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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 
studies1–5 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 ‘minimum fleet problem’, 
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 ‘vehicle-sharing network’, 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 sharing7–9, 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 
commonplace10–14.

Two trends—the rise of the autonomous and connected car, and the 
emergence of a ‘sharing economy’10,11 of transportation—seem poised 
to revolutionize the way personal mobility needs will be addressed in 
cities. The way current modes of transportation such as the private 
car, taxi or bus operate will be challenged and increasingly replaced by 
personalized, on-demand mobility systems operated by vehicle fleets, 
similar to what companies like Uber and Lyft offer. If such trends con-
tinue, they could lead to the displacement, or eventual disappearance, 
of jobs for bus and taxi drivers. Along with these possible societal costs, 
the transportation revolution could also offer immense benefits, includ-
ing opportunities to resolve existing inefficiencies in individual urban 
mobility12–14, thereby reducing traffic, whose carbon footprint cur-
rently accounts for about 23% of global greenhouse gas emissions15,16.

To turn these opportunities into tangible environmental and soci-
etal benefits, autonomous and on-demand mobility systems need to 
be designed and optimized for efficiency, and integrated with carbon- 
efficient public transport. This requires the definition of models and 
algorithms for the evaluation of shared mobility systems that are both 
computationally efficient and accurate. The former property is man-
dated by the need to cope with hundreds of thousands (or sometimes 
millions) of trips routinely occurring in a large city. The latter property 
determines the relevance of the model results to the real world.

In what follows, we solve the ‘minimum fleet problem’ for the general 
case of on-demand mobility, and show that its solution for a specific 
case—taxi trips—could lead to breakthroughs in operational efficiency. 
To the best of our knowledge, no publicly available solution currently 
exists to address this minimum fleet-size problem at the urban scale 
for on-demand mobility in both private and public sectors. On the one 
hand, accurate methods based on mathematical programming (as tra-
ditionally used in the design of transportation systems1–5,9) can handle 
only a few thousand trips or vehicles at most, which is well below the 
hundreds of thousands or even millions of trips or vehicles routinely 
operating in large cities. On the other hand, city-scale studies17 are 
obtained using a model of transportation based on aggregated mobility 
data and Euclidean spatial assumptions, and hence lack the resolu-
tion necessary to estimate the urban-scale benefits of vehicle sharing 
accurately.

We start from the notion of the shareability network introduced in 
ref. 7, which did not focus on the dispatching of vehicles. The type of 
shareability network introduced here is profoundly different from the 
type studied previously: it models the sharing of vehicles, whereas pre-
vious networks7–9 modelled the sharing of rides. The main methodo-
logical contribution of this Letter is to show how this vehicle-sharing 
network can be translated into an exact formulation of the minimum 
fleet problem as a minimum path cover problem on directed graphs, 
thus establishing a connection to the rich applied mathematics and 
computer science field of graph algorithms. Besides revealing a struc-
tural property of vehicle-sharing networks, this connection allows the 
derivation of computationally efficient algorithms for optimal vehicle 
deployment and dispatching. Although optimally solving the mini-
mum fleet size problem requires offline knowledge of daily mobility 
demand, in the following we also present a near-optimal, online version 
of the algorithm that can be executed in real time knowing only a small 
amount of the trip demand.

We are given a collection T  of individual trips representing a portion 
of urban mobility demand during a certain time interval, such as a day. 
Each trip ∈TTi  is defined as a tuple t t l l( , , , )i i i i

p d p d   where ti
p repre-

sents the desired pick-up time, li
p the pick-up location, ti

d the drop-off 
time, and li

d the drop-off location. Here, the pick-up time means the 
earliest time ti

p at which the passenger can be picked up at location li
p. 

The drop-off time means the estimated time of dropping off the pas-
senger, calculated using a travel-time estimation model and assuming 
the passenger leaves the pick-up location at time ti

p. In contrast to ref. 17,  
travel times here are computed using the actual road network, and 
using global positioning system (GPS)-based estimations derived from 
the taxi trip dataset that account for hourly variations in traffic, as in 
ref. 7. If the set T  is extracted from a real-world dataset (for example, 
taxi trips), the times ti

p and ti
d represent the actual times at which a 

passenger is picked up and dropped off, respectively.
The minimum fleet problem is formally defined as follows: ‘find the 

minimum number of vehicles needed to serve all trips in T , given that 
a vehicle is available at each li

p on or before ti
p’. A service designed 

around this problem is ideal from a passenger’s perspective, since a 
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