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Abstract. On-demand transport, exemplified by taxis and now services such
as Uber and Lyft, is a key mode of transportation in cities throughout the
world. Due to the tight coupling between transportation and other urban
systems, the structure of on-demand transport services both affects, and is
influenced by, how many other aspects of cities operate. As such, choosing
structures for on-demand transport must account for a variety of factors, in-
cluding available communication infrastructure, government regulation, as well
as passenger and driver preferences. In this paper, we study how these fac-
tors influence the choice of structures for on-demand transport services. This
is facilitated by a new representation of on-demand transport services, which
provides a means of enumerating possible structures. We then turn to the
problem of evaluating the performance of each structure for on-demand trans-
port, which must cope with uncertainty in performance prediction. We provide
a classification of uncertainty and comment on how it may affect the imple-
mentation of new structures for on-demand transport.

1. Introduction

On-demand transport services—exemplified by taxis, and now also by services
such as Uber—transport passengers to and from flexible locations, at times re-
quested by the passengers. These types of services have long been present in cities
and still play an important role in covering gaps in the availability of public trans-
port. In particular, on-demand transport services provide a means for passengers to
reliably travel to and from city hubs (e.g., airports, train stations) to lower density
areas.

Transportation is fundamental to any city, with all activity, whether it be busi-
ness or leisure, dependent on transport in one form or another. As such, a key
lesson from the conception of cities as complex systems is that designing, operating
and evaluating the effectiveness of transportation services must account for how
the service interacts with other urban systems [1]. This is particularly true for
on-demand transport services, which have seen dramatic changes since the arrival
of Uber, Lyft and local services such as Liftago in Prague. The evidence for this
tight coupling between how on-demand transport services operate and other urban
systems are the numerous lawsuits against Uber [10], and the recent riots in Paris.

The dramatic response to Uber is in part due to the fact that there are key
structural differences from traditional services such as taxis, and dial-a-ride services
for the elderly and disabled [3]. In particular, Uber has adopted a market-based
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approach [2, 5], where how much journeys cost and the driver that provides the
service are determined by a market mechanism. The consequence is that prices for
the same journey depend on the demand of other passengers and also the supply
of drivers that can provide the service.

A natural question then arises: for a given region, what is the most appropriate
structure for an on-demand transport service, which we refer to as the mechanism

selection problem. The answer to this question is not obvious. While Uber has
been successful in many regions, it has also encountered difficulties in others; either
because it is not popular with passengers, or it is not able to recruit a sufficient
supply of drivers to service passenger demand. This suggests the need to understand
the possible structures for on-demand transport services, and the infrastructure
they require to operate.

In this paper, we address the problem of enumerating structures for on-demand
transport services by introducing a representation based on financial and informa-
tion exchanges. Since each financial and information exchange must be supported
by external infrastructure (e.g., a reliable mobile communication network, or online
financial exchanges), the representation provides a simple way of understanding
structural differences between on-demand transport services.

The representation also provides a basis to investigate how the transport require-
ments of a region affect the appropriate structure of on-demand transport services.
In particular, the financial and information exchanges also correspond to the behav-
ior of passengers and drivers, which is in turn dependent on other urban systems.
As such, we investigate how factors such as budgetary constraints of municipalities
and the desire of drivers to receive a salary rather than a commission affects the
structure of on-demand transport services.

Our analysis of different structures for on-demand transport services lends in-
sights into the basic limitations of each structure. However, it does not provide a
means to understand the effect of changing from one structure to another. In order
to capture this effect, it is necessary to account for how passengers and drivers will
respond. Since the behavior of passengers and drivers is dependent on other urban
systems and their own motivations, there is the potential for significant uncertainty
in how they will respond to the structural changes, and hence the success of the
new on-demand transport service.

To investigate the uncertainty induced by structural changes, we introduce a
classification of the interaction between passengers and drivers, and the structure
of the on-demand transport service. The classification provides a means of under-
standing the conditions when there is a high or low uncertainty in evaluating the
success of a new structure, and assists in choosing how an on-demand transport
service might transition from one structure to another.

The remainder of the paper is organized as follows. In Section 2, we introduce and
study the mechanism selection problem for on-demand transport services, which
involves a classification of structures for such services. In Section 3, we turn to the
uncertainty of predicting the success of on-demand transport services. We propose
an approach based on a characterization of the interactions between the provider
and passenger or drivers. We conclude in Section 4, and also discuss implications
for structures in other urban systems.
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2. The Mechanism Selection Problem

Designing on-demand transport services that suit passengers and drivers in a
given region, while also yielding sustainable revenue is clearly of interest to in-
vestors. It is also of interest to municipalities and other forms of government as
the success of privately run on-demand transport services will inter alia determine
future investments in public transport. As such, understanding which types of on-
demand transport services—and their structure—are likely to be successful in a
given region is important for a range of reasons.

The problem of choosing an appropriate structure for on-demand transport ser-
vices in a given region is the mechanism selection problem1. There is no universal
solution to this problem as any solution will typically vary from region to region,
depending on passenger and driver preferences, and the available infrastructure for
communication and financial payments.

There are two aspects to the mechanism selection problem: enumerating the
possible structures for on-demand transport services; and identifying the factors
that make one structure preferable to another. In this section, we address the
first aspect by introducing a representation of structures for on-demand transport
services, based on financial and information exchanges. The representation provides
insights into the basic limitations of each structure, which in part identifies factors
for the second aspect.

2.1. Representing On-Demand Transport Services. The structure of on-demand
transport services is largely determined by two factors: information exchanges;
and financial exchanges. More precisely, each exchange is on a per journey basis,
which means that either information or money is exchanged between the parties
every journey instead of, say, every month. There are three parties, or classes of
agents, involved in on-demand transport services: passengers; drivers; and the ser-
vice provider. The simplest on-demand transport service is then represented by
Fig. 1, which corresponds to a service where passenger journeys, drivers and pay-
ments are fixed and arranged for long periods of time; i.e., there are no information
or financial exchanges on a per journey basis. In fact, this structure is not actually
an on-demand transport service, since there is no flexibility in the journeys—an
integral feature of anything called on-demand.

A more interesting structure corresponds to perhaps the oldest class of on-
demand transport services known as the Hackney carriage, which is still ubiqui-
tous in many cities around the world; including New York City and London [13].
Hackney carriages are distinguished by the fact that a driver is hailed by a pas-
senger from the side of the road. This means that there is no need for a provider
to match passengers and drivers. Moreover, the passenger pays the driver directly
for their journey, and payments are only made from drivers to the provider (e.g.,
the New York City Taxi Commission) on a long-term basis. As such, there are
no per-journey information and no per-journey financial exchanges between either
passengers or drivers and the provider. Information and financial exchanges for this
class of service are shown in Fig. 2.

An implication of the representation of Hackney carriages in Fig. 2 is that there
is a strong communication limitation. In particular, it is necessary for drivers to

1The problem of mechanism selection in the context of the baseball industry is investigated
in [11].
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Figure 1. Basis of classification.

Figure 2. Representation of the Hackney carriage class of on-
demand transport services.

cover the whole region in order for passengers to be able to hail drivers. Otherwise,
it is not possible for passengers to be able to obtain a journey. This makes the
Hackney carriage class suited to densely populated regions, e.g., Manhattan or
central London.
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A benefit of the Hackney carriage class is that payments are made directly from
passengers to drivers, which means that secure online financial transactions are
unneeded. While this payment issue is not a strong constraint in many cities, it
was not always the case and in some regions it still may not be possible to implement
secure online financial transactions [8]. As such, per journey financial transactions
still form an important constraint in some regions.

To allow for passengers to be picked-up from locations where taxis do not regu-
larly pass by, another class of service involving a dispatcher has been widely used.
This class is represented by the diagram in Fig. 3. Observe that in this case there
are information exchanges between passengers and the provider (in this case called
a dispatcher), which in turn directs a driver to the location of the passenger. It is
important to note that there is no directed arrow between drivers and the provider,
due to the fact that there is not always the ability for drivers to negotiate with the
dispatcher to determine which passengers they service. The consequence of this is
that the dispatcher performs routing; that is, the dispatcher selects which driver
transports which passenger and in effect determines where drivers travel.

Figure 3. Representation of the dispatcher class of on-demand
transport services.

Within the dispatcher class there are no financial exchanges on a per journey
basis between passengers or drivers and the provider. This is indicated in the
diagram by the lack of arrows from passenger and drivers to the provider. Instead,
payments from drivers to the provider are usually made on a longer term basis in
exchange for the routing that is performed by the provider. On the other hand, there
are payments made from passengers to drivers, which are supported by information
exchanges that form the basis of negotiation for the route and price of the journey.

It is possible for there to be even fewer financial exchanges on a per journey
basis. A key example of this is through dial-a-ride services, which are represented
in Fig. 4. Here, there are no financial exchanges on a per journey basis. The reason



6 MALCOLM EGAN, MICHAL JAKOB, SEBASTIAN GARCIA AND NIR OREN

for this is that dial-a-ride services are typically targeted at the elderly and disabled,
and are normally funded by municipalities or governments [14]. As such, individual
passengers do not pay for their journeys. There are no per journey payments to
drivers either; instead, drivers are often salaried [3].

Figure 4. Representation of the dial-a-ride class of on-demand
transport services.

There are also no information exchanges between passengers and drivers. This
is due to the fact that routing of the drivers is done by the provider, and there is
no need for price negotiations between passengers and drivers, which are required
in the Hackney carriage and dispatcher models. However, there are information
exchanges between passengers and the provider for the purpose of requesting a
journey, and between the provider and drivers for the purpose of directing the
driver in order to pick up passengers.

So far, we have covered the three traditional structures for on-demand transport
services: Hackney carriage; dispatcher; and dial-a-ride. However, the interactions
found in Figures 2-4 suggest that there are other possible structures, corresponding
to different constraints on information and financial exchanges. One such alterna-
tive is a structure based on dial-a-ride services, except with per journey financial
exchanges. This alternative is illustrated in Fig. 5.

In this alternative “profit-motivated” dial-a-ride structure, there are two addi-
tional arrows in the diagram compared with the usual dial-a-ride structure. In
particular, there is a per journey financial exchange between passengers and the
provider, which means that passengers now pay for transportation on a per journey
basis. Note however that there is no arrow between the provider and drivers, which
means that drivers are still salaried, and not paid by commission. There is also
a new information exchange between the provider and the passengers, which now
allows passengers to negotiate with the provider over the price and route of their
journey. It is worth pointing out that this new structure means that the provider
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Figure 5. Representation of the “profit-motivated” dial-a-ride structures.

needs to price, route and schedule each passenger, as opposed to simply routing in
the case of the standard dial-a-ride structure. As such, the optimization problem
that the provider is required to solve is different, and has been explored in [4, 6].

The “profit-motivated” dial-a-ride structure can be considered a close relative
of the usual dial-a-ride structure. It is also possible to consider more radical al-
ternatives to the traditional structures. For instance, consider the structure rep-
resented in Fig. 6. In this structure, there is negotiation between passengers and
the provider, as well as between the provider and drivers. Moreover, there are per
journey payments from passengers to the provider, and from the provider to drivers.

In fact, the structure in Fig. 6 is typical of modern on-demand transport services
such as Uber2, Lyft3 and Liftago4, which operate using a market-based approach
[5]. The negotiations between the provider and passengers means that passenger
payments can vary, depending on available supply of drivers and demand by other
passengers. Similarly, the payment of drivers can be dynamic, also depending on
available supply and demand.

In order to support the new negotiations in services based on the structure in
Fig. 6, there needs to be rapid communication between passengers and the provider,
as well as drivers and the provider. Usually this is achieved by a mobile app, specific
to the provider [9].

Observe that payments for services using a market-based approach also require
per journey payments from passengers to the provider, and from the provider to
drivers. Unlike the Hackney carriage and dispatcher structures, these financial
exchanges cannot be performed in person. As such, secure online financial transac-
tions are required to support the structure in Fig. 6.

2https://www.uber.com/
3https://www.lyft.com/
4https://www.liftago.com/
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Figure 6. Representation of a market-based structure for on-
demand transport.

The need for secure online transactions and for easy-to-use mobile apps means
that market-based approach have only become feasible recently. As such, the prob-
lem of choosing how the negotiations should be performed and how drivers should
be paid is still developing. In fact, there are now several methods, some based on
data-driven approaches [2] while others use auctions5 to determine which driver is
matched to each passenger, how much passengers should pay, and how much drivers
should be paid [5].

2.2. Mechanism Selection Factors. The representation for on-demand trans-
port structures based on information and financial exchanges suggests that there
are basic limitations for each structure. For instance, if there is not any infrastruc-
ture to support secure online financial transactions, the market-based approaches
corresponding to Fig. 6 are not possible. Similarly, market-based approaches fail
when there is not support for mobile apps; e.g., where reliable wireless internet
connectivity is absent.

In addition to constraints on communication and financial exchanges, there are
other constraints that affect which on-demand transport structure is desirable for
a given region. Some basic categories of factors include the following:

(1) Technical infrastructure availability.
(2) Provider business model constraints.
(3) Government regulations.
(4) Working preferences of drivers.
(5) Preferences of passengers.

The technical infrastructure availability category concerns factors such as the
availability of wireless internet and secure online financial transactions already

5For an introduction to the theory of auctions, see [12].
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mentioned in Section 2.1, which are particularly important for market-based ap-
proaches. Another technical infrastructure factor is the computational resources
available to the provider. This factor is important as the pricing, scheduling and
routing problems that need to be solved by the provider are potentially computa-
tionally complex. As these decisions need to be made rapidly, limited computa-
tional resources constrain the number of passengers and drivers that the provider
can simultaneously support.

Constraints in the provider’s business model include factors such as the initial
capital the provider requires to start operating, and the revenue required to operate.
These business model constraints are stricter for some structures than others. For
instance, structures that pay drivers salaries (e.g., dial-a-ride) are clearly more
expensive to operate than those structures that employ drivers on commission;
however, these costs may be overcome with government support in the case that
the service is for groups such as the elderly and disabled. Similarly, there is a
need for initial capital to develop effective mobile apps and set up secure financial
transactions for market-based providers. This is especially the case if these market-
based providers introduce subsidies to reduce driver costs in order to establish
themselves by attracting driver supply.

Government regulation places additional constraints on providers. In particular,
regulation can determine the price levels that a provider is able to charge [15].
Another regulatory issue is driver insurance, which has caused difficulties for Uber
[10].

In each region, employment conditions vary. As such, employees have different
expectations of their employers in different parts of the world. This means that
drivers in different regions expect different levels of certainty in their income. In
regions where job stability is of key importance, it may be attractive to drivers for
providers to adopt structures where drivers are paid a salary. On the other hand,
in other regions a structure that pays drivers a commission may be more successful.

A good example of how the working preferences of drivers can influence the choice
of structure is in the case of Liftago in Prague, which has adopted a market-based
structure where drivers bid how much they want to be paid for the journey. This
information is then given to the passenger, along with details about the vehicle,
allowing them to select a driver. Feedback from drivers has suggested that allowing
drivers to bid was a highly desirable feature of the provider. Since driver bidding
is not supported in traditional dispatcher structures, this example suggests that
driver working preferences should be accounted for in the choice of structure.

Another category of factors is passenger preferences. These preferences can in-
clude the desirability of mobile apps, expectations of driver vehicles, and whether
passengers have a desire to select a driver from a set of choices or are willing to
simply be allocated a driver by the provider. These preferences all influence the
most appropriate structure for the service in each region.

While we do not claim these factors are exhaustive, it is clear that choosing the
appropriate structure for a given region is a difficult problem. Moreover, there is
unlikely to be a universally “best” structure.

3. Uncertainty Classification

In the previous section, we identified structures for on-demand transport ser-
vices and the factors that influence the appropriate structure for a given region.
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The next step for any potential or existing provider is to evaluate each structure,
which forms a basis for ultimately selecting a structure. The evaluation of a struc-
ture is a non-trivial problem, not only because of the number of factors, but also
because it requires the provider to predict the response of passengers and drivers to
the new structure. Predicting the performance of a structure—e.g., the long-term
profitability—is challenging since there is only data to characterize behavioral re-
sponses for the existing structure (not the new one, which could be market-based)
and the underlying reasons for the behavior of passengers and drivers (or, more gen-
erally, any social system) is not well understood outside of restricted contexts [7].
For instance, a change in the structure from a Hackney carriage structure to a
market-based approach may lead to a change in how long passengers need to wait
for pick-up, which in turn leads passengers to re-evaluate how much they are pre-
pared to pay. A consequence of any change in the structure of an on-demand
transport service is therefore uncertainty in the new behavior of passengers and
drivers.

To cope with the uncertainty associated with a change in the structure of an
on-demand transport service, it is useful to have a classification of the uncertainty
which can be used to qualify a decision made by the provider. This is due to
the fact that the provider needs to make a tradeoff between optimizing the struc-
ture accounting for what is known about passenger and driver behavior, and the
uncertainty in real-world performance.

The basis for a classification of uncertainty can be formed by investigating the
sequence of interactions between the provider and passengers or drivers. In partic-
ular, a change of structure induces the following dynamics:

(1) The structure of the provider is modified.
(2) After some time, passengers and drivers detect a modification in the provider’s

structure.
(3) The passengers and drivers change their behavior.
(4) After some time, the changes in the passenger and driver behavior impacts

the performance of the provider.

The sequence of interactions suggests that prediction of the performance of the
provider’s new structure becomes unreliable when the change in passenger and
driver behavior is not well understood, and when the behavior is highly sensitive to
changes in the provider’s structure. The degree to which the passenger and driver
behavior affect the provider’s performance also depends on the sensitivity of the
provider to the changes. This sensitivity is in turn dependent on the time-scale
at which the prediction is required. There are therefore four key parameters that
determine whether or not a prediction is likely to be reliable:

(1) the delay between when the provider changes its structure and passengers
or drivers change their behavior, denoted τSS ;

(2) the sensitivity of the passenger or driver behavior to changes in the struc-
ture, denoted sSS;

(3) the delay between when the passenger and driver behavior changes and
when these changes affect the performance of the provider, denoted τTS ;

(4) and the sensitivity of the provider’s performance to the changes in the
passenger or driver behavior, denoted sTS .

Observe, for instance, that when the delay τSS is large then there will be no
significant change in the passenger or driver behavior. This means that prediction
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is likely to be reliable, under the assumption that the behavior does not change in
response to the change in structure. On the other hand, when both delays, τSS

and τTS , are small and both the provider and passenger or driver behavior are
highly sensitive to changes (i.e., sSS , sTS are high), then prediction is unlikely to
be reliable. This is because even small changes in the provider’s structure will im-
mediately cause changes in the passenger or driver behavior, to which the provider’s
performance is highly sensitive.

In the context of on-demand transport, the delay τSS corresponds to factors such
as how often each passenger takes a journey and how often drivers have accidents.
If passengers only use the provider irregularly, then it is likely that the passenger
will only change its expectations over a long period of time, which leads to a large
delay. Similarly, if drivers do not regularly have accidents, then it is likely that
there will be a long time period before they need to make an insurance claim. This
means that it will take time before drivers realize that they may not be properly
covered and decide to change employer. The sensitivity of passengers and drivers,
sSS , depends on how sensitive they are to changes in the price and waiting times.
As such, τSS is likely to vary from region to region.

The sensitivity and the delay for the provider, sTS and τTS , depend on the
business model of the provider. If the provider is able to absorb losses for long
periods of time, then it is unlikely to be sensitive to changes in passenger or driver
behavior and sTS is likely to be small. On the other hand, τTS is likely to be
large—corresponding to a long delay—if the provider only experiences drops in
performance when large numbers of driver leave. This may take a long time to
happen if the provider’s business model is set up so that drivers absorb short-term
losses and drivers do not notice the deterioration in working conditions immediately.

We can now classify the interaction between the provider and the passenger or
driver behavior, which yields a means of identifying when provider performance
prediction is likely to be reliable. We consider scenarios where the delays, τSS , τTS ,
are either short or long, and the sensitivities, sSS , sTS , are either low or high. To
provide intuition for the relative reliability of prediction in each class, we consider
three levels: good (G); medium (M); poor (P). In particular, we allocate a G level
when the sensitivity for both the provider and passengers or drivers is low and at
least one of the delays is large. This means that the performance is unlikely to
change rapidly (due to a long delay) and that any change will be small (due to the
low sensitivities). On the other hand, we allocate a P level when the sensitivity for
both the provider and passengers or drivers is high and at least one of the delays is
small. In this case, the performance is very sensitive to changes in the passenger or
driver behavior and the delay is only limited by either τSS or τTS . All other classes
are allocated an M level, which lies in the range between G and P. Our classification
is summarized in Table 1.

Table 1 can help to understand the tradeoff between optimizing the predicted
performance for a new structure based on available data and the uncertainty in
this prediction. For instance, the revenue of new on-demand transport structures
are often evaluated based on the existing behavior of passengers and drivers [4–6].
However, even if the new structure might have a high revenue based on existing be-
havior, there may be considerable uncertainty if the sensitivities are high or delays
are short. In this case, steps should be taken during implementation to mitigate
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Table 1. Classification of interactions in terms of reliability of
performance prediction.

Low sTS

Long τTS

Low sTS

Short τTS

High sTS

Long τTS

High sTS

Short τTS

Low sSS

Long τSS G G M M
Low sSS

Short τSS G M M M
High sSS

Long τSS M M M P
High sSS

Short τSS M M P P

the uncertainty. For instance, the uncertainty can potentially be reduced by incre-
mentally changing the structure, which can reduce the sensitivity of passenger and
driver behavior to the new structure. Developing strategies to transition between
structures to reduce uncertainty in performance predictions remains ongoing work.

4. Conclusion

The mechanism selection problem is important both to investors in on-demand
transport services, as well as municipalities and local governments. Recently, there
have been a range of new providers that have adopted structures that are market-
based and therefore differ from the traditional approaches: Hackney carriages; dis-
patcher; and dial-a-ride.

In order to be in a position to address the mechanism selection problem in
on-demand transport, we introduced a representation that facilitates enumeration
of different structures. Our representation is based on information and financial
exchanges. As such, the representation lends insight into the basic constraints
for each structure. We also identified further classes of factors that influence the
mechanism selection problem.

The next step was to evaluate each structure. To this end, we pointed out that
evaluating the performance of a given structure is difficult due to the dependence on
passenger and driver behavior. Since this behavior is only understood for existing
structures, it is not necessarily able to be extrapolated to new structures. In order
to classify the uncertainty that necessarily arises, we studied the basic interactions
between the provider and passengers or drivers. Our classification suggested that
extensive structural changes will lead to higher uncertainty and that to mitigate the
effect of the uncertainty, it may be desirable for providers to transition incrementally
from the existing structure to the new structure.

What lessons from the mechanism selection problem in on-demand transport
apply to other urban systems? We believe there are three basic lessons that we can
draw: the impact of other coupled urban systems (e.g., local government, or other
services) must be carefully considered; it is helpful to have a simple representation
to enumerate potential structures to choose from; and whenever the urban system
is interacting with people, the uncertainty induced by behavioral changes should
be accounted for in the final decision.
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