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Abstract

:

The global spread of the novel coronavirus (COVID-19) has accounted for many deaths. The effective containment of the current COVID-19 epidemic calls for a fast and sustainable delivery strategy to minimize the impact of this crisis. As such, this study aimed to conduct a comprehensive review of research on the vehicle routing problem (VRP) from a sustainable viewpoint during the pandemic and explore viable delivery solutions that may aid in the containment of the COVID-19 pandemic. Through a systematic review of the selected articles, four broad themes of pandemic containment measures from the delivery aspect were identified: efficient pharmaceutical delivery strategy, contactless distribution, sustainable waste transportation strategy, and isolated and quarantine vehicle scheduling. Following that, the methodology utilized to execute the containment measures were analyzed, research gaps were hightlighted, and possibilities for future studies were suggested. In summary, the goal of this research is to provide an overview of the literature on the application of VRPs in pandemic control and to assist academics and practitioners in learning more about the performance metrics, models, and solution techniques utilized in pandemic control delivery operations.
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1. Introduction


Human history is full of public health crises that resulted in widespread pain and death. For example, epidemics of plagues with high mortality rates in late medieval Europe caused numerous deaths; the 1918–1919 Spanish influenza pandemic killed almost 50 million people globally [1,2]; and the influenza A(H1N1) virus outbreak in 2010 spread to 214 nations, killing 18,114 people [3]. Nevertheless, the novel coronavirus COVID-19 is distinct and has had far more severe, diverse, and dynamic consequences than recent disease outbreaks, such as the 2003 SARS outbreak or the 2009 H1N1 outbreak [4]. Since December 2019, the global spread has been so rapid that nearly 263,714,765 cases of infections have been confirmed worldwide as of the 1st of December, 2021, and around 5,228,255 people have perished [5]. Moreover, COVID-19 may come to coexist with humans [6,7], and continue to severely threaten public health [8]. Therefore, sustainable infection control measures are urgently needed in order to reduce the impact of COVID-19 and its dissemination.



In attempts to successfully combat an epidemic, logistics activities are essential [3]. In the field of epidemic control logistics operations, various different disease outbreaks have been investigated—For instance, Influenza [9], Ebola [10], Cholera [11] and Malaria [12] outbreaks, among others. In addition, two comprehensive surveys examining pandemic containment methods from a logistics operation standpoint [3,13] were discovered. These articles indicate that efficient resource allocation is crucial in controling epidemics or pandemics. Nevertheless, the allocation of resources cannot be accomplished unless these resources (such as medical suppliers, drugs, and vaccines) are available at the right time and place, and in the right quantity. In this regard, optimizing resource distribution may provide valuable insights into how to approach this complex scenario; however, surveys systematically reporting state-of-the-art delivery practices and solutions that can be used in dealing with infectious disease remains scarce. As such, our study intends to shed more light on this topic, providing valuable insights that will assist decision-makers in developing a rapid and sustainable (e.g., low infectious risk and emission gas) transportation plan for the COVID-19 pandemic.



One of the most important applications within logistics operation is vehicle routing. The first Vehicle Routing Problem (VRP) was introduced in Dantzig and Ramser [14], where the authors’ goal was to enhance the responsiveness of logistics movements. As shown in Table 1, research on VRPs has advanced rapidly over the last sixty years. Currently, many variations of VRP are being studied. The first time-dependent VRP (TDVRP) was introduced in Cooke and Halsey [15], who considered the fluctuation in the travel time between a pair of points, while the first multi-depot VRP was studied in Tillman [16], who showed that demand customers could be assigned to more than one depot. The first study of stochastic VRP appeared in 1969 [16]; in this study, the customer demand was random. To handle more complex operational problems, a number of VRP variants have emerged since 1973, such as the location routing problem [17], periodic VRP [18], dynamic VRP [19], VRP with time window [20], inventory routing problem [21], fuzzy VRP [22], open VRP [23], multi-echelon VRP [24], and share VRP [25]. Over the past two decades, it seems that there has been a trend for scholars to pay more attention to sustainable VPR, incorporating economic, environmental, and social concerns [26,27]. Many variants of sustainable VRP, such as green VRP [28], electric-vehicle VRP [29], pollution routing problem [30], drones routing problem [31], and crowdsourced deliveries [32], appeared after the year 2000. For a comprehensive study of VRPs, Laporte [33] and Braekers et al. [34] provided detailed categorizations of VRP variants and their corresponding solution methods.



Unlike traditional VRPs which focus on the economic impact of vehicle routes, there are applications of VRP where servicing a customer has the social benefit and all available information and resources must be mobilized to provide the best possible delivery service to control the spread of infectious disease. Such applications appeared in the COVID-19 pandemic, when the overarching goal was to avoid and alleviate human suffering. In this study, literatures on the applications of VRPs, with a focus on preventative methods for disease outbreak control, were reviewed.



The application of VRPs for pandemic containment belongs to the field of humanitarian logistics (HL). The first effort to address the humanitarian VRP occurred in 1988 [38]. Since 2010, four previous systematic reviews of humanitarian VRPs, as shown in Table 2, that focus on relief routing problem [43,44,45], the modeling and solution of humanitarian operations [46], and evacuation and rescue operations [45], have been identified. All of these review papers concentrate on rapid-onset disasters [47], such as tsunamis, earthquakes, and hurricanes; however, delivery problems in slow-onset disasters (such as pandemic or drought) have still not been adequately investigated [45]. Moreover, none of these reviews examined vehicle routing strategies with sustainability concerns, which are critical in the post-pandemic period in order to prevent another pandemic and preserve our environment [6]. As a result, this article focuses on VRPs during a slow-onset calamity, such as pandemic, to fill in these research gaps. Unlike those four peer-reviewed articles, our study focuses on optimizing epidemic control delivery from a sustainable standpoint.



To the best of the authors’ knowledge, this is the first literature review of VRPs that focuses on sustainable epidemic control practices. The aims of this study can be summarized as follows:




	
To provide an exhaustive literature review of VRPs in the context of an epidemic.



	
To identify state-of-the-art preventive measures to halt the spread of COVID-19 from the delivery perspective.



	
To find the ideal methodologies for implementing epidemic containment delivery operations.



	
To highlight the lack of the existing studies and explore potential topics for further research.








The rest of this paper is structured as follows. Section 2 concerns the review methodology used. Section 3 includes a descriptive and content analysis of the literature. Section 4 systematically reviews the preventive measures used in epidemic control delivery operations. The discussion of methodologies used in each containment measure and potential future research opportunities are given in Section 5. Finally, Section 6 describes our conclusion.




2. Research Methodology


In this study, a systematic literature review (SLR) strategy was undertaken. The SLR has been proven to be a holistic paradigm for use in literature reviews [48]. The first step in this method is to finalize the research scope before implementing the literature search. In step 2, several research databases (such as Scopus, Google Scholar, and Web of Science) are used to search for relevant and high-quality studies. The last step is to conduct a reference check of the selected articles to include additional relevant papers.



The search methodology used in this review paper is outlined in Figure 1. Initially, electronic searches were undertaken in the Scopus database using the keywords ‘vehicle routing’ and ‘pandemic’ for articles. In the first round of analysis, keywords with a similar meaning to ‘vehicle routing’ were discovered and then included in the second round. VRP are widely used in the transportation literature, since they enable the simulation of a wide range of delivery operations [49,50]. Instead of ‘vehicle routing’, some studies employed the terms ‘transportation’ [51] or ‘delivery’ [52]. Words that have a similar meaning to ‘pandemic’, such as ‘epidemic’, ‘COVID-19’, ‘coronavirus’, ‘SARS’, and ‘virus’ were also included in the search database. The search string utilized in the database is shown in Table 3, and the Boolean operator was used in the ‘title or abstract or keywords’ field of the search engine. To concentrate on the most pertinent research, only published journal articles and conference papers available online from 2010 to the 20 of December 2021 were considered, while book chapters, working papers, theses, dissertations, and technical reports were excluded. The first process yielded 5622 results.



Secondly, papers not related to the subject areas of pharmaceutics, engineering, computer science, mathematics, interdisciplinary, environmental science, public health, social sciences, decision sciences, business, and economics were omitted, leaving 3154 articles. Then, by screening titles, abstracts, and keywords, irrelevant publications were weeded out, leaving 115 articles for further investigation.



Thirdly, the titles, abstracts, introduction, and conclusions of the collected papers were analyzed in order to eliminate some of the studies. The inclusion criteria were (i) articles focused on VRPs in a pandemic or epidemic setting, and (ii) both the terms “vehicle routing” and “pandemic”, or other similar words (as mentioned in Table 3), appearing in the body text. Hereby, VRP applications on animal disease control [53], agricultural route planning [54,55], home health care (HHC) [56,57,58,59,60], supply chain management [61,62], and production management [63] were excluded from consideration, since this review aims to focus on humanitarian delivery optimization and pandemic control. For a holistic review of the HHC routing problem and production routing problem, interested readers can refer to the surveys provided by Fikar and Hirsch [64] and Adulyasak et al. [65], respectively.



Finally, by repeating search in other databases (such as Google Scholar and Web of Science) and scanning the reference section of thirty-four included papers, additional works of interest were added to the shortlist, and relevant references were reviewed until no additional articles could be found. The whole process resulted in a total of forty-six articles.



The results of this screening method were organized into four groups. First, these 46 articles were comprehensively reviewed based on four aspects: their application scenarios, performance metrics, model characteristics, and solution approaches. This classification scheme was used to help focus on the applications of VRP and the corresponding characteristics of the problem. Second, the preventive measures of pandemic control used in the reviewed articles were examined and synthesized into four categories. Third, the methodologies (such as objectives, model constraints, solution procedures) employed in the epidemic control delivery operations were discussed and the research challenges associated with various optimization methodologies were highlighted. Finally, this study delivered suggestions for further research on epidemic control delivery operations. The framework of the entire process is displayed in Figure 2.




3. A Review of Vehicle Routing Problem in the Pandemic Context


This section examines the theoretical underpinnings of the VRPs used in the 46 selected articles. Before investigating the main themes, a descriptive analysis is carried out to offer an overall picture of the articles found.



3.1. Descriptive Analysis


The distribution of these articles across different sources is illustrated in Table 4. This demonstrates that a diverse range of publications have contributed to the research in this field. Grouping the selected journal articles by their main subject areas, the result (see Figure 3) shows that the vast majority of the selected articles were published in logistics- and OR-related journals. However, the low number of articles published in environmental- and sustainability-related journals is unexpected.



Considering the distribution of articles by publication year, the trend in Figure 4 demonstrates that the number of papers published in this field increased dramatically after the year 2020 (39 out of 46 articles), while few studies on the use of VRP in controlling infectious disease were conducted during the period between 2009 and 2019, including some years in which no articles were published. It is worth mentioning that most of the research efforts before 2020 focused on VRPs in large-scale bioterrorism emergency [66,67,68], while after 2020 the study of VRPs for use in pandemic control started to attract the attention of researchers and became a hotspot.



Case studies were conducted in thirty-two articles (32 articles out of 46), with eleven studies considering real cases in China (See Table 5), showing that the greatest attention was focus on this country; this may be attributed to the fact that COVID-19 was discovered in China and spread rapidly within China and to other countries around the world. In terms of a particular continent, most of the review articles referred to the practices in Asian countries (19 papers out of 46), while a small number of articles considered practices in Oceania and American countries. Future research should provide more insights into developed countries with large numbers of confirmed cases [5].



In the following subsection, a content analysis for each theme was conducted in order to fulfill the target of this review.




3.2. Application Scenarios


A systematic analysis of the application scenario for the selected articles contributes to providing supplemental information about the nature of the problem, enabling the in-depth analysis of the problem. For example, each class of application scenario is revealed and accordingly, three groups of application themes are consolidated (see Table 6).



The term “last-mile logistics“ refers to the movement of goods from the last transportation center to their final destination. This theme has received significant attention (33 out of 46 articles), and seven sub-themes were identified. Our analysis revealed that the major focus in this theme is the distribution of the vaccine, drug, testing specimen, and medical supplier (18 papers). This finding makes sense, given the importance of using pharmaceutical interventions to control the pandemic. In addition, nine articles examined e-commerce logistics services, such as fresh food shipping [69,89,102] and parcel delivery [85,86,90,100,103,106], while four papers referred to on-demand transportation services [70,104,108,109], the use of which has been accelerated by the onset of COVID-19 in urban areas [92]. Among the rest of the articles in this area, one focused on oil distribution and one focused on ready meal delivery in hotels.



Regarding waste disposal, seven papers discussed the infectious waste (e.g., medical waste) collection activities during a pandemic scenario. These articles mainly explored various ways to mitigate the transmission risk presented by infectious medical waste, including the use of temporary facilities [74,77,78,81] and outsourcing [105].



The issue of evacuation and patient transportation gained the least attention (6 articles). Five references studied patient transportation from the viewpoint of emergency medical services, while one paper focused on social distancing and evacuation scheduling during the COVID-19 pandemic.




3.3. Performance Metrics


This section analyzes the performance indicators (i.e., objectives) used in the reviewed articles and discusses how they are related to sustainability in the operational vehicle routing field. The triple bottom line (TBL) approach [110], which stresses economic, social, and environmental dimensions, was adopted to examine the TBL objectives employed in the epidemic control delivery operation.



3.3.1. Economic Dimension


Economic performance metric measures the performance of VPRs in terms of costs. A summary of studies considering the economic metric is given in Table 7; our analysis reveals that nine articles took only economic factors into account, while twenty-one out of fourty-six articles (46%) considered both economic and other factors in the objectives. The most common economic factor was cost minimization. The often used cost elements were transportation [93,108], fixed and variable outsourcing [105], the use of vehicles [52,87,105], fuel consumption [109], penalty cost for arriving early or late [76], facility opening costs [77], and shortage costs for relief suppliers [79], etc.




3.3.2. Social Dimension


Social metrics measure the social impact based on people, product, and time [26]. Out of 46 studies, the social dimension was the largest group of performance metrics in the reviewed articles (23 out of 46 articles). In this study, the social indicators (such as time, health effect, customer) proposed by Popovic et al. [111], was adapted to analyze the selected literature.



Response time was the factor used most often in the social dimension. The minimization of total time in the route was used in many articles [51,89,98,104,106,107]. In order to optimize the bottleneck route, Pacheco and Laguna [91] proposed an alternative objective function, aiming to minimize the longest route time and ignore all shorter routes. In contrast, Jiang et al. [70] suggested the minimization of average arrival time, taking into account all routes. If the travel time for a route is not directly available, the travel distance might be used to estimate it; therefore, another practical approach to measuring the response time is the minimization of the total travel distance [73,83,97,100].



Few papers considered health-oriented metrics to minimize the risk of infection during the pandemic. Similarly to Haolin et al. [74], Eren and Rıfat [82] and Tirkolaee et al. [81] studied the risk control of medical waste, while Jiang et al. [70] and M. Zhang et al. [75] focused on the risk of transmission between humans.



In customer-oriented studies, many articles [66,67,68,72] addressed the issue of minimizing unmet demand in an emergency situation, while D. Chen et al. [69] focused on maximizing customer satisfaction through improving the service level.




3.3.3. Multiple Dimensions


Among fourteen articles that took multiple sustainable factors into account, only six aimed to minimize the emission of pollutant gas together with other objectives. These studies addressed the problem of waste collection [105], parcel delivery [85,90], food distribution [109], and medical supplier transportation [52,92]. The other seven studies concerned with both cost and social factors.



Notably, three out of fourteen articles that considered health-related factors addressed the problem of waste collection [77,78,105]. A common assumption in these studies is that minimizing the total population exposed during medical waste transportation can reduce the risk of infection, thus improving public health.





3.4. Problem Characteristics


In contrast to the performance metrics, the problem characteristics embedded within the modeling frameworks in the reviewed papers varied substantially. In this section, humanitarian-centric attributes [112]: time, customer demand, and resource (e.g., available vehicles or depots used to meet the goal) were investigated. These frequently used attributes can be further categorized based on the scenario characteristics and problem characteristics proposed by Braekers et al. [34], as shown in Table 8, Table 9 and Table 10.



Time: Time windows (TW) were used in 56% of the selected articles (26 out of 46). These time windows were often imposed on the deadline of visiting each customer (26%) and the maximum duration of each route for each vehicle (32%). These two types of TW were quite often considered together in the reviewed articles, as many tasks are time-sensitive—e.g., fresh food distribution [89], patient transfer [84], or the provision of vaccines or drugs [68] must be finished within a certain time period. TW restrictions on depots, concerning when a vehicle has to return to its origin point, gained less attention (10%) in the reviewed papers, while multiple-period characteristics only appeared in six articles. Regarding the uncertain time parameter, few papers considered stochastic travel time (6%), and stochastic service time was not dealt with in any of the reviewed papers.



Customer demand satisfaction: Concerning the provision of service, precedence and coupling constraints, which may force the pickup site to be visited prior to the delivery site, appeared in 19% of the reviewed articles as presented in Table 9, while a range of articles considered subset-covering constraints (17%)—i.e., customers were assigned and served by intermediate facilities instead of the depot. This is a common assumption when implementing an efficient distribution strategy in order to cover as many visiting nodes as possible. In terms of visiting patterns, most reviewed papers assumed that each customer would be served once by a single vehicle, except in some cases [67,70,75] where split delivery— e.g., multiple visits to a demand node—was allowed to satisfy the strict requirements of fleet size in a large-scale epidemic context. In addition to the split delivery strategy, Shen et al. [67] introduced a strategy in which skipping low-demand customers was allowed in order to satisfy customers’ demand as much as possible.



Resource: Regarding the characteristics of available resources (i.e., vehicles and depots), most of the reviewed papers considered capacitated vehicles, vehicles are seldom assumed uncapacitated, except in two cases where each vehicle could handle any quantity of small-sized goods [91,92]. In addition, most vehicles were assumed to be heterogeneous (32%) in the review articles. Some authors considered multiple-compartment VRP [76], where each kind of product could only be loaded into one vehicle compartment. Collaborative multiple depots were considered in some cases (19%) under emergency conditions. In particular, Pacheco and Laguna [91] and Babaee and Aydın [105] studied cases without a central depot; this enabled more flexibility in optimization and allowed vehicles to start and end their journeys at various locations.




3.5. Solution Methods


Regarding the solution approach applied in the review articles, algorithms, as presented in Table 11, were categorized based on the classification provided by Lin et al. [113] and Laporte [33]. Machine learning (ML) is defined as a solution approach based on supervised, unsupervised, or reinforcement learning technique, and a hybrid solution is defined as a blend among ML, heuristic, metaheuristic, exact, and simulation solution.



Metaheuristic: Significant efforts have been made to develop meta-heuristic solution procedures to solve the VRPs in the pandemic context. The employed methods comprise a variety of population-based algorithms and local search-based procedures. The frequent used metaheuristics are tabu search, and evolutionary algorithm (such as genetic and memetic algorithms). Additionally, in several articles [69,70,75,76,84], multiple metaheuristic implementations were compared on a single data set. In most of the reviewed articles, real instances were used. However, computational comparisons are difficult due to the existence of major differences in performance metrics and problem characteristics. It can be seen that a common assumption for a practical planning problem in delivery operations during a pandemic includes less than 150 demand nodes. The computational run times varied significantly amongst the examined studies, ranging from a second to up to 30 min for each instance, depending on the problem size, programming language, and computing hardware.



Exact methods: Mix integer linear programming (MILP) was predominately implemented using optimization tools such as CPLEX [78,81,82,87,105]. As a result, instances with up to 100 demand nodes were addressed optimally in three hours or less [90]. Additionally, the branch-and-cut-and-price [68], and dynamic programming [80] technique were employed.



Hybrid methods: Combining the advantages of exact method and metaheuristic or heuristic, multiple authors developed hybrid methods, mainly by incorporating integer programming [93,106] to generate customer clusters and linear programming techniques [106] or local search-based methods [52,76] in order to reduce the computational time.



Other methods: Heuristics, simulation, and machine learning were rarely used in the reviewed articles. However, to provide a good solution for VRPs in real time, a biased-randomized heuristic with parallel computing was used to generate the solution within milliseconds [92,107], while deep reinforcement learning was implemented in Tsai et al. [98] to enhance the routing efficiency. To schedule multiple vehicles simultaneously in a dynamic traffic condition, Mook et al. [101] studied the simulation tool of Simio for the purpose of simulating autonomous cars after configuring the routing decision strategy in the road network.



Uncertainty: Considering the uncertainty in VRP operations during a pandemic, the focus was mainly placed on stochastic customer demand [77,79,80,81,88,99]. Therefore, fuzzy chance-constrained programming [81], scenario-based approaches [77], and Monte Carlo simulation [99] were utilized to address the severe demand uncertainty. Another stochastic parameter, travel time, was investigated in Shen et al. [66], and stochastic programming was used to determine the value of travel time. Dynamic events (such as new customer request) were seldom addressed and only mentioned in two articles [88,96]. The route plan was generated using the information available to the decision maker at the time; when new information became available, the route plan was updated via heuristic or metaheuristic techniques.



Multiple objectives: As presented in Table 7, multiple objectives were discussed in a range of articles. Most of these papers adopted a decomposition-based algorithm to transform multi-objectives into one equivalent objective, and the weight of each goal in the objective function can be derived from min-max normalization [70], ML [85], and the decision maker’s experience [66,67,84,85,95]. Note that only one work introduced dynamism in the weights, which were dependent on the real-time information of customers’ request [85]. Other decomposition-based methods such as Chebyshev method [52], Membership function [82] and Goal Programming(GP) [77,81,105] were also utilized to construct a compromising model for solving multi-objectives problems.



Compared with the aforementioned decomposition-based algorithm, Gamchi et al. [80] and Zhao et al. [77] proposed an  ε -constraint method, which is efficient in converting multiple objectives into one, and other objectives become constraints. The numerical experiment indicated that the augmented  ε -constraint method could deliver a better solution in less time compared to the Goal Programming method [77].





4. Pandemic Containment and Vehicle Routing Problem


Our analysis in Section 3.2 revealed that the selected studies on VRPs focused on three broad areas: last-mile logistics, medical waste disposal, and evacuation and patient transportation. In this section, preventive measurements of pandemic control implemented in these topic areas are systematically examined.



Various methods can be used for epidemic control, including quarantine, immunization, and treatment [114,115]. Based on these three control tools and the research topics in our study, four clusters of containment measures were identified. These refer to efficient pharmaceutical delivery, contactless delivery, sustainable waste transportation strategy, and isolated and quarantine vehicle scheduling. One study considering oil transportation [76] during the pandemic situation was excluded from these four themes, while the issue of transporting COVID-19 testing specimens [83] was included in the group of pharmaceutical delivery, since rapid response testing may result in more medications, preventing the further transmission of the virus. In Table 12, the allocation of the different preventive measures used in the selected papers is summarized.



Our analysis shows that many articles discussed only one of these four measures. Others touched on two of the four measures. Among these measures, the majority of these articles (21 articles out of 46) discussed and reported potential medication and medical supplier distribution strategies to mitigate the pandemic’s impact. In this paper, these strategies are grouped under the heading of efficient pharmaceutical delivery. In addition, contactless delivery was also frequently discussed, appearing in 18 articles. Seven of the included articles discussed sustainable transportation strategies for use in medical waste disposal. Finally, six articles discussed non-pharmaceutical interventions for controlling an epidemic, such as isolation, quarantine, and social distancing, when implementing vehicle scheduling. The following sub-sections summarize each of these four measures.



4.1. Efficient Pharmaceutical Delivery


Shortages of medical suppliers (such as face shields) and drugs put citizens and patients at risk during the pandemic. Many strategies have been suggested to significantly improve the responsiveness and efficiency of pharmaceutical distribution.



Given that the pandemic caused spikes in the demand of essential medical suppliers and medications, many researchers suggested using temporary healthcare facilities to distribute vaccines or drugs [68,79,94]. This strategy is effective in meeting the largest levels of demand with scarce resources, as citizens can travel by whatever means available to obtain treatments or medications in a temporary facility. In a low-resource setting (such as situations with a limited number of vehicles), Akwafuo et al. [96] suggested integrating new requests into the originally planned route and prioritizing new demand from the most vulnerable population. In addition, to address the issue of rapid delivery of medical items, especially personal protective equipment [91], some studies suggested employing external vehicles [52,91] or air transport [83,93].



Vaccine distribution is a challenging problem for governments around the world [95]. When vaccines are scarce, it is critical to establish the most effective strategy for prioritizing individual immunization. In addition, the time at which vaccines are delivered to each area has an effect on the regional demand, since any delay in obtaining a vaccine may result in an increase in infected people. In this regard, researchers have developed a route optimization tool [95,97] for efficiently distributing vaccines, as well as simulation tools [80] for estimating the amount of vaccines required based on the priority in each region.




4.2. Contactless Delivery


In the context of the normalization of the pandemic, contactless delivery, which aims to reduce personal contact during a delivery, is becoming more popular. In order to lessen the effect of the COVID-19 pandemic while also ensuring the availability of critical supplies in the last mile, various contactless delivery strategies have been proposed. Among these, home delivery [69,85,89,108] is a critical consideration in the case of lockdown, where goods are distributed to the designated location and customers pick them up themselves [52,69,108]. In addition, self-driving delivery robots have been used to avoid person-to-person contact [87,104,106,107]. In this strategy, having the optimal number of robots is crucial and this number should be determined by analyzing the relative costs and benefits [87]. Furthermore, in order to accelerate the response to the pandemic, traffic conditions in the delivery path must be taken into account [90,109], while cooperative unmanned ground and aerial vehicles [104], electricity-assisted bicycles [100], and joint distribution modes [89] have also been recommended.




4.3. Sustainable Medical Waste Transportation


In the era of COVID-19, the large amount of medical waste generated daily by hospitals is a source of infection, posing a significant threat of virus infection to the public [81]. Therefore, designing an efficient and sustainable transportation strategy for medical waste collection is necessary not only for the control of the current pandemic but also for the prevention of the next outbreak.



To ensure the effective transportation of infectious waste, some researchers have suggested establishing temporary facilities [77,78,81], such as collection, transfer, treatment, and disposal facilities, which may be swiftly changed from regular waste facilities at a low cost. Tirkolaee et al. [81] developed a decision support system (DSS) based on this method and the associated mathematical modeling to assure the harmless and effective disposal of pandemic-related medical waste. Along with implementing an effective waste disposal method, logistics providers also need to identify the least infectious transportation routes [74,78,82]. The risk can be quantified based on the population exposure alone the route. To achieve a more sustainable waste disposal strategy, the collection of contagious and non-infectious waste must be separated [78]; Gao et al. [73] recommended utilizing different visit frequencies for the waste collection according to the grades of the medical facilities involved.




4.4. Isolated and Quarantine Vehicle Scheduling


In an outbreak of a severe pandemic, confirmed and suspected cases must be isolated for medical care immediately to prevent the spread of the virus [75]. Therefore, efficient vehicle scheduling is crucial. When the demand for vehicles is high, Majzoubi et al. [51] suggested allowing emergency medical service vehicles to serve up to two patients instead of one, while Kergosien et al. [88] focused on scheduling vehicles based on the the urgency of demands. To prevent the spread of infectious disease, quarantine vehicles are needed to transfer the high-risk individuals [75,101]. After contagious transportation, the interior of the ambulances needs to be disinfected before another use [84,88]. Focusing on the example of evacuation, one study [98] suggested integrating social distancing strategy with transport operation—e.g., limiting the numbers of passengers allowed in one vehicle.





5. Discussion and Future Research Opportunity


In this section, the uses of VRPs in controlling infectious disease are summarized and critically assessed. Based on the assessment of the reviewed articles, some key areas that remain unexplored and uninvestigated are suggested. To the best of our knowledge, this is the first review article to systematically and methodologically evaluate the research status of pandemic containment measures from a delivery perspective.



5.1. Finding of Descriptive Analysis


Interesting findings emerged from our descriptive analysis, as presented in Table 13, preventive measures and performance metrics used in previous studies differed substantially in different countries.



Regarding studies in Asian countries, the data indicate that the majority of publications examined e-commerce and on-demand delivery strategies, as well as sustainable waste collection strategies, focusing on minimizing the pandemic’s social impact; this was as expected, as most Asian countries have a high population density along with substantial demand for delivery and waste collection. Thus, route optimization is crucial, as it may enhance the transportation efficiency and reduce the risk of the transmission of the virus; however, environmental impacts are seldom discussed.



Studies in developed nations mainly focused on contactless distribution; the most frequently used performance metrics are delivery time and transportation cost. Surprisingly, even in these countries, only two papers used the environmental performance metric in developing their pandemic containment measures. The authors of [90] suggested that retail companies should change their urban mobility plans to deliver orders placed via e-channels. Additionally, they advocated for the promotion of using electric scooters to deliver grocery goods along alternative routes other than bicycles lanes to minimize the transmission risk.



Studies in African and South America countries placed more emphasis on pharmaceutical transportation issues in the context of the pandemic, with the primary challenge being maintaining a pharmacy with essential medications and supplies for the lowest transportation cost possible. Still, environmental issues received little attention.



In general, the transport systems of different countries encountered different challenges, as various nations experienced different infection rates and implemented different measures in response to the pandemic. As a result, adopting tailored distribution tactics for various geographic locations is necessary to combat the COVID-19 pandemic.




5.2. Efficient Pharmaceutical Delivery Methodology


As presented in Table 14, the considered performance metrics varied considerably across the different pharmaceutical transportation problems presented, with a clear emphasis being placed on social factors—e.g., the minimization of response time or the maximization of the unmet customer demand. Nevertheless, the risk factor was rarely considered in the reviewed articles. Additionally, only three articles included environmental factor in their objective function. Due to the critical nature of sustainability in the post-pandemic era, future studies should emphasize the importance of emission reduction or risk minimization.



With respect to model characteristics, most work considered pharmaceutical transportation as a VRPTW with a focus on the time limit of vehicles. Time restrictions on customer location and depot were still lacking in the reviewed papers within this area. While multiple depots were used in a range of articles, the concept of no depot was applied in [91], where volunteers (such as non-profit organizations and citizens) helped in the distribution of medical supplies without returning to the original departure location. To deal with uncertain parameters, the fuzzy method [81,85], robust optimization [79], and chance-constrained programming technique [66,67] were used to estimate the unknown demand and travel time. In terms of parameters that vary dynamically over time, Gamchi et al. [80] utilized a novel simulation model to estimate the amount of vaccine required to control the communicable disease, while Akwafuo et al. [96] applied a three-stage approach to incorporate real-time demand.



Regarding the solution approach, most work used metaheuristic and heuristic approaches to accelerate the generation of a routing plan. Population-based algorithms [52,71,79,85,94,97,103] prevailed in the pharmaceutical transportation problem; heuristics are often used to cluster customers [52,93] or develop a feasible solution first [96,104], followed by the implementation of exact solution procedures [68,80,83] or learning-based algorithms [104] to enhance the solution. Furthermore, the ML technique is utilized in [116] with a focus on the determination of potential depots. Since the performance metrics, problem settings, solution procedures, and test data differed substantially among the reviewed papers, there is no common benchmark that can be used to compare the solutions of the different methodologies.




5.3. Contactless Delivery Methodology


The contactless distribution strategy is able to cover a wide range of application scenarios of VRPs, including food, medication, and commodity transportation. Similar to the pharmaceutical transportation scheme discussed in Section 5.2, the majority of selected articles considered social and economic objectives (see Table 15); nevertheless, only Jiang et al. [70] focused on the minimization of infectious risk in food delivery. This is surprising, as the primary aim of contactless distribution is to prevent the spread of disease.



Concerning problem characteristics, most works addressed the VRP with time windows (VRPTW), and time restrictions on vehicles were frequently used. However, only one work considered time limitation at the depot [86]. What is more, it is not common to see multiple periods being applied to address a more realistic long-term scenario rather than a short-term problem. Heterogeneous vehicles can be seen in a range of articles [68,83,85,87,106]; this is a common assumption that is made to cope with the complex requirements of routing operations during the pandemic, but split delivery is not commonly seen. Jiang et al. [70] pointed out that the use of split delivery might lead to diseases being spread, since it increases the frequency of contact between a vehicle and the community. Although multiple depots were mentioned in just three articles, employing external depots during an emergency pandemic situation is more realistic. The stochastic and dynamic problem settings were rarely considered. Only one study included fuzzy travel time in its model; unexpected events, such as new requested demand locations or demand surge through the expansion of the pandemic, were not found in any of the reviewed articles.



Regarding the solution approach, most works developed hybrid and metaheuristic procedures to generate a near-optimal solution for the contactless distribution problem. A combination of cluster heuristics and exact solutions was also frequently used as a hybrid solution procedure. Here, numerous clustering techniques were employed, such as k-means [89] and set partition [93]. Additionally, Mehlawat et al. [85] developed a hybrid technique integrating metaheuristics and machine learning in order to determine weights in multi-objective situations.



Implemented metaheuristics mainly focused on population-based algorithms, such as artificial bee colony algorithms [69], genetic algorithms [52,85,100], and ant colony algorithms [102,109]. To provide a real-time solution for distributing urgently needed drugs, Martins et al. [107] suggested the use of a constructive heuristic in combination with parallel computing; the outcome was then compared with the implemented metaheuristic when solving both small- and large-sized cases. Although plenty of solution approaches were adapted to solve the contactless delivery problem, there was no consensus regarding the optimal solution technique.




5.4. Sustainable Waste Transportation Methodology


Table 16 presents the metrics considered in each of the selected articles related to waste transportation. In contrast to the previous two application area, where most articles focused on cost reduction or time reduction, the majority of the examined articles in this subject tended to concentrate on risk reduction (6 out of 7 articles). However, since none of these publications incorporated factors such as unmet demand or customer satisfaction in their objective function, there is a scarcity of customer-centric evaluations in this research field. Furthermore, reducing vehicle emissions was only mentioned in one publication in this field. As a result, future research should focus more on environmental and human-centric issues in order to build a more sustainable waste transportation system.



In terms of model characteristics, the periodic VRP with time window was found to be frequently studied in the field of infectious waste transportation; often, the time window herein was specified as the priority of services for health clinics or hospitals with a different range of risks [74,81]. Given the dynamic nature of periodic planning, only two articles were discovered. Tirkolaee et al. [81] investigated uncertain demand (e.g., medical waste) using a fuzzy chance-constrained programming technique, while Zhao et al. [77] estimated uncertain demand using a set of scenarios according to the actual circumstances. Other dynamic problem settings such as new demand locations and dynamic traffic conditions were not reported in the reviewed articles.



Other commonly investigated mode in infectious waste transportation includes multi-echelon VRP [73,74,77] and location and routing VRP [77,78,81]. The former mode was applied when infectious waste generated in a small clinic was first transferred to collection stations and then transported to the disposal center. In contrast, the latter mode focused on locating temporary facilities to provide cost-efficient or timely waste collection services.



The exact solution procedure was predominately conducted (5 out of 7 articles) in studies on waste collection. Within seven hours of computing time, randomly created cases with up to 89 clients were solved until an optimal solution was found [105]. Additionally, the metaheuristic of particle swarm was employed to solve large-scale instances (up to 145 demand nodes). A good solution can be obtained with an average computation time of 6.5 min [74]. Notably, the hybrid solution procedure, which cannot be seen in the reviewed papers, may provide a more effective solution for a large-scale issue.




5.5. Isolated and Quarantine Transportation Methodology


As shown in Table 17, studies on passenger transportation have used various social and economic performance criteria to assess the quality of transportation strategies, including trip time, transport-related cost, customer demand, and infectious risk, to minimize the impact of infectious illness. Notably, the infectious risk formulation differed from that in Section 5.4; in this case, M. Zhang et al. [75] estimated the infectious risk based on the entire waiting time for suspected patients prior to loading them into a vehicle. In addition, it is worth mentioning that there was a lack of research on emission reduction in this field. As a result, future research may take the environmental factor into account in order to create a more sustainable transportation system.



Regarding the problem characteristics and the solution methods, most articles modeled the patient transportation problem as a DARP, where each patient has pickup and drop-off points with associated service time frame. After transporting a patient with an infectious illness, a vehicle must be disinfected, which may be regarded as setup time for the subsequent transport assignment. To address real-time patient requests, Kergosien et al. [88] created a modeling framework based on adaptive memory and a tabu search technique, while Majzoubi et al. [51] devised a simulated annealing approach. Within five seconds, these two approaches can generate efficient solutions for large-size instances (between 132 and 200 demand nodes). In addition to DARP model, other articles in this scope of research used the Capacitated VRP model to capture the characteristics of the passenger transportation problem. A WWO (water wave optimization)-based metaheuristic [75] and DNN (Deep Neural Network)-based solution procedure [98] have been applied to implement transportation strategies. The former solution approach has shown success in controlling the pandemic, while the latter can provide a more efficient routing plan than the sweep algorithm. Notably, the general framework used for applying machine learning as a solution method is inadequate; this has resulted in some promising areas for future study.




5.6. Future Research Opportunities


Despite the fact that certain VRP applications have already been incorporated into pandemic control strategies, the field of epidemics control VRP remains a promising research area, since a plethora of research gaps has been identified. Several potential future directions for research activities could be considered including the following:



The development of customized strategies: During the containment effort of the COVID-19 pandemic, since different affected areas may encounter diverse transportation challenges, selecting an optimal combination of delivery strategies should be explored. For example, contactless strategies could be integrated with other epidemic control delivery approaches, and a better understanding of how contactless delivery strategies ultimately influence the social and environmental efficiency of pharmaceutical or garbage transportation is necessary. Furthermore, in the context of COVID-19, delivery strategies for epidemic control after natural catastrophes such as floods, hurricanes, and earthquakes should be explored.



The integration of risk performance metrics: The complex nature of epidemic containment efforts calls for an ideal combination of performance indicators, ensuring better disease mitigation measures. Although some research efforts have been undertaken with multiple performance metrics, a tailored epidemic control metric (e.g., reduction in infectious risk) is still lacking in most reviewed papers. Therefore, future research methodologies should include strategies for mitigating infectious risk alongside other success indicators (cost-oriented, time-oriented, environmental-centric metrics, etc.).



Sustainability considerations: Climate change could serve as a catalyst for the spread of the pandemic [117,118,119]. Therefore, the implementation of a green transportation system is critical in order to reduce the virus’s spread. However, existing research often omits environmental criteria and fails to account for the three pillars of sustainability: economic, ecological, and social [110]. As a consequence, it would be beneficial to investigate the environmental impact of each delivery strategy studied in our work in order to develop a more sustainable vehicle routing operation.



VRP modeling with more realistic assumptions: Future research methodologies should contain more realistic characteristics. For example, multi-period planning is crucial for preventing pandemic transmission; thus, future modeling procedures should be based on a long-term framework. In addition, split delivery strategies may increase the frequency of contact between different parties, and future research can eliminate this unrealistic feature even if it may result in an increase in transportation cost. Furthermore, there are no generalizable methods for valuing transmission risk. Thus, future research should focus on developing particular measurement for transmission risk.



Stochasticity and dynamicity: Stochastic parameters (e.g., service time, travel time, and client demand) were overlooked in most of the studied publications. When no historical data exist for these uncertain parameters, fuzzy approaches are often utilized to estimate their values. On the other hand, if historical data for these parameters are given in advance, future research may be able to concentrate on how to include machine learning (such as supervised methods) into the estimation process. When dealing with dynamic parameters, it is necessary to establish a framework for dynamic modeling in order to develop a robust solution approach.



Combination of metaheuristics and ML: For rapidly addressing large-scale cases, several hybrid solutions have been developed using machine learning-based clustering algorithms (unsupervised approaches) and metaheuristics. However, clients are often clustered according to their geographical locations. When clustering algorithms are used to solve a real-world issue, it may be beneficial to integrate extra features (such as demand items or time frames).



Decision support system: During the post-pandemic era, establishing a user-friendly and comprehensive routing optimization tool may aid in the deployment of delivery operations for the purpose of containing a disease outbreak. The established DSS should give more insights into which preventative delivery strategies are most beneficial in particular application scenarios.





6. Conclusions


This literature review systematically examined the existing articles on VRPs during the epidemic. Our focus was on the application of VRPs in controlling the spread of the pandemic, and numerous themes emerged: efficient pharmaceutical delivery, contactless distribution, sustainable waste transportation, and isolated and quarantined vehicle scheduling. Following that, three criteria were utilized to assess the methodology used to carry out each delivery operation: I. Performance indicators for evaluating sustainability. II. Problem features and operational constraints used in pandemic containment delivery strategies. III. Approaches for solving different variants of VRPs. The results indicated that optimizing delivery operations is crucial during containment attempts because it mitigates transmission risk and strengthens the transportation system. Finally, based on the research gaps identified in the discussion section, a future study path was proposed.



While our research contributes to this field of study, it does have certain limitations. First, only English-language journal papers and conference proceedings, published before 20 December 2021, were considered. Theses, books, book chapters, and unpublished articles were omitted. As a consequence, the summary provided in this research may not accurately represent all available information on the issue. Second, online database searching for publications did not include particular publishers such as Elsevier. Hence, some additional items may be overlooked. Finally, VRP applications in home health care, supply chain management, inventory scheduling, production management, and animal disease control, was excluded in our research.
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Figure 1. Search methodology. 
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Figure 2. Research methodology. 
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Figure 3. Subject areas of the analyzed articles. 
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Figure 4. Distribution of articles over time. 
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Table 1. A landscape of VRP variants.
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	1959
	Capacitated VRP [14]



	1966–1969
	Time-dependent VRP [15]; multi-depot [16]; stochastic VRP [16]



	1973–1977
	Location routing problem [17]; periodic VRP [18]; dynamic VRP [19]; pickup and delivery problem [35]; VRP with time windows [20]



	1983–1989
	Inventory routing problem [21]; fleet size and mix VRP [36]; generalized VRP [37]; humanitarian VRP [38]; split-delivery VRP [39]



	1995–2000
	Fuzzy VRP [22]; open VRP [23]



	2001–2005
	VRP for perishable goods [40]; VRP with loading constraints [41]



	2006–2010
	Multi-echelon VRP [24]; green VRP [28]



	2011–2015
	Pollution routing problem [30]; electric-vehicle VRP [29]; drones routing [31]; share VRP [25]



	2016–2020
	Hybrid VRP [42]; crowd-sourced deliveries [32]
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Table 2. Review papers on VRPs related to disaster management.
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	Reference, Year
	Research Content
	Finding





	[43], 2012
	Disaster relief routing
	Risk-averse behavior in VRPs has not been well investigated.



	[44], 2014
	Disaster relief routing
	There is a need for a better understanding of the impact of humanitarian goals on various types of disaster assistance situations.



	[46], 2016
	Uncertainties in humanitarian operation
	Modeling uncertainties should remain the focus of future research activities.



	[45], 2021
	Humanitarian operations: supply and delivery, evacuation, rescue operations
	Slow onset disasters deserve more attention to contribute to humanitarian operations.
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Table 3. The search string utilized on the online database.
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	Database
	Search String





	Scopus
	( TITLE-ABS-KEY (“vehicle routing”) OR TITLE-ABS-KEY (“route”) OR TITLE-ABS-KEY (“routing”) OR TITLE-ABS-KEY (“delivery”) OR TITLE-ABS-KEY (“transportation”)) AND (TITLE-ABS-KEY (“disease”) OR TITLE-ABS-KEY (“epidemic”) OR TITLE-ABS-KEY (“pandemic”) OR TITLE-ABS-KEY (“COVID-19”) OR TITLE-ABS-KEY (“coronavirus”) OR TITLE-ABS-KEY (“virus”) OR TITLE-ABS-KEY (“contagious”) OR TITLE-ABS-KEY (“infectious”)) AND (TITLE-ABS-KEY (“optimization”) OR TITLE-ABS-KEY (“algorithm”) OR TITLE-ABS-KEY (“mathematic”) OR TITLE-ABS-KEY (“heuristic”))



	Web of Science
	TS = st((“vehicle routing” OR “delivery” OR “transportation” OR “route” OR “routing”) AND (“disease” OR “epidemic” OR “pandemic” OR “COVID-19” OR “coronavirus” OR “SARS” OR “infectious” OR “contagious” OR “influenza” OR “H1N1” OR “virus”) AND (“optimization” OR “algorithm” OR “mathematic” OR “heuristic”))
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Table 4. Distribution of articles across journals.
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	Source Title
	Number of Articles





	IEEE Transactions on Engineering Management
	3



	Mathematical Problems in Engineering
	3



	Computers & Industrial Engineering
	2



	Networks
	2



	International Transactions in Operational Research
	2



	Advances in Science, Technology and Engineering Systems
	1



	Discrete Applied Mathematics
	1



	European Journal of Operational Research
	1



	International Journal of Contemporary Hospitality Management
	1



	International Journal of Environmental Research and Public Health
	1



	International Journal of Intelligent Systems
	1



	Journal of Advanced Transportation
	1



	Journal of Cleaner Production
	1



	Journal of Combinatorial Optimization
	1



	Journal of Global Optimization
	1



	Journal of Heuristics
	1



	Journal of Humanitarian Logistics and Supply Chain Management
	1



	Journal of Traffic and Transportation Engineering (English Edition)
	1



	Omega
	1



	Optimization Letters
	1



	OR Spectrum
	1



	Production
	1



	Science of the Total Environment
	1



	Scientific Programming
	1



	Scientific Reports
	1



	Springer Optimization and Its Applications
	1



	Transportation Letters
	1



	Transportation Research Interdisciplinary Perspectives
	1



	Transportation Research Part E
	1



	Waste Management and Research
	1



	Conference
	9



	Total
	46
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Table 5. Distribution of articles by geographical area.
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	Area of Study
	Number of Articles
	References
	Year





	China
	11
	[69,70,71]
	2020



	
	
	[72,73,74,75,76,77,78,79]
	2021



	Iran
	2
	[80,81]
	2021



	Turkey
	2
	[82,83]
	2021



	Hongkong
	1
	[84]
	2015



	India
	1
	[85]
	2021



	Indonesia
	1
	[86]
	2021



	Korea
	1
	[87]
	2021



	Total Asian countries
	19
	
	



	France
	1
	[88]
	2011



	German
	1
	[89]
	2021



	Italy
	1
	[90]
	2021



	Spain
	2
	[91]
	2020



	
	
	[92]
	2021



	Total European countries
	5
	
	



	DR Congo
	1
	[93]
	2017



	Morocco
	1
	[94]
	2020



	Mozambique
	1
	[95]
	2021



	Nigeria
	1
	[96]
	2020



	Total African countries
	4
	
	



	Brazil
	1
	[97]
	2021



	USA
	1
	[98]
	2021



	Colombia
	1
	[99]
	2021



	Total American countries
	3
	
	



	Australia
	1
	[100]
	2021



	Total Oceania countries
	1
	
	



	Others without indicating
	14
	[66,67]
	2009



	specific area
	
	[68]
	2014



	
	
	[101]
	2019



	
	
	[102,103,104]
	2020



	
	
	[51,52,105,106,107,108,109]
	2021



	Total
	46
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Table 6. Application scenarios of VRPs in the pandemic context.
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	Application Scenarios
	Number of Articles
	References





	Last-mile logistics:
	33
	



	• Vaccine or drug distribution
	7
	[68,80,93,94,95,97,107]



	• Medical supplier distribution
	10
	[52,66,67,72,91,92,96]



	
	
	[71,79,99]



	• Commodity distribution
	8
	[85,86,90,100,106,108]



	
	
	[103,104]



	• Food distribution
	5
	[69,70,89,102,109]



	• Oil distribution
	1
	[76]



	• Room service
	1
	[87]



	• Testing specimen distribution
	1
	[83]



	Waste disposal:
	7
	[73,74,77,78,81,82,105]



	Patient transportation and evacuation:
	6
	



	• Evacuation
	1
	[98]



	• Patient transportation
	5
	[51,75,84,88,101]



	Total
	46
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Table 7. Performance metrics used in the selected articles.
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	Performance Metrics
	Counts
	Reference





	Economic performance:
	9
	



	Transport-related cost
	9
	[86,87,88,93,96,108]



	
	
	[71,99,102]



	Social performance:
	23
	



	(1) Response time
	13
	[73,83,89,100,106,107]



	
	
	[51,91,97,98,101,103,104]



	(2) Public health (risk of infection)
	2
	[74,75]



	(3) Customer demand
	1
	[68]



	(4) Satisfaction
	1
	[69]



	(5) Response time + customer demand
	3
	[66,67,72]



	(6) Response time + public health
	3
	[81,82,108]



	Multiple performance metrics:
	14
	



	(1) Economic and social dimensions
	8
	



	• Cost + time
	(3)
	[76,94,95]



	• Cost + demand
	(1)
	[84]



	• Cost + public health
	(3)
	[77,78,80]



	• Cost + time + demand
	(1)
	[79]



	(2) Economic and environmental dimensions
	2
	[74,90]



	(3) Social and environmental dimensions
	2
	[85,92]



	(4) Economic, social, and environmental dimensions
	2
	[105,109]



	Total
	46
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Table 8. Overview of time characteristics in absolute numbers.






Table 8. Overview of time characteristics in absolute numbers.










	Time Characteristics
	Numbers
	Reference





	Time windows
	26
	



	• Restriction on customer
	12
	[51,69,73,74,88,106]



	
	
	[66,67,76,81,84,109]



	• Restriction on depot
	5
	[51,76,78,86,98]



	• Restriction on vehicle/driver
	15
	[68,69,85,87,89,107]



	
	
	[76,81,83,84,95,102]



	
	
	[92,96,104]



	Multi-horizon
	6
	[73,78,79,81,88,93]



	Uncertain travel time
	3
	[66,67,85]
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Table 9. Overview of demand characteristics in absolute numbers.
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	Demand Characteristics
	Numbers
	Reference





	Uncertain demand quantity
	8
	[72,77,79,80,81,88,96,99]



	Precedence and coupling constraint
	9
	[69,81,83,84,88,91,93,105,107]



	Subset covering constraint
	8
	[68,73,74,77,79,94,99,106]



	Split delivery
	5
	[67,70,72,75,78]
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Table 10. Overview of resource characteristics in absolute numbers.
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	Resource Characteristics
	Numbers
	Reference





	Multiple depots
	9
	[52,68,71,76,78,83,94,96,99]



	Rental vehicles
	4
	[52,88,105,109]



	No depots
	2
	[91,105]



	Heterogeneous vehicles
	15
	[66,67,68,75,77,78,81,83,85,86,87,88,90,96,102,105,106]
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Table 11. Solution methods used in the reviewed papers.
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	Solution Approach
	Numbers
	Publication Reference





	Metaheuristics:
	20
	



	• Local search
	8
	[51,66,67,86,88,91,97,108]



	• Population search
	12
	[69,70,71,73,74,75,79,84,100,102,103,109]



	Exact:
	10
	[68,72,77,78,80,81,82,83,87,105]



	Heuristics:
	4
	[92,95,96,107]



	Machine learning:
	1
	[98]



	Simulation:
	1
	[101]



	Hybrid:
	10
	



	• Exact + heuristics
	2
	[93,106]



	• Exact + meta
	1
	[90]



	• Exact + ML
	1
	[89]



	• Meta + heuristics
	2
	[52,76]



	• Meta + ML
	2
	[85,94]



	• Meta + simulation
	1
	[99]



	• Heuristics + ML
	1
	[104]



	Total
	46
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Table 12. Preventive measures used to contain the pandemic.
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	Preventive Measures
	Number of Articles
	References





	Efficient pharmaceutical delivery
	21
	[52,66,67,68,71,93,94,107]



	
	
	[72,80,83,85,91,95,96]



	
	
	[79,92,97,99,103,104]



	Contactless delivery
	18
	[68,69,89,90,93,106,107]



	
	
	[52,70,83,85,87,108,109]



	
	
	 [86,100,102,104]



	Sustainable waste transportation
	7
	[73,74,77,78,81,82,105]



	Isolated and quarantine vehicle scheduling
	6
	[51,75,84,88,98,101]
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Table 13. Summary of the reviewed papers based on the countries, measures, and metrics used.
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Country

	
Reference

	
Measures

	
Eco

	
Social

	
Env




	

	

	
C

	
E

	
W

	
I

	

	
T

	
D

	
R

	
S

	






	
China

	
[69]

	
√

	

	

	

	

	

	

	

	
√

	




	

	
[72]

	

	
√

	

	

	

	
√

	
√

	

	

	




	

	
[73]

	

	

	
√

	

	

	
√

	

	

	

	




	

	
[78]

	

	

	
√

	

	
√

	

	

	

	

	




	

	
[74]

	

	

	
√

	

	

	

	

	
√

	

	




	

	
[79]

	

	
√

	

	

	
√

	
√

	
√

	

	

	




	

	
[75]

	

	

	

	
√

	

	

	

	
√

	

	




	

	
[70]

	
√

	

	

	

	
√

	

	

	
√

	

	




	

	
[71]

	

	
√

	

	

	
√

	

	

	

	

	




	

	
[77]

	

	

	
√

	

	
√

	

	

	

	

	




	
Iran

	
[80]

	

	
√

	

	

	
√

	

	

	
√

	

	




	

	
[81]

	

	

	
√

	

	

	
√

	

	
√

	

	




	
Turkey

	
[82]

	

	

	
√

	

	

	
√

	

	
√

	

	




	

	
[83]

	
√

	
√

	

	

	

	
√

	

	

	

	




	
Hongkong

	
[84]

	

	

	

	
√

	
√

	

	
√

	

	

	




	
India

	
[85]

	
√

	
√

	

	

	

	
√

	
√

	

	

	
√




	
Indonesia

	
[86]

	
√

	

	

	

	
√

	

	

	

	

	




	
Korea

	
[87]

	
√

	

	

	

	
√

	

	

	

	

	




	
Asia

	

	
6

	
6

	
6

	
2

	
9

	
7

	
4

	
8

	
1

	
1




	
Australia

	
[100]

	
√

	

	

	

	

	
√

	

	

	

	




	
France

	
[88]

	

	

	

	
√

	
√

	

	

	

	

	




	
German

	
[89]

	
√

	

	

	

	

	
√

	

	

	

	




	
Italy

	
[90]

	
√

	

	

	

	
√

	

	

	

	

	
√




	
Spain

	
[91]

	

	
√

	

	

	

	
√

	

	

	

	




	

	
[92]

	

	
√

	

	

	

	
√

	

	

	

	
√




	
USA

	
[98]

	

	

	

	
√

	
√

	

	

	

	

	




	
Developed countries

	

	
3

	
2

	
0

	
2

	
3

	
4

	
0

	
0

	
0

	
2




	
Brazil

	
[97]

	

	
√

	

	

	

	
√

	

	

	

	




	
Colombia

	
[99]

	

	
√

	

	

	
√

	

	

	

	

	




	
DR Congo

	
[93]

	
√

	
√

	

	

	
√

	

	

	

	

	




	
Morocco

	
[94]

	

	
√

	

	

	

	
√

	
√

	

	

	




	
Mozambique

	
[95]

	

	
√

	

	

	
√

	
√

	

	

	

	




	
Nigeria

	
[96]

	

	
√

	

	

	
√

	

	

	

	

	




	
South America and Africa

	

	
1

	
6

	
0

	
0

	
5

	
3

	
0

	
0

	
0

	
0
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Table 14. Methodologies used in pharmaceutical delivery.
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Lead Author

	
C

	
Social

	
E

	
Model Characteristics

	
U

	
Solution




	
T

	
D

	
R

	
S

	
a

	
b

	
c

	
d

	
e

	
f

	
g

	
Ex

	
M

	
H

	
Ml

	
Hy






	
Shen (2009a) [66]

	

	
√

	
√

	

	

	

	
√

	

	

	

	

	

	

	
√

	

	
√

	

	

	




	
Shen (2009b) [67]

	

	
√

	
√

	

	

	

	
√

	

	

	

	

	
√

	

	
√

	

	
√

	

	

	




	
Ceselli (2014) [68]

	

	

	
√

	

	

	

	

	

	
√

	

	
√

	

	
√

	

	
√

	

	

	

	




	
Clarke (2017) [93]

	
√

	

	

	

	

	

	

	

	

	
√

	

	

	

	

	
√

	

	
√

	

	
√




	
Akwafuo (2020) [96]

	
√

	

	

	

	

	

	

	

	
√

	

	
√

	

	

	
√

	

	

	
√

	

	




	
EL Midaoui (2020) [94]

	
√

	
√

	

	

	

	

	

	

	

	

	
√

	

	
√

	

	

	
√

	

	
√

	
√




	
Gao (2020) [104]

	

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	

	
√

	
√

	
√




	
Muslu (2020) [103]

	

	
√

	

	

	

	

	

	

	

	

	

	

	

	

	

	
√

	

	

	




	
Pacheco (2020) [91]

	

	
√

	

	

	

	

	

	

	

	

	

	

	

	

	

	
√

	

	

	




	
Calvet (2020) [92]

	

	
√

	

	

	

	
√

	

	

	
√

	

	

	

	

	

	

	

	
√

	

	




	
Gai (2021) [72]

	

	
√

	
√

	

	

	

	

	

	

	

	

	
√

	

	
√

	
√

	

	

	

	




	
Gamchi (2021) [80]

	
√

	

	

	
√

	

	

	

	

	

	

	

	

	

	
√

	
√

	

	

	

	




	
Huilin (2021) [52]

	
√

	

	

	

	

	
√

	

	

	

	

	
√

	

	

	

	

	
√

	
√

	

	
√




	
Long (2021) [79]

	
√

	
√

	
√

	

	

	

	

	

	

	
√

	

	

	
√

	
√

	

	
√

	

	

	




	
Martinez-Reyes (2021) [99]

	
√

	

	

	

	

	

	

	

	

	

	
√

	

	
√

	
√

	

	
√

	

	

	
√




	
Martins (2021) [107]

	

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	

	
√

	

	




	
Mehlawat (2021) [85]

	

	
√

	
√

	

	

	
√

	

	

	
√

	

	

	

	

	
√

	

	
√

	

	
√

	
√




	
Ozkan (2021) [83]

	

	
√

	

	

	

	

	

	

	
√

	

	
√

	

	

	

	
√

	

	

	

	




	
Petroianu (2021) [95]

	
√

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	

	
√

	

	




	
Rodrigues (2021) [97]

	

	
√

	

	

	

	

	

	

	

	

	

	

	

	

	

	
√

	

	

	




	
Wu (2021) [71]

	
√

	

	

	

	

	

	

	

	

	

	
√

	

	

	

	

	
√

	

	

	




	
Sum

	
9

	
14

	
6

	
1

	
0

	
3

	
2

	
0

	
8

	
2

	
7

	
2

	
4

	
5

	
8

	
11

	
7

	
3

	
6








C: cost; E: pollutant emission; T: response time; D: demand; R: transmission risk; S: customer satisfaction; a: time restriction on customers; b: time restriction on depot; c: time restriction on vehicle or route; d: multi-horizon; e: multi-depot; f: split delivery; g: multi-echelon; U: uncertain parameters; Ex: exact method; M: metaheuristic; H: heuristic; ML: machine learning; Hy: hybrid method.
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Table 15. Methodologies used in contactless delivery.
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Lead Author

	
C

	
Social

	
E

	
Model Characteristics

	
U

	
Solution




	
T

	
D

	
R

	
S

	
a

	
b

	
c

	
d

	
e

	
f

	
g

	
Ex

	
M

	
H

	
Ml

	
Hy






	
Ceselli (2014) [68]

	

	

	
√

	

	

	

	

	

	
√

	

	
√

	

	
√

	

	
√

	

	

	

	




	
Clarke (2017) [93]

	
√

	

	

	

	

	

	

	

	

	
√

	

	

	

	

	
√

	

	
√

	

	
√




	
D.Chen (2020) [69]

	

	

	

	

	
√

	

	
√

	

	
√

	

	

	

	

	

	

	
√

	

	

	




	
Gao (2020) [104]

	

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	

	
√

	
√

	
√




	
Jin (2020) [102]

	
√

	

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	
√

	

	

	




	
Y.Jiang (2020) [70]

	
√

	

	

	
√

	

	

	

	

	

	

	

	
√

	

	

	

	
√

	

	

	




	
Ayu (2021) [86]

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	

	
√

	

	

	




	
Breitbarth (2021) [89]

	

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	
√

	

	

	
√

	
√




	
Cerrone (2021) [90]

	
√

	

	

	

	

	
√

	

	

	

	

	

	

	

	

	
√

	
√

	

	

	
√




	
C.Chen (2021) [106]

	

	
√

	

	

	

	

	
√

	

	

	

	

	

	
√

	

	
√

	

	

	

	
√




	
Huilin (2021) [52]

	
√

	

	

	

	

	
√

	

	

	

	

	
√

	

	

	

	

	
√

	
√

	

	
√




	
Le (2021) [100]

	

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	
√

	

	

	




	
Lee (2021) [87]

	
√

	

	

	

	

	

	

	

	
√

	

	

	

	

	

	
√

	

	

	

	




	
L.Jiang (2021) [108]

	
√

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
√

	

	

	




	
Martins (2021) [107]

	

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	

	
√

	

	




	
Mehlawat (2021) [85]

	

	
√

	
√

	

	

	
√

	

	

	
√

	

	

	

	

	
√

	

	
√

	

	
√

	
√




	
Ozkan (2021) [83]

	

	
√

	

	

	

	

	

	

	
√

	

	
√

	

	

	

	
√

	

	

	

	




	
Wu (2021) [109]

	
√

	

	

	

	
√

	
√

	
√

	

	

	

	

	

	

	

	

	
√

	

	

	




	
Sum

	
9

	
7

	
2

	
1

	
2

	
4

	
3

	
1

	
10

	
1

	
3

	
1

	
2

	
1

	
7

	
10

	
4

	
3

	
7








C: cost; E: pollutant emission; T: response time; D: demand; R: transmission risk; S: customer satisfaction; a: time restriction on customers; b: time restriction on depot; c: time restriction on vehicle or route; d: multi-horizon; e: multi-depot; f: split delivery; g: multi-echelon; U: uncertain parameters; Ex: exact method; M: metaheuristic; H: heuristic; ML: machine learning; Hy: hybrid method.
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Table 16. Methodologies used in sustainable waste transportation.
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Lead Author

	
C

	
Social

	
E

	
Model Characteristics

	
U

	
Solution




	
T

	
D

	
R

	
S

	
a

	
b

	
c

	
d

	
e

	
f

	
g

	
Ex

	
M

	
H

	
Ml

	
Hy






	
Babaee (2021) [105]

	
√

	

	

	
√

	

	
√

	

	

	

	

	
√

	

	

	

	
√

	

	

	

	




	
Eren (2021) [82]

	

	
√

	

	
√

	

	

	

	

	

	

	

	

	

	

	
√

	

	

	

	




	
Gao (2021) [73]

	

	
√

	

	

	

	

	
√

	

	

	
√

	

	

	
√

	

	

	
√

	

	

	




	
Govindan (2021) [78]

	
√

	

	

	
√

	

	

	

	
√

	

	
√

	
√

	
√

	

	

	
√

	

	

	

	




	
Haolin (2021) [74]

	

	

	

	
√

	

	

	
√

	

	

	

	

	

	
√

	

	

	
√

	

	

	




	
Tirkolaee (2021) [81]

	

	
√

	

	
√

	

	

	
√

	

	
√

	
√

	

	

	

	
√

	
√

	

	

	

	




	
Zhao (2021) [77]

	
√

	

	

	
√

	

	

	

	

	

	

	

	

	
√

	
√

	
√

	

	

	

	




	
Sum

	
3

	
3

	
0

	
6

	
0

	
1

	
3

	
1

	
1

	
3

	
2

	
1

	
3

	
2

	
5

	
2

	
0

	
0

	
0








C: cost; E: pollutant emission; T: response time; D: demand; R: transmission risk; S: customer satisfaction; a: time restriction on customers; b: time restriction on depot; c: time restriction on vehicle or route; d: multi-horizon; e: multi-depot; f: split delivery; g: multi-echelon; U: uncertain parameters; Ex: exact method; M: metaheuristic; H: heuristic; ML: machine learning; Hy: hybrid method.
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Table 17. Methodologies used in isolated and quarantine vehicle scheduling.
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Lead Author

	
C

	
Social

	
E

	
Model Characteristics

	
U

	
Solution




	
T

	
D

	
R

	
S

	
a

	
b

	
c

	
d

	
e

	
f

	
g

	
Ex

	
M

	
H

	
Ml

	
Hy






	
Kergosien (2011) [88]

	
√

	

	

	

	

	

	
√

	

	

	
√

	

	

	

	
√

	

	
√

	

	

	




	
Z.Zhang (2015) [84]

	
√

	

	
√

	

	

	

	
√

	

	
√

	

	

	

	

	

	

	
√

	

	

	




	
Mook (2019) [101]

	

	
√

	

	

	

	

	

	

	

	

	

	

	

	
√

	

	

	

	

	




	
M.Zhang (2020) [75]

	

	

	

	
√

	

	

	

	

	

	

	

	
√

	

	

	

	
√

	

	

	




	
Majzoubi (2021) [51]

	

	
√

	

	

	

	

	
√

	
√

	

	

	

	

	

	

	

	
√

	

	

	




	
Tsai (2021) [98]

	
√

	

	

	

	

	

	

	
√

	

	

	

	

	

	

	

	

	

	
√

	




	
Sum

	
3

	
2

	
1

	
1

	
0

	
0

	
3

	
2

	
1

	
1

	
0

	
1

	
0

	
2

	
0

	
4

	
0

	
1

	
0








C: cost; E: pollutant emission; T: response time; D: demand; R: transmission risk; S: customer satisfaction; a: time restriction on customers; b: time restriction on depot; c: time restriction on vehicle or route; d: multi-horizon; e: multi-depot; f: split delivery; g: multi-echelon; U: uncertain parameters; Ex: exact method; M: metaheuristic; H: heuristic; Ml: machine learning; Hy: hybrid method.
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