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            Abstract
Information and communication technologies have opened the way to new solutions for urban mobility that provide better ways to match individuals with on-demand vehicles. However, a fundamental unsolved problem is how best to size and operate a fleet of vehicles, given a certain demand for personal mobility. Previous studies1,2,3,4,5 either do not provide a scalable solution or require changes in human attitudes towards mobility. Here we provide a network-based solution to the following â€˜minimum fleet problemâ€™, given a collection of trips (specified by origin, destination and start time), of how to determine the minimum number of vehicles needed to serve all the trips without incurring any delay to the passengers. By introducing the notion of a â€˜vehicle-sharing networkâ€™, we present an optimal computationally efficient solution to the problem, as well as a nearly optimal solution amenable to real-time implementation. We test both solutions on a dataset of 150 million taxi trips taken in the city of New York over one year6. The real-time implementation of the method with near-optimal service levels allows a 30 per cent reduction in fleet size compared to current taxi operation. Although constraints on driver availability and the existence of abnormal trip demands may lead to a relatively larger optimal value for the fleet size than that predicted here, the fleet size remains robust for a wide range of variations in historical trip demand. These predicted reductions in fleet size follow directly from a reorganization of taxi dispatching that could be implemented with a simple urban app; they do not assume ride sharing7,8,9, nor require changes to regulations, business models, or human attitudes towards mobility to become effective. Our results could become even more relevant in the years ahead as fleets of networked, self-driving cars become commonplace10,11,12,13,14.
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                    Fig. 1: Constructing the vehicle-shareability network.[image: ]


Fig. 2: Minimum fleet-size analysis.[image: ]


Fig. 3: Fleet efficiency comparison.[image: ]


Fig. 4: Performance of the network-based online vehicle-dispatching model.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The effect of the upper bound Î´ on trip connection time.
a, Plot showing the minimum fleet size and the vehicle void ratio as a function of the upper bound used on the trip connection time, Î´. For increasing values of Î´, the minimum fleet size decreases while the void ratio increases. The results are produced by averaging over 14 days of data. b, Plot showing the yearly variation in the minimum fleet size for Î´â€‰=â€‰10â€‰min and 20â€‰min. This plot reports also the number of daily trips for comparison.

                          Source data
                        


Extended Data Fig. 2 Intra-annual patterns.
For each day in year 2011, the number of daily trips (blue line) and the corresponding minimum fleet size (green line) are shown. Both quantities follow different weekly patterns: whereas the number of daily trips (blue line) consistently increases from Monday to Friday and drops on Sunday, the minimum number of vehicles needed to serve those trips (green line) remains substantially constant at a value of around 6,200, with a considerable drop on Sundays, when this value is reduced to about 4,000.

                          Source data
                        


Extended Data Fig. 3 Intra-annual comparison between batch and on-the-fly models.
Plots showing the percentage of trips served within the next 6â€‰min from the time the trip requests are received. In the batch model, advance knowledge of the trip information is restricted to only the next minute (batch time). The trips in each batch are assigned to the available vehicles using the online version of the network approach from the minimum fleet of size 7,440. This approach scores a consistently higher percentage (90%) than does the on-the-fly model. In the on-the-fly model, trips are assigned to the closest available vehicle. To achieve the same level of service using the on-the-fly model, the fleet size must increase by more than 30% (see Fig.Â 4b). The shaded region represents the 6Ïƒ variations when the vehicle warm-up phase is reinitialized 50 times, where Ïƒâ€‰=â€‰max(%)âˆ’min(%) is the difference between the percentage of served trips achieved for the runs that score maximum and minimum values for each day.

                          Source data
                        


Extended Data Fig. 4 Detailed temporal patterns of the minimum fleet.
At each time during a day, each active vehicle in the minimum fleet set operates in one of three possible modes: (1) empty of passengers and on the way to pick up a passenger, (2) empty of passengers and waiting at a passengerâ€™s pick-up location to pick up, (3) serving, with a passenger on board. The number of vehicles operating in each of these modes computed for each minute during the day follows regular daily and weekly patterns, as shown by the three coloured curves for all months in the year. The total fleet size active on the road (black-to-grey curves) demonstrates robustness, because most of the vehicles in the minimum fleet are active at all times during the day (see also Extended Data Fig.Â 5a and b). Different panels correspond to different months, and the colour intensity is used to differentiate different days of the week.

                          Source data
                        


Extended Data Fig. 5 Vehicle-level performance in the minimum fleet assignment.
a, Stacked horizontal bar plots showing the start and end of the operation time (left and right ends of the stacked bars) for each vehicle in the minimum fleet assignment for various days of the week. The day in each panel represents results for days in the second week of each month. Vehicle active times are represented by a very thin coloured bar. The vehicles are sorted by the start of operation time, and stacking them horizontally creates each plot for each day. In all days (except for the outlier day of the second Saturday in March 2011), the patterns show high efficiency, with the majority of vehicles starting early in the day and operating until the end of the day. b, Stacked horizontal bar plots, this time representing the total operation time of the vehicle (the length of the bar). The bars are sorted based on the vehicleâ€™s total operation time, the lowest bar corresponding to the vehicle with the longest operation time. A distinct pattern emerges on most of the weekends and on some days during the week. A substantial percentage of vehicles on most weekends operate for a short time to serve a small subset of trips, which we refer to as special-demand trips. We believe that the existence of these trips requires additional vehicles because of the way their pick-up and drop-off times and locations are distributed spatiotemporally. c, The qâˆ’q plot (where the quantile is the fraction of points below the given value) showing the percentage of trips served (vertical axis), using the vehicle-shareability minimum fleet optimization, with the percentage of vehicles represented on the horizontal axis. Vehicles are sorted on the basis of their total operation time, that is, the vehicles with longer operation times appear to the left of those with shorter operation times on the horizontal axis of these plots. Each panel corresponds to a day of the week and the curves in each panel represent all such days in the entire year (for example, all Mondays). On most weekends and consistent with the patterns observed in b, a large percentage of vehicles (between 5% and 10%) serve only a very small percentage of trips (<1%). This can be observed from the cusps appearing near the top of some of the curves.

                          Source data
                        


Extended Data Fig. 6 Modelling minimum fleet size scaling with the number of trips.
a, Scatter plot showing the average operation time of vehicles with optimal dispatching for different days versus the average number of trips per vehicle for each day. The former quantity scales linearly with the average number of trips per vehicle. This holds despite the fact that the fleet size manifests a saturation pattern as the number of trips grow. b, The coefficient of proportionality between the two quantities in a is different and separates out the weekends. The coefficient is slightly lower for Saturdays (blue) and much lower on Sundays (green) compared to that of weekdays. c, Plot showing the interplay between the minimum fleet size and the number of trips for each simulated day to manifest how the fleet size changes as the number of trips greatly increases. The supersampling is done by combining the demand for similar days in two and three successive weeks. The number of vehicles shows linear growth with a ripple-like pattern of saturation and increase. d, Plot showing the interplay between the fleet size and the number of trips, as simulated using a simple bin-packing model. The oversimplified model described inÂ Methods can still capture the ripple-like saturation/increase pattern.

                          Source data
                        


Extended Data Fig. 7 Average vehicle utilization in the minimum fleet assignment versus the number of daily trips.
a, Scatter plot showing the average total time with a passenger on board per vehicle in a day versus the total number of daily trips for that day. Each point in the scatter plot represents a day. The average total time with a passenger on board, which is a measure of vehicle utilization in the minimum fleet assignment, shows an overall increasing pattern with the increase in the number of daily trips that is consistent with the fact that the minimum fleet size shows robustness. b, Scatter plot showing the average total waiting time to pick up passengers per vehicle versus the number of daily trips for each day. The average total waiting time decreases as the number of daily trips increases, which again can be interpreted as an increase in the utilization of vehicles. The observed patterns justify the unused capacity assumption used to develop the bin-packing model (seeÂ Methods and Extended Data Fig.Â 6).

                          Source data
                        


Extended Data Fig. 8 Efficiency comparison between single and multiple mobility operators.
The optimal fleet size in the single-operator and the multi-operator mobility service in each day for the first 100 days (1 January corresponds to day index 1) in the year 2011. In the case of multiple operators, trips are randomly assigned to one of the operators in equal proportions, and network-based optimization is performed by each operator independently. The number of vehicles needed by each operator are then summed and the number for each operator is shown in a. b, Fleet-size percentage increase plot showing how the transition from a monopolistic to a oligopolistic market incurs a drop in efficiency of 4%â€“6% for a two-operator market, and of about 6%â€“10% for a three-operator market. The further increase in the number of operators leads to higher inefficiency in terms of fleet size as it moves away from the global optimum achievable in the monopolistic market to an increasingly fragmented market.

                          Source data
                        


Extended Data Table 1 Real-time computation runÂ times in millisecondsFull size table
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