢ ‘ Inglooo) ‘ 0; ‘ k; ‘ i
1 GOOD 4.49 x 1072 | 1.18 | 126 | 420
2 WANT 3.81 x 1072 | 1.07 | 156 | 356
3 BAD 3.55 x 1072 | 1.57 | 72| 332
4 LOVE 226 x 1072 | 1.81 | 96 | 211
5 | FEAR(FRIGHT) | 1.25 x 1072 | 1.03 | 42 | 117
6 GRIEF 121 x1072 | 1.16 | 35| 113
7 LIKE 1.04 x 1072 | 1.00 | 27| 97
8 HAPPY 1.04 x 1072 | 1.14| 61| 97
9 HATE 9.10x 1072 | 1.01| 59| 85
10 DESIRE 9.00x 1072 | 1.14 | 51| 84
11 ANGER 7.92x 1073 | 1.03| 46| 74
12 HOPE 768 x 1073 | 1.04 | 25| 66
13 REGRET 739 %1072 | 1.19 | 31| 69
14 ANXIETY 6.21 x 1072 | 1.16 | 19| 58
15 SHAME 535 x 1072 | 1.31 | 43| 50
16 PITY 407 x107% | 1.12 | 13| 38
17 ENVY 3.64x107% | 1.00 | 13| 34
18 PROUD 3.64x107% | 1.89 | 20| 34
19| SURPRISED |193x1073| 1.13| 13| 18
20 SAD 1.71 x 1073 | 1.23 9| 16
21 | HAPPINESS | 1.39x 1073 | 1.85 6| 13
22 MERRY 7.50 x 107* | 1.75 T 7
23 JOY 428 x 107 | 1.33 1 4
24 WORRY 3.21 x 107* | 3.00 3 3
25 GLOOMY 1.07 x 10~* 1 1

“LOVE” D 4 D DRBEE R T )

BIETH 5.

ifl, Ziiﬁj”'%’ﬂi, I FT—2 GW kbb\’Ct@J:jiﬂE}ﬁ?ﬁZ\‘y rO—2 GQ(woo) TANT L
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REDPIZOVTHHEZITo72. 2y MU =27 Gy IZBWT, BEETH A2 ([0) TEFRT 5.

)1 (W #0)
4y = { 0 (W =0) @

AZRRAVBE, 3y bV =2 Gy KB BTHE i OXE b X, k=3 A 5. £7, Hv b
v~7GWmﬁwéﬁﬁiwﬁgwm%=§jgw%fﬁ@5:z#f§5 F v N7 =2 Gy I
BT BTk, 8 g ZRDDH 25NTRT.

RKOH5, Fv b7 —2 Gouom 1T ZHE I TAEWEZR L 2TEAI, v F7—2 Gy
WCBUITEREE K C8E g TOREWEZ 22D bh 5. iE-T, colexification v M7 —72
WCBWTAT LR BTHAIHIET 28E21E, & DZ L D colexification Z TR TH 5 Z & 2R &
nr-.

4 FLHLSRORE

ARWFFETIX, [FCHEIEROBSEE®R T 2HRTH 5 colexification ZFH W TRy bV —2 %
W&Lt ER L7232y P —=Z R LTAT Yy 78n=1000 T VX L7 +— 27 X &, &

BN R TR ORFRE RMX B BIEOMED Ay bV =7 Z2ER L. VXL 4—212
o TERE NIz Yy P T =21 L THEZITo 7248, “GO0D,” “WANT,” “BAD,” “LOVE”
DADODBERITHIET BTEHEDBNT L RO TVWE Z e BER L. ZOMBRIEE, 2o 40014
RTRIN D EIED colexification F v h 7 —Z B2 RANRIETHE IR THIDTH .
Flo, NTERDEROXBEBEICER Lz 25, X DZL D colexification 2T 2 BEEH
2 R —=ZIZBVTANATERAERIIHETE2METHE e broi.

AL TIE, 2 TOFFEICBIT B colexification ZFHWT Ry vV =7 BER L7z, S5&IE, FBIE
ANZ colexification v N 7 — 27 B{EK T 5 Z & T, BIEREID colexification D72 ¥ 20 & 21023
L5TETHS.

BE Xk

[1] [J. C. Jackson, et al., “Emotion semantics show both cultural variation and universal structure,”
Science, Vol. 366, No. 6472, pp. 1517-1522, 2019.

[2] [A. Frangois, “Semantic maps and the typology of colexification: Intertwining polysemous net-
works across languages.,” From Polysemy to Semantic Change: Towards a Typology of Lexical
Semantic Associations, John Benjamin Publishing, pp. 163-215, 2008.

[3] J. M. List, et al., “The Database of Cross-Linguistic Colexifications, reproducible analysis of
cross-linguistic polysemies,” https://clics.clld.org/, (FAXFEEH 2021 412 H 3 H).

FHRX
[P1] Mitsuki Fukuya, Tomoko Matsumoto, Yutaka Shimada, and Tohru Ikeguchi, “An investiga-
tion about basic emotions using hubs in a network ot colexification,” to appear in Proc. of
RISP International Workshop on Nonlinear Circuits, Communications and Signal Processing,
2029
[P2] #82KH, AT, EHM®, MO, Colexification v b7 =2 IZBIF 3 KIGE N7, &
SUFREEFRiva AR, FERTE, 2022.
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~ — 7 RGBT § 2 B AL X Visibility Graph (2B 5 2 3%
AR (MR 2% , Nina Sviridova BI#)

1 (FC®IC

ST, RFEE, K&, WE, R Y okks RIERT — XBHET 5. RRHlT— £
fEtr D 7zle 7 T —F e LT, WRIIT — X Z2EMH v b7 — 71T L TS 2 FIRDSE
XINTVWS [1-3]. RIFFETIE, ZDOFED 1DTH 3 Visibility Graph (VG iK) [3] ZH VT W 3.
VG IEOHIE 2R 1 1RT. U oI, Rt 2B 2RERFDEE ¢ £ 35 (K 1(a)). Zhds,
EEN 2 2y V=27 OTHER v CHIBT 5. EFED220DF =X (ti,v:), (t,y;) DEHWVITHHERT
E3401F, HE v, v Z2HR (M10D), (c). BEEMIEROWThr D&M 2t/ IER V.

(1) =& (ti,vi), (t,y;) DT 22007 —XTH 5.
(i) i <k <jZ2MLTETDT =& (t, yr) WOWTRK (1) &7z 3.

by —t;
Yk <yz’+(yj_yi)tk__t_ (1)
J )
(a) O — zprwry (c)
b Yy e RUEEBLEAN v
A%
zz v1 ........ v4 vl 4
V3 Vs V3 LS
y3 ......................... T T
. SN2
tl t2 13 t3 t5 xRy NT—7

X 1: VGIEDTFNE

PERD VG IETIE, Z0Z LT — X OREEMFED—E TH 2K R5 (Equally sampled Time
Series, X FETS) i L CEAEATWS. LaL, EMROTFT—2D%1F, KEFFREI—ET
v~ — 7 fERE (Marked Point Process, JAF MPP) & LTHIfllEh 5. HIb, VGiED MPP
ANDEHARREEERFT T2 b EETH L. Z T TAMLTIE, VG EEFWT MPP ORI R
BRZ Y bT =2 ICRMT 272012, 4 XY MEEBOWEEZ AWy b7 =27 DEAITF
BEeiRE L.

2 PR OBRINOIERFE
ARETIE, X (Q2) WWRTBENLX—A4EG 4] & D 2EOEE VTR XY s 23%
%32 MPP ZER L 7.
) oa(n) + 25711 = 20)z(n)P + ¢ (0 1)
zln+1)= { w(n) — 25711 = 22)(1 — 2(n))P —e (4 1 @
L, BERLRX—AFBEDONRIXA-—RIEB=2, e=1x10"8 Lk 1DOHOFETIE, K
2a) AT & 512, EEALX — 1 BROMEEERST 2 MPP ORSHIRIIHCE D 4T 3 FikcH 3
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(Values to Inter Event Interval, LLT, V-IEI). BIE~L X — A BALDEHIn 1281) 2 IREEZ 2(n)
355y, fET 2 MPP O i BHOA N MRERK 3 =3 2(j) ¥ 2%, 2D0HOFET
X, K2(b)ITRT X512, BIENLX—A4 BIROIREE 2(n) & z(n + 1) ZEHT 280305 £
D 5% MPP O 4 XY MEARZIE T2 FETH 2 (W), WTHOFIEIIBVWTHIERL 2
MPP O 7 — 2 N 12,000 £ L, ~—ZfHm; XX [0, 1] D—FRELECIRE L7z, 72, &FiEE
FIWT MPP ZAERL L 721%, MPP O~ — 7 {lA5[F U CHREIRIEZ 1 £ L7z ETS (ETS-1), BT,
RefifbRZ T/ (N —1) & L7 ETS (ETS-2) 2k L7z. 2T, TIEMPP OB (T =ty —t1)
TH5.

X m X m

x(2 Ax1) 7§ A
) N\ A / /
x(1) 05 b »0.5
x2) |x3) | T Y |
123 ﬁt 0 > > t
BIERILX —1 B ER 9 2MPP BENILX—1 B YERL T ZMPP
(a) V-IEI (b) ¥

2: BIENIL X — A BAROME % FIFH L 7= MPP OYERL T
3 VGCEZAWEAGETRY FT7—0DERFE
BIE~NLV X —A B K DIERR L 7= MPP &, RififERE —@EICE# L7z ETS-1, ETS-21ZM L T,
VCGIEEHAWTEANE Y N —21CEf L. 20K, KRV ETOiHHDA XY b jHH

DAY MEEBE L = /(6 — )2+ (my —my)? RIER v, v; BOEA L T2, BENRELNITTF
%2 (3) ITRT.

Wij = lmin/lij (3)
22U, e Bl ORMETH 5. 723, XK [5] TlE, X (1) 18T X 51TBITA X - FERE
i R AV EBAPRRIN TV S.

Wi; = lij /I (4)
272U, lnax (E 1 ORKETH 5. KX TIE, VGEZHVWTELONL XY P T —=21TH LT,
K (3) DIRBELEA L7HE e (4) Ok 5] OFEZEH LGS 2R L 7.

4 BHIFERY FT—UDEE(LISEZE

AKX T, 2y MV —2E2ERLT 24652 H VT MPP 2O ERENAEAN X A v b
V—2t, ETSOOIEREINI-EAE Ry N = ITHEDERND 20 L=, 2B, &E
A ERy bV =27 ORE R ERILT 21EEUI 5) IR T EAN X FITEAMER L, [6) &, X
(6)-(9) oEANE 2 5224838 C7), ), P, % 710 TH%.

w,e ) w,s

TR
Lw = 70 Z Z dw,ij (5)
N&2520 =t
N N
Zj:l Zz:l Wi W5 Wi4

c) = N N
w,i
(ijﬁi wij)? — Ziyéj w?g
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1
L
C’l(uﬂz) = Z wﬂm (7)
JAIENG (4) LA
N N
B — ijl >im1 (Wij + wa) agaaaz
e 251’ (kz — 1)

0 _ Sy o (wiwgiw) 0
w,e k.CQ ( )
7}3‘/’5[./, dw,ij 01%&%%%117:@.@ V3, Vg Fﬁﬁo)ﬂai%gﬁ%, NG(Z) &i]’/g)f_i (% &:%*ﬁﬁé]ﬁzﬁ Z, ra

DERBEOKDATHREINS Ay NV =0 %2RT. F7, ki IXTHR 0 ITHEHET 2O, s 13TH

5 BERER
AW D KT LT IR T,

(i) BIENLVX—A Ef&%FH L7z MPP(V-IEL, W) &, MPP »6Z#AL7- ETS-1, ETS-2 %
ERiS 5.

(ii) TERL72RERFNCH L, VGIEZHWTEANE Ry bV =27 Z{ERT 5.

(iii) BEAMNERy bV =22 ERLT 2162 HWT, MPP ORISR v b7 — 71T X
NTVWELZHAET 5.

100 38 b OHIHAED & FE S B 1RRVN B IRBELH WS Z e CRAEANE XY b7 —2712D
W, BIEREOFEIEL 5N EBXEER 1I1TRT. £, X 5] OFELZHWLEAN Z XY b

7= 271200 T, FEEOFEE YL 5% EFHXEZ2 R 2 1TRT.

K1 BRECLDEANIT Ry bV —27 DEFEEDFIIE L 95%EFX [H

V-IEI

P

MPP

ETS-1

ETS-2

MPP

ETS-1

ETS-2

0.033+0.003

0.988+0.003

0.853+0.027

0.281£0.003

0.988+0.003

1.0514+0.027

0.011£0.001

0.373£0.000

0.33540.010

0.152£0.001

0.373£0.000

0.38640.010

0.09940.001

0.368%0.000

0.326+0.010

0.132+0.001

0.36840.000

0.38440.010

0.736+0.002

0.71940.000

0.724=£0.002

0.714£0.002

0.71940.000

0.717£0.002

0.0084:0.001

0.427£0.000

0.36940.013

0.14040.001

0.427+£0.000

0.44840.013

# 20 WK B IC KB EANT Ay b7 — 27 ORI FIME L 95%EHEX M

V-IEI

P

MPP

ETS-1

ETS-2

MPP

ETS-1

ETS-2

0.747£0.045

0.813+0.044

0.813£0.043

0.765£0.045

0.82340.044

0.823+£0.043

0.007+0.004

0.005%0.000

0.007+0.004

0.003+0.004

0.005£0.000

0.005+0.004

0.005£0.004

0.003+0.000

0.005£0.004

0.002£0.004

0.003£0.000

0.003+£0.004

0.75440.001

0.7664-0.000

0.763£0.001

0.76140.002

0.766£0.000

0.767+0.004

0.004=£0.004

0.002+0.000

0.004+0004

0.001£0.004

0.002£0.000

0.002+0.004
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#1, 210, Y = (2N, )N, (X € {Z,L,B,0}) TH%. £1 &b, HELELH
AL78E, CF 2R BIEEIZBWT MPP £ ETS-1, ETS2 2 6EREN 3%y MV —2121%
BREND D3, —H, £2&D, Xk 5] 0EAFITEHWESEE, SEECBWT
MPP & ETS-1, ETS-2 02 S/E SN2 32y b Y —ZHICHEEEE RV, ZhSDER» S, 1BR

13 MPP O R REIEFRIERZ BUNCEAFE XY PV —ZIIKMTETWE EZHNS.

6 Fo

ARELTIE, FU DI, BIENLVX—ABHBOMEZH W 2 EHD MPP Z/EKR L7z, KIZ,
MPP @~ — Z{EA3[F U CR /R 1 TH 2RR5, B L, RS T/(N — 1) TH 5K%
FIBER LTz, RBIZ, BonRRINCHL, VCEEHOWTEANE Ay F U — 218 T
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. ) =bx = (mg=m) (1x+1] = |x=1]) Chua z 0.084 227863 ) 196.04 | 197.10] 148 | 148 | 6657.72 | 6651.27 24.79 31.24
*umﬁ_msm*_m_ X, y, quﬁowg - FIERMEDEEE - x, y, 227T(0,0.6] = _ o N . R
m 5 ( MPPOEREEONBOAE S EBD5T, VCOMBIEAS BEI BN > )
* RAREEMH--10 < <2010 P MRERE-10 <1 <5010
ABEh =106 o AESEEA - WAE k= 5x 107 - xy A5 S E R o~ )
........... S s kA S A S RIS Stk it el I - . ) ey SZE R
VG .ﬂ &{E2100E7> SROAR) e, .
= _ | | —> fgl VEERS | MPPEZ ORI E R L L BAOVGOMSEEERER, 1 toneReRrosT 1| (1L Lacasa etal, PNAS 105, 49724975, 2008
> > J VGOBEENRENDMER. | [2]L. 0. Chua, et al., IEEE Transactions on Circuits
= | | VGiE '& —ChualEl#&, LorenzARRRTIF L ESLSEBRIIDEBAK : and Systems I: Fundamental Theory and
TBAREDH L ZrEfRIc T, Iv 2O DVGOREIC K EAERE SRS T D WEEAENZHRE : Applications, 40, 10, 732—744, 1993
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Statistical analysis on usage history of bike sharing systems
Honami Tsushima
Ikeguchi laboratory, Tokyo University of Science

1. Bike Sharing System (BSS) 2. Previous Study and Aim of Study

|User cannot rent a bicycle l Previous study
o We have already proposed a method
for finding optimal tours of vehicles
in reasonable time frames [1,2]

v

We used original benchmark instances
with randomly placed ports

LUser cannot return a bicyclel

-? Need to building realistic instances
olo . . g
@ : Port Jll: Depot

User can rent a bicycle at a port, use it for a short trip
and return it to a different port

Aim of study
We analyze usage history of bike sharing systems

Fearure

Issue The number of bicycles at each port unbalanced Q1. Are excesses and lacks of bicycles generated ?

Solution  Capacitated vehicles need to relocate bicycles among ports Q2. What are the bicycles rented and return patterns?

City Boston Washington D.C New York Chicago @ Coefficient variation (C,) measures the global variability of all IEls

Name Blue Bikes [5] Capital Bikeshare [6] Citi Bike [4] Divvy [3] Ly (1= T)? Cy=0 Regular T : The mean of IEls
Cy= n Cy=1 Poissonprocess 1 : The number of IEls

We used August data T

Are excesses and lacks of bicycles generated ? Tab. 1 Cy values of rented bicycles

Boston Washington D.C.  New York Chicago

Boston  Washington D.C.  New York Chicago . daytlme (8:00-20:59) . all time (24h)

The number of returned bicycles The number of rented bicycles

—_— Q
0‘6 Port - 0?6

Boston Washington D.C.  New York Chicago

Excesses and lacks
' of bicycles exist.
. Weekend

50 -50 50 -50 50 -50
The number of excesses and deflclencles of bicycles

Fig1. Difference between the number of rented and returned bicycles on a day

Weekday

Frequency

Fre:zue:\cy N
LER RN

Frequency

New York had the largest The highest frequent values of Cy are larger than unity
number of excesses except for daytime in Boston

and lacks of bicycles

‘ Local variation (L,) measures the local variability of all IEls [7,8]
100 200 300 400 100 200 300 400 100 200 300 400 100 200 300 400

The number of bicycles rented

Fig.2 The number of bicycles rented in a day

1 i 3(T;—Ty)? Ly=0 Regular

L,= -
v (n—1) = (T;+ T;.1)* Ly=1 Poisson process

hat are the bicycles rented and returned patterns?
! = Tab. 2 L, values of rented bicycles

0 Raster plot Boston Washington D.C. New York Chicago

LI2<p <117 116 <p <121 0.93 <p <095 LIT<p<116
106 <p <111 124<p <130 0.97 < p < 1.00 120 <p<1.26

Boston Washington D.C.
100} o R T g0 b ik
200
300

Weekday

__New York _ Chicago

05 1 15

1.00 < p < 1.03
1.03 < p < 1.06

Day
Fig.3 Raster plots of bicycles rented timing for the four BSSs
Many bicycles were used during the daytime

Weekend
and few bicycles were used overnight

Frequency

We treat the bicycle rental and return timings data as a point process

[7: daytime (8:00-20:59)  [ll: all time (24h)
The highest frequency values of L, were close to unity for all BSSs
We estimated 95% confidence intervals ) u did not contain unity

Inter-evnet-intervals (IEls) - Timing of a bicycle is rented

=t =L ]
Time (min)

i fi1

4. Conclusion
A1. Excesses and lacks of bicycles exist. However, there was no significant difference in the number of excesses and lacks of bicycles among the four BSSs.

A2. The temporal patterns of events of rented and returned bicycles among the four BSSs were the same (weekdays and weekends, and daytime and all day.
v These temporal patterns did not necessarily follow Poisson process.

[1]1 H. Tsushima, et al., Journal of Signal Processing, 11(4), pp.157-160, 2018. [2] H. Tsushima, et al., Applied Sciences, 11(16), 7749, 2021. [3] Divvy Bikes. https://www.divvybikes.com/system-data.
References [4] Citi Bike. https:/www.citibikenyc.com/system-data. [5] BLUE bikes. https://www.bluebikes.com/system-data. [6] Capital Bikest https://www.capitalbikesk system-data.
[7] S. Shinomoto, et al., Neural Computation, 15(12), pp. 2823-2842,2003.  [8] S. Shinomoto, et al., Biosystems, 79(1-3), pp. 6772, 2005.
Nonlinear Problem Workshop @ Tokyo University of Science, Kanamachi, Tokyo, November 27, 2021




1. Introduction

Actual attractor

w

——

X(158) /

X(t+4)

Reconstructed attractor (m =3,

T=4) P
s
10
s s xt2)
Reconstructing N
s dynamical system v .
through time-delay 20 @

coordinate system [1,2]
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Reconstruction dimension is small

205-105 0 5 1015 20
x(t)

* Observation

Data points are dense and

Time-delay is not appropriate

Xt

Data points are

X(t460)

t

® m : Reconstruction dimension trajectories are overlapped unnecessary high correlation non-correlation
S} 7 Time-delay
e —ww e we e e o(t) = (a(t), a(t+7), o(t+27), -, «(t+(m—1)7) i Selecting appropriate reconstruction parameters is important

Methods

Reconstructed attractors

Actual attractor

Reconstruction [ : /

varying (m, 7)
)

Jensen-Shannon (JS) divergence [4]
between probablllty distributions P and 0

(

Average of
KL divergence between P and M

)

Inter-point distance distribution

Inter-point distance distribution

17

Probablllty distribution mx)

Probability

Probability

] ) Dy((P, 0) = (DKL(P| | M) + Dy (Q| |M)> KL divergence between 0 and M
______ e Probability distribution P(k) Probability distribution o)
; ; Normalization of
0 w ) inter-point distance

d(i. j) -

Inter-point distance (IPD)

N Normaized inter-point distance  M(k) = (P(k) n Q(k)) Normalized inter-oint distance d : Mean of IPD
z Similarities \ N d : Standard deviation of IPD
o =
I <—> | i, ] ... = /
g (Method of estimating o Q G L. =
£ correlation dimension Ku\g::l:g\;:lfe\err(KL) g KUIJbZE/Z:‘gee‘:f; Ko cf(t D= di, j)—d
Using inter-point . o g - d
Inter-point d\stancedIStance distribution [3) J Dy (P11M) Normalized inter-point distance Dy (O] M)
3. Dynamical systems and experimental settings | 4. Results
We use four types of nonlinear dynamical system Variable & Variable Y Variable 2
Fitting function: m = 30/7 === | Fitting function: m = 33 /7 === | Fitting function: m = 21 /7 m—
- Lorenz system [6] Attractor ~ ~ "
w |
x=o(-x+y) : Data length: 5,000 Nl S I { %
. 20 3 ols g8 HE §
y=—xz+rx—y Step size:  0.01 5|z HE wgl S s
5 = S F SE o S
L=EXy—wz Sampling rate:  0.01 o :
6=10,r=28 w=8/3 J Reconstruction dimension Reconstruetion dimengion Recanstruetion dimension
T —— T ) Fitting function: m = 33/7 —— | Fitting function: 1m = 48/7 = | _Fitting function: m = 210/7 =
* Rossler system [7] ~ | . " o,
® %
i=-y—z Data length: 10,000 e gl R %% g
. 2(t) = Ol » 008 5| 0 § | 7 v ot §
y=x+ay : Step size: 0.01 2l wi|? wE|E 31 8
. Ol 2 g o | E T o
i=b+zlx—o¢) Sampling rate: 0.05 el= | N i §§3 K
21 5 002
=036,b=04,c=45 J T SRR R I R RN e
Reconstruction dimension m Reconstruction dimension Reconstruction dimension 1
Chen system [8] ----------------------------------- Fitting function: 77 = 16/7 === | Fitting function: 1 = 17/7 === | Fitting function: m = 42/7 =—
~N 200 1 (g 1 P =) 1
- +l|H m ‘s
X=p(=x+y) ‘ Data length: 5,000 . f E Y i Y g
y=(s—p)x—xz+sy 2 o glz- ooeg ze nns;f? e g
f=xy—qz Step size:  0.01 =i wi| " Wil e
. = = w| E 0| E j2}
Sampling rate:  0.01 i o |F B o |5l v
- 3 g= 2 o :
p=354=3s=28 —/ BTt
Reconstruction dimension . Reconstruction dimension m Reconstruction dimension
Langford system [9] Fitting function: m = 210/7 === | Fitting function: m = 2167 =— Fitting function: m = 2007 =——
( ) ‘ b '
X=(@-px-wy Data length: 5,000 of« . gl E g
J=ax+@—py S|z EHE R o §
1 Step size:  0.01 Sl 8 Wil HERS o f
=+ az——20 — 2+ y)(1.0 + p2) + e2x° . s|E 2| g TalE: b
3 Sampling rate:  0.01 4 002 ™ i ™
.
a=1,=0.7,1=0.6, Reconstruction dimension Reconstruction dimension m Reconstruction dimension m
®=35p=025¢e=0 JS divergence is minimized (=geometric characteristic is maximized)
when the product of the reconstruction dimension and time-delay
keep a small constant value
5. Conclusion Il
We evaluated the similarities between IPDDs These results quantitatively demonstrate the importance
on actual and reconstructed attractors when varying reconstruction parameters. ) ) ;
of keeping the embedding window (1 - 7) constant,
It is important to keep the embedding window constant. which was mentioned in previous studies [e.g. 10, 11].
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Analysis of the influence of contact order
on information diffusion by surrogate temporal networks

Tokyo University of Science
lkeguchi Lab M2 Luyan Xu

n Background

i More widely Numerical £08
2
. . - . o
Many research on information diffusion 07 H Random > ReUk‘lr experiment go.e
for networks have been reported. High 2
D. Centola, Science, 329. 1194-1197,2010. ® o8 J Opposmg Result * £ 0.4
2 05 =)
© " Y S i Low ] \ -More widely Using our 0.2
5 Regular il Rand
. 5 S gular andom 0
Randomize g 03 [ | Social experiment. ;Proposed model 0 T 04 05 06 07 08 09 1
|:> £ o2 Influence of the information
a
0.1 . .
) The result by our model supports the result of Centola’s social experiment.
Regular x 5 - - ,, Time(days)

However, our investigations were all on the static networks

E Purose of our study Proposed model of information diffusion

Tem oral network . .
P Interest Input from adjacent vertices
To reveal the influence of dynamic structure
zi(t 4+ 20) = g; (7, t)x;(t) + aH (z;(t) — 0; E F(x;(t)—0,
% % § of temporal networks on information diffusion it +20) = g:(7, )i(t) + (zi(t) i) ( J( ) J)
j€EG;(t
—» Time J€Gu(t)
We investigate the influence of the contact order a: Influence of information  F(x) : Step function ~ G;(r) : Set of adjacent vertices of vertex i at time ¢
Contact on information diffusion using the contact data in the real world Interestx(: [ xp(ty) o (1) + xf(’z) i) +a

Contact data & Temporal network oy =" & ioﬁ o %ﬁ ]

&)
(1) Data from a high school (The number of participants: 126, Duration: 3 days) The interest of vertex i ' l
(2) Data from a hospital (The number of participants: 75, Duration: 4 days) will not increase when (1) > 6, fi

Example of contact data 4 m Rl e ‘ 6 N
Contact [ Tw’nf.s) Participants (i..)) |

qﬁi&. ................

T : Decay coefficient t:: Time when vertex i first

| ;
every 20s| o g g | | o [ oo H Inte(re)st ) ) O<z<D) receives information
ot ! ?
° 0 20 4 5 | | i ' () 3
| H H i Sx ek
B> 2 1 i e _o o e 0 ; L G )
. . L L L » Time(s i B EE 17200 1 + 10800 i
: o 20 70 (s) 0 173600 ¢ +7200 ime(s)
E Numerical experlments Information spread The keys are contacts The vertices with high centralities
more widely . with important people? = The important vertices

How does the contact order in the real world affect the information diffusion?

How do the contacts with high centralities affect information diffusion?

Influence of information (v Influence of information (v Influence of information (v

Ascending order Campge Colmpalre Descending order
Compare of contact centralit REmelom @amiiziet @i of contact centrality
Original contact order «¢==» Random contact order Y
Fix i i i i
723 45 67 8 Random Shuffle (RS)F1|X 8 64 23 7 @ Eigenvector centrality @ Closeness centrality @ Betweenness centrallty
Comect | || || ]] | AR e
Time ¢ Time |
* * @ Synthetic centrality I |
(Original network) (Random Shuffle Surrogate network) Centrality of contact (i, /) Descend n order —
ENOL ? +9 = Maximum of synthetic centrality of vertices i andJ " Time ¢
X (Sorted in Descending Order)
Fix i
The number of vertices Start the diffusion from Contact A " d X
. . . N scending order
Final diffusion rate S = . | centrality II | | | | | I 1] I | |
The number of all vertices - > —> —— —
Time 1 Time ¢
(Original network) (Sarted.in Ascending Order)
Strong decay (z = 0.95) i Strong decay (z = 0.95) H Weak decay (z = 0.99)
° Original Original E Original SDO ¥ Original SDO v s
_8 Ave.of RSS & Ave.of RSS & o © < Ave.of RSS O SAO ¥ Ave.of RSS O SAD ¥ oy
7 Distr. of RSS Distr. of RSS " o Distr. of RSS Distr. of RSS ot A
£ N E :
= Almost no difference = v
b= I Low £ M Low
N s ° e § ¢ s 5 ¥ v Low
0.01 0.01 0.02 0.03 004 0.05 0.01 0.02 0.01 0.02 0.03 0.04 0.05
— H 1 > 5 g v v ¢ -
© Original g — 1 @ Original spo v P ¥ov
%081 AvofRss o S ° " _'® OB 1 peoffss o s v s v v Tlow
© | g o6 Oswornss | os Small difference 8 5 06 [ Disw or s H .
Sl Bos Y Original 2804 i
=1 " e o g Original spo ¥
E 02 Small difference _y Ave.ofRSS & :|°: 5 02 Low g y, LOW  ave.ofRss o $A0 v
-] o S s s ° : o Distr. of RSS g 0 e o : LR Distr. of RSS
e e 001 002 0.03 0.04 005 | 0 0.01 0.02 0.03 0.04 0.05 D) 0.01 0.02 0.03 0.04 005 | 0 0.01 0.02 0.03 0.04 005

Influence of information (v

If the decay of interest is strong,
The contact order in the real world affects the information diffusion Contacts with high centralities are

(Especially, when the decay of interest is strong) Important for spreading information
in the early term of diffusion

If the decay of interest is weak,
contacts with high centralities are
Not important for spreading information

E Conclusion References Publications
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Str d Weak d [2] D. Centola, Science, 329, 1194-1197,2010. [P2] L Xuetal, IEICE Conf., N-1-11,2020.
trong decay eak decay 131 htp://wwww sociopatterns.org/ (Access: 2021/11/09). IP3] LXuetal, NCSP21, 7376,2021.
i i A Tend to have a . [4]1. Fournet and A. Barrat, PLOS ONE, 9,9, ¢107878,2014. [P4] LXuetal, IEICE Gen. Conf., N-1-6,2021.
We investigated the influence Contact order Weak influence
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rong influence L
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Investigation of Structural Features of Word Co-occurrence Networks
with Varying Numbers of Connected Words
lkeguchi Laboratory M2, Tokyo University of Science, Kihei Magishi IKEGUCHI LM‘ )

1 . BaCkg rou nd Application of complex network theory 2 Purpose @ Effects of document

@ The number of connected words

l—am [Language A][Language Bl[Language C| —/\ )
GBS N mEn AAA girl
ﬂ presentlgg = = = :::
Bonjour now .
W ‘. Vertex: word = LN AAA n=2 |—saw—a—girl
Languages : 6,800 Language network's, Edge; connection 1:Dependent on document content? Q Capturlng only a part of the features?
— - ) between words IEE— o o T 3
. Word co-occurrence
[Commonalities]; [Differences| o Our [Language Al[Language Bl[Language C] )
#Grammatical rules ; ®Different rules for Quantitative + Global w=2 |l—saw—a—girl
i word connection o study )
) Characteristics of languages n=3 |=—saw—a girl

Can we analyze it quantitatively? Structural features - ] We proposed new method
’ of language network We investigated effects of document to capture the features

3. Text data iz 4. Word co-occurrence network s es

. - . : Duplication of words
(i) New Testament (i) United Nations LA IZHAOFEORIC. ATPORY LALT P

(iii) Paris Agreement (iv) Novel Duplication of connections
Table | Edges crossing punctuation
avle Language family Indo-European Uralic  Japanese Sino-Tibetan Punctuation
Language Greek  English German French Russian Finnish Japanese Chinese :
et Half punctuation
[0 Mark Symbols
Luke
John
IMP(2011) X
IMP(2016) X
(i) IMP(2018) X
POL(07) X X
POL(10) X X
iii) REPC
The Baskervilles. X X X
The Pictures of Dorian Gray. X O X B3 X
Gullver's Travels Q (@]
W La Mer. O X X
The Adventure of Tom Sawyer X o X
Troasure Island Q X Q Q
The Windmill X Q (0] X
A Christmas Carol O [e] X [e] ) 4
i = i =3 i =
©: Two documents  O: One document  x: No documents Figure 1. n Figure 2 n Figure 3 n
- - Network measure
5. Results and discussion ¢ ¢ .
<Density
E
p=
NC?.
New Testament United Nations Paris Agreement Novels OClustering coefficient
[ Mathew [J |
0.02 hL/luakrl; 2 G(i) = Z ,,[ > n.,«,,]
0.015 IMP(2011) . i
IMP(2016) o <{>Square clustering coefficient
001 IMP(201S) 2 Z
- oy
POL o . ¢
0.005 iy =
. Baskerwlles 106y = My oy = ) + i)
Guli
0 “a'vii <Average shortest-path length
7 Treasure
6 Windmill
XmasCarol =
5 P LT
C 4 Greek —o— " = The number of vertices d;= Shortest-path [y
3. English 1 £ =The number of edges EEREEVER :
German ] Y= Vertex which
2 French g (4= B reesel v adiacent to vertex i :
Russian ¥ a,;= i,j components of diy = The number of square 0
1 Finnish L} adjacent matrix using vertex i, v;, v, ]
Japanese :8: } = The number of vertices My = 144+, '
| Chinese | ¢ whichhavekdegrees 4 _ ¢ cricec, , are connected 1.
250 POL(07)
3 200
g
3 150
g
& 100
50
0
80
o POL(10) | ¢ Windmill
‘E 50 €00
S 4 500
g 400
T % 300
20 200
10 100
098 00 20 @060 80 toc 00 26 40 80 80 o
) 9\:\) 9\\9 9\\? 9\}’\ O\B’ ')\}Q ')\b ')\%7 ’)\\d\ Q\d’ ?\\@ é\b ’)\\P ?\d\ G\\@ 2\9 ’)\b ﬂ\\P ’)\\5\ ﬂ%, The number of words in a sentence The number of words in a sentence
The number of n The number of n The number of n The number of n
Figure 5 Frequency distribution of the number of words
Figure 4 Each network measure when n increases. In one sentence.

The number of n
Document content affects structural features of

The increasing rate of Japanese and Finnish is high word co-occurrence network

=P Possibility of capturing the features of case marker The amount of text also may affect

6.Conclusion References
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TIkeguchi Laboratory 2021(p. 162 / 170)

Non-Periodic Responses of the Izhikevich Neuron

Model to Periodic Inputs

NONLINEAR DYNAMICAL SYST

Tokyo University of Science Yota Tsukamoto I3V Iazilss "

YV : Membrane potential

A 2

Periodic

1. Introduction 2. The Izhikevich Neuron Model[3]

3. Trajectories

V=002 +5v+ 140 —u+1 When v > 30,

M 2

vecandu <« u+d

U : Recovery variable [ :Input current
2z
Input: I(t) = Ipc+ Iy = 10 + Asin 7t (3)

Parameters : a =0.02, b =02, ¢ = — 65, d = 8 (Regular Spiking)

?

Quasi-Periodic

|

| )] ‘r } ,,\

Y

The Izhikevich {u =a(bv —u)
Neuron Model
Sinusoidal Inputs

Chaotic -80 -60 -40 20 0 20

v
Fig. 1. A Periodic Response
Real Neuron[1,2] Our Research (A =175, T=200)

A>6 A=6 A<6
Inter-Spike Interval (ISI)
Si=lin— 4 (4) [
Diversity Index of 1SIs[4] i o i o
L R~0 ~
R= M B M: Number of different types of ISls o is tangent
N N : Total number of ISls Periodic | to Irregular 0 200

3. The Diversity Index of Inter-Spike Intervals[4]

-80 -60 -40 -20 0 20
v

Fig. 2. An Irregular Response
(A =25, T=200)

0.9
0.8
0.7
0.6
05R
0.4
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0.1

400 600 800 1000 1200 1400 1600 1800 2000
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Fig. 3. The Diversity Indices of ISIs when the amplitude A
and period T are changed

4. Stroboscopic Plots

A method to observe state points at certain phase of periodic input[5-7] - 1 = e
[
X0 .
u ége,o — - ol
& Distinct Points Closed Curve B ol ) .
<0 ’ R T e i
Trajectory is cut Poincaré . : 150° ‘I 180 210
Section . 3 |
‘: » VJ ey * ® 2 m am o w @
270 Ta00] Y 330°
lrajectories | airactor Limit Cycle Torus | - |
Phase of Response Periodic Quasi-Periodic v
2z periodic input Fig. 4. A Periodic Response (A = 7.5, T = 200)
. 5. Summary
0 30° 60°| | 90 : 90° |
( [€ \ \ g Real
L A 1 Neuron Model
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The Research Institute of Signal Processing Japan (RISP)

The Technical Program Committee of the 2022 RISP International Workshop on
Nonlinear Circuits, Communications and Signal Processing

presents

NCSP’22 Student Paper Award

to

Mitsuki FuRuya
Tokyo University of Science

“An investigation of basic emotions by colexification network’

Ll

Hiroyuki Yotsuyanagi
NCSP’22 Technical Program Chair
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