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Abstract 

Autonomous vehicles (AVs) have experienced rapid development in recent years. In some 

countries, AVs are allowed to enter select area. The research on impact of AV on traffic 

flow theory, traffic safety improvement, traffic organization at signalized intersections 

and so forth and the benefits of AVs has attracted many scholars. The AV has been 

regarded as a promising means of improving travel flexibility. 

In traditional taxi systems, a taxi can only serve one customer or a group of 

customers with some seats vacant. Customers stand along a roadside to call for a vacant 

taxi, therefore customers often suffer from a long waiting time owing to the inefficient 

matching between customers and empty taxis. The AV are expected to solve the above 

problems, therefore this study replaces urban taxis with the AV, and considers ride-sharing 

among customers. Benefits of the new taxi system are examined. 

Firstly, this study proposes two sharing strategies for the new autonomous taxi 

system, namely non-detour dynamic shared autonomous taxi (SAT) system and detour 

dynamic SAT system. their potential benefits are evaluated by comparing to a non-sharing 

autonomous taxi system. In the non-detour sharing strategy, taxis are prohibited to make 

detours to pick up sharing customers when riders are in the taxis; in the detour sharing 
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strategy, both non-detour and detour situations are considered. An agent-based simulation 

is developed for evaluating the performance of the proposed sharing strategies. 

Simulation results show dynamic SAT systems outperform non-sharing autonomous taxi 

system with smaller fleet size, shorter travel times, larger sharing ratio and less emissions. 

Detour dynamic SAT system is also verified to be better than non-detour dynamic SAT 

system. 

Next, owing to no human drivers in autonomous vehicles, each SAT requires very 

precise traffic information to independently and accurately select its route. The potential 

benefits of utilizing collected travel-time information for shortest travel time path finding 

in the new taxi system are examined. Specifically, four categories of available SATs for 

every taxi request were considered: currently empty, expected-empty, currently sharable, 

and expected-sharable SAT. Two simulation scenarios—one based on historical traffic 

information and the other based on real-time traffic information—were developed to 

examine the performance of information use in an SAT system. Interestingly, in the 

historical traffic information-based scenario, the mean travel time for taxi requests and 

private vehicle users decreased significantly in the first several simulation days and then 

remained stable as the number of simulation days increased. Conversely, in the real-time 

information-based scenario, the mean travel time was constant. As the SAT fleet size 
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increased, the total travel time for taxi requests significantly decreased, and convergence 

occurred earlier in the historical information-based scenario. The results demonstrate that 

historical traffic information is better than real-time traffic information for shortest travel 

time path finding in SAT systems. 

Thirdly, customers’ requirement on on-time arrival is taken into consideration in a 

dynamic SAT system. To improve the probability of on-time arrival, the reliable path 

concept and collected travel time information are used to facilitate path finding for SATs, 

and the potential benefits are examined. Two simulation scenarios—one based on 

historical traffic information and the other based on real-time traffic information—are 

also executed to evaluate the information’s usefulness in reliable path finding. In 

simulation results, reliable path scenarios showed a higher on-time arrival ratio than 

shortest travel time path scenarios, in which the shortest travel time path algorithm is used 

in path finding for SATs, and the historical information-based scenarios showed a higher 

on-time arrival ratio than the real-time information-based scenarios. A system-beneficial 

path finding method is proposed and is verified to be effective for mitigating road network 

congestion, in which, both the on-time arrival of customers and the travel time saving of 

other traffic users are considered simultaneously. 

Future study on this topic should focus on finding a reasonable and efficient method 
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to charge customers based on on-time reliability in the SAT system. To improve the 

accuracy of reliable path finding and make the road traffic network more stable, 

cooperation strategies of all SATs and path finding methods under abnormal cases, 

especially traffic accidents and road infrastructure destroys, are urgent to be studied.  
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Chapter 1 Introduction 

Introduction 

 

1.1 Research background 

There has been rapid development in the field of autonomous vehicles (AVs) in recent 

years. The Society of Automobile Engineers (SAE) International defines five levels of 

autonomous driving, from driver assistance to full automation (SAE, 2016). To date, many 

vehicles have fulfilled level 1 (driver assistance) and 2 (partial automation), and several 

automobile manufactures and IT companies worldwide are now implementing level 4 (high 

automation) tests (Litman, 2018). Many companies around the world are also testing their AV 

products on real road networks, including Google, Uber, Tesla, and Toyota (Horl et al., 2016). 

In some countries, AVs can enter select areas, although not on the entire public road network. 

For example, the Singapore operating company “nuTonomy” uses AVs as taxis within a 2.5 

square mile area (Patel, 2016). On December 2, 2017, four self-driving buses were tested on 

public roads in Shenzhen, China, which is believed to be the first live test of autonomous buses 

in the world (Chai, 2017). There is considerable evidence to indicate that the use of AVs will 

become more widespread in the near future. 

Autonomous vehicles are expected to provide independent move for people that cannot 

drive, including disabled people and adolescents. The AVs start when orders are transmitted to 

the controller inside the vehicles, and they drive automatically based on the instructions from 

the controller. AVs can be designed to connect with each other and can exchange traffic 
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information relating to the road network (Krueger et al., 2016). Because driver error is the 

primary cause of car accidents, and traffic regulation violations are the main reason for crashes 

(Forward, 2008), the human errors that make roads unsafe are expected to be eliminated when, 

with AVs, human drivers are replaced by machines. With these advantages, AVs are expected 

to make transportation safer, more efficient, and more comfortable while reducing costs, 

reducing environmental impact, and reducing congestion (Bansal et al., 2016). In addition, AVs 

can be used to replace taxis, which forms a new taxi system. Sharing can also be considered in 

the new autonomous taxi system. In recent studies, SAV (shared autonomous vehicle) and CAV 

(connected and autonomous vehicle) are two frequently used names. In this dissertation, AVs 

are used to replace taxi and ride-sharing is considered, therefore, the new autonomous taxi 

system is named shared autonomous taxi (SAT) system. 

1.2 Problem statements 

1.2.1 The inefficiency of current taxi systems 

With urban taxi systems as they are today, a driver can only serve a single customer or a 

group of customers on a point-to-point journey. Many empty taxis cruise the streets looking for 

customers. The average occupancy rate of a taxi in New York City, for example, is only 1.2 

passengers per trip (Bloomberg and Yassky, 2014), which means that the matching of customers 

and empty taxis in the current system is inefficient. Empty taxis also impose an economic 

burden by increasing traffic congestion on the urban road network. Meanwhile, the system is 

unable to meet taxi demand fully during peak hours. Customers hire a taxi along the roadside, 

which involves an uncertain waiting time and has low efficiency in terms of matching empty 

taxis and customers. Currently, customers can call for a taxi by phone in some countries (such 

as Japan), which improves efficiency and reduces waiting time. In some countries (such as the 

United States, China, and Vietnam), it is possible to request a taxi or a private vehicle via 
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smartphone applications, which further improves matching efficiency. Measures to solve such 

problems are urgently needed. 

1.2.2 Possible SAT systems and their unknown effectiveness 

The SAT system can be developed in many forms. In SAT systems, customers concern 

about total travel time, in-vehicle time, waiting time, travel cost, and on-time arrival probability 

and so forth. Taxi companies aim at providing good services to customers if they are supported 

by government, or earning more profit and saving operation cost if they are operated by 

companies with personal financial responsibility. The SAT systems can be developed 

considering these different factors, and the effectiveness of different SAT systems is urgent to 

be examined. 

1.2.3 Path finding for SATs 

With no human drivers, each SAT requires very precise traffic information to 

independently and accurately select its route. AVs are equipped with superior technological 

sensors (Jia et al., 2008), which are used to accurately perceive the surrounding environment, 

and collect traffic information. As probe vehicles, SATs can be deemed capable of collecting 

valuable traffic information, including data pertaining to the vehicle location and link travel 

time. The collected traffic information can be used for path finding and categorized as historical 

and real-time information. The effectiveness of using the two types of information should be 

investigated. There is growing demand for precise path planning information in the dynamic 

SAT system. 

Presently, taxi drivers select the shortest path based on their experience and knowledge 

(Yuan et al., 2010; Zheng et al., 2010) or by using onboard navigation devices. However, the 

randomness in actual road networks may prevent customers from reaching their destinations 

on time (Wu et al., 2012). As mentioned in subsection 1.2.2, customers place a large value on 
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waiting time and total travel time, and some customers even care about on-time arrival 

reliability; this has been viewed as an essential element of urban transportation, especially for 

customers who have limited time and face extremely high penalties for late arrival. Zhu et al. 

(2018) explored improving the on-time arrival probability through road-pricing strategy. Taxi 

companies concerns about energy saving. Path finding methods considering these factors 

should be developed and investigated. Clearly, it is of interest to consider these requirements 

in the new taxi system. 

1.3 Research objectives 

Considering the development of AVs and the above problems, it is of interest to develop 

SAT systems and investigate their efficiencies. In the SAT systems, customers are encouraged 

to share a taxi with other customers who have similar itineraries, resulting in a discounted fare 

for the customer. It is assumed that customers can call an SAT using a smartphone or website. 

A taxi is automatically assigned by the SAT system to pick up the customer, considering both 

unoccupied taxis and taxis occupied by other customers. Following the above problem 

statement, the research objective is to develop shared autonomous taxi systems and improve 

taxi service level for customers. To accomplish the objective, the following research is 

conducted. It should be noted that the reason for naming the proposed system ‘autonomous’ is 

AVs totally follow instructions from the controller, especially the instructions about assigned 

paths, while human drivers have the possibility to violate the instructions. 

(1) Develop dynamic shared autonomous taxi systems and examine their benefits. 

(2) Examine the effectiveness of collected travel-time information in the shared 

autonomous taxi systems. 

(3) Propose a shared autonomous taxi system considering customers’ requirement for on-

time arrival reliability, and form a dynamic SAT that considers the on-time arrival reliability 

and mitigating traffic congestion simultaneously. 
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1.4 Research outline 

This thesis includes six chapters as shown by Figure 1-1. Chapter 1 introduces the 

development of autonomous vehicles. The problem statements and the objective of this 

research are also given in this chapter. Chapter 2 shows the literature review related to the 

development of autonomous vehicle, the research on SAT systems and the state of the art 

methods for reliable path finding. Chapter 3 examines the effectiveness of two dynamic SAT 

systems—non-detour SAT system and detour SAT system—by comparing with a non-sharing 

system. The benefits of the SAT system are verified in fleet size, service level, operational cost 

and profit, and emissions. Chapter 4 proposes a dynamic SAT system which aims at saving 

customers’ travel time by using collected travel time information. The information is collected 

and accumulated by the SAT, and is used in two types – historical travel time information and 

real-time travel time information. The efficiency of the two types of information is verified via 

simulation tests. Chapter 5 develops a dynamic SAT system that considers customers’ 

requirement on on-time arrival. A system-beneficial path guidance method is also described 

which considers both the on-time arrival reliability and travel time reduction of other traffic 

users. Finally, conclusions and future research topics are given in Chapter 6. 

1.5 References 

Bansal, P., Kockelman, K.M., Singh, A., 2016. Assessing public opinions of and interest in 

new vehicle technologies: An Austin perspective. Transportation Research Part C: 

Emerging Technologies, 67, 1–14. 

Bloomberg, M., Yassky, D., 2014. Taxicab Factbook. New York Taxi and Limousine 

Committee, New York. 

Chai, H. 4 self-driving buses tested in Shenzhen, http://www.chinadaily.com.cn/china/2017-

12/04/content_35190702.htm. Accessed Dec. 04, 2017. 

Forward, S., 2008. Driving Violations. Uppsala University, PhD Thesis, http://uu.diva-

portal.org/s mash/get/diva2:172720/FULLTEXT01.pdf. 

Horl, S., Ciari, F., Axhausen, K.W., 2016. Recent perspectives on the impact of autonomous 

vehicles. 1–37. 
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Chapter 2 Literature review 

Literature review 

 

2.1 The development of autonomous vehicles 

Autonomous vehicle technology has experienced rapid development in recent years (Cao 

et al., 2017). The Society of Automobile Engineers (SAE) International defines five levels of 

autonomous driving, from driver assistance to full automation (SAE, 2016). To date, many 

vehicles have fulfilled level 1 (driver assistance) and 2 (partial automation), and several 

automobile manufactures (such as Tesla and Toyota) and IT companies (such as Google and 

Uber) worldwide are now implementing level 4 (high automation) tests (Litman, 2018). 

The use of autonomous vehicles have been studied in many aspects. Some research found 

autonomous vehicles provide the possibility to increase road capacity and reduce headway 

(Talebpour and Mahmassani, 2016; Ye and Yamamoto, 2018a; Ye and Yamamoto, 2018b). 

Levin and Rey (2017) and Mirheli et al., (2018) studied to reduce the number of conflicts at 

intersection in an autonomous vehicle environment. Ye and Yamamoto (2019) examined the 

effects of autonomous vehicles on traffic safety improvement. It is also important to investigate 

people’s willing to accept autonomous vehicles (Hudson et al., 2019; Kroger et al., 2019). The 

autonomous vehicle can also provide shared mobility to individuals (Fagnant and Kockelman, 

2018). In all, the autonomous vehicle is expected to make a better transportation system. 

2.2 The research on shared autonomous taxi system 

Autonomous taxi systems were proposed prior to the year 2000, e.g., the autonomous dial-

a-ride taxi system (Dial, 1995). In this proposed system, customers requested a taxi via 
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telephone and only the customer is involved in the process of requesting a ride, assigning the 

trip, scheduling the arrival, and routing the vehicle. The task of a driver was to simply follow 

instructions provided by the vehicle’s computers. Although technologies were not sufficiently 

advanced at that time, it was a promising autonomous taxi system. With the rapid development 

of autonomous vehicles, eventually customers will request an SAT via smartphone or internet 

and ride it to his/her destination without any other people involved in the trip. 

To optimize conventional taxi systems in terms of customer convenience and mitigation 

of traffic congestion, a major strategy has been to investigate shared taxi systems. Studies on 

this strategy have received increasing attention in recent years. Burghout et al. (2015) replaced 

private vehicles (PVs) in Stockholm with SATs in a simulation study. The sharing schemes 

included customers with the same origin and destination, the same origin but different 

destinations, and different origins but the same destination. Results indicated that only 5% of 

the current number of private cars would be needed to transport commuters. On the basis of 

the objectives and sharing requirements, the studied shared taxi systems can be classified into 

three groups; i.e., travel time-based, travel cost-based, and travel distance-based shared systems. 

Travel time-based shared taxi system: A wide range of travel time information has been 

considered in literature. Fagnant and Kockelman (2018) developed SAT simulations for 

customers with different origins and destinations. Five conditions are considered to determine 

whether a ride can be shared: the total travel time and the increase in the remaining journey 

time for riders, the increase in the total travel time for a new customer, the possibility of the 

new customer being picked up in the next 5 min, and the total travel time for the two customers. 

Their experiments suggested that sharing had the potential to reduce the total service time 

(including the waiting time) and cost for users. Lioris et al. (2016) suggested that if the detour 

time incurred by serving a potential customer exceeds a maximal detour time, that customer 

should be rejected. Some studies reported that, when choosing between a sharable SAT and an 
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unoccupied SAT, the one that is able to arrive at the customer location first should be assigned 

to the customer (Tao, 2007; Levin et al., 2016). Alonso-Mora et al. (2017) and Simonetto et al. 

(2019) minimized the total delay of all customers, including the being served customers and 

the waiting customers, in the SAT system. Krueger et al. (2016) found that customers pay much 

attention to waiting time. 

Travel cost-based shared taxi system: Cordequ (2006) minimized the total routing cost to 

solve the shared taxi problem. Hosni et al. (2014) formulated a shared taxi system aimed at 

maximizing the total profit. Ota et al. (2015) studied a data-driven taxi ride-sharing simulation 

in which taxis cruise the road network even when empty. A trip is assigned to the taxi that 

provides the lowest additional cost if the passenger is assigned. Miller and How (2017) 

considered a ride-sharing system with autonomous vehicles for campus mobility, which 

optimized the total cost of all users based on user position prediction. 

Travel distance-based shared taxi system: Ma et al. (2015) noted that a ride request 

submitted through a smartphone app should be assigned to the taxi that minimizes the increase 

in the travel distance resulting from the request, while meeting the arrival time, capacity, and 

monetary constraints of both the new customer and the existing customer(s). Lokhandwala and 

Cai (2018) developed a ride-sharing taxi system, which consists of traditional vehicles and 

autonomous vehicles, and minimized the total travel distance of all customers in a shared taxi. 

In their study, the acceptable trip delay of every customer is also considered. 

The shared taxi systems can be formed in many patterns. From the view of customers, the 

shared taxi systems are expected to reduce travel time, reduce the fare customers have to pay 

for their travels and improve probability of on-time arrival. 

2.3 Path finding considering on-time arrival reliability and risk 

To improve the probability of on-time arrival for customers in a dynamic SAT system, 
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the system finds reliable paths for each SAT. The reliable path finding models proposed in 

previous studies can be grouped into three types: least expected time (LET) path models (Loui, 

1983; Hall, 1986), α-reliable path models (Chen and Ji, 2005; Zeng et al., 2015), and most 

reliable path models (Frank, 1969; Fan et al., 2005; Nie and Fan, 2006; Xing and Zhou, 2011). 

The LET path model finds the path with the minimum expected travel time, although large 

variations in travel time may occur occasionally. The α-reliable path model selects the path 

with the minimum travel time while fulfilling the requirement that on-time arrival reliability is 

larger than a certain value α. The most reliable path model selects the path with the largest 

probability of arrival within a specified time budget. It should be noted that the uncertainty of 

path travel time can also be considered by finding the mean-standard deviation shortest path 

(Wu, 2015; Khani and Boyles, 2015). 

2.4 Summary 

The autonomous vehicle attracts many researchers worldwide. The research on promoting 

individual mobility with AV is a hot topic. From the above literature review, the shared taxi 

systems can be operated in many patterns and have been used in some cities and countries. 

However, the efficiency of shared taxi system, including fleet size reduction, level of service 

improvement and the environmental effect, has not been studied. Especially, the benefits of 

non-detour and detour sharing should be investigated. In previous studies, the methods used 

for path finding mainly including the shortest travel time path finding, the minimum travel cost 

path finding and the shortest travel distance path finding. It is interesting to study the effect of 

collected traffic information usage on travel time saving. In addition, with the development of 

autonomous vehicles, the effectiveness of a dynamic shared autonomous taxi system 

considering customers’ requirement on on-time arrival can be proposed. 
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Chapter 3 The Framework and Effectiveness of Dynamic 

Shared Autonomous Taxi Systems 

The Framework and Effectiveness of 

Dynamic Shared Autonomous Taxi 

Systems 

 

3.1 Introduction 

Compared with a non-sharing taxi system, the fleet size of taxis in a dynamic SAT system 

is expected to reduce because an SAT can serve more than one customer. However, waiting 

time and travel time for a customer are possible to increase if detour occurs owing to the sharing 

between customers. It is necessary to investigate such advantages and disadvantages of the 

dynamic SAT systems. 

In this chapter, two dynamic SAT systems are developed, one is non-detour dynamic SAT 

system, and the other is detour dynamic SAT system. In the former system, a subsequent 

customer is picked up only if no detour is required, and in the latter one, the detour may cause 

a delay for the first customer. These two systems are evaluated in the following six aspects, 

fleet size, service level, utilization of taxis, sharing ratio, profit, and emissions. 

3.2 Design of dynamic shared autonomous taxi system 

This section describes the design of the dynamic SAT systems those are studied in this 

chapter. The design is based on a simulation platform 𝐺 = (𝑁, 𝐴, 𝑉, 𝐶), in which 𝑁 is the set 
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of nodes and 𝐴 is the set of links. These two components constitute the road network. A set of 

shared autonomous taxis (SATs) 𝑉 and travel demand 𝐶 are the other two components of the 

system. In an SAT system, as already mentioned, it is assumed that one taxi can be shared by 

two customers with similar itineraries. The simulation model for the studied SAT system 

comprises three modules: (1) network and demand, (2) SAT assignment, and (3) SAT 

generation. The remainder of this section discusses these modules in detail. 

3.2.1 Network and Demand 

The Sioux Falls network is chosen for simulation, which consists of 24 nodes, 76 links, 

and 552 OD pairs, as shown in Figure 3-1. The demand part of the module dynamically 

generates new travel demand. For each trip, an origin node and a destination node are chosen 

on the network randomly. Nodes on the network represents origins and destinations of 

customers, and there is no difference among the nodes except their unique location. For each 

iteration period 𝑡, customers requesting SATs at nodes on the network are generated. It should 

be noted that the demand considered during each iteration period 𝑡 consists of new demand as 

well as any unserved demand on the waiting list. That is, the unserved demand is any demand 

that has not been met in iterations up to and including the previous one. Demand is generated 

from a Poisson distribution every minute and is spread over a 24-h period based on the temporal 

distribution of US NHTS trip-start rates in 2009 (FHWA, 2009), as Figure 3-2 shows. Because 

the Sioux Falls network has only 24 nodes and 76 links, which is much less than the road 

network of the USA, 0.001% of the travel demand is used in this chapter. 

3.2.2 Assumptions 

Before beginning discussion of SAT assignment, the assumptions made in the simulation 

are listed in this subsection. 
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Figure 3-1 Sioux Falls network 

 

 
 

Figure 3-2 Trip distribution by US NHTS start time in 2009 

 

 All customers request an SAT through a smartphone or website. No manual taxi calls 

are considered in the system, and taxis cannot be hailed at the roadside. 
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 A taxi is shared by a maximum of two customers. 

 The time taken to board the taxi at the pickup node is taken to be 1 minute. 

 The time taken to alight from the taxi at the destination is taken to be 1 minute. 

 Every request for a taxi is for a single customer. 

 The SAT parks at the alighting node of the last customer if no further request is 

received. 

 An occupied taxi is a taxi with only one customer. 

 A full taxi is a taxi that already has two customers. 

 An assigned occupied taxi will be routed to the pickup node of the second customer 

from the next node along the first customer’s route following assignment. 

 The traffic state on each link is constant during the day and speed of each link is 30 

miles/hour. 

 In each scenario in this study, there is only one taxi operator. 

3.2.3 SAT Assignment and Three Simulation Scenarios 

The taxis in the SAT system are assumed to be connected with each other by wireless 

communication technology. They are all also connected to a central SAT system controller, 

which has information about the real-time location and status of all SATs in the system. The 

central controller updates the status of SATs and customers, assigns an available SAT to each 

customer, and plans routes for SATs for the pickup and delivery of customers. The central 

controller begins work whenever a customer calls a taxi and finishes when all customers have 

arrived at their destinations. 

The outputs of the central SAT system controller are the status of SATs and customers. 

The possible statuses of a SAT include parked, en route to pick up a customer, and en route to 

a customer’s destination. The possible statuses of a customer consist of waiting to be picked 
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up, boarding a SAT, arrived at destination, and on the waiting list for the next iteration. 

To explore the potential benefits of a SAT system, three scenarios are considered in the 

simulation. The first is the base scenario in which one taxi can serve only one customer. When 

a customer 𝐶𝑖  at node 𝑂𝑖  at time 𝑡 requests a taxi, the system will search for the closest 

unoccupied SAT and the closest available occupied SAT for 𝐶𝑖. The closest available occupied 

SAT means the occupied taxi that can drop off the customer at his/her destination and then 

proceed to customer 𝐶𝑖 earlier than any other. The time needed for these two candidate SATs 

to arrive at 𝐶𝑖  from their current nodes are 𝑇1  and 𝑇2 , respectively. The SAT searching 

method is as follows. 

 The central controller searches in order from the closest node (Zeng et al., 2016a) to 

the farthest node by time (Zeng et al., 2015) on 𝑁 until an unoccupied SAT is found. 

If an unoccupied SAT is found, the controller records 𝑇1. 

 The SAT system controller searches for the closest available occupied taxi. The 

closest available occupied taxi should arrive at its rider’s destination within 𝑇r and 

the rider’s destination should locate within a distance ℒ from the origin of 𝐶. If one 

is found, the controller records 𝑇2, which includes the total travel time from its current 

location to the current customer’s destination and from that node to 𝐶𝑖’s origin. 

 A parameter called acceptable time (𝑇𝑎) is used as a threshold by which the customer 

either is assigned to the AT or prefers to continue waiting, which is for a second 

assignment and a shorter waiting time from the taxi to the customer. If 𝑇1 ≤ 𝑇𝑎 and 

𝑇1 ≤ 𝑇2, the unoccupied AT will be assigned to the customer; if 𝑇2 ≤ 𝑇𝑎 and 𝑇2 <

𝑇1, the closest available occupied AT will be assigned. 
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 If there is no unoccupied SAT and no eligible closest available occupied SAT, the 

central controller adds 𝐶𝑖 to the waiting list, who will be assigned an SAT before any 

other demand generated at the same node in the following iteration. 

Sharing is considered in other two systems, in which taxi sharing by two customers is 

considered. In these two scenarios, a parameter 𝐿𝐴𝑇  is set for every customer, which 

represents the latest acceptable arrival time at his or her destination. Sharing can be accepted 

only when both customers arrive at their destinations before their 𝐿𝐴𝑇; otherwise, it is rejected. 

Table 3-1 Classification of nondetour and detour routes 

 

Number Route form 
Same 

origin 

Same 

destination 

(1) 

Nondetour 

   

(2)    

(3)    

(4)    

(5)    

(6)    

(7) 

Detour 

 
  

(8) 
 

  

(9) 
 

  

(10) 
 

  

, , : Origin, destination and route of 1st customer, respectively 

, , : Origin, destination and route of 2nd customer, respectively 

, , : Origin, destination and route shared by both customers, respectively 

: Yes 

 

The first SAT system scenario considers six nondetour sharing forms shown in Table 3-

1. In this scenario, it is assumed that equal consideration is given to the closest unoccupied 

SAT, the closest available occupied SAT, and the closest shareable SAT. In this case, a 
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shareable SAT means a taxi already occupied with one customer. It is assumed that the first 

available SAT is assigned to the customer. The purpose of this design is to minimize customer 

waiting times. If customer 𝐶𝑖 at node 𝑂𝑖 at time 𝑡 requests a taxi, the following sequence of 

steps is implemented. 

 The central SAT system controller searches for the closest unoccupied SAT in the 

same manner as in the base scenario. If such an SAT can be found, the controller 

records 𝑇1. 

 The central SAT system controller searches for the closest available occupied SAT in 

the same manner as in the base scenario. If one is found, 𝑇2 will be recorded. 

 Next, the central controller searches for the closest shareable SAT. Not only should 

such an SAT’s route include 𝐶𝑖’s route but also 𝐿𝐴𝑇 for the current customer should 

be met. The shareable SAT that can arrive earliest at 𝑂𝑖 is chosen. If such a shareable 

SAT is found, the central SATS controller records 𝑇3, which is the time from its 

current location to 𝑂𝑖. 

 The central SAT system controller compares 𝑇1, 𝑇2, and 𝑇3. If 𝑇1 (𝑇2, 𝑇3) is the 

smallest and less than 𝑇𝑎, the unoccupied SAT (or the closest available occupied SAT, 

shareable SAT) will be selected. 

 If no eligible SAT is found, the central controller adds 𝐶𝑖 to the waiting list. 

The second SAT system scenario is the detour sharing scenario, in which both detour 

sharing and nondetour sharing are considered. In this scenario, the first in, first out (FIFO) rule 

is adopted as a delivery rule. That is, the first boarding customer should be delivered to his or 

her destination first, as shown in Figure 3-3 (1). However, if the destination of the second 

customer is located en route to the destination of the first customer, the second customer will 

be dropped off first, as shown in Figure 3-3 (2). If customer 𝐶𝑖 at node 𝑂𝑖 at time 𝑡 requests 
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a taxi, then the following sequence of steps is implemented. 

 

 

Figure 3-3 Customer delivery rules in detour sharing scenario 

 

 The central SAT system controller searches for an unoccupied SAT in the same 

manner as in the base scenario; it should be able to deliver the customer to the 

destination before 𝐿𝐴𝑇. If such an SAT is found, the central SAT system controller 

records 𝑇1. 

 The central SAT system controller searches for the closest available occupied SAT. If 

one is found, the central SAT system controller records 𝑇2. 

 The central SAT system controller searches for the closest eligible shareable SAT. 

First, the system will check the destination of 𝐶𝑖 to determine the potential delivery 

route. If it is located en route to the destination of the first customer, 𝐶𝑖  will be 

delivered first; otherwise, 𝐶𝑖 will be delivered after the first customer. If an SAT can 
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meet the 𝑇late of both customers, the SAT is eligible; otherwise, 𝐶𝑖 cannot share the 

SAT. The eligible shareable SAT that can reach 𝐶𝑖 earliest is selected as the candidate 

shareable SAT, and 𝑇3 is recorded. 

 The central SAT system controller compares 𝑇1, 𝑇2, and 𝑇3, and selects an SAT in 

the same manner as in the nondetour sharing scenario. 

 If no eligible SAT is found, 𝐶𝑖 will be added to the waiting list. 

3.2.4 SAT Generation 

A prerequisite for an SAT being assigned to a customer is that there must be an SAT 

available. Considering that every customer has a maximum waiting time 𝑇𝑚𝑎𝑥, which is the 

maximum acceptable time before having a taxi assigned. An SAT system cannot meet the total 

demand when waiting time 𝑇𝑤 is longer than 𝑇𝑚𝑎𝑥. Therefore, an appropriate SAT fleet size 

is investigated here. Four maximum waiting times are considered in this chapter: 5 minutes, 10 

minutes, 15 minutes, and 20 minutes. Based on this requirement, generation rules for new SATs 

are defined according to the three scenarios. The fleet size is increased and the simulation is 

rerun until the total demand can be met. 

 In the base scenario, a new SAT is added to the system when a customer’s waiting 

time 𝑇𝑤 exceeds 𝑇𝑚𝑎𝑥. 

 In the nondetour and detour scenarios, if the waiting times for the closest unoccupied 

taxi, the closest available occupied taxi, and the closest shareable taxi exceed 𝑇𝑚𝑎𝑥, a 

new SAT is generated. 

3.3 Case study and results 

To explore whether a SAT system enables the taxi fleet size to be reduced, the minimum 

required fleet size able to cover the demand for each waiting time is investigated for each of 

the above three scenarios. Then, to evaluate the potential benefits of an SAT system in terms 
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of service level, the minimum fleet size needed among the three scenarios when the maximum 

waiting time is 10 minutes is applied to all three scenarios. Based on these simulations, taxi 

utilization, sharing ratio, operational costs and profit, and emissions are analyzed. 𝑇𝑎 is set to 

10 minutes in all simulation experiments. The 𝐿𝐴𝑇 of every customer is set to the sum of travel 

time from his/her origin to destination and 10 minutes. The unit time interval is set 1 minute. 

3.3.1 Fleet Size 

Figure 3-4 shows the minimum fleet size needed in the three scenarios with different 

maximum waiting times. It can be seen that the fleet size in the nondetour sharing scenario is 

81.01% of that in the base scenario on average. The detour sharing scenario requires 73.42% 

of the fleet required in the base scenario (and 90.63% of that in the nondetour sharing scenario). 

As the maximum waiting time is increased, the required fleet sizes for all scenarios fall. The 

reduced fleet size in the two shared scenarios indicates that an SAT system can achieve efficient 

utilization of SATs. Compared with the nondetour sharing scenario, allowing detours improves 

the likelihood of sharing. 

 
Figure 3-4 Minimum taxi fleet size required in the three scenarios with different maximum 

waiting times 
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3.3.2 Service Level 

One purpose of an SAT system is to provide a more efficient service to customers. Each 

scenario is set to have 168 SATs so as to analyze the service level that an SAT system offers. 

The results are shown in Table 3-2. The satisfaction ratio denotes the percentage of customers 

whose waiting time is less than 10 minutes; it can be seen that it is only 76.48% in the base 

scenario. In the nondetour sharing and detour sharing scenarios, it is 96.44% and 100%, 

respectively. It can be seen that the average waiting time in the detour sharing scenario is 1.08 

minutes, while it is 2.37 minutes in the nondetour sharing scenario. The base scenario figure is 

6.18 minutes, which is about six times as long as in the detour sharing scenario. The total 

customer travel time is the time elapsed from the taxi request until arrival at the destination. 

The average total travel time of the base scenario is 23.73 minutes, and it decreases by 15.59% 

in the nondetour sharing scenario and by 18.33% in the detour sharing scenario. These results 

verify that a sharing SAT system is able to offer better service to customers than the base SAT 

system when the supply of taxis is the same. 

Table 3-2 Service level offered by the three scenarios with fleet of 168 taxis 

Scenario 
Satisfaction 

ratio 

Average waiting 

time 

Average total travel 

time 

Base scenario 76.48% 6.18 minutes 23.73 minutes 

Nondetour sharing 

scenario 
96.44% 2.37 minutes 20.03 minutes 

Detour sharing scenario 100% 1.08 minutes 19.38 minutes 

 

Table 3-3 Utilization of SATs during peak hours with minimum taxi fleet supply 

Scenarios 
Base 

scenario 

Nondetour sharing 

scenario 

Detour sharing 

scenario 

Average empty driving time 

(minutes) 
7.63 8.91 4.76 

Average parked time 

(minutes) 
29.15 37.76 20.30 

Vehicle mileage traveled 

(mile) 
1.67E4 1.32E4 1.34E4 
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3.3.3 Utilization of SATs 

Table 3-3 shows the average driving time while empty, average driving time while occupied, 

and average parked time of all SATs. This result is obtained by simulating peak hour (16:00–

19:00) trips with a minimum fleet when the waiting time is 10 minutes. In the two sharing 

scenarios, occupied travel time is twice as much as actual driving time, if the taxi is shared by 

two customers. The results show that the average occupied travel times in the detour sharing 

scenario (203.70 minutes) and nondetour sharing scenario (159.77 minutes) are greater than in 

the base scenario (143.22 minutes). In addition, sharing reduces 20.44% of vehicle mileage 

traveled in the base scenario. 

3.3.4 Sharing Ratio 

The sharing ratio is the ratio of the number of customers taking sharing taxis to the total 

number of customers. Figure 3-5 shows the sharing ratio in the three scenarios over 24 hours 

of operation with the same fleet size (168 taxis). Because there is no sharing in the base scenario, 

the sharing ratio is 0 for this case. The sharing ratio in the detour sharing scenario is 53.66%, 

and that in the nondetour sharing scenario is 34.89%. This indicates that detouring can improve 

the sharing ratio, which indirectly reduces the required fleet size. 

 
Figure 3-5 Sharing ratio in the three scenarios with fleet of 168 taxis 
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3.3.5 Operational Costs and Profit 

In an SAT system, there are no salaries to pay to drivers. In this study, it is hypothesized 

that the purchasing cost of each SAT is $50,000, which is regarded as an operational cost. For 

simplification, no other cost is considered in this study. Each SAT is assumed to work for 5 

years. Based on taxi fares in New York City (New York Taxi and Limousine Committee, 2017), 

fares are set at $5 per mile in this study, and the average profit per SAT is calculated. The 

calculation assumes an average speed of 30 miles/h, and VMT during peak hour account for 

24% of the whole day. Table 3-4 exhibits the operational costs and average profit of running 

the minimum fleet every year. To supply enough SATs, companies in the base scenario need to 

spend $540,000 more than a company operating the detour sharing scenario, and $360,000 

more compared with the nondetour sharing scenario. The average profit among taxis is 

$544,534 in the base scenario, which is 89.64% of that in the nondetour sharing scenario and 

70.31% of the detour scenario. It can be concluded that an SAT system is beneficial to 

companies in terms of costs and profit. 

3.3.6 Emissions 

Sections 3.3.1 and 3.3.2 demonstrate that compared with a nonsharing SAT system, fewer 

taxis are needed in a sharing SAT system, and VMT are less than in the base scenario. In this 

study, the emissions rate is obtained by using 𝑦𝑒(𝑣) = 0.7375𝑣2 − 80.25𝑣 + 2871.5 (Li et 

al., 2016; Zeng et al., 2016b; Zeng et al., 2017), where 𝑦𝑒 is the emissions rate (grams/mile), 

and 𝑣 is the travel speed (miles/h). With the taxi travel times shown in subsection 4.3, yearly 

emissions in the three scenarios are calculated as Table 3-4 shows. The emissions in sharing 

SAT systems are only 83.04% of those in the base scenario on average, which implies that a 

sharing SAT system can save energy and is more environmentally friendly than a nonsharing 

SAT system. 
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Table 3-4 Operational costs and income in the three scenarios with the minimum taxi fleet ($) 

Scenario Base scenario 
Nondetour sharing 

scenario 

Detour sharing 

scenario 

Operation cost ($) 2,220,000 1,860,000 1,680,000 

Income ($) 544,534 607,459 774,484 

 

Table 3-5 Yearly emissions in the three scenarios with the minimum taxi fleet 

Scenario Base scenario 
Nondetour sharing 

scenario 

Detour sharing 

scenario 

Emissions (CO2, kg) 1.14E10 0.96E10 0.93E10 

3.4 Conclusions 

This study proposes two sharing strategies for shared SAT systems and evaluates their 

potential benefits in comparison to a nonsharing taxi system. In the nondetour sharing strategy, 

taxis may not make detours to pick up sharing customers; the candidate taxis include the closest 

available occupied and unoccupied taxis, and one is assigned to the customer request depending 

on arrival time. In the detour sharing strategy, both nondetour and detour situations are 

incorporated. We design the route for picking up the subsequent customer and the delivery 

sequence according to the destinations and latest arrival times of the customers. 

An agent-based simulation is developed for evaluating the performance of the proposed 

sharing strategies. Several of the important findings are outlined below. 

The minimum taxi fleet size for a specified customer demand is much smaller with a 

sharing SAT system compared with a nonsharing strategy, a result that is consistent with the 

conclusions found in the literature. A sharing SAT system can, on average, reduce the fleet size 

needed in a nonshared situation by 22.79%. 

Simulation results show that the average waiting time is 2.37 minutes and 1.08 minutes in 

the nondetour and detour sharing scenarios, respectively while it is 6.18 minutes in the base 

scenario (nonsharing). The satisfaction ratio deteriorates (only 76.48%) if the fleet size is set 

the same as in the detour sharing scenario. 

Sharing also improves the utilization of SATs, as seen by comparing the occupied time of 
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all taxis in the three scenarios with the parked time and the empty driving time. 

Another finding is that the sharing ratio improves sharply if detour sharing is introduced. 

It can also be said that sharing has economic and environmental advantages. All of this 

evidence indicates that a sharing SAT system can provide a more efficient service to customers, 

improve the utilization of SATs, save costs, generate more income for the operator, save energy, 

and favor the environment. 
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Chapter 4 The Use of Collected Travel-time Information in 

Dynamic Shared Autonomous Taxi System 

The Use of Collected Travel-time 

Information in Dynamic Shared 

Autonomous Taxi System 

 

4.1 Introduction 

In last chapter, the effectiveness of shared autonomous taxi system is investigated with 

simulation tests. The shared autonomous taxi system outperforms non-sharing autonomous taxi 

system in fleet size, travel time, profit and emissions. The taxi selection rule for a customer is 

the minimum waiting time, that is, an SAT that brings a customer a minimum waiting time is 

assigned to the customer. The reason that such a rule is adopted is that customers are concerned 

with waiting time, which is a part of out of vehicle time, more than in vehicle time. However, 

in the SAT system, customers may prefer a lower total travel time than a smaller waiting time, 

and a longer waiting time may reduce total travel time. Therefore, in this chapter, an SAT 

system that searches for a taxi that minimizes total travel time for a customer is developed. 

Without human drivers, the operator of SAT system has to determine the route of each 

SAT, and the method of path finding for the SAT is urgently needed. AVs are equipped with 

superior technological sensors (Jia et al., 2008), which are used to accurately perceive the 

surrounding environment, and collect traffic information. In this chapter, as probe vehicles, 

SATs were deemed capable of collecting valuable traffic information, including data pertaining 

to the vehicle location and link travel time. The collected traffic information can be used for 
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path finding and categorized as historical and real-time information. The effectiveness of using 

the two types of information was investigated in this chapter. The impact of the information on 

the travel time saving of private vehicle users is also examined. 

Accordingly, this chapter was conducted with the objective of developing an SAT system 

in which a taxi with the minimum travel time is assigned to every customer, and investigating 

the efficiency of the system through simulation experiments. 

4.2 Dynamic SAT system considering total travel time 

This section describes the components and implementation of an SAT system. This system 

is an improvement of the system proposed in chapter 3. The SAT system is built on two events: 

SAT assignment and enroute actions of the SAT, and the types of responses these actions 

warrant. The proposed system assumes that all SATs can be shared by two requests and that 

requests can only be made through a smartphone. It should be noted that a request can contain 

more than one customer from this chapter. 

This SAT system operates on a network 𝐺 = (𝑁, 𝐴, 𝑉, 𝐶), where 𝑁 is the set of nodes 

and 𝐴 is the set of links. The network has a set of SATs 𝑉 that provides service to demand 𝐶. 

The integration of this system with road network traffic flow is illustrated in Figure 4-1. The 

implementation steps are grouped into four modules: (1) demand generation, (2) SAT 

assignment, (3) enroute actions of SAT, and (4) road network traffic flow. The remainder of 

this section describes these modules in detail. 

4.2.1 Demand generation 

The demand generation module introduces customers to the proposed SAT system. In 

each time step 𝜏, this module outputs a set of new customers who request an SAT. The new 

customers and waiting customers are provided with the service during this time step, and the 

waiting customers are provided with this service before the new customers. 
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Figure 4-1 Shared autonomous taxi (SAT) system integrated into traffic flow 

 

In this study, we assumed that demand can be separated into single requests. The origin 

and destination of each request 𝑐 ∈ 𝐶 is denoted by 𝑂𝑐 and 𝐷𝑐, respectively. For ride-sharing 

problems, departure time and arrival time are key factors to improving matching rate (Stiglic 

et al., 2016), therefore, it was assumed that each request has an earliest departure time denoted 

by 𝐸𝐷𝑇𝑐, a latest arrival time denoted by 𝐿𝐴𝑇𝑐, and travel-time flexibility denoted by 𝑇𝑇𝐹𝑐 

(Hosni et al., 2014). Request 𝑐  should be served in the time window ( 𝐸𝐷𝑇𝑐 , 𝐿𝐴𝑇𝑐 ) 

(Molenbruch et al., 2017). In this study, 𝐸𝐷𝑇 was assumed to be the same as the SAT request 

time. Travel-time flexibility is the extra time that is acceptable to requests. If the minimum 

travel time from 𝑂𝑐  to 𝐷𝑐  is 𝑇(𝑂𝑐,𝐷𝑐) , the travel-time flexibility of request 𝑐  is 𝑇𝑇𝐹𝑐 =

𝐿𝐴𝑇𝑐 − 𝐸𝐷𝑇𝑐 − 𝑇(𝑂𝑐,𝐷𝑐) ≥ 0. Once a request appears at 𝜏, the SAT assignment event will be 

triggered. 

4.2.2 Four types of available SATs and path finding 

The SAT assignment operates and responds to the appearance of new demand. This 

module describes the specific logic used to assign SATs to demand in the SAT system. 

The SAT system assumes the existence of a virtual central control system that knows the 
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status of all SATs and requests; this system can also assign an SAT to each request and select 

the path for the SAT. The output of the SAT assignment is an update of the SAT status, 

including unoccupied, single-rider occupied, shared, and change-of-request status (i.e., in-

service or waiting to be served). In this study, a rider corresponds to a request. Each SAT is 

either parked at a node or serving a customer at any given time; therefore, in this study, it was 

assumed that nodes have (infinite) parking space. 

In the SAT system, once a new request is generated, the virtual central control system 

searches the available SATs for the request. All the searched SATs should be located within 

the distance ℒ from the request, where ℒ is the radius of the search area. Compared with 

chapter 3, one more type of SATs is considered in this chapter. There are four types of available 

SATs according to their status and possibility of sharing: currently empty, expected-empty, 

currently sharable, and expected-sharable SATs. 

A currently empty SAT is an unoccupied SAT. As shown in Figure 4-2, when request 𝑐 

occurs at node 𝑂𝑐, the virtual central control system first tries to check whether a currently 

empty SAT is available. In this figure, an unoccupied SAT is parked at node 15. 

  
 

Figure 4-2 Four types of available SATs 
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An expected-empty SAT is a taxi that is occupied by other customer(s) presently, and the 

rider will get off within the maximum waiting time 𝑇𝑟. Next, the SAT can travel to 𝑐. As 

shown in Figure 4-2, the origin and destination of rider in an expected-empty SAT are node 6 

and node 11, respectively, and the taxi is traveling on the planned path. In this case, this SAT 

can first proceed to node 11 to drop the rider off and then travel to 𝑂𝑐 to pick 𝑐 up. 

A currently sharable SAT is defined as a single-rider occupied taxi that can be shared with 

another request if the requirements for sharing can be met, which are threefold. The first 

requirement is that the origin of the new request 𝑂𝑐 should be on a path in the path set of the 

rider 𝑑. The path set of each OD pair is predetermined using a 𝑘-shortest path algorithm (Yen, 

1971; Zeng et al., 2017). The 𝑘-shortest path algorithm can work in this study when the size 

of a network is not large. In addition, its application can reduce the time for processing every 

request since candidate SATs for sharing can be screened effectively. The second requirement 

is that the destination 𝐷𝑑 of rider 𝑑 should be on a path in the path set of the new request, or 

the destination of the new request 𝐷𝑐 should be on a path in the path set of rider 𝑑. The third 

requirement is that both rider 𝑑 and request 𝑐 can arrive at their destinations within 𝐿𝐴𝑇𝑑 

and 𝐿𝐴𝑇𝑐, respectively. This is called sharing check in this SAT system. As shown in Figure 

4-2, the origin and destination of the rider are node 4 and node 24, respectively. The taxi may 

change its route from the original path (4 → 9 → 14 → 19 → 24) at node 14 to pick request 𝑑 

up, and the two trips will share this SAT on the link from 13 to 24. 

An expected-sharable SAT is an SAT that is presently occupied by two riders, and can be 

shared by request 𝑐 and the remaining rider after one rider gets off the vehicle. For this type 

of SAT, the requirements for sharing are also threefold. The first two requirements are the same 

as the first two requirements for currently sharable SAT, and rider 𝑑  in the sharing 

requirements is the rider who can arrive at their destination later than the other rider. The last 

requirement is that both the rider and request 𝑐 can arrive at their destinations within their 
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respective latest arrival time. As shown in Figure 4-2, an expected-sharable SAT is currently 

occupied by two riders. After one rider arrives at their destination (node 8), the SAT can be 

shared by the remaining rider and request 𝑐. 

In this SAT system, a currently sharable SAT is a single-rider occupied SAT, and a single-

rider occupied SAT can also possibly be an expected-empty SAT. A two-rider occupied SAT 

can be an expected-empty SAT or an expected-sharable SAT. For searched occupied SAT, the 

virtual central control system checks the possibility of this SAT being a currently sharable or 

an expected-sharable SAT because the path set for each OD pair is found using the 𝑘-shortest 

path algorithm, and customers are prohibited from traveling on paths beyond the path set. 

 

 
Figure 4-3 Path travel time of expected-empty taxi 

 

Before SAT assignment, the virtual central control system searches for a potential path 

for each of the four types of SATs using the shortest travel time path algorithm. When an SAT 

is finally assigned, the SAT transports customers on the potential path. The path of a traveling 

SAT cannot be changed until customers arrive at their destination or the SAT is shared with a 

new request. For SATs that are not parked at 𝑂𝑐 at the moment that path finding begins, to 

correctly find the shortest travel time path, the mean travel time for each possible path should 
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include the remaining part of the ongoing path. Figure 4-3 takes the expected-empty SAT as 

an example. Information in this table is the mean travel time of each link in each time segment. 

In the figure, suppose that path 𝑜 is the ongoing path of an expected-empty SAT and links 2 

and 3 are the remaining links. The SAT travels to 𝑂𝑐 through path 𝑝. Path 𝑞 is one path from 

the origin of 𝑐 to the destination. The travel time for this new path is the sum of the travel time 

for the remaining links of paths 𝑜, 𝑝, and 𝑞. The consideration of the transition in the traffic 

condition is explained in Section 4.3. 

4.2.3 SAT assignment and status update 

To reduce the total travel time, a request is served by the SAT with the minimum travel 

time to its destination. The virtual central control system executes the following steps 

sequentially. 

Step 1. The central control system searches for currently empty SATs within 𝐷𝑚𝑎𝑥 from 

the origin of request 𝑐 and then searches for the minimum travel-time paths for each searched 

SAT. The available path set of every currently empty SAT is the combination of two path sets: 

the path set from the SAT’s location to 𝑂𝑐, and the path set from 𝑂𝑐 to 𝐷𝑐. The consideration 

of the combination of two path sets is reasonable because our aim is to ensure that the request 

arrives at the destination in the minimum travel time when time transition is considered, which 

is described in Section 4.3. The minimum travel times with each searched currently empty SAT 

can be recorded as {𝑇𝑐𝑒,1, 𝑇𝑐𝑒,2, … , 𝑇𝑐𝑒,𝑛1}, where 𝑛1  is the number of searched currently 

empty SATs. The minimum travel time is recorded as 𝑇𝑐𝑒,𝑚𝑖𝑛. 

Step 2. The system searches for expected-empty SATs. The shortest travel time path for 

each expected-empty SAT is searched as described in Section 4.2.2. The minimum travel times 

of each expected-empty SAT are {𝑇𝑒𝑒,1, 𝑇𝑒𝑒,2, … , 𝑇𝑒𝑒,𝑛2}, where 𝑛2 is the number of expected-

empty taxis. The minimum travel time is recorded as 𝑇𝑒𝑒,𝑚𝑖𝑛. 
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Step 3. The system searches for currently sharable and expected-sharable SATs. The 

central control system first checks whether the searched SATs meet the requirements for 

sharing. The searched SATs are feasible SATs if the requirements are met, and a potential path 

is assigned to each feasible SAT. The minimum travel times for the new request can be 

recorded as {𝑇𝑐𝑠,1, 𝑇𝑐𝑠,2, … , 𝑇𝑐𝑠,𝑛3}  with all feasible currently sharable SATs, and as 

{𝑇𝑒𝑠,1, 𝑇𝑒𝑠,2, … , 𝑇𝑒𝑠,𝑛4} with all feasible expected-sharable SATs, where 𝑛3 and 𝑛4 are the 

number of feasible currently sharable and expected-sharable SATs. The minimum travel time 

with currently sharable SAT and that with expected-sharable SAT are 𝑇𝑐𝑠,𝑚𝑖𝑛 and 𝑇𝑒𝑠,𝑚𝑖𝑛 , 

respectively. 

Step 4. The SAT with the minimum travel time, 𝑇𝑚𝑖𝑛, is assigned to the request eventually. 

Step 5. If the virtual central control system cannot find 𝑇𝑚𝑖𝑛, which means that no SAT 

is available, the request, 𝑐, is added to the waiting list. 

The SAT assignment procedure is shown in Figure 4-4. After the assignment of the SAT, 

the status of both the request and SAT will be updated. The completion of this module triggers 

the third module: enroute actions of the SAT. 

4.2.4 Enroute actions of SAT 

When an SAT departs from the origin of a request, the module of enroute actions is 

triggered. In this process, the SAT takes the customer to the destination. The predicted travel 

time of the SAT varies with changing traffic conditions. The status and planned path of the 

SAT also change when the SAT proceeds to the destination or when the SAT is shared with a 

new request. 
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Figure 4-4 SAT assignment procedure 

 

It is possible that the status of an SAT changes to an expected-empty SAT from a single-

rider occupied SAT or shared SAT. This is because the SAT is selected to serve the next request. 

It is possible that the pick-up time for the next request is delayed or early according to variations 

in traffic conditions. In this study, we assume that once an SAT is assigned to a request, the 

request cannot refuse the assigned SAT. The SAT travels to the destination of the last rider and 

parks at the destination if it is not selected to serve other requests soon. The status of the SAT 

is updated to unoccupied from single-rider occupied or shared. 

The departed taxi is a single-rider occupied SAT or shared SAT. On the way to the 

destination, the status of the taxi can change from one of the two above statuses to another 

status. For a shared SAT, the status changes to single-rider occupied when one rider reaches 

the destination. The SAT can be shared with following requests, which results in SAT trip 
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chaining (Levin et al., 2017). The status of the SAT is still shared if it picks a new request up 

right at the node where one rider exits. If the departed SAT is only occupied by one rider, it 

can be shared with the following request on the way to the destination. In this study, two types 

of sharing are considered; these types determine the delivery sequence of the two riders and 

are described in the following. A new path is also necessary to be searched for picking up and 

dropping off customers; this aspect is described at the end of this subsection. 

Based on the location of the origin and destination of the rider and those of the new request, 

sharing is divided into two types: extended-path sharing (EP sharing) and in-path sharing (IP 

sharing). EP sharing means that sharing extends the planned path of the taxi because the 

destination of the new request is not on any path in the path set of the rider, as shown in Figure 

4-5(a) and 4-5(b). In IP sharing, both the origin and destination of the new request are on the 

𝑘-shortest paths of the rider, as shown in Figure 4-5(c), 4-5(d), 4-5(e), and 4-5(f). Even if the 

origin and destination of the new request are located on different paths of the path set of the 

rider, the case can be considered provided there is a common node where SATs can detour to 

a new path to pick up or drop off a rider from the planned path. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

Figure 4-5 Sharing types in SATS 
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In EP sharing, the first-in-first-out (FIFO) order is used as the customer-delivery rule; that 

is, the rider is delivered first. In IP sharing, the new request can arrive at the destination earlier 

than or at the same time as the rider. It is necessary to determine the sharing type and delivery 

rule because it determines the minimum total travel time for the two trips. 

If an SAT meets the first two sharing requirements described in Section 4.2.3, the central 

control system finds a new path for each feasible sharable SAT as the shared path. The path set 

of this SAT is the combination of the path sets of the rider 𝑑 and the new request 𝑐. The 

method mentioned in Section 4.2.2 is used to select paths that can make the rider 𝑑 arrive at 

the destination within 𝐿𝐴𝑇𝑑 . The travel times for these paths for the new request are 

{𝑇s,s1, 𝑇s,s2, … , 𝑇s,𝑠𝑛5}, and the minimum time is 𝑇s,smin. In this case, the path with 𝑇s,smin is 

assigned as the shared path to the taxi. The SAT travels on the shared path if it is finally selected 

to provide service to the new request. 

The above three modules constitute the implementation of the SATS, which is integrated 

to the traffic system. 

4.2.5 Road network traffic flow 

In the simulation, it was assumed that road network traffic flow consists of taxis and 

private vehicles. The path of a private vehicle was selected statistically. Considering the diverse 

preferences of private vehicle drivers, the path choice probability was calculated by using the 

path size logit model (Frejinger et al., 2009; Li et al., 2013; Bekhor et al., 2014). The model is 

formulated as follows (Bekhor et al., 2014): 

𝑃 (𝑖
𝐶𝑛

⁄ ) =
𝑃𝑆𝑖𝑛𝑒𝑉𝑖𝑛

∑ 𝑃𝑆𝑗𝑛𝑒𝑉𝑗𝑛
𝑗∈𝐶𝑛
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𝑃𝑆𝑖𝑛 = ∑ (
𝑙𝑎

𝐿𝑖
)

1

∑
𝐿𝑖

𝐿𝑗
𝛿𝑎𝑗𝑗∈𝐶𝑛𝑎∈Γ𝑖

 
(4-2) 
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𝑉𝑖𝑛 = 𝛽 ∑ �̂�𝑎

𝑎∈Γ𝑖

 4-3 

where 𝑉𝑖𝑛 is the systematic term of utility of path 𝑖 for user 𝑛, 𝐶𝑛 is the path set, 𝑃𝑆𝑖𝑛 is 

the size of path 𝑖, 𝑙𝑎 is the length of link 𝑎, 𝐿𝑖 is the length of path 𝑖, 𝛿𝑎𝑗 is 1 if link 𝑎 is 

in path 𝑗 and 0 otherwise, Γ𝑖 is the set of links of path 𝑖, and �̂�𝑎 is the expected value of the 

mean travel time of link 𝑎. 

4.3 Travel-time information 

Like probe vehicles, traveling SATs can also collect traffic information, including data 

pertaining to the vehicle location and link travel time. The collected travel-time information 

can be used for path finding by both SATs and private vehicles. Link travel velocities are 

assumed to be calculated as 𝑣𝑎 = 16.1 ∗ ln (215
𝑘𝑎

⁄ )  (Greenberg, 1959), where 215 

vehicles/mile is the density of the traffic jam, and 𝑘𝑎 is the density of link 𝑎. The link density 

is updated every minute. The travel time for an SAT or a private vehicle on link 𝑎 is assumed 

to be random and is normally distributed with 𝑡𝑎~𝑁(𝜇𝑎, 𝜎𝑎
2), where 𝜇𝑎 = (

𝑙𝑎
𝑣𝑎

⁄ ), 𝜎𝑎
2 =

𝛼(
𝑙𝑎

𝑣𝑎
⁄ )2, in which 𝜇𝑎 and 𝜎𝑎

2 are the population mean value and variance of the link travel 

time on link 𝑎, respectively (Seshadri and Srinivasan, 2010). In the proposed SAT system, it 

is assumed that the link travel times are independent. The mean value of the path travel time 

can be expressed by �̂�𝑝 = ∑ �̂�𝑎𝑎∈𝑝 , where �̂�𝑎 is the expected value of the travel time (𝑡𝑎) 

experienced by SATs on link 𝑎. Considering the online information paradox (Wijayaratna et 

al., 2017), which means that the provision of incomplete or inaccurate information could 

deteriorate the transportation system, it is urgent and necessary to provide accurate information 

and use the information in an appropriate manner. In this study, two methodologies for using 

the collected information, real-time information, and historical information were investigated. 

However, this study has the limitation that no exogenous disturbance was considered. The 
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reason for this lack of consideration is that the traffic environment is expected to become more 

stable and traffic safety can be improved in the autonomous vehicular transportation system. 

In addition, the effect of variant abnormal cases, such as traffic accidents, on traffic flow is 

distinct and accuracy of the two methods under these cases is also affected. 

4.3.1 The use of collected travel time information 

There are many sources of information that can be used to path finding on urban road 

networks, including AVI (Automatic Vehicle Identification), loop detectors, and radar devices. 

However, these sources cannot cover all links on a road network. In contrast, probe vehicle 

systems can gather vast amounts of traffic information via running vehicles, particularly probe 

taxis (Miwa et al., 2012). Similar to probe vehicles, SATs can also collect traffic information, 

including data pertaining to the vehicle location and link travel time; the collected travel time 

information can be used for path planning. It is assumed that all PV users can access the 

information. 

 
 

(a) Case of real-time traffic information 

 

 
(b) Case of historical traffic information 

 

Figure 4-6 Use of two types of traffic information in SAT system 
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In the case of real-time traffic information, the information collected by SATs at time 

segment (ℎ − ∆ℎ, ℎ) is used for path finding for SATs and PVs at (ℎ, ℎ + ∆ℎ). That is, the 

link travel-time information for link 𝑎 at (ℎ, ℎ + ∆ℎ) is �̂�𝑎,ℎ. The information update interval 

is ∆ℎ. As shown in Figure 4-6(a), if the path of an SAT at (ℎ, ℎ + ∆ℎ) contains 𝑚 links, the 

travel time information for the path will be the sum of the �̂�𝑎,ℎ for the 𝑚 links. This is the 

same for the current travel time system. 

In the case of historical traffic information, a traffic information database is first 

established, as shown in Figure 4-6(b). The information in the database is the mean value of 

the link travel time experienced by SATs in every time segment occurring in the past 𝑠 days 

until the previous day. Through traffic information collection and accumulation, information 

in the database is updated each day. This information is utilized for path finding for SATs and 

PVs in the same time segment in the following days. In this methodology, the transition of 

traffic condition is also considered (Morikawa and Miwa, 2006). As shown in Figure 4-6(b), 

an SAT enters the path at time 𝑡0 (ℎ ≤ 𝑡0 < ℎ + ∆ℎ). The expected travel time on link 1 is 

𝜑1(𝑡0) = �̂�1,ℎ, which is used to conduct path finding. The expected travel time 𝜑a(𝑡0) on link 

𝑎 can be defined as equation (4-3) (Zhong et al., 2017). 

𝜑𝑎(𝑡0) = �̂�𝑎,ℎ+𝑧∆ℎ (4-3) 

subject to 

{
𝑔𝑎−1(𝑔𝑎−2(⋯ 𝑔1(𝑡0))) < ℎ + (𝑧 + 1)∆ℎℎ + (𝑧

𝑔𝑎−1(𝑔𝑎−2(⋯ 𝑔1(𝑡0))) ≥ ℎ + 𝑧∆ℎ
 (4-4) 

where, 𝑎 is a nonnegative integer number, 𝑔𝑎−1(𝑡0) is the expected exit time from link 𝑎 −

1 when the SAT enters the first link (link 1) at 𝑡0. In this case, the expected travel time of a 

path can be expressed as equations (5-11) and (5-12). 
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�̂�𝑖,𝑡0
= ∑ 𝜑𝑎(𝑡0)

𝑎∈𝛤𝑖

 (4-5) 

4.4 Simulation design and results 

To determine the effect of traffic information, and how different SAT fleet sizes perform 

in the SAT system, in this study, several sets of simulation experiments were conducted in 

MATLAB on an Intel Core CPU running at 3.00 GHz. 

The experiments were performed on the Sioux Falls network, as shown in Figure 4-7. The 

network had 24 nodes, 76 links, and 552 OD pairs. The metric used in the 𝑘-shortest path 

algorithm was distance, and 𝑘 was set 10. The free-flow speed of all the links was set to 40 

km/h. The travel time for a link was calculated using its length and the speed obtained using 

the equation in Section 4.3. In this study, 𝛼 was set to 0.21 (Yamamoto et al., 2009; Miwa and 

Bell, 2017). 

The trip demand by taxi requests and private vehicle users is shown in Figure 4-8. The 

demand was generated from a Poisson distribution every minute and spread over a 24-h period 

based on the temporal distribution of US NHTS trip-start rates in 2009 (Federal Highway 

Administration, 2009). The origin and destination of each trip were generated randomly. 

Each experiment was simulated for 80 days. The demand is constant during the 80 days. 

Initially, SATs were distributed evenly on every node in the network. We assumed that all 

SATs could be relocated at 0:00 a.m. to handle the demand of the next day. 𝐷𝑚𝑎𝑥 was set as 

10 km, and 𝑇𝑚𝑎𝑥 was set as 10 min. The latest arrival time of a request was the sum of the 

travel time from its origin to the destination at the average travel speed (20 km/h), and an 

acceptable time that follows 𝑈(0,10). The earliest departure time (𝐸𝐷𝑇) of a customer is the 

same as the request time. ∆ℎ was set as 5 min in all the scenarios. Both on the first simulation 

day of the historical traffic information-based scenario and in the first time segment of the real-
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time traffic information-based scenario, the travel-time information used for path finding was 

considered to have been obtained under free flow. In real-time information based scenario, the 

information obtained under free flow is used to path finding if no information is collected. The 

simulation results are shown in Figure 4-9 to Figure 4-11. 

 
 

Figure 4-7 Sioux Falls network 
 

 
Figure 4-8 Trip demand by taxi requests and private vehicle users 
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4.4.1 Effect of traffic information 

The effect of the two use of traffic information is firstly investigated, and fleet size in the 

two scenarios is set 30% of the fixed peak hour demand of SAT requests. Figure 4-9(a) presents 

the day-to-day change in the mean travel time for PV users and SAT requests with real-time 

traffic information, Figure 4-9(b) illustrates the travel times with historical traffic information, 

and Figure 4-9(c) shows the mean waiting times for SAT requests. 

 
(a) Travel time with real-time traffic information 

 
(b) Travel time with historical traffic information 
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(c) Waiting time 

 

Figure 4-9 Day-to-day changes in (a) travel time with RI, (b) travel time with HI, and (c) 

waiting time for SAT request and PV user (RI: real-time information, HI: historical 

information) 

 

All the travel times and the waiting time in the historical traffic information-based 

scenario decreased gradually as the number of simulation days increased, and the times 

converged on approximately the 30th simulation day. The travel times and waiting time in the 

real-time information-based scenario were stable at a larger time level during the entire 

simulation. All the travel times at the stable level in the historical traffic information-based 

scenario had less fluctuation than those in the real-time traffic information-based scenario. In 

the historical information-based scenario, the times decreased because with the collection and 

accumulation of traffic information and the consideration of time transition, the central control 

center can find a more accurate shortest travel-time path for each SAT compared to the past 

simulation days and the real-time traffic information-based scenario. These results confirm that 

historical traffic information is better than real-time traffic information for path finding in the 

proposed SAT system. This is consistent with the conclusions in the literature (Miwa and Bell, 

2017). 
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In both scenarios, the total travel times for taxi requests are greater than those for private 

vehicle users. This is reasonable because the total travel time includes the waiting time until 

the SAT’s arrival. The in-vehicle travel times for taxi requests are smaller than those for private 

vehicle users because the probabilistic path choice behavior of private vehicles is considered 

and some private vehicles do not select the shortest travel time path. 

4.4.2 Effect of SAT fleet size 

Figures 4-10 and 4-11 present the day-to-day changes in the total travel times and waiting 

times for the two traffic information source cases. The SAT fleet size was set to 30%, 40%, 

and 50% of the fixed peak hour demand of SAT requests. 

The figures clearly show that the total travel time for the taxi requests in both scenarios 

decreases as the taxi fleet size increases. The differences among the different fleet sizes is due 

to the difference in the waiting time. The in-vehicle travel time does not vary significantly 

among different fleet sizes. That is, as the supply of SATs decreases, the number of taxi 

requests who have to wait for taxis increases, which has an accumulative effect on following 

customers. In particular, the difference between the cases with 30% and 40% of fleet sizes is 

considerably greater than the difference between the cases with 40% and 50% of fleet sizes. 

These results demonstrate that an insufficient fleet size in the SAT system would nonlinearly 

worsen the service level of the SAT system. 

In addition, Figure 4-11(b) indicates that as the number of taxis increases, convergence 

occurs earlier in the historical information-based scenario. This is because in the case with a 

larger fleet size, the statistical reliability of the travel-time information accumulated in the 

historical information database can become higher because of the larger amount of collected 

data. Accordingly, the accuracy for searching for available SATs and the accuracy of path 

findings can increase. 
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(a) Total travel time in the real-time traffic information-based scenario 

  
(b) Total travel time in the historical traffic information-based scenario 

 

Figure 4-10 Day-to-day changes in total travel time for taxi requests in SATS with several 

SAT fleet sizes 
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(a) Waiting time in real-time traffic information-based scenario 

 
(b) Waiting time in historical traffic information-based scenario 

 

Figure 4-11 Day-to-day changes in waiting time for taxi requests in SATS with several SAT 

fleet sizes 

4.5 Conclusions and future work 

This chapter proposed a framework for an SAT system that utilizes collected travel-time 

information to reduce taxi fleet size and increase the possibility of reducing the travel time for 

taxi customers. In the proposed SAT system framework, in which there are no drivers, SATs 
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utilize collected travel-time information for path finding. The use of two types of information 

was investigated: historical information and real-time information. The results of the 

simulation experiments conducted in this study verify that using the two types of information 

is effective. 

More specifically, the simulations demonstrated the effect of using historical travel-time 

information for path finding and reducing the travel time in the SAT system. In particular, as 

the number of simulation days increased, the customers in the SAT system with the historical 

traffic information obtained increasingly smaller travel times until the travel time converged to 

a steady level. The stable travel times were also smaller than those in the real-time traffic 

information-based system, where the travel times fluctuated slightly around the constant values. 

The study results also indicate that insufficient fleet size in the SAT system would nonlinearly 

worsen the service level of the SAT system, and that as the number of SATs increases, 

convergence occurs earlier in the historical information-based scenario. 

Future study on this topic can focus on the relocation process of SATs. Routing strategies 

for SATs and information use under exogenous disturbances also need to be studied. The 

variation in SAT demand to the different service level should be considered in our future 

research. This consideration will provide more realistic process until the convergence of traffic 

states. Another area of future research in order to offer a better level of service is examination 

of the effect of reassigning a new taxi to a request when the pick-up time of the assigned taxi 

increases owing to variations in traffic conditions. 
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Chapter 5 The Consideration of On-time Arrival Reliability in 

Dynamic Shared Autonomous Taxi System 

The Consideration of On-time Arrival 

Reliability in Dynamic Shared 

Autonomous Taxi System 

 

5.1 Introduction 

In traditional taxi systems, customers hire a taxi along the roadside, which involves an 

uncertain waiting time and has low efficiency in terms of matching empty taxis and customers. 

Currently, customers can call for a taxi by phone in some countries (such as Japan), which 

improves efficiency and reduces waiting time. In some other countries (such as the United 

States, China, and Vietnam), it is possible to request a taxi or a private vehicle via smartphone 

applications, which further improves matching efficiency. However, in systems that rely on 

unprofessional private vehicle drivers, customer service quality may be unpredictable; for 

example, such drivers may not choose the best route. Presently, taxi drivers select the shortest 

path based on their experience and knowledge (Yuan et al., 2010; Zheng et al., 2010) or by 

using onboard navigation devices. However, the randomness in actual road networks may 

prevent customers from reaching their destinations on time (Wu et al., 2012). Therefore, 

customers place a high value on the probability of on-time arrival; this has been viewed as an 

essential element of urban transportation, especially for customers who have limited time and 

face extremely high penalties for late arrival. Zhu et al. (2018) explored improving the 

probability through road-pricing strategy. Clearly, there is growing demand for precise path 
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planning information and a method that can enhance on-time arrival reliability for customers 

in dynamic SAT systems. 

Accordingly, in this chapter, we aim to develop a dynamic SAT system that considers on-

time arrival reliability. The collected travel time information, as mentioned in chapter 4, will 

be used in the SAT system for reliable path finding. The efficiency of the proposed system, 

which is supported by the collected travel time information, is investigated through simulation 

experiments. 

5.2 Dynamic SAT system considering on-time arrival reliability 

This section describes the implementation of a dynamic SAT system. The basic concept 

of the system is similar to that proposed in last chapter; in this chapter, the system places a high 

value on reliably transporting customers to their destinations on time. 

This dynamic SAT system also operates on a network 𝐺 = (𝑁, 𝐴, 𝑉, 𝐶), where 𝑁 is the 

set of nodes and 𝐴 is the set of links. The network has a set of SATs 𝑉 that provides service 

to demand 𝐶. At each time 𝜏, new demand is introduced into the system. The new demand 

and the demand on a waiting list, which stores the demand that has not been served prior to 

time 𝜏, are provided online SAT matching service, and the demand on the waiting list is 

provided the matching service before the new demand. The SATs search reliable paths to serve 

the demand. Expected arrival time for every customer is updated in each time step ∆𝜏. The 

implementation process of the system is illustrated in Figure 5-1. The system is incorporated 

into the network traffic flow, in which traffic flow is assumed to be comprised of SATs and 

human piloted private vehicles (PVs). 

5.2.1 Demand and available SATs 
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Figure 5-1 Implementation process of the dynamic SAT system 

Travel demand and the four types of available SATs have been explained in section 4.2.1 

and 4.2.2, and are introduced briefly in this section. The travel demand is introduced into the 

system dynamically. In this study, we assume that demand can be separated into single SAT 

users and PV users (Levin et al., 2016). At each time 𝜏, a demand generation module outputs 

a set of new customers who request an SAT and a set of PV users. Every customer prefers to 

arrive at his/her destination within his/her latest arrival time with a maximum reliability. The 

origin and destination of each customer and PV user are generated randomly. The new 

customers and the waiting customers are provided SAT matching service during this time step 

∆𝜏, and the PV users are assigned a path. 

In this chapter, the travel demand used for simulation is shown in Figure 5-2. The demand 

is also generated from a Poisson distribution every minute (∆𝜏 = 1 𝑚𝑖𝑛) and spread over a 

24-h period based on the temporal distribution of US National Household Travel Survey 

(NHTS) trip-start rates in 2009 (NHTS, 2009). The origin and destination of each customer 

𝑐 ∈ 𝐶 is denoted by 𝑂𝑐  and 𝐷𝑐 , respectively. Once a customer appears, the virtual central 

control system will find an SAT for the customer. 
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Figure 5-2 Trip demand by private vehicle users and taxi customers 

 

  
 

Figure 5-3 Four types of available taxis in SAT system 

 

For each customer, SATs located within a distance ℒ from the origin of the customer are 

regarded as the available SATs, where ℒ is the radius of the SAT search area. Each of the 

searched available SATs is automatically marked as one of the four types of SATs: currently 

empty, expected-empty, currently sharable, and expected-sharable SATs, as shown in Figure 

5-3. The marker labeling each SAT is determined based on the SAT’s status and ability to be 

shared. 

A currently empty SAT is an unoccupied SAT. In Figure 5-3, an unoccupied SAT is 

parked at a node (node 15 in the figure). An expected-empty SAT is a taxi that is occupied by 
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other customer(s) presently, and can serve a new customer after the rider(s) exit(s) the vehicle. 

A currently sharable SAT is defined as a taxi that is occupied by a single customer and can be 

shared with another customer because the two customers’ paths can overlap. As shown in 

Figure 5-3, the currently sharable SAT can detour to node 13 from14 to pick up customer 𝑐. 

The two customers will share this SAT on the links from node 13 to node 24. An expected-

sharable SAT is an SAT that is currently occupied by two customers, and can be shared by 

customer 𝑐 and the remaining rider after one rider exits the vehicle. As shown in Figure 5-3, 

an expected-sharable SAT is presently occupied by two customers. After one rider reaches their 

destination (node 8), the SAT can be shared by the other rider and customer 𝑐. The on-time 

arrival reliabilities of these four types of searched SATs will be calculated for the new customer, 

and the virtual central control system will assign the most reliable SAT type to the target 

customer. 

5.2.2 Routing strategy of SATs and path choice behavior of PVs 

In an actual road network, traffic conditions are variable. Uncertainties arise from many 

sources, including daily variations in travel demand and changes in seasons and weather 

conditions. These factors cause variability in customers’ arrival times. Under these situations, 

the path finding process should consider the variation in link travel times (Chen and Ji, 2005). 

To cope with variations in network conditions, reliable path guidance is introduced to reduce 

fluctuations in travel time and promote on-time arrival for the customer.  

In this chapter, the virtual central control system searches for reliable paths for each of the 

four types of available SATs. The reliable path finding models proposed in previous studies 

can be grouped into three categories: least expected time (LET) path models (Loui, 1983; Hall, 

1986), α-reliable path models (Chen and Ji, 2005; Zeng et al., 2015), and most reliable path 

models (Frank, 1969; Fan et al., 2005; Nie and Fan, 2006; Xing and Zhou, 2011). The LET 
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path model finds the path with the minimum expected travel time, although large variations in 

travel time may occur occasionally. The α-reliable path model selects the path with the 

minimum travel time while fulfilling the requirement that on-time arrival reliability is larger 

than a certain value α. The most reliable path model selects the path with the largest probability 

of arrival within a specified time budget. Assuming that every customer expects to arrive at 

his/her destination on-time with a maximum reliability, this study adopts the most reliable path 

model to find a path for each available SAT. It should be noted that the uncertainty of path 

travel time can also be considered by finding the mean-standard deviation shortest path (Wu, 

2015; Khani and Boyles, 2015). The reason that we adopted the reliable path finding method 

in this study is that it is assumed that every customer has an earliest departure time (𝐸𝐷𝑇) and 

a latest arrival time (𝐿𝐴𝑇), and customers concern the on-time arrival probability more than 

the travel time. 

In stochastic time-varying network, a time-adaptive reliable path and a priori reliable path 

have been explored in previous studies (Chen and Zhou,2009; Nie and Wu, 2009; Wu and Nie, 

2011; Wu, 2013). In a priori path finding, an entire path is selected before leaving the origin 

node, and no deviations en route are permitted. In time-adaptive path selection, a better path is 

permitted to be found with the reveal of link travel time (Miller-hooks and Mahmassani, 2003). 

With the accumulated travel-time information in accurate path finding, path of the available 

SATs is deterministic, therefore a priori reliable path is employed in this study. To simplify the 

problem, it is assumed that the travel time on each link is temporally and spatially independent 

(Xing and Zhou, 2011). This is a customary assumption because it is too difficult to consider 

the correlation between links (Lo et al., 2005). Therefore, the paths’ travel time are independent. 

The link travel times are assumed to follow normal distribution in this study. This assumption 

is often used in stochastic networks (Rilett and Fu, 1998; Seshadri and Srinivasan, 2010), and 

Chen et al. (2013) showed that link travel time can be mostly depicted with normal distribution. 
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It should be noted that, for simplicity, the subscript for expressing a certain SAT is omitted. 

The model is formulated as follows. 

𝑅𝑐
∗ = max

𝑖∈𝐼𝑣

Φ (
𝐿𝐴𝑇𝑐 − 𝐸𝐷𝑇𝑐 − �̂�𝑖,𝑡0

�̂�𝑖,𝑡0

) (5-1a) 

�̂�𝑖,𝑡0
= ∑ �̂�𝑎

𝑎∈Γ𝑖

 (5-1b) 

�̂�𝑖,𝑡0

2 = ∑ �̂�𝑎
2

𝑎∈Γ𝑖

 (5-1c) 

where 𝑅𝑐
∗ is the maximum on-time arrival reliability of customer 𝑐, Φ(∙) is the cumulative 

density function of the standard normal distribution, 𝐸𝐷𝑇𝑐  and 𝐿𝐴𝑇𝑐  are the earliest 

departure time and the latest arrival time accepted by customer 𝑐, �̂�𝑖,𝑡0
 and �̂�𝑖,𝑡0

2  are the mean 

and variance of the travel time of path 𝑖 if an SAT enters path 𝑖 at 𝑡0, 𝐼𝑣 is the path set of 

all available SATs, Γ𝑖 is the set of links of path 𝑖, and �̂�𝑎 and �̂�𝑎
2 are the expected values of 

the mean and variance of the travel time of link 𝑎, which will be explained in Section 5.3. The 

path set of each OD pair is predetermined using the k-shortest path algorithm (Yen, 1971; Zeng 

et al., 2017); the path set of each currently sharable SAT and expected-sharable SAT will be 

described in Section 5.2.3. 

It should be noted that for the available SATs that are not located at 𝑂𝑐 at the moment 

that reliable path finding begins, the calculation of reliability in objective function 5-1 should 

also take the remaining path of the SAT and the necessary path to 𝑂𝑐 into account. Fig. 5-4 

illustrates the expected-empty SAT as an example. Suppose that the SAT is serving other 

customer(s). Path 𝑜 is the planned reliable path of the expected-empty SAT, and link 1 and 

link 2 are the remaining links. The SAT travels to 𝑂𝑐 through path 𝑝. Path 𝑞 is one path from 

𝑂𝑐 to 𝐷𝑐. The remaining links on path 𝑜, path 𝑝, and path 𝑞 form a combined path. �̂�𝑎,ℎ+𝑧∆ℎ 

in the figure is the expected value of the mean travel time of link 𝑎 in time segment (ℎ +

𝑧∆ℎ, ℎ + (𝑧 + 1)∆ℎ), where 𝑧 is a nonnegative integer number, ℎ + 𝑧∆ℎ is the start time of 

the time segment, and ℎ + (𝑧 + 1)∆ℎ is the end time of the time segment. In the same cell 
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with �̂�𝑎,ℎ+𝑧∆ℎ, there exists a �̂�𝑎,ℎ+𝑧∆ℎ, which is the variance of mean travel time of link 𝑎 in 

time segment (ℎ + 𝑧∆ℎ, ℎ + (𝑧 + 1)∆ℎ). 𝑔𝑎−1(𝑡0) is the expected exit time from link 𝑎 − 1 

when the SAT enters the first link (link 1) at 𝑡0. In order to correctly capture the most reliable 

path, the mean and variance of the travel time for this combined path are considered. In Figure 

5-4, it is assumed that 𝑡0 is larger than ℎ and less than ℎ + ∆ℎ, therefore, �̂�1,ℎ is the travel 

time on link 1 that used to obtain the reliability. The mean travel time for this combined path 

is ∑ �̂�𝑎,ℎ+𝑚∆ℎ
𝑗
𝑎=1 , where 𝑚  is a nonnegative number, 𝑗  is the number of links of the 

combined path, ℎ + 𝑚∆ℎ  is smaller than 𝑔𝑎−1(𝑡0) , and ℎ + (𝑚 + 1)∆ℎ  is larger than 

𝑔𝑎−1(𝑡0). The variance of mean travel time of this combined path is calculated in the same 

way as mean travel time. A clearer explanation of consideration of transitions in traffic 

conditions is provided in Section 4.1. 

 

 
 

Figure 5-4 Path travel time for expected-empty SAT 

 

The path choice behavior of a PV is expressed considering the diverse preferences of PV 

users. Some of the users may select the paths with the largest on-time arrival probability, while 

some prefer other paths, such as the paths with the minimum travel time, less left-turnings or 

right-turnings, and so forth. The path choice probability is calculated by using the path size 
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logit model (Ben-Akiva and Bierlaire, 1999; Frejinger et al., 2009; Li et al., 2013; Bekhor et 

al., 2014), which is well-developed model to capture the probability when links on a path are 

possibly shared by other paths. The share of links prevents paths from approaching their 

extreme utility, which is reflected by a variable “size of path” in the path size logit model. If 

no link on a path is shared by other paths in the path set, users of the path can get the maximum 

utility and size of the path is one; otherwise size of the path is calculated with equation (5-2b). 

The model used in this study is formulated as equation (5-2). 

𝑃𝑛(𝑖) =
𝑃𝑆𝑖𝑛𝑒𝑉𝑖𝑛

∑ 𝑃𝑆𝑗𝑛𝑒𝑉𝑗𝑛
𝑗∈𝐼(𝑂𝑛, 𝐷𝑛)

 (5-2a) 

𝑃𝑆𝑖𝑛 = ∑ (
𝑙𝑎

𝐿𝑖
)

1

∑
𝐿𝑖

𝐿𝑗
𝛿𝑎𝑗𝑗∈𝐼(𝑂𝑛, 𝐷𝑛)𝑎∈Γ𝑖

 
(5-2b) 

𝑉𝑖𝑛 = 𝛽 ∑ �̂�𝑎

𝑎∈Γ𝑖

 (5-2c) 

where 𝐼(𝑂𝑛, 𝐷𝑛) is the path set for the OD pair from the origin of user 𝑛 to the destination of 

𝑛, 𝑃𝑆𝑖𝑛 is the size of path 𝑖, 𝑉𝑖𝑛 is the systematic term of the utility of path 𝑖 for user 𝑛, 

Γ𝑖 is the set of links of path 𝑖, 𝑙𝑎 is the length of link 𝑎, 𝐿𝑖 is the length of path 𝑖, 𝛿𝑎𝑗 is 1 

if link 𝑎 is in path 𝑗 and 0 otherwise, and 𝛽 is a negative parameter. 

5.2.3 Online matching 

The online matching process is the specific logic used to dynamically match available 

SATs to customers. The virtual central control system monitors the status of all SATs and the 

information of customers and can match them. The status of an SAT includes its location, the 

number of customers in the vehicle, and its cruising route. Customer information includes the 

origin, destination, 𝐸𝐷𝑇, and 𝐿𝐴𝑇 of the customer. To improve the probability of arriving on 

time, a customer is served by the feasible SAT with the maximal on-time arrival reliability. 

Here, the feasible SATs include all searched currently empty and expected-empty SATs, and 

the sharable SATs that meet the requirements described in step 1-2. It should be noted that the 
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matching process can also be developed by considering travel cost and pricing (Zha et al., 

2018). The virtual central control system executes the following steps sequentially to match 

SATs to customers, as shown in Figure 5-5. 

Step 1. Search the available SATs and paths 

Step 1-1. Currently empty and expected-empty SAT 

The central control system searches for currently empty and expected-empty SATs 

within search radius ℒ from 𝑂𝑐 and then searches for the most reliable path for each 

searched SAT. The maximum reliabilities calculated with equation (5-1) can be recorded 

as {𝑅𝑐,1
𝑐𝑒 ~𝑅𝑐,𝑛1

𝑐𝑒 } with each currently empty SAT, and as {𝑅𝑐,1
𝑒𝑒 ~𝑅𝑐,𝑛2

𝑒𝑒 } with the available 

expected-empty SATs, where 𝑛1 and 𝑛2 are the numbers of SATs searched for each 

SAT type, respectively. The currently empty SAT with 𝑅𝑐,𝑐𝑒
∗   and the expected-empty 

SAT with 𝑅𝑐,𝑒𝑒
∗    are selected, where 𝑅𝑐,𝑐𝑒

∗  = 𝑚𝑎𝑥{𝑅𝑐,1
𝑐𝑒 ~𝑅𝑐,𝑛1

𝑐𝑒 } , and 𝑅𝑐,𝑒𝑒
∗  =

𝑚𝑎𝑥{𝑅𝑐,1
𝑒𝑒 ~𝑅𝑐,𝑛2

𝑒𝑒 }, respectively. 

Step 1-2. Currently sharable SAT 

The system searches for currently sharable SATs in the same search area. Suppose 

the rider in the currently sharable SAT is denoted by 𝑑. The system checks whether each 

searched currently sharable SAT meets the requirements for sharing, which are threefold. 

Requirement 1. At least one path in 𝐼(𝑂𝑑,𝐷𝑑) passes 𝑂𝑐. 

𝐼(𝑂𝑑,𝐷𝑑) is the path set of rider 𝑑. This requirement can avoid an additional route 

search calculation, which requires considerable effort. 

Requirement 2. One of the two following conditions is satisfied. First, at least one path 

in 𝐼(𝑂𝑐,𝐷𝑐) passes 𝐷𝑑, and second, at least one path in 𝐼(𝑂𝑑,𝐷𝑑) passes 𝐷𝑐. 

The reason for this consideration is for the possibility that new customer 𝑐 exits 
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the SAT before rider 𝑑. 

If Requirements 1 and 2 are met, path set of the currently sharable SAT should be 

obtained. If the first condition of Requirement 2 is satisfied, path set of the SAT is the 

sequential combination of 𝐼(𝑂𝑑,𝐷𝑑) and 𝐼(𝑂𝑐,𝐷𝑐); if the second condition exists, the path 

set is the same as 𝐼(𝑂𝑑,𝐷𝑑) . For the two customers, the virtual central control system 

calculates the on-time arrival reliabilities with each path, and the path with the largest 

reliability for customer 𝑐 is assigned to each SAT. 

Requirement 3. 𝑅𝑑
′ ≥ ℛ. 

In this requirement, 𝑅𝑑
′   is the updated on-time arrival reliability of the rider if 

sharing is accepted, and ℛ is the threshold of the reliability for the rider when sharing 

is accepted. The third requirement is to ensure that, under sharing, the rider can have a 

high probability of on-time arrival. 

The requirements for sharing can be written as equations (5-3) and (5-4) and 

inequation (5-5). If inequation (5-5) cannot be met for an SAT, the central control system 

continues to check the second most reliable path in the SAT’s path set until inequation 

(5-5) can be met. The SAT can detour to the selected reliable path. 

𝑂𝑐 ∈ 𝒩𝑑 (5-3) 

𝐷𝑑 ∈ 𝒩𝑐, or 𝐷𝑐 ∈ 𝒩𝑑 (5-4) 

𝑅𝑑
′ ≥ ℛ (5-5) 

where 𝒩𝑑 and 𝒩𝑐 are the sets of nodes that are on any paths in the path sets 𝐼(𝑂𝑑,𝐷𝑑) 

and 𝐼(𝑂𝑐,𝐷𝑐), respectively. 

The searched currently sharable SATs that meet the above three requirements are referred 

to as feasible currently sharable SATs. The maximum reliabilities for customer 𝑐 with 

each feasible currently sharable SAT are {𝑅𝑐,1
𝑐𝑠 ~𝑅𝑐,𝑛3

𝑐𝑠 } , where 𝑛3  is the number of 

feasible currently sharable SATs. The SAT with the maximum reliability for customer 𝑐 
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Figure 5-5 Online matching process of available SATs versus demand
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is selected as the best currently sharable SAT, and the maximum reliability is 

recorded as 𝑅𝑐,𝑐𝑠
∗  . 

Step 1-3. Expected-sharable SAT 

The system searches for expected-sharable SATs in the same area. The two riders 

in the expected-sharable SAT are denoted as riders 𝑑 and 𝑓, and 𝑓 can arrive at 

his/her destination before 𝑑. The requirements for sharing are also threefold and 

are almost the same as those in step 1-2. However, it should be noted that the rider 

who will share the SAT with new customer 𝑐  is the rider who arrives at their 

destination later between the two riders, 𝑑 and 𝑓. The maximum reliabilities for 

customer 𝑐  with each feasible expected-sharable SATs are {𝑅𝑐,1
𝑒𝑠 ~𝑅𝑐,𝑛4

𝑒𝑠 } , where 

𝑛4 is the number of feasible expected-sharable SATs. The SAT with the maximum 

reliability for new customer 𝑐 is selected as the most suitable expected-sharable 

SAT, and the maximum reliability is recorded as 𝑅𝑐,𝑒𝑠
∗  . 

Step 2. Among the four selected feasible SATs, the SAT with reliability 𝑅𝑐
∗ is assigned 

to the customer eventually, where 𝑅𝑐
∗ = 𝑚𝑎𝑥{𝑅𝑐,𝑐𝑒

∗  , 𝑅𝑐,𝑒𝑒
∗  , 𝑅𝑐,𝑐𝑠

∗  , 𝑅𝑐,𝑒𝑠
∗  }. 

Step 3. If the virtual central control system cannot find 𝑅𝑐
∗, which means that no SAT is 

available, customer 𝑐 is added to the waiting list, and the system will search for an SAT 
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for this customer at the next time step. 

Once successfully matched, the selected SAT travels along the planned reliable path 

until arriving at the destination or a newly planned path if the SAT is shared by other 

customers. The expected travel time of the customer varies with changes in traffic 

conditions and changes in the planned path. The central control system tracks the SAT 

travel time to record the arrival time and evaluate the performance of the reliable path. 

Operation of the dynamic SAT system terminates when all demand is served, i.e., all 

customers arrive at their destinations. 

5.3 Traffic flow and the use of collected travel time information in 

reliable path finding 

Once departed, the possibilities of on-time arrival for customers are determined by 

the mean of link travel time and its variance, and the mean of link travel time is obtained 

according to link lengths and mean link travel velocities. In this study, mean link travel 

velocities are assumed to be calculated as 𝑣𝑎 = 16.1ln (215
𝑘𝑎

⁄ ) (Greenberg, 1959), 

where 215 vehicles/mile is the density of the traffic jam, and 𝑘𝑎 is the density of link 𝑎. 

The link density is updated every minute in this study. However, this study has the 

limitation that the employed traffic flow model is not based on autonomous vehicle. This 

is because there are so many possibilities in the autonomous vehicle system (Talebpour 
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and Mahmassani, 2016), such as a decrease in velocity or a smaller headway (Calvert et 

al., 2017; Ye and Yamamoto, 2018), that it is inaccurate if one is deployed arbitrarily. 

The SAT penetration rate, which is the ratio of number of SATs in traffic flow, is very 

low in this study, and the model in Greenberg (1959) can be applied under this case. This 

is because the traffic flow when SAT penetration rate is low, is verified to be similar to 

that in the traffic which consists of pure human piloted vehicles (Ye and Yamamoto, 

2018). The travel time for an SAT on link 𝑎 is assumed to be random and is normally 

distributed with 𝑡𝑎~𝑁(𝜇𝑎, 𝜎𝑎
2), where 𝜇𝑎 = (

𝑙𝑎
𝑣𝑎

⁄ ), 𝜎𝑎
2 = 𝛼(

𝑙𝑎
𝑣𝑎

⁄ )2, in which 𝛼 is a 

parameter, and 𝜇𝑎 and 𝜎𝑎
2 are the population mean value and variance of the link travel 

time on link 𝑎, respectively (Seshadri and Srinivasan, 2010). 

5.3.1 The use of collected travel time information 

In the proposed SAT system, it is assumed that the link travel times are independent 

among links. The mean and variance of path travel time can be expressed, as mentioned 

in Section 5.2.2, by �̂�𝑖,𝑡0
= ∑ �̂�𝑎𝑎∈Γ𝑖

 and �̂�𝑖,𝑡0

2 = ∑ �̂�𝑎
2

𝑎∈Γ𝑖
, where �̂�𝑎 is the mean value 

of travel times experienced by SATs on link 𝑎 , and �̂�𝑎
2  is the unbiased variance. In 

addition, it is assumed that the collected travel time information can be used for path 

finding by both SATs and PVs. In this chapter, the two methods introduced in subsection 
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4.3.1 are also investigated: one using real-time information, and the other using historical 

information. In real-time information scenario, the mean and its variance of a link is the 

mean and variance of the travel-time information collected in last time segment. In 

historical information scenario, the mean and its variance of a link is the mean and 

variance of all the travel-time information accumulated in each time segment in the past 

several days. A small number of SATs collect limited traffic information, and in historical 

information scenario, the collected information is accumulated and is expected to increase 

the accuracy of reliable path finding. Variance of mean travel time of a path in the two 

scenarios is calculated in the same way as mean travel time, which is described in 

subsection 4.3.1. 

5.4 Simulation design and results 

In order to explore how reliable paths perform in different traffic information 

systems, this study tested multiple sets of simulation experiments on an Intel Core 

computer running at 3.00 GHz (implemented in MATLAB). 

5.4.1 Simulation design 

To verify the performance of the reliable path, two shortest path scenarios were also 

established, in which the shortest path algorithm is used to find paths for SATs and the 



 

70 

 

third requirement for currently sharable and expected-sharable SATs is modified such that 

the 𝐿𝐴𝑇 of every rider must be met. Each scenario was simulated for 50 days. 

The simulation experiments were performed on the Sioux Falls network, as shown 

in Figure 5-6. The free-flow speed of all the links is set to 80 km/h. The travel time for a 

link is calculated using the equation expressed in Section 5.3. The parameter 𝛼, which is 

used to capture variance, was set to 0.05 for ring roads in past studies (Yamamoto et al., 

2009; Miwa and Bell, 2017). In this study, 𝛼 is set to 0.06 to allow open access in the 

entire transport network. 

 

Figure 5-6 Sioux Falls network  
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Table 5-1 Values of some parameters used in the simulation experiments 

Parameter Value Description 

ℒ 15 km Radius of search area of available SATs 

ℛ 0.7 
Minimum on-time arrival reliability of the rider if sharing is 

accepted 

𝛽 -0.41/min 
Parameter used in the calculation of the systematic utility of 

a path for private vehicle user 

𝑠 20 
The number of days of historical information used in the 

database 

∆ℎ 5 min Time segment for information collection and use 

∆𝜏 1 min Time step for demand generation and traffic density update 

Initially, SATs were distributed evenly on every node in the network. We assumed 

that all SATs could be relocated at 0:00 a.m. to handle the demand of the next day. The 

latest arrival time (𝐿𝐴𝑇) of a customer is set as the sum of the travel time from his/her 

origin to the destination at the average travel speed (35 km/h), and an acceptable detour 

time that follows 𝑈(0, 10). The earliest departure time (𝐸𝐷𝑇) of a customer is the same 

as the request time for an SAT. A customer’s 𝐸𝐷𝑇 and 𝐿𝐴𝑇 are constant on different 

days during the entire simulation. The departure time of a PV user is his/her generation 

time. In each time segment of the historical information scenarios and real-time 

information scenarios, the mean travel time information used in path finding for each link 

is considered to have been derived under free flow until at least one data point is collected, 

and variances are set to very small values (𝑙𝑎/1000) until at least two data points are 

collected. Values of other necessary parameters are shown in Table 5-1. The simulation 

results are shown in Figure 5-7 and Figure 5-8. 
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5.4.2 Travel time for SAT customers and PV users 

Figure 5-7 (a) and (b) show the day-to-day change in the mean travel time for SAT 

customers and PV users, respectively. The figures show that the mean travel time for SAT 

customers is longer than that for PV users in all scenarios. This is reasonable because the 

mean travel time for SAT customers includes the waiting time until SAT arrival. Figure 

5-8(a) shows that in the reliable path scenario with historical information, travel time for 

SAT customers is very long (24.08 min) on the first simulation day. This is due to small 

initial variances in path travel time, which cause SAT reliabilities to be evaluated 

inappropriately on the first day. It is assumed that the two types of sharable SATs have 

priority for assignment to customers if the difference in reliabilities among SATs is too 

small to recognize. Customers are then subjected to long waiting times. The travel time 

decreases rapidly on the second day. 

In the shortest path scenarios, the mean travel times are stable in the real-time 

information-based scenario. Meanwhile, in the historical information-based scenario, the 

mean travel times decrease over the first several simulation days, and then converge at 

around the 20th simulation day. These decreases owe to the accumulation of traffic 

information and the consideration of time transitions of traffic conditions, which enable 

the central control center to find SAT and PV paths that are more accurate than those 
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found on previous simulation days and those found using real-time traffic information. 

These results confirm that historical traffic information is superior to real-time traffic 

information for reliable path finding in the dynamic SAT system. This is consistent with 

the conclusions in the literature (Miwa and Bell, 2017). 

 

(a) Travel time for SAT customers 

 

(b) Travel time for PV users 

Figure 5-7 Day-to-day change in travel time for SAT customers and PV users (RP: 

reliable path, SP: the shortest path) 
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Figure 5-8 Day-to-day change in on-time arrival ratio for SAT customers (RP: reliable 

path, SP: shortest path) 

 

For both SAT customers and PV users, the differences between travel times in real-

time information-based scenarios are larger than those in historical information-based 

scenarios. It is also clear that the largest fluctuation in travel time occurs in the reliable 

path scenario with real-time traffic information. This is because insufficient traffic 

information will result in inaccurate path selection (particularly in reliable path scenarios 

because of large variances in link travel time), which directly leads to considerable 

fluctuations in mean travel time for customers and PV users. These results show the 

second disadvantage of real-time traffic information. 

In the historical traffic information-based scenarios, the converged travel times for 
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customers (average of 15.11 min) and private vehicle users (average of 14.33 min) in the 

reliable path scenario are less than those in the shortest path scenario (15.15 min and 

14.34 min on average, respectively). This is because both the means and variances of 

travel times are considered in path finding in the reliable path method, while only the 

mean travel time is taken into account in the shortest path scenario. Without consideration 

of variance, a long travel time that occurs occasionally leads to a larger mean travel time. 

The difference of travel time for PVs users in the two scenarios is very small. The 

converged travel times (from day 20 to day 50) of the two scenarios are used to do t-test 

analysis, and the t-value is -3.48, which shows there is a statistically significant difference 

between the travel time in these two scenarios. These results verify that reliable paths can 

reduce travel time for both SAT customers and PV users. 

In real-time traffic information-based scenarios, customers obtain a longer travel 

time (15.88 min on average) in the reliable path scenario than in the shortest path scenario 

(15.66 min on average). This is caused by insufficient and imprecise traffic information, 

which leads to large variances in link travel times and inaccurate path finding. 

5.4.3 On-time arrival ratio 

Figure 5-8 presents the day-to-day change in the on-time arrival ratio for SAT 
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customers. The on-time arrival ratio is an index that indicates the accuracy of path finding 

and the efficiency of traffic information use, and is defined as the percentage of customers 

who arrive at their destinations within their specified latest arrival time during each 

simulation day. A larger ratio indicates higher path finding accuracy and more efficient 

traffic information usage. 

On the first simulation day, the ratio in the reliable path scenario with historical 

information is very low (34 %). The reason is that the accuracy of the historical database 

is very low and long waiting times occur, as explained in Section 5.4.2. 

In Figure 5-8, the two lines associated with the historical information-based 

scenarios increase dramatically in the first several days, and converge at around the 20th 

day. After convergence, it can be seen that the reliable path scenarios show a higher on-

time arrival ratio than the shortest path scenarios, and that the historical information-based 

scenarios show a higher on-time arrival ratio than the real-time information-based 

scenarios. The reliable path scenario with historical information has the highest on-time 

arrival ratio (82.93 % on average) among the four scenarios. These results directly and 

clearly show that the seamless incorporation of the reliable path algorithm and historical 

information can increase the probability of on-time arrival for customers and enhance 

service quality in SAT systems. 
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5.5 A tradeoff between on-time arrival and total travel time on road 

networks 

5.5.1 System-beneficial path guidance 

In the SAT system proposed in Section 5.2, the on-time arrival reliability of 

customers is considered with the highest priority. Meanwhile, the effects on other road 

users of assigning a customer to a reliable path, e.g., increasing the travel time of PV users, 

were not considered. Because SAT customers can accept a detour as long as they can 

arrive on time, they can forgo using the shortest path or the most reliable path and avoid 

the congested area. That is, from the standpoint of optimizing urban transportation 

systems, it may be possible to achieve a system-optimal traffic condition by means of the 

dynamic SAT system. 

This section investigates the feasibility of a system-beneficial path guidance 

methodology that satisfies customers’ on-time arrival requirements. The methodology 

will be examined in terms of total travel time reduction on road networks and the on-time 

arrival ratio of SAT customers. The central control system finds the path that minimizes 

the travel time increase (Hosni et al., 2014) when adding a new customer, and ensures 

that the on-time arrival reliability of the new customer is not less than a minimum 

threshold ℛ𝑚𝑖𝑛. This methodology is formulated as below. 
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𝑇 = min
𝑖∈𝐼𝑣

{ ∑ ∆�̂�𝑎

𝑎∈Γ𝑖

(𝑓�̅�,ℎ+𝑧1∆ℎ + 1) − ( ∑ ∆�̂�𝑏(𝑓�̅�,ℎ+𝑧2∆ℎ − 1)

𝑏∈Γ𝑝

) 𝛿𝑖} (5-13a) 

�̂�𝑖,𝑡0
= ∑ �̂�𝑎,ℎ+𝑧1∆ℎ

𝑎∈Γ𝑖

 (5-13b) 

�̂�𝑖,𝑡0

2 = ∑ �̂�𝑎,ℎ+𝑧1∆ℎ
2       

𝑎∈Γ𝑖

 (5-13c) 

∆�̂�𝑎 = �̂�𝑎,ℎ+𝑧1∆ℎ
′        − �̂�𝑎,ℎ+𝑧1∆ℎ (5-13d) 

∆�̂�𝑏 = �̂�𝑏,ℎ+𝑧2∆ℎ − �̂�𝑏,ℎ+𝑧2∆ℎ
′         (5-13e) 

subject to 

𝑔𝑎−1(𝑔𝑎−2(⋯ 𝑔1(𝑡0))) < ℎ + (𝑧1 + 1)∆ℎ (5-13f) 

𝑔𝑎−1(𝑔𝑎−2(⋯ 𝑔1(𝑡0))) ≥ ℎ+𝑧1∆ℎ (5-13g) 

𝑔𝑏−1(𝑔𝑏−2(⋯ 𝑔1(𝑡0))) < ℎ + (𝑧2 + 1)∆ℎ (5-13h) 

𝑔𝑏−1(𝑔𝑏−2(⋯ 𝑔1(𝑡0))) ≥ ℎ + 𝑧2∆ℎ (5-13i) 

𝑔1(𝑡0) = 𝑡0 (5-13j) 

𝑅𝑐 = Φ (
𝐿𝐴𝑇𝑐 − 𝐸𝐷𝑇𝑐 − �̂�𝑖,𝑡0

�̂�𝑖,𝑡0

) (5-13k) 

𝑅𝑐 ≥ ℛ𝑚𝑖𝑛 (5-13l) 

𝑅𝑑
′ ≥ ℛ (5-13m) 

The objective function (5-13a) minimizes the travel time increase on the road network, 

where 𝑖 is a path in the path set of an SAT, 𝑝 is the planned path of a currently sharable 

or an expected-sharable SAT, 𝐼𝑣  is the path set of the SAT, ∆�̂�𝑎  is the travel time 

increase on link 𝑎 if an SAT is added to the link, ∆�̂�𝑏 is the travel time reduction on 
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link 𝑏  if an SAT is excluded, 𝛿𝑖  is 1 if the SAT is currently sharable or expected-

sharable and 0 otherwise, and 𝑓�̅�,ℎ+𝑧1∆ℎ and 𝑓�̅�,ℎ+𝑧2∆ℎ are the average historical traffic 

volumes on link 𝑎  and 𝑏  in time segments (ℎ+𝑧1∆ℎ, ℎ + (𝑧1 + 1)∆ℎ)  and (ℎ +

𝑧2∆ℎ, ℎ + (𝑧2 + 1)∆ℎ) , respectively, where 𝑧1  and 𝑧2  are nonnegative integer 

numbers. Equations (5-13b) and (5-13c) capture the mean and variance of the travel time 

of path 𝑖 when an SAT enter it at 𝑡0, where �̂�𝑎,ℎ+𝑧1∆ℎ and �̂�𝑎,ℎ+𝑧1∆ℎ
2        are the mean and 

variance of historical travel times on link 𝑎 in time segment (ℎ+𝑧1∆ℎ, ℎ + (𝑧1 + 1)∆ℎ). 

Equations (5-13d) and (5-13e) calculate the travel time increase on link 𝑎 and the travel 

time reduction on link 𝑏 , respectively, where �̂�𝑎,ℎ+𝑧1∆ℎ
′          is the travel time for link 𝑎 

after an SAT is added, and �̂�𝑏,ℎ+𝑧∆ℎ
′        is the travel time for link 𝑏 after an SAT is excluded. 

Constraints (5-13f) to (5-13j) determine the time segments in which the historical traffic 

information and the historical traffic volumes are used. Equation (5-13k) obtains a new 

customer’s on-time arrival reliability with path 𝑖, and constraint (5-13l) considers the on-

time arrival reliability of the new customer, where ℛ𝑚𝑖𝑛 is the minimum threshold of 

the new customer’s on-time arrival reliability if the system-beneficial path can be 

accepted. If the reliability with any path in the path set cannot satisfy constraint (5-13l), 

the most reliable path method, as proposed in Section 5.2, is used to supplement the path 

finding effort. Constraint (5-13m) ensures the on-time arrival reliability of the rider if the 
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SAT is currently sharable, or the reliability of the customer who arrives at their destination 

later when sharing an expected-sharable SAT with another customer. The use of historical 

travel time information and traffic volume is considered because the historical 

information is verified to be superior to real-time information in capturing the variations 

in traffic state and finding an accurate path. 

The efficiency of the system-beneficial path guidance is examined through 

simulation experiments. In order to examine the effect of the minimum threshold, ℛ𝑚𝑖𝑛 

is set to both 0.9 and 0.7. The performance of the system-beneficial path guidance is 

verified by comparing the experimental results with those from the reliable path scenario 

with historical travel time information, which was shown in Section 5.5.2. 

5.5.2 Efficiency of the system-beneficial path guidance 

Figure 5-9 shows the on-time arrival ratio of the two threshold cases and that in the 

reliable path scenario. From the figure, it is clear that the on-time arrival ratio (76.87 % 

on average) in the case in which ℛ𝑚𝑖𝑛 is set to 0.9 and that (74.00 % on average) in the 

case in which ℛ𝑚𝑖𝑛 is set to 0.7 are lower than that (82.93 % on average) in the most 

reliable path scenario after the ratio is converged. This is because, in system-beneficial 

path methodology, a path with a reliability larger than ℛ𝑚𝑖𝑛 is considered to be selected, 
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while in the reliable path scenario, only the most reliable path can be found. The mean 

ratio in the system-beneficial path scenario with a threshold of 0.9 is greater than that 

with a threshold of 0.7, which shows that the probability of on-time arrival can be 

increased with a larger threshold. However, the mean ratio in the case with a threshold of 

0.9 is smaller than 0.9, this is because 0.9 is too large to be satisfied. This problem is not 

solved by increasing SAT fleet size used in the simulation, because a constant fleet size 

is to show the efficiency of information use. 

 

Figure 5-9 Day-to-day change in on-time arrival ratio in the three experiments (S-B: 

system-beneficial path, RP: reliable path) 

Figure 5-10 illustrates the day-to-day change in total travel time on the road networks 

in the three experiments. The total travel time is the sum of travel times for all SATs and 

PVs on each day, but not for SAT customers or PV users. The figure shows that the total 
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travel time (16,121 hours on average) in the system-beneficial path case with a threshold 

of 0.9 and that (16,091 hours on average) in the case with a threshold of 0.7 are much less 

than that (16,285 hours on average) in the reliable path scenario. When the threshold was 

0.7, the system-beneficial path guidance reduced the converged total travel time in the 

reliable path scenario by 1.19 %. This owes to the fact that, in the system-beneficial path 

scenario, the central control system finds the SAT that maximally reduces the travel time 

increase to the road network under the requirement that the on-time arrival reliability is 

met. This result verifies that the system-beneficial path guidance can both reduce the total 

travel time of the road network and increase on-time arrival reliability. The total travel 

time in the system-beneficial path case with a threshold of 0.7 is less than that in the case 

with a threshold of 0.9; this is because paths with a reliability larger than 0.7 and smaller 

than 0.9 were considered in the former case, but were rejected in the latter case. By 

considering these paths, the travel time increase on the road network and the total travel 

time are reduced. 
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Figure 5-10 Day-to-day change in total travel time in the three experiments (S-B: 

system-beneficial path, RP: reliable path) 

Table 5-2 Average SAT fleet size (S-B: system-beneficial path, RP: reliable path) 

Cases Average SAT fleet size 

S-B with a threshold of 0.9 159 

S-B with a threshold of 0.7 158 

RP with historical information 163 

Table 5-2 provides the average SAT fleet size required in the three experiments. It 

can be seen that the average SAT fleet size in the system-beneficial path case with a 

threshold of 0.7 is 3.1 % smaller than that in the reliable path scenario. Reasons for this 

reduction are twofold. The first reason is the turnover rate of the SAT is improved in the 

system-beneficial path scenario because the total travel time and the mean travel time for 

SATs are less than those in the reliable path scenario. The second reason is that, compared 

to currently empty and expected-empty SATs, current sharable and expected-sharable 

SATs obtain a higher chance of being selected to serve customers. The reason is that the 
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travel time increase with these two types of SATs is smaller than that with currently empty 

and expected-empty SATs on average, in accordance with function (5-13a). This is 

because the change in total travel time with these two types of sharable SATs includes not 

only the increase in travel time for users on the new path, but also the decrease in travel 

time for users on the planned path. These results show that the system-beneficial path 

guidance also has the ability to reduce the required SAT fleet size. 

5.6 Conclusions 

On-time arrival is a key factor in evaluating the quality of service for taxis. This 

paper presents a framework for a dynamic shared autonomous taxi system that considers 

on-time arrival reliability of customers by utilizing collected travel time information. To 

improve the reliability of on-time arrival, four types of SATs are considered for each 

customer, and the most reliable paths are found for SATs. It is also proposed that without 

drivers, SATs can utilize collected travel time information for reliable path finding 

independently. Further, the use of two types of information is investigated: historical 

information and real-time information. Through simulation experiments, this study 

provides evidence of the performance of the reliable path algorithm and the effectiveness 

of using historical information in SAT systems. A system-beneficial path guidance 

method that considers the tradeoff between on-time arrival reliability and total travel time 
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is developed. Simulation results also verify the effectiveness of this method. 

Test simulations demonstrate the effect of applying the reliable path algorithm and 

using historical travel time information for improving on-time arrival reliability in the 

SAT system. In particular, in reliable path scenarios, the on-time arrival ratio is 

significantly higher than those in the shortest path scenarios. As the number of simulation 

days increases, the results show that customers in SAT systems with historical traffic 

information can obtain increasingly larger ratios until the ratios converge to steady levels. 

The stable ratios are higher than those in real-time traffic information-based systems, 

where the ratios are constant with slight fluctuations. The quality of service in the 

proposed SAT system can be greatly improved by simultaneously adopting the reliable 

path method and historical traffic information. 

A simulation study also illustrates the efficiency of system-beneficial path guidance. 

When testing this method in simulation experiments, the total travel time for all PVs and 

SATs could be reduced, and an SAT fleet size smaller than that in the most reliable path 

scenario could sufficiently serve the same demand. 
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Chapter 6 Conclusions and Future Work 

Conclusions and Future Work 

 

6.1 Conclusions 

This study replaces taxis with autonomous vehicles (AVs) and develops dynamic 

shared autonomous taxi (SAT) systems based on different criteria. The contributions of 

this research are three folds. 

(1) The efficiencies of non-detour shared autonomous taxi system and detour shared 

autonomous taxi system are studied. Previous studies focused on the benefits of 

shared taxi systems, and the effectiveness and comparison of non-detour shared 

autonomous taxi system and detour shared autonomous taxi system are not 

explored. 

(2) Past shared taxi systems are mainly developed based on travel time, travel cost 

and travel distance. This research forms a dynamic shared autonomous taxi system 

that considers on-time arrival reliability of customers. The accumulated historical 

traffic information by SATs is tested to be able to improve probability of on-time 

arrival. 
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(3) A system-beneficial path guidance methodology in dynamic shared autonomous 

taxi system is developed, which is able to both consider customers’ requirement 

on on-time arrival and reduce travel time of other transport users. 

In Chapter 3, this study first investigates a non-detour SAT system and a detour SAT 

system. In the non-detour sharing strategy, a taxi is prohibited to make detours to pick up 

a new customer when a rider is in the taxi. For a customer to be served, the candidate 

taxis include the closest available occupied and unoccupied taxis, and one is assigned to 

the customer request depending on arrival time at the origin of the customer. In the detour 

sharing strategy, both non-detour and detour situations are incorporated. The route for 

picking up the subsequent customer and the delivery sequence are designed according to 

the destinations and latest arrival times of the customers. An agent-based simulation is 

developed for evaluating the performance of the proposed sharing strategies. Several of 

the important findings are outlined. The minimum taxi fleet size for a specified customer 

demand is much smaller with a dynamic SAT system compared with a non-sharing 

strategy, a result that is consistent with the conclusions found in the literature. An SAT 

system can, on average, reduce the fleet size needed in a non-shared situation by 22.79%. 

Simulation results show that the average waiting time is 2.37 minutes and 1.08 minutes 

in the non-detour and detour sharing scenarios, respectively while it is 6.18 minutes in 
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the base scenario (non-sharing). The satisfaction ratio deteriorates (only 76.48%) if the 

fleet size is set the same as in the detour sharing scenario. Sharing also improves the 

utilization of ATs, as seen by comparing the occupied time of all taxis in the three 

scenarios considered in chapter 3 with the parked time and the empty driving time. 

Another finding is that the sharing ratio improves sharply if detour sharing is introduced. 

It can also be said that sharing has economic and environmental advantages. All of this 

evidence indicates that an SAT system can provide a more efficient service to customers, 

improve the utilization of autonomous taxis, save costs, generate more income for the 

operator, save energy, and favor the environment. 

In Chapter 4, this work further proposes a framework for a dynamic SAT system that 

utilizes collected travel-time information to reduce taxi demand and increase the 

possibility of reducing the travel time for taxi customers. In this proposed SAT system 

framework, in which there are no drivers, SATs utilize collected travel-time information 

for path finding. The use of two types of information was investigated: historical 

information and real-time information. The results of the simulation experiments 

conducted in this study verify that using the two types of information is effective. More 

specifically, the simulations demonstrated the effect of using historical travel-time 

information for shortest path finding and reducing the travel time in the SAT system. In 
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particular, as the number of simulation days increased, the customers in the SAT system 

with the historical traffic information obtained increasingly smaller travel times until the 

travel time converged to a steady level. The stable travel times were also smaller than 

those in the real-time traffic information-based system, where the travel times fluctuated 

slightly around the constant values. The results also indicate that insufficient fleet size in 

the SAT system would nonlinearly worsen the service level of the SAT system, and that 

as the number of SATs increases, convergence occurs earlier in the historical information-

based scenario. 

On-time arrival is a key factor in evaluating service quality in dynamic SAT systems. 

Chapter 5 further presents a framework for a dynamic shared autonomous taxi system 

that considers on-time arrival reliability of customers by utilizing the collected travel time 

information. To improve the reliability of on-time arrival, four types of SATs are 

considered for each customer, and the most reliable paths are found for SATs. It is also 

proposed that without drivers, SATs can utilize collected travel time information for 

reliable path finding independently. Further, the use of the two types of information 

considered in chapter 4 is investigated. Through simulation experiments, this study 

provides evidence of the performance of the reliable path algorithm and the effectiveness 

of using historical information in SAT systems. A system-beneficial path guidance 



 

95 

 

method that considers the tradeoff between on-time arrival reliability and total travel time 

is developed. Simulation results also verify the effectiveness of this method. Test 

simulations demonstrate the effect of applying the reliable path algorithm and using 

historical travel time information for improving on-time arrival reliability in the SAT 

system. In particular, in reliable path scenarios, the on-time arrival ratio is significantly 

higher than those in the shortest path scenarios. As the number of simulation days 

increases, the results show that customers in SAT systems with historical traffic 

information can obtain increasingly larger ratios until the ratios converge to steady levels. 

The stable ratios are higher than those in real-time traffic information-based systems, 

where the ratios are constant with slight fluctuations. The quality of service in the 

proposed SAT system can be greatly improved by simultaneously adopting the reliable 

path method and historical traffic information. A simulation study also illustrates the 

efficiency of system-beneficial path guidance. When testing this method in simulation 

experiments, the total travel time for all PVs and SATs could be reduced, and an SAT fleet 

size smaller than that in the most reliable path scenario could sufficiently serve the same 

demand. 

The work presented in this study is an attempt to develop a dynamic shared 

autonomous taxi system considering customers’ different requirements and the effect on 
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road network traffic flow. I believe this work can help taxi companies improve level of 

service of taxi systems, and traffic agencies improve road network traffic condition in an 

autonomous vehicle environment in the future. 

6.2 Limitations 

This dissertation has the following limitations. 

(1) In this dissertation, an SAT is shared by a maximum of two customers. 

(2) The learning of customers from previous on-time arrival experience is not 

considered. 

(3) In each scenario, only on taxi company is considered. 

(4) In Chapter 4 and 5, the total traffic volume is unchanged on different days. 

(5) The travel demand in this study is constant during the simulation. 

(6) The earliest departure time of a customer is the same as the request time. 

6.3 Future work 

The SAT systems are expected to bring customers a better level of service in the 

transportation system. Some future works can be studied based on this research. 

(1) It is necessary to find a reasonable and efficient method to charge customers 

based on reliability in the SAT system. 

(2) To improve the accuracy of reliable path finding and make the road traffic 
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network more stable, cooperation strategies of all SATs and path finding methods under 

abnormal cases, especially traffic accidents and road infrastructure destroys, are urgent to 

be studied. This consideration will make the SAT system more realistic. It is also 

interesting to combine historical information and real-time information in reliable path 

finding. 

(3) To further enhance the level of service in SATs, future research efforts could also 

focus on examining the performance of reassigning a new SAT to a customer if the pick-

up time of the assigned SAT increases owing to variations in traffic conditions.  
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Appendix 

Notations 

Customer: 
 

𝑂𝑐  Origin of customer 𝑐 

𝐷𝑐  Destination of customer 𝑐 

𝐸𝐷𝑇𝑐  Earliest departure time of customer 𝑐 

𝐿𝐴𝑇𝑐  Latest arrival time of customer 𝑐 

𝑑  Rider on a sharable SAT 

Network: 
 

𝑁  Set of nodes 

𝐴  Set of links 

𝑉  Set of shared autonomous taxis 

𝐶  Set of customers 

𝐼  
𝐼(𝑂𝑐,𝐷𝑐) Path set of customer 𝑐  

𝐼𝑣 Path set of an SAT 

𝒩𝑐  Set of nodes that are on any paths in the path set 𝐼(𝑂𝑐,𝐷𝑐) 

𝐿𝑖  Length of path 𝑖 

ℒ  Radius of the SAT search area 

Γ𝑖  Set of links of path 𝑖 

𝑡0  The time that an SAT enters a path 

∆ℎ  Time segment for information collection and use 

∆𝜏  Time step for demand generation and traffic density update 

Link: 
 

𝑣𝑎  Travel velocity of link 𝑎 

𝑘𝑎  The density of link 𝑎 

𝑙𝑎  Length of link 𝑎 

�̂�𝑎  Expected value of the mean of the travel time of link 𝑎 

�̂�𝑎
2  Expected value of the variance of the travel time of link 𝑎 

�̂�𝑎,ℎ+𝑧∆ℎ  
Expected value of the mean of the travel time of link 𝑎 in time segment 

(ℎ + 𝑧∆ℎ, ℎ + (𝑧 + 1)∆ℎ) 

�̂�𝑎,ℎ+𝑧∆ℎ
2        

Expected value of the variance of the travel time of link 𝑎  in time 

segment (ℎ + 𝑧∆ℎ, ℎ + (𝑧 + 1)∆ℎ) 



 

99 

 

𝜇𝑎  Population mean value of the link travel time on link 𝑎 

𝜎𝑎
2  Population variance of the link travel time on link 𝑎 

𝑔𝑎(𝑡0)  Expected exit time from link 𝑎 when an SAT enters a path at 𝑡0 

∆�̂�𝑎  Travel time increase on link 𝑎 if a new SAT is added 

�̂�𝑎,ℎ+𝑧1∆ℎ
′          Travel time for link 𝑎  in time segment (ℎ+𝑧1∆ℎ, ℎ + (𝑧1 + 1)∆ℎ) 

after an SAT is added 

𝑓�̅�,ℎ+𝑧1∆ℎ  
Average historical traffic volumes on link 𝑎  in time segment 

(ℎ+𝑧1∆ℎ, ℎ + (𝑧1 + 1)∆ℎ) 

Path: 
 

𝑃𝑆𝑖𝑛  Path size of path 𝑖 

𝑉𝑖𝑛  The systematic term of the utility of path 𝑖 for user 𝑛 

�̂�𝑖,𝑡0
  Mean of the travel time of path 𝑖 when an SAT enters it at 𝑡0 

�̂�𝑖,𝑡0

2   Variance of the travel time of path 𝑖 when an SAT enters it at 𝑡0 

Travel time: 
 

𝑇1  The minimum waiting time with the closest unoccupied SAT 

𝑇2  The minimum waiting time with the closest available occupied SAT 

𝑇3  The minimum waiting time with the closest sharable SAT 

𝑇r  
The maximum acceptable time an occupied SAT arrives at destination 

of its rider 

𝑇𝑎  The maximum acceptable waiting time after an SAT is assigned 

𝑇𝑤  Waiting time for a customer 

𝑇𝑚𝑎𝑥  The maximum acceptable waiting time for a customer 

𝑇𝑇𝐹𝑐  Travel-time flexibility of customer 𝑐 

𝑇𝑐𝑒,𝑚𝑖𝑛  Minimum travel time with currently empty SAT 

𝑇𝑒𝑒,𝑚𝑖𝑛  Minimum travel time with expected-empty SAT 

𝑇𝑐𝑠,𝑚𝑖𝑛  Minimum travel time with currently sharable SAT 

𝑇𝑒𝑠,𝑚𝑖𝑛  Minimum travel time with expected-sharable SAT 

𝑇𝑚𝑖𝑛  Minimum travel time for a customer 

Reliability: 
 

𝑅𝑐,𝑐𝑒
∗    Maximum reliability with currently empty SAT 

𝑅𝑐,𝑒𝑒
∗    Maximum reliability with expected-empty SAT 

𝑅𝑐,𝑐𝑠
∗    Maximum reliability with currently sharable SAT 

𝑅𝑐,𝑒𝑠
∗    Maximum reliability with expected-sharable SAT 

𝑅𝑐
∗  Maximum on-time arrival reliability of customer 𝑐 

𝑅𝑑
′   Updated on-time arrival reliability of rider 𝑑 
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ℛ  
Minimum on-time arrival reliability of the rider when sharing is 

accepted 

ℛ𝑚𝑖𝑛  
Minimum acceptable on-time arrival reliability in system-beneficial 

path guidance 

 


