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4 Abstract
5 This paper proposes and simulates an integrated autonomous vehicle (AV) and public 
6 transportation (PT) system. After discussing the attributes of and the interaction among the 
7 prospective stakeholders in the system, we identify opportunities for synergy between AVs and 
8 the PT system based on Singapore’s organizational structure and demand characteristics. 
9 Envisioning an integrated system in the context of the first-mile problem during morning peak 

10 hours, we propose to preserve high demand bus routes while repurposing low-demand bus 
11 routes and using shared AVs as an alternative. An agent-based supply-side simulation is built 
12 to assess the performance of the proposed service in fifty-two scenarios with different fleet 
13 sizes and ridesharing preferences. Under a set of assumptions on AV operation costs and 
14 dispatching algorithms, the results show that the integrated system has the potential of 
15 enhancing service quality, occupying fewer road resources, being financially sustainable, and 
16 utilizing bus services more efficiently.
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22 1. Introduction
23 Autonomous vehicles (AVs) are poised to represent a revolutionary future for urban mobility 
24 (Silberg and Wallace, 2012). Recent literature on the potential operation of AVs primarily 
25 regards them as an upgrade to conventional personal vehicles with the essential characteristics 
26 of demand responsiveness, fleet repositioning, and shareability (Alonso-Mora et al., 2017; 
27 Correia and van Arem, 2016; Fagnant et al., 2015; Fagnant and Kockelman, 2014). However, 
28 if we merely deploy AVs as upgraded versions of human-driven vehicles, we may not derive 
29 the optimal benefits of the new technology, especially in large metropolitan areas with high 
30 population densities and limited road resources. In cities where public transportation (PT) plays 
31 a critical role, the relationship between AVs and the PT system should not be ignored. Most 
32 studies, however, do not take into account such relationships. Only a few offer limited insight 
33 into the AV-PT interaction and the PT is mostly pitted as a competitor (Chen and Kockelman, 
34 2016 and Mendes et al., 2017). Discussions regarding AV and PT as complementary and 
35 integrated are scarce. Liang et al. (2016) compared the service offered by automated taxi 
36 systems with those provided by human-driven taxis over the last mile to train service; however, 
37 improvements in the PT performance was not the focus of the study. Vakayil et al. (2017) 
38 explored a hybrid transit system with on-demand AVs as an additional service to improve 
39 metro connectivity; nevertheless, the relationship between AV and bus networks was neglected. 
40 Lenz and Fraedrich (2016) discussed, however conceptually, the possibilities of hybridizing 
41 AVs with PT, including improvements in inter-modality and individualization of the transit 
42 service. 
43
44 To fill the research gap, we examine the attributes of and the interaction among the prospective 
45 players in an integrated system (AV operators, PT operators, riders, public authorities, and 
46 automakers) and explore the opportunities that AVs can provide when integrated into PT 
47 systems. We envision a scenario in which AVs provide a complementary on-demand service 
48 to conventional fixed-schedule fixed-route buses for the first/last mile and assess whether the 
49 new integrated service improves the performance of the overall system. This study is based on 
50 empirical travel demand and transit operation details derived from the smart card data in 
51 Singapore. 
52
53 The remainder of this paper is organized as follows. Section 2 discusses the integrated AV and 
54 PT framework and highlights a list of characteristics of AVs that distinguishes the new system 
55 from the traditional hybrid public transit system. Section 3 presents the case of Singapore. After 
56 analyzing the current PT travel demand focusing on the first-/last-mile trips, we propose a 
57 design where we preserve the high demand bus routes, repurpose low-demand bus routes 
58 introduce AVs service. Next, we describe the agent-based model and simulate 52 integrated 
59 AV and PT scenarios for first-mile trips during morning peak hours. We also simulate the 
60 status-quo bus operations as the benchmark, again which we evaluate whether the integrated 
61 AV-PT system is well-suited to improve the quality of service, occupy fewer road resources, 
62 and be financially sustainable, and utilize buses more efficiently. Section 4 concludes this paper. 
63
64 2. Toward a framework for integrated AV and PT system
65 There have been decades of efforts to design and to operate an integrated PT system with on-
66 demand flexibly-routed service since Daganzo (1978) and Wilson and Hendrickson (1980). 
67 Taking advantages of both operating styles—fixed-route fixed-schedule service for corridors 
68 of high demand and density, and demand-responsive service for areas with low ridership, low 
69 density and scattered demand (Adebisi and Hurdle, 1982; Chang and Schonfeld, 1991a), 
70 several integrated PT systems have been proposed (Aldaihani et al., 2004; Chang and 
71 Schonfeld, 1991b; Li and Quadrifoglio, 2009). Various conceptual models evaluating the 
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72 fixed-route and demand-responsive transit services have also been presented (Diana et al., 2009; 
73 Li and Quadrifoglio, 2010; Qiu et al., 2015). Constrained by the 20th-century technology, the 
74 integrated demand-responsive transit system faced critical challenges including high costs to 
75 operate the service, difficulties to communicate with the riders and manage shared rides, and 
76 problems to control drivers. 
77
78 In recent years, the rapid development of Information and Communication Technology (ICT) 
79 has led to the emergence of transportation network companies (TNCs), e.g., Uber and Lyft, and 
80 revived interest in flexible on-demand systems. Online communication platforms manage 
81 shared rides more efficiently by matching the real-time demand with dynamic fleet operation 
82 strategies with lower price for the rides. Some operators have incorporated non-dedicated 
83 vehicles into their service models to reduce capital costs, allowing the fleet size to vary 
84 dynamically according to changes in demand (see the case of FlexDenmark).
85
86 When AVs become available, they may offer an opportunity to address many organizational 
87 and technological challenges in the current system such as reducing labor cost, improving 
88 compliance with planning and operation control, expanding service hours, avoiding erroneous 
89 human-driving behavior, and optimizing the spatial and temporal allocation of the PT services. 
90 Figure 1 summarizes the AV characteristics from the perspectives of operation (AV operator 
91 and PT operator), governance (public authority), technology (AV producer), and consumption 
92 (AV riders and PT riders), distinguishing the integrated AV-PT system from the traditional 
93 hybrid transit system. In this study, we focus on the relationships between AV operators and 
94 PT authority, and between AV operators and conventional transit operators. The rest, despite 
95 its importance, is beyond the scope of this paper. 
96
97 The AV operators offer a new travel option from the passengers’ point of view. Indicators of 
98 conventional PT service quality also apply to the shared-AV service on demand (See the 
99 comprehensive set of service indicators in Eboli and Mazzulla, 2011). AV service can be more 

100 attractive if the system is able to provide a flexible door-to-door service, cheaper thanks to 
101 lowering operating cost, and personalized to fit individual preferences and circumstances. The 
102 service can also benefit the elderly or passengers with disabilities. There can also be drawbacks 
103 associated with the AV service. The impact on the driver employment will have profound 
104 implication on the labor relation, contracting, and social justice in general, which is part of the 
105 broad discussion on the social impact of the automation. Without the appearance of human 
106 drivers, the driverlessness may raise concerns from riders regarding safety (the maturing of 
107 driverless technology), security (preventing crimes in the vehicle) and the quality of customer 
108 service in general (e.g., human assistance). These concerns are partially demonstrated in Dong 
109 et al. (2017).
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110
111 Figure 1. Stakeholders around AV-PT operation and AV characteristics from the 
112 perspectives of operation, governance, technology, and consumption 
113
114 AV brings the attention of public authority to understanding the role and impacts of AVs on 
115 the mobility system. A variety of organizational structures can be imagined with respect to the 
116 ownership of the transit and AV operators, the interaction between the operators, and the degree 
117 of regulation and intervention from the public authority. Possible organizational models of the 
118 integrated AV and PT systems can be envisioned based on the existing transit governance 
119 literature (Bruun, 2013; Costa, 1996; van de Velde, 1999; Wilson, 1991) and the emerging 
120 experience in regulating the TNC firms in London, Singapore, and Boston. They include but 
121 are not limited to 1) the laisse-faire structure; 2) the experience on regulating TNC firms (e.g. 
122 in London); 3) the “on-demand paratransit pilot program” led by the Massachusetts Bay 
123 Transportation Authority (MBTA); 4) the deregulation of PT in the UK (Wilson, 1991); 5) the 
124 “Scandinavian” model (Costa, 1996; van de Velde, 1999); 6) the fully coordinated model. 
125 Appendix A summarizes the key characteristics of the six models but does not get into the 
126 details of the specific responsibilities and functions of the public authorities and other 
127 stakeholders. For instance, within the Scandinavian model, the organizational structures in 
128 Copenhagen (Denmark), Malmö (Sweden), and Adelaide (Australia) can be distinguished 
129 further based on the level of central planning and the design of incentives to tendering parties 
130 (van de Velde, 1999).
131
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132 2.1. Assumptions of the AV-PT systems based on the organizational models in Singapore
133 Public transit in Singapore is highly regulated by the Land Transport Authority (LTA), which 
134 is responsible for service integration including fares, information, and route design1. The 
135 subway system, known as mass rapid transit (MRT), is planned and constructed by the LTA, 
136 who then leases the operating licenses to transit operators. The LTA tenders out bus services 
137 with a contract for five years plus a two-year extension based on service performance. The bus 
138 operators compete for the market to win the contract to enter the market, while the bus routes 
139 are still designed by the LTA.
140
141 Based on the characteristics and regulatory structure of the transport system in Singapore, we 
142 identify the opportunity for synergy between AV and PT system and assume the following 
143 characteristics of the integrated AV-PT system.
144  Planning and regulation: the public authority LTA remains responsible for transit network 
145 planning and the assignment of service areas and routes. 
146 o On-demand AV operation is supported and regulated by the public authority. 
147 o On-demand AV operation is provided in dedicated service areas and is limited to first- 
148 and last-mile service in the current phase.
149  Transit fare and subsidy: The transit fare is heavily regulated. The fare adjustment formula 
150 is regularly reviewed to ensure that the fares are in line with the cost structure and 
151 productivity achieved in the industry and that they are affordable to the public. 
152 o The fare structure of the AV service is considered part of the transit fare review and 
153 adjustment. 
154 o The cost for an AV ride is calculated in Section 3 to test the financial viability of the 
155 AV service.
156  Coordination and competition: the current transit system in Singapore is a coordinated 
157 system with the unified fare and information structure. 
158 o AV operation is coordinated with the MRT system for feeder service. In the 
159 designated area, the AV operation and the adjusted bus operation are also coordinated 
160 (see section 3 for the specific design). 
161  Fare, Ticketing and Information Integration: the AV service is integrated into the transit 
162 system regarding: 
163 o Ticketing: the transit smart card (or any other payment systems used by PT) can be 
164 used for the AV service.
165 o Fare: the cost of a shared-AV ride is set to be close to the current transit fare.
166 o Information: the operating characteristics of both AV and conventional PT modes are 
167 known to each other and available to the passengers. 
168
169 3. An integrated AV-PT system for the first-mile service in Singapore
170 First, we examine the first-mile performance in the status quo PT system using the travel 
171 records from the contactless e-purse application (CEPAS) card—the transit smart card in 
172 Singapore. Second, based on the organizational structure assumed in Section 2, we propose 
173 one feasible operational scenario of integrating AVs into the PT system, aiming at improving 
174 the first-mile service during the a.m. peak. Finally, we assess the performance of the newly 
175 integrated system via agent-based simulation and compare it with the current PT-only system. 
176
177 3.1. Study area and data
178 We define the first-/last-mile trips in Singapore as the connecting trips to/from the MRT 
179 stations, including walk and bus as the dominant modes. The CEPAS data used in this study 

1 TransitLink, the subsidiary of LTA, is in charge of the specific development of service integration and design.
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180 covers all PT trips in August 2013, with over 175 million travel records. Since the CEPAS 
181 requires the tap-in and tap-out policy in both bus and MRT systems, each trip record archives 
182 the date and time of every entry and exit activity and the boarding and alighting stops/stations. 
183 The fare policy recognizes the temporally adjacent journey stages as one single journey, which 
184 may contain a series of MRT and/or bus rides.2 The details on the bus trips made before and 
185 after the MRT ride are clearly identified. 
186
187 Appendix B discusses the first-/last-mile travel demand during the entire workdays, and we 
188 focus here on the two-hour morning peak (7:00 to 9:00 a.m.). Figure 2 shows the volume of 
189 passengers entering each MRT station during the morning peak and the mode shares by bus vs. 
190 other modes. We highlight four stations with over 10,000 passengers and more than 50% of 
191 bus mode share, among which, the Tampines area is chosen as the case study. Tampines has 
192 one of the highest population densities in Singapore, with about 240,000 residents living in a 
193 12 km2 area (HDB, 2015). The MRT travel demand in Tampines station is also one of the 
194 highest: between 7 and 9 a.m. on a typical workday, more than 15,000 passengers use the MRT 
195 service, including over 8,000 taking a bus to access the train station. Figure 3 ranks the 27 bus 
196 routes (and directions) serving the MRT station by the average workday peak-hour bus 
197 ridership. There is an obvious imbalance of patronage: the top five routes account for more 
198 than 55% of the first-mile travel demand, and the bottom 11 routes account for less than 10% 
199 of the demand. The footprints of the high-demand and low-demand bus routes are illustrated 
200 in Figure B in Appendix C.
201

202
203 Figure 2. First-mile travel demand between 7 and 9 a.m.
204 (Calculated by the authors based on CEPAS smart card data)
205

2 According to the LTA, in a single journey, the transfer time should be less than 45 minutes while the total 
travel time should be less than two hours.
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206
207 Figure 3. Bus ridership to Tampines MRT by route
208 (Calculated by the authors based on CEPAS smart card data; “_1” and “_2” indicate the two 
209 directions of the same bus route)
210
211 3.2. Design and assessment of the integrated AV-PT system
212 People in Singapore are highly dependent on the MRT system. The first-/last-mile connectivity 
213 is one of the major issues in the current system of Singapore. Numerous solutions have been 
214 designed and proposed (Lesh, 2013) to improve the connectivity:  1) by proactive planning, 
215 such as enhancing walkability (Cervero, 2007), encouraging park-and-ride (Hamer, 2010), and 
216 increasing intermodal coordination (Chien and Schonfeld, 1998; Sørensen and Longva, 2011); 
217 and 2) by innovative travel modes, such as bike sharing (Cervero et al., 2013; DeMaio, 2009; 
218 Shaheen et al., 2010), and electric scooters (Shaheen and Finson, 2003). 
219
220 We propose an integrated AV-PT system by preserving the high demand bus routes and 
221 repurposing low-demand bus routes while using the shared AV service on demand as an 
222 alternative: 
223  The 16 busiest bus routes (shown in Figure 3) are kept to ensure that 90% of the travel 
224 demand is served efficiently. 
225  The 11 low-demand routes are repurposed in four different ways depending on the specific 
226 configuration of the routes: 1) rerouting to reduce the detour, 2) rerouting to bypass the 
227 high traffic center, 3) maintaining the route but with larger stop spacing, and 4) shifting 
228 the destination to the nearby Simei MRT station. The details of these repurposing options 
229 are discussed in Appendix C.
230  Only the remaining 10% of the demand previously serviced by the 11 low-demand buses 
231 is to be served by the on-demand AV service. 
232
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233 We further assume the following additional AV operation features in the simulation: 
234 On vehicle ownership and operation:
235  Vehicle ownership: individually owned AVs are not taken into account in the model; and 
236 the fleet-based AVs are rented from non-dedicated vehicle providers (e.g., car-rental 
237 companies) whenever needed. 
238  Labor cost: there is no cost for human drivers. Service and maintenance cost of AVs are 
239 accounted in the rental fees paid to the car rental companies. 
240  Operation Compliance: the AVs comply fully with the central controller and do not reject 
241 service qualifying requests from customers. 
242  Fleet rebalancing: when the AV is idle, it is sent to a parking area3.
243 On communication and sharing:
244  Mobility-on-demand: the AV service is requested on demand.
245  Real-time shareability: The requests for ridesharing are processed and responded to in real-
246 time. Both the sharing and no-sharing scenarios are simulated and compared.  
247
248 We built an agent-based model4, simulating the behaviors and interaction among three types of 
249 agents in the system: the passenger, the AV, and the bus, shown in Figure 4. 
250

251
252 Figure 4. Agent-based simulation of passengers, buses and AVs
253 (rounded rectangles refer to the agents, ellipses refer to locations, rectangles with solid line 
254 refer to the movements of agents, rectangles with dashed line refer to the interaction between 
255 agents, and diamonds refer to the decisions of agents.)
256

3 We do not introduce more sophisticated anticipatory rebalancing algorithms in this paper, but they can be 
incorporated in the future research. See Wen et al. (2017). In the simulation vehicles simply return to the 
parking lot of the Tampines MRT station, owned by public authority for both bus and shared AV parking. The 
parking cost is thus not included in the model.
4 Both the analytical approaches and simulation approaches can be used to assess an integrated AV-PT system. 
Analytical approaches are important, but the closed form solution may not be available in the context of the 
dynamic and complex real world. They are often based on a hypothetical and small transit network (e.g., 
Aldaihani et al., 2004; Li and Quadrifoglio, 2009).
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257 Passenger behaviors
258 This model focuses on the passengers who used to ride the bus to the MRT station. The 
259 incidence of passenger trips based on the bus boarding in every 15 minutes during the peak 
260 hours. A Voronoi diagram based on the location of bus stops is generated to assign travel 
261 demand to each building5. 
262
263 As AVs are not yet widely available to the public, current worldwide studies on AV preference 
264 are hypothetical (e.g., Bansal et al., 2016; Krueger et al., 2016; Kyriakidis et al., 2015; Lu et 
265 al., 2017; Payre et al., 2014; Shin et al., 2015; Yap et al., 2016) and the settings in the cases 
266 from other countries may not transfer easily to the context of Singapore. Since the consumer 
267 preference for AVs in Singapore is not the focus of this study, this paper does not model the 
268 mode choice behavior. Instead the model assumes the fixed modal split between bus (90%) and 
269 AV (10%) and focuses on the supply-side simulation. But it is a critical future research area to 
270 have a dedicated AV preference study based on the local context in Singapore.
271
272 When the AV is chosen as the travel mode, the passengers start to call for the ride repeatedly 
273 until the system has successfully booked a car for him/her. Once the vehicle is assigned, he/she 
274 then moves to the pick-up location to wait for the AV. As the density of bus stops in Singapore 
275 is very high, the pick-up location is set as the closest bus stop from the passenger. To prevent 
276 a passenger from waiting forever when no AV is available, a maximum waiting time is set to 
277 10 minutes in the study, beyond which he/she will forgo the AV request and travel by bus.
278
279 When the bus is chosen, the passenger will walk directly to the bus stop to wait for the next 
280 bus. As the frequency of bus service is high (less than 10 min headway), the model assumes 
281 that passenger arrival time is independent to the bus schedule (Abkowitz and Tozzi, 1987; Fan 
282 and Machemehl, 2002; Frumin and Zhao, 2012). Thanks to the high service reliability of 
283 Singapore’s bus system, all passengers get onto a bus within 10 minutes waiting time.
284
285 On-demand shared AV service
286 The concept of the mobility-on-demand system was proposed and demonstrated in the 1970s, 
287 and was called Dial-a-Ride Transit (DART) (Wilson et al. 1976). Two decades later, Dial (1995) 
288 proposed a fully automated DART system. More advanced transit systems integrating various 
289 vehicle sharing services—including buses and taxis—were recently designed and tested (e.g., 
290 Atasoy et al., 2015; Djavadian and Chow, 2016; Jung and Jayakrishnan, 2016). In this study, 
291 the on-demand AV service with ridesharing resembles a taxi-sharing system (Galland et al., 
292 2014; Martínez et al., 2015) but the service area is restricted to the Tampines town with only 
293 the first/last mile service, consistent with the proposed usage of the AV prototype in Singapore 
294 (Chong et al., 2011). The driving behaviors for all AVs are identical, and no booking requests 
295 are rejected. The idle AVs are sent to the parking lot of the Tampines MRT station if there is 
296 no demand for AV. Each AV allows a maximum of four passengers, the capacity of the AV 
297 prototype, to share the ride. As discussed in Section 2.1, the AV operation is regulated by the 
298 transit authority to be complementary to the bus. It does not compete against bus service for a 
299 bigger market share.
300
301 The AV routing follows the shortest path. We assumed that a passenger prefers to ride alone if 
302 possible even when he/she agrees to share the ride. Thus, when a passenger calls for a ride, the 
303 system first scans all empty AVs. If there are empty AVs, the system assigns the closest 

5 Due to the lack of demographic information at the building level, the population are assumed to be evenly 
distributed to the buildings in the cell.
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304 available AV to pick up the passenger. Once the AV and the passenger are matched, a notice 
305 is sent to the passenger requesting a meet-up at the pick-up point. If there are no empty AVs, 
306 the system searches for all occupied AVs, the passengers of which have agreed to share the 
307 ride, based on pre-assigned passenger sharing preference. The criteria to match the shared rides 
308 are as follows. For each shareable AV, after picking up the passenger at location i, the decision 
309 of whether to pick up the next passenger at location j is determined by the following conditions:
310  The vehicle must have enough available seats.
311  Global detour constraint: For a passenger at location i in a shared trip, regardless of the 
312 number of passengers in the AV, and regardless of the boarding order of passenger i, the 
313 total travel time from pick-up location of passenger i to MRT station s, , must be less 𝑇𝑖𝑠
314 than the direct service time,  multiplied by an overall detour ratio, α:𝑡𝑖𝑠
315 , where .  (2)is isT t  1 

316  Incremental detour constraint: In each event of picking up an additional passenger at 
317 location j, the deviated travel time for the previous passenger i due to picking up j (i.e., 𝑡𝑖𝑗
318 ) must be less than the direct service time, , multiplied by the step-by-step detour + 𝑡𝑗𝑠 𝑡𝑖𝑠
319 threshold, β.
320 , where . (3)ij js ist t t   1 
321 The pricing structure is purely distance-based, without a “base fare”. It also reflects the detour 
322 ratio of each passenger. For ridesharing trips, a discount for passenger i is calculated based on 
323 the actual detour ratio r. The discounted price,  is computed as in Eq. (4).𝑃𝑖
324
325                                                        (4)𝑃𝑖 = 𝑝 ∙ 𝑑𝑖 ∙ (1 ‒ 𝑟𝛾)
326
327 where: 
328  p is the base AV fare per km;
329   is the direct travel distance of passenger i in km; 𝑑𝑖

330   is the detoured actual distance;𝐷𝑖

331  , the detour ratio;𝑟 =
𝐷𝑖

𝑑𝑖
‒ 1

332   is the degree of discount offered due to the detour.𝛾

333 In the simulation, we set  to S$1 per kilometer which is at the same order of magnitude as 𝑝𝑖
334 the base bus fare during peak hours6, α to 2, β to 1.2, and  to 2. Please note that past literature 𝛾
335 shows that given the bus pricing structure in Singapore, there is no price variation in the first 
336 mile access by bus (Mo et al., 2018). We cannot find locally relevant willingness-to-pay 
337 estimates from prior literature. Thus, we design the pricing discount and the distance detour to 
338 roughly balance each other so that the fixed demand assumption remains reasonable.
339
340 Bus routing and dispatching
341 While the shared-AV service is on-demand, the bus service still operates on a fixed route and 
342 fixed schedule basis. Two agents are introduced for bus routing and dispatching. The bus route 
343 controller is a high-level agent that manages all bus routes, including the stop sequences to 
344 follow and the headways of each bus route during different time periods. We assigned a bus 
345 dispatcher for each bus route. Based on the stop lists and headways, the bus dispatchers 
346 generate buses for the corresponding routes according to the actual bus schedule. The data for 
347 bus routes and schedules are provided by the LTA. The routes used are the ones presented in 
348 Figures 3, which intersect the Tampines area and stop at the MRT station. 

6The base bus fare is about 0.87 Singapore dollar.
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349
350 Once a bus is generated by the dispatcher, the route is determined based on a sequential stop 
351 list. The bus vehicle follows the route at a constant speed. Upon arrival at a bus stop, each bus 
352 agent dwells for a certain amount of time to pick up all the passengers who are waiting at the 
353 bus stop at the bus arrival time. The actual bus dwell time depends on the number of passengers 
354 entering and exiting the bus, as well as the total number of passengers on the bus. However, 
355 we simplify the dwell time to be fixed (30 seconds) in the simulation due to the lack of detailed 
356 operational information and corresponding coefficients. The waiting time of each passenger is 
357 archived, and the number of passengers onboard is logged. We also calculate the travel time 
358 and travel kilometers for each passenger. 
359
360 The model was coded in AnyLogic 7.3. We executed the simulation between 6:00 and 9:00 
361 a.m. (10,800 s) where one second in the simulation corresponds to one second in reality. The 
362 first hour (6 to 7 a.m.) was regarded as the warm-up period; the outputs from the last two hours 
363 (7 to 9 a.m.) were recorded and analyzed. 
364
365 3.3. Simulation results and analysis
366 Benchmark scenario: Bus-only service
367 We first simulated the status quo scenario with only the bus services, following the existing 
368 bus routes, and used it as the benchmark to compare the new integrated AV-PT scenarios. The 
369 simulation was run for 100 iterations. Figure 5 compares the observed numbers of boardings 
370 in the CEPAS data with the simulated numbers in the benchmark model in every 15 minutes 
371 interval. For most time intervals, the range of the simulated results captures the empirical 
372 values. 

373
374 Figure 5. Number of boardings comparison between simulation and CEPAS data
375
376 We also compared the share of ridership in each bus route between the simulated results and 
377 the observation using the root-mean-square error (RMSE):

378 , (5)
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379 where  is the simulated share of ridership of the bus route r at the n-th simulation;  is the 𝜌𝑛𝑟 𝜌𝑛𝑟
380 observed share of ridership of bus route r at the n-th simulation; N is the total number of 
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381 simulation runs; R is the total number of bus routes. The RMSE was 0.026, indicating that the 
382 simulated demand in each bus route well fitted the actual patronage derived from the CEPAS 
383 data7. 
384
385 Integrated AV-PT scenarios
386 As proposed in Section 3.2, we simulated the scenarios where shared AVs would accommodate 
387 the first-mile service as a replacement of the 11 low-demand bus routes. 90% of the passengers 
388 would still choose the bus, as per usual, whereas the remaining 10% would hail an AV for the 
389 ride to the MRT station. After repurposing the 11 bus routes, we evaluated the service 
390 performance of different AV fleet sizes (from 10 to 35 vehicles) and with two extreme settings 
391 of sharing preference of the AV riders: (1) no one is willing to share the ride, and (2) everyone 
392 is willing to share. A total of 52 AV-PT scenarios were developed, and for each scenario, 100 
393 times of simulations were run.
394
395 Among the many factors affecting system performance, we look into three perspectives to 
396 evaluate the integrated AV-PT system: 
397  Passenger perspective (i.e., service quality): travel time, particularly the out-of-vehicle 
398 travel times (OVT) including walking time and waiting time
399  System perspective (i.e., road traffic): we use the passenger car unit kilometers (PCU-km) 
400 as the approximation to the road resource usage for mixed-vehicle fleets (BITRE, 2015; 
401 BTRE, 2007). The PCU-km is derived as the product of the vehicle-kilometers traveled 
402 and the passenger car equivalent (PCE) factor. The empirical PCE factor for buses in 
403 Singapore is approximately 2.75 (Fan, 1990; Yeung et al., 2015). As the AV is classified 
404 as a personal car, its PCE factor is one.
405  Business perspective (i.e., operating cost and revenue): whether the AV service can be 
406 financially viable based on the proposed pricing model. 
407
408 The simulation results of the 52 scenarios are plotted in Figure 6, where each dot represents 
409 the average value of 100 simulation runs; the triangles represent the non-ridesharing setting, 
410 whereas the circles represent the all-ridesharing setting. The dashed line shows the average 
411 value of 100 simulation runs of the bus-only benchmark scenario.
412
413 Owing to the heat and humidity in Singapore, the outdoor walking time and the waiting time 
414 are of high importance to service quality. The average OVT in the benchmark bus-only scenario 
415 is approximately 420 seconds. We recorded in the simulation the total time spent by each 
416 passenger from his/her incidence being generated to the time when he/she boards a bus or AV. 
417 Figure 6(a) compares the average OVT of all passengers in the AV-PT scenarios with that in 
418 the benchmark bus-only scenario. More AVs reduce the OVT until they saturate; and the OVT 
419 is shorter when rides are shared for the AV fleet size less than 30, beyond which sharing no 
420 longer affects the OVT. The first-mile travel demand can be served by only 17 AVs with 
421 ridesharing for the average OVT to be on par with the benchmark scenario. However, without 
422 sharing, we would need 22 AVs, an increase of fleet size by a third, to guarantee the same 
423 service quality. 
424

7 The visual comparison in Figure 5 and the RMSE are both aggregate measures, which do not capture the 
variations in the number of passenger boardings at the bus stop level, resulting in an overestimation of the realism 
of simulation.
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425 Figure 6(b) indicates the total PCU-km in different AV-PT scenarios. By repurposing the 11 
426 low-demand bus routes based on the strategies in Appendix C (mostly to reduce detours), we 
427 can save a total of 860 PCU-km, which we consider as the acceptable “quota” for AVs in order 
428 not to increase the total traffic in the study area. The simulation results indicate that about 
429 18~19 AVs can be accommodated in the study area within the traffic “quota.” Since our 
430 simulation model only uses the basic heuristic AV dispatching and assignment algorithms, the 
431 AV-PT system performance can be further improved with more advanced algorithms.
432

433
434 Figure 6. Simulation results
435
436 Figure 6(c.1) and 6(c.2) plot the estimated revenue and cost per kilometer for various AV fleet 
437 sizes. The operation cost of AVs is based on the car leasing plan between Uber and SMOVE8, 
438 an emerging car-sharing company in Singapore. We assume that the AVs are owned by 
439 SMOVE, or its equivalent, and rented to the AV operators using the same leasing plan: the 
440 costs being calculated based on the usage of vehicles in terms of both time and distance. The 
441 simulation results show that smaller fleet size has higher profits per kilometer. Sharing 
442 increases the profit margin per kilometer. When the fleet size increases, the profit gap between 
443 sharing and non-sharing scenarios shrinks. The integrated AV-PT service is financially viable 
444 in the tested range of fleet size assuming the above cost structure and the pricing model.
445

8 See https://www.smove.sg/#pricing for more details. 

https://www.smove.sg/#pricing
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446 4. Discussion
447 In addition to the 90%-10% scenario (90% by high demand bus routes and 10% by AV) 
448 reported above, we also tested two alternative AV-PT scenarios: the first is an extreme case 
449 where all first mile bus services are replaced by the AVs, and the second is to use AV to serve 
450 45% of first-mile bus demand by preserving only the 5 busiest bus routes. Appendix D shows 
451 that in both alternative scenarios, the system performance worsens, i.e., there will be far larger 
452 PCU-km in the system to maintain the same level of service quality as in the benchmark case. 
453 We should not take it for granted that an integrated AV-PT system will automatically improve 
454 the status quo. Instead, it requires attentive research and innovative design to identify the 
455 opportunity window where an optimal combination of AV and PT can enhance service quality, 
456 utilize buses more efficiently, occupy fewer road resources, and be financially sustainable.
457
458 The Ministry of Transport (2017) of Singapore is planning for the pilot deployment of AVs in 
459 several planning areas. The integration of AV into the PT system is one of the primary 
460 objectives, including the exploration of operational characteristics and business models. Our 
461 study proposes an integrated AV-PT system based on Singapore’s PT organizational structure 
462 and demand characteristics. Specifically, we envision a synergic system in the context of the 
463 first-mile service during morning peak hours, where high-demand bus routes are preserved, 
464 low-demand routes are repurposed, and shared AVs are introduced as an alternative, and 
465 evaluate the system from the passenger, business and system perspectives using agent-based 
466 simulation.
467
468 The real world is a complex nonlinear system. There is a large room to improve the simulation 
469 model in future research:
470  The 90%-10% scenario is an intuitive design. A more systematic approach to optimize the 
471 PT-AV split should be considered. 
472  The fixed AV demand is a strong assumption. A full multimodal demand model should be 
473 developed based on consumer preference surveys conducted in Singapore for the 
474 estimation of the mode choice between the bus, AVs and walking in the first-mile access 
475 to MRT stations.
476  A dynamic interaction between demand (modal choice) and supply (AV and bus fleets) 
477 should be taken into consideration (See Wen et al. 2018).
478  The dispatching of AV in the current simulation is based on simple heuristics. A more 
479 efficient ridesharing model can be incorporated with more sophisticated algorithms to 
480 optimize the ridesharing efficiency.
481  Other sub-models such as traffic flow models and bus dwelling time models can also be 
482 integrated to make the simulation closer to the real-world circumstances.
483
484 Finally, the case study presented in the paper is only one of many possible ways to integrate 
485 the shared AVs into the PT system from a planning perspective. As in Figure 1, there are many 
486 alternative schemata from the viewpoints of operation, governance, technology, and 
487 consumption, e.g., pricing or ticketing integration, information sharing, institutional design, etc. 
488 Private companies can also be potential AV fleet owners and operators. Various ownership 
489 structures affect the interests and incentives of different players, leading to different behaviors 
490 in the integrated mobility system. Each operator may have its own strategies toward its peers, 
491 e.g., one may choose to compete against or to coordinate with the others.
492
493
494
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652 Appendix: Supplementary Information
653
654 A. Six potential organizational models for the integrated AV-PT system
655
656 Model #1: Laissez-faire structure
657 In a laissez-faire model, the authority never intervenes in the operations. The private operators 
658 aim to increase market share and maximize their profits. They only operate in profitable areas 
659 or routes and compete against each other for ridership, service coverage, and profitability. 
660
661 If the service could be potentially profitable, AV operators enter that market as well. The 
662 natural advantage of AVs (e.g., lower operating cost with automation replacing human drivers) 
663 may trigger the traditional PT operator to optimize its workforce planning and crew scheduling 
664 strategies for cost savings to compete. It may also enhance the quality of customer service in 
665 conventional transit since lack of personal maintenance is one of the potential weaknesses of 
666 the driverless system. Another possibility is the conventional transit operator may also reform, 
667 replacing its human driver with driverless technology, making the whole transit system 
668 driverless. This would lead to competition between two driverless systems. 
669
670 However, the absence of planning and regulation could result in a series of negative 
671 consequences, including separate fare and ticketing system, lack of coordination in network 
672 planning and scheduling. The lack of coordination creates a barrier for passengers to use AV 
673 in conjunction with conventional transit systems owing to the separate fare systems. The 
674 competition in the market can also result in more traffic congestion in profitable areas with 
675 lack of service in unprofitable areas and routes. Without coordination, each AV operator may 
676 install its own vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) system with high 
677 capital cost, which may not even be compatible with that of the other operators. In this case, 
678 the absence of an effective system design fragments the transit market, deteriorates the quality 
679 of service, and reduces revenues. Even with the AV technology, this market may not be 
680 sustainable owing to the reduction of fleet size, service frequency, and the layoff of employees.
681
682 Model #2: TNC-regulated structure
683 This structure is close to the current organizational model with regulations on TNC firms in 
684 many cities like New York City, London, and Singapore, where a vocational driver’s license 
685 is required by the local transport authorities before operating the TNC services. In this model, 
686 the authorities in these cities regulate the private operators to impose service standards upon 
687 these firms, e.g., safety. These TNC firms are not financially supported by the public.
688
689 TNC firms like Uber are attempting to develop their own AVs. It is possible that current TNC 
690 firms may become AV operators in the future. In this case, the AV operation can be licensed 
691 or regulated by public authorities, with the service still provided by the private operators and 
692 not publicly subsidized. The AV service operates independently of transit operations. Without 
693 the strings on labor cost for human drivers, AV operators may be more competitive. The 
694 consequences may be similar to model #1, which may lead to a fully driverless system for all 
695 operators to reduce operating cost or a fragmented system. Although there are certain service 
696 standards promulgated by the public authority, the whole system is still unlikely to be efficient.
697
698 Model #3: MBTA paratransit structure
699 This model is another structure in which private operators can be supported by the public 
700 authorities if they offer public services. The model can be understood as replicating the “on-
701 demand paratransit pilot program” led by the Massachusetts Bay Transportation Authority 
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702 (MBTA). In this program, the on-demand service provided by Uber and Lyft serve passengers 
703 with disabilities. The fare for each ride is only two US dollars, and the rest of the operating 
704 cost is subsidized by the MBTA. In the program, the MBTA could potentially save a large 
705 amount of cost for operating its own paratransit services. The ticketing and information systems 
706 are still separate. There is also no coordination between Uber/Lyft and MBTA travel modes. 
707
708 In contrast to model #2, this model forges a new partnership between private operators and PT 
709 agencies. If these TNC firms upgrade their fleet to AVs, the same organizational structure still 
710 applies. The authority subsidizes private AV operations targeting a specific type of service, e.g., 
711 paratransit for the elderly, people with disabilities, and children. This structure helps to 
712 incentivize the private AV operators to provide more social but (maybe) unprofitable service. 
713 Compared with the current human-driven paratransit service, the on-demand AV service is able 
714 to serve the vulnerable population with greater flexibility and reduced cost.
715
716 Model #4: UK deregulation structure
717 This structure presents an organization option akin to the UK deregulation model (in areas 
718 outside London). In contrast to the TNC-oriented models above, there is a central planning 
719 authority in this structure overseeing the operations at a certain level and the service is more 
720 integrated, although the operators are private and compete against each other. In profitable 
721 areas and routes, the scenario is close to the models above, where the operators set up their 
722 own fare structure, routing and scheduling, and information systems, and compete against each 
723 other. However, the public authority may intervene in the operations in unprofitable areas by 
724 regulating fares and routes or may provide transit service directly. The pros and cons of this 
725 model are briefly summarized by Wilson (1991). 
726
727 In a model with AVs, the advantages of this model are similar to the virtuous circle discussed 
728 in Model #1 with efficient service, quick response to market changes, and technology 
729 innovation. With basic interventions and regulation, the negative consequences envisioned in 
730 Model #1 may not occur. However, private AV operators are still for-profit, which may squeeze 
731 out the conventional operators from the market. Even in a total driverless transit system, owing 
732 to the unrestricted market entry and exit, the AV service may still be discontinuous in the 
733 unprofitable areas, leading to less demand for PT service in these areas.
734
735 Model #5: Scandinavian structure
736 This model accords to the well-known “Scandinavian” or “London” model (Costa, 1996; van 
737 de Velde, 1999). The public transport and service goals are set and planned by the authority, 
738 which then contracts out the planned transit service to private operators. Competition is 
739 introduced in the model where the operators attempt to reach the service standards set by the 
740 authority to enter the market. For instance, in Stockholm (Sweden), bus service is contracted 
741 to several public or private operators, including Arriva (from Deutsche Bahn), Keolis 
742 (headquartered in Paris), and Nobina (from Sweden). The PT authority ensures the 
743 coordination of the transit system. 
744
745 In the AV scenario, to ensure coordination, central planning from a public authority is needed. 
746 Both AV and conventional PT operators compete for contracts to enter the market. The 
747 operating cost of AV is lower, but the conventional transit operators may have advantages in 
748 other conditions, e.g., higher security standards and more help from service personnel. The 
749 ticketing and the customer information systems are more likely to be coordinated and integrated, 
750 which may attract more riders in general, owing to its convenience. 
751
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752 Model #6: Fully coordinated structure
753 This model envisions a fully coordinated scenario without competition in or for the market. 
754 Similar to model #5, the fare and information systems are coordinated and integrated. The 
755 authority is responsible for the design of the network route structure and the designation of the 
756 service areas of each operator, aiming at maximizing social welfare. The operators are 
757 responsible for the operation, management, and fleet maintenance. In contrast to model #5, 
758 where the operators are free to compete for all service routes and areas, the operators in this 
759 model run their services in different areas, making comparisons of service performance 
760 difficult. 
761
762 This model is highly regulated. Different service areas are designated to AV and PT operators 
763 by the public authority, and the operators do not compete against each other for more service 
764 areas. For instance, the planner may design a trunk-feeder or diameter-tangent network 
765 structure. In the network, the trunk (or diameter) routes may be assigned to the conventional 
766 fixed-route fixed-schedule transit operator, while the feeder (or tangent) service connecting to 
767 the arterial routes is assigned to on-demand AVs.
768
769 B. First and last mile travel demand in Singapore during workdays
770 Singaporean residents largely rely on the PT system to travel. According to the statistics from 
771 the LTA, with a total population of 5.47 million, as of 2014, less than 10% of people own 
772 private cars. Moreover, the total number of private cars is continuously decreasing, owing to 
773 the shrinking quota of Certificate of Entitlement. Thus, the availability of private vehicle-based 
774 travel modes is limited. The household interview travel survey (HITS) conducted in 2012 also 
775 suggests that during the a.m. peak hours, 70% of commuters travel to work using PT, including 
776 buses and the MRT, whereas only 16% of them drive cars.
777
778 The average MRT travel demand per hour during workdays is shown in Figure A.1, along with 
779 the volumes of the first- and last-mile bus trips9. The percentages of the first- and last-mile bus 
780 trips to the connected MRT trips in each hour of the day are also shown. During morning peak 
781 hours, first-mile bus trips are more than the last-mile bus trips, while the pattern gets reversed 
782 in the evening peak, which is reasonable for any workday. The chart also shows a clear pattern 
783 of increase in the MRT travel demand during morning and evening peak hours. For instance, 
784 during morning peak hours—between 7 and 9 a.m.—there are in total 450,000 passengers 
785 entering the MRT stations. Among them, nearly 134,000 passengers (over 30%) take a bus trip 
786 to reach the MRT station. The findings from the CEPAS database are consistent with the 
787 corresponding modal share from the HITS data. Observing Figure A.2, the sizes of first- and 
788 last-mile trips are quite similar in all MRT stations, i.e., the number of passengers boarding and 
789 alighting from the MRT are almost equal. Both two charts suggest that the travel pattern during 
790 workdays is very regular. Figure A.2 also illustrates the share of first-/last-mile trips in the 
791 areas close to the boundary of Singapore Island is greater than that in the CBD area, which is 
792 probably due to the higher density of MRT stations in the CBD area.
793

9 For all bus trips connecting with the MRT, we filtered the trip distance of less than 5 km to be the first-/last-mile 
(bus) trip.
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794
795 (1) First-/last-mile travel demand during workdays by hour

796
797 (2) First-/last-mile travel demand during workdays by MRT station
798 Figure A. First-/last-mile travel demand on workdays
799 (Data source: calculations by the authors based on CEPAS smart card data)
800
801 C. Bus routes and the repurposing methods
802
803 Footprints of bus routes in Tampines
804 Figure B maps the footprints of bus routes. Figure B.1 shows the spatial coverage of high-
805 demand bus routes (i.e., from route 291_1 to 18_1 in Figure 3), which in total service over 90% 
806 of the first-mile bus travel demand in the Tampines area. Figure B.2 shows the coverage of 
807 low-demand routes (i.e., from 38_2 to 10_2). The low-demand buses do not significantly 
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808 enhance the service coverage in this area. The frequency of low-demand buses is quite high 
809 with less than 10-min headway but they carry low first mile demand.
810

811
812 (1) Footprint of high-demand bus routes

813
814 (2) Footprint of low-demand bus routes
815 Figure B. First-mile bus routes and origin-destination patterns
816 (Data source: calculation by the authors)
817
818 Repurposing low-demand bus routes
819 The details on each of the low-demand bus routes and the corresponding repurposing scenarios 
820 are summarized below:
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821 i. Rerouting to reduce the detour. The bus routes presented in Figures C(1) and C(2) both 
822 use the Tampines MRT station as the terminal. The routes deviate largely. After 
823 repurposing, we let these buses go directly to the terminal.
824 ii. Rerouting to bypass the center. The bus routes presented in Figures C(3), C(4), and C(5) 
825 all pass by the MRT station area. However, the low ridership indicates that, although the 
826 buses are designed to connect to the MRT station, only a few passengers use the service. 
827 Therefore, these routes were redesigned to bypass the station area to mitigate the pressure 
828 on the road traffic around the MRT station.
829 iii. Keeping the route as is. The bus routes presented from Figure C(6) to C(10) all go to the 
830 MRT station directly. We kept the route as is; however, the bus stops in the Tampines area 
831 were skipped.
832 iv. Shifting the destination to the adjacent MRT station. The bus routes presented in Figure 
833 C(11) connect Tampines and Simei, which is the MRT station next to Tampines station. 
834 However, the travel demand between the two MRT stations by bus is low; the demand 
835 between the two can be either serviced by the MRT or by the AVs. Hence, we shifted these 
836 two bus routes to end at the Simei MRT station.
837

i. Rerouting to reduce detour:

(1) Bus route 3_2 (2) Bus route 39_2
ii. Rerouting to bypass the center:

(3) Bus route 21_1 (4) Bus route 21_2 (5) Bus route 168_2
iii. Keeping the route as is:

(6) Bus route 10_2 (7) Bus route 23_1 (8) Bus route 31_2
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(9) Bus route 65_2 (10) Bus route 67_1
iv. Shifting the destination to the adjacent MRT station:

(11) Bus route 38_2
838 Figure C Repurposing low-demand bus routes
839
840 D. Simulation results for alternative scenarios
841 The section demonstrates two alternative scenarios with various repurposing proportions of 
842 shared AV, based on Figure 3. For each scenario, 12 sub-scenarios were simulated with 
843 different fleet sizes. With each AV fleet size, we run the simulation for 100 iterations. Every 
844 passenger is assumed to be willing to share the ride. We focus on the impact on the road 
845 resources, i.e. PCU-km. The results of the two scenarios are illustrated in Figure D.1 and D.2, 
846 respectively.
847

848
849 Figure D. AV fleet size vs total PCU-kilometers traveled in alternative scenarios
850
851 Figure D.1 shows the PCU-km assuming the AVs serving 45% of the first-mile demand 
852 originally served by bus. The five busiest bus routes are kept in the system while the other 22 
853 routes are repurposed. The total saving of PCU-km by repurposing the bus routes are about 
854 2,400 km. However, to serve the first-mile travel demand with the same level of service, at 
855 least 96 shared AVs are required, generating nearly 4,300 PCU-km. The total PCU-km 
856 increases. Similarly, Figure D.2 shows the results where all first-mile bus demands are replaced 
857 by the shared AVs. By simply removing all bus routes in this area, about 7,600 PCU-km are 
858 released. However, 208 shared AVs are needed, generating over 9,100 PCU-km. In both 
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859 scenarios, much more road resources are occupied, making the road traffic worse and harming 
860 the performance of the overall mobility system. We are able to improve the system performance 
861 based on an intuitive design of repurposing only the low-demand buses that serve 10% of the 
862 demand. However, the comparison to the alternative scenarios shows that we cannot take it for 
863 granted that an integrated AV-PT system will automatically improve the system performance.


