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Abstract

:

The objective of this paper is to understand the interactions and functioning of the transportation of people and goods in the urban environment, and to propose an evaluation model in terms of sustainability and integrated transportation. Firstly, an in-depth literature review allowed us to understand the interactions and functioning of transport of people and goods in the urban environment, verifying the main initiatives to promote sustainability. The model was developed through a multi-criteria decision analysis methodology consisting of the application of Analytic Hierarchy Process (AHP) in a system specially developed for remote evaluation of the hierarchical model. The index was then applied to São Paulo, where two distinct periods were considered, and the results provided an assessment of the evolution of the city regarding the sustainability and integration of the passenger and freight systems. The conclusions indicate improve in the sustainability of the urban transport and logistics in the city, highlighting the importance of incentives to the use of active modes of transport and the communication channel with population.
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1. Introduction


The United Nations Conference on Sustainable Development, also known as Rio + 20, highlighted sustainable transport as the most important topic in sustainable development, which has led many countries to take concrete actions towards the matter [1]. One of the major barriers to achieving sustainable transport in cities is still the preference for cars [2,3,4]. The fostering of eco-friendly means of transport, such as walking, cycling, and public transport, can be an effective way of developing more sustainable mobility systems [5].



The intention to achieve sustainable development has been responsible for changes in the understanding and planning of the urban environment. Among the actions discussed by the government, the academic community, and the population, the following ones stand out: (i) a concern regarding the disorderly growth of cities, added to unfinished works which waste resources, and the failure in meeting the population’s needs [6,7]; (ii) environmental degradation caused by pollution, noise, and scarcity of green areas and open spaces [8,9,10]; (iii) social inequality evidenced by the disparity in access to opportunities, and also urban spatial segregation [3,11,12]; and (iv) urban mobility issues, which hinder both passenger and freight transport [5,13,14,15].



The current transport planning approach recognizes that collaboration between disciplines and political sectors, the engagement of actors, and public acceptance are key factors for progress, requiring the planning process to become an oriented activity towards communication, forcing the adoption of techniques for conflict mediation and the communication with non-specialists [16]. Due to the complexity of decisions in the development of transport systems, since there are several criteria to be considered and a viable final decision to be made, multi-criteria decision-making (MCDM) is often used [17].



Problems related to the conditions of urban mobility are magnified by the inefficiency of the integration between urban and transport planning [18]. It is necessary to consider freight and passenger urban transport systems in a more holistic way, that is, as a single urban mobility system [19]. The idea is to combine freight and passenger flows with urban network resources (infrastructures, vehicles, etc.) to optimize the global urban mobility system’s efficiency.



Integrated planning directly impacts the quality of life of the population, through the reduction of pollutant emissions, improving human health and the health of ecosystems and agriculture, and also mitigating climate change [20,21]. It is needed to promote transport infrastructure and the development of services to, support economic growth and social equity. However, there are no integrated management models representing this complex system in the literature yet, when considering the simultaneous sharing of infrastructure, to be used in urban mobility planning, including freight and passenger flows [22].



In this context, the objective of this paper is to understand the interactions and functioning of the transportation of people and goods in the urban environment, as well as to propose an evaluation model in terms of sustainability and integrated transportation that allows monitoring of initiatives that promote sustainable mobility. Thus, the follow up of these actions from both government and private initiative makes possible the suggestion in what initiatives, or public policies, and investments would be more effective.



The following sections approach the methods used, as well as the literature needed to understand the paper and the process of building the proposal model, finishing with the application of the model in the city of São Paulo, Brazil.




2. Materials and Methods


The research was carried out according to the flowchart, illustrated in Figure 1, and was divided into two stages: Model Structuring and Model Application. For the first stage, a Bibliographic Research was carried out, where the theoretical framework was selected for understanding the problem addressed with the survey of sustainability indicators for transport and urban logistics.



At this stage, it was found that the indicators used in the published works were the basis for developing initiatives as concrete actions for sustainable development. These initiatives convene indicators through a common objective, unifying the environmental, economic, and social dimensions. For this reason, the proposed hierarchical model is based on public and private policies and initiatives to assess the city’s sustainability in terms of integrated urban transport and logistics. Thus, the selection of indicators was made through the Identification of Policies and Initiatives, to fully assess measures that promote the sustainable development of urban transport and logistics.



A transport model is a tool that provides qualitative and quantitative outcomes about the impacts resulting from the possible solutions formulated at the planning level [23]. Multi-criteria decision analysis methodologies have been widely used in mobility projects [24,25,26] and are among the most popular approaches to decision support is the Analytic Hierarchy Process (AHP) [27]. The AHP is suitable for decision-making problems that need to consider several criteria and LSO stakeholder groups since it can approach typical problems of complex scenarios [28]. Among the possible multi-criteria methods, such as PROMETHEE [29] and ELECTRE [30], AHP has the advantage of providing evaluators with a clear hierarchical decision structure, enabling participants who are not experts in the method to clearly understand the problem. Furthermore, the internal consistency check is particularly useful when involving evaluators who are not familiar with the multi-criteria method [31,32,33,34].



The AHP method is based on three principles of logical analysis: (a) Hierarchical construction, based on the human reasoning process, which structures the problem in hierarchical levels, identifying the key elements for decision-making. These elements are then grouped into related sets and allocated to specific layers; (b) priority setting, based on the human ability to relate objects through observation, adjusts the priorities in the AHP, comparing pairs from the perspective of a particular focus or criterion (pairwise comparison); and (c) logical consistency, which is a method to evaluate the built prioritization model regarding its consistency [35]. AHP is not a statistical technique, but a dynamic analysis that reflects the stakeholders’ perception of the issues, based on a dynamic survey using a specially designed questionnaire [36].



In 2014, 54% of the world’s population lived in urban areas, i.e., approximately 3.9 billion people; this proportion is expected to increase to 6 billion by 2050 [37,38]. Such a scenario requires increasingly complex and challenging transport systems, still lacking viable solutions for sustainable development. Public authorities and business people need to understand the innovations and challenges to be faced and pay more attention to the human and social implications of their initiatives [39].



The “Five Transformations” concept [40] indicates a way to definitively achieve sustainable transport, through the enumeration of transformations needed to promote sustainability in transport: city, economy, vehicle technology, modal division (i.e., the percentage distribution of daily average displacements by type of transport), and lifestyle. The intention is to educate the new generation so that, in the future, everyone has a more sustainable lifestyle. This scenario shows how sustainable development in transport and urban logistics has gained prominence in city planning and how the integration of passenger and freight systems, together with the engagement of the whole society, is crucial to achieving this goal.



The world is facing a situation of overcrowded cities, and this is only getting more accentuated with time. One of the main activities that is currently aggravating this situation is the transportation sector, which does not contribute to the social and environmental sustainability of cities. In an attempt to reverse this problem, several countries around the world have started to implement new policies and technological innovations in urban mobility systems [2,39,41,42].



Rethinking urban mobility involves improving the use of all means of transport and the integration between different public and individual modes [43]. It also affects the achievement of common goals regarding economic prosperity and transport management as a guarantee of mobility, quality of life, and environmental protection. It must also conciliate the interests of freight and passenger transport, regardless of the used means of transport [44]. Thus, to be considered as effective, urban mobility policies need to adopt an approach as integrated as possible, adjusting the most suited responses to each individual problem: technological innovation, development of clean, safe, and intelligent transport systems, economic incentives, and changes on the regulatory systems [43].



Changing people’s behavior is fundamental for having a truly effective sustainable urban transport system implementation, comprising the transport of both people and goods. Some key strategies to be considered to achieve this goal are as follows: (1) encouraging sustainable modes of transport by maintaining the road conditions, such as sidewalks and speed restrictions; (2) pedestrian-only zones in high pedestrian activity areas; (3) exclusive lanes for buses and bicycles with proper protection from motorized traffic; (4) fair parking fees; (5) more attention to the maintenance of road infrastructure rather than building new infrastructure; and (6) educational and awareness campaigns [7].




3. Results and Discussion


3.1. Model Structuring


Sustainability is a very broad concept, and, when related to transport, it is usually expressed in three dimensions: environmental, economic, and social. Such dimensions cannot be evaluated separately, as they are interdependent. Sustainability ideas and concepts need to have operational forms in order to influence and take place on the regulation of transport systems, and indicators are often evoked as important elements in this regard [45]. Indicators are important resources for goal setting, performance assessment, monitoring, management, and decision-making [46].



Sdoukopoulos et al. [47] carried out a study where sustainable transport indicators have the environmental pillar as the most important in relation to society, especially when compared to the economy, followed by mobility, accessibility, and safety. Quantifying the sustainability of urban transport is important, as evidenced by a growing number of studies to measure sustainability in transport [42]. However, the assessment of sustainability is associated with three challenges: environmental, mobility, and efficiency, and it is practically impossible to dissociate them [48].



One of the problems when measuring sustainability with indicators is the fact that, in general, they only reflect elements from one of the sustainability dimensions, whether economic, social, or environmental [48]. Thus, the indicators found in the literature are not the best metrics to carry out an integrated analysis between transport and urban logistics, because they measure sustainability dimensions singly. Hence, this work proposes a hierarchical model that works with initiatives and public policies for the sustainable and integrated development of urban transport and logistics as indicators.



3.1.1. Definition of Actions and Initiatives of Urban Transport and Logistics


The initiatives used in the model, selected through the literature review, are described by policy category in Table 1, Table 2 and Table 3, as well as the measures to be taken to implement each of the initiatives. Table 1 presents the initiatives to encourage the use of public transport, involving actions to improve infrastructure, tax incentives, physical accessibility, and new incentives for urban public transport. The initiatives related to the encouragement of active modes of transport are presented with a focus, mainly, on the displacement of pedestrians and cyclists, with emphasis also on public safety as an incentive to these modes of transport.



Table 2 portrays the actions of policies for land use restriction and Sharing in Logistics and Transport. The creation of environmental zones with restrictions on the flow of both freight and passenger vehicles, according to their size, fuel, and occupation, stands out. Restrictions also include actions to charge parking and create exclusive spaces for loading and unloading goods. The sharing initiatives in logistics and transport have new proposals for last-mile delivery services, such as Crowdshipping, collection and delivery stations, and clean vehicles, also including actions to reduce the circulation of freight vehicles in urban centers, through distribution centers, transport of goods in UPT, and underground logistics.



The initiatives for clean transport and environmental education are shown in Table 3. The analysis of the articles listed in the literature review suggests the need to raise awareness among the population about transport and sustainable development, in order to incorporate new technologies correctly and widely in daily urban transport.



Breaking habits is the most critical point in sustainable development; therefore, including environmental education for children is fundamental for long-term success. Table 3 also shows the initiatives for direct and open communication between the government, the population, and the private sector, as well as the promotion of clean fuels through tax incentives in addition to adequate infrastructure and preventive road maintenance.



Once the indicators were selected, the Hierarchical Structure of the policies and initiatives was elaborated following the AHP approach. So, the Hierarchical Structure of the policies and initiatives was elaborated. All interviews had to be carried out remotely, so an AHP Application System was developed for the online assessment of transport experts at the hierarchical structure built, in order to facilitate the comparison of initiatives. The system consists of the Construction of Pairwise Comparison Matrices for each group of public policies and their respective initiatives. After the judgment of each matrix, the system performs its Consistency Check, automatically calculating the consistency index. With the confirmation of judgment consistency, a new matrix is made available for evaluation, and so on, successively, until the last matrix of the hierarchical structure. The next step is to define the Degree of Importance of each initiative and policy, which generates the weighting of the indicators.



The result of the hierarchical structuring of the indicators is shown in Figure 2, through the Index of Sustainability and Integration of Transport and Urban Logistics (ISITransLog). Public policies were classified as: encouraging the use of the UPT; Encouraging the use of active modes of transport; restriction of land use; sharing of transport and logistics and; and clean transport and environmental awareness. These policies were then divided into initiatives, as detailed in Table 1, Table 2 and Table 3.




3.1.2. Online System for Applying AHP Matrices


The system developed to apply the online AHP method was based on the PHP (Hypertext Preprocessor) programming language in association with the MySQL (Structured Query Language) database so that the evaluators could compare the initiatives in pairs regarding their importance. The system has a home screen where instructions are given the opportunity to register the email or login into the system. Once logged into the system, the evaluator is presented to the hierarchy of the model to be evaluated and also receives a link for the evaluation of each matrix of the model. As the evaluator’s e-mail is registered to each evaluated matrix, this process can be carried out as many times as he deems necessary, choosing the order in which the matrices will be evaluated. A total of 14 specialists, with training and experience in the areas of logistics and transport, participated in the evaluation of the AHP hierarchical model, filling up all matrices.



One of the model’s evaluation screens is shown in Figure 3. In the presented case, the evaluation of the group of public policies is carried out, in the second level of the hierarchy. In order to guide the assessment, there is a column on the right containing the definition of each item assessed on the current screen. The comparison of policies is made line by line, on a scale that follows the values proposed by Saaty and Vargas [49], but which is expressed by values between 1 (equally important) and 5 (extremely more important), to facilitate the evaluator’s visualization.



When completing all the lines of the assessment, the expert must click on the Submit button. At this moment, the system calculates the consistency of the evaluated matrix and, in a notification window, exhibits the outcome: “consistent judgments”, when the index is less than 0.1; or “review your judgments”, along with the inconsistent evaluation matrix, otherwise.




3.1.3. Results of the Experts’ Judgments


The evaluation of the initiatives regarding Incentives to the use of urban public transport and Sharing in logistics and transport obtained 92.85% of consistent results. The Incentive to Active Modes of Transport, Land Use Restrictions, and Clean Transport and Environmental Awareness matrices obtained a consistent response rate of 86.71%. The worst result was for the Public Policies evaluation matrix, with 78.57% of consistent answers.



There was a latent concern about the results of these assessments, especially of the Sharing in logistics and transport matrix, as it is a set of 8 initiatives, making it more complex to assess. However, its high consistency rate reveals that the mode of presentation developed in the previously mentioned system helped the evaluators to see the importance of these initiatives more clearly. The way the initiative comparisons were presented was based on the paid software Expert Choice. Overall, the quality of the responses obtained ensures a good weighting of the initiatives because reaching a satisfactory level of consistency is seen as a desirable property for the model. The more consistent the decision-maker’s preferences are, the more likely he is to be a reliable expert, to have deep insights into the problem, and to carefully and meticulously act on the problem he is facing [50].



Table 4 presents the final result of the weighting of public initiatives and policies evaluated by the specialists. Among the Public Policy groups, encouraging the use of the UPT reached 31% of the total relevance, following the trend highlighted in the literature review articles, for encouraging the use of public transport is a strategy that promotes sustainable consumption practices [51]. User behavior is the most significant parameter in encouraging the use of the UPT due to the lack of a reliable public transport network and its comfort level. Therefore, there is a clear need to develop transport policies that encourage people to use the public transport system [2].



Among the initiatives corresponding to the highest importance factors are Economic Accessibility in the UPT (9.4%), Universal Accessibility to the UPT (9%), and Promotion of public safety (8.6%), which corroborates the study of Sdoukopoulos [47], where mobility, accessibility, and safety are identified as the most significant topics included in a wide range of initiatives. From an economic point of view, accessibility is considered an important competitiveness factor that can explain a higher economic growth [52]. Likewise, the introduction of accessibility metrics in public transport planning allows the development of new evidence and arguments for the redistribution of means of transport that can reduce the environmental and spatial pressure of urban road transport [53,54].



Of the better-ranked initiatives, the first two are part of the Incentive policies to the use of the UPT group, and the third one is part of the Incentives to the use of active modes of transport group, which is the second most important group according to the assessment of experts. Hiking and cycling are being promoted as sustainable alternatives to motor vehicles. The increase in the use of these sustainable means of transport reduces the number of vehicles flowing in the city, thus reducing traffic congestion, pollutant emissions, and health problems associated with such emissions [55]. Active modes of transport work more efficiently when there is a strong collaboration across all modes. Thus, providing convenient connections and access to the physical infrastructure of active modes plays a crucial role in encouraging the use of an efficient sustainable transport system [56].



According to the evaluators, the group of policies that least impacts sustainability in urban centers is restrictions on land use (10.8%). In addition, this group contains the initiative evaluated with the lowest score: circulation and parking rates, whose importance factor is 1.1%. This assessment is justified by the indirect relationship of land use restriction initiatives with sustainable transport, for they are actions implemented as a way to discourage the use of private vehicles and the flow of freight vehicles in urban centers. Hence, methods for discouraging the use of private vehicles can be implemented, such as: restricting parking spaces and increasing driving costs through increasing the prices of fuel, car registration fees, and driving licenses, for example [57].



In addition, in Figure 1, for the Definition of the Index Calculation, the results of the aforementioned Degree of Importance of the Initiatives are used, as well as the Calculation of the Degree of Sustainability and the Calculation of the Degree of Integration of each initiative, completing Step 1 of the study.




3.1.4. Calculation of the Sustainability and Integration in Transportation and Logistics Urban Index (ISITransLog)


To calculate the ISITransLog, firstly, each initiative must be categorized as to its Stage of Implementation. Implementation stages can be classified into non-existent, project, planning, implementation, or running, each with a predefined score. The second stage of the evaluation is given by the Impact Factor of the initiative, by the Degree of Importance of the initiatives, as explained above. The third partial assessment of the index refers to the Degree of Sustainability, which is calculated based on the percentage of the sustainability objectives directly achieved by the initiative. The objectives were collected during the literature review and were evaluated by experts in the same weighting system as the initiatives, at a later stage of the process, where twelve responses were obtained. The objectives and their description are detailed in Table 5.



Finally, the integration degree of the initiatives evaluates the overlap between freight and passenger systems, both in their infrastructure and in their policies. In regard to its degree of integration, an initiative can be classified into exclusive, priority, mixed, or total. The categorization of initiatives as to their results is detailed in Table 6. Such partial results are then linearly combined, generating the score for each initiative.



After obtaining all the partial weights of the initiatives, that is, the Impact Factor, Degree of Sustainability and Degree of Integration scores, in the model structuring phase, the final index for the city is given by the sum of the score of each model initiative. Unlike the rest of partial weights, the Stage of Implementation is not calculated. The Stage of Implementation of each initiative is given by data collection in the city where the index will be applied. Equation (1) presents the calculation of an initiative’s score Ini, where S is the value obtained from the Stage of Implementation of the initiative, If is the Impact Factor, Ds is the Degree of Sustainability, and Di is the Degree of Integration. Equation (2) shows the final calculation of ISITransLog, given by the sum of the individual values of the initiatives.


Ini = S ∗ (If + Ds + Di),



(1)






ISI TransLog = ∑n=129 Ini.



(2)







The second stage of the research consists of the Application of the Model, wherein the first task to be performed is Data Collection. Originally, data would be collected from both direct (City Hall, Administrative Offices, traffic and transport management bodies, etc.) and indirect sources (official websites of the City Hall and Administrative Offices, data and studies published by educational and research institutions, etc.). However, due to the COVID-19 pandemic, some adjustments were needed to obtain the data for the ISITransLog calculation. Thus, interviews and visits to institutions were canceled, and all information was obtained through the official city hall’s digital communication channels. Then, the collected data are used in the ISITransLog Application, that is, for the calculation of each initiative’s results. With the partial results in hand, the ISITransLog is calculated for the selected city, so that the Analysis of Results can be performed. According to the results obtained, some suggestions of Improvements are made for the city to execute.





3.2. Model Application in São Paulo-SP, Brazil


ISITransLog was structured so that it contains the most widespread world initiatives, according to the literature, emphasizing the sustainability of transport systems. Thus, when inserted into the Brazilian reality, it was found that only large cities (with populations larger than 500 thousand) would have access to information on mobility studies and actions carried out with emphasis on sustainability. Therefore, the efficiency of the index is greater for large cities, even though they correspond to only 8.5% of Brazilian municipalities [58].



São Paulo was selected for being the largest Brazilian city, with 12.2 million inhabitants and a demographic density of 8054.7 inhabitants/km2 [58], besides having a good range of online information available.



Trips by motorized modes amount to 28.280 million daily trips in the city, compared to 13.727 million daily trips by non-motorized modes. The latter is subdivided into 13,350 million trips on foot and 377 thousand trips by bicycle [59]. The time interval between changes in traffic lights in the city of São Paulo is not enough for 97.8% of the elderly to cross the street [60]. Of the admissions at the IOT-HCFMUSP (Institute of Orthopedics and Traumatology, Hospital das Clínicas, University of São Paulo), one out of five admissions due to falls took place on sidewalks. The social costs generated by falls on sidewalks in São Paulo reach R$2.9 billion a year, while the renovation of all sidewalks in the city would cost R$7 billion [60]. These data indicate the need for improvements in transport and logistics in the city as a whole. This scenario suggests that São Paulo is a suitable object of study for the application of ISITransLog.



Table 7 shows the application of ISITransLog to São Paulo, based on public initiatives and policies in force in 2010 and 2020. The final result of ISITransLog for the application in 2010 was 17.718, which corresponds to 56% of the higher score. Twenty-nine initiatives were evaluated, among which 10 were non-existent at the time of the reference year, 6 were in the design phase, 3 were being implemented, and 10 were under execution. None of them were at the planning stage. Among the initiatives that were already underway in 2010, it is worth highlighting the Multimodal Integration and Economic Accessibility in the UPT, part of the Incentives to the use of the UPT group, whose first projects were conceived in the 1970s and have had their population reach increased since then.



In the group of public policies for the Incentive to active modes of transport, only the Walkability initiative was underway in 2010, which began with the refurbishment of the sidewalks on Avenida Paulista in 2007, with the implementation of a concrete pavement molded with brass expansion joints in situ [61].



The application of ISITransLog to São Paulo in 2020 reveals a notable improvement in the initiatives underway for the sustainability and integration of transport and urban logistics in the period. As shown in Table 7, only two initiatives still receive the value of non-existent in their implementation stage: Crowdshipping and freight in UPT. As a consequence, São Paulo reached a total of 89% of the maximum score for ISITransLog in 2020.



All initiatives from the Incentives to the Use of UPT group were running in 2020. To leverage communication systems in UPT initiatives, São Paulo presented, in 2019, 15 electric buses that will be available at the “6030/10 Unisa-Campus1/Terminal Santo Amaro” line. The vehicles will already be equipped with NFC (Near Field Communication) technology, allowing fare payment by debit or credit cards, through digital payment platforms on smartphones or smartwatches [62]. To increase multimodal integration, in 2018, the city hall regulated the sharing of bicycles in the city, opening the possibility for companies to act as shared bicycle operators upon registration at the Municipal Committee for Road Use (CMUV) [63]. In addition, they created 26,300 spaces in 40 parking lots adjacent to the rail system to encourage the integration of the individual and the collective transport [64].



As established in the National Urban Mobility Policy (PNMU), the prioritization of active modes (non-motorized) and public transport was considered the guiding principle of PlanMob/SP 2015 in São Paulo [65]. Encouraging the use of active and collective modes of transport to the detriment of individual motorized transport must involve the adoption of policies that make this transformation feasible. This finding is in line with the most relevant initiative in the sustainability of transport and urban logistics according to ISITransLog: Walkability. This initiative is related not only to the encouragement of active modes of transport but also to the safety of pedestrians and the incentive to daily use of intermodal passenger means of transport since better conditions for walking provide greater freedom in shifting modes of transport, either collective or individual. Sidewalks play a fundamental role in making cities places for social interaction, creative development, and economic growth.



Figure 4 is a bar chart that shows the comparison of São Paulo’s performance in terms of ISITransLog for each group of public policies from the model, in 2010 (blue) and 2020 (orange). All groups had their performance improved in 2020 when compared to 2010; however, the biggest difference in performance was for Clean Transport and Environmental Awareness policies. This difference is due to the fact that, in 2010, only the preventive road maintenance and environmental education initiatives were running, while the entire policy group was running in 2020.



Among the Incentives to the use of UBT policies, the Initiatives to Infrastructure for UBT group got the second-highest increase in the ISITransLog score from 2010 to 2020; it stands out because, although already in execution in 2010, it had only improved its effectiveness by 2020, with the completion of new bus lanes. The bus lane system (dedicated road with specific infrastructure and signaling) was expanded to 132 km. Besides the implementation of a system consisting of exclusive lanes which extend for 500 km, composed were a set of operational measures that reserve one or more lanes of the general traffic lane for the exclusive flow of buses or taxis, at specific times of the day [66]. On average, a moving vehicle occupies 40 m2; add it to the fact that São Paulo has a fleet of 4.5 million cars. Therefore, if all of them were flowing, they would occupy 180 km2 of urban space. The implementation of exclusive lanes for buses increases their average speed by 45.1% (21 km/h) compared to 20 km/h for bicycles and 14.1 km/h for cars [67].



Still, regarding the Incentives to use the UPT, the investment in Multimodal Integration reveals significant growth in the use of the subway (53%), metropolitan train (73%), school transport (58%), and motorcycle (48%), in the period from 2007 to 2017. The use of taxis is noteworthy, despite being responsible for only 1.1% of daily trips in the RMSP (large metropolitan area located in the São Paulo state in Brazil) in 2007, because it increased by 397% in the last decade due to the new form of requesting the service, through applications whose regularization took place in 2014. Buses had an increase in their use of 4% in 2017; however, their part in the total number of trips slightly decreased from 27% to 25% along the same period [68].



Logistics and Transport Sharing policies had the third-highest increase in the index’s performance. However, among the initiatives of this group, only the Delivery Window was running in 2010. This group of policies is the one that contains the most innovative initiatives, precisely because it mixes passenger and freight systems, which is not yet a reality in Brazil. Even in 2020, two of those initiatives, namely Crowdshipping and UPT freight transport, were not even listed for planning in São Paulo.



Despite ranking in the last, but for one, position among public policy groups, the incentives to active modes of transport had a great impact on the population of São Paulo, especially on the initiatives related to the use of bicycles. Between 2007 and 2017, bicycle trips increased by 24% [66].





4. Conclusions


Millions of people daily seek opportunities for a better quality of life in cities. What makes cities such attractive places, centering more than 50% of the world’s population today, is the capacity that large urban centers have to promote social interaction and, therefore, catalyze development of the city and the people [69]. One of the goals developed societies have in terms of mobility is to evolve towards models of lower-carbon consumption and lower-energy consumption, always with criteria of social equity and fair distribution of wealth. In short, the goal is sustainability [70].



In the context of cities, the initiatives adopted for one location may not always be suitable, or may not always bring the best results in other regions. Geographical and demographic characteristics and available resources are more important in adopting successful solutions than their location or government. The hierarchy of criteria around which ISITransLog is structured summarizes the framework of sustainable urban mobility in Brazilian cities. In addition, the ISITransLog construction method establishes procedures for surveying all the concepts that structure the index, applicable in different spatial or temporal contexts, thus allowing the development of tools that can be fully adapted to specific contexts.



Concerning the criteria aggregation method, the proposed method allows the compensation between good and bad criteria because it is based on a weighted linear combination. In view of this, it rewards cities that present good initiatives increasing their index’s overall results, while allowing the identification of deficient initiatives which contribute to lowering their index’s values.



It is important to highlight the relevant role of indicators in the evaluation and development of the implemented measures as the most effective means of measuring progress and as a compass for prioritizing initiatives for urban transport sustainability. The study revealed the main actions that contribute to the sustainability of urban mobility through public policies and initiatives. However, without periodic monitoring of the results obtained through policies and initiatives, it is impossible to continue improving transport and urban logistics in terms of sustainability and integration, or even to choose which aspect should be worked on next. Therefore, the application of ISITransLog in São Paulo in two distinct periods has allowed the verification of the applicability of the model, as well as has provided an assessment of the evolution of the municipality, concerning sustainability and integration of the passenger and freight systems.



There is a consensus regarding the main ways of improving urban transport sustainability, although the mode of implementation and the efficiency rate varies in each scenario. The following stand out: (1) policies to reduce the use of private vehicles (especially the low-occupancy ones) through the improvement of public transport, and investment in construction and maintenance of infrastructure for active modes of transport (focusing on the expansion of both use and safety); (2) promotion of education and public awareness about sustainable urban transport and logistics; (3) investment in clean technologies for transporting passengers and freight; (4) investment in the integration of multimodal transport, promoting the independence from private vehicles and sustainable modes of last-mile delivery; and (5) logistics management policies that promote a balance between operational efficiency and sustainability during deliveries and collections in urban centers.



The application of ISITransLog in other cities depends only on collecting data about each of the model’s initiatives. However, the model can be adapted to specific characteristics of the city analyzed, such as geography or culture. A city with river transport potential, for example, can include initiatives that encourage sustainable water transport.



As suggestions for future work, the use of GIS (Geographic Information System) can be included in the collection of city data, in order to obtain a more detailed Stage of Implementation. This is because it affords the possibility of to calculating the urban area actively affected by a given initiative.
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Figure 1. Flowchart of the research steps. Source: own elaboration. 
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Figure 2. Hierarchical structure of the model. Source: own elaboration. 
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Figure 3. Model’s evaluation screen. Source: own elaboration. 
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Figure 4. Comparison between public policy groups’ performances in 2010 and 2020. Source: own elaboration. 
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Table 1. Initiatives to incentives to the use of Urban Public Transport (UPT) and to incentives to the use of active modes of transport. Source: own elaboration.
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Initiatives

	
Description

	
Examples






	
Incentives to the Use of Urban Public Transport

	
UPT Communication System

	
Development and implementation of online communication systems for UPT users

	
Ticket purchasing systems; informational website; internet network while traveling by UPT




	
Intermodal Integration

	
Expansion of intermodality in the means of urban transport

	
Single ticket; parking for cars and bicycles near metro/train and bus stations; access points to the bike-sharing system




	
Universal Accessibility to UPT

	
Increase public transport accessibility in all modes available for physical disabilities

	
Adaptation of bus stops, vehicles, terminals, and routes for people with physical disabilities or reduced mobility




	
Economic Accessibility to UPT

	
Reduction in populations’ expenses with transport

	
Subsidies for transporting students, the elderly, and the low-income population




	
TPU Infrastructure

	
Construction, maintenance, and expansion of infrastructure for UPT

	
Adequacy of width and number of lanes on the roads; corridors for buses; proper signposting




	
Incentives to the Use of Active Modes of Transport

	
Walkability

	
Adaptation and maintenance of sidewalks, increasing the connectivity of urban routes

	
Sidewalks of adequate width; removal of obstacles from sidewalks; installation of urban furniture and street lighting




	
Cycling Infrastructure

	
Installation and maintenance of the cycling network

	
Bike lanes; bikeways; bicycle parking lots; proper traffic signals and signposting




	
Bike Sharing System

	
Implementation of bicycle-sharing systems

	
Bike rental and return points; communication system for users




	
Promotion of Public Safety

	
Implementation of policies to promote public and road safety for pedestrians and cyclists

	
Street lighting; proper traffic signals and signposting; policing
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Table 2. Initiatives for land use restriction policies and sharing in logistics and transport. Source: own elaboration.
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Initiatives

	
Description

	
Examples






	
Land Use Restriction Policies

	
Restriction on Passenger Vehicles

	
Creation of circulation restriction zones for private vehicles

	
Environmental zones in urban centers




	
Restriction on Freight Vehicles

	
Creation of traffic restriction zones for freight vehicles

	
Restriction of freight vehicles according to weight and size in the urban central region




	
Parking Restriction

	
Creation of zones with reduced parking spaces

	
Zones with reduced parking spaces




	
Restriction on Low-Occupancy Vehicles

	
Creation of circulation restriction zones for low-occupancy freight and passenger vehicles

	
Prohibition of low-occupancy vehicles on highways




	
Exclusive spaces for loading/unloading

	
Creation of appropriately sized parking spaces and yards for the exclusive use of freight vehicles

	
Exclusive spaces near shopping centers; parking lots




	
Circulation and Parking Fees

	
Implementation of fees and fines to restrict the circulation of motor vehicles

	
Urban tolls; fines for permanence time; parking fees (Blue Zone)




	
Logistics and Transport Sharing

	
Crowdshipping

	
Implementation of delivery service by ordinary citizens

	
Neighborhood deliveries taking advantage of daily trips and spare space in vehicles




	
Freight Transport in UPT

	
UPT spare space sharing for freight transportation

	
Reservation of wagons and luggage compartments with low occupancy for freight transport




	
Incentives to Deliveries using Clean Vehicles

	
Implementation and encouragement of the use of clean vehicles in last-mile deliveries

	
Use of bicycles, tricycles and scooters (electric or not) for delivery in urban centers




	
Pick-up Points

	
Implementation Pick-up Points infrastructure

	
Pick-up Points at subway stations; parking lots in shopping centers and supermarkets; Lockers




	
Delivery windows

	
Implementation of delivery windows during off-peak hours in urban centers in cargo vehicles

	
Nightly deliveries; deliveries before business hours




	
Freight Transport Communication System

	
Implementation of communication systems between drivers of delivery vehicles and traffic operators/traffic managers

	
Traffic jam bulletins; loading/unloading spaces




	
Distribution centers

	
Implementation of infrastructure for centralization and load redistribution in the urban area

	
Substitution of freight vehicles for smaller and more complete ones for delivery in central areas




	
Underground Parking and Logistics

	
Adequacy and expansion of underground infrastructure for logistics and parking

	
Parking lots; maneuvering area for freight vehicles; points for load redistribution
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Table 3. Clean transportation initiatives and environmental education. Source: own elaboration.
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Initiatives

	
Description

	
Examples






	
Clean Transport and Environmental Awareness

	
Incentives to the Use of Electric Vehicles

	
Implementation and maintenance of infrastructure for the use of electric vehicles

	
Charging spots for electric vehicles; lanes with recharge technology; proper battery disposal services




	
Preventive Road Maintenance

	
Periodic maintenance and expansion of roads

	
Road repairments; signposting; traffic signals




	
Incentives to Alternative Fuels

	
Financial incentive policies for the acquisition and maintenance of vehicles that do not use fossil fuels

	
Subsidies and tax discounts for electric and clean-fuel vehicles




	
Communication Channel with Society

	
Implementation of communication channels between government and society on sustainable urban mobility

	
Discussion forums; special sessions at the city council; public voting for projects




	
Collaborative Government Policies

	
Implementation of collaborative government policies between all decision-makers in the transport and logistics systems

	
Public-private partnerships; incentives and subsidies for sustainability




	
Environmental Education

	
Campaigns and courses to raise awareness for children and drivers about the importance of sustainable development

	
Advertising campaigns; lectures in schools; refresher courses for drivers
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Table 4. Weighting of initiatives.
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Policies

	
Initiative

	
Weighting Factor/Group






	
Incentives to the use of UPT (31%)

	
UPT Communication System

	
0.136




	
Intermodal Integration

	
0.154




	
Universal Accessibility to UPT

	
0.289




	
Economic Accessibility to UPT

	
0.303




	
TPU Infrastructure

	
0.118




	
Incentives to the Use of Active Modes of Transport (24.2%)

	
Walkability

	
0.258




	
Cycling Infrastructure

	
0.267




	
Bike Sharing System

	
0.119




	
Promotion of Public Safety

	
0.356




	
Land Use Restriction Policies (10.8%)

	
Restriction on Passenger Vehicles

	
0.159




	
Restriction on Freight Vehicles

	
0.162




	
Parking Restriction

	
0.186




	
Restriction on Low-Occupancy Vehicles

	
0.104




	
Exclusive spaces for loading/unloading

	
0.242




	
Circulation and Parking Fees

	
0.146




	
Logistics and Transport Sharing (17.1%)

	
Crowdshipping

	
0.115




	
Freight Transport in UPT

	
0.078




	
Incentives to Deliveries using Clean Vehicles

	
0.177




	
Pick-up Points

	
0.18




	
Delivery windows

	
0.085




	
Freight Transport Communication System

	
0.126




	
Distribution centers

	
0.154




	
Underground Parking and Logistics

	
0.085




	
Clean Transport and Environmental Awareness (16.9%)

	
Incentives to the Use of Electric Vehicles

	
0.152




	
Preventive Road Maintenance

	
0.23




	
Incentives to Alternative Fuels

	
0.201




	
Communication Channel with Society

	
0.084




	
Collaborative Government Policies

	
0.16




	
Environmental education

	
0.174
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Table 5. Description of the purposes for the initiatives.
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	Purpose
	Description





	Encourage sustainable transport
	Discourage the use of private vehicles and, consequently, the number of vehicles in circulation in urban centers, and the emission of pollutants and noise pollution. Encouraging the use of public transport (improving its quality), clean vehicles, and active modes of transport



	Achieving Environmental Sustainability
	Improve the quality of life of the population and ecosystems by reducing the emission of pollutants, traffic jams, encouraging recycling and promoting environmental education for drivers and children



	Achieving Social Equity
	Reducing class inequality with regard to urban mobility, reducing transport costs and distributing access points public transport of quality throughout all regions according to demand



	Extend Multimodal Integration
	Expand intermodal flows in urban areas by promoting the integration of public transport with individual and active modes of transport, through the construction of suitable places for parking vehicles and bicycles in places close to stations, terminals and other access points to the public transport system



	Promote Public and Road Safety
	Contribute to reducing the feeling of insecurity related to crime and traffic accidents among the population, especially pedestrians and cyclists



	Improve Accessibility to Freight Transport
	Decrease the extra circulation time of freight vehicles, as well as the traffic of heavy vehicles in urban centers
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Table 6. Categorization of initiatives by importance factor, purpose and integration.
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Policies

	
Initiative

	
Impact Factor

	
Degree of Sustainability

	
Degree of Integration






	
Incentives to the use of UPT (31%)

	
UPT Communication System

	
0.042

	
2.77%

	
0.25




	
Intermodal Integration

	
0.048

	
3.77%

	
0.75




	
Universal Accessibility to UPT

	
0.090

	
3.77%

	
0.25




	
Economic Accessibility to UPT

	
0.094

	
3.44%

	
0.25




	
TPU Infrastructure

	
0.037

	
3.77%

	
0.5




	
Incentives to the Use of Active Modes of Transport (24.2%)

	
Walkability

	
0.062

	
4.77%

	
1




	
Cycling Infrastructure

	
0.065

	
4.66%

	
1




	
Bike Sharing System

	
0.029

	
4.99%

	
1




	
Promotion of Public Safety

	
0.086

	
3.66%

	
1




	
Land Use Restriction Policies (10.8%)

	
Restriction on Passenger Vehicles

	
0.017

	
3.33%

	
0.5




	
Restriction on Freight Vehicles

	
0.017

	
3.10%

	
0.5




	
Parking Restriction

	
0.020

	
2.77%

	
0.75




	
Restriction on Low-Occupancy Vehicles

	
0.011

	
3.10%

	
0.75




	
Exclusive spaces for loading/unloading

	
0.026

	
2.66%

	
0.5




	
Circulation and Parking Fees

	
0.016

	
2.99%

	
1




	
Logistics and Transport Sharing (17.1%)

	
Crowdshipping

	
0.020

	
3.55%

	
0.75




	
Freight Transport in UPT

	
0.013

	
3.88%

	
0.75




	
Incentives to Deliveries using Clean Vehicles

	
0.030

	
3.77%

	
0.5




	
Pick-up Points

	
0.031

	
2.88%

	
0.5




	
Delivery windows

	
0.015

	
3.33%

	
0.5




	
Freight Transport Communication System

	
0.022

	
2.88%

	
0.25




	
Distribution centers

	
0.026

	
2.66%

	
0.5




	
Underground Parking and Logistics

	
0.015

	
2.22%

	
1




	
Clean Transport and Environmental Awareness (16.9%)

	
Incentives to the Use of Electric Vehicles

	
0.026

	
2.88%

	
1




	
Preventive Road Maintenance

	
0.039

	
3.10%

	
1




	
Incentives to Alternative Fuels

	
0.034

	
3.22%

	
1




	
Communication Channel with Society

	
0.014

	
3.77%

	
1




	
Collaborative Government Policies

	
0.027

	
3.99%

	
1




	
Environmental education

	
0.029

	
4.32%

	
1
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Table 7. Application of ISITransLog to São Paulo.
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Policies

	
Initiative

	
2010

	
2020






	
Incentives to the use of UPT (31%)

	
UPT Communication System

	
0.000

	
0.569




	
Intermodal Integration

	
1.175

	
1.175




	
Universal Accessibility to UPT

	
0.358

	
0.717




	
Economic Accessibility to UPT

	
0.688

	
0.688




	
TPU Infrastructure

	
0.914

	
0.914




	
Incentives to the Use of Active Modes of Transport (24.2%)

	
Walkability

	
1.539

	
1.539




	
Cycling Infrastructure

	
1.148

	
1.531




	
Bike Sharing System

	
0.000

	
1.528




	
Promotion of Public Safety

	
1.089

	
1.452




	
Land Use Restriction Policies (10.8%)

	
Restriction on Passenger Vehicles

	
0.850
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