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Abstract

The mixed flow of pedestrians and cyclists is frequently observed on the roads they share, but
investigations of the dynamics of this kind of mixed flow have been very limited. This study
proposes a heuristic-based model to reproduce the mixed-flow dynamics of pedestrians and
cyclists, and the model is calibrated with an experiment on the mixed traffic flow of
pedestrians and cyclists. Pedestrians/cyclists were asked to walk/ride on a ring-shaped track.
In the uni/bidirectional flow scenario, pedestrians and cyclists moved in the same/opposite
direction. A genetic algorithm was used for parameter calibration. The model could reproduce
the experimental results well. Under both scenarios, pedestrians and cyclists formed their
own lanes. The pedestrians walked in the inner lane, and cyclists rode in the outer lane in a
self-organized process. The widths of the pedestrian lane and the cyclist lane were found to
be more uniform during bidirectional flow. The pedestrian flow rate was higher in the
unidirectional flow scenario than in the bidirectional flow scenario. In contrast, at low cyclist
densities, the cyclist flow rate was essentially the same in both scenarios. When the density
was high, the cyclist flow rate is higher in the unidirectional flow scenario. Sensitivity
analyses showed that cyclist speed had little effect on the pedestrian flow rate. A higher
cyclist speed led to a higher cyclist flow rate at low densities, but the cyclist flow rates
approached the same value at high cyclist densities. As the proportion of pedestrians/cyclists
increased, the flow rate of cyclists/pedestrians decreased. The simulation results on a straight
track were largely consistent with those on a ring-shaped track.
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1. Introduction

Active transport, such as walking and cycling, is an important transportation mode. As
sustainable modes of transport, walking and/or cycling are often the main choices for the last
mile of a trip. They not only help to reduce fuel consumption, they also alleviate traffic
congestion and improve individual health. Compared to travel by car, active transport is
convenient and flexible and does not pollute. Around 25% trips in the UK are by foot or cycle;
this proportion is over 30% in Denmark, Finland, Germany, and Sweden and close to 50% in
the Netherlands (Bassett et al., 2008), with 55% being the development goal in China
(MOHURD, 2012). Thus, active transport is indispensable, and its development has effects
on an area’s entire road system. In-depth investigation of active transport is therefore
worthwhile.

In recent years, the study of pedestrian traffic and bicycle traffic flow has attracted wide
attention in the fields of physical science and engineering. Pedestrian movement is common
in daily life, and complicated pedestrian behaviors can generate various self-organization
phenomena (Helbing et al., 2000, 2002), such as the “fast is slow” effect, lane formation in
bidirectional flow, and turbulent movement in dense crowds. Many empirical studies focus on
a fundamental diagram of the relationship between speed, density, and flow (Chattaraj et al.,
2009; Flotterod and La&mmel, 2015; Navin and Wheeler, 1969; Lam et al., 2003, Helbing et al,
2005), and experiments have investigated some self-organization phenomena. Zhang et al.
(2012) found that different instructions lead to different pedestrian lane configurations.
Moussaid et al. (2012) studied the phenomenon of bidirectional flow and found that traffic
segregation exhibited structural instabilities characterized by the alternation of organized and
disorganized states. Many models have been proposed or revised to simulate the observed
characteristics, such as the continuum model (Hughes, 2002), the lattice gas model
(Muramatsu et al., 1999), the floor field model (Burstedde et al., 2001), the social force
model (Helbing and Molnar, 1995), and the heuristics-based model (Moussaid et al., 2011).

The study of bicycle flow has also been explored in empirical/experimental studies and
with the development of simulation models. Li et al (2015) found that overtaking is more
frequent in slightly congested conditions, and that even a relatively large flow can be
maintained at a relatively low average speed. An experimental study of bicycle traffic by
Navin (1994) determined that the fundamental diagram predicted a maximum flow rate of 72
bic/min/m at a speed of 14 km/h and a density of 0.3 bic/m?. Jiang et al (2017) carried out a
bicycle experiment on a 146-m elliptic road with no overtaking allowed. Their data showed
that when the density exceeded 0.37 bic/m, traffic jams formed spontaneously. Similar results
were also reported in other experiments (Zhang et al., 2014; Zhao and Zhang, 2017). A



bicycle bottleneck flow experiment by Wierbos et al. (2019) found that the bicycle-path
capacity increased with the path width and that the capacity dropped after congestion began
to occur.

Models have been proposed to represent bicycle traffic flow. Jiang et al (2017)
developed a cellular automaton model that was a modification of the Nagel-Schreckenberg
model and it quantitatively reproduced the fundamental diagram and the occurrence of traffic
jams above a critical density. Jiang et al (2004) and Jia et al (2007) proposed multivalue
cellular automaton models with a stochastic randomization mechanism. Xue et al (2017)
improved the multivalue cellular model by including a following move mechanism to match
the experimental data and field data. Liang et al (2012) introduced psychological-physical
force and trajectory choice into the model to match the speed-density relationship to the
empirical data.

The mixed flow of pedestrians and cyclists can be observed on streets in the real world.
Kwon et al. (1997) studied the interactions of pedestrians, bicycles, and cars in narrow urban
streets in Tokyo and observed that a shorter distance between individuals resulted in higher
likelihood of conflict. Zacharias (1999) found that in Amsterdam, many pedestrians and
cyclists shared the street Leidsestraat. As the density on this street increased, the distance
between pedestrians was observed to decrease, but the distance between cyclists and
pedestrians was unchanged. Bernardi and Rupi (2015) found that the co-presence of
pedestrians and cyclists in Bologna, Italy reduced the bicycle speed by 10% to 27%.

In China, the acceleration of urbanization has led to the migration of many people from
rural areas to cities. This means that wider pavements and bicycle lanes are needed for the
comfort and safety of both pedestrians and cyclists. However, the rapid development of
motorization has resulted in the conversion of many bicycle lanes into motorized vehicle
lanes. Also, many pavements serve as shared parking spaces for cars and bicycles. As a result,
pedestrians and cyclists must share lanes. The mixed flow of pedestrians and cyclists is
frequently observed on pedestrian-cycle-shared roads not only in urban roads but also on
campus roads (Fig. 1), where walking and cycling are more popular.



Fig.1. Mixed flow of pedestrians and cyclists on the Hefei University of Technology
campus. The red box indicates the measured area.

Kang et al. (2013) investigated mixed flow in Beijing, Shanghai, Hangzhou, and Hefei
and observed that bicycles had a significant negative effect on pedestrian’s perceptions of
level of service. Xie (2009) analyzed the traffic characteristics and conflicts on pedestrian-
cycle shared paths in Nanjing and provided a quality description of level of service on a
shared-use path. Yu et al. (2012) found that the service level of pedestrian-cyclist mixed
traffic flow improves as the road width increases and that the proportion of pedestrians
significantly affects the movement of cyclists (i.e., the bicycle speed in mixed flow is 50%
lower than that in pure bicycle flow). Chen and Xie (2009) developed a traffic-conflict model
(overtaking conflict and avoiding conflict) for urban pedestrian-cycle roads that showed that
increasing the path width helps to reduce conflict intensity between cyclists and pedestrians.

Most current studies about mixed flows of pedestrians and cyclists pay attention to the
speed decrease and level of service. However, to better design pedestrian and bicycle
facilities, it is important to understand the traffic dynamics of such mixed flows. Tang et al.
(2010) proposed an individual-following model with a friction effect between pedestrians and
cyclists and found that the friction effect would reduce cyclist flow and speed. However, this
model fixed both pedestrians and cyclists in their own lanes, and collision-avoidance
behavior between them was ignored. Deng (2011) set up a cellular automaton model to
investigate pedestrian-cyclist mixed flow in which the pedestrian and bicycle have different
geometric shapes. However, this study focused on conflict frequency, not on the interaction
mechanism between pedestrians and cyclists. Mao (2015) introduced social field into the
cellular automaton model to study uni- and bidirectional mixed flows on a pedestrian-cycle
road. As the proportion of pedestrians increases, the traffic velocity decreases. Liu et al.
(2018) built a pedestrian-movement model in pedestrian-cyclist mixed flow based on fuzzy



logic. In this model, pedestrians changed their movement intention (such as stopping, turning
left/right, accelerating/decelerating) according to safety space and walking speed, but only
individual movement was shown, and traffic dynamics and macroscopic characteristics were
not studied.

Zacharias (1999) reported that Amsterdam authorities allowed bicycles to move on
pedestrian paths because they thought pedestrians and cyclists could self-organize to avoid
collisions. Unfortunately, few modeling studies of the traffic dynamics of pedestrian-cyclist
mixed flows have been published, and even fewer experimental/empirical data have been
used to support the reliability of the modeling of the studies that do exist. It can be inferred
that three kinds of interactions occur in the complicated case: pedestrians versus pedestrians,
pedestrians versus cyclists, and cyclists versus cyclists.

Motivated by this fact, we proposed and developed an improved heuristic-based model
to investigate the traffic dynamics in pedestrian-cyclist mixed flow. First, we performed an
experiment on mixed traffic flows including unidirectional and bidirectional flow scenarios to
calibrate the model. In both simulations and experiments, the lane formation phenomenon
was observed in both flow scenarios. The pedestrians/cyclists tend to form clusters when they
move in the same direction. According to the fundamental diagram, the pedestrian flow rate
varied less than the cyclist flow rate in the mixed traffic situation.

The paper is organized as follows: Section 2 proposes the model, Section 3 presents our
experimental set-up and the results, Section 4 details the model calibration, Section 5 shows
the simulation results, and conclusions are given in Section 6.

2. Model Formulation

In this section, we propose a heuristic-based model of pedestrian-cyclist mixed flow, in
which both pedestrians and cyclists must choose a direction and speed for their movements.
Heuristic-based models are a straightforward method for calculation of these two variables,
and their description of movements is akin to that proposed by Moussaid et al. (2011). Two
heuristics based on visual information are proposed, with reference to desired moving
direction and desired moving speed. The first heuristic is that a pedestrian/cyclist chooses the
direction that constitutes the most direct path to their destination, taking into account the
presence of obstacles. The second heuristic is that a pedestrian/cyclist maintains a distance
from the first obstacle in the chosen walking/cycling direction that ensures a collision can be
prevented in time. A quantitative description of these two heuristics is given in Section 2.1.
Furthermore, we assume that the minimum comfortable space required by a pedestrian is
formed by a circle (Fig. 2a) and that of a cyclist/bicycle is formed by three circles (Fig. 2b);



see also Guo et al. (2019). The radius of the pedestrian circle is rp, and the radii of the cyclist
circles are rp1, o2, and rp3 for the front circle, middle circle, and rear circle, respectively.
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Fig. 2. Examples of desired direction. (a) Pedestrian i contacts with two circles of cyclist j:
and j> moving in the opposite direction. (b) Cyclist i» contacts with two pedestrians jp1 and jpo.

We denote o as the angle of target movement direction, which is defined in Eq. (1) as:
a, =a, +a, 1)
where aq is angle of right/left preference. os is the angle of the direction along the track. We

considered two kinds of tracks. For a straight track, as is set to be in the longitudinal direction
of the track. For a ring track, os is set to be in the tangent direction of the track, as defined in

Eq. (2):

(cos(ozs),sin(ozs))=h.(yE)yS ’_XE)XSJ 2)

where x/xs and ylys are the horizontal and vertical coordinates of the center of the



individual/track, respectively, and D is the distance between the center of the circle and the
track center (Fig. 3). h is binary variable to descript the clockwise and anticlockwise
movement, as in Eq.(3):

1, clockwise
{—1, anticlockwise

3)
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Fig. 3. Target movement direction on the ring track. Blue single circle: pedestrian; red three
circles: cyclist.

2.1 Movement in the no-contact condition

In the model, it is assumed that a pedestrian/cyclist chooses his or her movement
direction from the range represented by [at-¢, at+¢]. ¢ is the viewing range. For all candidate
directions « in this range, pedestrian/cyclist i evaluates the distance to the first collision fi(a),
considering the other pedestrians’ and cyclists’ locations and speed. This model assumes that
pedestrian/cyclist i wishes to move at the target speed v along the candidate direction a. In
the evaluation of the first collision, it is supposed that (i), pedestrians can evaluate the current
speeds of other pedestrians and cyclists accurately (as in Moussaid et al. (2011)); (ii) cyclists
can also evaluate the current speeds of pedestrians walking in the opposite direction
accurately; (iii) cyclists assume that pedestrians and cyclists in the same direction do not
move?.

L If we change assumption (iii) and suppose cyclists assume that pedestrians and cyclists in the same direction move with
current speed, then the model will significantly overestimate the flow rate, see simulation results in Appendix.



As a result, given the candidate direction «, pedestrian/cyclist i may collide with another
pedestrian or cyclist after a time interval At. If a collision is predicted, fi(a) is set to fi(a)=
v"®™At, denoting the distance to the first collision in direction a. If no collision will occur in
direction a or f1(a) exceeds a default maximum value dmax, then fi(a) is set to fi(a) = dmax.

For potential collisions with the track boundaries, the distance f2(a) is calculated by Eq

(4):
f, () = min| v™at",d,,, | 4)

where At’ is the time that must elapse before a collision with the boundary can occur, if a
cyclist moves with speed v™ in direction «. If the collision distance is larger than the default
maximum value dmax, We set it as dmax. Then, f(a) is the minimum potential collision distance
in the direction «, considering other individuals and boundaries, as defined by Eq. (5):

f(a):min[fl(a), f, (a)] (5)

The chosen direction ages 1S obtained by minimizing the function d(e) corresponding to
the first heuristic, as per Eq. (6):

14 (t) = arg min[d (r)] (6)

in which d(«) indicates that an individual chooses the direction that allows the most direct
path to the destination point while taking into account the presence of other individuals and
boundaries, defined in Eq. (7):

d2(a)=d2, + f2(a)-2d__ f(a)cos(a, —a) (7)

max

where o is the variable. The desired speed Vvages(t) ensures that the individual keeps a distance
from the other individuals and boundaries in the chosen movement direction that allows a
time to collision of at least 71, given by Eq. (8):

Vdes (t) = min {Vmax 7[ f (ades) _VTsafe ] / 2-1} (8)

where Tsare denotes a safe time headway, v is the current speed, and 7 is the relaxation time.
The calculation of the desired speed assumes that the pedestrian/cyclist may want to keep a
safe distance vTsae to avoid a collision, which is a new term not used by Moussaid et al.
(2011).

2.2 Movement in the contact condition

In the contact condition, the pedestrians/cyclists adjust their movement direction
according to other individuals in the view, i.e., in the interval [o:— ¢, at + ¢]. When a
pedestrian’s or cyclist’s minimum comfortable space circle contacts the circle of a cyclist or



pedestrian traveling in the opposite direction, the pedestrian or cyclist will bypass the
contacted cyclist or pedestrian. The desired direction of pedestrian/cyclist @ is determined
by Eq. (9):

B = e, (9)

€ +€,

where the target movement direction az[cos(at),Sin(at)], and repulsive direction é; IS

given in Eq. (10):

™
O
e

Q zg (10)
>(0-0)
O =[x,y] (11)

where J is the set of cyclist/pedestrian circles contacted with the pedestrian/cyclist circle i,
and O is the vector form of the pedestrian/cyclist location. The desired direction is the
resultant direction of the target direction and the repulsive direction (see Fig.2a).

If more than one circle of a cyclist contacts the circle of another cyclist, the desired
direction is the resultant direction of the contacted multi-circles (see Fig.2b). The magnitude
of the desired speed is evaluated as in Section 2.1. If a pedestrian’s/cyclist’s circle contacts
that of other pedestrians/cyclists in the same direction, the pedestrian/cyclist behind (i.e., the
pedestrian with the center of their circle behind or the cyclist with the center of their middle
circle behind; in other words, the contacted ones are in the view range of the behind
pedestrian/cyclist.) will stop and wait for the pedestrian/cyclist in front to move forward. If a
pedestrian/cyclist’s circle contacts the circles of other pedestrians/cyclists moving in both
directions at the same time, the pedestrian/cyclist will stop until the pedestrians/cyclists
whose circles he/she has contacted, that are in front and moving in the same direction, move
away, as shown in Fig. 4.
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Fig. 4. Pedestrian jp1 contacts with the pedestrian jp2 and cyclist iy in both directions. (a)
Pedestrian jp1 stops, until (b) the front pedestrian jp> moves away.

2.3 Movement acceleration

The acceleration equation used for a pedestrian is given by Eq. (12), and is the same as
that in Moussaid et al. (2011):
4V _ iV

12
dt 7, 12

As in Guo et al. (2019), it was assumed that the cyclist direction (pointing from the
center of the rear circle to that of the front circle) is identical to the direction of current
velocity V. The vector of desired velocity \E is split into two vectors, where \E along
the direction of v is due to acceleration or deceleration, and \@ is vertical to v and is

Vdesl

due to the turning of the handlebars. When

>|\7|, the cyclist is accelerating, and when

\E <|\7|, the cyclist is decelerating. Therefore, the resulting acceleration equation is given
by Eqns. (13a) and (13b):

(Vs V| VgV |
mm[ dest — Vi 1 aaj . desl  Tdes? ’ Ve | > |Vi| (138.)
d \7; | & Vdesl T
dt Vv V. V.
. | Vgesr — Vi v \ — |7
ST e A Y PR, R VR S ‘Vi ‘ (13b)
T3 Viest s

where 12, 73, 74 are relaxation times for acceleration, deceleration, and turning, respectively,
and aa, and aq are the maximum acceleration and maximum deceleration of the bicycle.



3 Data Collection

3.1 Experimental set-up

To calibrate the model described in Section 2, we collected data from a set of
well-designed experiments performed on November 18, 2017, at Anging Normal University
in China. Experiments were conducted on an artificial ring-shaped track, such is often used to
study vehicle, bicycle, and pedestrian flow (Moussaid et al., 2012; Tadaki et al., 2013). A
periodic boundary was used to maintain the density of the system. This kind of set-up
removed disturbances from the density fluctuation, facilitating determination of the critical
values of the phase transition. A ring-shaped track is also a common setup for implementing a
periodic boundary.

The inner radius and external radius of the track were 8 m and 11 m, respectively, and
the boundaries were marked with dark floor tiles and warning signs. The area of the
experimental track was thus approximately 180 m?. The participants were instructed to
walk/ride on the track. A total of 160 participants (undergraduates: 47 male, 117 female) took
part in the experiments, in which 80 participants were pedestrians (undergraduates: 20 male,
60 female), and the other 80 participants were cyclists (undergraduate: 27 male, 53 female).
The cyclists were given a serial number from 1 to 80, and they were instructed to ride as they
would in their daily life. The pedestrians were given a serial number from 101 to 180, and
they were instructed to walk as they would in their daily life. In a survey after the experiment,
all participants agreed that because the ring-shaped track had a large radius, they felt that the
difference between riding/walking on the ring-shaped track and walking/riding on a straight
track was minimal.

Six experimental runs were performed. The chronology of the experiment participant
numbers is shown in Table 1. In each run, the participants were initially distributed randomly
on the track. Then, the pedestrians were instructed to walk in an anti-clockwise or a
clockwise direction (Table 1.), and the cyclists were instructed to ride only in an
anti-clockwise direction. After three-five minutes, the participants were instructed to stop.
The pedestrians were then instructed to walk in the direction opposite to that which they had
been traveling previously, and the cyclists were instructed to continue riding anti-clockwise.
A video camera (SONY HDR-CX510E) was used to film the experiment from a building
neighboring the experimental area, and the flow rates were extracted manually from the
resulting film. That is, a virtual line was drawn from the track center to its outer boundary on
the film, and the number of pedestrians and cyclists passing the virtual line was counted by
viewing video footage.



Table 1. Numbers of cyclist and pedestrians, serial numbers and initial directions of travel in
each experimental run

Serial
Number of Number of Serial number | Initial direction
Run ) number of ) i .
cyclists ) pedestrians | of pedestrians | of pedestrians
cyclists

1 80 1-80 80 101-180 anti-clockwise

2 40 1-40 40 101-140 clockwise
3 70 11-80 70 111-180 anti-clockwise

4 50 1-10, 41-80 50 101-110, 141-180 clockwise
5 60 1-60 60 101-160 anti-clockwise

6 80 1-80 80 101-180 clockwise

3.2 Some observations

We now present the lane formation observed in the mixed traffic flow of pedestrians and
cyclists. The most relevant factor in the lane formation phenomenon is the relative velocity
difference between pedestrians and cyclists. Pedestrians and cyclists moving in clusters have
more frequent interactions than when they move in lanes, until they segregate into separate
lanes by moving aside whenever they encounter a different type of individual. The
longest-lasting patterns of motion are those that change the least. It is obvious that such
patterns correspond to lanes, as they minimize the frequency and extent of avoidance
maneuvers.

In the interaction shown in Fig. 5, the converging pedestrians and cyclists move slightly
to one side to avoid each other. This sideward movement tends to separate individuals
moving in opposite directions. The pedestrians and cyclists separated into their own lanes
soon after the beginning of the experiment. Fig. 6 shows the evolution of the average distance
between pedestrians and cyclists and the track center. It can be seen that the pedestrians
rapidly move to the inner boundary and the cyclists move to the outer boundary; moreover,
the pedestrians always walk in the inner lane and the cyclists ride in the outer lane (see Figs.
7 and 8). This arrangement may have been due to the cyclists continuously turning
throughout the experimental process, meaning that if they moved close to the inner boundary
to avoid pedestrians, they would have had to increase their angle of turning. This would have
been a less comfortable operation than the reduced angle of turning required when they rode
closer to the outer boundary. In contrast, the pedestrians had more flexibility of movement,
and could thus cope more easily with the increased turning angle required when traveling on
the inner lane. Moreover, pedestrians and cyclists moving in uniform lanes will have very




rare and weak interactions. Hence, the tendency to break up existing lanes is negligible when
the fluctuations are small. Furthermore, the most stable configuration corresponds to a state

with a minimal interaction rate and is related to a maximum efficiency of motion.

= =

E 1 : E 1 -

5 (b) pedestrian group 1 o (c) pedestrian group 2

c =

[0 [0

O &)

X 10+ ~ 104

O @)

© ©

[y P .

- -— s

o [0} e

£ S ey

2 7 e 7 e

) . (] V T D

8 S \\\‘ g = . TrgEe——=

3 I —1 8 T e

Q08 . »w 8 .

(] 0 2 4 0O 0 2 4
Time (s) Time (s)

E 1 : E 1 -

= d) pedestri 3 = i

s (d) pedestrian group o (e) cyclist group 4

£ g

[0 [0 ——

O &)

X 104 ~ 104

O @)

© ©

S |

—— bt

o o

= =

o 9+ o 94

@ [0

O O

= c

i e S 5

2 8 T T .E 8 T o

(] 0 2 4 0O 0 2 4
Time (s) Time (s)

Fig. 5 A local interaction between pedestrians and cyclists in bidirectional flow. (a) Snapshot.
Evolution of polar radius of (b) pedestrians in group 1, (c) pedestrians in group 2, (d)
pedestrians in group 3, (c) cyclists in group 4.
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Fig. 7. Snapshots of 80 pedestrians + 80 cyclists experiment. (a) Unidirectional flow, (b)
bidirectional flow.

Fig. 8. Snapshots of 40 pedestrians + 40 cyclists experiment. @) Uiectional ro, (b |
bidirectional flow.

In the unidirectional flow scenario, it was frequently observed that three or more
pedestrians walked side-by-side; this can be seen in the red box in Figs. 7(a) and Fig.8(a).
One can also observe that the cyclists sometimes occupied nearly the whole width of the
track, as seen in the yellow box in Figs. 7(a) and 8(a). As a result, the width of the
pedestrian/cyclist lane was not uniform. In contrast, in the bidirectional flow scenario, both



the pedestrians and the cyclists actively avoided each other. Pedestrians were noted to usually
walk individually, or two pedestrians were seen to walk side-by-side, as illustrated in Figs.
7(b) and 8(b). Three or more pedestrians were seldom observed to walk side-by-side. In
general, the widths of both cyclist lanes and pedestrian lanes were largely uniform during
bidirectional flow (Fig. 9). When the velocity difference is greater, more serious delays and
potential energy costs will occur in the interaction between pedestrians and cyclists.
Therefore, to minimize the conflict disturbance, pedestrians and cyclists in a bidirectional
flow segregate into lanes more thoroughly than those in a unidirectional flow. As shown in
Fig. 10, there is little overlap between pedestrians and cyclists in the polar direction in the
bidirectional flow.
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Next, we studied the fundamental diagram of the flow rate versus the global density to



examine the effect of pedestrian/cyclist numbers on the system performance. The global
density of pedestrians is given by Eq. (14):

S (14)
where Np is the number of pedestrians, and S is the area of the track.

The flow rate qp is defined as the number of pedestrians crossing a line segment
perpendicular to their movement direction per unit time and per unit width, as expressed in
Eq. (15):

NP
= Pt 15
W (T _Tc)'W ( )
where w is the width of the track, and equal to 3 m, T equals the duration of experiment, T =
30 s (the transient time at the beginning of each experiment that is excluded), and Ny is the
number of pedestrians crossing a line segment from T¢ to T. We confirmed that the flow rate
at different widths was almost equal.
Similarly, the global density of cyclists is given by Eq. (16):
Nb
p =
i (16)
where Ny is the number of cyclists. And the cyclist flow rate gy is given by Eq. (17):

Oy = (T—Nﬁ (17)

where Npc is the number of cyclists crossing a line segment from T¢to T.

In Fig. 11 the pedestrian/cyclist flow rates during unidirectional flow are compared with
those during bidirectional flow. Fig. 1la shows that in both scenarios the maximum
pedestrian flow rate was reached at p =~ 0.389 pedestrians/m?. Moreover, the pedestrian flow
rate in unidirectional flow was always larger than that in bidirectional flow because in the
bidirectional flow scenario, the pedestrians could see the oncoming bicycles and therefore
attempted to avoid them. This collision-avoidance behavior limited the pedestrians” walking
speed. However, in unidirectional flow the pedestrians could not see the bicycles because
they were approaching from behind, and they thus walked less conservatively. In contrast, Fig.
11(b) shows that the cyclist flow rates at low densities were essentially the same under the
two scenarios, whereas at high densities, the cyclist flow rate in the unidirectional scenario
was a little larger.
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averaged over two runs.

Fig. 12(a) depicts the flow rate of pedestrians and cyclists in unidirectional flow. As the
flow density increased, the flow rate of cyclists varied less than that of pedestrians. The
pedestrian flow rate was lower than cyclist flow rate at low densities, but higher at high
densities. Fig. 12(b) depicts the pedestrian/cyclist flow rate in bidirectional flow. The trend
here was similar to that observed in unidirectional flow, with the cyclist flow rate being
greater at low densities and lower at high densities.
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Fig. 12. Fundamental diagram of mixed flow of pedestrians and cyclists. (a) Unidirectional
flow, (b) bidirectional flow. The results of 80 pedestrians + 80 cyclists experiment are
averaged over two runs.

4. Model Calibration

We used the calibration method of Davidich and Koster (2012). The individual fitness is
defined in Eq. (18) as:



5
F :J/Z flow?®? — flow™™P |+ | flow”®® — flow®™"
3 g ) w
where flow)"” / flow?® is the average flow rate of pedestrians/cyclists in the experiment,

m

flows™P / flows™ is the simulated flow rate of pedestrians/cyclists at the same density, m =

1-5 and corresponds to the five different global densities. A genetic algorithm was used for
parameter calibration. The probability of selecting an individual is given by Eq. (19):

R=F/3F )

where F; is the fitness value of individual I, and n is the number of individuals. The crossover
rate was 0.6, and the mutation rate was 0.05. The optimization process was repeated 10 times,
and the best set of values was selected. In the simulation, the size of the three-circle shape
matched the size of a real bicycle, and the pedestrian radius was set to 0.2 m. The radii of the
three cyclist circles were set as rpy = 0.225 m, rp2 = 0.25 m, rp3 = 0.225 m, as these sum to 0.7
m, which is half the length of a bicycle. Based on physiological features related to safety
engineering (He and Lin, 2000), the viewing range ¢ was set to 90°, and dmax Was set to 5 m.
According to the mechanical characteristics of bicycles, the maximum acceleration a. was set
to 3 m/s?, and the maximum deceleration ag was set to 6 m/s. Fig. 13 shows the convergence
process of the parameter calibration, and the calibrated values are listed in Table 2 and Table
3. The maximum speed of cyclists 2 m/s is rather low, and was due to its being cold and
windy on the day of the experiment. Therefore, participants rode slowly.
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Fig. 13. Convergence plot of the genetic algorithm calibration process.

Table 2. Calibrated parameter values for pedestrians.

Parameter Unidirectional flow Bidirectional flow
ad (°) 8 -10
Vmax (M/S) 1.3
71 (S) 0.5
Tsafe (S) 0.25




Table 3. Calibrated parameter values for cyclists.

Parameter Unidirectional flow Bidirectional flow
od (°) 4 2
Vmax (M/S) 2
71 (S) 0.75
72 () 0.5
73 (S) 0.1
74 (S) 0.1
Tsafe (S) 0.15

5. Simulation Results
5.1 Comparison with experimental data

We compared the simulated and experimental results for the pedestrian/cyclist
distribution. Figs. 14 and 15 show typical simulation results for experiments comprising 80
pedestrians + 80 cyclists, and experiments comprising 40 pedestrians + 40 cyclists. The
pedestrians and cyclists again segregated into lanes soon after the simulation began, as shown
by the evolution of average distance between pedestrians/cyclists and the track center in Fig.
16. The pedestrians always walked along the inside boundary, and the widths of the lanes
during bidirectional flow were more uniform than those in unidirectional flow; in the latter,
the pedestrians and cyclists tended to aggregate in clusters, as indicated by the magenta box
in Figs. 14(a) and 15(a).
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Fig. 14. Snapshots of simulations of 80 pedestrians + 80 cyclists experiment. (a)
Unidirectional flow, (b) bidirectional flow. Blue single circle: pedestrian; red three circles:
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Fig. 15. Snapshots of simulations of 40 pedestrians + 40 cyclists experiment. (a)
Unidirectional flow, (b) bidirectional flow. Blue single circle: pedestrian; red three circles:
cyclist.
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Fig.16. Evolution of average distance between pedestrian/cyclist and track center in 80
pedestrians + 80 cyclists simulation in unidirectional flow. Dashed line: experimental result;
solid line: simulation result.

Fig. 17 shows the cumulative density function of the distance between the
pedestrians/cyclists and the track center in these simulations. The pedestrians and cyclists
were distributed in narrower polar radius intervals in bidirectional flow than they were in
unidirectional flow. Finally, Figs. 18 and 19 depict the relationship between density and flow
rate. One can see that the simulation results were largely in agreement with the experimental
results. Table 4 shows the RMSEs and p values of paired t-tests of simulated and
experimental flow rate. All RMSEs are less than 0.03 and p values are larger than 0.05,



indicating that the simulated and experimental flow rates were not significantly different.
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Fig. 17. Cumulative density function of distance between pedestrians/cyclists and track center
in simulations. (a) 80 pedestrians + 80 cyclists (b) 40 pedestrians + 40 cyclists. Dashed line:
experimental result; solid line: simulation result.
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Table 4. RMSE and p value of paired t-test between simulated and experimental flow rate.

Unidirectional flow Bidirectional flow
Pedestrian cyclist Pedestrian cyclist
RMSE 0.020 0.028 0.024 0.028
p 0.114 0.846 0.127 0.570

Some quantitative differences between the simulated and experimental results can be
observed. In Fig. 18(a), the simulated flow rates in both the unidirectional and bidirectional
scenarios are larger than the experimental flow rates in the experiment comprising 50
pedestrians + 50 cyclists. At high densities, the simulated flow rates in the
unidirectional/bidirectional scenarios were a little larger or smaller than the corresponding
experimental values. Fig. 18(b) shows that the simulated critical densities of peak cyclist flow
rate in both the unidirectional and bidirectional scenarios were larger than the experimental
values. The peak flow rate in the unidirectional/bidirectional scenario was also a little
larger/smaller than the experimental peak-flow rate. These differences between experiment
and simulation may be due to three reasons: (1) Aside from the 80 pedestrians + 80 cyclists
case, all experiments were conducted only once, and thus the experimental data may not be
S0 accurate representative of the real situation. (2) The model needs further improvement; e.g.,
factors such as heterogeneity and stochasticity need to be considered. (3) The model does not
consider the group behavior of the pedestrians and cyclists. We compare the experimental and
simulation results for the average distance between 80 pedestrians, 80 cyclists, and the track
center in a bidirectional flow in the stable state. The radius of the pedestrian lane is around
8.53/8.32 m in the experiment/simulation, respectively, and the radius of the bicycle lane is




around 10.08/9.85 m in the experiment/simulation, respectively.
5.2 Validation by empirical data

We collect the mixed flow data on a straight track in the university campus, as shown in
Fig. 1. The measured area is 8 m long and 3.9 m wide. The density and flow rate are
measured. The pedestrian density in the time interval [t1, t2] is measured by Eg. (20), as
proposed in Zhang et al. (2011),

o L e NP, 20
i t, -t L S ( )
NP () is the number of pedestrians in the measured area at time t and s; is the size of the
measured area. Similarly, the cyclist density is measured by Eq. (21),
s 1 N
—_—— [* V4t 21
i tz_tl'[tl S ( )
N/ (t) is the number of cyclists in the measured area at time t.

The flow rate is calculated by counting the number of cyclists and pedestrians passing
the center line of the area during the time interval [ti, t] per unit of time and per unit of
walkway width.

In the simulation, the parameter values are the same as in Table 2 and Table 3, except
that, aq Is set to 0 and vmax Of the cyclist is set to 3.5 m/s, as measured in the field. We
compare the empirical data and simulated results in Table 5. The simulation results are in
agreement with the empirical results.

Table 5. Comparison between empirical and simulated results for a unidirectional flow on the

straight track.
Density Empirical flow rate Simulated flow rate
pedestrians/m? cyclists/m? pedestrians/m/s cyclists/m/s pedestrians/m/s cyclists/m/s
0.096 0.032 0.140 0.128 0.146 0.126
0.224 0.032 0.313 0.079 0.322 0.077
0.288 0.032 0.461 0.064 0.455 0.063
0.385 0.032 0.513 0.051 0.519 0.052
0.417 0.032 0.556 0.064 0.561 0.063
0.064 0.064 0.093 0.205 0.090 0.204
0.449 0.096 0.552 0.103 0.556 0.104
0.577 0.096 0.659 0.070 0.653 0.072




5.3 Sensitivity analyses

We perform a sensitivity analysis of the model parameters. First, it is found that the
variation in the parameter value of pedestrians/cyclists only moderately affects the flow rate
of pedestrians/cyclists, because pedestrians and cyclists are separated after lane formation.
Moreover, the trend of the bidirectional flow is qualitatively similar to that of the
unidirectional flow. Therefore, we only present the results for the unidirectional flow.

The flow rates of pedestrians/cyclists at low densities are almost independent of z; or
Tsate (See Fig. 20 and Fig. 21(a) and (b)), because pedestrians/cyclists have enough space to
maintain a high speed, even if they prefer a large collision relaxation time or safe time
headway. At high densities, a smaller 71 or Tsae leads to higher pedestrian/cyclist flow rates,
because in the condition with insufficient space, pedestrians/cyclists have to decrease their
speed if they prefer a large collision relaxation time or safe time headway.

We can expect the acceleration time 7> and deceleration time z3 to have opposite impacts.
As expected, 72 has a similar impact to z1 on the fundamental diagram, and 3 has the opposite
impact on the flow rate (see Fig. 21(c) and (d)). Finally, 74 has a trivial effect on the flow rate

(Fig. 21(e)).
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Fig. 20. Flow rate versus density of the unidirectional flow on a ring-shaped track at different
(@) 71, (b) Tsate for pedestrians.
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Electric bicycles powered by both electric motors and pedaling have a higher maximum
speed than traditional pedal bicycles, which are powered only by the rider. Fig. 22 shows the
relationship between flow rate and density at different maximum bicycle speeds. Fig. 22(a)
and Fig. 22(c) show that greater maximum bicycle speeds had little effect on the
unidirectional or bidirectional flow rate of pedestrians; rather, as pedestrians and cyclists
segregated into lanes, pedestrian density was the key factor influencing pedestrian flow rate.



With increasing pedestrian density, the flow rate initially increased, in both the unidirectional
and bidirectional scenarios; then, after reaching the critical density, the flow rate decreased.
The critical density in the unidirectional scenario was less than that in the bidirectional
scenario, but the flow rate was a little greater in the unidirectional scenario. However, Fig.
22(b) and Fig. 22(d) show that at low densities, a greater maximum velocity for bicycles gave
rise to greater cyclist flow rates, and that as the density of cyclists increased, the flow rates at
high densities were very similar. At low densities, there was enough free space for cyclists to
maintain a relatively greater speed, and cyclists’ interactions with pedestrians or other cyclists
were infrequent. Thus, lower maximum speeds led to lower flow rates. As the density
increased, there was not enough free space for cyclists to maintain a high speed; thus, cyclists’
and pedestrians’ flow rates were similar at higher densities.
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Fig. 22. Flow rate versus density at different maximum speed of cyclists on the ring-shaped
track. (a) Pedestrian flow rate in unidirectional flow. (b) Cyclist flow rate in unidirectional
flow. (c) Pedestrian flow rate in bidirectional flow. (d) Cyclist flow rate in bidirectional flow.

Fig. 23 shows that in both the unidirectional and bidirectional scenarios, both the
pedestrian flow rate and the cyclist flow rate decreased with increasing bicycle size. This is
easily understood: larger bicycles occupied more space on the track, and the space for free



movement was thus more limited when larger bicycles were present.
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Fig. 23. Flow rate versus density at different bicycle size on the ring-shaped track. (a)
Pedestrian flow rate in unidirectional flow. (b) Cyclist flow rate in unidirectional flow. (c)
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Any pedestrian-cycle shared path will have different numbers of pedestrians and cyclists.
Fig. 24 depicts the relationship between flow rate and density for various proportions of
pedestrians and cyclists. With a fixed cyclist/pedestrian number, the maximum flow rate and
the corresponding critical density of pedestrian/cyclist flow increased as the proportion of
cyclists/pedestrians in both unidirectional and bidirectional flow decreased.
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Fig. 24. Flow rate versus density at different proportions of pedestrians and cyclists on the
ring-shaped track. (a) Pedestrian flow rate in unidirectional flow with fixed cyclist number. (b)
Cyclist flow rate in unidirectional flow with fixed pedestrian number. (c) Pedestrian flow rate

in bidirectional flow with fixed cyclist number. (d) Cyclist flow rate in bidirectional flow
with fixed pedestrian number.

5.4 Simulation on the straight track

We thus further explored the flow dynamics on the straight track under the periodic
boundary. The track length and width were set to 20 m and 3 m, respectively. The parameters
used in the model were the same as those in Table 2 and Table 3.

Figs. 25, 26, and 27 show the snapshots of the simulations of pedestrian/cyclist
distributions on the straight track. The pedestrians and cyclists could also form lanes, in both
uni- and bidirectional flow. In bidirectional flow, the location distribution in the direction of
the track width was more uniform. When the proportion of pedestrians was small, the
pedestrians often tended to group into a few clusters, and cyclists occupied most of the track.
When the proportion of pedestrians was large, cyclists moved along the track boundary to
avoid the need to frequently bypass pedestrians.
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Fig. 25. Snapshots of simulations on the straight track, for 10 pedestrians + 30 cyclists. (a)
Unidirectional flow. Direction of movement: left to right. (b) Bidirectional flow. Direction of
movement: right to left (pedestrian), left to right (cyclist). Blue single circle: pedestrian; red

three circles: cyclist.
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Fig. 26. Snapshots of simulations on the straight track, for 20 pedestrians + 20 cyclists. (a)
Unidirectional flow. Direction of movement: left to right. (b) Bidirectional flow. Direction of
movement: right to left (pedestrian), left to right cyclist). Blue single circle: pedestrian; red
three circles: cyclist.
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Fig. 27. Snapshots of simulations on the straight track, for 30 pedestrians + 10 cyclists. (a)
Unidirectional flow. Direction of movement: left to right. (b) Bidirectional flow. Direction of
movement: right to left (pedestrian), left to right (cyclist). Blue single circle: pedestrian; red
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Global density (pedestrianslmz)

Global density (cyclists/mz)

E 0-6 T T T T T

E @ (b)

g ~

5 £

= I 0.5

@ 2

o =y

Q O

o ~—

£ o 041

8 —

© ©

2 S o

T -

01 T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
& . 2 & . 2

Global density (pedestrians/m®) Global density (cyclists/m”)

— 0-5 T T T T T T T T T T

2]

2 ©] oo (d)

— ~

% E 0.5

@ S

T e B 04

= 2o

o i

e

®© 0.2 g 0.3

2 Ic

o 0.2

u 0.1 T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

Fig. 28. Flow rate versus density at different maximum speed of bicycles on the straight track.
(@) Pedestrian flow rate in unidirectional flow. (b) Cyclist flow rate in unidirectional flow. (c)
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Fundamental diagrams of the straight track data, shown in Figs. 28 and 29, are largely
identical to those on the ring-shaped track. As the bicycle’s maximum speed increased, the
relationship between the pedestrian density and the pedestrian flow rate was essentially
unchanged (Fig. 28(a) and 28(c)). A higher maximum speed led to higher flow rates of
cyclists in low densities. As the density increased, the difference in the cyclist flow rates
decreased (Figs. 28(b) and 28(d)).

Fig. 29 depicts the trend of flow rates with different proportions of pedestrians/cyclists,
and shows that larger proportions of pedestrians relative to cyclists caused the flow rate of
cyclists to decrease, and vice versa. Thus, with increasing cyclist/pedestrian number, the
maximum flow rate and the corresponding critical density of pedestrian/cyclist flow
decreased in both the unidirectional and bidirectional scenarios.
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Fig. 29. Flow rate versus density at different proportions of pedestrians and cyclists on the
straight track. (a) Pedestrian flow rate in unidirectional flow with fixed cyclist number. (b)
Cyclist flow rate in unidirectional flow with fixed pedestrian number. (c) Pedestrian flow rate
in bidirectional flow with fixed cyclist number. (d) Cyclist flow rate in bidirectional flow
with fixed pedestrian number.



Fig. 30 shows a comparison of the flow rate on the ring-shaped track with that on the
straight track; in both situations, the number of pedestrians was equal to the number of
cyclists. One can see three key aspects, as follows. (1) For pedestrians in both unidirectional
and bidirectional flow, the flow rate on the straight track is larger at a high density and
smaller at a low density (Fig. 30(a) and (c)). (2) For cyclists in unidirectional flow at low
density, the cyclist flow rate on the straight track is essentially the same as that on the
ring-shaped track (<0.2 cyclists/m?), is larger at an intermediate density (0.2-0.3 cyclists/m?),
and is smaller at a high density (>0.3 cyclists/m?) (see Fig. 30(b)). In bidirectional flow, the
situation is complicated, as seen in Fig. 30(d): the cyclist flow rate on the straight track (black
line) is smaller at both low density and intermediate density, and is almost equal to that on the
ring-shaped track under the same conditions, with a value of ~0.2 cyclists/m2. However, the
cyclist flow rate on the smaller ring-shaped track (blue line) is smaller/larger than that on the
larger ring-shaped track (red line) at low/intermediate density. At high density, the cyclist
flow rate is essentially the same on both the straight track and the ring-shaped track. (3) For
pedestrians, the maximum flow rate is larger on the straight track, while for cyclists, the
maximum flow rate is smaller on the straight track.
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Fig. 30. Flow rate versus density on the straight track and ring-shaped track with different



inner and outer radii. () Pedestrian flow rate in unidirectional flow. (b) Cyclist flow rate in
unidirectional flow. (c) Pedestrian flow rate in bidirectional flow. (d) Cyclist flow rate in
bidirectional flow.

The results can be explained qualitatively as follows. First, let the inner radius of the
ring-shaped track be rin, and thus the outer radius is rin + w. Additionally, let the effective
lane-width of pedestrians be dep and that of cyclists be dep. Then, in unidirectional flow, the
relative difference in speed between cyclists and pedestrians was small, therefore, there was
essentially no gap between the cyclist lane and the pedestrian lane, i.e., dep + dep = w. The
simulations indicated that de, and de, Were essentially independent of rin. At a given density p,
the number of cyclists and pedestrians N =pz((r, +w)’ -1, ). Therefore, the local density of
pedestrians in the pedestrian lane is given by Eq. (22):

W ez
ﬂ((l’- +devp)2—l‘i§) d§p+2nnde,P

pped =
(22)

where the value of pped decreased with the increase of rin. Therefore, pped Was smaller on the
straight track. At a low density p, a smaller ppeq led to a lower flow rate. At a large density p, a
smaller ppeq led to a greater flow rate?.

Similarly, the local density of cyclists in the cyclist lane is given by Eq. (23):

N p (W +2r, w)
IObic = 2 2 = 2 2
ﬂ((l’in+W) _(rin+de,p) ) w _de,p+2rin(w_de,p)

(23)

where the value of ppic increased with the increase of rin. Therefore, pnic Was greater on a
straight track. At a low density p, a larger pvic led to a greater flow rate; in contrast, at large
density a larger puic led to a lower flow rate.

The simulation also indicated that de, was constant at a low density, but increased with p
at a high density. As the maximum pedestrian flow rate was achieved at a higher density on
the straight track than on the ring-shaped track, the maximum pedestrian flow rate was
greater on the straight track than on the ring-shaped track.

Moreover, the interaction perimeter between pedestrians and cyclists was approximately
2n(rin + dep). Therefore, the contribution of pedestrian-cyclist interactions® to cyclist
movement was smaller on the ring-shaped track than on the straight track. Therefore, the
maximum flow rate of cyclists was greater on the ring-shaped track.

2 Note that this implies that the maximum pedestrian flow rate was achieved at a larger density on the straight track than on
the ring-shaped track.

3 The interaction hindered the cyclist flow but essentially did not hinder the pedestrian flow, as (i) bicycles moved faster
than pedestrians, and (ii) pedestrians could not see bicycles behind them.



In bidirectional flow, the features of the pedestrian lanes were similar to those in
unidirectional flow. Therefore, the result in Fig. 30(c) is similar to that in Fig. 30(a). However,
as the relative speed difference between pedestrians and cyclists was much larger in
bidirectional flow than in unidirectional flow, in bidirectional flow the cyclists tried to
maintain a distance from the pedestrians. As a result, a gap emerged between the cyclist lane
and the pedestrian lane, i.e., dep + dep < w. Consequently, the features of the cyclist lane and
thus the cyclist flow in bidirectional flow were somewhat different from that in unidirectional
flow, cf. Fig. 30(d) and (b).

6. Conclusions

In this study, an improved heuristic-based model was proposed for study of a mixed
flow of pedestrians and cyclists. In this model, the interactions between pedestrians and
cyclists in uni- and bidirectional flow were differentiated, and pedestrians/cyclists were
treated as weakening the contact with individuals traveling in the opposite direction.

An experiment with a mixed flow of pedestrians and cyclists was conducted to calibrate
the model. Both the simulation and experimental data showed that pedestrians and cyclists
separated into two independent lanes. The widths of both the pedestrian lane and the cyclist
lane were more uniform in bidirectional flow. As the density increased, the pedestrian flow
rate exceeded that of the bicycles in both unidirectional and bidirectional flow scenarios. Also,
the pedestrian flow rate was greater in unidirectional flow than in bidirectional flow. In
contrast, at low densities the cyclist flow rate was essentially equal under the two scenarios.
When the cyclist density was large, the cyclist flow rate became larger in the unidirectional
flow scenario.

A comparison of the simulation and experiment results showed that our model is reliable
for evaluation of the dynamics and characteristics of mixed flows of pedestrians and cyclists.
Sensitivity analyses showed that at high cyclist densities, greater cyclist speeds would not
effectively increase the cyclist flow rate. Moreover, the pedestrian flow rate increased as the
proportion of cyclists decreased, and vice versa. The simulation results on the straight track
were similar to those on the ring-shaped track.

The model can be used to evaluate the capacity and level-of-service of pedestrian-cycle
shared-use roads. In reality, this model can be calibrated with empirical data on
pedestrian-cyclist mixed flow. There are two types of empirical data that can be considered
(see Wolinski et al., 2014): microscopic data (trajectory data on pedestrians and cyclists in
mixed flow conditions), and macroscopic data (the aggregate characteristics of the pedestrian
and bicycle flows). The calibration process involves two procedures to determine the



calibrated parameters (see Hussein and Sayed., 2018). The first is direct calibration, i.e.,
calibration of parameters that can be observed directly such as the desired speed, which can
be obtained by measuring the speed in the free-flow state when individuals have no
interaction with others. The second is indirect calibration, i.e., calibration of parameters that
cannot be measured directly. Empirical data on pedestrian-cyclist mixed flow can be obtained
in the real world by filming a section of a pedestrian-bicycle-shared road and then extracting
the trajectory of each pedestrian and cyclist. In our model, vmax can be directly calibrated
when the density is very low and pedestrians and cyclists have no interaction with others.
Other parameters, including 71, 72, 73, 74, and Tsafe, Need to be calibrated indirectly, e.g., using
the empirical relationship between density and flow rate, which can be measured as shown in
Section 5.2,

In future work, we will conduct experiments to validate our model using more
participants and different proportions of pedestrians/cyclists. An experiment to change
directions of cyclists in unidirectional and bidirectional flow will also be carried out to
examine the effect of right/left turning of cyclists on the dynamics of pedestrian-cyclist
mixed flow.
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Appendix

We examine the assumption (iii) in our model concerning evaluation of collision
distance. In our model, the cyclists assume that other cyclists and pedestrians traveling in the
same direction do not move. This is due to the fact that bicycles require a short stopping
distance, particularly when a road is congested. In contrast, if each cyclist assumes that
pedestrians and cyclists in the same direction move with current speed, the cyclists can
follow the cyclists/pedestrians in front of them at a high speed even in high-density
conditions, leading to overly high flow rates in medium/high density conditions (see Fig. Al).
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Fig. Al. Fundamental diagram. In the simulation, each cyclist assumes that pedestrians and
cyclists in the same direction move with current speed.



