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 
Abstract—Based on activity method, this paper focuses on 

morning commuting behavior when commuters travel with 
autonomous vehicles (AVs). Firstly, a net utility function of 
commuters is constructed by the activity utility of commuters at home, 
in car and at workplace, and the disutility of travel time cost and that of 
schedule delay cost. Then, this net utility function is applied to build 
an equilibrium model. Finally, under the assumption of constant 
marginal activity utility, the properties of equilibrium are analyzed. 
The results show that, in autonomous driving, the starting and ending 
time of morning peak and the number of commuters who arrive early 
and late at workplace are the same as those in manual driving. In 
automatic driving, however, the departure rate of arriving early at 
workplace is higher than that of manual driving, while the departure 
rate of arriving late is just the opposite. In addition, compared with 
manual driving, the departure time of arriving at workplace on time is 
earlier and the number of people queuing at the bottleneck is larger in 
automatic driving. However, the net utility of commuters and the total 
net utility of system in automatic driving are greater than those in 
manual driving. 
 

Keywords—Autonomous cars, bottleneck model, activity utility, 
user equilibrium.  

I. INTRODUCTION 

HE research of morning commute is a long-standing 
challenge in transportation research. In recent years, due to 

the rapid development of artificial intelligence and novel 
automobile technology, autonomous driving technology is 
becoming increasingly more mature. In urban traffic, AVs - a 
new element - are beginning to appear, which makes the 
situation of urban traffic more complicated. AVs are becoming 
to have an essential role in urban traffic. In the research of 
morning commute, therefore, AVs have received increasing 
attention. Compared with normal vehicles (NVs), AVs do not 
require drivers to drive in travel, which means drivers no longer 
need to take time for driving tasks, that is, during this time, 
drivers can do other activities such as rest, work or 
entertainment. Because of this advantage of AVs, individuals 
tend to choose it as a commuting tool instead of NVs, which 
may change the departure pattern of commuters during 
morning peak hours, and then affect the traffic congestion 
management strategies. Therefore, it is necessary to analyze the 
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departure pattern and equilibrium nature for commuters in the 
autonomous driving environment during morning peak hours. 

The analysis of morning commute can be traced back to the 
bottleneck model proposed by Vickrey (1969) [1]. This model 
assumed that a fixed number of individuals must travel from 
home to the workplace along a single road in morning peak 
hours. There is a bottleneck on the road with a fixed capacity. 
Due to the limited traffic capacity of this road, it cannot satisfy 
that all commuters can arrive at workplace on time; that is, 
some commuters will arrive early while others will arrive late. 
Therefore, the corresponding schedule delay costs will be 
incurred. Each commuter chooses his departure time to 
minimize his travel costs which are linear in travel time and 
schedule delay. Equilibrium is obtained when no commuter has 
an incentive to alter his departure time. After that, the problem 
of morning peak commuting was widely concerned, and a 
considerable number of extended studies of Vickrey’s model 
have been proposed. These studies mainly include user 
heterogeneity [2]-[4], randomness of bottlenecks [5]-[7] and 
mixed travel model [8]-[10]. Most of these studies were based 
on the assumption that travelers choosing the departure time 
only depend on travel time and scheduling delay. However, 
they did not consider the motivations and reasons for travel 
behavior. Thus, they cannot reflect the connection between 
travel and activities. These models, if used in traffic 
management, may make traffic managers to formulate 
inaccurate strategies and lead to more serious traffic problems 
[11], such as traffic congestion, unreasonable use of traffic 
infrastructure and air pollution. Therefore, activity utility must 
be introduced into the bottleneck model to research the problem 
of commuting in morning peak hours. Based on the traditional 
bottleneck model, Zhang et al. [12] introduced commuters’ 
activities of home and that of workplace to build an extended 
bottleneck model for characterizing commuters’ choice of 
departure time. A trade-off between the negative utility of 
travel costs and the positive utility of activities obtained at 
home and workplace by commuters was made to maximize 
their net utility. Li et al. [13] constructed an all-day activity- 
travel scheduling model based on activity method, and 
analyzed the equilibrium state of this model. The results 
showed that the traditional travel-based bottleneck model had a 
large deviation in estimation of commuters’ departure time 
decisions. Kim and Kwan [14] analyzed individuals’ activity 
travel data and real-time traffic congestion data and found that 
the traffic congestion risk was significantly underestimated if 
individuals’ activity utility was not considered. From the above 
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research, it can be found that activity utility has a significant 
impact on commuters’ travel departure time choice. 

There are a lot of relevant literatures about the commuting 
problem. However, the research is quite limited about the 
impact of AVs on the commuting behavior. Among them, Liu 
[15] compared the parking modes of AVs and that of NVs, and 
analyzed an equilibrium of commuter parking under the fully 
AV environment. Vincent et al. [16] considered the effect of 
AVs on capacity, value of time and preference, and analyzed 
the equilibrium under the coexistence of AVs and that of NVs. 
Yu et al. [17] considered the effect of in-vehicle utility of AVs 
on travel patterns, and analyzed the equilibrium under three 
AVs supply strategies. However, the above studies only 
unilaterally considered travel costs or activity utility, that is, 
they did not consider the impact of both on travel patterns at the 
same time.  

Based on the bottleneck model and activity method, this 
paper analyzes morning commute under the fully AV 
environment. Firstly, an activity-based bottleneck model is 
proposed to model the departure time choices of commuters 
under the fully AV environment. Then the equilibrium 
properties are analyzed under the assumption of constant 
marginal activity utility. Finally, numerical illustrations are 
presented to verify the properties of the proposed model. 

The remainder of this paper is organized as follows. Section 
II presents the departure time choice behavior of an activity- 
based bottleneck model under AV environment. In Section III, 
the properties of the proposed model are analyzed. A numerical 
experiment is applied to verify the propositions of the proposed 
model in Section IV. The conclusions and discussions are 
presented in Section V. 

II. MODEL SET-UP 

The network is schematically depicted in Fig. 1. As shown in 
Fig. 1, a bottleneck with a maximum service rate or capacity 𝑠 
is located between home and workplace. It is assumed that, 
every morning, 𝑁 commuters drive AVs from home to 
workplace through the bottleneck. For simplicity, an 
autonomous vehicle environment (AVE) is that all individuals 
use AVs, while a normal vehicle environment (NVE) is that all 
individuals use NVs to commute. Under the AVE, activity 
utility of commuters is obtained at home, in the car and at the 
workplace, respectively. Under the NVE, however, the activity 
utility of commuters is obtained only at home and the 
workplace, respectively. Therefore, the commuting pattern in 
NVE can be regarded as a special case in AVE, that is, the 
commuting pattern in AVE and NVE is the same when the in- 
vehicle activity utility is zero. The starting and the ending time 
of commuters’ morning activities are 𝑡 ൌ 0  and 𝑡 ൌ 𝑇ത , 
respectively. Under the AVE, the duration of each activity is 
shown in Fig. 2, where 𝑡ௗ and 𝑡௔ stand for the departure time of 
commuter at home and the arrival time of commuter at 
workplace, respectively. The period in the vehicle includes 
free-flow travel time and queuing time at the bottleneck, that is, 
the time commuters spend on the road.  

 

Home
Work
place

Bottleneck

 

Fig. 1 Single bottleneck commuter network 
 

Queuing time

0 td ta T

 

Fig. 2 Activity duration diagram 
 

Let 𝑢௛ሺ𝑡ሻ , 𝑢௩ሺ𝑡ሻ  and 𝑢௪ሺ𝑡ሻ  be the marginal utility of 
commuters’ activities at home, in the car and at the workplace 
at time 𝑡 . Then, the total activity utility of commuters is 
obtained in the period ሾ0, 𝑇തሿ as: 

 

𝑈ሺ𝑡ሻ ൌ ׬ 𝑢௛ሺ𝑡ሻ௧
଴ 𝑑𝑡 ൅ ׬ 𝑢௩ሺ𝑡ሻ௧ା்ሺ௧ሻ

௧ 𝑑𝑡 ൅ ׬ 𝑢௪ሺ𝑡ሻ
ത்

௧ା்ሺ௧ሻ 𝑑𝑡, (1) 

 
where 𝑇ሺ𝑡ሻ is the travel time from home to the workplace at 
time 𝑡 which stands for the departure time from home. 𝑡 ൅ 𝑇ሺ𝑡ሻ 
is the arrival time at workplace. The first item of (1) stands for 
the utility of commuters at home during the period ሾ0, 𝑡ሿ. The 
second item of (1) stands for the utility of commuters in vehicle 
during the period ሾ𝑡, 𝑡 ൅ 𝑇ሺ𝑡ሻሿ. The third item of (1) stands for 
the utility of commuters at work during the period ሾ𝑡 ൅
𝑇ሺ𝑡ሻ, 𝑇തሿ. Travel time 𝑇ሺ𝑡ሻ is defined as:  
 

 𝑇ሺ𝑡ሻ ൌ 𝑇௙ ൅ 𝑇௩ሺ𝑡ሻ,  (2) 
 

where 𝑇௙ represents a constant for free-flow travel time from 
home to the workplace. 𝑇௩ሺ𝑡ሻ represents the queuing time at 
bottleneck.  

Let 𝐷ሺ𝑡ሻ be the length of queue at bottleneck at departure 
time 𝑡 from home, which is defined as: 

 

 𝐷ሺ𝑡ሻ ൌ ׬ 𝑟ሺ𝑢ሻ𝑑𝑢
௧

௧መ െ 𝑠ሺ𝑡 െ 𝑡̂ሻ, (3) 
 
where 𝑡̂ stands for the moment when the queuing starts, and 
𝑟ሺ𝑡ሻ stands for the departure rate. From (3), the derivative of 
𝐷ሺ𝑡ሻ is obtained as: 
 

 𝐷ሶ ሺ𝑡ሻ ൌ 𝑟ሺ𝑡ሻ െ 𝑠, 𝐷ሺ𝑡ሻ ൐ 0. (4) 
 

where 𝐷ሶ ሺ𝑡ሻ is the derivative of 𝐷ሺ𝑡ሻ. From (4), the queuing 
time 𝑇௩ሺ𝑡ሻ at bottleneck is obtained as: 
 

 𝑇௩ሺ𝑡ሻ ൌ
஽ሺ௧ሻ

௦
. (5) 

 
According to Vickrey’s model, the negative utility of 

commuters’ travel can be calculated as: 
 

𝐶ሺ𝑡ሻ ൌ 𝛼𝑇ሺ𝑡ሻ ൅ 𝛽 𝑚𝑎𝑥ሼ0, ሺ𝑡∗ െ 𝑡 െ 𝑇ሺ𝑡ሻሻሽ ൅ 𝛾𝑚𝑎 𝑥ሼ0, ሺ𝑡 ൅ 𝑇ሺ𝑡ሻ െ
𝑡∗ሻሽ, (6) 

 
where 𝑡∗ represents the preferred work arrival time. Indeed, (6) 
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encapsulates the commuter travel time and the schedule delays 
for all commuters. Let 𝛼 be the shadow cost of travel time, 𝛽 
and 𝛾 are the schedule penalty for a unit time of early arrival 
and that of late arrival, respectively. According to the empirical 
results [18], it assumes that 𝛾 ൐ 𝛼 ൐ 𝛽 ൐ 0. 

Following (1) and (6), the net utility of commuters can be 
represented as: 

 

 𝜓ሺ𝑡ሻ ൌ 𝑈ሺ𝑡ሻ െ 𝐶ሺ𝑡ሻ ൌ ׬ 𝑢௛ሺ𝑡ሻ௧
଴ 𝑑𝑡 ൅ ׬ 𝑢௩ሺ𝑡ሻ௧ା்ሺ௧ሻ

௧ 𝑑𝑡 ൅

׬ 𝑢௪ሺ𝑡ሻ
ത்

௧ା்ሺ௧ሻ 𝑑𝑡 െ ሺ𝛼𝑇ሺ𝑡ሻ ൅ 𝛽 𝑚𝑎𝑥൛0, ൫𝑡∗ െ 𝑡 െ 𝑇ሺ𝑡ሻ൯ൟ ൅

𝛾𝑚𝑎 𝑥ሼ0, ሺ𝑡 ൅ 𝑇ሺ𝑡ሻ െ 𝑡∗ሻሽሻ. (7) 
 
where 𝑡 stands for the decision variable, and every commuter 
needs to trade-off his activity utility and travel negativity to 
choose the morning departure time for maximizing his net 
utility. Equilibrium is obtained when no commuter has an 
incentive to change his departure time. 

Similar to the traditional bottleneck model, there are two 
cases at equilibrium: (i) commuter arrives at workplace earlier 
than 𝑡∗; (ii) commuter arrives at workplace later than 𝑡∗. Let 𝑡௤ 
and 𝑡௤ᇲ be the departure time of the first commuter and that of 
the last one, respectively. 𝑡̃ stands for the departure time from 
home to workplace on time, that is, 𝑡̃ ൌ 𝑡∗ െ 𝑇ሺ𝑡̃ሻ. Then we can 
deduce the departure rate in two cases, respectively. 

In case 1, commuters arrive early at workplace. From (7), the 
net utility of commuters 𝜓ሺ𝑡ሻ of early arrive is obtained as: 

 

𝜓ሺ𝑡ሻ ൌ ׬ 𝑢௛ሺ𝑡ሻ௧
଴ 𝑑𝑡 ൅ ׬ 𝑢௩ሺ𝑡ሻ௧ା்ሺ௧ሻ

௧ 𝑑𝑡 ൅ ׬ 𝑢௪ሺ𝑡ሻ
ത்

௧ା்ሺ௧ሻ 𝑑𝑡 െ 𝛼𝑇ሺ𝑡ሻ െ

𝛽൫𝑡∗ െ 𝑡 െ 𝑇ሺ𝑡ሻ൯.  (8) 
 

At equilibrium, every commuter has the same net utility, that 

is 
ௗటሺ௧ሻ

ௗ௧
ൌ 0. From (3), (5) and (8), the departure rate 𝑟௘ሺ𝑡ሻ of 

early arrive is written as:  
 

 𝑟௘ሺ𝑡ሻ ൌ ఈା௨೓ሺ௧ሻି௨ೡሺ௧ሻ

ఈିఉି௨ೡ൫௧ା்ሺ௧ሻ൯ା௨ೢ൫௧ା்ሺ௧ሻ൯
𝑠, 𝑡௤ ൑ 𝑡 ൏ 𝑡̃. (9) 

 
In case 2, commuters arrive late at workplace. From (7), the 

net utility of commuters 𝜓ሺ𝑡ሻ of late arrive is obtained as: 
 

𝜓ሺ𝑡ሻ ൌ ׬ 𝑢௛ሺ𝑡ሻ௧
଴ 𝑑𝑡 ൅ ׬ 𝑢௩ሺ𝑡ሻ௧ା்ሺ௧ሻ

௧ 𝑑𝑡 ൅ ׬ 𝑢௪ሺ𝑡ሻ
ത்

௧ା்ሺ௧ሻ 𝑑𝑡 െ 𝛼𝑇ሺ𝑡ሻ െ

𝛾ሺ𝑡 ൅ 𝑇ሺ𝑡ሻ െ  𝑡∗ሻ.   (10) 
 

Then the departure rate 𝑟௟ሺ𝑡ሻ of late arrive is written as: 
 

 𝑟௟ሺ𝑡ሻ ൌ
ఈା௨೓ሺ௧ሻି௨ೡሺ௧ሻ

ఈାఊି௨ೡ൫௧ା்ሺ௧ሻ൯ା௨ೢ൫௧ା்ሺ௧ሻ൯
𝑠, 𝑡̃ ൑ 𝑡 ൑ 𝑡௤ᇲ. (11) 

 
According to the relationship between the bottleneck 

capacity and the departure rate, the following propositions can 
be obtained.  
Proposition1. At equilibrium, when 𝛽 ൐ 𝑢௩ሺ𝑡ሻ െ 𝑢௛ሺ𝑡ሻ െ
𝑢௩൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯ ൅ 𝑢௪൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯ is satisfied, a queue must exist 
at bottleneck, otherwise the queue will not exist at bottleneck.  
Proof. According to (10) and (12) and 𝛾 ൐ 𝛼 ൐ 𝛽 ൐ 0, we 
have 𝑟௘ ൐ 𝑟௟ . When 𝛽 ൐ 𝑢௩ሺ𝑡ሻ െ 𝑢௛ሺ𝑡ሻ െ 𝑢௩൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯ ൅

𝑢௪൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯ , we have 𝑟௘ ൐ 𝑠 . So a queue exists at the 
bottleneck. However, when 𝛽 ൑ 𝑢௩ሺ𝑡ሻ െ 𝑢௛ሺ𝑡ሻ െ 𝑢௩൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯ ൅
𝑢௪൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯, we have 𝑟௘ ൏ 𝑠. Therefore, the departure rate in 
both cases is less than 𝑠 , the queue will not exist at the 
bottleneck.  

In the following, if no special declaration is made, it is 
assumed that the condition 𝛽 ൐ 𝑢௩ሺ𝑡ሻ െ 𝑢௛ሺ𝑡ሻ െ 𝑢௩൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯ ൅
𝑢௪൫𝑡 ൅ 𝑇ሺ𝑡ሻ൯ is satisfied. 

III. EQUILIBRIUM PROPERTIES ANALYSIS 

This paper analyzes the equilibrium properties under the 
assumption of constant marginal-activity utility. Let 𝑢௛ሺ𝑥ሻ ൌ
𝑢௛ , 𝑢௩ሺ𝑥ሻ ൌ 𝑢௩ , 𝑢௪ሺ𝑥ሻ ൌ 𝑢௪  and 𝑢௪ ൐ 𝑢௛ ൐ 𝑢௩ , where 
𝑢௪ ൐ 𝑢௛ means the activity utility at work is higher than that at 
home to ensure that commuters have the motivation to travel. 
𝑢௪ ൐ 𝑢௩ means when commuters arrive at the workplace, they 
are driven to work instead of staying in the vehicle. Then, the 
net utility of commuters is given by: 

 

 𝜓ሺ𝑡ሻ ൌ

⎩
⎪
⎨

⎪
⎧ሺ𝑢௛ െ 𝑢௪ ൅ 𝛽ሻ𝑡 ൅ ሺ𝑢௩ െ 𝑢௪ െ 𝛼 ൅ 𝛽ሻ𝑇ሺ𝑡ሻ ൅

𝑢௪𝑇ത െ 𝛽𝑡∗, 𝑡௤ ൑ 𝑡 ൏ 𝑡̃
ሺ𝑢௛ െ 𝑢௪ െ 𝛾ሻ𝑡 ൅ ሺ𝑢௩ െ 𝑢௪ െ 𝛼 െ 𝛾ሻ𝑇ሺ𝑡ሻ ൅
𝑢௪𝑇ത ൅ 𝛾𝑡∗, 𝑡̃ ൑ 𝑡 ൑ 𝑡௤ᇲ

 ሺ12) 

  
and the departure rate of early arrive and that of late arrive are 
given by: 
 

 𝑟௘ሺ𝑡ሻ ൌ
ఈା௨೓ି௨ೡ

ఈିఉା௨ೢି௨ೡ
𝑠, 𝑡௤ ൑ 𝑡 ൏ 𝑡̃ , (13) 

 

 𝑟௟ሺ𝑡ሻ ൌ ఈା௨೓ି௨ೡ

ఈାఊା௨ೢି௨ೡ
𝑠, 𝑡̃ ൑ 𝑡 ൑ 𝑡௤ᇲ . (14) 

 
Based on Proposition 1, we have 𝛽 ൐ 𝑢௪ െ 𝑢௛ . Together 

with 𝜓൫𝑡௤൯ ൌ 𝜓ሺ𝑡̃ሻ ൌ 𝜓൫ 𝑡௤ᇲ൯ (i.e. equal the net utility for the 
first commuter and last one) and ൫ 𝑡௤ᇲ െ 𝑡௤൯ ⋅ 𝑠 ൌ 𝑁, we have:  

 

 𝑡௤ ൌ ௨೓ି௨ೢିఊ

ఉାఊ

ே

௦
൅ 𝑡∗ െ 𝑇௙, (15) 

 

  𝑡௤ᇲ ൌ ௨೓ି௨ೢାఉ

ఉାఊ

ே

௦
൅ 𝑡∗ െ 𝑇௙, (16) 

 

 𝑡̃ ൌ
ሺ௨೓ି௨ೢାఉሻሺ௨೓ି௨ೢିఊሻ

ሺఉାఊሻሺ௨೓ି௨ೡାఈሻ

ே

௦
൅ 𝑡∗ െ 𝑇௙. (17) 

 
Based on 𝑟௘ and 𝑟௟, the length of queue is determined at time 

𝑡. Particularly, the length of queue 𝐷ሺ𝑡ሻ can be written as: 
 

𝐷ሺ𝑡ሻ ൌ ቐ

௨೓ି௨ೢାఉ

ఈିఉା௨ೢି௨ೡ
𝑠൫𝑡 െ 𝑡௤൯, 𝑡௤ ൑ 𝑡 ൏ 𝑡̃

ሺ௨೓ି௨ೢାఉሻሺ௨ೢାఊି௨೓ሻ

ሺఉାఊሻሺ௨೓ି௨ೡାఈሻ
𝑁 ൅

௨೓ି௨ೢିఊ

ఈାఊା௨ೢି௨ೡ
𝑠ሺ𝑡 െ 𝑡̃ሻ, 𝑡̃ ൑ 𝑡 ൑ 𝑡௤ᇲ .

 

(18) 
 

The user net utility 𝜓ሺ𝑡ሻ and system total net utility 𝑇𝜓 are 
determined based on the starting and ending time, which are: 
 

𝜓ሺ𝑡ሻ ൌ
ሺ௨೓ି௨ೢାఉሻሺ௨೓ି௨ೢିఊሻ

ሺఉାఊሻ
ே

௦
൅ ሺ𝑢௛ െ 𝑢௪ሻ𝑡∗ െ ሺ𝑢௛ െ 𝑢௩ ൅ 𝛼ሻ𝑇௙ ൅

𝑢௪𝑇.ഥ  (19) 
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𝑇𝜓 ൌ
ሺ௨೓ି௨ೢାఉሻሺ௨೓ି௨ೢିఊሻ

ሺఉାఊሻ
ேమ

௦
൅ ൣሺ𝑢௛ െ 𝑢௪ሻ𝑡∗ െ ሺ𝑢௛ െ 𝑢௩ ൅ 𝛼ሻ𝑇௙ ൅

𝑢௪𝑇ത൧𝑁.  (20) 
 
Besides, the number of early arrival commuters and that of 

late arrival commuters can be determined based on (13)-(17), 
which are:  

 

 𝑁௘ ൌ ௨ೢାఊି௨೓

ఉାఊ
𝑁 (21) 

 

 𝑁௟ ൌ ௨೓ି௨ೢାఉ

ఉାఊ
𝑁 (22) 

 
The solutions of the departure rates under AVE and NVE are 

depicted in Fig. 3, where 𝑇௩ᇱሺ𝑡ሻ , 𝐷′ሺ𝑡ሻ  and 𝑡̃′  represent 
queuing time, length of queue and departure time to arrive at 
work on time under NVE, respectively. Based on Fig. 3 and 
(13)-(22), the following propositions can be obtained:  
Proposition2. Compared with NVE, the utility of in-vehicle 
activities under AVE has no effect on 𝑡௤,  𝑡௤ᇲ, 𝑁௘ and 𝑁௟ under 
AVE.  
Proposition3. Compared with NVE, under AVE, the 𝑟௘ 
becomes larger, while the 𝑟௟  becomes smaller. In addition, 
commuters need to leave in advance to arrive at work on time.  

 

 

Fig. 3 The travel patterns in the equilibrium 
 

Proposition4. Compared with NVE, the utility of in-vehicle 
activities under AVE increases the length of queue, meanwhile 
increases the net utility of commuters and total net utility of the 
system.  

IV. NUMERICAL STUDY 

In this section, a numerical experiment is used to illustrate 
the properties of the proposed model. In this paper, the 
parameters are derived from [19], and some adjustments are 
made. The input parameters of the proposed model are listed in 
Table I. This application assumes that a fixed number of 
commuters who depart from home to work is 12000, that is, 
𝑁 ൌ 12000, and the capacity of bottleneck is 12000 vehicles 
per hour. Therefore, the duration of the morning peak is 1 hour. 
In addition, we set 𝑡∗=8:00, 𝑇௙=0.4 hours and 𝑇ത ൌ 12: 00. For 
simplicity, it is assumed that the bottleneck is located near the 

workplace, that is, the commuter leaving the bottleneck arrives 
at the workplace at the same time.  

 
TABLE I  

MODEL INPUT PARAMETERS 

𝑁 (veh) 𝑠 (veh/h) 𝑇௙ (h) 𝛼 ($/h) 𝛽 ($/h) 

12 000  12 000  0.4  10  6 

𝛾 ($/h) 𝑢௛ ($/h) 𝑢௩ ($/h) 𝑢௪ ($/h)  

14  10  6  12   

A. Analysis of Commuters’ Departure Pattern 

Commuters’ departure pattern is analyzed as follows. Fig. 4 
shows the cumulative departure individuals under the AVE 
( 𝑢௩ ൌ 6 ) and NVE ( 𝑢௩ ൌ 0 ) in the domain of ( 𝑡௤, 𝑡௤ᇲ ), 
respectively. The solid line represents the departure rate curve 
under AVE, and the dashed line represents the departure rate 
curve under NVE. As can be seen in Fig. 4, 𝑡௤ and 𝑡௤ᇲ are the 

same in both environments (𝑡௤ ൌ 06: 42, 𝑡௤ᇲ ൌ 07: 42) which 

indicates that in-vehicle activities has no effect on 𝑡௤ and 𝑡௤ᇲ. In 

addition the number of individuals (𝑁௘ ൌ 10800) who arrive 
early is the same, and that of individuals (𝑁௟ ൌ 1200) who 
arrive late is also the same in both environments. 

 

 

Fig. 4 The curve of cumulative departure commuters with time in the 
equilibrium 

 
These results are consistent with Proposition 2. We also 

notice that 𝑟௘ under AVE is greater than that under NVE, while 
𝑟௟  under AVE is less than that under NVE. Moreover, 
commuters need to travel 3 minutes in advance under AVE to 
arrive workplace on time compared with that under NVE, 
verifying Proposition 3. 

B. Analysis of the Queue Length and the Net Utility 

The length of queue and the net utility are displayed in Fig. 5. 
It shows how the queue length vary with the time under AVE 
and NVE, respectively. As can be seen in Fig. 5, the queue 
starting time (at 07:06) and the queue ending time (at 08:06) are 
the same in both environments. The time to reach the maximum 
queue length, however, is different. In AVE, the length of 
queue increases linearly during the period 07:06-07:51, and the 
maximum queue length (1800 individuals) is reached at 07:51. 
After that, the queue length decreases linearly, and the queue 
disappears at 08:06. In NVE, however, the length of queue 
increases linearly during the period 07:06-07:54, and the 
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maximum queue length (1200 individuals) is reached at 07:54. 
After that, the queue length decreases linearly, and the queue 
also disappears at 08:06. Moreover, the length of queue in AVE 
is larger than that in NVE at each moment, indicating that in- 
vehicle activities will increase the queuing length at bottleneck. 
These results are consistent with Proposition 3. 
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Fig. 5 The curve of queuing commuters with time in the equilibrium 
 

Based on (19) and (20), the net utility for individuals and that 
for systems can be obtained as shown in Table II. As can be 
seen in Table II, the net utility for individuals and that for 
systems in AVE are both larger than that in NVE, which is a 
numerical illustration of Proposition 4. 

 
TABLE II 

NET UTILITY FOR INDIVIDUALS AND SYSTEMS IN THE EQUILIBRIUM 

 Net utility for individuals ($) Net utility for systems ($) 

AVE 105.4 1264800 

NVE 103 1236000 

V. CONCLUSIONS AND DISCUSSION 

In this study, based on the activity method, the equilibrium 
trip scheduling is analyzed when commuters travel with AVs. 
Different from commuters who use NVs, commuters who use 
AVs can get in-vehicle activity utility during travel. Therefore, 
the in-vehicle activity utility has to be considered in modeling 
the commuter travel pattern. In the proposed model, we firstly 
present an activity-travel scheduling model under AVE by 
using an activity-based approach. Then, the properties of the 
equilibrium model under AVE are analytically explored and 
compared with those under NVE. Finally, a numerical 
experiment is performed to verify the propositions. The 
findings demonstrate that the user equilibrium travel pattern in 
AVE is different from that in NVE. In particular, the in-vehicle 
activities in AVE change the departure rate, the length of 
queue, the queuing time and the net utility for individuals and 
system. This analysis has shed light on future traffic 
management with AVs. 

In the future, this paper can be extended from the following 
aspects: (i) We assume that all vehicles are AVs. However, a 
mixed vehicle environment which commuters use AVs or NVs 
to commute will exist for a period. So, it is necessary to extend 
the model to capture the travel patterns of the mixed vehicle 
environment. (ii) We assume that the activity utility is a 

constant. In the future research, a more complex utility function 
needs to be considered to replace the constant utility function. 
(iii) We only analyze the propositions of user equilibrium, and 
do not give the corresponding congestion management 
strategies. In the subsequent research, the congestion toll and 
tradable credit scheme will be studied based on the equilibrium 
model.  

REFERENCES  
[1] W. S. Vickrey, “Congestion theory and transport investment,” American 

Economic Review, vol. 59, no. 2, pp. 251–260, 1969. 
[2] D. Acemoglu, A. Makhdoumi, A. Malekian, and A. Ozdaglar, 

“Informational Braess’ Paradox : The Effect of Information on Traffic,” 
Operations Research, vol. 66, no. 4, pp. 893–917, 2018. 

[3] Z. Khan and S. Amin, “Bottleneck model with heterogeneous 
information,” Transportation Research Part B: Methodological, vol. 112, 
pp. 157–190, 2018. 

[4] X. Guo and H. J. Sun, “Modeling the morning commuter problem with 
heterogeneous travelers based on bottleneck model,” Systems 
Engineering-Theory & Practice, vol. 38, no. 4, pp. 1003–1012, 2018. 

[5] L. L. Xiao, H. J. Huang, and L. J. Tian, “Stochastic bottleneck model with 
heterogeneous travelers,” Journal of Transportation Systems Engineering 
and Information Technology, vol. 14, no. 4, pp. 93–98, 2014. 

[6] R. Arnott, A. De Palma, and R. Lindsey, “Information and time-of-usage 
decisions in the bottleneck model with stochastic capacity and demand,” 
European Economic Review, vol. 43, no. 3, pp. 525–548, 1999. 

[7] M. Fosgerau, “On the relation between the mean and variance of delay in 
dynamic queues with random capacity and demand,” Journal of 
Economic Dynamics and Control, vol. 34, no. 4, pp. 598–603, 2010. 

[8] F. Zhang, W. Liu, X. Wang, and H. Yang, “A new look at the morning 
commute with household shared-ride: How does school location play a 
role?,” Transportation Research Part E: Logistics and Transportation 
Review, vol. 103, pp. 198–217, 2017. 

[9] L. L. Xiao, T. L. Liu, and H. J. Huang, “On the morning commute 
problem with carpooling behavior under parking space constraint,” 
Transportation Research Part B: Methodological, vol. 91, pp. 383–407, 
2016. 

[10] W. Liu, F. Zhang, and H. Yang, “Modeling and managing morning 
commute with both household and individual travels,” Transportation 
Research Part B: Methodological, vol. 103, pp. 227–247, 2017. 

[11] Z. C. Li, W. H. K. Lam, S. C. Wong, and A. Sumalee, “An activity-based 
approach for scheduling multimodal transit services,” Transportation, vol. 
37, no. 5, pp. 751–774, 2010. 

[12] X. Zhang, H. Yang, H. J. Huang, and H. M. Zhang, “Integrated 
scheduling of daily work activities and morning-evening commutes with 
bottleneck congestion,” Transportation Research Part A: Policy and 
Practice, vol. 39, no. 1, pp. 41–60, 2005. 

[13] Z. C. Li, W. H. K. Lam, and S. C. Wong, “Step tolling in an activity-based 
bottleneck model,” Transportation Research Part B: Methodological, vol. 
101, pp. 306–334, 2017. 

[14] J. Kim and M. P. Kwan, “Beyond commuting: Ignoring individuals’ 
activity-travel patterns may lead to inaccurate assessments of their 
exposure to traffic congestion,” International journal of environmental 
research and public health, vol. 16, no. 1. p. 89, 2019. 

[15] W. Liu, “An equilibrium analysis of commuter parking in the era of 
autonomous vehicles,” Transportation Research Part C: Emerging 
Technologies, vol. 92, pp. 191–207, 2018. 

[16] V. A. C. van den Berg and E. T. Verhoef, “Autonomous cars and dynamic 
bottleneck congestion: The effects on capacity, value of time and 
preference heterogeneity,” Transportation Research Part B: 
Methodological, vol. 94, pp. 43–60, 2016. 

[17] X. Yu, V. A. C. van den Berg, and E. Verhoef, “Autonomous Cars and 
Dynamic Bottleneck Congestion Revisited: How In-Vehicle Activities 
Determine Aggregate Travel Patterns,” SSRN Electronic Journal, 2019. 

[18] K. A. Small, “The scheduling of consumer activities: Work trips,” 
American Economic Review, vol. 72, no. 72, pp. 467–479, 1982. 

[19] Z. C. Li, W. H. K. Lam, and S. C. Wong, “Bottleneck model revisited: An 
activity-based perspective,” Transportation Research Part B: 
Methodological, vol. 68, pp. 262–287, 2014. 


