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ABSTRACT

The Vehicle dispatching system has always been one of the most
critical problems in online taxi-hailing platforms to adapt the op-
eration and management strategy to the dynamics in demand and
supply. In this paper, we propose a single agent deep reinforcement
learning approach for vehicle repositioning by deploying idle ve-
hicles to specific locations to anticipate future demand at the desti-
nation. A global pruned action space, which encompasses a set of
M discrete actions, is used in this study. It can benefit drivers by
avoiding traveling to distant outskirts where there are few order
requests. We include not only the local information of vehicles as
the state, but also the global information in the whole study area,
i.e., the real-time distribution of orders, vehicles, and rewards. For
better performance, we design a simulator using the Julia program-
ming language, which brings about over ten times optimization in
speed compared with the simulator implementation in Python. An
efficient simulator, along with the tailored visualization tool, helps
us with the rapid update of our framework. Concerning the perfor-
mance, our team (TLab) has ranked first place in the development
phase of the vehicle repositioning task of KDD Cup 2020.
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1 INTRODUCTION

In the past decade, the online taxi-hailing service has gained ex-
tensive attention from urban travelers. The innovative operating
strategies offer exceptional convenience and flexibility to user ex-
perience, making it an indispensable component of the multi-modal
urban transportation network. Maintaining a balance between the
increasing demand and limited supply is the crux of the online taxi-
hailing platform operation.

Better knowledge about future demand is useful in lowering the
vehicle vacancy ratio and the operation cost. Abundant research re-
lating to demand prediction focused on digging the spatio-temporal
correlations of traffic dynamics. A convolutional neural network

(CNN) is often employed to model spatial relationships. Liu et al.
[6] designed a novel ensemble learning framework for taxi demand
prediction, which contains three attention blocks modeling the re-
lationships among base models, among spatial locations and among
positions of augmented feature maps. Inspired by ’personalization’
in recommendation systems [7], Liu et al. [8] proposed a person-
alized model for large-scale online taxi-hailing demand prediction
with two attention blocks to capture both spatial and temporal per-
spective. Some researchers argued that the road network could be
better modeled using a graph rather than a grid. In addition to
the spatial and temporal information captured by a local CNN and
LSTM, Yao et al. [17] constructed a location graph utilizing the
land use data to represent the similarity among regions. Lin et al.
[5] proposed the use of a data-driven graph filter to learn the hid-
den heterogeneous correlations between stations when applying
GCN to the bike demand prediction. Although graph-based mod-
els are powerful in terms of predictive ability, the major hindrance
of their applications in real scenarios is that updated base maps are
not always available. Liu et al. [9] use fine-grained partitioning to
maintain the road network topology and perform traffic prediction
using the industrial-scale real world probe data in three cities, cov-
ering approximately six thousand square kilometers in total.
Apart from predicting future demand, achieving the balance be-
tween demand and supply requires reasonable strategies for vehi-
cle repositioning and fleet management. The efficiency of the over-
all platform can be enhanced by reallocating vacant vehicles to
regions with a large demand gap in advance. Existing researches
in this field concentrate on mathematical programming. Song and
Earl [15] focused on determining the optimal strategies for vehicle
repositioning and the size of the fleet. Their model minimizes the
sum of the maintenance cost, repositioning cost, and leasing cost,
incorporating the uncertainty in vehicle arrival and repositioning
time. Nair and Miller-Hooks [12] designed a stochastic mixed inte-
ger program with joint chance constraints to generate a plan of ve-
hicle repositioning at the lowest cost. Roy et al. [14] proposed mod-
els based on the queueing theory to study various repositioning
strategies, the optimization objective of which is to minimize the
cost of the platform. They also designed a two-phase algorithm to



solve the nonlinear programming problem with non-differentiable
objectives and interrelated decision variables. He et al. [1] formu-
lated vehicle repositioning problem as a stochastic dynamic pro-
gram, where distributionally robust optimization is used to allow
for the temporal dependence of demand. Ma et al. [10] considered
the integration of on-demand mobility services and public transit
systems and developed an effective dispatching algorithm to opti-
mize this novel integrated strategy.

It should be aware that the demand and supply are interdepen-
dent, which always changes when a repositioning strategy is ap-
plied. However, traditional mathematical programming and super-
vised learning techniques are difficult to capture these dynamics.
Therefore, deep reinforcement learning (DRL) is often adopted to
address the complex interactions between demand and supply in
vehicle repositioning problems. Lin et al. [4] proposed a contex-
tual fleet management framework based on multi-agent reinforce-
ment learning, comprised of two modules, i.e., contextual deep Q-
learning and contextual multi-agent actor-critic. Mao et al. [11]
also developed a model-free method, i.e., a policy-based DRL frame-
work, based on the actor-critic algorithm for vehicle dispatching.
In addition to drivers, a central management system, which makes
decisions for vehicle dispatching, is considered as an agent in Holler
et al. [2]’s formulation. Their network is also capable of learning
a global embedding of orders and drivers. Contrary to the cen-
tral management system, Zhou et al. [18] proposed a decentral-
ized strategy based on DRL, which does not require communica-
tion between agents, to adapt to large-scale vehicle repositioning
problems. Jin et al. [3] modeled vehicle repositioning as a large-
scale parallel ranking problem. A geographical hierarchy is con-
structed to accommodate the agent coordinations in various re-
gions, and a multi-head attention mechanism is used for the hi-
erarchical decision-making process.

2 DATA DESCRIPTION

The data used in this paper for the simulation environment are
extracted from the online car-hailing record of Chengdu, China,
which contains a large number of the trip trajectory (more than
forty million trajectory records per day) and order data (more than
seven million order records in total) in November 2016. GPS trajec-
tory records contain anonymized driver id, user id, timestamp, and
the corresponding latitude and longitude. Each trip order record
comprises the information of anonymous order id, starting time,
ending time, starting position, ending position, and reward of the
order. The spatial distribution of the raw order data is demonstrated
in Figure la . Considering that the model may fail to converge
due to data sparsity, we narrow down the study area. As shown
in Figure 1b, the longitudinal and latitudinal ranges of the selected
study area are [103.89E, 104.28E] and [30.5N, 30.88N], respec-
tively. Approximately 99.67% of the orders in the 30-day dataset
fall in our selected study area.

The statistics of hourly orders in hexagonal grids are listed in
Table 1. In the dataset, 50% of hexagonal grids receive 0.3 orders,
which further indicates the severity of data sparsity.

The distribution of hourly orders is demonstrated in Figure 2. It
can be observed that the demand is low before 7 a.m., while most
demand distributes in the other 17 hours. Different from passenger
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Figure 1: Spatial distribution of orders.

Table 1: Statistics of hourly orders

Hourly orders (order per hour, oph)

mean
std
min
25%
50%
75%
max

6.308907
21.096421
0.001389
0.069444
0.313194
2.179167
315.384722

demand of metro and bus, neither morning peak nor evening peak

can be observed

concerning online taxi-hailing services.
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Figure 2: Hourly order distribution

Table 2 lists the statistics of the driver’s operation time (with pas-
sengers in the vehicle) and online time on November 1. If no order
request is received within 30 minutes, the driver will be considered
offline, and thereafter the time will not include in the online time.

3 PROBLEM STATEMENT

The goal of vehicle repositioning task is to maximize the mean in-

dividual income

rate G(r) for a small group of drivers:
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Table 2: Statistics of operation time and online time

Operation time  Online time

mean 58.926749 90.234227
std 43.856806 69.664996
min 0.133333 0.250000
25% 25.766667 37.400000
50% 47.500000 71.600000
75% 80.983333 124.600000
max 382.800000 652.850000

where 7 is the repositioning policy, ]15") () is the total income for

driver k on day n and LI(C") () is the corresponding online time for
the driver.

We propose a single-agent reinforcement learning to solve this
problem which is slightly different from Lin et al. [5] Formally, we
treat the reposition problem as an MDP problem G, defined by a
tuple G = (S, A, P, R,y), where S, A, P, R, y are the state, action
space, transition probability function, reward function, and a dis-
count factor respectively. The definitions are given as follows:

e Agent: We maintain a global repositioning agent for all vehicles,
which is easy to implement efficiently. A vehicle is eligible for
repositioning if and only if meet specific requirements, e.g., be-
ing idle for over five minutes. Suppose each vehicle requests for
repositioning every half an hour, and there will be 48 samples in
a day. Therefore, we design a single agent queue for dispatching
multiple vehicles, and the number of samples will be 480 when
given 10 vehicles. Here, the single-agent works as a global dis-
patcher, which receives the repositioning requests from the ve-
hicle. It should be noted that concurrent repositioning requests
do not exist in the environment of this competition. However, in
real applications, the single agent can return an action list, such
as the actions that can be matched with concurrent reposition-
ing requests.

State s; € S: The state defined in this paper contains two parts,
the global state and the auxiliary information state. In this exper-
iment, the whole study area is partitioned into a N X N square
grid in reference to the scope the trip data covers, each element
of which is called a region. We maintain a global state g; €
R3XNXN where ¢ is the current time. At each time ¢, the three
channels of g; records the number of available vehicles, orders,
and the sum of orders’ rewards. Note that since the dispatch win-
dow is only two seconds, to mitigate the sparsity of the data, we
introduced a smoothing operation where the sum of the last 10
minutes of data is recorded in each channel. For each vehicle
repositioning request i at time ¢, the coordinate of the current
location li € R? of the dispatched vehicle is used as an auxil-
iary information state. In addition, the current time ¢ (mapped
to [—1,1] uniformly) is also used as an auxiliary information
state. Finally, the state of each vehicle repositioning request i at
time t, is defined as

st ={gr.11.t}
where vehicle repositioning requests in the same time share the
same global state g,.

e Action a; € A: When determining the strategy for vehicle repo-
sitioning request i at time ¢, the action space A specifies where
the vehicle will be repositioned to at the following time. Lin et al.
[5] defined seven discrete actions allocating the agent to one of
its six neighboring grid items or staying in the current grid item.
In comparison, we do not use local action, which limits the vehi-
cle in the neighborhood of its current location. Instead, a global
pruned action space, which encompasses a set of M discrete ac-
tions denoted by {k}kM: 1 is used. Here, M is the total number of
hexagonal grids, where grid items with few orders are filtered
out based on historical data. According to experiment results,
this action space appears to be more efficient, helping vehicles to
avoid traveling to distant outskirts where there are no or sparse
orders. Details on the policy of action selection will be elucidated
in Section 4.3.

Reward function R: The agent aims at maximizing its expected
discounted return, formulated as:

ad .
Z yk r;+k }

k=0

E

where rf denotes the reward obtained from performing action
ai , which can computed as:

m
ry = Z(Oj - pej)
=1

where m denotes the number of received orders before the next
repositioning request, and p is a constant factor determined by
global statistic. 0j and ej denotes the order revenue and picking
up eta respectively.

4 IMPLEMENTATION

In this section, we will introduce the implementation details of the
simulator, choice of action space, dispatching policy, and reposi-
tion agent. The primary procedures of our solution can be summa-
rized as follows:

e Julia Simulator,

e Greedy dispatching policy sorts the reward of orders in a unit
time, and a strategy for declining the order is prepared,

o The action space is not limited to the local region where vehicles
currently locate,

e Double Deep Q-learning for training the agent.

Table 3: Hyperparameter for the final submission

Description value

state region latitude ¢ € [30.5N, 30.88N]
state region longitude A € [103.89E, 104.28E]

number of vehicles N, = 20000
order sample factor pp =5.0
grid resolution N=30
move penalty p =0.002
number of action M =140

Hyperparameters used in the final solution are listed in Table 3.



4.1 Simulator

The construction of learning environment is one of the fundamen-
tal challenges faced by the application of RL algorithms in reality,
and building tailored simulators for the environment is a common
practice in traffic research. For better performance, we write the
simulator using the Julia programming language. The simulator
can be decomposed into three different components, i.e., Vehicle,
Data and Simulator, which are all encapsulated as structs. Vehicle
(see Figure 3) is the base data structure storing the reward, avail-
ability and other information of each vehicle. Data is used for raw
file processing, while Simulator is for the running of the simula-
tor.

mutable struct Vehicle
grid_id::Union{String,Nothing}
total_reward::Union{Float32,Nothing}
available time::Union{Int64,Nothing}
idle_time::Union{Int64,Nothing}
idle_grid_id::Union{String,Nothing}
location: :NamedTuple{(:latitude, : longitude),

Tuple{Float64,Float64}}
offline_time::Union{Int64,Nothing}
id::Int64

Figure 3: The code snap for the definition of vehicle.

All the environment dynamics are consistent with the descrip-
tion listed in the competition introduction. In this example, we
split one day into T = 144 time intervals (one for 10 minutes).
Orders generated at the current time interval are bootstrapped by
a sampling factor p; from real orders that occurred in the same
time interval. At each full hour, each vehicle will update its state
stochastically, either offline (i.e., off from service) or online (i.e.,
start receiving order requests). The updated probability p is deter-
mined based on statistics of historical data. The number of vehicles
Ny and py, are critical hyperparameters that affect the relationship
between supply and demand. We use hourly gross merchandise
volume (GMYV, i.e., the value of all the orders served) curve from
the online submission to calibrate Ny, and pj,. The correlation of
GMYV between our simulator and online data is demonstrated in
Figure 4.

The major advantages of our simulator are (1) computing effiency
and (2) easiness for debugging. Thanks to Just-In-Time (JIT) compi-
lation and parallel computing capability of the Julia programming
language, we achieve around 10 times faster speed compared with
our simulator implementation in Python. Visualization, as shown
in Figure 5, is also critical for RL training and is helpful to under-
stand and debug the agent. It helps a lot to justify less desired ac-
tions and gives us more hints about the choice of action spaces and
how to train the agent.
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Figure 4: The simulator calibration in terms of GMV (R =
0.9956). The red curves plot the GMV values of online data
while the blue are simulated result where p, = 5.0 and N, =
20000.
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Figure 5: A simple training movement captured from our vi-
sualization tool. Grids in blue and red represent the reposi-
tion destinations and origins respectively. This visualization
shows a over fitting or less desired scenario that all destina-
tion are the same.

4.2 Choice of dispatching policy

Although we are allowed to deploy both dispatching and reposi-
tioning agent, a greedy policy is adopted to dispatch orders and
drivers for simplicity. In general, at each time window, we sort
all order-driver pairs by reward per unit time in descending order,
and the larger order-driver pair are more likely to be selected. Also,
we take the order destination as a restricted factor. In other words,
when the destination is undesirable, some orders will be declined
even if there are available drivers for this order.
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4.3 Choice of action space

The choice of action space A will highly influence not only the per-
formance but also the stability of the result. Typical action spaces
are listed below.

e Full global action space:
vehicles can be repositioned to any grid without any restriction,
e Pruned global action space:
vehicles can be repositioned to pre-defined grid set,
e Local action space:
vehicles can be repositioned to grids that are closed to the cur-
rent location by a pre-defined radius.

Based on our offline tests and online submissions, local action space
performs worse among those three. This can be attributed to that
our single-agent setting cannot catch up with the information on
vehicle location very well. Full global action space is the desired
action space, and however, is restrained by limited computational
capability. Therefore, pruned global action space, covering a small
subset (hot regions) of the full study area, is finally used.

4.4 Reposition agent

We apply Double deep Q-learning [16] for this task. Figure 6 illu-
minates our network architecture for policy network. To relief the
gap between the unknown online environment and ours, we nor-
malize the global state s; by min-max scaler and map it to [0, 1].
We use simple e-greedy to train the policy network and the train-
ing process is similar to that in pytorch DQN tutorial [13].

Global State (3x/Nx}V)

Convolution
Block
kernel= (5,5)

Convolution
Block Auxiliary State
kernel=(5,5) (time and ioordinates)

| Reshape&FC Layer

FC Layers

- .
[ _— ]
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Figure 6: Policy Network Architecture
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