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Bicycle movements are always associated with lateral drifts. However, the impacts of lateral drift behavior, as well as variable lateral
clearance maintaining behavior due to the variation of drift intensity, on mixed bicycle flow are not clear. This paper establishes a
new cellular automata model to study typical characteristics of mixed bicycle traffic induced by lateral drift and its accompanying
behavior. Based on derived positive correlation between passing speed and drift speed through survey, the occurrence probability
of lateral drift and the degree of maintained lateral clearance are both introduced in accordance with the variance of passing speed.
Then, in whole density region, firm conformity between simulation results and actual survey data is reached, which has seldom
been achieved in previous studies. It is further verified that speed distortions in intermediate and high density region induced by
assumption of constant lateral clearance requirements can be revised by introducing its variability characteristics. In addition, two
contrastive impacts of lateral drift behavior are observed. That is, it causes speed fluctuation in low density while alleviating the
speed fluctuation in relatively high density.These results are expected to be helpful to improve the simulation performance ofmixed
bicycle flow as well as depict more realistic vehicle-bicycle conflicts and so on.

1. Introduction

In urban areas of China, conventional bicycles (abbreviation
c-bicycles) as well as electronic bicycles (abbreviation e-
bicycles) are still prevalent for most short-distance trips in
recent years. According to the statistics, these two types of
bicycles account for a significant proportion in all travel
modes (which varies from 20% to 50% [1]). Obviously, an
in-depth understanding of bicycle behavior characteristics is
the basis of the bicycle traffic management and control. In
addition, as major travel modes, which share the same road
space with motorized traffic in some specific traffic contexts,
an analysis of the mixed bicycle flow dynamics is helpful
for scrutinizing the realistic interactions between motorized
vehicles and bicycles. Therefore, it is essential to research
the characteristics of mixed bicycle flow, and modeling and
simulation ofmixed bicycle traffic are imperatively important
issues for the planning and management of urban traffic
systems.

In recent years, as one of the most important microscopic
models, cellular automata (CA) model has been widely

used in elucidating traffic flows for its conceptual simplicity
and fast performance. As for the modeling and simulation
of bicycle traffic, two types of frameworks, including the
multilane CA and the multivalue CA, have been developed
up to now. The first modeling framework works like a CA
model of multilane motorized traffic in which a bicycle path
also has perceived lanes of travel; that is, the lane-changing
rules are used to model lateral movements and the follow-
the-leader rules are used to describe longitudinalmovements,
respectively. Then, with the application of this framework,
some essential features of both pure and mixed bicycle flows
have been captured. For instance, Yang et al. [2] developed a
microscopicmodel based onmultilaneCA and dynamic floor
field to simulate pure bicycle traffic, and more realistic traffic
flux-density relations are derived. Simulations of a multilane
CA proposed by Jiang et al. [3] demonstrated that some
characteristics of the mixed bicycle flow, such as honk effect
and segregation effect, are quite similar to those in motorized
traffic. Zhao et al. [4] developed a calibrated multilane CA
model to predict the number of passing events, and a positive
effect of the existence of e-bicycles on increasing passing
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events was verified. Here, a passing event refers to the act
by one bicycle to overtake another in front. The number of
passing events is always recommended to be used to evaluate
the level of service of bicycle facilities. To date, multilane
CA model has been applied in a variety of studies to the
simulation of bicycle traffic. However, during the modeling
procedure, there is usually a lack of attention to a key differ-
ence between motorized vehicles and bicycles. In real traffic,
motorized vehicle movements are more lane-based; that is,
maintaining the desired speed is regarded as the only lane-
changing motivation. However, bicycles usually move in an
erratic lateral drift manner. Namely, lateral movements also
can be performed if their front-gaps are sufficient enough.

As for multivalue CA framework first introduced by
Nishinari and Takahashi [5], each cell allows occupation
by more than one bicycle and an ultradiscretization of the
Burgers equation is applied as the basic evolution equation.
Then, several improved versions considering randomization
effect or extended maximum speed have been applied to the
study of pure or mixed bicycle flow [6, 7]. Later, for some
mixed traffic scenarios with bicycles, such as two-lane road
sections with bus stops [8] and vehicle-bicycle shared roads
[9], researchers even combined the multivalue CA and the
NaSch model to investigate the influence of bicycle intrusion
on motorized traffic. Although multivalue CA model has
been demonstrated to suit depicting bicycles’ non-lane-based
behavior without considering lateral movement rules [6],
one crucial defect is the fact that time-space behaviors are
hard to be distinguished. Moreover, the length-fixed cell
system which cannot be further refined brings difficulties in
enhancing the resolution and revealing diversities of some
variables, such as maximum speed and acceleration. Then
some microscopic traffic features are more difficult to be
scrutinized. These defects also stand as crucial barriers for
modeling vehicle-bicycle conflicts. From the above, we can
see that the current CA models have some limitations more
or less. A proper CAmodel that can precisely depict bicycles’
lateral drift manner and ensure realism of the simulation in
different traffic conditions thus needs to be put forward.

We next discuss the lateral clearance maintaining phe-
nomena in mixed bicycle flow. Actually, for both motorized
vehicles and bicycles, the requirement of lateral clearance
maintained with others always serves as an efficient means
for situation awareness and hazard avoidance on roads. As
for motorized vehicle traffic, the lateral gap maintaining
phenomenon has attracted the attention of many researchers,
and several pieces of research have been reported. Singh
[10] studied the relationship between the lateral gap and
speed of the interacting vehicles based on the field data
collected. The results illustrate that larger lateral gaps are
required when motorized vehicles are in fast speed state
compared with stationary situation. Gunay [11] pointed out
that more friction clearances are required as the passing vehi-
cle’s speed increases. Furthermore, in mixed traffic contexts,
many researchers [12, 13] have studied the evolvement of
motorized vehicle’s speed owing to the influence of bicycles,
and positive correlations between the motorized vehicle’s
passing speed and the lateral safety distance are obtained
based on the findings of field studies. With regard to bicycle

traffic, a common perspective of existing literatures is that no
bicyclist can ride a bicycle in a perfectly straight line, and
some clearance is required to avoid lateral collision. To date,
due to much smaller size than motorized vehicles, a bicycle’s
occupancy width is always set as a constant value slightly
larger than its actual width in existing models. Nevertheless,
the clearance requirement of bicycles is also not invariable as
it can be confirmed frommany phenomena in reality, such as
a bicycle’s frequent tendency to move closer to a slower one
than a faster one and the constant adaptation of a bicycle’s
speed affected by the effective route width ahead of it. So, a
systematic study of the characteristics and effects of variable
lateral clearance maintaining behavior will be a meaningful
attempt to elucidate mixed bicycle flow.

A review of relevant research shows that, so far, the
impacts of lateral drifts are seldom explored; besides, related
research into the variability of lateral clearance maintaining
behavior is also lacking. Thus, these limitations motivate
us to develop a new CA model incorporating the lateral
drift behavior and its consequent variable lateral clearance
maintaining behavior to investigate the mixed bicycle flow.
Based on the enhanced resolution of the finer cell system and
the model calibration obtained from the field investigations
in Beijing, China, many important characteristics of mixed
bicycle traffic are captured and elucidated. The rest of the
paper is organized as follows. In Section 2, the surveymethod
of the bicycle’s drift behavior and basic features of data
collected are described. In Section 3, the modeling approach
is explicated, including the model definition and evolution
rules. In Section 4, numerical simulations are performed and
property analyses are carried out. Finally, conclusions are
summarized and recommendations are made in Section 5.

2. Survey Method of Passing Speed-Drift
Speed Characteristics

Before the presentation of the model, the distribution of
drift speed over space through survey needs to be given for
description of drift behavior throughCAmodeling.However,
in this paper, the positive correlation between the passing
speed of a motorized vehicle and its lateral safety distance
noted previously, as well as the clearance requirement of a
bicycle due to the presence of later drift behavior, inspires
our study on the relationship between the passing speed and
the lateral drift speed in mixed bicycle traffic contexts. Then,
if the relationship was verified with field data, on one hand,
lateral drift phenomena can be reproduced more precisely;
on the other hand, variability of lateral clearance maintaining
similar to that of motorized vehicles will be verified, and the
influence of this characteristic on mixed bicycle flow can be
further investigated in detail.

Therefore, to support our assumption, on clear days
between September 10 and September 25, 2014, traffic survey
was taken on selected road sections of Chegongzhuang Street
and Pinganli Street in Beijing, China. Since these road sec-
tions contain separated bicycle paths and footbridges, bicy-
cles cannot be affected by motorized vehicles and locations
for video cameras are conveniently available. The survey was
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Figure 1: Survey methodology of collecting passing speed and drift speed.
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Figure 2: Linear regression result.

carried out by the following method. As shown in Figure 1,
specifying a constant road section with a length of 𝑙, the
bicycle’s passing speed and lateral drift speed are calculated
by V𝑝 = 𝑙/(𝑡2 − 𝑡1), V𝑙 = (𝐿 𝑡2 −𝐿 𝑡1)/(𝑡2 − 𝑡1). Here, 𝐿 𝑡1 and 𝐿 𝑡2
denote the lateral distances to the safety barrier at the arrival
time 𝑡1 and departure time 𝑡2, respectively.

As the bicycle’s passing speed and drift speed are usually
affected by nearby neighbors, the analysis includes only
samples with sufficient distances around from others. After
the data collection process, a total of 300 valuable samples
for each bicycle type are obtained and taken into the regres-
sion analysis. For the simplicity of the modeling, the drift
tendency element on either side of a bicycle is deliberately
ignored. Finally, the linear regression result shows a positive
correlation between the passing speed and the lateral drift
speed (cf. Figure 2). That is, as expected, lateral clearance
requirements for bicycles exhibit variability characteristics
which are similar to those for motorized vehicles [12, 13].

3. Model

In this section, a new CA model for mixed bicycle flow
considering the lateral drift behavior and the accompanying

variable clearancemaintaining behavior is proposed. Because
the appropriate design of cell size is crucial to depict the
mixed bicycle flow dynamics, two factors, including the bicy-
cle’s physical size and the two-dimensional moving speeds,
are both considered for the cell size design. Consequently,
to reflect observed maximum lateral drift speed (related to
the cell width 𝑊𝑐) and cope with minimum acceleration
requirement (related to the cell length 𝐿𝑐), a fine cell of 1m×

0.25m is defined as the common unit in this paper. Then
the lateral drift behavior is represented by displacing one cell
laterally according to the occurrence probability of random
choice for drift 𝑝drift,𝑡 in each time step. Here, 𝑝drift,𝑡 is set as
(𝛼 + 𝛽V𝑖,𝑡)/𝑊𝑐 based on the regression result, and 𝛼 and 𝛽 are
the scaling parameters as shown in Figure 3. In addition, a
new occupancy rule considering variable lateral clearance is
introduced in this paper. According to the actual length of a
typical bicycle, the bicycle length is set as 2 cells.The occupied
width 𝑊𝑏 consists of physical width 𝑤 and variable lateral
clearances 𝑐𝑖,𝑡 on the two sides of the bicycle.

Then, similar to other variables in CA model, including
space, speed, and time, lateral clearance should be treated
as a discrete variable. The weighting variable 𝜇 is introduced
to measure the bicycle’s sensitivity degree of lateral drift and
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Figure 3: Minimum front-gap and back-gap evaluated by a c-bicycle to perform lateral movement.

taken as a constant value smaller than 1. Then, there are two
value options (0, 1) available for lateral clearance in this paper.
Thus, the lateral clearance 𝑐𝑖,𝑡 of bicycle 𝑖 at time 𝑡 is set as

𝑐𝑖,𝑡 =
{

{

{

1, if rand ( ) ≤
𝜇𝑝drift,𝑡

2

0, else.
(1)

Moreover, it is assumed that there is no influence of
road markings on the movement of bicycles. Then, in our
model, bicycle 𝑖 can move alongside a road marking without
considering its lateral distance from the marking (e.g., the
bicycle marked in black in Figure 3).

Owing to two-dimensional movements of bicycles, the
update step in this CA model can be defined as two substeps:
all the bicycles first update their lateral positions according
to lateral movement rules and then decide their forward
movements according to forward movement rules.

3.1. Lateral Movement Rules. Let (𝑥, 𝑦) be the position of
bicycle 𝑖 at time 𝑡. Vmax

lat denotes the maximum lateral speed
of the bicycle, and Vmax

𝑖
and 𝑎𝑖 denote the maximum passing

speed and the acceleration of bicycle 𝑖, respectively. 𝑑𝑦,𝑡
represents bicycle 𝑖’s front-gap at current position, while in
target position 𝑦 + 𝑘, 𝑑𝑦+𝑘,𝑡 and 𝑑back,𝑡 represent its front-
gap and back-gap and 𝑑safe represents the safe back-gap. The
evaluated procedures of front-gap and back-gap are depicted
graphically in Figure 3. 𝑌𝑖

𝑡+1
, 𝑌ℎ
𝑡+1

, and 𝑌
𝑑

𝑡+1
denote the sets

of lateral position available at time 𝑡 + 1 when considering
incentive criterion, honk effect, and lateral drift behavior, and
they are initialized to be empty. 𝑁𝑖, 𝑁ℎ, and 𝑁𝑑 denote the
number of elements in 𝑌

𝑖

𝑡+1
, 𝑌ℎ
𝑡+1

, and 𝑌
𝑑

𝑡+1
, respectively. 𝑝𝑥

represents the probability to choose the position 𝑥 in next
time step, while 𝑝𝑖𝑔 expresses the probability that the bicycle
ignores to move laterally. Then, to be more in line with the
realistic bicycle behaviors, three types of lateral movement
rules for describing incentive criterion, honk effect, and
lateral drift behavior are introduced as follows.

(1) Rules for Describing the Incentive Criterion. Generally,
bicyclists tend to ride at expected and constant speeds. Once

the front-gap at current position is insufficient to support the
desired speed, a bicyclemay take lateralmovement to look for
a longer front-gap. Then, rules for describing this incentive
criterion are presented as follows:

(1) If 𝑑𝑦,𝑡 < min (V𝑖,𝑡 +𝑎𝑖, V
max
𝑖

), 𝑑𝑦+𝑘,𝑡 > 𝑑𝑦,𝑡 (𝑘 ∈ {−Vmax
lat ,

−Vmax
lat + 1, . . . , −1, 1, Vmax

lat − 1, Vmax
lat }), 𝑑back,𝑡 > 𝑑safe,

then 𝑦 + 𝑘 ∈ 𝑌
i
𝑡+1

.

(2) After checking all the possible lateral positions, if
𝑌
i
𝑡+1

= ⌀, then 𝑝𝑦 = 1; otherwise, 𝑝𝑦 = 𝑝
𝑖𝑔 and for

each position 𝑦 + 𝑘

∈ 𝑌
𝑖

𝑡+1
, 𝑝𝑦+𝑘 = (1 − 𝑝

𝑖𝑔
)/𝑁𝑖.

Furthermore, based on the principle of collision-free, if
𝑦 + 𝑘 ∉ 𝑌

𝑖

𝑡+1
, further positions from 𝑦 + 𝑘 on the same side

are unavailable and should be reasonably eliminated.

(2) Rules for Considering the Honk Effect. Owing to the
differences in maximum speed and overtaking requirement
between two bicycle types, an e-bicycle will honk the horn
with probability 𝑝ℎ when there is a hindrance by a preceding
c-bicycle and a consequent failure to move laterally. Then, let
ℎ𝑖(𝑡) be the honk’s state of the e-bicycle 𝑖 at time 𝑡. ℎ𝑖(𝑡) = 1(0)

means the honk is on (off). Rules for describing the honk
motivation can be formulated as follows:

(1) 𝑑𝑦,𝑡 < min (V𝑖,𝑡 + 𝑎𝑒, V
max
𝑒

), 𝑌𝑖
𝑡+1

= ⌀, rand() < 𝑝
ℎ,

then, ℎ𝑖(𝑡) = 1; otherwise, ℎ𝑖(𝑡) = 0.

If stimulated by honks, c-bicycles usually make way for
the following e-bicycles due to their different driving char-
acteristics. Thus, one of the lateral positions with sufficient
front-gaps and without blocking the way will be chosen
randomly as the target position. Let 𝑦 + 𝑘 represent a lateral
position that ordinates of c-bicycle 𝑗’s occupancy are different
from those of e-bicycle 𝑖’s occupancy. Rules for describing
the c-bicycle’s reaction to its following e-bicycle’s honk are as
follows:

(2) 𝑑𝑦,𝑡 ≥ min (V𝑗,𝑡 + 𝑎𝑐, V
max
𝑐

), 𝑑𝑦+𝑘,𝑡 ≥ min (V𝑗,𝑡 + 𝑎𝑐,

Vmax
𝑐

), 𝑑back,𝑡 > 𝑑safe, then 𝑦 + 𝑘 ∈ 𝑌
ℎ

𝑡+1
.
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(3) If 𝑌ℎ
𝑡+1

= ⌀, then 𝑝𝑦 = 1; otherwise, 𝑝𝑦 = 𝑝
𝑖𝑔 and for

each position 𝑦 + 𝑘

∈ 𝑌
ℎ

𝑡+1
, 𝑝𝑦+𝑘 = (1 − 𝑝

𝑖𝑔
)/𝑁ℎ.

(3) Rules for Describing the Lateral Drift Behavior. In order
to replicate the bicycle’s erratic riding manner, displacing one
cell laterally, if situations allow, is characterized as a bicycle’s
lateral drift behavior in our proposed model. Thus, rules for
describing the lateral drift behavior are as follows:

(1) If 𝑑𝑦,𝑡 ≥ min (V𝑖,𝑡 + 𝑎𝑖, V
max
𝑖

), 𝑑𝑦+𝑘,𝑡 ≥ 𝑑𝑦,𝑡 (𝑘 = −1, 1),
𝑑back,𝑡 > 𝑑safe, then 𝑦 + 𝑘 ∈ 𝑌

𝑑

𝑡+1
.

(2) If𝑌𝑑
𝑡+1

= ⌀, then𝑝𝑦 = 1; otherwise,𝑝𝑦 = 𝑁(1−𝑝drift),
and for each position 𝑦 + 𝑘


∈ 𝑌
𝑑

𝑡+1
, 𝑝𝑦+𝑘 = 𝑁𝑝drift/2.

Here,𝑁 is a normalization factor to ensure ∑𝑘 𝑝𝑖+𝑘 +
𝑝𝑖 = 1.

Since all the bicycles are updated simultaneously, a
conflict will occur when several bicycles try to move to
overlapped cells in next time step. In order to avoid this
situation, one of them will be selected randomly to perform
its requested lateral displacement.

3.2. Forward Movement Rules. In this paper, the Velocity-
Effect (VE) model [14] is employed to determine the bicycle’s
forward movement, as the speed effect of the preceding
vehicle is considered and the obtained flow characteristics are
effectively consistent with those in the real traffic. However,
since one bicycle may have more than one predecessor due
to its non-lane-based manner, we improve the VEmodel and
describe the bicycle forward movement as follows:

(1) acceleration: V𝑖,𝑡+1 = min (V𝑖,𝑡 + 𝑎𝑖, V
max
𝑖

);
(2) deceleration: V𝑖,𝑡+1 = min (V𝑖,𝑡+1, 𝑑𝑖,𝑡 +min (V

𝑘,𝑡+1
));

here, 𝑑𝑖,𝑡 denotes the minimum front-gap between bicycle 𝑖

and its predecessors at current position at time 𝑡; bicycle 𝑘

denotes one of the predecessors of bicycle 𝑖; let V
𝑘,𝑡+1

and V𝑑
𝑘,𝑡+1

be the imaginary and the desired speeds of bicycle 𝑘 at time
𝑡 + 1, given as follows:

V
𝑘,𝑡+1

= max (V𝑑
𝑘,𝑡+1

− 𝑎𝑘, 0) ,

V𝑑
𝑘,𝑡+1

= min (Vmax
𝑘

, V𝑘,𝑡 + 𝑎𝑘, 𝑑𝑘,𝑡) ;

(2)

(3) randomization: V𝑖,𝑡+1 = max (V𝑖,𝑡+1 − 𝑎𝑖, 0) with
probability 𝑝

dec;
(4) position update: 𝑥𝑖,𝑡+1 = 𝑥𝑖,𝑡 + V𝑖,𝑡+1.

Here, 𝑝dec denotes the probability of random slowdown.

4. Simulations and Analyses

In this paper, in addition to the conventional indexes includ-
ing the bicycle flux and the passing speed, the number of
passing events is employed as another index to evaluatemixed
bicycle traffic in this paper. Let 𝑚 be the total number of
bicycles on the bicycle path. The number of passing events
𝑁𝑝 can be recorded by the following program:

for 𝑖 = 1 : 𝑚

if 𝑥𝑖,𝑡−1 ≤ 𝑥𝑛,𝑡−1 and 𝑥𝑖,𝑡 > 𝑥𝑛,𝑡

𝑁𝑝 = 𝑁𝑝 + 1;

end

end

In this section, a series of numerical simulations are
performed under periodic boundary condition. In the sim-
ulations, the length and width of the bicycle path are 𝐿 =

1000 cells and 𝑊 = 12 cells, corresponding to 1 km and
3m, respectively. According to our field observations, the
maximum speeds of c-bicycle and e-bicycle are set as 4 cells/s
and 6 cells/s, respectively. Other model parameters are set
as follows: Vmax

lat = 4 cells/s, 𝑎𝑒 = 2 cells/s2, 𝑎𝑐 = 1 cell/s2,
𝑝
dec

= 0.05, 𝜇 = 0.5,𝑝𝑖𝑔 = 0.05,𝑝ℎ = 0.65, and 𝑑safe = 2 cells.
In addition, considering no-lane-based bicyclemovements in
practice, the bicycle number per unit path area at a given time
is taken as the density of mixed bicycle flow for the following
analysis. In the initial state, c-bicycles and e-bicycles are well
mixed and randomly distributed on the path. The number of
each bicycle type is decided by the density 𝜌 and e-bicycle
proportion𝑅𝑒, simultaneously.The simulations last for 50000
time steps. The first 30000 time steps are discarded to avoid
transient behavior, and the results are obtained by averaging
over 20000 time steps.

In order to verify the rationality and suitability of the
proposed model, the simulation results and the actual survey
data of the speed-density relation under different e-bicycle
proportions are plotted in Figure 4. Field data collected in
Nanjing andNingbo of China in the literature [1] (cf. Figure 4
in [1]) are adopted in this paper. We can see that, for each
diagram, the simulation results are effectively consistent with
the actual survey data through the whole density region.
However, results in existing CA models [1, 15] only conform
to the survey data in certain density scopes.Thus, the validity
of our CA model, as well as the advantage of its simulation
performance, can be proved by this specific comparison.

4.1. Effect of the Lateral Drift Behavior on the Mixed Bicycle
Flow. In this part, in order to analyze the influence of lateral
drift on the mixed bicycle flow, the simulation results in the
scenario considering the lateral drift behavior (drift scenario)
are compared with those in the scenario disregarding the
lateral drift behavior (no-drift scenario).

First, traffic flux-density and passing events-density rela-
tions with different e-bicycle proportions are plotted and
discussed. As can be seen from Figure 5, some characteristics
obtained here concur with those in previous CAmodels [3, 4]
in spite of different rules being introduced; for example, the
critical density for traffic flux is smaller than that for number
of passing events, and the presence of e-bicyclesmakes a large
contribution to passing events, indicating that our model is
further validated by previous studies on simulating mixed
bicycle traffic.

Besides, many other flow characteristics caused by lateral
drift behavior can be observed. When the bicycle density is
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Figure 4: Simulation data and survey data of speed-density relations with different e-bicycle proportions.
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Figure 5: The variance of traffic flux 𝑞 and number of passing events𝑁𝑝 with the increase of density 𝜌 (where the superscript 𝑛 denotes the
same parameter in the no-drift scenario).

relatively low, it can be seen that the flux values with and
without drifts tend to be the same, while in intermediate and
high density region, the flux in drift scenario is generally
lower than no-drift scenario at the same density level. Com-
bined with the variance of lateral movement frequency under
different densities and scenarios shown in Figure 6, these
phenomena can be analyzed as follows: in low density, owing
to sufficientmoving space provided on the path, bicyclists can
move flexibly with frequent lateral movements to avoid being
impeded by their predecessors’ drifts. Thus, the frequency of
lateralmovements satisfying incentive criterion (abbreviation
incentive lateral movement) with drifts is higher, but no
obvious difference of traffic flux between two scenarios is

observed. However, as the increase in the bicycle density
leads to the decrease in the driving space, incentive lateral
movements are more difficult to be performed and more
insufficient to compensate for the speed loss induced by
lateral drifts’ hindrance.With this reason, traffic fluxes in drift
scenario are relatively small in intermediate and high density
region.

We next focus on the variation of the number of passing
events with bicycle density under different e-bicycle pro-
portions. As is shown in Figure 5, it can be seen that the
number of passing eventswith drifts conforms to that without
drifts when the bicycle density is low. However, there are
two different effects induced by lateral drift behavior worth
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Figure 6: The variance of lateral movement frequency 𝑓 with the increase of density 𝜌 when 𝑅𝑒 = 0.2. (Circle line denotes the frequency of
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Figure 7: Two different effects induced by lateral drift behavior.

noting in the simulating process. As shown in Figure 7,
lateral drift behavior can lead to the undesired low-speed
motion that makes the bicycle easily overtaken by followers
or delayed to overtake its predecessors within a short period.
Thus, although drifts inevitably lead to the increase in the
mutual interference, no significant difference in the number
of passing events is observed. However, in intermediate and
high density region, it can be seen that numbers of passing
events in drift scenario are generally lower than no-drift
scenario. Owing to the decrease of moving space in lateral
with the increase of bicycle density, more bicycles have to
decelerate to cope with drifting predecessors, rather than
move laterally to overtake. Besides, as one bicycle has larger
probability to have more than one follower with the increase

of density, bicycles traveling side by side are more likely
influenced by the same drifting predecessor and consequently
more difficult to overtake each other. For these reasons, in
intermediate and high density region, numbers of passing
events are lower in drift scenario.

To further investigate the influence of lateral drift behav-
ior on the temporal-spatial dynamics of mixed bicycle flow,
time-space diagrams for both with and without drifts under
different bicycle densities are shown in Figure 8. Then, some
interesting phenomena are observed. In the small density,
compared with relatively smooth trajectories without drifts,
disorder appears and local clusters can be observed in mixed
bicycle flow of drift scenario. However, in high density, the
mixed bicycle flow without drifts evolves into the state where
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(a) (b)

(c) (d)

Figure 8: Time-space diagrams of mixed bicycle flow with 𝑅𝑒 = 0.1 and (a), (c) 𝜌 = 0.12 and (b), (d) 𝜌 = 0.16 in no-drift scenario (a), (b)
and in drift scenario (c), (d). (The lateral direction (from left to right) is space and the vertical direction (from bottom to top) is time. Yellow
dot, green circle, and red circle denote 1, 2, and 3 bicycles per one-meter-long path resp.).

moving jams coexist with free flow. As for the scenario with
drifts, moving jams are lighter and bicycles are distributed in
a relatively even state. To further explain these phenomena,
passing speed evolvements of the first c-bicycles in simulation
scenarios of Figure 8 are plotted in Figure 9. In low density,
as occurrence probabilities of hindrances experienced by
bicycles are enhanced by drifts, bicycles aremore likely forced
to slow down. Thus, passing speed oscillates more obviously
and trajectories are twists and turns in drift scenario. On
the other hand, when the slow-to-start effect is generated
in high density, bicycles within start waves decelerate more
frequently because of drifts and are delayed to meet moving
jams; namely, the speed reduction due to drifts weakens the
headway fluctuation.Thus, in drift scenario, moving jams are
more difficult to be formed and the distribution of bicycles is
more stable and uniform.

4.2. Effect of the Variable Lateral Clearance Maintaining
Behavior on the Mixed Bicycle Flow. In this part, to analyze
the effect of variable lateral clearance maintaining behavior
on mixed bicycle flow, a comparison of the speed-density
characteristics among simulation results under different lat-
eral occupancy rules is shown in Figure 10. Red plots indicate

results with variable lateral occupancy introduced in our
paper (variable occupancy rule), while blue and green plots
indicate simulation results under different fixed occupancies.
The former (no-clearance occupancy rule) ignores lateral
clearance and 𝑊𝑏 = 3, while the latter (coarse occupancy
rule) incorporates a fixed clearance and𝑊𝑏 = 4.

From Figure 10, we can see that when the bicycle density
is low (𝜌 ≤ 0.08 bic/m2), both passing speed values, with and
without clearance, are basically identical. In this situation,
bicycles are in free-driving state and mutual interference
is slight; thus speed values are unaffected by the choice
of occupancy rule. As density increases, it is observed
that the speed on each curve decreases gradually, but the
descent range under variable occupancy rule is bigger than
that under no-clearance occupancy rule but smaller than
that under coarse occupancy rule. These differences can be
interpreted as follows: on the one hand, as higher density
means higher frequency of touch and mutual interference,
bicycles disregarding clearance requirements, that is, moving
in incautious manner, are unrealistic, inevitably leading to
the speed overestimation in the simulations. On the other
hand, due to moving space deficiency, overall passing speed
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Figure 9: Speed distributions of the first c-bicycles in simulation scenarios of Figure 8.
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Figure 10: Speed-density relations with 𝑅𝑒 = 0.35 under different occupancy rules.

decreases significantly as density increases. However, the
slower the bicycle is, the lower the pressure to others will
be produced and the smaller the lateral clearance will be
required; that is, bicyclists in a crowded state can ride much
closer than in a free-driving state. This indicates that when
coarse occupancy rule is applied, lateral clearances will be
more overstated and passing speeds will be predicted more
conservatively at higher density. Above comparison thus
reveals the importance of introducing variable lateral clear-
ance maintaining characteristic into the proposed model,
particularly in intermediate and high density conditions.

5. Conclusion

In this paper, the impacts of lateral drift behavior as
well as accompanying variable lateral clearance maintaining

behavior onmixed bicycle flow dynamics are studied through
cellular automata modeling and simulations. To reproduce
these two types of behaviors, on the basis of the derived
passing speed-drift speed correlation, probabilities of bicy-
cles’ random choices for drifting to neighboring positions
and maintaining lateral clearances are both introduced and
calibrated.

In this research, a series of simulations are performed
to investigate characteristics of the mixed bicycle traffic and
three types of conclusions are achieved. First, it is verified that
the proposedmodel can accurately describe flow characteris-
tics of the mixed bicycle flow, as a firm conformity between
simulated speed values and actual survey data is observed.
Second, lateral drift behavior should not be neglected in the
modeling process as it creates significant impacts on mixed
bicycle traffic, causing speed fluctuation and increasing lateral
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movement frequency in low density region, while reducing
traffic flux and passing events and damping speed fluctuation
in intermediate and high density region.Third, the introduc-
tion of variable lateral distance maintaining behavior will be
helpful to revise speed distortions caused by fixed occupancy
rules in intermediate and high density region, including the
speed overestimation due to the ignorance of lateral clearance
and the underestimation of it when considering fixed lateral
clearance value. Such findings are expected to capture some
valuable characteristics of mixed bicycle traffic and improve
the performance of simulation techniques for mixed bicycle
flow dynamics as well as vehicle-bicycle conflicts to some
extent.
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