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Abstract: The problem of structural imbalance in terms of supply and demand due to changes
in traffic patterns by time zone has been continuously raised in the mobility market. In Korea,
unlike large overseas cities, the waiting time tolerance increases during the daytime when supply
far exceeds demand, resulting in a large loss of operating profit. The purpose of this study is to
increase taxi demand and further improve driver’s profits through real-time fare discounts during
off-peak daytime hours in Seoul, Korea. To this end, we propose a real-time fare bidding system
among taxi drivers based on a dynamic pricing scheme and simulate the appropriate fare discount
level for each regional time zone. The driver-to-driver fare competition system consists of simulating
fare competition based on the multi-agent Deep Q-Network method after developing a fare discount
index that reflects the supply and demand level of each region in 25 districts in Seoul. According to
the optimal fare discount level analysis in the off-peak hours, the lower the OI Index, which means
the level of demand relative to supply, the higher the fare discount rate. In addition, an analysis
of drivers’ profits and matching rates according to the distance between the origin and destination
of each region showed up to 89% and 65% of drivers who actively offered discounts on fares. The
results of this study in the future can serve as the foundation of a fare adjustment system for varying
demand and supply situations in the Korean mobility market.

Keywords: dynamic pricing; deep Q-network; reinforcement learning; Mobility as a Service (MaaS);
platform-based taxi

1. Introduction

By the fourth Industrial Revolution, the development of mobile and ICT (Information
and Communication Technology) opened a new era in platform-based online businesses. In
addition, automakers and IT (Information Technology) companies have recently expanded
their entry into the mobility market [1]. This led to the provision of the new concept
of mobile services that encompass various areas from digital infrastructure to platform
services. Korea’s mobility market has also launched a variety of mobility services, including
car subscription and sharing, beyond the production and sale of vehicles, which were
traditional areas of automobile companies. Significantly, the platform-based mobility
on demand (MOD) service, which includes ride-hailing and ride-sharing services, has
grown significantly. This includes car-hailing and ride-sharing services, and according to
the Ministry of Land, Infrastructure and Transport of Korea, the number of brand taxis
combined with platforms surpassed 30,000 [2]. This is attracting attention as a way to
improve user mobility and accessibility [3].

Meanwhile, in the field of transportation research, structural imbalance between
supply and demand has been continuously raised due to changes in traffic patterns by time
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zone [4–6]. For example, urban areas in the late-night hours as well as in the peak hours of
weekday mornings and evenings, where commuting is essential, are in explosive demand
compared to supply. This resulted in increased waiting times for passengers and problems
such as refusal of passengers. As a result, this problem has also had a direct adverse effect
on the service level. Therefore, the development of supply-inducing measures to deal with
excess demand has become a key resolution task for mobility service companies.

As a way to improve this, artificial intelligence and big data-based prediction and
optimization techniques have recently been introduced. These provide real-time preference-
based services by analyzing data obtained from platform service users. In addition, it
has become possible to predict the expected route and arrival time according to real-time
market conditions based on GPS (Global Positioning System) information, as well as to
present optimal prices. Specifically, dynamic pricing became popular as it was applied to
ride-sharing services including Uber and Lyft [7,8]. It is drawing attention as a new fare
policy that can increase service usage, as it can yield optimal fare levels for each situation.

In general, ride-sharing services surge fares as a supply inducement during late night
hours when demand is far higher than supply. However, there are insufficient measures
to induce demand for the use of services during the off-peak hours, for which demand is
lower than supply. Especially in Korea’s metropolitan area, the decrease in demand for off
peak hours is greater than that of overseas large cities [9]. In addition, demand is rapidly
decreasing while supply is maintained, which leads to an empty vehicle problem, and the
resulting congestion in waiting areas. At the same time, due to the aging of drivers, the
working hours will be concentrated during the day, which will worsen the oversupply.
Therefore, in the future, it is assumed that these phenomena will lead to increased waiting
time and a decrease in profits for empty vehicles. Therefore, it is deemed necessary to study
ways to induce demand through fare discounts, which are the expansion of a dynamic
pricing strategy during the day.

In addition, the fare discount is also necessary from an environmental perspective.
Seoul, the capital of Korea, has one of the highest carbon footprints of 13,000 cities in the
world [10], with pollutants that have a significant impact on global warming, with more
than 3 million vehicles registered in 2019 [11]. Also looking at the modal share in Seoul,
taxis account for 6.7 percent, while passenger cars amount to 20.4 percent [12]. In particular,
because the urgency of time is relatively low during off-peak hours, cars are often favored
over the expensive taxis. Given this situation, environmental issues are raised because the
level of emissions discharged from passenger cars is about 1.7 times higher than that of
taxis [12]. Therefore, discouraging car uses by discounting taxi fares can not only help ease
road congestion but also lowering air pollutant emission caused by more frequent uses of
private cars. It also contributes to reducing CO2 emissions, which could be a solution for
the transportation sector to the global warming problem facing Seoul.

The goal of this study is to increase not only the demand for taxi uses but driver’s
revenue through real-time fare discounts in each region of Seoul. Thus, this study aims to
derive the discount level of taxi fares for Seoul city by introducing a real-time fare bidding
system based on deep reinforcement learning methodology. It can also reduce the number
of vehicles waiting empty and the waiting time of drivers, reducing air pollutant emissions.

The procedure of this study is as follows. In Section 2, we conduct theoretical consider-
ations on the application of Dynamic Pricing and the reinforcement learning methodology
in the transportation sector. Next, Section 3 presents a methodology for the definition and
construction of real-time fare bidding simulation environment. In Section 4, we design a
simulator of DQN-based fare competition between drivers. In Section 5, we then compare
profit and matching rates among drivers on regional levels of fare discount based on
simulation results. For this purpose, three scenarios representing regional characteristics
were established and explored. Finally, Section 6 draws conclusions and implications of
the study.
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2. Literature Review

In this chapter, a fare-adjusting mechanism called dynamic pricing is considered, and
we study the application of reinforcement learning (RL), an artificial intelligence-based
learning methodology to implement it. Based on the review, we would like to derive the
feasibility and differentiation of this study.

2.1. Study on Dynamic Pricing in Transportation Field

Dynamic pricing considers a variety of factors that affect market conditions, such
as customer behavior characteristics, level of awareness of products, market structure,
and level of product supply and demand. Based on these, dynamic pricing refers to a
strategy that varies rates for the same product and service depending on the situation.
Prior to the 2000s, a number of studies were conducted in terms of revenue management
measures [13,14], but later expanded to various industries and attracted attention as a
way to induce various demand matching through optimal rates for each situation [15–18].
Above all, the energy supply sector, which is key to optimizing its supply by dynamically
adjusting prices according to consumption, is one of the areas where the dynamic pricing
strategy is most actively applied [17,19–23].

In the transportation sector, the development of ITS (Intelligent Transportation System)
and the emergence of platform-based mobility services have made it possible to identify
real-time boarding demand. Based on this, studies on dynamic pricing have been conducted
to maximize the efficient supply of services and the resulting benefits [24,25]. Among them,
many platform-based ride-sharing service studies were conducted as a fare-setting model
to reduce traffic demand through fare adjustment to induce waiting time and travel time, or
to induce supply by improving driver profitability [26–28]. Furthermore, operational data
from real-world mobility services enabled verification of the dynamic pricing strategy’s
effectiveness [29–31].

In Korea’s mobility sector, demand-response mobility services by region and means
are also spreading, while the Passenger Transport Service Act is being revised, and related
regulations are being eased. As a result, various fare strategies are being tried out and
introduced along with the existing fixed fare system. In Korea, taxis are a major means
of transportation, along with public transportation, railways, buses, and cars, with a
transportation share ratio of 2.9 percent as of 2016 [32]. Recently, regarding the taxi service
sector, one of the most commonly used transportation systems in Korea, measures to
improve the fare system have been proposed in preparation for changes in the market
structure, including the dynamic pricing strategy, reverse auction fare strategy, and fare
system for joint rides [33].

2.2. Study on Dynamic Pricing Based on Reinforcement Learning in Transportation Field

Reinforcement learning in the transportation sector has been widely used as a learning
methodology for the optimization of road systems and the provision of mobile services.
Significantly, reinforcement learning can address microscopic behaviors such as signals
or individual vehicles, as it can assign different policies to each learning object, known
as an agent. It is also applicable as a methodology of Markov chain attributes that reflect
supply and demand characteristics in the transportation sector with a short cycle of change.
In addition, reinforcement learning has been widely used as a learning methodology for
signal system control policies for traffic congestion mitigation in urban road network
environments such as intersections [34–36].

The ride-sharing service sector adopted reinforcement learning to establish a vehicle
management plan to allocate supply in response to fluctuating demand in real time. To op-
timize matching between drivers and passengers, simulations have defined state variables,
including supply and demand situations and the context of road surroundings. Based on
this, mobility service operators can establish optimal vehicle deployment strategies [37,38].

Furthermore, the introduction of deep neural networks due to methodological ad-
vances has made learning environments more complicated and expanded their scope,
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enabling real-world data-driven learning simulations [39,40]. Based on deep reinforcement
learning algorithms such as DQN, A2C (Advantage Actor-Critic), and A3C (Asynchronous
Advantage Actor-Critic), distribution mechanism models have been proposed that can
reduce idle vehicles and waiting time for passengers in ride-sharing services [41,42].

Meanwhile, reinforcement learning has been used as a learning methodology in a
number of areas where dynamic pricing is applied as a fare strategy. Among them, in the
transportation sector, it was used as a fare for charging electric vehicles. In addition, the
ride-sharing service market has also been studied to mitigate the imbalance in supply and
demand and to optimize revenue [43–45]. In particular, in the ride-sharing service market,
MDPs were constructed for simulating the introduction of dynamic pricing, and optimal
fare policies were derived through reinforcement learning [46–49].

2.3. Summary of the Review and Differentiation of This Study

As a result of analyzing prior research on dynamic pricing, we can report that it was
mainly studied in terms of revenue management measures before the early
2000s [13–23]. Since then, the scope of application has expanded with the development
of ICT and the growth of the platform-based service industry, and application research
has also begun in the transportation sector. Above all, a representative field that applied
dynamic pricing within the transportation sector was platform-based mobility on demand
services. Many studies have reduced passenger’s waiting time by reducing traffic de-
mand through surcharges in high-demand situations. At the same time, it was used as a
fare-setting model to induce supply by improving driver profitability [24–33].

Next, for studies in the transportation sector applying reinforcement learning method-
ology, a number of studies have used reinforcement learning to alleviate traffic congestion
in road network environments such as intersections [34–36]. Notably, in the field of ride-
sharing services, studies were conducted as a vehicle management measure to optimize the
distribution of supply with the aim of optimizing profits and easing imbalance between
supply and demand [37,38].

Therefore, this study aims to derive application measures for fare discounts for non-
peak hours, which are relatively low in demand, in consideration of the traffic characteris-
tics of each time zone in Korea. In particular, while a number of studies have addressed
surcharges to induce supply [24–29,46–49], this study is differentiated in that it provides
discount measures to induce demand from the opposite perspective. Furthermore, in the
simulation process, we consider interaction between drivers with micro-approaches using
multi agent-based reinforcement learning methodologies.

3. Methodology

This chapter describes the centrality analysis methodology for calculating regional
fare discount indices for off-peak hours and the methodology of reinforcement learning
required for the definition and composition of simulations.

3.1. Degree Centrality Analysis

Social Network Analysis is a methodology for analyzing the identified relationships
among the objects that construct the data. It is possible to assess the influence between
components, analyze connection patterns, and interpret relationships. Centrality analysis is
a type of network analysis methodology that indexes the actors that make up a network and
determines the most important actor among them. This methodology is used in various
fields such as anthropology [50], economics [51], and urban development [52].

The degree centrality analysis is measured based on the degree of connection between
the actors, and the number of different actors is quantified. The degree centrality of an
actor is to determine how many different actors are associated with a particular actor. The
higher the value, the more other actors connected to the actor. Since the actor’s degree
centrality calculation is affected by the size of the network, the effect of the size of the
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network on the degree centrality should be eliminated. This is called standardized degree
centrality (Equation (1)), as described below [53].

C′D(Ni) =
CD(Ni)

g−1
C′D(Ni) : standardized actor degree centrality o f actor i

CD(Ni) : actor degree centrality o f actor i
g : the number o f actors

(1)

On the other hand, if there is directionality in the relationship between actors that make
up the network, centrality should be measured taking that direction into consideration.
Depending on the direction of the relationship, it is divided into In-Degree Centrality,
which means the number that a particular actor receives from another actor, and Out-
Degree Centrality, which means the number that a particular actor connects to another
actor. In-Degree Centrality can be interpreted as power or popularity, and Out-Degree
Centrality can be interpreted as activity [54].

3.2. Deep Reinforcement Learning

Reinforcement learning is a machine learning method in which a defined agent recog-
nizes the current state based on its interaction with the environment and learns action and
policy that maximizes reward among the selectable behaviors. To solve the sequential be-
havioral decision problem within the learning environment where reinforcement learning
is conducted, it must be mathematically defined by the Markov Decision Process (MDP).
The MDP is represented by a < S, A, P, R, γ > tuple consisting of state, action, reward
function, state transition probability, and the Discount Factor.

Fundamental algorithms in reinforcement learning, including Monte Carlo, Sarsa,
and Q Learning, target relatively simple problems with small state spaces and simple
environments. However, reinforcement learning to solve problems in the more complex real
world has resulted in limit points, including the finite nature of space, and the complexity
of computation. Thus, as a way to address this, a deep Q-Network (DQN) algorithm, which
parametrizes and approximates Q functions using artificial neural networks starts to be
used. DQN is a reinforcement learning algorithm that constructs the Q function as a deep
neural network, containing a key concept called Experience Replay, a Target Network to
supplement the inefficient learning [55,56].

Experience Replay is a concept designed to prevent overfitting problems between
episodes in the learning process of Naive DQN. The agent stores the sample values
(s, a, r, s′) obtained from exploring the environment in Replay Memory and randomly ex-
tracts multiple samples from Replay Memory during training to update the neural network
for those samples.

Furthermore, it is problematic that Naive DQN is unstable, and the learning value
does not converge because the output value continues to change during the update of
weights using a single network. To complement this, two networks have been applied as
the Target Network and Main Network. During the learning process, prediction values
were calculated for the Target Network and current values for the Main Network. In
particular, the Main Network updates the weights according to the output value of the
neural network for each learning event. On the other hand, Target Network is not replaced
every time, but as a parameter of the Main Network, it operates by copying the weights of
the Main Network after a certain number of sufficient learning processes. Figure 1 below
represents the key components of the DQN algorithm and their relationships.
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DQN is trained for agents to behave optimally; thus, as the learning progresses,
the Q-value for the agent’s actions gradually converges. To confirm this, we derive the
Mean Q-values for the last 5000 episodes. We also construct two scenarios to see how the
components of the reward function affect learning. Scenario (1) meets zero-sum conditions,
and scenario (2) is the case of a reward function that takes into account the driver’s waiting
time. The results of comparing the Q-values between scenarios are presented in the
results section.

4. Materials, Data and Case Study

Simulations for real-time fare bidding systems for off-peak hours are conducted in
the following order. First of all, we refined the taxi operation data in Seoul by Gu, which
is the district unit. Among them, we calculated the amount of departure and arrival in
Gu units, and the basic fares between origin and destination. Next, we were conducted a
degree centrality analysis using the previously refined data and calculated the OI Index, a
regional fare discount indicator. Finally, to establish a DQN-based fare bidding simulation
environment, the origins and destinations are matrixed. Also, the MDP and reward
function are defined.

4.1. Data and Refining Methods

This study used Seoul’s taxi driving analysis data to reflect the current status of
mobility services in Korea. Seoul is the capital city of Korea with a population of about
9.7 million [57], with the largest number of taxis operating [58]. The data used in the
analysis consists of the number of rides and drop-offs per hour by major road links in
Seoul in 30 min increments [59]. It was based on April 2017, and the scope was targeted
for four hours from 10 a.m. to 4 p.m., during the off-peak hours on weekdays, in line with
the time range of this study. Administrative district GIS files were used to calculate traffic
volume values by origin and destination (OD) in Gu district units. The departure and
arrival quantity values for each Gu node are calculated. Next, to calculate the basic fare
and distance between origin and destination, the base fares for proportion of distance were
calculated using the Network Analysis Tool in ArcGIS. As of November 2020, the basic taxi
fare was 3800 won within 2 km, with an additional 132 won per 100 m. Figure 2 below is a
map of 25 districts of Seoul, which are subject to analysis [60].
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4.2. Calculation of Fare Discount Indicators by Regions

Regional fares by time zone in the real-time fare bidding system are flexibly adjusted
according to the degree of fare discounts offered by drivers. Drivers present the level of fare
discount considering the possibility of operation, which is the possibility of matching with
passengers, and the supply and demand situation. Therefore, prior to the establishment of
a real-time fare competition system, it is intended to calculate indicators to supplement
the discount level of fares presented by drivers by reflecting the amount of demand and
supply in Gu units.

The regional fare discount indicator is the ratio of the In-degree centrality to the
Out-degree centrality, which is defined as the OI Index (Out/In Index). In-degree centrality
is an indicator of the amount of supply that is intended to enter a particular destination Gu
node. Out-degree centrality can be interpreted as an indicator related to the demand to
depart from a particular Gu node to another destination Gu node. Therefore, the smaller
the OI index, the higher the supply compared to demand. Drivers compete for lower fares
to attract customers in high supply Gu nodes. In other words, it is possible to offer a more
drastic fare discount.

The calculated regional OI index values are as shown in Figure 3. The Gu nodes, such
as Jungnang-Gu, Eunpyeong-Gu, and Gwanak-Gu, where residential areas are concen-
trated, showed high OI Index values from 10 a.m. to 11 a.m. due to lingering demand
during the previous morning peak hours. However, it went down over time. On the other
hand, Jongno-Gu, Jung-Gu, and Gangnam-Gu are Gu nodes, which have a large amount of
arrival due to dense business areas. Namely, it was confirmed that low OI Index values
were found at the time adjacent to the peak time in the morning. The OI Index was used to
supplement the discount level of the regional fares. The basic fare discount option in the
fare bidding system was lowered by 0.1 units from ×1.0 to ×0.6, with a total of five. Also,
each basic fare discount level is multiplied by the OI index values by Gu nodes’ time zones.
The high-supply Gu nodes have many competitive drivers in the region, so they can offer
daring fare discounts. On the other hand, Gu nodes, which are in high demand compared
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to supply, mean that there are already enough opportunities to pick up customers, so the
fare discount will not be high. The discount level of the fares corrected by the OI Index is
up to ×0.6 times. The minimum fare discount level was set to ×1.0 times because it was
only targeted at discounting fares.
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OI Index is also an indicator set on the basis of Gu Node’s level of demand and supply,
which should differ in the distribution of regional drivers’ profits and matching rates when
simulated to derive discount levels of fares. Therefore, in order to explore this, we would
like to analyze the profit and matching rate of drivers who competed for fares in Gu Nodes
with low, average, and high level of OI Index values. Thus, in Section 5, the results of the
simulation are identified for the representative Gu Node, Gangnam-gu, Dongjak-gu, and
Eunpyeong-gu.

4.3. Definition of MDP and Environment

Within the real-time fare bidding system, drivers compete for the amount of traffic
to the destinations from the origins by time zones. Driver agents who offer cheaper fares
are matched with the passengers. Therefore, each agent presents a discount level of the
appropriate fare with the goal of matching more passengers. A real-time fare bidding
system for simulation is defined as a tuple G = < S, A, P, R, γ > in Markov game format
for N agents. The environmental components and definitions are as follows.

1 Environment and Agent: The agent, the subject of learning, proceeds through in-
teraction with the environment in an environment composed of all the rules set for
learning. The environment of this simulation consists of 625 pairs, with 25 Gu regions
set as departure and arrival nodes. The value included the case for traffic inside the
Gu nodes. Next, the agent was set up as drivers competing for fares at each OD pairs.
Thus, the relationship between agents is defined as competitive. Agents were also
distinguished by their operational characteristics, called Waiting Time Value. Waiting
Time Value (WTV) is the application of the concept of time value for waiting time.
WTV refers to the psychological sacrifices and blows that drivers feel about waiting
time [58]. Therefore, there are two types of drivers for each OD pairs: driver B with a
high fare discount because of the relatively large loss of waiting time, and driver A
with a relatively low fare discount level even if waiting for a long time. The number
of agents per OD pair is fixed at N = 2, but Nt differs by t, the basic unit of time for
fare competition.
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2 State: The state of the environment consists of a global state of st and an agent specific
state of si

t. st means the operation status between OD pairs using one-hot encoding.
In each OD pair, agents include pt, a discounted fare offered in time t. Agents located
in the same OD pair share the global state and configure their own state values.

3 Action: The agent’s action space is the discount level of the fare that will be multiplied
by the basic fares between each OD pair. According to time unit t, agent i’s action ai

t
is a total of five discretized actions ranging from ×1.0 times to ×0.6 times in units of
0.1. For example, at = 1 means that the agent offers a ×1.0 discount on the basic fare
at the time unit, and at = 5 gives a ×0.6 discount level. This is the basic fare discount
level set by referring to Uber’s fare discount case [61]. Multiply the OI index to apply
the corrected fare discount level for each regional time zone.

4 Reward: Each driver agent is given a reward value according to the reward function
Ri, and different reward functions are applied depending on the outcome of the fare
competition. Drivers who offer the highest discount level in the fare bidding for OD
pairs are given positive rewards by multiplying the distance proportional basic fare
(ODP) and the discount level (DCi

t), which means the driver’s profit when matched
with passengers. On the other hand, drivers who have presented a lower discount
level in fare bidding than other agents are considered to have failed to match in that
time unit and are given negative rewards. At this time, the negative reward function
should take into account the driver’s waiting time (WTi) and time value (TVi) that
occur if the matching fails. Therefore, the negative reward function was established
by referring to the components of Song. J. et al.’s [49] negative reward values and
the waiting time data of taxis in regions of Seoul [62]. Driver A was given 7 min, the
average minimum waiting times for each region, and Driver B was given 9 min, the
average maximum waiting times for each region. The reward function for the success
and failure of the fare bidding consists of the following formula.

Ri =

{
DCi

t ×ODP,
∣∣Matched

−DCi
t ×WTi × TVi,

∣∣Unmatched
(2)

5 State Transition Probability: In this simulation, the origins and destinations were
set to node in advance and matrixed, targeting deterministic traffic environments.
On the other hand, the lowest fares for each OD pair are calculated according to
the discount level of the fares presented by the driver agents. This determines the
stochastic number of operations per agent.

4.4. Designing of Fare Bidding Simulator between Drivers

Next, the fare bidding process between driver agents is described step by step ac-
cording to the time unit of the simulation. When the simulation begins, the driver agents
choose a discount level that will multiply the base fare of each OD pair for every round. If
the discount level presented by the agents are the same, they are randomly matched.

Based on 30 min, which is the basic time unit of taxi operation data, the first round
is set and it consists of 12 rounds (R). The OI Index values for OD pairs change for each
round. At each round, the driver agent has a total of three time steps (t). The time step
is the basic unit of time in the fare bidding system. This aims to vary the number of
fare biddings in each round because the actual travel time between OD pairs is different.
Therefore, three time steps per round can be applied. Depending on the actual travel
time between origins and destinations, the fare bidding value was used three times for
less than 15 min, two times for less than 30 min, and one time for more than 30 min.
Optimization of the DNN network for DQN is constructed by referring to Mnih, V. et al. [56],
Oroojlooyjadid, A. et al. [63] and is as shown in Algorithm 1 (DQN Algorithm Pseudo-code).
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Algorithm 1. DQN pseudo-code for drivers’ fare bidding system.

Procedure DQN
for Episode = 1 : n do

Initialize Experience Replay Memory, Ei = [ ], ∀i

Reset OI Index, ODP, WT, TV for each agent
For r = 1 : R do

For t = 1 : T do
For i = 1 : 2 do

With probability ε take random action at
otherwise set at = argminQ(st, a, θ)
Execute action at, observe reward rt, and state st+1
Add (s1

t , a1
t , r1

t , s1
t+1) into the Ei

Get a mini-batch of experiences (sj, aj, rj, sj+1) from Ei

Set yi =

{
rj i f is ther terminal state
rj + minQ

(
s, a, θ−

)
otherwise

Run one forward and one backward step on the DNN with loss function

(yj −Q
(

sj, aj, θ
)
)2

Every C iterations, set θ− = θ

end for
end for

end for
Run feedback scheme, update experience replay of each agent

End for
End procedure

The types of Hyperparameters used for learning and their values are shown in Table 1.
Values have been applied by referring to DQN cases in Open ai Gym [64]. We use Python 3
as an analytical environment for experimental and model generation, and use Tensorflow
1.12 and Keras 2.1.5 libraries for neural network learning

Table 1. Type and value of hyper-parameters used in analysis.

Hyperparameter Value

Minibatch Size 32
Replay Buffer Size 10,000

Init Exp 1.0
Final Exp 0.1

Discount Factor 0.99
Learning Rate 0.001

Target Update Rate 0.01
Annealing Step 10,000

5. Results

In this chapter, we conduct a DQN-based simulation for fare bidding in the off-peak
hours and analyze the results. To verify the performance of learning before identifying
the results for the level of discounts by regional time zones derived from the bidding
simulation of driver agents, we checked the cumulative reward values and the mean
Q-values by agents during 50,000 episodes.

5.1. Evaluation of the Learning Simulations

As shown in Figure 4, the average Q-value values for each episode were derived
from the 45,000th to the last, 50,000th, episode. The average Q-values of the derived fully
competitive scenario (1) were gradually reduced and converged. On the other hand, for
Scenario (2) considering waiting time values, the Q-values converged to a higher level than
Scenario (1). Therefore, we apply a reward function that takes into account the value of
waiting time in learning the fare bidding simulations between agents.
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(a) Scenario 1; (b) Scenario2.

Next, the average cumulative reward values for each agent according to the learning of
50,000 episodes were described when the reward function considering the driver’s waiting
time was applied. To verify, the average reward values of all OD pairs were calculated for
every 1000 episodes. Figure 5 is the average cumulative reward values for driver A and
B agents. The average cumulative reward values are the accumulated reward obtained
under the agent’s policy, which should be increased as the learning progresses. As a result
of comparison of cumulative reward values between agents, when driver B with large
waiting time values was compared to driver A, the agent obtained a higher reward value
on average.
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5.2. Analysis of Driver’s the Profit and Matching Rates by Gu Nodes

The OI Index by Gu nodes is an indicator calculated to reflect regional demand
and supply characteristics when selecting the discount level for driver agents. Thus, the
Gu nodes classified according to the characteristics of supply and demand to determine
the discount level of regional fares derived from this simulation. The discount level of
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fares for each origin and destination was compared with the driver’s profit and matching
rates. Profit ratio means revenue plus waiting losses divided by revenue. This confirms
the actual operating profit on the winning of the competition. The matching rate refers
to the percentage of drivers’ wins among the total number of matches between origin
and destination.

According to the analysis of drivers’ profits and matching rates, separated by regional
demand and supply characteristics, the level of fare discounts that can improve the opera-
tional success rates varies depending on the average OI index level by region. In areas with
high OI Index, the higher the demand, the higher the success rate of drivers who offered
low discount levels. However, in areas with smaller OI indexes, the higher the demand, the
higher the success rate of drivers who offered higher discount levels. In addition, regions
with average OI Index values had high operational success rates for drivers who offered
high discount levels in all time zones.

In order to closely examine the results of learning, drivers’ profit and matching
rates were identified in areas representing low, average, and high OI Index values. The
representative areas are Gangnam-Gu, Dongjak-Gu, and Eunpyeong-Gu. In addition, the
driver’s profit and number of trips from fare bidding depends on the travel time between
the OD pairs, so, for absolute comparison, the distance between origins and destinations
was classified and examined. The classification by travel time consists of short distances
(within 15 min), medium distances (within 30 min), and long distances (over 30 min), based
on the average travel time of 15 min when the origin and destination pairs are adjacent.

5.2.1. Analysis of the Profit and Matching Rate in District with Low Demand and
Higher Supply

Gangnam-Gu indicates districts where demand is low compared to supply because
the average OI index is small during the off-peak hours. This means that the demand for
use is less than the arrival of vehicles, and it mainly has the characteristics of business
areas and central commercial areas. Regardless of the distance from the destination, in
the morning time, when demand is low compared to supply, driver A, who suggests a
relatively low fare discount level, had a higher rate of profit and matching rate than driver
B, who suggests an active discount level (Figure 6). However, it was found that driver
B’s profit and matching rate improved as demand-to-supply levels increased over the
afternoon. In the morning time zone, driver A’s matching rate was up to 57% on a short
distance (a), and the profit rate was up to 89% on a long distance (c). Next, in the afternoon,
driver B had a matching rate of up to 64% and a profit rate of up to 86%.
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Incidentally, as the distance from the destination increases and the travel time increases,
the difference between the two drivers’ profits and matching rates decreases. In the case of
profit rate, there was a difference of up to 20% in short distance (a) driving as of 10 a.m., but
it decreased by 9% in intermediate distance (b) and 6% in long distance (c). The matching
rate also differed by up to 28% in short distance driving as of 3 p.m., but decreased to 24%
in intermediate distance (b) and 12% in long distance (c). This is because the longer the
distance between OD pairs, the greater the value that has a positive impact on the driver’s
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profits, and the greater the impact compared to the negative factors. The increasing level of
the basic fare for distance proportions is a positive factor for the driver’s profit, and the
waiting time value is a negative factor.

5.2.2. Analysis of the Profit and Matching Rate in District with Average Demand
and Supply

Dongjak-Gu represents an area with an average OI Index value of 25 district nodes,
meaning that the level of vehicle arrival and demand for use is similar. In all time zones,
Dongjak-Gu has a high matching rate of Driver B, which has actively competed in the
fare bidding simulation. In addition, as shown in Figure 7, driver B also accounted for
maximum profit rate of 68% over short distance (a), 75% over intermediate distance (b)
and 89% over long distance (c). The matching rate was up to 65% and 63% for both
short and intermediate distance as of 11:30 and 61% for long distance, respectively. In
particular, the difference from driver A was the largest between 10 a.m. and 1 p.m., and as of
11:30 a.m., there was a deviation of up to 30% from short distance driving (graph (a)). The
figure declined to 4% over time, gradually decreasing in the afternoon hours. This is
because the demand-to-supply level is lowered in the afternoon off-peak hours, so both
driver agents suggest a high discount level.
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5.2.3. Analysis of the Profit and Matching Rate in District with High Demand and
Lower Supply

Eunpyeong-Gu is representative of regions with large OI Index values and high
demand compared to supply. This means that the demand for use is relatively high
compared to the arrival of vehicles, which is typically found in residential areas. Therefore,
those areas are affected by the residual demand resulting from their commute to work at
the time of the morning-peak hours. In other words, in the morning hours when demand
for supply is high, both drivers offer relatively low fare discounts, so driver A’s profits are
high due to the relatively low waiting time values. As shown in Figure 8, the profit was
up to 69% over short distances (a) and 87% over intermediate distances (b), and up to 90%
over long distances (c). On the other hand, driver B’s profits and matching rate were both
high in the afternoon off-peak hours after the remaining demand was resolved, with the
biggest difference between drivers, especially between 12:00 and 2:00 p.m. There was a
difference of 26% for short distances (a) and 22% for intermediate distances (b), and up to
16% for long distances (c). This is believed to be due to the large difference in discount
levels selected by drivers depending on the value of the individual’s waiting time at a time
when the OI Index values that affect the discount level are not extremely skewed.
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Therefore, on average, in areas where demand is high compared to supply, there is
already a demand for the use of services in the morning time zones, so it is unnecessary
to present an assertive discount level. However, in some time zones, including off-peak
hours in the afternoon, active discount levels mean that driver profits and matching rates
can be maximized.

6. Conclusions

In the field of mobility, the problem of structural imbalance in terms of supply and
demand has been continuously raised due to changes in traffic patterns by time zone. Dur-
ing off-peak hours in the Seoul metropolitan area, demand declines sharply while supply
stays put, resulting in problems such as vacant vehicle problems and traffic congestion.
As a solution to this problem, this study aimed to derive real-time fares by establishing
a bidding system between drivers based on deep reinforcement learning to promote taxi
uses and improve the driver’s profits.

The process was carried out as follows. First, based on the data of taxi operation
in Seoul, the amount of departure and arrival trips in the Gu unit and the basic fares
between origins and destinations were calculated. In addition, the OI Index, a regional fare
discount indicator, was calculated through an In-degree and Out-degree centrality analysis
based on the value of departure and arrival. Areas with low OI Index included business
and commercial areas such as Jongno-Gu, Jung-Gu, and Gangnam-Gu. On the other
hand, the high OI value was derived mainly from residential areas such as Jungnang-Gu,
Eunpyeong-Gu, and Gwanak-Gu.

Next, the simulation of fare bidding between drivers was conducted through a multi-
agent based deep reinforcement learning. First, the traffic environment was constructed for
625 OD pairs consisting of 25 nodes. Driver agents, classified by the value of waiting time
at each origin, were required to choose a level from the five discount ranges for the basic
fare between OD-pairs. The driver who presented the highest discount level was given a
positive reward value at that fare, and other agents were given a negative reward value
considering the waiting time and hourly value.

Finally, the characteristics of supply and demand by regional time zone were identified
and the optimal fare discount level was derived accordingly. As a result, high-demand
areas, including Eunpyeong-Gu, Jungnang-Gu, and Gwanak-Gu, had lower discounts, and
lower-demand areas with lower OI indexes, including Gangnam-Gu, had higher discounts.
In particular, Gangnam-Gu had the highest discount level with an average of 36%, while
Dongjak-Gu had 33% and Eunpyeong-Gu had an average of 17%.

In addition, we analyze the driver’s profit and matching rate according to the distance
between the OD pairs in each node. As a result, in areas with high demand for use, the
higher the demand, the higher the matching rate of drivers who offered relatively passive
discount levels. On the other hand, in areas with high supply, the higher the demand,
the higher the matching rate of drivers who actively offered an active fare discount level.
In addition, in areas where demand and supply are relatively balanced, drivers who
actively offered high fare discounts at all times were found to have a high rate of matching.
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Meanwhile, it has been shown that the pattern of drivers’ profit and matching rates is
similar at medium and long distances, but the difference decreases as the distance traveled
increases. This means that discounts on fares have a significant impact on the fare and
matching rates of drivers operating in short distances.

According to the results of the review of the literature, the dynamic pricing system
was applied primarily to induce the taxi supply with surcharges, but this study proposed
a method to encourage demand through a fare discount. In particular, we made a contri-
bution by finding optimal solutions by applying network-based reinforcement learning
methodologies. This study is also significant in that it has attempted to secure additional
taxi demand in off-peak hours through competition for fare discounts. In particular, it is
believed that securing demand for taxi use in terms of sustainable transportation plan-
ning will contribute to the establishment of eco-friendly transportation measures, such
as reducing air pollutant emissions by reducing waiting time for empty cars. In addition,
considering the current trend of spreading platform-based mobility services, it is possible
to implement the technology for real-time price competition between drivers.

The methodological limitations and future challenges of this study are as follows.
First, the simulation presented the discount level of the fare for one operation between the
origins and the destinations. Therefore, it is necessary to reflect the expected demand for
the next operation in consideration of the driver’s series of trip chains and seek ways to
derive a more realistic discount level of fares. Secondly, this simulation sets the basic unit
of time to 30 min. Therefore, it is assumed that time units will need to be subdivided to
take into account the level of change in demand and supply by more granular time units.
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