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Abstract

:

In recent years, surveys of personal travel behavior have been conducted around the world and these surveys have been used for understanding the characteristics of people flow. However, it is impossible to acquire people and traffic flows for the modern era (1868–1945). In modern era Japan, some traffic surveys were conducted, and that records still persist. The purpose of this study was to estimate origin-destination (OD) flows in old Tokyo in 1925 based on the historical traffic census record. In this study, OD flows were estimated using an absorbing Markov chain model, which is a simple model based on traffic generation and transition probabilities. Transition probabilities in unobserved nodes were estimated using genetic algorithms (GA). The result of OD distributions is clearly different in the eastern part of Tokyo City, the Shitamachi area, from the western part, the Yamanote area. The traffic was very busy in Shitamachi, an area which included terminal stations and a central business district. In Yamanote, major traffic generation and absorption points were distributed along the main streets to the Shinjuku or Shibuya areas. These results are affected by the distribution of main roads and the locations of residences or workplaces of car owners.
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1. Introduction


In recent years, surveys of personal travel behavior have been carried out around the world, and these surveys have been used for understanding the characteristics of people flow and for urban planning. In addition, the results of these surveys have been compiled and disclosed to the public and it is possible to acquire and use them easily. For example, the “National Travel Survey” (NTS) in the UK, the “National Household Travel Survey” (NHTS) in the US, and the “Mobility in Germany” survey have been conducted, and many studies using the data from these surveys have been carried out [1,2,3]. In Japan, the Person Trip (PT) survey and the Road Traffic Census (RTC) have been carried out since after World War II. The first extensive PT survey was done in 1967 in the urban areas of Hiroshima City, and PT surveys have been conducted for more than 30 years in the urban areas of Japan [4]. In these surveys, many items, including personal properties, travel objects, travel times, type of mobility, and so on, have been investigated to understand the detailed behavior of people. Many studies have been carried out using such data [5,6]. Sekimoto et al. (2011) calculated highly detailed people flows for every 1 minute from PT survey data [7], and some secondary studies have been carried out based on this flow data [8]. The Road Traffic Census (RTC) is a traffic survey which covers the whole of Japan and includes investigations, such as origin-destination (OD) flows, using questionnaires about daily travel, road state investigating surveys, the traffic census, and travel speed investigations. Since the first OD survey in 1958, it has been conducted approximately every 5 years [9]. Kohira et al. (2014) and Fujita et al. (2016) examined traffic flows based on the results of these OD surveys [10,11]. Recently, obtaining various data concerning human mobility has become easy due to the rapid development of location information techniques. For example, phone call data [12,13], smartcard use [14,15], and other data like global positioning system (GPS) log data and social networking service data have been used for human mobility studies. Studies using such data were reviewed by Yue et al. (2014) [16]. Studies concerning vehicle counts from inductive loop sensors are also carried out [17,18]. However, these surveys have been conducted mostly after World War II, when these information technologies became available, and it is impossible to acquire people and traffic flows for the modern era.



Engineering studies on human movement have been actively reported. However, these movements have been studied from the perspective of urban planning and the development of the transportation infrastructure, and people and traffic flows in the past have not been considered in these studies. The studies, which take into account the relationships between urban structure and traffic flow, examined them from the point of view of urban transport geography [19]; however, quantitative studies about the estimation of old traffic flows have also not been addressed in this field. There are some quantitative studies that have been carried out, including analyzing historical demography [20], the changes of urban structure, and land use from the past to the present age [21,22]. On the other hand, the number of studies on historical geography using the geographic information system (GIS) has risen in recent years [23,24,25,26]. However, these studies did not focus on human mobility.



In modern era Japan, some traffic surveys were conducted, and historical documents of these surveys still exist. In Tokyo, these surveys had been carried out frequently compared to other areas in Japan because of the infrastructure development due to the rising population and the expansion of the city associated with modernization. These surveys were conducted by the municipality and mainly measured the link traffic volume on the road, while the number of passengers on trains and buses was counted at the stations and bus stops. The traffic census used in this study is from the traffic survey conducted by the city of Tokyo in 1925, which included some investigation points located outside of Tokyo City. This extensive survey investigated 291 points and was unprecedented in coverage compared to any other city in the West at that time. A survey conducted by the city of Tokyo in 1928 investigated only 12 points in central Tokyo. However, a historical record of this survey includes the traffic volume in each direction for every hour. A survey about the passenger use of city trams and buses was also carried out in 1928. A passenger use survey for the National Railways in 1929 observed the origin and destination of each passenger, and an OD matrix of the number of passengers between each station pair was included in the historical records of this survey. A traffic survey around Shinjuku station was conducted by Tokyo City in 1933, and the volumes of inflow and outflow in each direction per hour were also included in the historical records. Small-size surveys were also conducted around Shibuya and Otsuka stations. These are useful for understanding people and traffic flows around the station. An example of a study using such data is the study on the daily rhythm in Kyoto City by using historical documents from the traffic census conducted in 1937 [27]. In this study, the data itself was visualized and divided into types based on the pattern of time-series variations. Although it has been possible to investigate urban structures and traffic through such historical data [28], these previous studies focused only on the distribution of traffic volume and traffic generation and absorption, and did not focus on how people moved. All in all, these survey data and studies provide precious materials for the study of people and traffic flows; however, little work has been done because of the insufficient data on human mobility.



Studies estimating traffic flows have been addressed for a long time [29]. Many studies have estimated OD flows using link traffic volumes in the present era. These studies used various models and major examples include the following: Bayesian methods [30,31,32,33], the gravity model approach [34,35], and fuzzy logic [36]. However, we need other data to estimate OD flows for 1925 using these models and it is impossible to get such data for the modern era. Some studies estimated OD matrix using only traffic counts [37,38]. Since historical traffic survey had limited observation points and insufficient statistical data, estimating historical OD flows from only historical census data is difficult compared to estimation of OD flows from modern traffic counts and census data. By estimating historical OD flows, it is possible to grasp macroscopic traffic patterns in historical Tokyo and that help with a better understanding of human mobility and the relationship between urban traffic and structure. This research will be expected to play an important role in the field of historical GIS as a quantitative estimation of OD flows from historical data.



The goal of this study was to estimate OD flows in old Tokyo City in 1925 from historical traffic census records. We estimate OD flows using a Markov model based on the traffic generation and transition probabilities. Moreover, we add some unobserved points, and their probabilities are estimated by a genetic algorithm (GA) to solve the problem of insufficient observed points.




2. Materials and Methods


2.1. Study Area


The study area encompasses the 15 wards of old Tokyo City (1889–1932), which was the old administrative district of the capital located in central Tokyo (Figure 1). Its area was approximately 79 km2 [39] and the population in 1925 was approximately 2 million [40]. This district comprised 35 wards (1932–1947) by merging the peripheral areas of Tokyo City with the original 15 wards. In 1947, the present 23 wards of Tokyo City were established. Tokyo City was divided into a western terrace area called “Yamanote” (meaning ‘mountain side’) and an eastern lowland area called “Shitamachi” (meaning ‘low land’). The former was originally an upper-class residential area and the latter was the commercial quarter around the Imperial Palace before the modern era. As Tokyo developed into the capital of Japan, some traffic censuses were conducted during the modern era for urban planning and for grasping the characteristics of human movement, and the historical records from these surveys are available.



The land use map of this area before the Great Kanto Earthquake, which devastated Tokyo and its surrounding areas in 1923, was restored by Masai and Hong (1993) [41]. Hong (1993) [42] identified the regional structures in this area based on the restored map. This work shows that commercial areas were located in central Tokyo City, particularly the Nihonbashi and Kyobashi wards, and in north east Tokyo City, along busy streets in the Asakusa and Fukagawa wards. These wards were located in the Shitamachi area. The locations of Imperial estates and similarly large mansions were located in the Yamanote area. Government agencies were located around the southern part of the Kojimachi ward. Residential areas were located outside of central Tokyo, and the western area had a denser residential area than the eastern area. Industrial areas were densely distributed outside of central Tokyo, and warehouses and open storages were mainly distributed in the east of Tokyo City, particularly the Honjo and Fukagawa wards.




2.2. Data


In this study, we used the historical records from the Tokyo City traffic census of 1925, collected by the Tokyo municipal government. This survey contains 291 observation points in and around Tokyo City and the observation time and date were from 6 a.m. to 6 p.m. on Wednesday, 3 June 1925. The purpose of this survey was to investigate the traffic situation after The Great Kanto Earthquake of 1923. This census data consists of the directional traffic volume of 13 modes of transportation, such as pedestrian (both individuals and groups), special automobiles, passenger cars, trucks (less than 2-ton, 2-ton or more), carriages, wagons, rickshaws, trams, carts, bicycles, and motorcycles (Figure 2). The directional traffic volume data has 12 hours of total traffic volume in each direction of observation points; for example, both inflows and outflows of each of the 4 directions at a crossroad. In this study, we focused on the passenger car data because passenger cars were usually used to move from origin to destination directory, and that data had a relatively larger flow compared to other automobiles.




2.3. Road Graph


We created a road graph representing the major roads in Tokyo City in 1923 (Figure 3). This graph consists of nodes (intersections and origin-destination points) and edges (roads or links). These nodes and edges were defined by connecting the related observation points from the description of places and facilities in the census, from old maps of 1907 and 1925, and the latest map for reference. Only 224 of 291 observed intersections were adopted as initial nodes because the other 67 intersections have no flow direction or no connection with other observation points. However, these 224 observed intersection nodes were insufficient to create the whole road network and may cause unrealistic indirect routes. Hence, we added 57 new and unobserved intersections as nodes based on the old maps. Then, 504 new terminal and intermediate nodes were added as observed origin-destination nodes to calculate the traffic generation and absorption. Another 168 unobserved origin-destination nodes were inserted between unobserved intersection nodes and observed intersection nodes. Finally, the road graph of this study had 953 nodes in total and 1188 edges.




2.4. OD Flows Estimation by Absorbing Markov Chain Model


2.4.1. Overview of Absorbing Markov Chain Model


In this study, OD flows were estimated by an absorbing Markov chain model [43]. This is a simple model based on the traffic generation and transition probabilities. The transition probability represents the probability of selecting one outgoing direction from other incoming links at an intersection.



A Markov chain is characterized by a transition matrix, which defines the probabilities of moving from one state to another, and each row summation in this matrix is equal to 1. The number of absorbing and non-absorbing states represented are denoted as r and s, respectively. A transition probability matrix, P, can be defined as follows:


  P =  [     I   O     R   Q     ]  ,  



(1)




where I denotes a unit matrix (r × r), O denotes a zero matrix (r × s), R is the transition probability from a non-absorbing state to an absorbing state (s × r), and Q is the transition probability between non-absorbing states (s × s). In addition, because all elements of the matrix Q are positive, when the transition is repeated ad infinitum, the probability of this state is calculated from the right side of the following formula:


  I + Q +  Q 2  + ⋯ =    (  I − Q  )    − 1   .  



(2)







If the elements of the matrix Q are rearranged in order of generating state, transient states other than generating, and absorbing states, then matrix Q can be arranged as follows:


  Q =  [     0     Q 1       0     Q 2       ]  .  



(3)







Let V be the traffic generation at each node. The estimation value of the link traffic volume X and the estimated OD flow U can be calculated as follows:


   ( X )  =  ( V )   Q 1     (  I −  Q 2   )    − 1   .  



(4)






   ( U )  =  ( V )     (  I − Q  )    − 1   R .  



(5)







Previous studies have used this model [44,45]. In this study, a comparison between the estimated OD flow and the true OD flow is impossible because the 1925 survey did not have actual observed OD. However, when the correlation between the estimated and observed link traffic volume is high, the correlation between estimated and observed OD flow is also high [46], with a small loss of accuracy. Therefore, we adopt the link traffic volume as an accurate evaluator of the estimation, and we can estimate the OD flows with small errors. For huge networks, some problems still persist in this model, which may cause unrealistic flows due to cycle paths. However, this method is generally accepted because of its high operability. Other methods that estimate OD flows from observed link traffic volumes have been developed; however, it is difficult to apply them due to the lack of necessary data from the modern era. Therefore, we adopt an absorbing Markov chain model as the main method of estimating traffic flow owing to its high applicability to limited information contained in the traffic census of the modern era.




2.4.2. Estimation Procedure of OD Flows


The flowchart for estimating OD flows is illustrated in Figure 4. Intersection nodes were classified into observed and unobserved nodes. Transition probabilities in each observed node were calculated based on observed link traffic volumes, and those in unobserved nodes were estimated by using a genetic algorithm discussed in the next section. After calculating and estimating the transition probability matrix at all nodes, the OD flows were estimated based on all transition matrices and all traffic generation. We, therefore, estimated the final OD from the optimum solution of transition probabilities of unobserved nodes. In this study, we assumed that traffic generation or absorption can occur at only 672 origin-destination nodes, including both observed origin-destination nodes (504 nodes) and unobserved origin-destination nodes (168 nodes). Additionally, at 281 intersection nodes, including both unobserved intersection nodes (57 nodes) and observed intersection nodes (224 points), traffic generation or absorption cannot occur.



The transition probabilities of each observed node were assumed to be constant for 12 h. They were calculated proportionately from the outflow traffic volume of the adjacent intersection. The transition probabilities of intermediate nodes between two adjacent observed intersection nodes were defined according to whether traffic passes through an intermediate node, or is absorbed at intermediate nodes. The final size of the entire matrix is 3840 × 3840, containing the transition probability of 57 unobserved nodes. The traffic generation is calculated as the difference between the inflow to the road graph and the inflow/outflow of two observed nodes. The traffic generation at the intermediate nodes is defined as the difference between the outflow from one node and the inflow to another. However, if one or more adjacent nodes are unobserved at an intermediate node, the traffic generation of the intermediate node cannot be calculated. Based on this, we estimated OD flows by using only observed inflows to the graph and the observed traffic generation calculated from the difference of two observed nodes. Then, the unknown volume of traffic absorption at the intermediate node adjacent to the unobserved node can be obtained.



The comparison between the traffic generation and traffic absorption of both in and out directions at the intermediate nodes between observed nodes is shown in Figure 5. The traffic generation and traffic absorption are shown as positive and negative values, respectively. The horizontal axis indicates either traffic generation or absorption, whichever is smaller, and the vertical axis indicates whichever is larger. In Figure 5, traffic generation and absorption are well balanced, and the sum of generation and absorption at the same node is nearly equal to 0. In general, if traffic involves a day trip, traffic generation would be equivalent to absorption. However, the traffic generation tends to be less than traffic absorption in this study. This is because the investigation time of the original traffic census ended at 6 p.m. and the traffic after this time was not considered. From the above, we assumed that the traffic generation at an unobserved origin-destination is equivalent to the unknown traffic absorption which was calculated from only the observed inflow to the graph and the observed traffic generation at the intermediate node adjacent to the unobserved node, and we estimated the OD flows again using all traffic generations.





2.5. Estimation of Transition Probabilities on the Unobserved Nodes Using a Genetic Algorithm


2.5.1. Overview of the Genetic Algorithm


A genetic algorithm (GA) is an optimization algorithm based on the evolutionary process of biological organisms in nature [47]. Genetic algorithms have been used as an optimal solution search method in various fields and have also been applied for studies in civil engineering and planning. Studies using GA for the estimation of OD flows have been reported [46,48].



In this study, the transition probabilities of unobserved nodes had to be estimated because the unobserved nodes were added to create a realistic road graph. Thus, the transition probabilities of unobserved nodes are objective variables. The transition probabilities of observed nodes are known, and are constants. A set of the transition probabilities of unobserved nodes for the entire network is defined as a gene, and a combination of genes form an individual. If the transition probabilities of the unobserved nodes were solved, the link traffic of an individual can be estimated. The estimated link traffic and the observed link traffic have to be equal. However, observed and estimated link traffic is not equal due to errors in calculated transition probabilities and other factors. The difference between estimated and observed link traffic can be a measure of fitness of the calculated transition probabilities of unobserved nodes. This means the individuals with higher fitness have closer transition probabilities to the true transition probabilities. Obtaining the highest fitness individual is an optimal solution search problem. Thus, we used GA to calculate the transition probabilities of unobserved nodes.




2.5.2. Initialization


In this study, the value of a gene consists of the transition probabilities of unobserved nodes. The unobserved nodes are classified into unobserved intersection nodes and unobserved intermediate nodes adjacent to the unobserved intersection. The transition probabilities of these two types of unobserved nodes have to be initialized independently. The initial probabilities of unobserved intersections were randomly defined according to the number of forks at a node, and the total value should be 1 at the same node. On the other hand, in the intermediate nodes, a pair of the probabilities was defined. One is the passing through probability of the node, and the other is the absorbing probability of the same node. The sum of these two probabilities should be 2 for the same node. The latter probabilities were initialized randomly according to a normal distribution based on the mean and variance of the observed transition probabilities. Abnormal probabilities, which were caused by an insufficiency of traffic volume, were excluded from calculation. The passing thorough probability should be 0 or more and 1 or less; thus, the absorbing probability was calculated by subtracting the passing through probability from 1.



An individual consists of 346 genes including both the transition probabilities of unobserved intermediate nodes and unobserved intersection nodes. The initial population has 32 individuals. A schematic diagram of genes, individuals, and population is shown in Figure 6.




2.5.3. Evaluation and Convergence Conditions


The convergence condition of the GA is based on the fitness of each individual. It decides whether the calculation would iterate until the convergence conditions are satisfied or terminate. The fitness of each individual is defined as the root mean square error (RMSE) between observed link traffic and estimated link traffic from the absorbing Markov chain model. Each individual was ranked according to their fitness, and the individual with the highest fitness was defined as the best individual.



The GA would terminate when it satisfied one or more convergence conditions as follows: (1) When all the individuals in the population had equal fitness; (2) when the fitness of the best individual was less than 0.01% for 100 iterations; and/or (3) when the number of iterations reached the maximum limit of 3,000 generations. In this study, the final transition probability adopted the genes of the best individual when the GA terminated.




2.5.4. Selection


In case the GA convergence conditions are not satisfied, a new population is generated after operations such as selection, crossover, and mutation. Then, the fitness of this new population was reevaluated.



A selection operator carries out the selection of the best individuals of the last generation to remain in the next generation. This operator is necessary to increase the number of high fitness individuals in the next population. Both the elite selection method and the roulette selection method were adopted in this study. The elite selection method certainly enables the best fitness individuals to remain for the next generation. However, it is a possibility that this method will fall into a local solution. Therefore, population diversity has to be maintained by a combination of roulette and elite selection methods. The roulette selection method is a weighted random selection where the selection probability changes according to fitness. As both higher and lower fitness individuals can be selected for the next generation, the population variety can be maintained and prevents the GA from falling into a local solution. Additionally, the lower fitness individuals can evolve to a higher fitness by changing a part of their genes.



In this study, 16 out of 32 individuals, were selected by the selection operator. The top 4 fitness individuals were selected by elite selection, and 12 individuals were selected by roulette selection from 24 higher fitness individuals out of the remaining 28 individuals.




2.5.5. Crossover and Mutation


The crossover operation is the process of reproducing 2 children from 2 parents. The two-point crossover operator was adopted in this study. The two-point crossover method randomly chooses crossover parts on genes from two parents, and creates two children by swapping the crossover parts.



The mutation operation is the process of reproducing 1 child from 1 parent. The selection and crossover operators reproduce the higher fitness individuals, but the mutation operator creates new individuals with new genes to prevent a local solution using a random search approach. In this study, the mutation operator overwrites a randomly selected gene with a newly initialized one.



Sixteen higher fitness individuals were selected for the next generation by the selection operator (Section 2.5.4), and they were also copied to the lower 16 individuals. The crossover operator was applied to 8 randomly selected lower individuals (4 pairs), and the mutation operator was applied to the remaining 8 individuals.






3. Results and Discussions


3.1. Evaluation of the GA Model by Comparison of Estimated and Observed Link Traffic


The GA calculation for passenger cars reached 3,000 iterations. This satisfied the third convergence condition, and the highest fitness had a value of 132 RMSE. The scatter diagram of estimated link traffic from the optimized solution by GA and the observed link traffic is shown in Figure 7. The slope of the regression line is approximately 0.77 and correlation coefficient is approximately 0.85. This implies the estimated link traffic agrees well with the observed link traffic, and it has relatively small errors. However, the estimated link traffic tends to be smaller than observed. Figure 8 shows the distributions of the observed link traffic (Figure 8a) and the ratio of the estimated and observed link traffic (Figure 8b). Figure 8a indicates that passenger cars use the main road and heavy traffic links are linearly distributed along main roads. In Figure 8b, most of the links have a ratio between 0.8 and 1.2. However, the links with ratios greater than 2 are conspicuously located along main roads in the Nihonbashi and Kyobashi wards in the central part of the city. Figure 8 indicates that large traffic differences are obvious between main roads and back roads, and the traffic in back roads are overestimated because the observed link traffic on back roads are small (Figure 8a). This result is caused by a large number of cycle paths due to a high road density in the central area, which overestimates the absorbing Markov chain model’s infinite transition calculation. Additionally, the smaller link traffic on back roads can result in larger ratios. This indicates that higher-accuracy OD flows can be estimated when the traffic difference is small between main and back roads, and in the case of transport modes with many routes to destinations, like bicycles.




3.2. Estimated OD Flows


Estimated OD flows were mapped using the visualization method proposed by Wood et al. (2010) [49] as shown in Figure 9. The study area was segmented into a 10 × 10 mesh, and the generated and absorbed traffic in each mesh were aggregated respectively. Meshes without both generated and absorbed traffic were excluded from the map. A small black square in each mesh means the origin, and the other squares are destinations. The flow in the small black square indicates the flow in self-square. OD traffic are shown in red-yellow gradation according to traffic volume. Alphanumeric characters around the map indicate the mesh ID. For example, the top left mesh is labelled “1A”.



The estimated OD flows of passenger cars are shown in Figure 9. The distributions are clearly different between the eastern part (Shitamachi) and the western part (Yamanote) of Tokyo City. An approximate boundary between the Shitamachi and Yamanote areas is column F.



The traffic was very busy in the Shitamachi area, which includes Nihonbashi and Ueno districts. For example, Ueno (in 3G), Manseibashi (in 4G), and central Tokyo (in 5F) contained railway terminals, and Nihonbashi (in 5G) was the central business district of Tokyo City. These districts formed the city center or subcenter, and became a major origin point for the entire Tokyo City.



Based on the study of the daytime population in central Tokyo City in 1929, approximately 50 percent of people who got off the train at the Tokyo station were commuters, and others were shoppers and visitors [50]. The Imperial Palace and many facilities were located around Tokyo station, and a lot of people visited these facilities. Other traffic can be seen between the central area (Tokyo station, 5F, and Nihonbashi area, 5G) and the subcentral area (Ueno area, 3G). This traffic was interactive flows between these two areas through the city center along the main street (e.g., Chuo-dori street). However, the observed traffic flow of passenger cars includes commercial vehicles such as taxis and buses. A lot of commercial vehicles travelled around the Shitamachi area, and many people may have moved among stations and across the downtown area on these commercial vehicles. Moreover, the traffic flow of passenger cars which start or terminate at Tokyo station may have included some commercial vehicles because the bus network in Tokyo City had radiating routes from Tokyo station. The presence of commercial vehicles may have resulted in busy passenger car traffic around the city center and subcenter areas.



South-northerly traffic was also significant in the Shitamachi area. The Shitamachi area contains strongly interconnected traffic between the Tokyo and Ueno stations, as well as Nihonbashi, Asakusa, and Honjo wards. As mentioned above, in the Shitamachi area many facilities were widely distributed, causing busy traffic between these facilities, and forming interconnected generation and absorption points.



In the Yamanote area, major generation and absorption points were distributed along the main streets to Shinjuku (in 5A) or to Shibuya (in 7A) areas. In the west of column E, limited traffic flows to the commercial areas, such as Nihonbashi or Kyobashi wards, can be seen. Both the origin and destination of these traffic are within the Yamanote area only. Some significant frequent origins are located around the western Kojimachi ward (5D and 6D). This area was also a major destination connected by main roads, especially from Shinjuku (5A) and Shibuya (7A) areas. Shinjuku and Shibuya seem to be major traffic generation and absorption points; however, the traffic around these points mainly consist of both inflows from and outflows to Tokyo City.



Many inflowing passenger cars from Shinjuku (5A) were absorbed along the main street (Koshu-Kaidou street), specifically around the western Kojimachi ward (5D). The traffic from Shibuya (7A) was also absorbed along the other main street (Aoyama-dori street), and partly absorbed in the Nagata-cho area (6D). The Nagata-cho area was a government office district since the 1870s. Passenger cars of the time were mainly owned by wealthy people, such as the Imperial family, the nobility, and government bureaucrats. The Yamanote area was a high-class residential area, and Ban-cho (5C, 5D) is a representative example. The Imperial family frequently came to the Imperial Palace (5E) and sometimes to the Akasaka Detached Palace (6C). Thus, passenger car traffic had been affected by wealthy people’s residences and workplaces. Military reservations were located in the Yamanote area and the movements of military vehicles may have affected the traffic flows of passenger cars. The main traffic in Shiba ward (around 9D, 9E) facing Tokyo Bay was not bound for the central area, such as Tokyo station or Nihonbashi ward, or the main road (Tokaido road), but for the adjacent Azabu and Akasaka wards (around 6C, 7D, 8C). These results show that the Yamanote area has a strong west-east connection due to the movement of wealthy people. Previous studies have pointed out that wealthy people tended to live in the Yamanote area, and the results of the estimated OD flows of passenger cars agree well with those presented by Ueno (1981) [51], who analyzed the urban structure of Tokyo City in 1920.





4. Conclusions


In this study, we estimated the OD flows of passenger cars using data from the historical documents of the 1925 traffic census of Tokyo City from historical traffic counts. By estimating OD flows, we found macroscopic traffic patterns in historical Tokyo, which will help us to better understand human mobility and the relationship between urban traffic and structure. Urban structure and OD flows are strongly related, and the estimated OD flows from the view of the distribution of facilities and studies on urban structure in Tokyo were discussed. As a result, the passenger car flows have different trend patterns between the eastern and western parts of Tokyo City. This result is affected by a distribution of main roads and the location of residences or workplaces of car owners. On the other hand, the traffic, which used terminal stations like Tokyo and Ueno stations as the origin or destination, was distributed over the entire Tokyo City.



As the historical traffic survey has limited observation points and insufficient statistical data, estimation of historical OD flows from historical census data is difficult. This study is one of the studies which addresses this problem. However, some issues still remain. The validation of estimated OD flows has not been examined, because of the lack of the true OD flows. To address this problem, the estimated OD flows can be validated by the comparison between traffic generation and detail population at the day, under the assumption that the traffic generation and population have a proportional relationship. However, this study aimed to estimate OD flow using only traffic count data. Therefore, we validated only link traffic volume. Additionally, because pedestrians can choose other transportation means, not only the road network, but also a multimodal traffic network including trams and buses, should be taken into account in further studies.
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Figure 1. Study area. Old Tokyo city’s 15 wards (1889–1932) located in center of present Tokyo’s 23 wards (1947–present). 
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Figure 2. A part of traffic census table “Tokyo-shi Kotsu-chosa Tokei-hyo (Traffic census in Tokyo City)” and an example of an observation point. 
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Figure 3. Road graph. A total of 57 unobserved intersections were added to create the whole road graph. 
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Figure 4. Flowchart for estimating OD flow. 
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Figure 5. Comparison of the volume of traffic generation and absorption of both directions in the middle point. Diagonal line indicates y = −x. 
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Figure 6. Examples of genes, individuals, and population. 
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Figure 7. The scatter plots representing estimated volume of link traffic using the optimal solution. Diagonal line indicates y = x. 
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Figure 8. Distributions of the observed link traffic volume and the ratio of the estimated and observed link traffic volume of passenger cars. 






Figure 8. Distributions of the observed link traffic volume and the ratio of the estimated and observed link traffic volume of passenger cars.



[image: Ijgi 08 00472 g008a][image: Ijgi 08 00472 g008b]







[image: Ijgi 08 00472 g009 550] 





Figure 9. Estimated OD flows. 
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