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ABSTRACT

A model for estimating time-of-day O-D flows is proposed, in which time ratios of virtual screen lines calculated from traffic counts are used for improving accuracy of the estimates. This model is represented as a maximization problem of probability of simultaneous occurrence on time-of-day O-D patterns. For practical use, an iterative solution algorithm is developed. The model was applied to the real network around Tokyo with various input data. As a result, it is clarified that prior time O-D proportions and virtual screen line locations affect the accuracy and the model is capable of estimating time-of-day O-D flows accurately.
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1. INTRODUCTION

An O-D (Origin-Destination) flow has a great influence on a result of the user equilibrium (UE) assignment which has been developed and utilized as one of the evaluation methods for transportation planning in practical as well as study fields. However, it is technically and monetarily difficult to obtain an accurate O-D flow only from survey data. Therefore, the O-D flow estimation problem has been researched and conducted by a number of researchers during the past 20 years and more.

Willumsen et al. (1980) formulated an entropy maximizing model and an information minimizing model for estimating O-D matrices. Bell (1991) attempted to estimate O-D matrices from traffic counts by the Generalized Least Squares (GLS) approach with inequality constraints and Yang et al. (1992) showed a bi-level programming in which the GLS approach was integrated with the UE assignment. On the other hand, Hazelton (2000) formulated the statistical model considering the variation of route choice proportions. Tamin et al. (2005) examined and summarized efficiency of various estimation methods (representative methods of O-D matrices from traffic counts, Non Linear Least Squares, Maximum Likelihood, Maximum Entropy and Bayes Inference) on a real-world network.

Recently, TDM (Transportation Demand Management) has received much attention in terms of sustainable transportation strategy instead of producing other transportation facilities. In order to evaluate various strategies, analyzing transportation demand in consideration of time variation of traffic conditions is essential work especially on a congested network. Time-of-day UE (TUE) assignment model developed by Fujita et al. (1988) is thought to have ability to resolve such a problem. TUE is a semi-dynamic traffic assignment model in which time-of-day O-D demands elastically change with traffic conditions. Furthermore, Ujii et al. (2003) extended TUE model to the model (TTUE) to reflect diversion relationship between paths using toll road and general road, and applied TTUE model to a real-world network including expressways. These assignment models considering time variations of traffic conditions require the time-varying O-D flows as input data. Therefore, the time-varying O-D flow estimation problem has been researched just same as in static case.
Willumsen et al. (1984) expanded an entropy maximizing model for estimating static O-D matrices into an estimation model of time-dependent O-D matrices from traffic counts. Chang et al. (1996) estimated time-varying O-D distributions based on time series of links and dynamic screen line flows for the use of traffic control and operation. Although these previous estimation models are elaborate, it may be difficult to utilize them for practical needs due to the complexity of the model.

The aim of this research is, therefore, as follows:

· Proposing a model for estimating time-of-day O-D flows which is applicable to a real-world network and doesn’t require other traffic information such as O-D travel time or link choice proportions
· Developing a solution algorithm of the estimation model for practical use, and applying the model to a real-world network
· Clarifying the factor in affecting the accuracy of estimated link flows by quantitative analysis
This paper is organized as follows. In Chapter 2, we formulate the estimation model of time-of-day O-D flows and develop a solution algorithm. The model requires both prior probabilities of time-of-day O-D patterns and time ratios of virtual screen lines. Various methods for giving these input data to the estimation of time-of-day O-D flows are described, and we examine model adaptability in a real-world network around Tokyo metropolitan area in Chapter 3. In Chapter 4, we explore what factor affects the accuracy of a result of the time-of-day UE assignment. Finally, conclusions are presented in the last Chapter.

2. THE ESTIMATION MODEL OF TIME-OF-DAY O-D FLOWS

2.1 Model Formulation

A model for estimating time-of-day O-D flows is formulated as a mathematical programming in which the probability of simultaneous occurrence on time-of-day O-D patterns is maximized. In this model, a prior probability of each time-of-day O-D pattern is calculated from observed hourly traffic counts by methods mentioned in the next chapter. The model is expressed as follows:
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where
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The variable with this sign ^ represents to be observed or obtained in advance. Eqn (1) generates the estimates of time-of-day O-D flows by dividing day O-D flows based on the maximum probability of simultaneous occurrence on time-of-day O-D patterns. This model has advanced Willumsen’s entropy maximizing approach to the estimation model of time-of-day O-D flows.

Eqn (2) ensures that the summation of O-D flows assumed to traverse virtual screen lines is equal to the observed volume of the corresponding virtual screen line. However, since the observed screen line volumes are not available, instead of the observations, the time ratios of virtual screen lines are calculated by hourly mean of existing observed link flows on the virtual screen lines. Accordingly, the virtual screen line volumes are alternatively derived from the following:
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where 
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 allows the estimation model to implement even when all link flows on the virtual screen lines are not observed.

In the proposed model, the prior O-D proportions and the volumes or the time ratios of the virtual screen line are necessarily given in advance to calculate estimates of time-of-day O-D flows but the methods to give the prior O-D proportions and draw the virtual screen lines are not assumed to be fixed. Therefore, the influences of these factors, such as the values of the prior O-D proportions, locations and the number of the virtual screen lines, on the accuracy of the estimates are examined in this paper. The reliable day O-D flow is assumed to be available and fixed in advance.

2.2 Lagrangean Problem Approach for Solution to the estimation problem
Since the estimation problem of the time-of-day O-D flows is difficult to be solved directly due to logarithmic form of the objective function and some constrains. Then, by using Stirling’s approximation and introducing Lagrangean multipliers to the equality constrains, the estimation problems becomes
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where L is a Lagrangean function, 
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 are the Lagrangean multiplier for equality constrains corresponding to eqn (2) and (3) respectively.

2.3 Iterative Algorithm

An iterative algorithm to solve the problem is adopted because solving the above Lagrangean problem explicitly requires much computer resources and practical use of the estimation model should be considered.

From the necessary and sufficient condition for an optimum on the Lagrangean problem, the following equations are yielded.
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Consequently, the algorithm to estimate time-of-day O-D flows from traffic counts is developed as follows:


Step 0:
Initialize 
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Step 1:
Update 
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 with Eqn (8) one by one for all k and t,



Step 2:
If a convergence criterion of 
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Step 3:
Update 
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 with Eqn (9) one by one for all i, j and t using 
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Step 4:
If a convergence criterion of 
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otherwise, n = n + 1 and go to Step 1,


Step 5:
Finally, compute 
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This algorithm is mainly composed of two stages. The first stage is calculating the Lagrangean multiplier iteratively until a certain convergence criterion is met for all multipliers. The second stage is to estimate time-of-day O-D flows with the calculated Lagrangean multipliers in the first stage.

The estimation problem can be solved iteratively by the developed algorithm which doesn’t need higher computer resources and also suits practical use.

3. APPRICATION TO TOKYO METROPOLITAN ROAD NETWORK

3.1 Summary of Study Area and Input Data

The proposed estimation model of time-of-day O-D flows is applied to a real network around Tokyo metropolitan area as shown in Figure 1 in order to validate the adaptability of the model to a real-scale network. This network consists of 16,148 nodes and 24,052 links in which about 30 % of all links are toll expressways. There are 331 zones in the study area in which 227 are internal zones and 104 are external zones, and thus total number of O-D pairs is 109,561. A day O-D flow and observed hourly traffic counts for 24 hours or daytime 12 hours are obtained from the Road Traffic Census conducted in 1999. The 24-hour observed links are about 20% of all observed links in the study area.

In the survey, the day O-D flow and all hourly traffic counts are observed according to vehicle types (passenger, bus and light and heavy freights). Then, each type of O-D flow is aggregated into two types. One type is a passenger O-D flow which sums up passenger vehicle and bus, and the other is a freight O-D flow which sums up light and heavy freight vehicles.

3.2 Calculation of Prior Time O-D Proportion by Various Methods

Calibrating prior time O-D proportions is significant in order to obtain the better estimates of time-of-day O-D flows. However, it is usually impossible to obtain the exact prior time O-D proportions directly and also calculate the proportions from only traffic counts because the link traffic counts contain generating traffic, concentrating traffic and passing traffic in different zones. Therefore, in this paper, prior time O-D proportions of internal zone are calculated by the following three methods from 24-hour traffic counts.

In the first method (Whole), the prior time O-D proportions are given as hourly mean of all traffic counts in the whole study area. Although this method is simplest, each property of zones and traffic conditions within a zone is difficult to be reflected because of above mentioned reason, so that time variations of the all O-D pairs become identical. The second method (Zone) is by hourly mean of traffic counts within each of larger twelve zones divided by geographically considering positional relationship of the study area. In the third method (Cluster), the proportions are given as hourly mean of the traffic counts only within the area classified by the cluster analysis based on the patterns of the time variations of the traffic counts within each zone. This method is expected to reflect differences in estimates of time-of-day O-D flows in terms of geographical position and traffic conditions of the zones.

For the prior time O-D proportions of external zones, the Whole and the Zone are only used because there are no traffic counts out of the study area, i.e. in the external zones. In the case of the Zone, the proportion of a certain external zone is given as the same proportion of the nearest internal zone. In addition to that, the proportions of the external zones are calculated by hourly mean of traffic counts which exist near the boundary of the study area (Outer link).

3.3 Drawing Virtual Screen Lines

A virtual screen line may have a great influence on a result of the estimation because the estimated time-of-day O-D flows are modified based on the virtual screen lines in Eqn (2). A virtual screen line can be not only a real screen line but also an imaginary screen line which is optionally drawn in the study area by using GIS systems. Since a virtual screen line can be drawn wherever it is desired as long as the line divides the study area into two parts, combination of selecting the location of virtual screen lines is infinite.

The procedure of calculating volumes of the virtual screen lines is explained as follows:


Step 1:
Draw virtual screen lines imaginarily along zone boundaries and bisect the study area as shown in Figure 1,


Step 2:
Extract hourly traffic counts information on the observed links existing on the corresponding screen line using a GIS system,


Step 3:
Calculate the time ratios of the virtual screen lines 
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 for 24 hours by hourly mean of the extracted traffic counts information,


Step 4:
Calculate the volumes of the virtual screen lines, 
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Figure 2 shows an example of time ratios of five virtual screen lines drawn arbitrarily. The time ratios vary according to the location of the virtual screen line. This means time-of-day O-D flows should be affected by the location of the virtual screen line. Therefore, in order to improve the accuracy of the estimates, the following three ways to draw virtual screen lines are conducted.


(a)
Draw virtual screen lines arbitrarily (Arbitrary),


(b)
Draw virtual screen lines along the boundaries of the 7 zones classified by the cluster analysis (7-Clusters),


(c)
Draw virtual screen lines along the boundaries of the 10 zones classified by the cluster analysis (10-Clusters).

We examined how many O-D pairs traversed the virtual screen lines in Figure 1. As a result, we found that 10% of total O-D pairs didn’t traverse any virtual screen line. This means the 10% O-D flows are not modified by the virtual screen lines.

3.4 Result of Time-of-Day UE Assignment

The estimated time-of-day O-D flows by the proposed model can not compared with the observed time-of-day O-D flows directly for the verification of the model estimation, because the observed time-of-day O-D flows are not obtained. Therefore, the link flows generated by the time-of-day UE assignment with the estimated time-of-day O-D flows are compared with the observed link flows. If the assignment result was accurate, it could find that the estimated time-of-day O-D flows were also accurate.

The time-of-day UE assignment is implemented using JCAROUTE system. The JCAROUTE is an application software for Windows XP which computes and evaluates the time-of-day UE assignment based on the Wardrop’s first principle over given consecutive periods of time, and also takes toll load on expressways into account for a real-world network. In the JCAROUTE, the diversion function that determines the proportion of traffic demand passing expressways between each O-D pair is integrated with the assignment model, so that the route choice behavior between expressway and arterial paths are clearly taken into account. The JCAROUTE requires input data of time-of-day O-D flows, link-cost function and so forth, and uses the Frank-Wolf’s algorithm as the solution for the assignment. The BPR function in which parameters are calibrated from observed link traffic counts are adopted as a link-cost function.

The time-of-day O-D flows estimated by the proposed model with the virtual screen lines depicted in Figure 1 and the Whole prior time O-D proportions were here used for the input data of the JCAROUTE. 

The accuracy of the estimated link flows is indicated by the correlation coefficient, RMSE and %RMSE between the estimated link flows and the observed link flows. These indices show how close the estimated and observed link flows are.
Figure 3 shows the relationship between the observed and estimated link flows. These plots are placed around 45-degree line which represents the estimates equal to the observations. As a result, the most accurately estimated link flows by the time-of-day UE assignment were obtained with the correlation coefficient of 0.86 between 7:00 and 8:00, while the accuracy became lower between 23:00 and 24:00.

Relationships between the observed and estimated link flows according to vehicle types are illustrated in Figure 4. By comparing the estimation results according to vehicle types, it was clarified that the estimated link flows of the freight type had better correlation than that of the passenger type. The link flows of the passenger type became slightly overestimated. On the other hand, the freight flows became slightly underestimated.

Figure 5 shows time variations of the correlation coefficients of the estimation results. The correlation coefficients vary from hour to hour and basically decrease with time. The accuracy of the estimated link flows is lower during the nighttime, because the number of traffic counts from 18:00 to 6:00, i.e. the nighttime, is less than that for the daytime.

As a result, the accuracy of the time-of-day UE assignment is high enough so that the estimated time-of-day O-D flows used for input data seems also to be accurate.

4. EXPERIMENTS OF ACCURACY IMPROVEMENT

4.1 Quantitative Analysis of Relationship between Input Variables and Accuracy
According to the assignment result in chapter 3, it is clarified that the proposed model has enough ability to estimate time-of-day O-D flows accurately. In this chapter, in order to explore which and how the input data (i.e. prior time O-D proportions and time ratios of virtual screen lines) affect the accuracy of estimated link flows, the three-way analysis of variance (ANOVA) was executed. Factors and levels used for the three-way ANOVA are summarized in Table 1, in which the summation of the 3-hour RMSE between 7:00 and 10:00 were analyzed. In this table, the Prior (Inner) means a method to give the prior time O-D proportions of internal zones and the Prior (Outer) means a method for external zones. The SL location means a way to draw virtual screen lines in the study area.

The result of this experiment shows that factors of Prior (Internal) and SL Location affect the accuracy of estimated link flows with 5% significance. It means that the accuracy of the estimated time-of-day O-D flows depends on the prior time O-D proportions of the internal zones and also the virtual screen line volumes.

Besides, when the combination of the prior time O-D proportions calculated by the larger twelve zones and the virtual screen lines drawn along the boundaries of the clustered zones is used, the estimated link flows resulted in the most accurate one. It is found that calibrating prior time O-D proportion precisely and selecting the location of virtual screen lines by considering the traffic condition affect the accuracy of estimated link flows.
4.2 Modification of Time-of-Day O-D Flows from Estimation Result

Figure 6 depicted by GIS system shows overestimated and underestimated links with the most accurate estimated O-D flows derived in the previous section. The overestimated link in this figure means that the estimated link flow is greater than 1.5 times of the corresponding observation. Similarly, the underestimated link means that the estimated link flow is smaller than a half of the corresponding observation. From this figure, it is found that the inaccurate link flows are distributed around the center of Tokyo and there are the overestimated links more than the underestimated links. These may be caused by inaccurate estimation of time-of-day O-D flows especially around the center of Tokyo.

The estimated time-of-day O-D flows is, therefore, modified by additionally drawing the virtual screen line based on the locations of underestimated and overestimated links. To put it concretely, the virtual screen line six and seven were added around such locations in study area, and time-of-day O-D flows are modified, that is, re-estimated. As a result of the modification, the accuracy of estimated link flows was improved and the number of those underestimated and overestimated links decreased from 41 to 32. It was made clear that the proposed estimation model modified the estimated time-of-day O-D flows more accurately when the virtual screen lines were drawn properly.

5. CONCLUSIONS

The model for estimating time-of-day O-D flows is constructed as a maximization problem of a probability of simultaneous occurrence on time-of-day O-D patterns. In this model, prior time O-D proportions, volumes on a virtual screen line and a day O-D flow are given. Furthermore, the alternative equation calculating the volumes on the virtual screen line with observed link flows on it is presented. Consequently, it is possible to estimate time-of-day O-D flows even when the volumes are not directly available or all links on the virtual screen line are not observed. Since the proposed model is formulated as a nonlinear optimization problem with linear equality constrains, an iterative algorithm to solve this problem is developed in consideration of practical use.

The estimation model was applied to a real network around Tokyo metropolitan area. As a result of this application, the accurate link flows were obtained between 7:00 to 18:00, while link flows during the other time periods were not estimated accurately because of deficiency of link observations for such time periods. By comparing the estimation results with regard to vehicle types, the estimated link flows of freight type had higher correlation than that of passenger type.

In order to improve the accuracy of time-of-day O-D flows, various methods of calculating prior time O-D proportions and drawing virtual screen lines are implemented and examined on the study area. The three-way analysis of variance using these methods was executed in order to explore which and how factors affect the accuracy of estimated link flows. From this experiment, it was clarified that prior time O-D proportions and locations of virtual screen lines affected the accuracy of the estimation. Moreover, it was also found that when the combination of the prior time O-D proportions calculated by the larger twelve zones and the virtual screen lines drawn along the boundaries of the clustered zones was used, link flows were estimated most accurately. In this case, it would mean that the estimated time-of-day O-D flows are also accurate. Furthermore, it was made clear that the proposed estimation model could make the estimated time-of-day O-D flows more accurately if the virtual screen lines were drawn properly.

Throughout this study, the proposed model works on the assumption in which all O-D trip times should be shorter than the time interval of the study. Therefore, further study will be made by developing more efficient model to reflect the time differences between generating of a trip and traversing a screen line. Furthermore, improving the accuracy of estimated link flows between 18:00 and 6:00 will be accomplished.

APPENDIX
All the accuracy indices of estimated link flows in this paper is summarized in Table 2.
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Table 1. Factor and level information

	Factor
	Level

	Prior (Internal) *
	Whole
	Zone
	Cluster

	Prior (External)
	Whole
	Zone
	Outer link

	SL Location *
	Arbitrary
	7-Clusters
	10-Clusters



* 5% significance


SL : virtual screen line

Table 2. Accuracy indices of estimated link flows for 24 hours
	
	Correlation coefficient
	RMSE (veh/hour)
	%RMSE (%)

	
	Total
	Passenger
	Freight
	Total
	Passenger
	Freight
	Total
	Passenger
	Freight

	7
	0.84 
	0.79 
	0.85 
	773
	553
	314
	39.7 
	48.9 
	38.5 

	8
	0.85 
	0.81 
	0.85 
	722
	492
	325
	34.9 
	41.9 
	36.4 

	9
	0.84 
	0.82 
	0.80 
	745
	449
	433
	35.7 
	41.2 
	43.4 

	10
	0.76 
	0.73 
	0.74 
	888
	515
	494
	43.1 
	49.0 
	49.0 

	11
	0.76 
	0.75 
	0.74 
	838
	496
	470
	41.4 
	47.8 
	47.6 

	12
	0.78 
	0.75 
	0.77 
	793
	505
	406
	41.8 
	49.6 
	46.4 

	13
	0.77 
	0.75 
	0.76 
	829
	534
	425
	41.5 
	49.8 
	45.9 

	14
	0.78 
	0.76 
	0.77 
	837
	557
	433
	40.5 
	50.0 
	45.5 

	15
	0.79 
	0.77 
	0.76 
	852
	581
	428
	40.8 
	49.8 
	46.4 

	16
	0.79 
	0.77 
	0.77 
	878
	629
	391
	42.2 
	51.9 
	45.3 

	17
	0.79 
	0.77 
	0.77 
	868
	636
	322
	41.0 
	48.1 
	45.1 

	18
	0.78 
	0.76 
	0.76 
	816
	596
	322
	40.3 
	43.9 
	48.3 

	19
	0.66 
	0.57 
	0.76 
	938
	698
	333
	32.3 
	35.1 
	36.5 

	20
	0.72 
	0.61 
	0.84 
	766
	671
	241
	29.9 
	34.2 
	32.5 

	21
	0.64 
	0.55 
	0.77 
	869
	671
	330
	37.3 
	39.0 
	54.1 

	22
	0.63 
	0.54 
	0.77 
	914
	673
	377
	42.9 
	42.8 
	67.1 

	23
	0.65 
	0.55 
	0.78 
	862
	654
	350
	43.1 
	43.9 
	68.8 

	24
	0.60 
	0.52 
	0.74 
	879
	664
	345
	47.4 
	47.6 
	75.4 

	1
	0.57 
	0.50 
	0.72 
	801
	622
	302
	49.1 
	51.3 
	71.8 

	2
	0.56 
	0.50 
	0.65 
	655
	488
	303
	48.0 
	51.1 
	74.2 

	3
	0.60 
	0.49 
	0.71 
	612
	394
	332
	51.2 
	53.5 
	72.3 

	4
	0.64 
	0.38 
	0.76 
	789
	465
	412
	61.8 
	73.1 
	64.4 

	5
	0.70 
	0.42 
	0.81 
	1069
	703
	454
	56.5 
	80.6 
	44.7 

	6
	0.51 
	0.23 
	0.72 
	1854
	992
	948
	59.9 
	63.2 
	62.0 
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SL : virtual screen line
Figure 1. Tokyo metropolitan road network
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SL : virtual screen line
Figure 2. Time ratios of virtual screen lines
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	(a) 7:00~8:00 AM
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(b) 23:00~24:00 PM


Figure 3. Relationship between observations and estimations of link flows
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(a) passenger
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(b) freight


Figure 4. Relationship between observations and estimations of link flows 

according to vehicle types (7:00~8:00 AM)
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Figure 5. Time variation of correlation coefficient between observations and 

estimations of link flows
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SL : virtual screen line


Figure 6. Estimation results of before-after modification of time-of-day O-D flows
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