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We present an overview of ten case studies of Autonomous Mobility on Demand (AMoD) transportation systems, which are based on realistic data from different urban contexts. Comparing AMoD systems with Conventionally Driven Vehicles (CDV), the limits of reduction of vehicles, the cutting-back of parking spaces, and the increase of empty miles are investigated. As a result of introducing a shared fleet of autonomous vehicles (AV), the analysis demonstrated that 88%–93% of CDV are not required to meet realistic requirements. Parking spaces can be reduced by 83%–97%, while empty miles could be increased by 6%–15%. Nonetheless, fleet dispatching techniques that use the advanced optimization algorithms can reduce the ratio of empty miles by as much as 40%. Consequently, we propose a standard procedure for conducting intelligent transportation system studies (ITS) that can assist in the planning of traffic on urban environments at operational, tactical, and strategic levels. Furthermore, the case studies enabled us to design an Intelligent Transportation System Readiness Level (ITS-RL) scale to assess the realism of case studies, facilitate risk assessment, and provide guidance on how to incorporate AMoD system within a local context.
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1 INTRODUCTION
Industrialization and urbanization have resulted in a rapid development of the global economy. Currently, there are more than 500 urban areas that contain more than one million people. In addition, a United Nations report (Pishue, 2020) notes that the level of urbanization in 2008 surpassed the 50% mark, up from the 30% of the population that lived in cities 50 years ago, Furthermore, it is estimated that by 2050, 66% of humans will live in urban area. Recently, it has surfaced that due to the rapid growth of the urban population, the infrastructure will not scale appropriately with the increased requirements and, as a result, will deteriorate. Likewise, also public services will tend to become inadequate, and energy supply may not maintain the required levels. This development results in urban challenges such as traffic congestion, lack of housing, insufficient infrastructure development, and environmental pollution. In order to meet the enormous transportation demands of metropolitan areas in particular, increasingly innovative solutions are required.
Although, in particular transportation issues are important here, it must also be noted that nearly 1.35 million people die on roads worldwide in every year which is an unacceptably high number. It is estimated that today road traffic accidents represent the leading cause of death among children and young adults aged 5–29 years (Organization, 2015). In addition, approximately 3% of the international gross domestic product is attributed to road accidents from 2015 to 2030, accounting for US$ 1.8 trillion (Goniewicz et al., 2016). According to a recent study that analyzed the causes of car accidents, at least 90% of them were caused by driver error (Penumaka et al., 2014).
There is evidence that the transport sector is responsible for almost 30% of all energy consumption globally, with 94% of that energy coming from liquid fuels such as oil, while overall emissions from this sector are about 21% (du Can and Price, 2008). The transportation industry on a global scale is a significant contributor to environmental pollution, with the emission of over seven billion metric tons of carbon dioxide (GtCO2) in 2021. Among the various modes of transportation, passenger cars emerged as the largest emitter, responsible for approximately 39 percent of the total emissions generated by the global transportation sector during that year (Tiseo, 2023).
On the other hand, private cars are a major contributor to traffic congestion, pollution, although vehicles are typically underutilized. Every year, drivers waste an average of 118 h per year on the Cross Bronx Expressway, which is ranked as the worst road in the US for the third consecutive year. As for the United Kingdom cities, London was deemed to be the most congested in 2019 with 149 h lost by drivers, followed by Belfast (111 h), Bristol (103 h), Edinburgh (98 h) and Manchester (92 h) (Pishue, 2020). In addition, numerous studies have demonstrated that traditional transportation systems, and especially private vehicles with combustion engines, have an unsustainable environmental impact (International Transport Forum, 2017). A potential solution of the aforementioned problems is the advancement of the autonomous vehicles (AVs), which enable all users to access goods and services through an innovative transportation concept known as the Autonomous Mobility on Demand (AMoD) transportation system. Introducing shareable AVs might have a positive impact on reducing the overall number of private cars on the road. In this way, oil dependency, pollution, low utilization rates, and parking lot sprawl issues can be directly addressed (Zhang et al., 2015). It is essential to effectively manage the distribution of the AVs to ensure the efficiency and effectiveness of any AMoD transportation system under changing spatial and temporal conditions.
AMoD transportation systems have been subject to a number of critical reviews, and some of the most important studies will be presented below. For example, a survey of Singaporean transport modes was conducted in order to explore existing modes affect the adoption of an AMoD transportation system (Mo et al., 2021). Although AV were previously considered only in the context of AMoD, it is crucial to examine the impact of autonomous public transit systems together with that of private AVs. In this context, the acceptance of ride sharing is explored in depth in (König and Grippenkoven, 2020). A survey has found that 90% of respondents would prefer to share a 10-min ride with a discount of 50% or more compared to a private ride. Insecurity is another factor which determines travelers’ willingness to share rides in autonomous public transport systems.
AMoD transportation system acceptability analysis before and after first-use is provided in (Distler et al., 2018), participants expressed feeling reassured about safety concerns as a result of the analysis. On the other hand, perceived usefulness and performance expectancy were significantly reduced as a result of inadequately effective AMoD system design.
In addition to the consumer perceptions of AMoD, an effective management of information regarding demand is crucial in AMoD transportation system. In Wen et al. (2019), researchers classify, measure, and evaluate information collected in order to develop an AMoD system. They report that demand effectiveness is strongly influenced by assumptions about AMoD market structure, fare schemes, and hail and sharing policies. An in-depth analysis of methods and tools for modeling and solving problems associated with AMoD transportation system can be found in Zardini et al. (2021). Particularly, they identify problematic settings for AMoD systems analysis and control, both from a planning and operational perspective. Modeling issues such as transportation networks, traffic demand, congestion, operational constraints, and interactions with existing infrastructure are discussed. They then provide a systematic analysis of existing solutions and performance metrics, identifying trends and outlining trade-offs.
A number of review articles comprehensively analyze various aspects of AMoD systems, such as problem settings, modeling, solutions, and performance metrics (Zardini et al., 2021; Zardini et al., 2022). They emphasize the need for new mobility paradigms due to urbanization and increasing travel needs (Zardini et al., 2021; Zardini et al., 2022). Furthermore, the potential benefits of AMoD systems, including increased convenience, safety, and mobility for non-drivers, have garnered significant interest (Zhang et al., 2015). In Soteropoulos et al. (2019), several studies investigating the impacts of AVs on land use and travel behavior are reviewed. The work in Lavieri et al. (2017) provided a model of AV adoption and use by users based on their age and educational background. The study identified an attitudinal factor that might influence behavioral intentions to ride AMoD system (Gkartzonikas and Gkritza, 2019).
Jing et al. (2019) examine the impact of AV technology on mode choice intention and the factors influencing travelers’ intentions to use AVs and SAVs. Their study identifies knowledge about AV technology and perceived risk as potential obstacles to the adoption of AVs and SAVs. They find that attitude and subjective norm significantly affect travelers’ intentions to use AVs, while perceived behavioral control plays a role in influencing intentions to use SAVs. This research provides insights into the factors shaping individuals’ intentions towards AV and SAV usage, highlighting the importance of addressing knowledge gaps and addressing perceived risks to promote adoption in the future. Othman, K. (2022) highlights the lagging legal framework and regulations surrounding AVs. It covers the implications of AVs on safety, public behavior, land use, economy, society, environment, and public health. This comprehensive review serves as a valuable resource, providing insights into the potential advantages and challenges of widespread AV adoption. In another comprehensive review by Narayanan et al. (2020), the focus is on SAV services, categorizing the anticipated impacts into various groups such as traffic and safety, travel behavior, economy, and environment. Moreover, Iglesias et al. (2017) have conducted studies exploring the potential of AMoD systems in reducing passenger cost-per-mile traveled and analyzing coordination algorithms for these systems. The modeling and assessment of AMoD services have been carried out using simulation-based approaches and analytical methods, as observed in studies by Azevedo et al. (2016) and Twumasi-Boakye et al. (2021). However, despite the increasing number of published papers in this area, there remain research gaps that necessitate further investigation (Twumasi-Boakye et al., 2021; Zardini et al., 2021).
Based on our knowledge, the review conducted in (Narayanan et al., 2020) is the only comprehensive review that looks at many of the envisioned impacts of AMoD transportation systems in seven broad categories, including traffic and safety, travel behavior, economics, transportation supply, land use, and governance. Various Shared Autonomous Vehicles (SAV) services are presented as a typology, along with an explanation of their components. An explicit focus is given to issues relating to the expected demand patterns and possible policy framework requirements.
Our study discusses these aspects through ten case studies and offer a framework for the analysis of their results. Our main contributions are.
• Review methods and data sources for the case studies, quantify their results by aggregating common measures, highlight and discuss the boundaries of common results in light of theoretical arguments and possible reasons.
• Propose a standard procedure for conducting intelligent transportation system studies that can assist in the planning of traffic on urban roads at operational, tactical, and strategic
• The concept of a Technology Readiness Level an Intelligent Transportation System Readiness Level (ITS-RL) scale to assess the realism of case studies, to assist with risk assessment, and to provide guidance on how to implement AMoD transportation systems within a given local context.
The remainder of this paper is structured as follows; in Section 2 we describe the selected case studies. In Section 3, we analyze and present the results of the AMoD system case studies for each city. We present in Section 4 the standard intelligent transportation system studies (ITS) procedure, and a realistic scale for evaluating ITS. Finally, in Section 5, we discuss the insights gained through this study, and we offer suggestions for future studies.
2 CASE STUDIES
The objective of this section is to provide a comprehensive summary and assessment of the existing models for autonomous Autonomous Mobility on Demand (AMoD) systems, with a focus on comparing them to Conventionally Driven Vehicles (CDV). The case studies have been carefully selected based on the following criteria.
• Geographical Diversity
The chosen case studies represent various continents. Melbourne (Australia) represents the continent of Australia, while Lisbon (Portugal), Stockholm (Sweden), and Zurich (Switzerland) represent Europe. Singapore represents Asia, and Austin, San Francisco, Ann Arbor, BABCOCK RANCH, and Manhattan represent North America. By including cities from different regions, a global perspective on AMoD systems is achieved, allowing for a comprehensive examination of their impacts, challenges, and diverse implementation approaches.
• Varied Urban Characteristics
These cities showcase diverse urban characteristics encompassing factors such as population density, infrastructure development, urban planning strategies, and transportation systems. The classifications include high-density metropolises such as Singapore and Manhattan, tech hubs including San Francisco, Austin, Zurich, and Stockholm, and diverse urban areas like Melbourne, Lisbon, and BABCOCK RANCH.
• Range of Implementation Scales
The selected case studies cover a wide range of implementation scales, encompassing cities of different sizes and population densities. This inclusivity ensures that the analysis captures the diverse challenges and opportunities associated with AMoD systems across various urban contexts.
• Availability of Comprehensive Data
The case studies were chosen based on the availability of comprehensive and relevant data necessary for conducting a thorough analysis. These cities have well-documented AMoD initiatives, enabling detailed examination and meaningful comparisons.
By considering these factors, the selected case studies provide a solid foundation for the analysis, facilitating a comprehensive evaluation of AMoD systems in comparison to CDVs.
A majority of the reviewed models evaluated AMoD system performance by minimizing vehicles and empty miles, maximizing Quality of service (QoS) in term of reducing waiting times, and assessing operational policies used to control the fleet (Table 1).
TABLE 1 | Case studies characteristics.
[image: Table 1]2.1 Melbourne
A study conducted in Melbourne (Dia and Javanshour, 2017) explored the possibility of using computational tools to simulate and assess the implications of the AMoD system. The study is conducted on a real-world, small-scale pilot area. On the basis of the distribution of trips during the morning peak (Transport, 2009), the origins and destinations are categorized into nine broad regions. A table presents a count of trips between each of the two regions, as well as the median travel time and length. Two alternative scenarios were presented and compared with the scenario of CDV. In the first scenario, AV was assumed to be privately owned. Accordingly, AVs were assumed to be equal to the CDVs, and no waiting period was considered. When compared with the CDV scenario, the number of necessary cars decreased by 40% and the number of parking spaces by 58%. The number of Vehicle Kilometers Traveled (VKT) increased by 29% due to the need to relocate vehicles. In the second scenario, the number of AVs was not specified. Consequently, the problem of determining the number of launch vehicles while maintaining a 5-min waiting period became a challenge. The number of AV is set to the number of incoming trips for each region if the number of incoming trips is higher than the number of departing trips. Whenever a client waits longer than 5 min, this total amount will be adopted until 20 iterations. As compared to CDV, the number of cars and the number of spaces needed to satisfy demand decreased by 88% and 83%, respectively, but the volume of vehicle kilometers traveled increased by 10%.
2.2 Lisbon
The Lisbon case (Martinez and Crist, 2015) evaluated an AMoD system for a large area. The road network model is combined with a distribution of trips derived from the Lisbon Travel Survey (DA et al., 2005). The slow mode (walking, bicycling) is applied to trips that are under 1 km, while the AV and public transit modes (Metro) are assumed for other trips. Two types of AVs exist: the TaxiBot, a self-driving vehicle that can carry a number of passengers simultaneously, and the AutoBot, which will pick up and drop off one passenger at a time. A variety of scenarios are included based on different mobility modes (cars, ride-sharing), accessibility of public transportation, penetration rate, and simulation time. In the basic scenario, the AMoD system meets the precise transportation demand in Lisbon with only 10% of the vehicles and 6% more VKT. Parking on the street is not necessary when using the AMoD system. Additionally, 80% of off-street parking can be eliminated, which amounts to approximately 20% of the city area. Because the number of AVs was set to a fixed number, the model cannot be generalized.
2.3 Singapore
An investigation AMoD system performance in the moderately sized Central Business District in Singapore (Pendleton et al., 2015), assessed the increase in the number of vehicles and the location of charging stations. Home interviews and a travel survey with origins, destinations, and travel times were used to create the CDV (Singapore, 2008). The fleet arrangement will be tested with two configurations. A dropped-off vehicle tries to find the closest charging station when station-based configured. When a vehicle drops off a consumer, a float-free vehicle expected to stop and charge. For the study, AV together with public transport were assumed to provide 100% of the transportation within the Central Business District. Increasing fleet size would increase served customers by 3.7% in free-floating configurations and 2.2% in station-based configurations. The decrease in service quality in later configurations is a result of empty miles and congestion. The study showed that charging facilities can be located in such a way as to reduce the congestion on the roads.
2.4 Stockholm
In the Stockholm case study (Rigole, 2014), researchers examined the potential benefits of operating a fleet of Shared Autonomous Vehicles (SAVs). The sample was assembled using a representative sample of trips gathered from an analysis of travel and passenger behavior in Stockholm (Jonsson et al., 2011). The start time distributions are assumed to be Gaussian during morning and evening peaks. In this study, the CDV scenario was compared to simulation results for self-driven vehicles. The SAV system would take into account the same rate of demand as in the case of CDVs with 10% fleet sizing. Moreover, SAV parking has decreased dramatically to 3.4% of CDV parking spaces with better utilization of vehicles. As a result of an increase in empty miles in SAV, VKT increased by 15% in SAVs.
2.5 Austin, Texas
For the Austin case (Fagnant et al., 2015), researchers developed an agent-based model for Shared Autonomous Vehicles (SAVs). Based on NHTS (trip-distance) data (Santos et al., 2011), start of trip and distance distributions are generated, and in 5-min intervals, destinations are assigned to each trip, and the durations are sampled over a 24-h period from a Poisson distributions. In order to generate the sampling, an approximation method is used to sample the route and destination of directed trips. Grid-based metropolises have three levels, with constant demand in the outer layer, intermediate in the middle layer (2.5 miles away from the centre), and high in the core. Rebalancing the fleet at the start of the day and finding the optimal number of cars was the challenge they solved. The simulation of an AV fleet of 9% of CDVs served the same number of customers as CDVs. Therefore, each AV would replace about eleven CDVs and add 10% more VKT. The trip data in this study is affected by multiple factors, such as the peak area and time of day. It would be beneficial to examine the demand variations between workdays and weekends in order to obtain more realistic results.
2.6 San Francisco, California
The case study of San Francisco served as a first test case for AMoDeus (Ruch et al., 2018), a non-commercial software package that provides quantitative and precise AMoD systems. Four new dispatching and rebalancing policies were proposed. The Load Balancing heuristic (LBH) analyzes the number of requests and the number of available cars for determining the optimal balance. Whenever the number of vehicles available exceeds the number of requests, the policy assigns each request to the closest vehicle, otherwise it assigns each vehicle to the nearest request. The Global Bipartite matching (GBM) policy uses a periodic method of distributing requests to vehicles in order to decrease the total distance between the two vehicles Bischoff and Maciejewski (2016). By using the Feedforward Fluidic Rebalancing Policy (FF), the city is divided into regions in a preprocessing step. Then, using a linear programming formulation, it reduces the overall rebalancing distance towards equilibrium per step, thereby decreasing energy consumption. The Adaptive Real-Time Rebalancing Policy (AU) is shown to be an enhancement to the preceding policy. The number of rebalancing vehicles between any two areas can be calculated using a linear program with an unimodular constraint matrix (Pavone et al., 2012). Based on taxi traces (Kotz and Henderson, 2005) collected in a moderately-sized San Francisco area, the simulation model was developed. All policies have a maximum wait time of 15 min, and the wait time decreased as the fleet size increased. The policy selected can have a significant effect on the empty distance traveled in addition to the overall distance traveled. In contrast to the previous studies, the results for San Francisco are based only on taxi data, and they do not represent CDVs.
2.7 Zurich
In a case study of Zurich (Hörl et al., 2019), four operational strategies were observed in the management of the AMoD system simulating twelve districts of the city. From the Microcensus on Mobility and Transport (Federal Statistical Office, 2012), researchers can estimate the demand of AVs based on daily travel patterns. If both destination and origin are in the service area, the system replaces every trip by public transportation. By sketching all potential trips inside the service area, trips by CDVs were assumed then replaced by AV. The trips that were taken by slower modes of transportation (by bike and by foot) were not replaced. An in-depth assessment is conducted for each of the dispatching and rebalancing policies proposed in (Ruch et al., 2018).
It has been found that AMoD systems are six times more likely cover the demand than CDVs. Furthermore, the policy chosen has a significant impact on the overall distance and empty spaces traveled. Based on the AMoD systems costs in Switzerland, the operating costs are calculated by using occupancy, share of empty miles, operating time, average speed, and service duration per passenger. Due to the fact that the size of the fleet directly affects the occupancy factor, the results of the study show that the operating cost increases linearly with the size of the fleet. In addition, the results indicate a decrease in the price when waiting time increased, which can be achieved by a decrease in fleet size. In order to provide a full understanding of the financial impact, the AMoD system price is compared with different mobility options in Switzerland. According to AMoD prices, the range derives from short- and long-term car price projections. Also, the AMoD price in all cases would be less than the taxi service’s base price. Even after taking into account transportation waiting time, the costs were higher than public transportation. In spite of using real data in this work, only public transport trips are replaced by AVs, whereas CDVs are generated randomly and automatically assigned to AVs. As a result, the variation between peak and off-peak results can be explained by public transportation trips only.
2.8 Ann Arbor, Michigan
The city of Ann Arbor (Jordan, 2012) evaluated a system of CDVs in a very large area in comparison to AMoD transportation system. In compiling this report, data from the National Household Travel Survey (Transport, 2009) were used, which included the overall number of trips that are made per day, the duration of those trips, the distance and speed of those trips, as well as the average number of riders. In comparison with CDVs, the simulation indicates that a fleet of 18,000 vehicles (15% of CDVs) will be used 75% of the time to service 100% of request within 1 min. Ownership costs are expected to be reduced by 84% with a slight rise in operating costs due to repositioning AV. Moreover, the operating costs could be minimized by implementing an AV system developed specifically for the purpose. In comparison with a general-purpose AV, the mass and energy of a purpose-built AV are reduced by one-tenth. For purpose-built AV, operating costs are reduced by 40%. Definitions of extra costs are discussed in more detail. Since the fleet will be used 75% of the time, it is expected that parking costs will drop by 75%. Moreover, the most significant and least significant incomes of individuals are considered in determining the cost of time. According to the AMoD system, clients can save from 6.25% to 12.5% of their annual income based on the specified time value.
2.9 Babcock Ranch, Florida
For Babcock Ranch town, Authors (Jordan, 2012) seek to compare the advantages of an AMoD transportation system with those of the CDVs in a relatively small area with only half the land accessible to transportation. The AMoD system is supposed to be used by customers traveling within the city. In addition to the number of trips made each day, speed and distance traveled are the only trip-related statistics shown (David Plummer & Associates, Inc., 2011). Based on the distances between the two points, beginnings and ends of trips are assumed at random. It was found that with an AV fleet of just 6%–8% of CDVs, all trips could be served in under a minute, and that the fleet would be utilized 70% of the time.
2.10 Manhattan, New York
An assessment of the expenses and advantages of replacing Yellow Taxicabs with AMoD transportation system was conducted on the island of Manhattan (Jordan, 2012). Throughout the study, they considered the statistics from Fare Share NYC as well as the Taxi and Limousine Commission (TLC) (Lagos, 2003). As compared to Yellow Taxicabs, AMoD system operated a fleet of cars that served the same number of request with 70% of the number of cars used by Yellow Taxicabs. Additionally, waiting times for AV can exceed 5 min when hailing AV from the street, while waiting times for preordered AVs can be as short as less than a minute. As part of the cost analysis, the fares include the overall ownership cost, the total operating cost, the pay of the driver, and the total revenue of the business. Therefore, AV would charge 8% of Yellow Taxicabs’ prices. The decline is due to fewer cars being needed, removing driver pay, and reducing operation costs. In the Yellow Taxi system, empty miles have a significant impact on operating costs. The excessive amount of empty kilometers in taxis is the result of weak coordination between vehicles and clients. Therefore, a professionally coordinating agents of AV systems can minimize this issue. For Manhattan, no CDVs are included because the data is only based on taxis as opposed to the previous studies.
3 AGGREGATED RESULTS AND DISCUSSION
Through the case studies, we quantify the size of each AV fleet as well as parking spaces, Vehicle Kilometers Traveled (VKT) and pricing scheme compared to Conventionally Driven Vehicles (CDV) in the dataset description. Using two case studies on control of operational policies, we describe their optimized QoS in light of the improvement of AMoD transportation system.
3.1 Significant decrease in vehicle number and parking spaces
In six cities across three continents, across the performance of AMoD system and CDVs system, all results in Figure 1 demonstrated that a shared fleet of fleets can significantly reduce the number of vehicles required to meet the same realistic traveling demand as conventional transportation. There was a large scale study carried out for Ann Arbor, whereas only a pilot area was considered for Melbourne. However, regardless of the size of a city, the number of AVs that are required to meet the real demand is between 5% and 15% of those CDVs in the city. As Yellow Taxicabs were replaced by AVs in the study, the weaker outcome for Manhattan did not result in a different conclusion. Taxis run in a shared mode, which means that they already run on demand and are more efficient than the CDVs.
[image: Figure 1]FIGURE 1 | AMoD system fleet size as proportion to the CDVs system in case-studies.
As shown in Figure 2, the majority of parking spaces are ineffective as most of the vehicles are effectively utilized.
[image: Figure 2]FIGURE 2 | Parking spaces of AMoD systems proportion to the CDVs system in case-studies.
Parking in the United Kingdom occupies a significant amount of land, comparable in size to Birmingham (policy.friendsoftheearth.uk. 2019). Similarly, in Lisbon, a moderately sized area, a simulation model indicates that the introduction of an AMoD system will result in the elimination of all on-street parking spaces. Furthermore, due to the increasing utilization of vehicles, off-street parking in Lisbon will decrease by 20%. Consequently, a larger portion of the city’s land will become accessible for various purposes. This transition is expected to have a beneficial impact by reducing traffic congestion in heavily congested areas of the city. The Melbourne study also considered a very small, crowded area, and its results indicated that parking spaces have been significantly reduced.
The quantitative results discussed above are not surprising, and many publications mention that people only drive their CDVs for a small amount of the time. More precisely, U.S. Nationwide Personal Transportation Survey (NPTS) data show that drivers spend 1.2 h (or 5%) per day on average behind the wheel (Barter, 2013). UITP Millennium Cities data shows that in 84 cities during the day 95.8% of cars are parked, meaning that for 4.2% of the time cars are actively moving (Rodrigues, 2018).
According to a study conducted in London, cars in the United Kingdom spend 96% of the time parked [Bates and Leibling (2012)]. The RAC Foundation in the United Kingdom determined that on average, a car is parked in its home for 80% of the time, parked somewhere else for 16% of the time, and is only mobile for 4% of the time.
In most case studies, the AMoD fleet capacity was measured during peak time and in cities, so the reduction percentage happened more away from peak time and areas. In addition, a larger class of improvements could be introduced considering effective rebalancing techniques. Dispatching and rebalancing policies have a significant impact on the quality of AMoD system services, as shown in studies in San Francisco (Ruch et al., 2018) and Zurich (Hörl et al., 2019).
3.2 Increase in vehicle kilometers traveled
In this section, we discuss the findings of our study regarding the potential negative impacts that cannot be entirely avoided at present. The study highlights a significant increase in the total number of kilometers traveled when comparing AMoD systems to Conventionally Driven Vehicles (CDV), which serves as a primary contributing factor to these impacts. This increase can be attributed to various factors.
Firstly, the implementation of the AMoD system involves serving multiple customers across different locations, leading to empty miles between successive customer trips. Additionally, the repositioning of vehicles and driving towards charging stations contribute to the overall increase in kilometers traveled. Moreover, since the AMoD system operates as a cooperative fleet, the relocation of vehicles to different areas also results in increased empty miles.
According to Figure 3, the study demonstrates that while the percentage increase in Vehicle Kilometers Traveled (VKT) ranges from 6% to 15%, it is not as substantial as the reduction in the number of vehicles operating in the system.
[image: Figure 3]FIGURE 3 | Vehicle Kilometer Traveled as proportion to the baseline (CDV).
3.3 Competitive cost scheme
The pricing scheme of AMoD system is discussed extensively in three studies, see Figure 4. Public transportation fees in Zurich are considerably lower than those charged in the other cases. Possibly, this could be attributed to the high use of buses as well as the high sharing factor for bus trips between stations. In the short run, CDVs are cheaper than an AMoD system, but AMoD offers a cheaper service in the long run. Taxis are the transport system closest to AMoD, because they provide also on-demand, public, and point-to-point service. However, due to driver wages, fuel cost, and the total cost of a trip is more expensive for taxis. For Manhattan and Ann Arbor, the comparison was based on the ownership and operation costs. As compared to CDVs, the cost of trips would be much lower for the customers. Taking parking and time prices into account, the Ann Arbor study shows the efficiency of AMoD. Parking prices are calculated based on the percentage of AMoD vehicles parked, while time-related costs are calculated based on people’s hourly income.
[image: Figure 4]FIGURE 4 | Cost analysis of AMoD system as proportion to the privately-owned cars.
3.4 Amenable results
An AMoD transportation system does also have negative impacts, but we will see in the following that these are more manageable than similar issues with CDVs and taxis. In Figure 5, dispatching policies in two cities are compared on their effect on the amount of empty miles (Section 3.2). There is almost no difference in the effect of the dispatching policies in the two cities, even though the scenarios are totally identical1. As a consequence of rebalancing, the respective algorithms (AU and FF) have the least steep slopes (See Figure 5), meaning they benefit less by increasing fleet sizes than the others. In the non-rebalancing algorithms (GBM and LBH), an increase in vehicle number will result in the availability of more vehicles when a request comes in. Thus, the empty distance ratio decreases strongly. Because it focuses on minimizing vehicle kilometers travelled, GBM produces the least empty distance. Independently of the fleet size, a uniform distribution of vehicles took more time to respond and to rebalance in the AU algorithm. However, in both cases, one note that when choosing GBM over AU, empty miles could be reduced by 40% on average.
[image: Figure 5]FIGURE 5 | Empty miles produced by different dispatching policies. The descriptions of policies are detailed in Section 2.6.
4 MODELING AND EVALUATING INTELLIGENT TRANSPORTATION SYSTEMS
In this section, we present the process of creating a realistic case study for evaluating the performance of Intelligent Transportation Systems (ITS) in the context of our study on AMoD systems. While the focus of our evaluation is on AMoDs, we illustrate the initial steps of creating a travel demand model for an ITS case study, as depicted in Figure 6. This serves as a foundation for understanding the subsequent evaluation of AMoDs.
[image: Figure 6]FIGURE 6 | Standard procedure for designing Intelligent Transportation System (ITS).
To begin, the development of travel demand models involves dividing the area into traffic analysis zones, taking into account land use patterns, traffic flow on freeways, highways, railroads, and rural highways. These steps align with the four traditional approaches to modeling travel demand, as outlined by McNally (2007).
• Trip generation represents the frequency of trips in each traffic analysis zone, by trip purpose, based on household demographic, and socioeconomic factors. Additionally, car ownership census and land-use data (retail and commercial floor space by zone) could improve the accuracy of the data. Additional data about vehicle operating costs, occupants, and time savings provide a financial dimension to the generated trips.
• In the Trip Distribution step, origins and destinations of trips are matched to develop an Ori-gin/Destination matrix (OD matrix) which displays the number of trips going to each destination from each origin. Data could come from household travel surveys, statistics of trip lengths, car ownership censuses, or household expenditure surveys averaged across zones, or be estimated from other socioeconomic data sources.
• The Mode Choice step computes the percentage of trips that use a particular mode of transportation between each origin and destination. These calculations can be derived from household surveys, car-ownership statistics, local household travel surveys, car availability surveys, license-holding censuses, and vehicle operating costs and occupancy statistics.
• The Trip Assignment process involves determining the shortest path between an origin and destination by calculating the minimum time from one origin to every destination. The results of the Travel Demand Model can be aggregated into static averaged traffic conditions, segregated into time-based regional OD matrix or detailed agent-based OD matrix, depending on the simulation level and input data.
Given general traffic conditions, macrosimulation models translate regional land use in a transportation network, such as freeways, corridors, and surface streets, into travel patterns represented by path flows and link flows during modeled peak periods. This model helped to develop better transport policies and planning from a strategic standpoint (Okraszewska et al., 2018). Mesoscopic models use time-based regional OD matrices to describe traffic entities at a high level, while their behaviors and interactions are described at a detailed level. With the model’s tactical view, decision-makers can use data to evaluate the effectiveness of planning and traffic management strategies, propose traffic layouts and traffic control strategies, and make policy decisions. The microscopic model examines interactions between two vehicles and how they move by using agent-based OD matrices. The operational level of the model provides data for new transportation system implementations, new street network proposals, traffic layouts, traffic control programs, traffic control logic to give priority to pedestrians and cyclists, and visualization of proposed improvements. As opposed to simulations, analytical approaches for traffic modeling can include fluid dynamics, queuing, and network models.
Three main characteristics of intelligent transportation system (ITS) models must be analyzed. 1) The level of service offered to customers, which is determined mainly by the statistical distribution of waiting times. A larger ITS fleets will usually have more vehicles closer to the areas of upcoming requests. This results in better service from a service level perspective, but results obviously in higher capital expenditures. Accordingly, 2) the fleet size that affects the utilization of the system also needs to be factored into the analysis of performance. Finally, 3) the vehicles that travel for some distance without passengers also contribute to operational costs. Rebalancing strategies are employed in order to increase service level by addressing empty distance as well including the entailed CO2 emissions. These characteristics facilitate the estimation of ITS services, financial impacts, and environmental impacts, for instance, parking usage and CO2 emissions can be derived from given driving distances, and costs can be calculated from fleet size and utilization. ITS impacts from operational levels should be fed back into a city’s overall ITS plan for greater impacts on tactical and strategic planning.
Since many inputs and simulations are involved in the earlier ITS modeling steps, we conclude a general and unifying scale to help in decision-making concerning the development and ITS (Figure 7A). The Intelligent Transportation System Readiness Level (ITS-RL) offers a common scheme for ITS status, helps with risk assessment, and can be used to make decisions to plan traffic on urban roads at operational, tactical, and strategic levels.
[image: Figure 7]FIGURE 7 | Intelligent Transportation System Readiness Level (ITS-RL) scale (A), evaluation of case studies on the scale (B).
When an ITS model observes and reports basic principles around the new ITS according to general statistics and censuses, the model reaches level 1 of the ITS-RL. Simulation of road traffic for the new ITS using analytical models, such as fluid dynamics, queuing, and network models, is required for level 2. Although mesoscopic modeling gives a general evaluation of congestion caused by traffic entities with the implementation of ITS, starting from mesoscopic modeling does not reflect a realistic model, and therefore meets the conditions of level 3. Hence, starting to simulate a new ITS as a microscopic model could reach level 4 since they can represent moving vehicles, roads, and intersections in great detail. Furthermore, modeling ITS at mesoscopic scale after having a microscopic model when considering customer choices modeling (dynamic demand), will enable both an operational and tactical evaluation of the introduced ITS. This will improve transportation planners’ understanding by allowing them to analyze and quantify the impacts of upstream traffic congestion, while also increasing the realism of the model to level 5. At level 6, a macro-scoped model of ITS discusses additional impacts of ITS at a strategic level after evaluating the system on a macro- and micro-scale. This incremental model will enable cities’ planners to evaluate the need for new infrastructures to engage the new ITS. The highest levels of this scale involve the deployment of ITS technology in the real world. If the ITS prototype is launched in an operational environment, the model reaches level 7. The ITS then goes to level 8 if it has proved to be qualified. Level 9 is achieved after a long period of time when a system is tested in an operational environment. The case studies that have been reviewed are rated according to their realism by the ITS-RL (Figure 7B). Singapore is the only case where a micro-, meso- and macro-level simulation is used, Stockholm uses combined meso- and microscopic models, but they do not evaluate the quality of service delivered by the system, therefore reducing its realism. Although the case studies for Melbourne, Lisbon, San Francisco, and Zurich analyzed the AMoD system from a microscopic point of view, only for San Francisco and Zurich the essential performance metrics was discussed in depth. As taxi data were used in the San-Francisco case to represent the demands, the model lost some of its realism. The microscopic analysis in the Austin case is the least realistic model among microscopical ones as the demand is derived from Poisson distributions based on trip-distance and trip-start distributions. Ann-Arbor, Babcock Ranch, and Manhattan were modeled using queuing and networking. Moreover, the Ann-Arbor and Babcock Ranch cases have the least realistic models, because they estimate demand from population statistics, area statistics, and the average number of trips.
Finally, it should be mentioned that some case studies discussed additional characteristics that were not considered essential in the ranking. The cases of Melbourne, Lisbon, and Stockholm discussed parking space reduction. For Stockholm and Austin cases, the CO2 emissions were discussed. For Zurich, Ann-Arbor, Babcock, and Manhattan, the cost of service was analyzed.
5 CONCLUSION
In this paper, we offer a unifying model to support the comparison of AMoD transportation systems with Conventionally Driven Vehicles (CDV) system based on real case studies. A description of ten case studies is provided, followed by an in-depth analysis of the common results and the possibility of their generalization. By quantifying the results of AMoD system with respect to traditional mobility modes, we determined the parameters for reducing the number of vehicles, eliminating parking spaces, and introducing empty miles. An analysis of the results indicates that a substantial cut between 85% and 93% in number of vehicles is possible while still answering the real demand. This would reduce the number of parking spaces needed by 83%–97%, with the side effect of increasing the number of empty miles by 6%–15%. We consider also dispatching policies and find that they have the potential to reduce additional empty miles by as much as 40%. Reasons that are most commonly cited for these results are.
• When the optimal number of AVs is set, they primarily serve one demand before going to the next. In other words, vehicles are utilized more efficiently.
• The AV generates more empty miles when it moves from one customer to another when compared to traditional transportation vehicles. When a rebalancing policy is applied for efficient quality of service, extra empty miles would be the outcome.
• Thus, reducing empty miles is achieved by choosing the dispatching and rebalancing techniques. Accordingly, now we propose a standard procedure to conduct intelligent transportation systems studies which can assist with the planning of traffic on urban roads from an operational, tactical, and strategic point of view.
Based on the observation in the case studies, we have developed a framework similar to the well-known technological readiness level scale. This Intelligent Transportation System Readiness Level (ITS-RL) scale assesses the realism of case studies and can assist with risk assessment, and provide guidance on how AMoD systems can be implemented in local environments. Because of the level of simulation approach and accuracy of data, we find that the majority of case studies realism degree tend to lie between levels 3 and 4. The current scale is limited by ITS-RL 6, as higher readiness levels can be considered only for systems that include real traffic and in more or less realistic environments (Miller et al., 2016). Extending ITS-RL scale in order to cover the realism of a variety of practical AMoD projects and investigating the case studies results in light of particular city shape and statistics related to its roads will be considered in future work. This should not divert from the fact that also at lower ITS-RLs more work is needed as shown for the individual case studies in particular, but also more generally for aspects such as a better understanding of the interaction of different modes of transportation, the effect of flexible pricing schemes, and the net effect of AMoD systems for a greener cityscape.
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