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Abstract: In this paper, we adopt the bibliometric analysis software CiteSpace to analyze the research
status quo and evolution trend of pickup and delivery problem (PDP), an important real-world issue
occurring in logistics and transportation. We obtain 819 documents with the topic of PDP that were
published in the Web of Science core collection during the period 1995-2021, and acquire their basic
situation of posting trend and category distribution. Next, we employ CiteSpace to draw scientific
knowledge maps and perform the corresponding visualization analysis, which mainly include the
following aspects: (a) collaboration analysis of author, country, and institution; (b) co-citation analysis
of author, journal, and reference; (c) citation burst detection of keyword; (d) co-citation clustering
analysis of reference. The results show that PDP research has gradually become interdisciplinary and
highly comprehensive, and the evolution trend of hot topics also reflects that the research directions
involve multiple academic disciplines and professional areas ranging from algorithm design to
logistics management. The changing knowledge components reveal the fact that the development of
PDP research is highly related to the diversity and uncertainty of realistic logistics industry contexts.
Study in this paper provides comprehensive understandings of PDP research for scholars and logistics
practitioners, inspiring its further investigation.

Keywords: bibliometric analysis; pickup and delivery; evolution trend; CiteSpace; knowledge maps

1. Introduction

Pickup and delivery problem (PDP), as a special case within the vehicle routing
problem (VRP) and traveling salesman problem (TSP) literatures, has received widespread
attentions from scholars and entrepreneurs. Actually, PDP often happens in different
engineering backgrounds, e.g., transportation engineering [1], logistics engineering [2], and
industrial engineering [3]. Motivation of PDP research is to assign the optimal minimum-
cost routes for a fleet of vehicles to satisfy the customers’ request in pickup locations
and delivery locations. Recently, the rapid development of e-commerce has brought
unprecedented chances and challenges to the logistics industry. On the one hand, the
growth in demand for pickup and delivery increases the probability of cooperation between
companies in supply chain, and logistics service providers have the chance to obtain
profit from this trend. For example, parcel delivery service in mature markets, such as
US or Germany, grew by 7-10 percent in 2015, and grew by 300 percent in developing
markets [4]. On the other hand, multiple service requirements and irrational distribution of
urban logistics infrastructures increase the burden of transportation cost, and decrease the
operational efficiency of capacitated vehicles. How to design an urban logistics network in
response to the increasing market demand, and select the reasonable pickup and delivery
routes becomes a critical issue for urban development. Therefore, it can be seen that PDP
has become a critical issue worthy of continuing study.

After more than 30-year investigation, some scholars have summarized the research
on PDP from different perspectives. Berbeglia et al. [5] provided a crucial overview of

Appl. Sci. 2022, 12, 4607. https:/ /doi.org/10.3390/app12094607

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12094607
https://doi.org/10.3390/app12094607
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7388-0115
https://doi.org/10.3390/app12094607
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12094607?type=check_update&version=1

Appl. Sci. 2022,12, 4607

2 of 31

static pickup and delivery problems (SPDPs), and divided all collection of SPDPs into three
categories in terms of different origin-destination structure and the quantity of commodi-
ties, i.e., many-to-many problems, one-to-many-to-one problems, and one-to-one problems.
Later, Berbeglia et al. [6] also presented some valuable general concepts to the dynamic
pickup and delivery problems (DPDPs), and reviewed the DPDPs-related competitive anal-
ysis and heuristics that always serve as important tools for addressing practical engineering
problems. Battarra et al. [7] outlined the PDPs arising in the transportation of goods from
many-to-many, one-to-many-to-one, and one-to-one perspectives, and briefly presented the
solution methods applicable to the aforementioned three situations, which includes exact
and heuristic algorithms. Doerner and Salazar-Gonzalez [8] summarized mathematical
formulations and solution methods of a variant of the PDP with time windows (PDPTW),
also known as dial-a-ride problem (DARP) when the transportation requests are sent by pas-
sengers. Besides, they discussed subproblems of DARP with regard to people movement,
including school bus routing and carpooling. Ballesteros-Silva and Escobar-Zuluaga [9]
analyzed the latest mathematical models and solution methods applied in the field of PDP,
and emphasized the necessity that variables associating with the environment should be in-
corporated into the future research framework. Kog et al. [10] recently presented a detailed
review of vehicle routing problem with simultaneous pickup and delivery (VRPSPD) from
five dimensions, namely, mathematical models, solution algorithms, extensions, variants,
and case studies.

Although the reviews mentioned above provide very valuable insights into PDP-
related literatures and achievements, such studies are relatively scattered and largely based
on personal knowledge and understanding, leading to a clear and comprehensive picture
of the overall PDP research is still lacked. To the best of our knowledge, no scholarly work
on PDP research quantified the relationships between scientific literatures from multiple
perspectives, as well as revealed how knowledge domains change as society evolves and
why these shifts happen, which limits researchers and laypeople to understand the status
quo and the emerging trends of this field. To overcome the aforementioned deficiencies,
there is an urgent demand to conduct an in-depth bibliometric analysis to bridge the gap
between scientometric analysis and PDP research.

Bibliometric analysis is a methodology that quantitatively performs literature citations
and content analyses for a particular research topic, as well as visualizes the research status
quo and development trend based on bibliographic elements such as author, keyword,
journal, country, institution, and reference [11-13]. Purnell and Quevedo-Blasco [14] exam-
ined the cited reference distribution of 30,051 documents published in Spanish regional
journals, and further found that there indeed exists a previously undiscovered citation
network unique to these regional journals, which can be well served as an indicator for
the future academic evaluation of Spanish journals. Up to now, bibliometric analysis has
been applied to diversified professional areas to conduct a panoramic representation, and
helped interested scholars to carry out follow-up research with a target in mind. In recent
years, some assistive software packages were developed to make bibliometric analysis
more user-friendly, e.g., CiteSpace, RefViz, and HistCite. As shown in Table 1, compared
with RefViz and HistCite, CiteSpace provides more powerful functions, various scientific
knowledge map, and complete parameter settings to match the structure and characteristic
of different fields (e.g., [15-19]). Given these, this paper conducts a bibliometric analysis
of PDP research with the help of CiteSpace software package, and aims to answer the
following specific questions:

Q1: What is the posting trend in terms of the quantity of publications?

Q2: Which authors, journals, countries, categories, institutions, and documents com-
pose the main force in the research on PDP? How do they connect with others?

Q3: What are the current research hotspots and research gaps? Which research
directions are worthy of further study?

Q4: What has been the evolution trend of PDP research since it was initially proposed?
What are the distinct characteristics during each development stage?
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Table 1. Comparison of different scientometric analysis tools.

Items RefViz HistCite CiteSpace
Operation difficulty Easy Easy Difficult
Multi-task Unsupported Unsupported Supported
Available language English English English, Chinese
Node control No Yes Yes
Map color Chromatic Monochrome Chromatic

To be specific, the main innovations and contributions of this paper are summarized
as follows:

1. We first adopt CiteSpace to visualize and analyze the scientometric characteristics and
relationships among PDP-related publications sourced from Web of Science.

2. Based on the quantitative statistical results of bibliographic elements (e.g., authors,
journals, keywords, countries, institutions, and references), we illustrate various
scientific knowledge maps and corresponding tables to elaborate the current status
of PDP research from different perspectives. It is noted that the results generated by
CiteSpace are more intuitionistic and impartial than manually produced results.

3. None of the reviews regarding PDP research discussed how the research hotspots
and knowledge domains evolve over time. We first attempt to highlight the hot
topics of PDP research during different development stage through keyword citation
burst detection, and recognize the chronological distribution of knowledge domains
through reference co-citation clustering.

4. According to the aforementioned findings, insightful recommendations are provided
to guide enthusiastic scholars and logistics practitioners to pursue new and promising
avenues of future research, which have rarely been considered in previous studies.

The remainder of this paper is organized as follows: In Section 2, we briefly review
the research method of CiteSpace after introducing the procedures of data collection and
processing. In Section 3, the basic statistical results sourced from Web of Science are
displayed. In Section 4, we use CiteSpace to generate a series of scientific knowledge
maps, and elaborate the corresponding results of bibliometric analysis and visualization
analysis. In Section 5, we make an in-depth discussion of evolution trend of PDP research,
judging from the development history of research hotspot and knowledge base together.
Besides, conclusions and outlooks are listed in Sections 6 and 7, respectively, followed by
the limitations in Section 8.

2. Data Collection and Research Method
2.1. Data Collection and Processing
2.1.1. Literature Database

The original literature database in this paper were sourced from Web of Science core
collection. The reasons for choosing Web of Science core collection to perform bibliometric
analysis are as follows: (1) Web of Science core collection has covered 18,000 high-quality
leading journals in diverse areas and 1.3 billion citations since 1900 [20]. (2) Our research
focuses on conducting visualization analysis about authors, journals, countries, institutions,
keywords, and references, Web of Science core collection not only covers a series of metadata
involving such information, but also outputs these in the format that can be read directly by
CiteSpace. (3) Using other databases such as Google Scholar and Scopus, will yield fairly
similar results due to the duplication of literatures [21]. Hence, it might not be essential to
consider various databases simultaneously in this paper.

2.1.2. Search Strategy

We searched and downloaded the related literatures according to the following subject
search formulas on 31 December 2021:

(1) TS =("pickup and delivery problem”);
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(2) TS = ("vehicle routing problem” AND “pickup and delivery”);
(3) TS =("VRP” AND “pickup and delivery”);
(4) TS =("traveling salesman problem” AND “pickup and delivery”);
(5) TS =("TSP” AND “pickup and delivery”);

which means the publications that contain one of the above five conditions in titles,
or abstracts, or keywords could be found one after another. For the consideration that we
intend to review the whole evolution trend of PDP research, publications in all categories
and document types were included. Besides, we set the time span starts from 1900 (de-
fault earliest year), and ends in 2021, and chose the language as English. Following the
aforementioned search strategy, a total of 1205 English documents were retrieved, and the
earliest document was published in 1995. Thus, we formed the preliminary database for
the subsequent analysis based on these 1205 records.

2.1.3. Data Processing and Results

The existence of duplicate documents in the database is inevitable. In order to improve
the credibility of analysis results, we imported these 1205 documents into the software
CiteSpace 5.4.R3(64-bit), and eliminated the duplicate documents. Meanwhile, the time
interval in CiteSpace was set from 1995 to 2021, year per slice was set to 1, and the
top 50 high-frequency nodes were selected from each slice. That is, Top N = 50. To
reduce the waiting time and simplify the network structure, we adopted the Pathfinder
pruning method in CiteSpace when generating different visualization maps. Following the
aforementioned data processing procedures, we obtained a total of 819 unique documents
including 496 articles, 282 proceedings papers, 4 reviews, and 37 early access. Figure 1
reveals the details of each type, it can be seen from the results in Figure 1 that 496 articles
comprised 60.56% of the whole sample size, and the other types of documents amounted
to 39.44% of the total amount. Naturally, these filtered 819 documents published from
1995-2021 were considered for later bibliometric analysis.

4.52% -\0.49%

m Article
® Proceedings paper
m Early access

Review

Figure 1. Types of documents in PDP research.

2.2. Research Method

CiteSpace is a powerful, dynamic, and scientific bibliometric analysis tool developed
by Dr. Chen [22], which is supported by JAVA and widely applied to conduct bibliometric
analysis based on the metrics of generated knowledge maps (e.g., centrality, density, fre-
quency, modularity, burst strength, silhouette, and sigma). Most of the results outputted
by CiteSpace follow the structure of social network consisting of nodes and links. The
node type can be set to be author, country, institution, term, keyword, source, category,
cited reference, cited author, and cited journal, respectively. The link represents the mutual
relationship between nodes, e.g., co-occurrence, collaboration, and co-citation.
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Another charming content of knowledge map is the cluster map, which divides the
entire research subject into several groups and labels them according to their similarities.
With the assistance of dynamic analysis tools embedded in CiteSpace (e.g., time line and
time zone), exclusive features of each group’s historical development and the connection
between them can be obtained conveniently, which is a time-series presentation and helps
researchers quickly get the valuable implications hidden in a mess of information [23].

Figure 2 shows the flow chart of bibliometric analysis in this paper. After data collec-
tion and processing (Step 1), we acquire the distribution of annual publication outputs and
category distribution from Web of Science (Step 2). Next, based on the content of literatures,
we employ CiteSpace to conduct bibliometric analysis and generate scientific knowledge
graphs (Step 3). To be specific, bibliometric analysis results in our consideration include
authors/cited authors, cited journals, countries, institutions, keywords, and references.
The discussion of evolution trend follows (Step 4), which is derived from the historical
development of research hotspots (identified by keyword analysis) and knowledge base
(identified by reference analysis). After extracting the main conclusions from the results of
scientific knowledge maps and bibliometric analysis (Step 5), we present the future research
trends at the end (Step 6).

TS="pickup and delivery problem’ ~ ——— Data Source:
Web of Science Core Collection

TS="vehicle routing problem"AND
"pickup and delivery"

Language:English

TS="VRP" AND "pickup and delivery" =—————f—————  Data Collection  €———

Timespan:1900-2021
TS="traveling salesman problem"AND!
"pickup and delivery"

TS="TSP" AND "pickup and delivery” ————

v '

Statistical Results Bibliometric and Visualization Analysis

|
! '

Posting Trend Category Distribution

v v v ' v

Author and Cited Author Country and Institution

: Cited Journal Analysis ! Keyword Analysis Reference Analysis
Analysis ) Analysis ) ) )
Research Hotspots Knowledge Base

}

Discussion of Evolution Trend

}

Conclusions

'

Outlook and Future Trend

Figure 2. The flow chart of bibliometric analysis.
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3. Basic Statistical Results from Web of Science
3.1. Posting Trend

Based on the statistical results of 819 documents exported from Web of Science, the
distribution of annual publication outputs from 1995 to 2021 is depicted in Figure 3. Ob-
viously, the quantity of publications as a whole shows an upward trend, which implies
that the research of PDP has received a lot of attention from domestic and foreign scholars
and made great progress over the past 26 years. Specifically, the quantity of documents
published each year did not exceed 10 from 1995 to 2003, and only a few scholars set
foot in the PDP research during this phase. During the period from 2003 to 2010, the
volume of publications began to rise steadily, and the average quantity of documents
published annually at this stage has reached to 24.9. Between 2011 and 2014, there were
sharp fluctuations in the number of publications. The quantity of documents in 2011 fell
to 26, down 14 from the previous year, and the amount in the following year increased by
just one. In 2013, the number returned to around 40 again. Several reasons are responsible
for this phenomenon, the most likely of which is that unchanging logistics transportation
contexts led to a hindrance in academic innovativeness until the rapid development of
e-commerce after 2012 brought unprecedented chances and challenges to logistics industry.
In the last five years (2015-2021), the total quantity of publications is 480, which accounts
for approximately 58.61% of sample size, and reaching the highest number of documents
published annually in 2018 with 77 publications. Up to now, the number of publications on
the topic of PDP has still not reached its peak, which indicates a lasting interest in this field.
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Figure 3. Distribution of annual publication outputs from 1995 to 2021.

3.2. Distribution of Category

Table 2 lists the top 10 subject categories in the field of PDP from 1995 to 2021. It is to be
declared in advance that a publication may belong to several different discipline categories
in the records exported from Web of Science, which leads to the sum of the number of papers
in Table 2 exceeding the volume of sample, and the sum of the percentages exceeds 100%.

As shown in Table 2, the first and second most related categories are “Operations
Research & Management Science” and “Computer Science”. Among them, “Operations
Research & Management Science” ranks first with 415 documents, occupying 50.67% of the
total publications, “Computer Science” is the second one that includes 369 publications,
occupying 45.05% of sample size. The result that “Engineering”ranks third indicates that
the main intention of PDP research is to address the intricate management and engineering
problems in the real world. Moreover, with the advent of the era of big data and the devel-
opment of artificial intelligence in recent years, the scope of PDP research is extended to
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the categories of “Transportation Science & Technology” and “Computer Science Artificial
Intelligence”, which also indicates the strong adaptability and broad applicability of the
analytical framework for PDP research. According to the rest five categories displayed in
Table 2, we can further conclude that PDP research has gradually become interdisciplinary
and highly comprehensive.

Table 2. Distribution of the top 10 categories in the research on PDP.

No. Number of Papers The Percentage of Total Category
1 415 50.67% Operations Research & Management Science
2 369 45.05% Computer Science
3 336 41.03% Engineering
4 147 17.95% Business & Economics
5 146 17.83% Transportation
6 142 17.34% Transportation Science & Technology
7 141 17.22% Computer Science, Interdisciplinary Applications
8 140 17.09% Computer Science Artificial Intelligence
9 135 16.48% Engineering, Industrial
10 102 12.45% Computer Science, Theory & Methods
4. Visualization Results and Bibliometric Analysis Based on CiteSpace
4.1. Author and Cited Author Analysis
In this section, we make the bibliometric and visualization analysis of author and cited
author by setting the node type as “author” and “cited author” respectively in CiteSpace.
The purpose of author analysis is to find the scholar who has the most publications, and to
display the collaboration relationship between different scholars in the research. Generally,
the more papers he or she published, the stronger ability to speed up the development of
this study. The results of cited author analysis can help us not only identify the scholar
who has the most academic level and academic influence, but also clarify the complicated
co-citation relationship between authors. After running the software, the main results
obtained are collaboration network map and co-citation network map of authors, which
are shown in Figures 4 and 5 respectively. Table 3 lists and compares the distribution of the
top 10 high-published authors and high-cited authors.
Table 3. The top 10 high-published authors and high-cited authors in the research on PDP.
No High-Published Authors High-Cited Authors
Count Author Institution Freq. Cited Authors Institution
1 23 G. Laporte HEC Montreal 260 JF. Cordeau HEC Montreal
2 13 JE. Cordeau HEC Montreal 237 S. Ropke Technical University
of Denmark
3 13 M. Iori University of Modenaand g G. Berbeglia HEC Montreal
Reggio Emilia
Eindhoven University Georgia Institute
4 12 TV. Woensel of Technology 198  MWP. Savelsbergh of Technology
5 11 A.Lim Natlona}l University 177 M. Gendreau Polytechnique Montreal
of Singapore
6 11 Y. Wang Chongqmg] @ otong 170 P. Toth University of Bologna
University
7 10 CK. Ting National Chung Cheng 143 g\ parragh Johannes Kepler
University University Linz
8 10 MA. Manier University Bourgogne 125 MM. Solomon Northeastern University
Franche-Comte
9 9 A Subramanian Flummgnse Eederal 110 Y. Dumas Centre de Recherche sur
University les Transports
. University Bourgogne . . .
10 9 H. Manier Franche-Comte 109 R. Baldacci University of Bologna
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Figure 4. Collaboration network map of authors in the research on PDP.
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Figure 5. Co-citation network map of authors in the research on PDP.

Figure 4 consists of 1732 nodes and 2782 links, where each node represents an author,
each link represents a collaboration relationship between two authors. Moreover, the
value of entire network’s density is only 0.0019, which indicates the research direction of
these authors are relatively scattered, and few connections and collaborations between
them. Combining the results in Table 3, it is obvious that Laporte is the most productive
author with 23 publications, who mainly focused on the areas of vehicle routing, location,
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districting, and timetabling [24,25]. Followed by Cordeau, who is also the most cited author.
Cordeau and Laporte [26] first proposed the concept of DARPs and designed tabu search
heuristic algorithm for addressing it. This paper also as an important research foundation
inspires the work of Attanasio [27], Kirchler [28], and Braekers [29]. Iori is the third author
who focuses on applying optimization theory to address different types of VRPs, e.g.,
loading problem [30], packing problem [31], and rebalancing problem [32]. Other authors
published over 10 documents include Woensel (12), Lim (11), Wang (11), Ting (10) and
Manier (10). It's worth noting that Wang is the only Chinese authors with more than
10 publications in Table 3, his prominent work of [33] formulated a PDP with split loads
and time windows as a mixed-integer programming problem (MILP), and proposed a
hybrid heuristic algorithm that can be used to solve the specific problems in practice.

Figure 5 shows the co-citation relationship between two authors, which means their
individual articles are cited together in another article written by a third author. Figure 5
contains a total of 833 nodes and 4399 links. As shown in Figure 5 and Table 3, authors
who published a great number of articles are not necessarily those who are cited frequently.
In fact, high-cited authors are normally seen as the most leading and influential scholars
in a field, whose papers and works are necessary for reference and study for the new
beginners who are interested in this research. Specifically, papers written by Cordeau had
been cited 260 times from 1995 to 2021, many scholars from different institutions have
close cooperation with him, such as Ghilas [34], Martinez [35], and Heilporn [36]. Ropke is
the second high-cited author, who along with Pisinger established a unified model of the
VRP with backhauls, which can be interpreted as the PDPTW and solved through large
neighborhood search (LNS) [37,38]. As aforementioned, one of Berbeglia’s outstanding
contributions lies in the classification scheme for the PDPs [5], numerous subsequent
researchers propose their opinions based on Berbeglia’s critical achievement, e.g., Treleaven
et al. [39] and Zhu et al. [40]. Another remarkable phenomenon can be found that Cordeau
and Laporte are the only two scholars who are both high-published and high-cited author,
which also means their academic contributions has been widely recognized by the peers in
the research on PDP.

4.2. Cited Journal Analysis

To obtain a more explicit overview of the research orientations involved, we use CiteS-
pace to draw co-citation network map of journals in the research on PDP, which is shown
in Figure 6 and consists of 811 nodes and 4380 links. Table 4 presents the top 10 high-cited
journals and their basic information. Among them, “European Journal of Operational
Research” is the foremost high-cited journal, which has up to 676 citations, 0.01 centrality,
and 4.213 impact factor. That is, “European Journal of Operational Research” is an impor-
tant journal that must be paid attention to in the field of PDP. “Optimization for dynamic
ride-sharing: A review” [41], “Dynamic pickup and delivery problems” [6] and “Heuristic
algorithms for single and multiple depot Vehicle Routing Problems with Pickups and Deliv-
eries” [42] are the most high-cited papers published on “European Journal of Operational
Research”. Followed by “Transportation Science” with 621 citations and 3.384 impact factor,
which mainly focuses on theories, coupled with observational and experimental studies
of transportation phenomena. The article titled “An adaptive large neighborhood search
heuristic for the pickup and delivery problem with time windows” [38] has the highest
citations among the documents published on “Transportation Science”.

Considering the distribution of high-cited journals, the achievements of PDP research
mainly focus on adopting optimization theories, coupled with methodologies of other
professional areas are needed, to analyze manager’s route choice behavior under the
realistic logistics situation. Moreover, the main scopes of these journals coincide with the
aforementioned category composition, which further proves that it is the intersection and
combination of knowledge from diversified fields that has promoted the advancement of
PDP research.



Appl. Sci. 2022,12, 4607 10 of 31

JTRANSPORT RES E-LOG

<COMPUT IND ENG
EXPERT SYST APPL
LECT NOTES COMRUm'SC * ANN OPER RES

2 ¥ e . '. ’/
NETWORKSE * TOP _{BETRIEBSWIRTSCHAFT
JOPERRESSOC W
&~ .~ EURJ OPER RES
TRANSPORT*SCly. . "/

“COMPUT OPER RES
TRANSPORT RES B-METH
OPER RES

Figure 6. Co-citation network map of journals in the research on PDP.

Table 4. The top 10 high-cited journals.

No. Citation Centrality SSCI/SCIE Cited Journals Impact Factor
1 676 0.01 SCIE European Journal of Operational Research 4213
2 621 0.00 SSCI; SCIE Transportation Science 3.384
3 589 0.05 SCIE Computers & Operations Research 3.424
4 443 0.00 SSCI Operations Research 2.430
5 326 0.02 SCIE Networks 2.602
5 322 0.03 SSCT; SCIE Transportation Research Part B-methodological 4.796
6 272 0.18 SCIE Computers & Industrial Engineering 4.135
8 257 0.02 SSCI; SCIE Journal of The Operational Research Society 2.175
9 238 0.03 Null Lecture Notes in Computer Science Null
10 222 0.04 SCIE Annals of Operations Research 2.583

4.3. Country and Institution Analysis

To confirm the contribution and influence of each country/institution, examine the
mutual collaboration relationship between different countries/institutions better, we em-
ploy CiteSpace to conduct country and institution analysis by setting the node type as
“country” and “institution”, respectively. First of all, the collaboration network map of
countries is shown in Figure 7, where each circle represents a country, each link represents
the collaboration relationship between countries. Next, the collaboration network map of
institutions is shown in Figure 8, where each node denotes a research institution, each link
denotes the collaboration relationship between two institutions. Tables 5 and 6 display
the top 10 high-published countries between 1995 and 2021 and the top 10 high-published
institutions between 1995 and 2021, respectively.
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Figure 7. Collaboration network map of countries in the research on PDP.
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Table 5. The top 10 high-published countries between 1995 and 2021.

No. Count Centrality Year Country
1 168 0.19 2003 China
2 111 0.54 1995 USA
3 68 0.16 2001 France
4 62 0.24 1996 Canada
5 57 0.05 2000 Germany
6 47 0.10 2003 Italy
7 42 0.13 1995 Netherlands
8 33 0.05 2003 Spain
9 32 0.05 2008 Brazil
10 29 0.04 1998 Norway
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Table 6. The top 10 high-published institutions between 1995 and 2021.

No. Count Centrality Year Country Institution
1 31 0.17 2004 Canada HEC Montreal
2 22 0.03 2003 Spain University of La Laguna
3 17 0.01 1998 Norway Norwegian University of Science and Technology
4 15 0.03 2015 China Chonggqing Jiaotong University
5 14 0.06 2008 China Beijing Jiaotong University
6 14 0.03 2008 China City University of Hong Kong
7 14 0.01 2013 Austria University of Vienna
8 12 0.02 2013 Netherlands Eindhoven University of Technology
9 12 0.00 2008 Germany University of Bremen
10 12 0.13 2011 Singapore National University of Singapore

According to Figure 7 and Table 5, China is the most productive country in the
world, which has published 168 papers that accounts for about 20.52% of the total number
of documents published from 1995 to 2021. Therefore, we can observe that China has
developed rapidly and achieved rich results so far, although its PDP-related research work
started relatively late compared to other countries. USA as one of the first countries to
analyze the PDP, occupies the second position with 111 publications. From the perspective
of country composition in Table 5, except for China and Brazil, the other productive
countries are from Europe and North America, divergent academic cooperation relationship
between countries is still weak and loose.

As shown in Table 6, there are three Chinese institutions (Chongqing Jiaotong Uni-
versity, Beijing Jiaotong University, and City University of Hong Kong) in the top 10 high-
published institutions, which coincides with the conclusion that China holds the first
position among all countries in the world, in terms of the number of publications. However,
the most influential institution is HEC Montreal located in Canada, which has published
31 documents that is approximately equal to the total 32 publications produced by Brazil.
Based on the aforementioned analysis results of author and cited author in Section 4.1,
we know that Cordeau’s research team and Laporte’s research team are both from HEC
Montreal, which reinforced the prominent status of HEC Montreal in the world again. In
fact, each top institution maintains cooperative relationships with other institutions. For
example, in China, the intimate partners of Chongging Jiaotong University include Sun
Yat-sen University, Tsinghua University, Zhejiang Gongshang University and China Univer-
sity of Technology. Moreover, HEC Montreal has extensive collaboration relationship with
>30 academic organizations, such as CIRRELT, University of Bologna, University of La
Laguna, University of Vienna, University of Sydney, GERAD, Ecole Polytechnique, Laval
University, and Technical University of Denmark. Furthermore, concerning the fact that the
overall density of collaboration network of institutions is only 0.0032, the breadth and depth
of international partnership between academic communities need to be further reinforced.

From the perspective of a collaboration network, centrality is a crucial indicator that
represents the central position of nodes in the whole network. The greater the value of
node’s centrality, the more other nodes in network have to go through it when they want
to contact with each other. To be specific, the outmost colors of node are used to measure
its centrality in Figures 7 and 8. The closer to purple, the node has higher centrality,
and the country or institution has a more critical position in this research. As shown in
Tables 5 and 6, the country or institution with a lot of publications do not necessarily have
strong centrality. For instance, although USA is lower than China in terms of the number
of publications, its centrality is roughly three times that of China. Moreover, the sum of the
centrality of all three Chinese universities in Table 6 (Chongqing Jiaotong University, Beijing
Jiaotong University, and City University of Hong Kong) is still less than the value of the
centrality of the last ranked National University of Singapore. All of these can demonstrate
to some extent that China and its institutions play a limited mediating role in the research
on PDP.
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Another noteworthy instance is Canada. Among the top 10 countries in Table 5,
Canada ranks fourth in quantity and second in centrality. Among the top 10 institutions in
Table 6, HEC Montreal as a university from Canada, which occupies dominant position in
terms of the number of publications and centrality in the world. That is, Canada and its
HEC Montreal not only have made great contribution to the number of publications, but
also played an important “hub” role connecting two different nodes in the collaboration
network, and are worthy of attention particularly.

Table 7 presents and compares the top 10 productive countries and institutions in the
last decade, which can better identify the emerging forces in PDP research. Obviously,
even if we shorten the time interval to the last decade, China and the USA are still the
top two countries in terms of the number of publications, and HEC Montreal also main-
tains its central position in the collaboration network of institutions. Among the top 10
high-published institutions in Table 7, universities from China (i.e., Chongqing Jiaotong
University, Beijing Jiaotong University, Huazhong University of Science and Technology,
and City University of Hong Kong) have issued a total of 52 documents since 2011, which
is more than the total 51 publications produced by Brazil and Turkey. Coupled with the
visualization results from Figures 7 and 8 and Tables 5 and 6, we can see that three countries,
China, USA, and Canada, not only have deep professional knowledge accumulation, but
also have strong academic innovation capability necessary to promote the development of
PDP research.

Table 7. The top 10 productive countries and institutions in the past decade.

N High-Published Countries High-Published Institutions
o Count Centrality Country Count Centrality Institution

1 143 0.23 China 15 0.03 Chonggqing Jiaotong University

2 81 0.46 USA 14 0.01 University of Vienna

3 58 0.26 France 13 0.04 Beijing Jiaotong University

4 42 0.06 Germany 13 0.02 University of La Laguna

5 36 0.15 The Netherlands 12 0.04 National University of Singapore

6 34 0.13 Italy 12 0.00 University Bourgogne Franche-Comte

7 32 0.29 Canada 12 0.08 HEC Montreal

8 27 0.06 Brazil 12 0.02 Eindhoven University of Technology

9 24 0.01 Turkey 12 0.02 Huazhong University of Science and Technology
10 24 0.03 Singapore 12 0.05 City University of Hong Kong

4.4. Keyword Analysis

Keywords are regarded as the high-level summary and refinement of the document
contents. In keyword analysis, the frequency of occurrence is an indicator of keyword’s
core strength, which can be used to review the explosive research hotspots at each period
with the help of burst detection. In this section, we collect the keywords from two streams:
author-given keywords and keyword plus. Specially, co-occurrence analysis and citation
burst detection are adopted for keyword analysis.

4.4.1. Keyword Co-Occurrence Analysis

Co-occurrence analysis attempts to explore the relationship between research topics
through calculating the frequency of two keywords appear in the same document. Figure 9
displays the co-occurrence network of keywords associated with the PDP research, where
835 keywords are chosen from a total of 819 publications. In Figure 9, each node represents
a keyword, each link between nodes represents their co-occurrence relationship, and the
larger the size of the node, the more frequently the word occurrence.
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Figure 9. Co-occurrence network map of keywords in the research on PDP.

Table 8 presents the top 20 keywords with the high frequency of co-occurrence. Among
them, “VRP” is the most dominant keyword, which appears 255 times in total with other
associated terms. Keywords linked to “VRP” include “a ride problem”, “system”, “time
window”, “transportation”, “tabu search”, “vehicle routing”, “delivery”, and “network de-
sign problem”. Followed by “algorithm” with the frequency of co-occurrence of 232, which

has a close relationship between “model”, “optimization”, “metaheuristics”, “scheduling”,

s

7a7i

Zaw7i

“tabu search”, “genetic algorithm” and “branch”. Moreover, according to the distribution

of keywords in Table 8, we can further draw the following conclusions: (1) Scholars have
placed great emphasis on the relationship between routing selection and optimization
through formulating mathematical models under realistic backgrounds and assumptions.
(2) Most of the findings in PDP research are related to design computationally efficient
algorithms and methods to ensure the calculability of formulated model, and further obtain
the optimal strategy for logistics managers’ reference. (3) Most commonly used algorithms
include genetic algorithm, tabu search, and other heuristic algorithms, which are also the
important foundations for proposing more innovative methodology that performs better.

Table 8. The top 20 keywords with the most co-occurrence frequency.

No. Freq. Year Keyword
1 255 2000 VRP
2 232 1995 Algorithm
3 169 1997 Time Window
4 143 2003 Pickup
5 139 2000 Pickup and Delivery
6 130 1995 TSP
7 115 2001 Vehicle Routing
8 103 2002 Optimization
9 88 2003 PDP
10 82 1995 Model
11 82 2000 Heuristics
12 76 2002 Search
13 73 1995 A Ride Problem

14 71 2000 Tabu Search
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Table 8. Cont.

No. Freq. Year Keyword
15 64 2002 Genetic Algorithm
16 63 2007 Branch
17 63 2003 Delivery Problem
18 57 2004 Logistics
19 56 2000 Transportation
20 51 2000 Routing

4.4.2. Keyword Citation Burst Detection

In order to reflect the historical development of research hotspots, and highlight the

Keywords
to many operation
aride problem

backhaul
dial-a-ride
tsp

lifo

multiple stack

bound algorithm
reverse logistics
neighborhood search

cut

vehicle routing
metaheuristic algorithm
heuristic algorithm

branch
transportation
demand

time

large neighborhood search

delivery

Year Strength Begin End
5.2535 1995 2007 mu—
7.2523 1995 2007 mum—

1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995

pickup and delivery problem 1995

hybrid algorithm

optimization

column generation

cost allocation
price

simultaneous pickup

1995
1995
1995
1995
1995
1995

3.9847 2002 2008
2.8969 2003 2012
3.0579 2009 2013
3.6951 2010 2013
3.3797 2011 2014
2.9109 2012 2013
2.9802 2014 2016
47017 2015 2018
2.7906 2015 2019
2.8108 2015 2015
2.769 2015 2016
3.1804 2015 2015
4.6557 2016 2021
3.5524 2016 2019
3.3953 2016 2018
3.2079 2017 2019
7.5582 2017 2021
3.163 2017 2021
3.0251 2018 2018
2.7481 2018 2021
5.0054 2018 2021
3.1386 2018 2019
3.1851 2020 2021
3.7774 2020 2021
3.7171 2020 2021

current research focuses to inspire scholars to conduct follow-up studies, we list the top
27 keywords with strongest citation burst in Figure 10, where the bule line represents the
entire time horizon (1995-2021), the red line represents the burst duration of a keyword.
Generally, for a specific keyword, the longer the burst duration and the higher the burst
intensity, and the more people pay attention to it within a certain period. As shown in
Figure 10, “to many operation” ranks first with 5.2535 citation burst strength, which begins
in 1995 and ends in 2007. Followed by keyword “a ride problem” with 7.2523 citation burst
strength, which also begins in 1995 and ends in 2007. Therefore, we can infer that solving
real-world operational problems with pickup and delivery demand is the main reason for
the appearance of PDP research.

1995 - 2021

Figure 10. The top 27 keywords with strongest citation burst between 1995 and 2021.
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In the middle of the development process, along with the popularity of the concept of
PDP, scholars have switched their attention to “backhaul”, “DARP”, “multiple stack”, “cut”,
“bound algorithm”, “heuristic algorithm”, “metaheuristic algorithm”, and “LIFO”. Among
them, “DARP” as the special case of PDP, many of its results can be naturally applied to
other works of PDP research. A typical example is that Jorgensen et al. [43] designed a
genetic algorithm based on clustering and routing heuristic to address the DARP, whose
methodology laid theoretical foundation for the core idea of Masmoudi et al. [44] and Perera
et al. [45]. Specifically, Malheiros et al. [46] subtly combined local search metaheuristic with
set partitioning to form hybrid algorithm, which can obtain high-quality solutions of multi-
depot heterogeneous DARP within a short time. Another keyword worth noting is “LIFO”,
which is the abbreviation of “last-in-first-out” that guarantees only the last pickup customer
request that has been loaded can be delivered [47], the opposite is “first-in-first-out” (FIFO).
As shown in Figure 10, the citation burst strength of “LIFO” up to 3.6951 (ranks tenth) and
this trend is likely to become hotspot again in the future. In 2011, Li et al. [48] proposed a
new tree representation for the feasible solutions of PDP with LIFO loading, this method
can automatically make sure the feasibility of solution and increase the opportunity of
acquiring better strategy during the execution process. Recently, Peng et al. [49] considered
both splitting mechanism and Lin-Kernighan heuristic in their study, and then introduced
a learning-based memetic algorithm for addressing the PDP considering multiple vehicle
and LIFO loading.

However, the emerging keywords including “branch”, “LNS”, “hybrid algorithm”,
“simultaneous pickup”, and “optimization” can be seen as the hotspots in recent years. In
terms of the distribution of emerging keywords, the current hotspots focus on addressing
PDPs concerning more complicated service requirements. For example, Chen et al. [50]
designed a self-learning particle swarm optimization approach to deal with the PDPs
with multiple cross-docks. Sun et al. [51] focused on a class of time-dependent profitable
PDPTWs, and designed an adaptive large neighborhood search (ALNS) to acquire its high-
quality solutions. Wang et al. [52] proposed a parallel simulated annealing algorithm to
solve the mathematical optimization model of vehicle routing problem with simultaneous
pickup-delivery and time windows (VRPSPDTW).

4.5. Reference Analysis

Reference co-citation is measured by the frequency with which two documents are
cited together by other documents [53,54]. Generally, the more frequently two documents
are cited together by a third document, the more possibly they are correlated in content,
and the more likely they are grouped into the same cluster, this is also the principle of the
following co-citation cluster analysis. In fact, understanding the co-citation relationship
between references is helpful for us to grasp the knowledge base and retrospect the previous
research frontiers in a study, the references with high frequency of co-citation usually
represent the most influential and prominent literature resources. Thus, we use CiteSpace
to visualize the co-citation relationship between references and grasp the composition and
historical development of knowledge base in the research on PDP by setting the node type
as “references”.

4.5.1. Reference Co-Citation Network Analysis

As shown in Figure 11, each node in references co-citation network denotes a reference,
each link connecting two nodes denotes the co-citation relationship between two references.
The larger the radius of the circle, the more frequently the reference is cited. Moreover,
considering the overall density of co-citation network is only 0.0034, there may be few
opportunities for co-citation between the core references because references contained in
some academic documents might be from different disciplines.
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Figure 11. Co-citation network map of references in the research on PDP.

Table 9 lists the top 10 high-cited documents in the research on PDP, ranking by
the frequency of citations. Among them, Ropke and Pisinger [38] first applied ALNS
method to address the PDPTW with capacity constraints, which greatly motivated scholars
to adopt ALNS heuristic to discover the better solution for other PDPs with different
topics. For example, the top-ranked article entitled “An adaptive large neighborhood
search heuristic for the Pickup and Delivery Problem with Time Windows and Scheduled
Lines” [55] analyzed the feasibility and flexibility of vehicles transport goods requested by
customers in line with the predetermined routes and schedules, and an ALNS algorithm
with ten removal operators and five insertion operators was proposed to generate good-
quality route choice and time planning for pickup and delivery vehicles. The results of
several computational experiments indicated that the implementation of scheduled line
can reduce the operating costs and CO, emissions. Li et al. [56] studied the PDP involving
time windows, profits, and reserved requests together, which can be solved through their
creative technique that the destroy/repair operator and local search procedure of ALNS
running in successive segments are modified to generate the near optimal solutions.

Although the optimal solution is difficult to obtain, some researchers reformulated
the PDP as a special optimization model and employed exact algorithm that matches the
structure of proposed model to cope with the computational difficulties. Mahmoudi and
Zhou [57] formulated PDPTW on state—space-time transportation networks, which can
be solved efficiently by utilizing Lagrangian relaxation algorithm to decompose the main
problem to a sequence of time-dependent route choice problems that minimize the travel
cost for each vehicle. In order to solve the PDP with LIFO loading optimally, Cordeau
et al. [58] attached valid inequalities to three correlative mathematical models, which not
only increases the linear programming relaxation of these models but also integrates with
branch and cut algorithm well in the calculation process.

There is an interesting phenomenon that Table 9 lists two high-cited documents [52,59]
related to the topic of “simultaneous pickup” and three high-cited documents [38,55,56]
related to the topic of “LNS”. Meanwhile, both “simultaneous pickup” and “LNS” are the
current hotspots in the field of PDP as aforementioned. Therefore, as critical topics in the
research on PDP, “simultaneous pickup” and “LNS” have received extensive attention from
scholars and are still worthy of future research. The rest of the high-cited references in Table 9
are mentioned in the previous section, to avoid repetition, it is not described again here.
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Table 9. The top 10 high-cited references in the research on PDP.

Title Author Freq. Source
An adaptive large neighborhood search heuristic for the Pickup and Ghilas et al % Computers & Operations
Delivery Problem with Time Windows and Scheduled Lines [55] ’ Research
Static pickup and delivery problems: a classification scheme and Berbeglia et al. o4 Top
survey [5]
An Adaptive Large Neighborhood Search Heuristic for the Pickup .. . .
and Delivery Problem with Time Windows [38] Ropke and Pisinger 23 Transportation Science
Finding optimal solutions for vehicle routing problem with pickup
and delivery services with time windows: A dynamic . Transportation Research
programming approach based on state-space-time network Mahmoudi and Zhou 23 Part B: Methodological
representations [57]
Adaptive large neighborhood search for the pickup and delivery Lietal 2 European Journal of
problem with time windows, profits, and reserved requests [56] ) Operational Research
A branch-and-cut algorithm for the pickup and delivery traveling
salesman problem with LIFO loading [58] Cordeau et al. 20 Networks
A hybrid discrete particle swarm optimization for vehicle routing Goksal et al 20 Computers & Industrial
problem with simultaneous pickup and delivery [59] ’ Engineering
A tabu search heuristic for the static multi-vehicle dial-a-ride Cordeau and Laporte 20 Transportation Research
problem [26] p Part B: Methodological
A parallel simulated annealing method for the vehicle routing Wane et al 19 Computers & Industrial
problem with simultaneous pickup-delivery and time windows [52] & ’ Engineering
Heuristic algorithms for single and multiple depot vehicle routing Nagv et al 19 European Journal of
problems with pickups and deliveries [42] 8y ' Operational Research
Dynamic pickup and delivery problems [6] Berbeglia et al. 19 European Journal of

Operational Research

4.5.2. Reference Co-Citation Clustering Analysis

Co-citation clustering analysis is an indispensable component of bibliometric studies.
Primarily, the distribution of co-citation clusters usually represents the composition of
knowledge base in a field, and the top terms included in each cluster can be regarded as
the research frontiers in each knowledge domain. In addition, analyzing the co-citation
clustering results over the entire time horizon can help us to perform time-series analysis
of the historical development of knowledge system properly.

Based on the reference co-citation network as aforementioned, co-citation clusters are
generated and labelled with log-likelihood ratio (LLR) weighting algorithm in CiteSpace,
and the characteristics of the top 11 largest clusters are listed in Table 10. As presented in
Table 10, cluster label is selected from the keywords by running the LLR algorithm that
guarantees the label of each cluster has high uniqueness and coverage. Size means the
number of documents grouped into the same cluster. Silhouette serves as an indicator
to measure the level of cluster homogeneity or consistency. When the silhouette score is
higher than 0.7, the results of clustering are reliable and convincing. Mean denotes the
average citation year of references included in one cluster. Top terms reveal the mainstream
research focuses of each cluster. In Table 10, the silhouette scores of the top 11 largest
clusters are all higher than 0.7, which implies the relevant results of clustering analysis are
high-quality and reasonable.

Different from the descriptive co-citation analysis in traditional bibliometric studies,
timeline/timezone visualization map of reference co-citation clusters in CiteSpace can
show the chronological distribution and historical evolvement of knowledge domains more
intuitively. As shown in Figure 12, the top of the timeline visualization map displays the
time when the reference was cited first, going from 1990 to 2020. The right of the timeline
visualization map displays the top 11 largest co-citation clusters. References included in
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one cluster are represented by nodes, which are distributed on the horizontal timeline
according to the year when they were first cited. Curves connecting two nodes represent
the citation evolvement path of references.

Table 10. The top 11 largest reference co-citation clusters in the research on PDP.

Cluster Label Size  Silhouette = Mean  Top Terms (with LLR Algorithm)
#0 Column 152 0.873 2009 Column generation (8.08, 0.005); Shortest path (7.3, 0.01); Set-partitioning
generation ’ model (7.3, 0.01); Branch and price (7.3, 0.01); Exact algorithm (2.51, 0.5)
#1 Maritime 145 0.907 2009 Maritime transportation (11.67, 0.001); Split loads (8.53, 0.005); Real-time
transportation ’ control (6.95, 0.01); Reverse logistics (0.56, 0.5); Loading (0.37, 1.0)
# Collaborative Collaborative vehicle routing (12.82, 0.001); Centralized planning (12.82, 0.001);
vehicle routin 129 0.845 2011 Collaborative transportation (12.82, 0.001); Horizontal collaboration (6.39, 0.05);
chicie routing Rolling horizon planning (6.39, 0.05)
PDPTW (15.45, 0.0001); Parallel algorithm (14.66, 0.001); Memetic algorithm
#3 PDPTW 127 0.896 2012 (12.71, 0.001); Search space partition (7.3, 0.01); Scatter search (7.3, 0.01)
#4 Vehicl Vehicle waiting (7.3, 0.01); Stochastic travel time (7.3, 0.01); Robust
Waiﬁen e 113 0.898 2006  optimization (7.3, 0.01); Time-dependent travel times (7.3, 0.01);
& Time-dependent forward dynamic (0.26, 1.0)
#5 Traffic 105 0.777 2016 Traffic congestion (6.02, 0.05); Uncertainty (5.65, 0.05); Load balance (5.65, 0.05);
congestion ’ Vehicle dynamics (5.65, 0.05); Transportation resource sharing (1.13, 0.5)
- Metaheuristic approach (10.91, 0.001); Routing problems (10.91, 0.001);
4:6 Nr[etaal;fzunshc 104 0.878 2017 Variable neighborhood search algorithm (5.44, 0.05); Hybrid genetic
pproac algorithm (5.44, 0.05); Hybrid local search (2.81, 0.1)
47 Evolutionar Evolutionary local search (9.09, 0.005); Mixed integer linear programming
local search y 102 0.915 2012 formulation (6.39, 0.05); Relaxation (6.39, 0.05); Logic-based benders
decomposition (6.39, 0.05); Branch-and-cut (4.89, 0.05)

#8 Electric 88 0.891 2014 Electric vehicle routing (9.45, 0.005); Energy consumption (9.45, 0.005); Profit
vehicle routing ’ distribution (6.58, 0.05); Eco-package (3.88, 0.05); Reverse logistics (0.68, 0.5)

. . Ridesharing (7.2, 0.01); Container and request matching (7.2, 0.01); Set covering
# Ridesharing 80 0.935 2013 (7.2, 0.01); Incomplete requests (7.2, 0.01); Container repositioning (4.48, 0.05)
#10 Heuristics 7 0.939 2009 Heuristics (7.23, 0.01); Deterministic annealing (7, 0.01); Integer

programming (1.4, 0.5); Tabu search (0.61, 0.5); Genetic algorithm (0.49, 0.5)
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2001

2004 2007 2010 2013 2018 2019 2020

#0 column generation
#1 maritime transportation
> #2 collaborative vehicle routing
#3 pdptw
#4 vehicle waiting

#5 traffic congestion
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B #8 electric vehicle routing

#9 ridesharing

#10 heuristics

Figure 12. Timeline view of the top 11 largest reference co-citation clusters.
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As shown in Table 10 and Figure 12, the largest Cluster #0 (column generation) has
152 members and a silhouette score of 0.873, which mainly focuses on handling large-scale
linear programming and can be well combined with exact algorithms (e.g., branch-and-
cut and branch-and-price) as part of the methodology in the research on PDP. Column
generation initially solves the restricted master problem considering a subset of the entire
decision space, and iteratively adds additional columns that have the potential to generate
a negative reduced cost to the restricted master problem until no newer columns can be
included [60]. Dumas et al. [61] first applied column generation to formulate a pricing
subproblem (i.e., shortest path problem) for the PDPTW considering precedence, capacity,
and pairing constraints, where each column represents an admissible route. In addition,
a label elimination algorithm was proposed to accelerate the efficiency of dynamic pro-
gramming for solving this subproblem. Inspired by their work, Ropke and Cordeau [62]
introduced a branch-and-cut-and-price algorithm to address PDPTW, where the lower
bound defined as the set partitioning relaxation formulation of original mixed-integer pro-
gram was computed through column generation. Venkateshan and Mathur [63] considered
a kind of PDPTW in which a freight vehicle of heterogeneous fleet may need to visit a
customer’s location multiple times to satisfy his all demand. To avoid the proliferation of
nodes in branch-and-bound tree caused by excessive suboptimal routes developed by stan-
dard column generation, they designed an improved column generation that inhibits from
regenerating the routes with the same route vectors. Nowadays, the solution algorithms
based on column generation have become predominant among several exact algorithms
that were developed to collect the optimal vehicle routes of many variants of PDPs.

However, with the deepening of the research contents, mathematical models with
complex structure and multiple constraints impose higher requirements on the solution
algorithm, the scenarios where the exact algorithms can be applied are somewhat limited.
Therefore, more powerful and efficient heuristic algorithms and metaheuristics are often
used by scholars in PDP research. It can be seen from Figure 12 that both Cluster #5
(metaheuristic approach) and Cluster #10 (heuristics) have roughly undergone a decade of
development, and the references related to metaheuristics have been cited frequently in
recent years. In fact, metaheuristic algorithm can be interpreted as a more general method
compared to the heuristic algorithm, because it is an integrated algorithm of several modu-
lar algorithms and does not depend on problem-specific conditions. Specifically, LNS and
variable neighborhood search (VNS) are the two most frequently adopted heuristic algo-
rithms in the research on PDP; metaheuristic algorithms designed to address PDPs mainly
include tabu search, genetic algorithm, simulated annealing, evolutionary algorithm, and
particle swarm optimization. In recent years, some scholars focused on developing more
computationally efficient hybrid algorithms, and its core concept is how to properly insert
part or all of an algorithm into the execution of another method. Up to now, hybrid algo-
rithms frequently used in PDP research include hybrid LNS [64,65], hybrid evolutionary
algorithm [66], hybrid genetic algorithm [44,67], hybrid VNS or simulated annealing [68],
and hybrid metaheuristic [46,69,70]. However, the hybrid algorithms are usually designed
according to the characteristics of specific problem, the applicability and adaptability of
them are relatively weak compared with underlying algorithms belonging to heuristics
and metaheuristics.

Cluster #1 (maritime transportation) occupies the second position with 145 members,
which indicates one of the real-life scenarios where the PDPs are taken seriously by logistics
practitioners. In the practical transportation and packaging activities, the impact of various
constraints on the carrier vehicle’s route choice behavior is not negligible. Among them,
the first and most mentioned is Cluster #3 (PDPTW), many of the literatures mentioned
above (e.g., [33,38,55-57]) can be regarded as enriching the study of PDPTW from different
perspectives. Another critical constraint considered frequently is loading operations, which
means the goods must be implemented with the specified operations for loading or unload-
ing. Bortfeldt and Wascher [71] conducted a comprehensive review of practically relevant
loading constraints including weight limits, orientation, stacking, stability, LIFO, FIFO, and
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allocation, as well as summarized the contents of literatures related to how to introduce
loading constraints into the model and solve them further. The current research directions
related to loading constraints in PDP can be classified into two aspects: two-dimensional
and three-dimensional, and the difference between them is whether packages are allowed to
stack on top of each other. Fuellerer et al. [72] developed an ant colony algorithm to analyze
the strategy space for two-dimensional loading VRP, and lower bounds, heuristics, and
branch-and-bounds were used to examine the feasibility of loading on each route. In terms
of three-dimensional loading, Méannel and Bortfeldt [64] introduced five variants of the PDP
with three-dimensional loading constraints (3L-PDP) from the perspective of routing and
packing constraints discussed by Gendreau et al. [73], including LIFO loading constraints,
weight constraints, orientation constraints, and support constraints. A hybrid algorithm
combining LNS with tree search was further proposed in [64] to determine the optimal
solution of aforementioned five extension models. With the above discussions, it can be
found that only a few exact algorithms and heuristic algorithms have been developed for
loading constraints so far.

Cluster #5 (traffic congestion) focuses on assessing the negative effects on vehicle
routes and schedules caused by congestion on roads, such as economic cost, wasted time,
pollution emission, and public health. Actually, traffic congestion is always time-varying,
i.e., the average travel speed on routes can transition from one phase to another in an
anticipated trend. Zhang et al. [74] presented a dynamic memetic algorithm to solve
the PDP considering congestion in several time windows. Cortés et al. [75] proposed
a new adaptive predictive control model for dynamic PDP, which is characterized by
the hybrid consideration of additional costs caused by unknown requests and uncertain
travel time caused by time-varying congestion. Because a growing number of people
choose private car as their transportation, the traffic systems of some developed cities
are already overburdened; hence, how to balance the benefits of capital agglomeration
and the downsides of congestion is a crucial issue that needs to be taken into account in
urban development. Nowadays, with the upsurge of sharing economy and intelligent
transportation systems, Cluster #9 (ridesharing) is advertised as an effective and eco-
friendly way to mitigate traffic congestion, and the automated matching between drivers
and passengers in dynamic ridesharing system can be seen as the DARP. So far, most of
the literatures related to ridesharing matching problem seeks to match drivers and riders
at a higher accuracy or complete the orders of passengers with a minimum fleet scale.
Zhao et al. [76] developed a hybrid algorithm to acquire the optimal matching scheme and
route choice for the ridesharing matching problem considering space-time window, flexible
pickup locations, and flexible delivery locations. Meanwhile, the results of numerical
experimentation showed that the introduction of flexible service strategy can increase the
ratio of passengers-vehicles matching without additional system costs. Hua and Qi [77]
designed an ALNS algorithm to solve the dynamic ridesharing problem involving the
redistribution of previously scheduled passengers, and found that the loss of total profit
is less than 20% compared to the case where no reassignment of scheduled passengers
is required.

A low-carbon non-motorized traffic mode emerging with smart payment and sharing
economy is bike-sharing, which is expected to ease the traffic congestion in short-distance
trips through increasing the usage of bicycles. Specifically, the research topic relevant
to bike-sharing and belonging to the extensive class of PDP is termed as “bike-sharing
rebalancing problem” (BRP), which attempts to determine minimum cost routes for a fleet
of capacitated vehicles to redistribute bikes among stations in bike-sharing system [78].
The research findings in this area can be divided into two main categories, namely, static
situation and dynamic situation. Static situation supposes the rebalancing process occurs
when the bike-sharing system is closed, that is, no consideration of the customer’s real-time
demand during allocation. In contrast, dynamic rebalancing problem needs to consider
the daily operational demands in bike-sharing system when redistributing bikes among
stations. Ren et al. [79] incorporated the depot inventory cost into the objective function
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of static bike-sharing rebalancing problem, and reformulated the whole problem into a
MILP. To solve it more efficiently, they proposed an improved general VNS algorithm
that integrated the improvement strategy of basic VNS algorithm with the best neighbor
strategy of general VNS algorithm. Ho and Szeto [80] formulated a revised model for
static repositioning problem concerning multiple capacitated vehicles, total travel time
cost, and penalty cost, which can be viewed as an in-depth exploration of the model
proposed in [81]. Meanwhile, they designed a hybrid LNS that combines tabu search with
five insertion/removal operators to address revised model, and verified the proposed
algorithm can obtain better results in three test sets compared with CPLEX and three-step
heuristic [82]. In dynamic case, Kloimiillner et al. [83] proposed a dynamic BRP model
considering the weighted sum objectives of unfulfilled user demands and target fill level,
capacity constraints of carrier vehicle, and travel time. Caggiani and Ottomanelli [84]
developed a modular algorithm based on fuzzy decision support system to determine the
optimal route choice decision, time intervals, and the quantity of bikes to be rebalanced in
a dynamic system concerning rebalancing cost and user’s satisfaction level.

Cluster #2 (collaborative vehicle routing) is another manifestation of resource sharing,
which refers to the providers of logistics service want to reduce transportation costs and
improve logistics operation efficiency by sharing their limited logistics resources (e.g.,
vehicles and facilities) [85]. Due to the increasing variety and volume of freights to be
transported, classical independent distribution scenario, i.e., a single logistics provider
utilizes his resources to serve all customers in the distribution area, will lead to low
service quality, roundabout delivery, and high distribution price. Therefore, collaborative
distribution scenario that several logistics service providers form partnerships to fulfill
the orders is becoming more and more prevalent in the activities of logistics management.
However, the optimal coalition structure and feasible cost allocation are two main tasks
of multiple participators in collaborative vehicle routing. Wang et al. [85] formulated the
collaborative multicenter pickup and delivery problem with time windows assignment
(CMPDPTW) into a bi-objective programming model, and a hybrid algorithm including
k-means clustering, clarke-wright saving, and non-dominated sorting genetic algorithm-
II was developed for solving it. By applying snowball theory to evaluate the stability
of alliance caused by different profit allocation schemes, game quadratic programming
mechanism has the highest probability of potential collaborators agreeing to join the alliance.
Farvaresh and Shahmansouri [86] proposed a hierarchical heuristic algorithm to determine
the optimal coalition structure in collaborative PDPTW considering maximum cardinality
constraint, and the cost allocation mechanism realized by calculating the weighted sum
of contributions of collaborators, i.e., Shapely value method, was further designed for
guaranteeing the fairness in allocations.

In recent years, as customer enthusiasm for electric vehicle (EV) has grown rapidly in
emerging markets, logistics service providers have shown a keen interest in taking EVs into
their fleets. In contrast to traditional fuel vehicle (FV), electric vehicle (EV) as a type of new
energy vehicle can significantly reduce greenhouse gas emissions and operation costs in
transport sector, and targeted government policies and particular public demands greatly
drive the sustainable development of EV industry in global countries. However, Cluster #8
(electric vehicle routing) as an extension of the previous VRP studies involves additional
non-negligible considerations while finding the optimal visit paths for electric vehicles,
such as charging technology [87], battery swapping [88,89], energy consumption [90,91],
recharging strategies [92,93], and the capacity of charging stations [94]. If customers in
electric VRP have three types of demands, i.e., pickup, delivery, or both pickup and delivery,
and EVs are dispatched to satisfy the pickup and delivery requests during a single visit,
electric VRP will be reformulated into electric PDP. Masmoudi et al. [95] developed three
variants of evolutionary VNS algorithm to improve the quality of solutions of electric
DARP considering battery swapping of EVs. Goeke [96] designed a granular tabu search
algorithm for solving the electric PDPTW with full or partial recharging strategy, and this
method was verified to perform better than Gurobi in solution quality and running time
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with regard to the small-sized instance. Soysal et al. [97] proposed a chance-constrained
nonlinear programming model and its linear approximation to describe the electric PDP
where the battery depletion level of electric freight vehicles follows a normal distribution.
The results of computational experiment have shown that the vehicle routes obtained from
approximation model are feasible in practice, especially with a large number of visited
locations. Along with the overwhelming trend of EV gradually replacing FV in many areas
of life, research on electric PDP and electric VRP will have broad prospects in the future.

5. Discussion of Evolution Trend

Keyword burst analysis in Section 4.4.2 identifies the chronological research hotspots,
the timeline view of reference co-citation clusters in Section 4.5.2 presents the dynamic
accumulation of knowledge base, both of them moderately reflect the research features and
scopes in a time-series. Thus, we put the historical development of research hotspots and
knowledge clusters on the same timeline, and consider their common and unique character-
istics simultaneously. Then the evolution trend of PDP research can be roughly summarized
into three stages, namely, start-up, initial development, and rapid development stage.

(1) Start-up stage (1995-1999). In this stage, route choice made by practitioner in
logistics system considering customers’ pickup and delivery demand was often inefficient.
In order to improve the operation revenue and avoid unnecessary expenses, a fraction
of scholars and academic teams was entrusted to resolve this dilemma, who utilized
the knowledge base sourced from the discipline of “Transportation Engineering” and
“Operations Research” to develop a number of basic mathematical models and algorithms.
In this stage attention is paid to the topics of “VRP”, “algorithm”, “time window”, “model”,
“to many operation”, and “a ride problem”. Indeed, it can be seen that the main contents
during this stage focused on developing simple but appropriate mathematical models
based on the theories and methodologies of VRP research, and these newly developed
models can capture the picture of reality better. A most typical example is that Savelsbergh
and sol [98] proposed a general PDP model from the perspective of practical transportation
scenarios, and elaborated the differences between PDPs and traditional VRPs. In terms
of the modeling of different types of PDPs, location problem [99,100], DARP [101-103],
and PDPTW [61-63,104] were especially of interest to scholars. Although the research
literatures in this stage were relatively scattered, the characteristic of “pickup and delivery”
began to attract attention from academia and industry. Moreover, reference co-citation
analysis confirmed that these few but high-value literatures did make a great contribution
to the development and innovation of PDP research, most of the subsequent works have
also referred to them.

(2) Initial development stage (2000-2010). From 2000 to 2010, there was a gradual
increase in the quantity of publications, and a series of mathematical models and methodolo-
gies began to be proposed, which constituted a formal knowledge system of PDP research.
During this stage, “TSP”, “backhaul”, “DARP”, “LIFO”, “tabu search”, “heuristics”, and
“search” have become the hot topics. Moreover, it can be seen in the timeline view of
knowledge clusters that various relevant knowledge domains in this stage have regularly
organized into specific knowledge clusters, and these clusters were closely correlated.
Cluster #0, #1, #2, #3, and #10 have been all gradually developed since 2000. From the
perspective of the distribution of hotspots and knowledge clusters, more specific, powerful,
and computationally efficient algorithms were required to solve the variant and extension
of PDP-related models with multiple intractable constraints. For example, Gribkovskaia
et al. [105] considered the situation that the pickup demands can be partially satisfied,
and only profitable pickup locations will be visited due to capacity constraints. In terms
of algorithm optimization, they proposed tabu search heuristic algorithm to obtain the
near-optimal route choice after reviewing the construction process of classical heuristics.
Nowak et al. [106] presented splitting loads in pickup and delivery activities can reduce
the total transportation cost and the number of vehicles dispatched. The results of compu-
tational tests demonstrated that the maximum benefits of splitting loads occur with loads
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that are just over half the capacity of the vehicle. As a whole, this period can be seen as
a “transitional stage” when PDP was regarded as an individual problem to be studied,
and a great deal of diversified and interdisciplinary research directions appeared. The
achievements in this stage provided in-depth analysis and rigorous theoretical foundation
for future study from a more comprehensive perspective.

(3) Rapid development stage (2011-2021). Different from aforementioned stages, it can
be found that the development path in the last decade was closely related to the emerging
backgrounds and technologies, e.g., Internet, mobile technology, smart payment, intelligent
transportation, and sharing economy. It was due to the unprecedented opportunities and
challenges they brought to logistics industry, a growing number of scholars and logistics
practitioners were dedicated to pushing the development of PDP research from different
perspectives. Among them, “LNS”, “metaheuristic algorithm”, “hybrid algorithm”, “cost
allocation”, and “simultaneous pickup” received extensive attention, especially with re-
spect to “simultaneous pickup” and “LNS”. The results of reference co-citation analysis
further confirm that the topics on “simultaneous pickup” and “LNS” were also considered
frequently in some highly cited papers. Specially, the formation of Cluster #2, 5, 8, and
9 implies that the diffusion of the concept of resource sharing and the consideration of
sustainable development brought numerous new and valuable problems relevant to PDP
research, such as ridesharing, BRP, collaborative PDP, electric PDP, and heterogeneous fleet.
Although many literatures clearly made a homogeneous fleet assumption to simulate fleet
composition, the adoption of heterogeneous fleet is even more realistic and important in
logistics management, especially considering the new evidence that vehicles using clean
energy as fuel are gradually replacing traditional FVs in many aspects of life. However, the
appearance of aforementioned emerging topics and areas does not mean that the previous
hotspots are not of concern, and the current hotspots may also have new traces before they
are brought to people’s attention.

6. Conclusions

This paper attempts to review the academic achievements and evolution trend in the
field of PDP with the assistance of CiteSpace and Web of Science. Based on the 819 relevant
documents included in Web of Science core collection, this study firstly identifies the basic
status of PDP research in terms of posting trend and category distribution. In addition,
the results of scientific knowledge maps and bibliometric analysis are shown from six
dimensions, namely, author/cited author, cited journal, country, institution, keyword, and
reference. Finally, this paper discusses the evolution trend in the PDP research judging
from the historical development of research hotspots and knowledge base.

The main conclusions are as follow: (1) The annual number of publications related
to PDP research shows an overall upward trend, and this trend will continue in the next
few years. The statistical results of category distribution display that PDP research has the
characteristics of comprehensive, multidisciplinary, and interdimensional. Among them,
“Operations Research & Management Science”, “Engineering”, and “Computer Science”
are the most closely related categories. (2) Author and cited author analysis show that
Laporte is the most productive author, Cordeau is the author with the most citations. Both
of them come from HEC Montreal, which is the most influential institution in the PDP
research. (3) The results of country analysis reveal that the main contributing forces of PDP
research are mostly located in North America and Europe, except for China, the country has
the largest number of publications in the world. Moreover, the results of institution analysis
indicate that the breadth and depth of international partnership between academic commu-
nities need to be further reinforced. (4) Research topics involving “algorithm”, “model”,
“VRP”, “time window”, “to many operation”, and “a ride problem” have received extensive
attention for a long time. The emerging keywords are determined as “LNS”, “metaheuristic
algorithm”, “hybrid algorithm”, “cost allocation”, and “simultaneous pickup”, which are
also the current hotspots in the research on PDP. (5) Knowledge clusters on methodologies

have become predominant among several professional areas, especially with respect to
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column generation, heuristics, and metaheuristic approach. (6) Judging from the historical
development of research hotspots and knowledge base, the evolution trend of PDP re-
search is divided into three stages: Start-up stage (1995-1999) when simple but appropriate
mathematical models were developed on the basis of the results of VRP research; initial
development stage (2000-2010) when the issues considered by scholars became more and
more specific, and the variant and extension of PDP-related theoretical models were the
main research subjects; rapid development stage (2011-2021) when the development path
is closely related to Internet, e-commerce, mobile technology, sharing platforms, intelligent
transportation, and artificial intelligence.

7. Outlook and Future Trend

There still exists an extensive research potential on the PDP, since we are witnessing
great innovations in the evolution process of mathematical models and solution algorithms,
coupled with the advancements in logistics engineering and computer technology. Here,
we provide several interesting and promising research perspectives to logistics practitioners
and enthusiastic researchers, which may trigger more results and contributions in the field
of PDP.

e Improved solution algorithm. Since the PDP is a kind of NP-hard problem, most of
the aforementioned studies in this field concentrate on designing computationally
efficient heuristic algorithms to deal with different intricate PDPs. Although a part of
studies in the last decade has involved the concept of hybrid algorithms (e.g., hybrid
LNS, hybrid genetic algorithm, and hybrid evolutionary algorithm), most algorithms
presented so far have been proposed for very specific scenarios and mild size (only
a few hundred pickup and delivery points). Judging from the bright prospect of e-
commerce, a fleet of vehicles serving thousands of pickup and delivery points will also
be seen in the following years, then the latest solution methods may not necessarily
apply in future studies. With the development of parallel computing, we believe
there are opportunities to develop more novel, advanced, or alternative algorithms for
addressing general and large-scale PDPs.

e  Uncertain demand and dynamic travel time. PDPs in reality are always full of dy-
namics and uncertainty, particularly because delays and errors occurred frequently
in the process of information transmission. In most real-world situations, customers’
demand at each pickup /delivery location cannot be known correctly in advance, and
the travel time on road usually varies with the real time road condition. All of these
can have serious impact on the choice of optimal solution of PDPs. Due to the extreme
difficulty of synchronously addressing uncertainty and dynamics, only a few latest
literatures made preliminary investigation on it. But most of them chose to adopt
the methodology of stochastic dynamic programming for obtaining the optimal route
of vehicles (i.e., most of them are model-oriented), none of them have considered
the adoption of machine learning, a widely used artificial intelligence technology
to predict uncertain input parameters by training machine learning model using a
sample of historical instances.

e  Multi-objective optimization. The objective of PDP-related optimization models in
most studies is the minimization of cost, distance, or time. Although this hypothesis is
of theoretical interest, logistics management is essentially a multi-objective program-
ming, because managers are often faced to consider multiple but conflicting criteria
at a time. In recent years, scholars have attempted to use standard multi-objective
algorithms (e.g., non-dominated sorting genetic algorithm and pareto archived evo-
lution strategy) to resolve PDPs with multiple objectives, but these standard algo-
rithms do not fit each specific PDP model perfectly. To overcome it, developing
multi-objective metaheuristic algorithms with better computational performance, such
as multi-objective memetic algorithm and multi-objective evolutionary algorithm,
deserves more attention in the future.
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e  Sustainability. With the increasingly worldwide concern on reducing pollution and
natural resources consumption, logistics industry should adopt more environmen-
tally friendly actions to respond to this trend. In contrast to traditional economic
optimization in the past, several metrics that are highly relevant to society and envi-
ronment should now be incorporated in the general framework of VRP progressively,
e.g., carbon emission, air pollution, and the rate of resource degradation. Since 2011,
ridesharing, BRP, collaborative PDP, and electric PDP as the typical representatives
of “green PDP” have brought many interesting new ingredients to former research,
including storage allocation, rebalancing problem, heterogeneous fleets, charging cost,
and station installation cost. Because most countries intend to implement sustainable
development strategies in the long term, and logistics is one of the main sectors pri-
marily affected by growing sustainability concerns, we are convinced that the topic of
“green PDP” or “sustainable PDP” will still be a hotspot in the next years.

8. Limitations

However, there are still limitations in this paper. First, not all of the PDP-related
documents written between 1995 and 2021 are included in our literature database, as
some of the latest literatures were not accessible in Web of Science core collection until
31 December 2021. Moreover, the results of country analysis in Section 4.3 reveal that
China has the largest number of relevant publications in the world. The data utilized as the
original database for CiteSpace are selected only from Web of Science core collection, and
the language is set to English. In the future, data source can be expanded to cover other
Chinese publications related to PDP research, such as CNKI (China National Knowledge In-
frastructure). Furthermore, it can be seen from the results in reference co-citation clustering
analysis that methodological clusters (i.e., column generation, heuristics, and metaheuristic
approach) have the most members, which implies that solution algorithm is one of the
focuses to consider in most literature. In this paper, we briefly introduce several algorithms
according to the specific content of literature, which is partially because the purpose of
our study here is to provide scientometric analysis, and to conduct in-depth analysis and
cross-comparison of different algorithms is beyond our scope. Future study may continue
to acquire deeper insights into solution algorithm applied in various mathematical models.
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Abbreviations

PDP pickup and delivery problem

VRP vehicle routing problem

TSP traveling salesman problem

SPDP static pickup and delivery problem

DPDP dynamic pickup and delivery problem
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PDPTW pickup and delivery problem with time windows

TSPTW traveling salesman problem with time windows

DARP dial-a-ride problem

VRPSPD vehicle routing problem with simultaneous pickup and delivery

LNS large neighborhood search

LIFO last-in-first-out

FIFO first-in-first-out

ALNS adaptive large neighborhood search

VRPSPDTW  vehicle routing problem with simultaneous pickup-delivery and time windows
LLR log-likelihood ratio

VNS variable neighborhood search

BRP bike-sharing rebalancing problem

CMPDPTW  collaborative multicenter pickup and delivery problem with time windows assignment
FV fuel vehicle

EV electric vehicle

MILP mixed-integer linear programming

CNKI China National Knowledge Infrastructure
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