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Abstract

Ride-hailing, as a popular shared-transportation method, has been operated in many
areas all over the world. Researchers conducted various researches based on global
cases. They argued on whether car-hailing is an effective travel mode for emission
reduction and drew different conclusions. The detailed emission performance of ride-
hailing system depends on the cases. Therefore, there is an urgent demand to reduce
the overall picking up distance during the dispatch. Moreover, most of the cases only
analyze the emission pattern of mature ride-hailing systems. None of them provide a
change pattern of a developing one. Discovering the emission pattern during the
development can help understand how number of users in the system affect the
emission performance and furtherly provide guideline of controlling the number of
users to keep the system at a high-performance level. In this study, we answer these
two demands by proposing two frameworks. 1. A cross simulation model combined
with Gibbs sampling for a comprehensive computation. Based on the simulation results,
we found a strong impact of user scale on the emission performance. The mean of void
distance proportion varies from 3.69% to 31.75% under all situation simulation. Finally,
based on this relationship, we provided a guidance for the computation of approximate
user scale if the emission and efficiency performance of car-hailing is expected to be
better than a threshold. 2. A optimization method combined with prediction model to
minimize the global pick-up distance when solving the dispatch problem. We use Didi
ride-hailing data on one day for simulation and found that our method can reduce the
picking-up distance by 8.60% compared with baseline greedy algorithm. The proposed
algorithm additionally makes the average waiting time of passenger more than 10
minutes shorter. The statistical results also show that the performance of our method is
stable. Almost the metric in all cases can be kept in a low interval. We believe our
findings can improve deeper insight into the mechanism of ride-hailing system and

contribute to further studies.



Key words: Ride-hailing System, Simulation, Gibbs Sampling, Greedy Algorithm,

Deep Learning, Optimization
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Improvement on online ride-hailing based on

empirical GPS data

1. Introduction

As a great source of emission and energy consumption, transportation attracts the
attention of many studies on emission reduction and energy-saving'. In recent years,
sustainable transports in the city arise all over the world 2. Among all kinds of
sustainable transports, ride-hailing is a popular trend in big cities >*. Ride-hailing refers
to the services that dynamically match drivers' supply and customers’ demand and
allow customers hire drivers to send them to destinations through online ride-hailing
platforms, such as Uber (an American multinational transportation network company)
and Didi Chuxing (the biggest ride-hailing service provider in China, in the following
part of this paper, we will use Didi as the reference for it). Ride-hailing system does
bring many benefits to citizens and the urban development. The average waiting time
by adopting ride-hailing is dramatically shorter than the original taxi dispatch > . Also,
people live in the remote and rural areas where public transport can hardly reach can
go to urban areas easily by ride-hailing system, which indirectly promotes urbanization
go faster. Meanwhile, ride-hailing can provide more jobs for drivers ’ and improve
driving efficiency ®. As we all know, the emission by transportation can affect citizen’s

health and amenity of the city °.

Spreading ride-hailing is a popular trend'®. Currently, there are many places, where
there is no mature ride-hailing service. There is still much vacancies in local ride-
hailing market. When one ride-hailing service company tries to develop local market,
there must be a phase of increasing of user scale, which refers to the number of users.
The emission behavior of ride-hailing system during this phase is remained to be a
puzzle. With the rise of user scale, the quantity of emission of system can be constantly

increasing. The thing that is essential is how to observe and control the change that
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user scale brings to the efficiency of emission. Currently, most of studies focused their
attentions on the emission behavior of developed ride-hailing systems. Few evidences
discussed on the emission behavior of developing one. As a crowdsourcing service, the
participation scale is one key factor to affect the emission performance of whole system.
Thus, to promote a cleaner shared transportation, the clear pattern of the relationship

between emission performance and user scale should be studied further.

In addition, there are some scholars exploring the efficiency of novel technologies in
mature ride-hailing system. Korolko el al.'! indicated that bipartite matching with time
window batching and dynamic pricing can lower waiting time for both riders and
drivers as well as capacity utilization, trip throughput and total welfare. However, they
only consider the dispatching in real-time time window and didn’t consider the travel

demand in future. What’s more, Afeche et al.'?

pointed out that the interference from
service platform to avoid dispatching driver to area with low travel demand can be
optimal. These two conclusions inspire us with the idea that if we can predict the
distribution of travel demands in the future, whether it can help us optimize the
dispatching of ride-hailing system, especially improving the utility of energy. Among
current studies, there is no existing literatures that quantifying and discovering this

improvement. This gap also needs to be fulfilled and furtherly instructs the

development of ride-hailing system.

Operating such kind of research isn’t an easy task. Solid and real travel demand data
are required as the base of simulation and assessment. Next, reliable prediction model
is in a dominant position in the whole simulation as imprecise prediction can bring
misjudge to dispatching decision. In addition, the suitable dispatching should be

designed carefully and the performance and applicability should be ensured.

The development of method for urban data mining ' as well as more and more
occurrence of works on GPS data mining enable us to analyze the emission

performance from urban transportation GPS information !. In this paper, we adopted
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massive Didi GPS records and designed a simulation method to mainly achieve two
tasks: (1) Mining the relationship between the emission performance of ride-hailing
system and user scale and provide corresponding advices for promoting ride-hailing
services. (2) Proposing a prediction-based dispatching method for ride-hailing system
to improve the efficiency of system. We chose Chengdu City, a typical big city in China

as the study case.

2. Related works

In recent years, ride-hailing is becoming a popular topic among researchers. They
concerned the problem from various aspects. The mainstream of research fields can be
presented as the impact the ride-hailing has brought to urban areas; regulation and
policy on ride-hailing; future development expectation and efficiency and benefit of

ride-hailing.

For impact of ride-hailing, scholars separated and discussed their options from various
perspectives. Rayle et al.” indicated that in San Francisco, at least half of ride-hailing
trips replaced traditional urban transportation mode like taxi, public transportation
based on the comparison of survey data and trip data from ride-hailing and taxi. Henao
et al.'* discussed that 13% of survey respondents owned fewer cars because of ride-
hailing after analyzing on survey and socio-demographic data from 311 passengers.
Different from the conclusion by Li, Erhardt et al. !* found that in San Francisco, 2016,
22% of traffic delay may be reduced without the operation of ride-hailing based on a

simulation employing travel demand model.

For regulation and policy, Flores et al.'® observed the process of appearance of ride-
hailing on San Francisco street, the conflict between the ride-hailing companies and
regulatory agencies, the resolution to the conflict through new and better registration

framework. Onto higher level, Beer et al.!” revealed that the regulations and their
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strictness vary in 15 different USA cities. What’s more, the ride-hailing service
providers trend to operate in areas with light and non-fingerprint information registered
regulation. Both studies revealed the current status of regulation and provide the

guideline for future decision making.

In future development expectation, autonomous vehicle is always an eternal topic.
Bosch et al.!® showed that autonomous service can reduce the cost of ride-hailing by
85% in Zurich. Wadud et al.!® argued that the there is a potential in the benefit brought
by vehicle automation, while this potential depends many factors like vehicle
automation level and vehicle connection. Some scholars also focused on the
development brought by electric vehicle technology. Tu et al.?® battery electric vehicles
with 200km could satisfy the travel demand of ride-hailing drivers up to 47% or 78%
and 20% or 55% of total ride-hailing travel distance can be traveled by driven by
electric vehicle. Level-2 charging available at home, work, and public parking can

boost the acceptance up to 91% of drivers and 80% of distance.

About efficiency and benefit of ride-hailing, most scholars discussed on the
environmental and energy saving behavior of ride-hailing. Reducing the vehicle
distance traveled became an important ruler to evaluate the energy behavior of ride-
hailing. Some conclusions told that, however, the introduction of ride-hailing brought
the increase of vehicle distance traveled. Schaller?! found that in 2017, the ride-hailing
brought additional vehicle distance traveled summed up to 9.1 billion kilometers in
nine US cities. Furtherly, some scholars put forward the point that the actual impact of
ride-hailing depends. Tirachini et al. >* did a Monto Carlo Simulation on the ride-
hailing scenarios in Chile. They declared the if the mean occupancy rate is 2.9 pax/veh
or higher, there is higher possibility that the ride-hailing can cause less travelling
distance. Rodier?® summarized that the factors that can decide whether the travelling
distance can be reduced are auto ownership, trip generation, physical and legal limits
to driving, mode choices and void vehicle relocation travel. The report emphasized that

the void cruising distance can account for up to 20% of total travelling distance in high
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density urban areas and 60% in lower density suburban areas because of lower travel

demand density. Therefore, an urgent effort is to decrease void cruising distance.

Dispatch and matching are the key issue to overcome this issue. The strategy of
dispatch directly impacts the global void cruising distance. Recently, there exists a lot
of literatures considering to optimize the dispatch strategy. Xu et al.>* proposed an
optimization dispatch approach considering maximizing the future gain of drivers,
which refers to the matchable pairs of driver-order, based on mining the empirical order
demand pattern. Their simulation and real-world application result show that the
approach can maximize the Gross Merchandise Volume of total drivers. Feng et al.?®
improved the matching issue of ride-hailing from the perspective of waiting time of
passengers. They developed a heuristic method and proved that the algorithm can give
the near optimal solution. However, they didn’t directly consider the optimal void
cruising distance. Also, their strategy only considers the matching based on the current
existing demand. With the emerging works concerning the problem of predicting the
ride-hailing demand?®, we have some solid methods to forecast the travel demand in
future scenarios. By merging the future knowledge of distribution of travel demand,
we can improve the matching issue to minimize the void cruising distance, thus,
minimizing the invalid energy consumption. However, there is scarce literature

quantifying this improvement and give an analysis on the performance.

Especially, these studies mainly focused on analyses from historical evidences in
places with nearly saturated ride-hailing system. They only operated simulations on
complete dataset in places, where the ride-hailing services have been operated in a long
time. The number of users that participate in ride-hailing every day is relatively stable.
Thus, most of them consider improving the emission performance from the perspective
of technologies. As a crowdsourcing system, the emission performance of ride-hailing
is also deeply affected by the number of users. They failed to discover the relationship
between the number of users and emission performance. The meaning of such study is

to solve the problem that during the growth of riders in the system, how many



2. Related works -6 -

registered drivers should be kept to reach a balance in both efficiency and emission

performance Such gap also needs to be further studied.

Simulation is a common method to study ride-hailing system. Maciejewski et al.?” use
the simulation setup of MATSim to simulate the proposed dispatching algorithm to
prove the efficiency of their algorithm. Grau et al.?® simulated on an agent-based ride-
hailing dispatch model for better improvement on driver earnings, user cost and vacant
versus occupied time. Mourad et al.? summaries various ride-hailing models for the
simulation. In this study, we propose a Gibbs sampling-based simulation framework to
further discover the emission behavior of ride-hailing system during its development.
We believe our work can fill this gap and provide advice for ride-hailing service

providers.

Therefore, there are some gaps in current studies:

(1) There is lack in solid and visible evidence on the change pattern of emission
behavior when the number of user in the ride-hailing system changes.

(2) Considering the real-time matching of driver and passenger with the combination
of optimization method and prediction model to minimize the void cruising distance as
well as maximizing the energy utility

(3) The simulation of method on real-world data to improve the performance and
applicability as well as an analysis on the spatial-temporal pattern of emission behavior

of two different dispatch strategy.

In this paper, we will try to answer these questions by operating two simulations
separately:

(1) Simulation on how user scale impact the emission performance and efficiency of
ride-hailing system.

(2) Simulation on dispatch algorithm based on optimization method and prediction

model and operating novel analysis.
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3. Problem Description

3.1 Emission performance and user scale

3.1.1 Concept of emission performance
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Figure 1. Illustration of emission performance

Before we give more details of the problem description, we need to give the concept
of emission performance. It can be referred directly by invalid emission proportion or
indirectly void cruising distance proportion. As shown in Figure 1, for each ride-hailing
order request, the expected driver to finish the request must travel two trips, which
refers to pick up trip and delivery trip respectively’’. The distance of pick-up trip,
which is referred by the dotted line in the figure is defined as the void cruising distance
as it won’t serve the transportation and create income to the driver; the distance of
delivery trip, which is referred by the solid line is defined as the delivery distance. So,
the exhaust emitted during the pick-up trip by the car is defined as invalid emission and
the one during the delivery distance is defined as valid emission. thus, the proportion
of void cruising distance to the total distance is the void cruising distance proportion
and similarly, the proportion of invalid emission can be thought as the proportion of
invalid emission to the total emission. Apparently, there is a relationship between the

void cruising distance proportion and the invalid emission proportion. If we can get the
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void cruising distance proportion, the invalid emission proportion can also be

computed, symbolizing the emission performance of car-hailing system.

The main problem that this work tries to figure out is the difference of emission
performance, which is directly influenced by drivers’ trajectories under different scales
of user available in the system. To extent the local market of ride-hailing system, ride-
hailing service provider would try many methods to attract users to system®'. With the
growing of regular users, the emission performance is also deeply affected. In this study,
we will adopt a simulation framework to evaluate this impact and analyze the invalid
emission proportion as the symbol for the emission performance. From result of
analysis, we can have a clear observation on how user scale effect the emission
performance of ride-hailing, thus, giving further advice on controlling the number of

users in the system and keep the emission performance of system at a high level.

3.1.2 Emission performance and user scale

Here, we will illustrate how the change of user scale in the ride-hailing system affects
the emission performance that inspires our method. We will choose three cases as the
illustration sample as shown in figure 2. In figure, d; is the driver j, pi is the passenger
i. Suppose a scenario during the development of a ride-hailing system (a) The situation
that may happen under the supplement of passenger scale (b) The situation that may
happen under the supplement of driver scale (c) The situation that may happen under
the supplement of driver and passenger scales simultaneously. The solid line refers to
the original routine before the reduction; the dotted line refers to the routine drivers
probably take after the supplement. Yellow triangle refers to the origin of the order;

blue circle refers to the destination; red rectangle refers to the origin of driver.
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Figure 2. Illustration of relationship between emission performance and user scale

Figure 2(a) shows the situation of the supplement of passenger scale. Formerly, driver
d; is assigned to pick up the passenger p;. If there exists a new passenger p:
simultaneously and p; is assigned to d; to pick up, the driver d; will turn to pick up p:
and give up p;. This kind of change causes driver d;’s travel distance changes from

[y + 1, to I3+ 1, and the void cruising distance proportion in this situation changes

1y t I3

from . Thus, the emission performance of d; changes. But it’s hard to tell

whether it increases or decreases.

Figure 2(b) shows the situation of the supplement of driver scale. Formerly, the order
of passenger p1, p2 will be finished by driver d;. With the appearance of d2, p> may be

picked up by another driver d>. So the average void cruising distance proportion in this

( h 4 b ) to l( h b ),which leads to the change of

1
case changes from =
g Li+l,  la+l, 3L+l s+l

3

invalid emission proportion.

Figure 2(c) shows the situation of the supplement of both driver and passenger scales.
When driver d2 and passenger ps are added to the scenario, the passenger p; may instead
call for another driver d to pick him or her up. By doing this, driver d2 probably firstly

turns to pick up passenger p3 and then picks up his original passenger p:. The average

o S 1/ 1 ! 1/ 1
void distance proportion in this case changes from —( L4 0 ) to —( 4+
2 \lj+l, | Lo+l 3 \lg+1;
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I3 ls
I3+, ls+1,

shifts.

). And of course, like former two situations, the emission performance

Besides the elaborations above, it should be pointed out that the scale of available
drivers will also affect the emission performance from other perspectives. It can be
illustrated in Figure 3. (a) the original situation (b) The scale of drivers decreases. (c)
The scale of drivers decreases more. With the reduction of scale of drivers, the waiting
time for a driver to take the order varies (maybe increases, maybe not). If one passenger
waits for too long, he or she will be considered to give up the ride-hailing and take
other transportation mode. Thus, affecting the emission performance of the ride-hailing
system. With the same reason, the driver may also quit serving if he or she waits too

long for taking orders.

Figure 3(a) gives the description of original situation. The three passengers p1, p2, p3
will be assigned to the three separate drivers dj, d2, ds. However, in Figure 3(b), when
ds is removed from the scene. Suppose p1, p3 will be assigned to the same driver d; and
p2to d>. In this situation, p3 has to keep waiting until d7 drops pr and comes to pick him
or her. If the waiting time is beyond the tolerance of p3, ps will cancel the order. Figure
3(c) is a deeper case: d> is also removed from the scenario. The three passengers pi, p2,
p3 must be assigned to the only d;. At this point, the p2, p3 may both cancel their orders

if the waiting time is beyond their tolerance respectively.

(a) original situation (b) the number of drivers decreases (c) the number of drivers decreases more

Figure 3. Illustration of affection of driver scale on the emission performance

In summary, whatever kind of change of user scale will both directly or indirectly
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influence the emission performance of ride-hailing system. It is important to study
different scales of drivers and passengers and find out how the scale of drivers and the
scale of passengers impact the emission performance to promote the future work. Due
to the complex changes and multiple possibilities, a comprehensive simulation method

is necessarily adopted to evaluate this relationship.

3.1.3 Research framework

Invalid Valid
. . . . distance distance
Users E nizi Q T | > .

l the O of drivers 100% 100%
Driver O data —> — — .
l. 80%%80% m ¥
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| the D of passengers user scales a

-
Didi OD data o ™%
: Analysis on emission
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Figure 4. Flowchart of data processing, method used in this study and result to be achieved

Figure 4 illustrates the process of the whole simulation method. The solid line refers to
the process direction. The Didi Apps in users’ (both passenger and driver) phones
collect users’ GPS data. The data source is from Chengdu, China, where the ride-
hailing service has been operated for over 6 years. According to the report made by
Didi Media Research Institute®?, the times of ride-hailing services is beyond the local
taxi services and ride-hailing system serves over 1.4 million times one day. Thus, the
dataset is suitable for study. The full dataset is suitable to be considered as saturated.
After receiving these data, we distract the origin of driver (referring to Driver O in the
figure) as well as the origin and destination of passenger (referring to Passenger OD in
the figure). These data also include the time stamps. In this paper, our method wants to
find the relationship between the scale of users and the emission performance, our
simulation method tries to study the situation under different user scale. We choose to
sample from the dataset by certain percentage to stimulate the scenarios of different

scale of regular users in ride-hailing system. Therefore, the result varies based on the
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partial dataset that is sampled in the simulation. So, instead of showing a single result,
the mean of some times of simulation and their 95% confidence intervals will be
illustrated. We use Gibbs sampling to sample these data by different percentages. The
detail will be elaborated in the methodology part. For a full simulation, the percentage
is determined by 100%, 80%, 60%, 40%, 20%. A cross simulation model is adopted to
obtain the result we want under different combinations of scale of drivers and
passengers to make the model more universal. It also needs to be noticed that since we
focus on analyzing the minimal potential invalid emission proportion, so the situation
of 100% scale of drivers and 100% scale of passengers will also be put in simulation
instead of purely calculating from the dataset. The detailed methodology will be

elaborated in the rest of method section.

The assumptions made in this part is shown as follows,

(1) In the sampling, the probability of each user to adopt the ride-hailing and sampling
of data is in independent distribution. This can be referred by the principle of Gibbs
sampling *.

(2) Abnormal orders are not considered. Those trips with the same origin and
destination or very short distance will be removed from the simulation set **.

(3) The cost of each passenger and driver to adopt the ride-hailing will be considered.
If a passenger waits for a driver to take the order longer than 15 minutes >4, the
order will be cancelled.

(4) The rejection of order out of driver’s personal issue is not allowed 3.

(5) The participation of driver is in long term, which means that no driver will quit the
system until the simulation is over. During the idle time, the driver will park their

cars nearby the drop off location®.
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3.2 Ride-hailing dispatch based on prediction and optimization

3.2.1 Metric of evaluation

In this section, we will introduce the metric to evaluate the performance of proposed
algorithm. As elaborated in the previous section, void cruising distance proportion is a
good metric as it can clearly show and quantify the percentage efficiency of time,
distance as well as energy. The equation of void cruising distance proportion can be

implemented as:

(1)

where, Py is the void cruising distance proportion; Dy, is void cruising distance;

Dp is delivery distance.

This metric is also adopted in the work by '4, where it is defined as efficiency. However,
only comparison on void cruising distance proportion seems not enough. In work by
Korolko!!, they also took the waiting time of passenger into consideration. This metric
means to make sure the service quality because usually passenger won’t wait for
someone to pick him up for too long in real application. In this study, we also consider
the cancellation of order when the someone wait for too long. The low cancellation rate
Thus, in this study, we mainly consider three metrics listed as void cruising distance
proportion, waiting time of a passenger to wait for a driver to pick him up and cancel

rate of order.
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3.2.2 Research Framework
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Figure 5. The framework used in this study

The research framework used in this part in shown as figure 5. The data preprocessing
part is similar to the one in the part of evaluating the relationship between user scale
and emission performance. But we added one more step, which is to preprocess the OD
data of orders into the desired format of prediction model. The detailed steps will be
elaborated in the Methodology part. The proposed methodology can be divided into
two parts: the prediction part and dispatching part. Prediction part is mainly responsible
for predicting the distribution of travel demand in the future based on a deep learning
method. The input of this deep learning model requires historical observation
corresponding metadata and the output is the predicted spatial distribution of riding
demand. The dispatching part focuses on optimizing the dispatch under the
consideration of minimizing void cruising distance proportion based on the predicted
distribution result in the future. To better combine two parts. We adopt the time window
method. The order and driver will be divided by serial time window as input’’. For
each time window, the prediction and optimization method will be separately operated
once to decide the assignment of driver to order. To better show the utility of proposed

algorithm. We will use greedy algorithm operated in time window as baseline and
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compare the performance of two algorithms in result analysis. The assumptions made

in this part similar to the one in the part of Emission performance and user scale.

4. Study case
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Figure 6. Thermal map of order OD data on one day in Chengdu

The GPS Dataset used in this study is provided by Didi. It includes the detailed
information (Order ID, the time of the start and end of order, the longitude and latitude
of origin and determination) except privacy information within one month in Chengdu
City ranging from November 2™, 2016 to November 30™, 2016 except for some
vacancies on 10" and 8. There are more than 6.6 million order records in the dataset.
We exclude the orders with travel distance that are shorter than 500m, with same
origins and destinations as well as same start time and end time and very few ones that
travel among cities*®. After the preprocessing, 75.4% of orders remains. They will be
used for the simulation and analysis. The visualization of dataset in one day can be
shown as Figure 6. Most of the origins and destinations are located at the city center.
The rest are distributed in the surrounding area. The distribution of ODs covered almost

all the urban area of Chengdu. The dataset can describe the case study well.
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5. Methodology

5.1 Emission performance and user scale

5.1.1 Reassignment system

The definition of availability of a driver. If driver i is taking another passenger to the
destination or on the way to pick up in the time interval that passenger j can wait for a
driver to pick him up, the driver i is considered unavailable to passenger j, else he is

available.

When we sample a part of dataset by certain percentage to simulate the situation of
different number of users in the system. It is necessary to reassign the drivers to pick
up orders and simulate a process of operation. Then, the emission performance can be
computed. Under different scales of drivers and passengers in the simulation, an order
from a passenger may be reassigned to another available driver based on their original
GPS information to maximize the efficiency of whole operation system. The
reassignment algorithm is based on the shortest void distance principle which means
when an order is given in the system, it will be assigned to the driver that is available
and nearest to the position of the passenger. This reassignment method will ensure the
least distance for a driver to pick passenger up. If all drivers are not available in the

time period passenger wants to be picked up, the order will be cancelled.

The code form of the reassignment algorithm is shown as algorithm 1. Notice that the
whole simulation code is similar with the form of Python code. The meaning of
mathematical symbols can be found in Nomenclature.

Algorithm 1 —— Reassignment

Input: single piece of order i & D;

Function: Find the available and most suitable driver for order i



5. Methodology - 17 -

Output: the record of reassignment

1: foreachdriverj € Dy:

2: if ta <ty + Omax (driver j is available to order #):
3: driveri —» A;

4: else:

5: go to the next driver j +1

6: if4;=0:

7: go to the next order i +1

8: else:

9: find the md; € A;

10: calculate ,

11: assign the order i to md;

12: update the original position and available time of md; in Dy

13: return the record of md; & order i

After an order is reassigned to the driver, the driver will be considered not available to
other passengers until he or she finishes the job. Then the GPS position and time stamp
of driver’s OD will be updated according to the order. The reassignment will come to

an end until all the orders are assigned to the drivers or cancelled.

5.1.2 Gibbs Sampling for the generation of simulation samples

Sampling method plays an important role in the whole simulation process. In this study,
the Purely randomly selecting one part of data and putting them into simulation is not
suitable because the simulation result deeply depends on the selection of data. The
multiple possibilities should be considered. Additionally, the spatial-temporal pattern
of demand and server varies due to regions, so blind sampling can’t assure the full
characterization of simulation results. As a result, a Gibbs Sampling is adopted in this
study. Gibbs sampling can generate different simulation samples and consider the issue

of full sampling. Ride-hailing is a high dimensional system. The behavior of each user,
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either passenger or driver, can cause a chain effect on the operation of whole system.
Thus, we can imagine the relationship between the emission behavior and users as a
function: emission behavior = f'(useri, users, ... ... , usern). Each parameter of function
is a single user. Thus, it is obvious that the function is high dimensional. The sampling
on the emission behavior is difficult. Gibbs sampling is used to solve such sampling
problem with high dimension. The principle of Gibbs sampling is to simulate the
function step by step and slowly cover the main value of function. The sampling
method randomly select a set of parameters for the first time of simulation (Suppose
the number of parameters is #n). Then, it will randomly change one parameter and
remain the rest n-1 ones, then operate another time of simulation. This process will be
iterated repeatedly. In each iteration, the simulation result will be recorded. If the
variance of the simulation result in the last several times of simulation is lesser than a
threshold, the sampling process can be thought to be completed and come to an end. In
this study, the dimension of problem is very high, which can be up to 250, 000 and
down to 50,000. Therefore, if replacing one user at one time of sampling is
unreasonable. It can hardly affect the final result. Instead, we choose to replace
thousands of users after each time of simulation. The detailed quantity depends on the
percentage of users used in the simulation. In this study, firstly, we randomly pick a
certain percent of data in the whole dataset as the simulation samples. The rest of
dataset will be used as backup set. After one time of simulation, a part of simulation
samples will be randomly replaced by the data in the backup set for another time of
simulation. To ensure the full consideration, the whole simulation process will be
finished until it is considered to satisfy the convergence condition. In this study, e refers
to the variance of the mean of all the void cruising distance in last five times of
simulation. When e is smaller than the convergence condition, the whole sampling
process can be considered to be completed. Algorithm 2 gives the code form of Gibbs
sampling.

Algorithm 2 —— Gibbs sampling

Input: O, D, Ps & P,

Function: find the distribution of result of simulation
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Output: the results of all times of iterations

I: Os *— randomly selected P, of data € O
2: Dy € — randomly selected Psof data € D
3: Op+— therest (1 - P,) of datain O
4

Dy <— therest (1 - Py) of datain D

5:  while(e > emax):

6 for each orderi € Oy:

7: record of reassignment «— Reassignment(order i, Dy)

8 calculate the results obtained

9 calculate the e

10: randomly selected a part of data € Oy «—» randomly selected a part of
data €0y

11: randomly selected a part of data € Dy «—» randomly selected a part of
data €Dy

12: return the results in all times of iterations

5.1.3 Cross simulation module generation

Since the aim of this method is to find the difference of emission performance under
different scale of users, a full simulation is needed to get the complete result. Thus, a
cross simulation of different scales of samples is adapted. The original Data sets of
drivers and passengers are randomly sampled by the percentage of 20%, 40%, 60%,
80% and 100% separately. Then, the cross simulation will be applied. It means all 5
kinds of percentage of drivers and passengers will group with each other as the input
of simulation model. Then, the cross simulation will give the output under different

scenarios we need for analysis.

The flowchart form of the whole simulation process is shown as Figure 7. Certainly,

the whole simulation process will also include the step to deal with data processing. k
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in the figure refers to the percentage of scale of drivers; / in the figure refers to the

percentage of scale of orders.

Raw data Data. OD Data kfIOO%
processing 1=100%

1=100%

k=k-20% [ TE°
end Result Gibbs OD Data NO NO
Sampling k|

1=1-20%

Figure 7. Flowchart of whole simulation process

5.1.4 Equation for result computation

In the result of every time of simulation, except the OD of each assigned or cancelled
order and driver, the results obtained from the cross simulation includes the distance,
time interval that driver travels to pick up the passenger and complete order; the time
length that drivers wait for an order to come; the time that passengers give the orders.
The orders that originally existed in real world but cancelled in the simulation. Thus,
we can compute the void distance proportion, total distance that might be travelled or

not be travelled.

After obtaining these results, we can compute the invalid emission proportion, the
quantity of invalid emission, the quantity of total emission and other results. The
equations we use to link these two parts are from the COPERT (COmputer Program to
calculate Emission from Road Transportation), a manual written by European
Environmental Agency. Since the measured standard which COPERT complies with is
similar to the one adopted in China, the model is suitable for evaluating vehicle
emission in Chinese cities *“°. This manual provides the methodology and equations
to calculate the emission by the cars and they are suitable to all countries. This manual
contains methods to compute various kinds of emission. The common equation of

emission computation can be written as:

Qix =2kl (2)
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where, the Q; refers to the quantity of emission k of vehicle i; q;j refers to the
hot emission factor of emission k vehicle i during trip j; I; refers to the length of trip

J. Qijx canbe calculated by:

2

apvi j+Brvij+Vi
2

eV i+ kv i+

qijx =

€)

The detailed information to calculate the emission factor q; ;) can be found in work

by . Since the quantity of emission mainly depend on the driving distance, the
pattern among each kind of emission is same. Thus, in this study, we will broadly
elaborate on the emission pattern. Then, the total invalid emission quantity, invalid

emission proportion can be calculated by the equation set (4)

Adyoid
onid ~d
total

Peinvalid = f(PVOid) (4)
Einvaiia = EP.

€invalid
where, P,,;q is the proportion of void distance; d,,;q means the void distance that
one driver travel to pick up one passenger and d;,;q; 1S the total distance a driver

travels to finish an order from a passenger. It includes d;y,qiqa and the distance that

driver travels from the origin of passenger to destination. P,.

imvatiq 18 the proportion

of vehicle invalid emissions; Ej,,qiq 1S the total quantity of vehicle invalid
emission. f(x) is the function turns proportion of void distance to proportion of

invalid emission. E is total vehicle emission.

5.2 Ride-hailing dispatch based on prediction and optimization

5.2.1 Time window Division:

Time window division is a classic method used in many real-time dispatch problems*!.
One characteristic of this method is easy to understand and implement. The illustration

of time window division is shown as figure 8.
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Figure 8. Time window division

The process of time window division can be treated as group of time line. The end of
each time window is also the beginning of last one. Suppose the length of time window
is /, number of time window is N, and the start time of simulation is 0. During the
period of time window n, n € [1,2,...... , N1, the orders and available drivers given
between time (n - 1)/ and n/ will be collected in the matching pool. Then, at the end of
time window n/, the simulation algorithm will be operated to give the matching result.
In this study, we choose the length of time window to be 5 minutes, which makes 8352

time windows.

5.2.2 Baseline: Greedy algorithm:

The baseline algorithm we choose is the greedy algorithm. Greedy algorithm is a
classical algorithm used in many real-time dispatch studies of pick-up and delivery
problems*>*2. In principle, the algorithm will iterate over every travel demand and find
it the closest driver who can pick up the order or follow the rule of first-come-first-
serve®. When an order is given into the system, the algorithm will search the current
candidate drivers and assign the nearest one to order. Generally speaking, the algorithm
only considers the optimized solution for each single object. Although this method is
easy to implement and manage, it is naturally uncoordinated and tends to prioritize
immediate passenger satisfaction over the global supply utilization. In the Result and

analysis part, we will illustrate the performance of greedy algorithm.

5.2.3 Prediction Model

Travel demand prediction is currently a hot research topic in the field of Computer
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Science?® **. The main stream of current methods is deep learning. Deep learning
model tries to stimulate the thinking process of human. People can feed the training
materials to the deep learning model and make the model learn how to generate the

desired output. The general structure of deep learning is shown in figure 9.

Hidden layer

Output layer
Input layer P v

PaSVANEIRN

v

N\ AKX A/

Figure 9. General structure of deep learning

The input layer is used to input the features. The hidden layers contain the parameters
for computation. The output layer will give the desired output. During the training
process, the model will try to find the optimal parameters in the hidden layers and

minimize the difference between the ground truth and computed output.

Many researchers developed various deep learning neural networks that concern this
problem. In recent years, there exists a lot of achievements, like convolutional LSTM
neural network®. The prediction model we use in this study is the ST-Resnet*. This is
a deep learning neural network based on residual unit. The structure of ST-Resnet is

shown as figure 10.
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Figure 10. The graphical structure of ST-Resnet

The input of this prediction model is divided into two parts, which are separately
historical observation and metadata. The output is the spatial distribution in the future.
The desired input format of historical observation is matrix in essence. The
preprocessing is needed to convert spatial data to matrix. Firstly, we extract the order
data in each time window. Next, we apply the regional grid method*’. The concept is
to convert the spatial distribution data to image-like data, which is in the form of matrix.
We divided the study area with square grid with the size of 3690 m * 3690 m. This
makes the whole study area gridded with size of 40 * 40. Then, we count the quantity
of orders in the area of each cell in each time window. The quantity of orders is the
element of each matrix. Finally, we can get a sequence of matrixes abstracted from
spatio-temporal data. Since the length of time window is 5 minutes, from preprocessing
of the data in one month, we can get totally 8352 matrixes. In the prediction model, the
input of observation is divided into three sequences, separately recent, near and distant.
Recent: a sequence of continuous matrixes of historical observation closely before the
time window we want to predict; near: a sequence of continuous matrixes of historical
observation that is one day before near; distant: a sequence of continuous matrixes of
historical observation that is one week before recent. We choose the length of sequence
to be 6. Thus, if we use x,,n € [2022,8351] to represent the output, the input can be

represented as
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({xili €En-6,n-5n—4n-3,n—2,n—1J}

{x|] c n—288—6,n—288—5,n—288—4,n—288—3,n—288—2,]}
X 1 n—288-1
{ [n—2016—6,n—2016—5,71—2016—4,71—2016—3,}
X, |z €

n—2016-2,n—-2016-1
The input dimension of historical observation is 40 x 40 x 6 x batch size.

()

Another part of the input is the metadata. Generally speaking, metadata includes all the
information that can have impact on the spatial-distribution of order. In the original
paper, the author used the weather data and date information. Thus, in this study, we
marked the hour that time window is located in in one day, the day in one week, the
week in one year of each time window, the mark of whether the day is holiday or
not(holiday is marked as 1; workday is marked as 0) as the date information.
Meanwhile, we also use the weather and temperature data as the weather data. The
table of detailed weather data is shown as follows:

Table 1. Weather data used in the prediction model

Weather Highest temperature of Lowest temperature of
day day

[partly cloudy, cloudy, sunny, [9,22] [4, 13]

little rainy]

The temperature data will be rescaled to [-1, 1] by equation:

tem—temyin

X (tmax - tmin) + tmin (5)

teMmax— teMmin

where, fem is the temperature we want to rescale; tem,,;, is the minimal observed
temperature; tem,,,, isthe maximal observed temperature; t,,,, 1s the upper bound

of rescaled interval; t,,,, is the lower bound of rescaled interval.

We have introduced all the input data needed in this prediction model. In the following

part, we will elaborate on how the model deal with input and get trained for prediction.
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For metadata part:

The date information and weather information will be separately turned to numerical
data by one-hot encoding method®. Then, two one-hot encoded data will be
concatenated together as one matrix. The feature of metadate information will be
extracted by a fully-connected layer implemented as:

Y = Relu(aX + b) (6)

Y is the output feature; X refers to the on-hot encoded input numerical data; a is the
transform matrix; b is the bias matrix; Relu is activation function which can be

implemented as:

0, x<O0
x, x>0 )

Relu(x) = {
The output feature will be then reshaped to the size of 40 x 40 x 6 as the same size of

historical observation.
For historical observation part:

As shown in figure 8, there are three individual input channels for recent, near and
distant. We will introduce the structure of one channel as all three channels are the
same. The first layer is a 2D convolutional layer with the kernel size of 3 x 3 and 64
filters that extract the feature of input sequence to the matrix of size 40 x 40 x 64. Then,
the following part is a sequence of residual units. The job of each residual unit is to
deeper analyze the features. Suppose we adopt / residual units in the sequence. The
universal equation can be implemented as:

X1 =X+ F(X;;6) (8)

where, X;,4 is the output of residual unit; X; is the input; F(x) is the function of

residual function; 6; refers to all the trainable parameters in the residual function.



5. Methodology - 27 -

The residual function contains two groups of combination of Relu and convolution.
Thus, this makes the equation of residual function:

Y = F(X;;0,) = Relu(W = X + b) 9)

where, Y is the output of residual function; W is the transform matrix; * is the

convolution operation; b is the bias matrix.

Notice that between two groups, there is a batch normalization layer®.

After an iteration in the sequence, the result will go through the final 2D convolutional
layer and fused together. The method of fusion is to add the matrixes from three
channels together to one. Then, this one matrix will be added with the reshaped output
feature of metadata. Finally, the summed-up feature will be handled by a Tanh function

and turned to be the output of prediction result.

During the training process, we use the former 20% of dataset as the test set and latter
80% as the training set. The optimizer for the gradient descent is Adam®°, which has
shown a better performance among all the optimizers. Adam tries to solve the problem
of gradient descent with the idea of moment. The first and second moment can be
computed as:
my = Byme_1 + (1 = B1)ge (1)
Ve = Baveg + (1= B2)g:” (2)

where m; and v, are moving averages, g, is gradient on current mini-batch, and f
is a new introduced hyper-parameter of the algorithm. They have really good default
values of 0.9 and 0.999 respectively. The vectors of moving averages are initialized

with zeros at the first iteration. Thus, my = 0,v, = 0.

In principle, the first and second order will be corrected by:
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e = 3)
U= 4)

Finally, the parameter of model can be updated by:

_ me
Wt_Wt_l_a\/f;—;

()

+e

w is the parameter of model; « is the learning rate and € is the hyperparameter that

1s 0.0001 in default.

By far, we have completed the introduction of prediction model. In the result analysis,

we will illustrate the accuracy of prediction model.

5.2.4 Optimization

Optimization is a classical mathematical method used in many research fields including
the ride-hailing®!. Generally speaking, the concept of optimization is to optimize the
objective function and find the globally optimal solution. Then performance of
optimization algorithm deeply depends on the knowledge of conditions, which, in this
case, is the information of drivers and orders. More information can help us get more

optimal solution.

The core of the dispatch strategy used in this study is that when we consider the
dispatch problem in time window n, besides the existing knowledge of drivers and
orders in time window 7, the predicted distribution of orders in time window n+1 will
also be taken into account. Thus, the objective function is to minimize the global pick
up distance in both time windows:
min(f = ¥;%;S;;D; ;) (10)
subject to:
XiSij=<1 (10.1)
NiSijs1 (10.2)
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where, S;; is the decision variable that decide whether driver i to pick up passenger j

ornot; D;; is the distance of driver i to pick up passenger ;.

Constraint 10.1 aims to ensure that one driver can be maximally assigned with one
order; constraint 10.2 aims to assure that one order can be maximally assigned with

one driver. Here, we can choose to impose one more constraint:

212] Si,j = max (I, ]) (103)

This constraint can serve the purpose of trying best to satisfy orders with current
available drivers. The difference is that without the constraint, a part of drivers will not
be dispatched to the order in the optimized solution because there may be an order that
is much closer to him, while with the constraint, if there is no other candidate driver
for the order, the driver will be dispatched in the current time window. In this study, we

will also compare the performance of algorithm with and without the constraint.

From the target function, the problem is an ILP (integer linear programming) problem.
The basic method to solve ILP is Simplex algorithm®2. Its basic concept is to firstly
construct an initial solution, which is a feasible and finite solution. If the initial solution
isn’t the globally optimal one, then, the algorithm will introduce non-base variables to
replace a base variable for a better solution. The iteration is repeated until the globally

optimal one is found. The process of optimization algorithm shown as flow chart 11.
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Figure 11. Flow chart of optimization algorithm

In the first step, we construct the distance matrix of each pair of driver and order. The
driver list only contains the available drivers in current time window #; the order list
contains orders both in current time window n and future time window n+1. The
column of matrix refers to the list of drivers and the row refers to the list of orders. The
element D;; means the distance between the position of driver i and origin of order ;.
Because we can only predict the number of orders in each cell, we lack the information
of exact spatial distribution of orders in each cell. Therefore, it’s hard to compute the
exact distance between predicted orders and existing drivers. To solve this problem, we

furtherly divide each cell of 40 x 40 grid into a 10 x 10 grid. (See figure 12).
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Figure 12. Cell division
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Each cell of larger grid can be furtherly divided by a 10 x 10 grid. Then, we do statistics
on the historical spatial distribution of orders in each 10 x 10 grid. Each cell of smaller
grid will be marked by a probability that an order may exist in this cell. Based on the
statistic result, we can estimate where the orders may be located in if there are orders
predicted in the larger cell. The predicted orders will be allocated in the cell with higher
probability. We assume the location of predicted orders at the spatial center of cell of
10 x 10 grid. After that, we can compute the distance between driver and predicted
orders. Then, the following part is more like a greedy algorithm, where we pick out the
pair of order and driver in the ascending order of distance to construct an initial solution
of matching. In the next step, we try to improve this solution by iteration until we get

the optimal solution. Since the result is the decision variable S; ;, all variables are non-

J
negative, which satisfies the standard form of simplex algorithm. The flow chart of

simplex algorithm is shown as Figure 13.
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Figure 13. The flowchart of simplex algorithm

The algorithm will firstly check whether the initial solution is the optimal one. If not,
the algorithm will introduce basic variables into the constraints and turn the constraints
and target function to set of equations. Then, the algorithm will randomly choose a
variable with positive coefficient for example x; to increase. Next, the algorithm will
choose the strictest equation with x; and rewrite the equation to one with only x; on
the left-hand of equation. This is used to replace all x;. This is called pivot. Finally, if
all the coefficients are non-positive, the solution reaches the optimal one, else the above

process will be repeated.
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6. Result analysis

6.1 Emission performance and user scale

6.1.1 Void Distance Proportion Analysis
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Figure 14. Plot of void cruising distance proportion

The plots of simulation results are shown in Figure 14. The red solid curve refers to the
mean of void cruising distance proportion. The area with the same color is the 95%
confidence interval. The 5 subfigures show the difference of void cruising distance
proportion when the scale of orders is set to a certain percentage. (a) Orders = 20% (b)
Orders =40% (c) Orders = 60% (d) Orders = 80% (e) Orders = 100%. If we remain the
scale of orders, with the increase of scale of drivers, the average void cruising distance
proportion is decreasing in the five subfigures. It infers that when the mobility demand
in the area is determined, the supplement of drivers to the shared transportation system
will help decrease the mean void cruising distance proportion. By the comparison of
these five figures, the linear relationship weakens by the increase of percentage of
orders. When the scale of travel demand is at the 100% level, the void distance
proportion increases rapidly with the decrease of scale of drivers; while it increases
much more stably at the 20% level. This tells us that when the travel demand in the
system is large in an area, the addition of demand satisfiers will effectively reduce the
void cruising distance, thus, reducing the invalid emission. Here is the possible

explanation. Consider the situation where the travel demand is huge while the servers
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are far not enough, the cars are busy trying to satisfy every travel demand in the system
as soon as possible, so when an order is given into the system, there are few candidate
drivers in the matching sequence. As common knowledge, it is hard to find a driver
who can pick up the order with a short void cruising distance. From the analysis above,
the effectiveness of supplement to improve the emission performance depends on the
total travel demand, the greater the demand is, the more effective the supplement is.
Besides, if we compare situations when the scale of drivers is set to 100%, even though
the scale of orders varies, the void cruising distance proportion doesn’t change much
and the confidence intervals are still obvious in the figures until the scale of orders
mounts to 100%. This indicates that the scale of orders is the leading factor of
determining the void distance proportion. It is mainly because that order is the served
object in the system. The ODs of orders served in the system won’t change under any
circumstances—The passenger will only quit the system when his or her travel demand
is not satisfied. While the ODs of drivers are deeply influenced by the different orders
in the system. So, when the travel demands in the system are relatively stable in the

system, the void distance proportion is relatively determined.

These findings tell us that in real cases, when ride-hailing system is initially introduced
in one area, an evaluation of ride-hailing market not only serves the purpose of
assessing the potential travel demand and commercial value®®, the policy making of
balancing the number of registered drivers in the system is also necessary. The
operators can observe the void cruising distance proportion of historical service record
to judge whether the current quantity of driver is enough to serve the travel demand.
Overall, the relationship between the void cruising distance proportion and number of
drivers is not a linear one. We can observe that the change of void cruising distance
proportion is insensitive to the growth of driver numbers in the system when the
proportion of driver is equal or larger than the one of orders. This indicates that the
number of drivers has reached an equal or higher level with the number of passengers.
The effort of making policies to attract more drivers is unnecessary. In this case, the

critical ratio of number of drivers to orders is 1:9. What’s more, we also found a rapid
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interval before the critical ratio, where the increase of driver number can more
effectively decrease the void cruising distance proportion. These two key features can
be a clear sign of the suitable number of drivers in the system. In the future, deeper
parameters that can affect the ratio and overall model can be explored to transfer the
conclusion to other areas.

6.1.2 Emission performance Analysis

After obtaining the simulation results, we can compute the invalid emission proportion

of NOx. The plots of calculation results are shown in Figure 15.
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Figure 15. the emission of NOx

The trend and shape of invalid emission proportion curve is very similar to the one of
void distance proportion, despite the variety of type of emission and quantity. So, we
can say that the invalid emission proportion is closely related to the void distance
proportion, a positive correlation. Thus, we can conclude that the emission
performance is closely related to the user scale and the larger the demand scale is, the
more sensitive the emission performance is to the driver scale. By far, we can bridge
the impact of user scale on the emission performance. This impact is important for the
future decision. With this impact, if some metrics that ensure the high efficiency of

ride-hailing system want to be limited in a threshold, the scale of users that may satisfy
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this request can be computed. For example, if car-hailing service provider wants to
restrict the average void distance into a certain value, we can find this high efficiency

area of scale of users for decision makers as a guidance.

6.1.3 High efficiency area computation under metric constraints

This subsection aims at providing a sample to obtain the probable area of the user scale
if we want some metrics to be considered to be limited into a range and does a little
discussion. We choose three metrics for the discussion: maximal average invalid
emission proportion, maximal average order cancel proportion and maximal average
waiting time for a driver to take an order. The first metric is meant to ensure the
emission performance wouldn’t be worse than a certain value; the second metric is
meant to ensure the interest of the ride-hailing service platform and the travel
satisfaction proportion of passengers who adopt ride-hailing; the third metric is meant
to ensure the interest of driver. Now we set two metric sets to simulate two scenarios
at the purpose of showing the difference of area. Reference metric set: Average invalid
emission proportion < 9.2% Average order cancel proportion < 35.8% Average waiting
time for a driver to take an order < 1.75h; higher performance metric set: Average
invalid emission proportion < 7.6%; Average order cancel proportion < 13.2%; Average

waiting time for a driver to take an order <1.50h.
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Figure 16. The area of scale of driver and order under two metric set

The area of the corresponding scale of drivers and orders can be shown in figure 16.
The red one refers to the reference metric set and the green one refers to the higher
performance metric set. In reference metric set, when the scale of orders and drivers
are both greater than about 135,300 (near 80%) and 15,200 (near 60%) respectively, a
square area, under any combination of quantity of driver and order, these three metrics
can be satisfied anyway. When both are under this quantity, the area is restricted in a
valley down straight to the situation where there are about 5100 drivers and 33,800
orders. It is near around the 20% of drivers to 20% of orders case. In higher
performance metric set, we restrict the three metrics tighter, then we get the area of
corresponding scale shown in Figure 10. It can be seen that the square area shrinks to
around 20,300 (80%) for the axis of scale of driver. The valley area extension is limited
to the point where X axis is approximately 101,400 (60%) and Y axis is roughly 15,200
(60%). These two cases indicate that if some metrics want to be realized, we can mine

the history data and find the approximate user scale in the ride-hailing system.
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6.2 Ride-hailing dispatch based on prediction and optimization

6.2.1 Result of prediction

An important parameter of ST-Resnet is the number of residual units used in the model.
In the original paper, author indicated that the more residual units in the neural network,
the deeper the neural network is, the accuracy the prediction is. However, more residual
units mean more memory usage during the training and slower training. To find a
balance between the accuracy and computation resources, we choose the number of
residual units to be 21. There are totally over 4.4 million trainable parameters in the

model, which is quit a large quantity.

In the field of computer science, multiple forms of losses are used to evaluate the
performance of prediction model like mse (mean squared error) and mae (mean
absolute error). However, these losses are usually used to compare the performance
among different prediction models and hardly give a direct impression on the accuracy.
In this study, we adopt the mape (mean absolute percentage error) as the metric of

accuracy, which can directly show the differences, is computed by:

Adiff = |AGT - APRl (11)

where, Agirr is the difference matrix; Agr is the ground truth; Apg is the prediction

result.

After completing the training, we compute the mape of test set to be 0.01169, which
means that for each cell of grid, the difference between prediction result and ground
truth is about 1.169%. In addition, we also visualize the prediction result and ground

truth shown as figure 17.
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Figure 17. Visualization of prediction result (a) Ground truth matrix (b) Predicted matrix (c) the

difference between ground truth and prediction

The figures on left side are the ground truth matrixes of the spatial distribution of order
distribution; the figure in the middle is the corresponding prediction result; the figure
on the right is the heatmap of difference between ground truth and prediction result.
We can see from the figure that there is little difference between the ground truth and

prediction result. The prediction is relatively accurate and enough to put into simulation.

6.2.2 Result of dispatch

Here, we will separately introduce the performance of greedy algorithm, proposed
optimization algorithm and proposed optimization algorithm with additional constraint.

The performance of three algorithms are shown in table 2.
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Table 2. Comparison of different algorithms by metric

Algorithm  Baseline: Proposed method Proposed method
Metric Greedy algorithm without optional  with optional
constraint constraint
Average waiting time 654.36 s 219.23 s 217.02 s
of passenger
Average void cruising 12.31% 3.83% 3.70%

distance proportion
Proportion of 48.35% 0.00149% 0.00%

cancelled orders

From table, we can see that the greedy algorithm shows a poorer performance. The
average waiting time of passenger is over 10 minutes. At the same time, almost half of
the orders will be cancelled in the simulation. This is mainly because in the baseline
algorithm, we don’t provide priority to the orders that have been waiting long enough.
In real world application, for commercial purpose, ride-hailing dispatch platform may
provide priority to the orders that have been waiting for a long time. Besides, when
operating the dispatch, the Didi dispatch platform will provide each order to several
candidate drivers to raise the chances that the order will be taken. Thus, the cancel rate
will be much lower in real application. In simulation, the proportion of cancelled orders
of optimization method is much lower than the one of optimization method. Besides,
the average of waiting time of passenger in optimization method is only 1/3 times of
greedy algorithm. This shows that the optimization algorithm can more easily and
quickly answer the travel demand from customers. What’s more, from the perspective
of void cruising distance proportion, the optimization method shows a better
performance, which is lesser than 1/3 times of greedy algorithm. The overall result
shows that the proposed algorithm surpasses the traditional greedy algorithm. The

statistic of distribution of metrics is shown as figure 18.
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Figure 18. The statistic result of metrics

From left to right, the figures show the result of separately greedy algorithm,
optimization method without optional constraint and with optional constraint. The
upper figures show the waiting time of passengers and lower ones show the void
cruising distance proportion. The x axis is the value of metric and y axis can be treated
as the “probability”. The larger the y value is, the higher probability is. The integrate
of result of greedy algorithm is small is mainly because the high cancellation proportion.
We can have a clear vision that the proposed algorithm can effectively suppress the
waiting time and void distance proportion of most cases into a low interval. The waiting
time in all of the cases is under 1000 seconds, which is about 16 minutes; the highest
void cruising distance proportion is about 25%. while on the other hand, there are some
extreme cases in the greedy algorithm. Some have been waiting for over 2500 seconds.
In a small part of cases, the picking up distance is near half of delivery distance. This

furtherly proves the stability of performance of proposed algorithm.

If we do a transverse comparison between the optimization method with and without
the optional constraint, we can find that the optimization algorithm with optional
constraint performs better than without constraint. Smaller proportion of cancelled
orders and shorter waiting time is natural. We also notice that it accidentally brings

lesser void cruising distance proportion. To better understand the mechanism behind
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this, we conduct an experiment under the perfect prediction, which means that there is
no error in the prediction result. The result of metrics is separately, average waiting
time of passenger: 219.31 s; average void cruising distance proportion: 3.83%;
proportion of cancelled orders: 0.00%. We can see from the comparison that the only
difference is that perfect prediction help eliminate the cancelled orders in the
simulation. This can furtherly prove the high accuracy of prediction. What may cause
the difference between the result of optimization algorithm with and without optional
constraint is probably the uncertainty of distance in the prediction. In the process of
solving the optimization problem, we compute the distance between each order and
driver in both the current and predicted time window and construct a distance matrix.
Because we lack the information of exact spatial distribution of orders in each cell.
This causes many uncertainties in the simulation and affects the performance of
optimization. Since currently, most of prediction of travel demand is mainly based on
the area gridding method, we recommend more to pay main effort on optimizing the
current dispatch problem. The prediction result aims to provide guidance on which

group of drivers are better choices of dispatching at present.

7. Conclusion and future work

Under the background of energy-saving and emission reduction, many studies focus on
the traffic emissions®*. It is pointed out that void cruising for the next passenger caused

a lot of unnecessary exhaust emission>’.

The main idea of this study is divided into two parts. First is to propose a simulation
method to evaluate the impact the scale of users in the ride-hailing system on the
emission performance and provide guideline of controlling number of users for ride-
hailing service providers. To better adopt the method, massive Didi data from Chengdu
in one day were used as the dataset. The method included the data process—extraction

of OD of orders and drivers, Gibbs sampling, cross simulation and result computation.
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From the result obtained by the simulation, we found that under the circumstance of a
certain scale of travel demands in the scenario, the void distance proportion was
decreasing with the increasing of scale of drivers and when the scale of travel demands
increased. But, the trend of rising of the void cruising distance proportion varies by
different scales of travel demands. The greater the travel demand is, the more rapidly
the void distance proportion increases. It indicated that the greater the travel demand
in an area is, the more efficient the supplement of driver is to reduce the void distance
proportion. Moreover, we find two key features of judging the suitable number of
drivers in the system, where before is a rapid interval and after is a gentle one. Since
there is a strong relationship between the void distance proportion and invalid emission
proportion, we also plotted the relationship between the invalid emission proportion as
well as quantity and the scale of drivers under the certain quantity of travel demand.
Then, we found an extremely similar pattern. At this point, we can have a clearer vision
on the impact of the emission performance and user scale. When Ride-hailing service
providers try to introduce ride-hailing system into a new area, they can use this
relationship to estimate the suitable number of registered drivers in the system as
guideline to attract or control the number of drivers or passengers. Finally, we also
proposed a sample for the high efficiency area computation of scale of users in the ride-
hailing system under certain metric constraints. Two metric sets are determined to find

the different area of scale of users under different metrics.

The second part is to propose a dispatch method based on both prediction and
optimization method to improve the efficiency of ride-hailing system. We use the same
dataset for simulation. We firstly preprocess the data into desired input format of
historical observation needed by the prediction model and collect the metadata for
additional input. Next, we adopt the ST-Resnet as the deep learning neural network for
prediction and successfully train the prediction model. The rescaled MAPE is rather
little and enough for simulation of dispatch algorithm. Then, we introduce the dispatch
algorithm based on optimization method. We state the target function to optimize and

the constraint including the optional one which can impose a full satisfaction of orders.
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We use the greedy algorithm which is used widely in current real-time dispatch system
as the baseline and compare the performances. We find that the proposed method
outperformances the baseline and shows a good stability of performance on the
evaluation metrics, which proves a great potential in real-time application. In addition,
we also find that the algorithm shows better performance with the optional constraint.
This is mainly because the uncertainties in the location of predicted orders. Thus, we
suggest imposing the constraint that maximize the number of served orders in solving
the current dispatch problem. By far we have successfully answered and filled research

gaps mentioned in literature review.

There are certainly some limitations in this work. For example, the simulation method
in evaluating the impact of user scale is very dependent on regional historical data.
Now if we want to transfer this model to other cities, we may need other local historical
ride-hailing data. In the future work, we can improve this model by some critical city
information, such as, the landmark position to make this model more common. In the
part of dispatch, we mainly use the statistical result to estimate the location of predicted
orders in the future. Adopting smaller cell can help get more accurate location.
However, it will inevitably make the spatial distribution matrix sparser, thus, making
the model hard to be trained. In the future, if better prediction method like
GCN(graphical convolutional network) can be developed more well, we can improve

this limitation by adopting them.
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Nomenclature
(0] Set of all order data
D Set of all driver data
i € O Set of order data for simulation
j € Ds Set of driver data for simulation
P, Percentage of all order data for simulation
Py Percentage of all driver data for simulation
(0 Set of backup order data
Dy Set of backup driver data
Ai Available driver set for order i
md; Driver with the shortest distance to order i in A;
e Mean variance of result
Cmax Convergence condition
Omax Max waiting time of a passenger to wait for a driver to take the order
t Time when a passenger gives an order
l Time when a driver is available

t Pick up time






