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Abstract


Traffic data are the basis of traffic control, planning, management, and other implementations. Incomplete traffic data that are not conducive to all aspects of transport research and related activities can have adverse effects such as traffic status identification error and poor control performance. For intelligent transportation systems, the data recovery strategy has become increasingly important since the application of the traffic system relies on the traffic data quality. In this study, a bidirectional k-nearest neighbor searching strategy was constructed for effectively detecting and recovering abnormal data considering the symmetric time network and the correlation of the traffic data in time dimension. Moreover, the state vector of the proposed bidirectional searching strategy was designed based the bidirectional retrieval for enhancing the accuracy. In addition, the proposed bidirectional searching strategy shows significantly more accuracy compared to those of the previous methods.
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1. Introduction


For intelligent transportation systems (ITS), traffic data is important for successfully maintaining the utility of the each module [1,2,3]. Traffic data can reflect traffic conditions, but in different manners and provide various information for traffic management, planning, and decision-making [4]. In additional, a series of efficient and flexible solution can be constituted based on the various traffic data for enhancing the travel convenience and mitigating travel costs [5,6,7]. However, due to mechanical faults and changes in the system behavior, the collected traffic data often have corrupted or missing data points, bringing some error to analysis result [8,9]. The quality of traffic data not only deeply affects the analysis results of traffic flow operation, but also affects the efficiency of the traffic system operation [10,11,12]. For these reasons, increasingly more methods have been developed to measure and improve the traffic data quality in the past.



Data recovery aims to improve data quality and enhance the availability of the database. Generally speaking, abnormal data are widespread in the history database [13]. Managing missing data is a common challenge in all areas of science [14]. Sensor failure, transmission network failures, and environmental factors often lead to generate various data quality problems (incompleteness, error, noise, etc.) [15,16]. In order to detect and recover the abnormal data while improving the data quality, in this paper, a novel bidirectional searching strategy was developed based on the k-nearest neighbor (KNN) approach. Note that the bidirectional retrieval strategy involves a symmetric state vector aiming to improve traffic quality considering the correlation of traffic data in time dimension.



The rest of this paper is organized as follows. In the next section, the existing literature in the area of improving data quality will be reviewed. In Section 3, data analysis, abnormal data detected, and model parameter selection can be shown. In Section 4, basic KNN approach will be introduced. In Section 5, a novel bidirectional data recovery approach is proposed, and the parameter setting process is presented. Section 6 discusses the experimental design and the results. Section 7 concludes the paper with a summary of bidirectional searching strategy and gives the suggestions for future work.




2. Literature Review


Several works focusing on recovering the abnormal data response to the data quality control strategy. These studies examine the effect of abnormal data and research the data recovery approach based on the historical aiming to improve data quality. Pushkar et al. [17] applied the catastrophe theory to establish the three-parameter sudden change surface of traffic flow to recover data and then proposed the speed estimation method. A nearest-neighbor imputation algorithm was developed and applied to interpolate the missing data based on the average value of historical data at the same time interval [18]. In addition, the factor approach estimated the missing data by using the mean value of the key factors selected from the historical set [19]. Troyanskaya et al. [20] investigated automated methods for estimating missing data to minimize the effect of incomplete data sets on analyses. Smith et al. [21] performed a preliminary analysis of several heuristic and statistical imputation techniques and declared the statistical techniques are more accurate. Chen et al. [22] proposed a linear regression algorithm to impute missing or bad traffic flow data and occupancy data using neighboring sensors data. Abdella et al. [23] proposed an integrated method combining the genetic algorithms with neural networks aiming at seeking the approximating missing data in a database. Tang et al. [24] developed a hybrid approach integrating Fuzzy C-Means-based (FCM) imputation method with a genetic algorithm (GA) to estimate the missing traffic volume data based on inductance loop sensor outputs. This approach outperformed conventional methods under prevailing traffic conditions. Among the wide variety of available statistical parametric techniques, several methods have been applied to traffic data recovery. Min and Wynter [25] proposed a traffic prediction method considering the effect of the missing data. A new hybrid approach integrating the hybrid neural network and weighted nearest neighbor method was developed to estimate the missing data in database [26]. Lobato et al. [27] presented a multiobjective genetic algorithm (MOGAImp) based on the nondominated sorting genetic algorithm II (NSGA-II). The MOGAImp is suitable for mixed-attribute datasets. Bae et al. [28] proposed two cokriging methods that exploit the existence of spatiotemporal dependency in traffic data and employed multiple data sources to impute higher solution. The results suggested that the spatiotemporal cokriging method using multiple data sources could effectively improve the imputation accuracy if the missing data were clustered or in blocks. Shang et al. [29] proposed a hybrid method for missing traffic data imputation using a FCM optimized by combining the PSO algorithm and the SVR.



The KNN is a simple and effective nonparametric regression algorithm, generally applied to traffic flow prediction [30,31,32,33,34]. Davis and Nihan (1991) predicted expressway traffic flow adopting the nonparametric theory of the KNN [35]. In the past years, the KNN has been widely applied to traffic flow prediction. Zhang et al. [36] and proposed an optimized the KNN algorithm to predict traffic flow. Liu et al. [37] established an improved KNN algorithm by replacing the original Euclidean distance search method with the model distance search method and introduced a multivariate statistical regression model. Habtemichael and Cetin [38] proposed nonparametric and data-driven short-term traffic flow prediction method using weighted Euclidean distance as the similarity measure and the exponential weight as the weight of the nearest neighbor. The results showed that this method could effectively improve the predictive accuracy.



At present, a wide variety of the abnormal data recovering methods, involving the historical trend method, moving average method, and interpolation method, has been applied in the intelligent transportation systems (ITS). The intelligent algorithm, such as neural network and genetic algorithm, can be applied to recover the abnormal data, but abundant sample is needed to train the net and requires a large amount of computation time. The KNN is a popular nonparametric regression algorithm and a type of lazy learning, which has the advantage of simple, high precision, and good robustness. In previous studies, the KNN algorithm is often used in traffic flow prediction. However, the traffic flow prediction and abnormal traffic data recovery are based on the existing data to compute the unknown data. Therefore, based on the above criteria, the KNN is considered as the basic algorithm to establish the abnormal data recovery method. In addition, considering a strong correlation of traffic data in the same place, the bidirectional symmetry search concept is introduced to improve the KNN algorithm. The reconstructed algorithm in this paper is defined as bidirectional k-nearest neighbor method (Bi-KNN). In detail, the bidirectional symmetry search concept considers the intrinsic relevance of the adjacent traffic data in time dimension and breaks through the traditional search vector constructive thought.




3. Data Analysis and Model Selection


3.1. Data Relevance Analysis


Due to the regularity of daily travel behavior, the traffic data collected from the same sensor presents the temporal similarities [39]. To illuminate the relevance of data, field velocity data collected from the same sensor are shown in Figure 1 presenting highway traffic velocity data 24h a day for four days in Shandong, China. In this section, the velocity data are randomly selected from the history database. Table 1 presents the Pearson correlation between different day data in an environment. The correlation index is greater than 0.8, reaching a very significant degree. All the results are in excellent agreement with the experimental data reported by Heng et al. [39]. Therefore, the normal historical data can be used for recovering the abnormal data.




3.2. Abnormal Data Identification


Abnormal data are unreasonable values in the dataset. Abnormal data, once regarded as noisy data in statistics, have turned out to be an important problem, which is being researched in diverse fields of research and application domains [40]. Abnormal data arise due to mechanical faults, changes in the system behavior, fraudulent behavior, human error, instrument error, or simply through natural deviations in populations [41,42]. Actually, several normal data are similar with the abnormal data, but which can provide very useful information. For example, the absence of data may be considered as a missing case or a sample zero. The identification of the abnormal data is a prerequisite for the data recovery. Hence, a simple approach is proposed to determine the type of data. Note that the abnormal data is defined as the outlier, involving the missing data and the erroneous data. Furthermore, the abnormal data identification framework is shown in Figure 2.



Figure 2 shows the main process of identifying the abnormal data. The detailed information can be depicted as follows.



Step 1. The data    N x    should be judged whether the value equals 0. If the value is 0, Step 2 is executed; otherwise, go to Step 5.



Step 2. The correlation parameters    N y    and    N z    are judged whether the value is equal to 0. If    N y  = 0   and    N z  = 0  , Step 4 is executed; otherwise, go to Step 3. Specifically, the correlation parameters generally include velocity, density (or occupancy), and traffic flow.



Step 3.    N x    is erroneous data.



Step 4. In order to avoid the erroneous judgment, the data series will be further identified when    N x  = 0  ,    N y  = 0  ,    N z  = 0  . The retrieved data series in correlation time series should be checked. If the match is high, the    N x    is defined as the normal data; otherwise,    N x    is a missing data.



Step 5. Traffic data have spatiotemporal correlation and similar tendency. Abnormal data detection based on Gaussian distribution will be performed. Furthermore, Step 6 is executed.



Step 6. If the    N x    belongs to the scope    (   μ x  − 2  σ x  ,  μ x  + 2  σ x   )   , the    N x    is normal data; otherwise,    N x    is erroneous data. Specifically,    μ x    is the mean value of the    N x    in the time series and    σ x    is the standard deviation.



Remark 1.

Abnormal data detection based on the Gaussian distribution is a popular method [43]. The main idea can be described through a simple statement. First, the assumption is that there are m points(J_1, …, J_m). Then, the mean value μ_J and standard deviation σ_J can be calculated, shown by Equations (1) and (2), separately.


    μ J  =   ∑  i = 1  m      J i   m      



(1)




and


    σ J  =   ∑  i = 1  m        (   J i  −  μ J   )   2   m      



(2)







Under the assumption of normal distribution, the scope    (   μ J  − 2  σ J  ,    μ J  + 2  σ J   )    includes 99.7% of the data. If the distance between    J i    and    μ J    is beyond   2  σ J   ,    J i    is an abnormal data; otherwise,    J i    is a normal data.





Table 2 shows the field data obtained from a loop coil sensor with an interval of 1 min. In addition, although the velocity data present zero at time 1:03, 1:07, and 1:14, the traffic flow and occupancy are not equal zero. According to the process of abnormal data identification presented in Figure 2, these data can be defined as erroneous data.





4. Basic KNN Algorithm


The KNN nonparametric regression method is a widely applied nonparametric regression algorithm, with many advantages, such as no parameters, a small error ratio, and a wide error distribution. At present, the KNN algorithm has been mainly applied to traffic flow prediction. With the difference in the parameter adjustment rules, the improvement in KNN will be proposed in the next section. The main parameters of the KNN are described as follows.



4.1. Nearest Neighbor


The nearest neighboring K presents the number of neighbors selected from the historical set. The quality of the historical set affects the K value. Regardless of if the K value is too large or too small, the accuracy of the data recovery can be affected. Because there is no guiding principle, the studies in the existing literature used their own experimental data to find better values.




4.2. State Vector


As a criterion for matching the current data with the historical set, the state vector is a set of characteristic data used for matching the algorithm parameters when searching for neighbors. The result of the state vector selection will affect the accuracy of the recovery method.




4.3. Distance Measurement Method


In general, Euclidean distance and Manhattan distance are the most popular distance calculation methods. Manhattan distance is limited by the dimensions with considering the actual impedance. In detail, Manhattan distance only calculates the horizontal or vertical distance between two points in the plane, also called the CityBlock distance. However, most of the data is not just two-dimensional and are distributed in different dimensions. Euclidean distance can be applied to the distances of multiple dimension calculations. Therefore, the Euclidean distance is selected as the similarity measure in the conventional KNN algorithm, which usually relates to all the attributes. Equation (3) shows the Euclidean distance between two sequences  X  and    Y   , where   X =  (   x 1  ,  x 2  , … ,  x n   )  a n d    Y  =  (   y 1  ,  y 2  , … ,  y n   )   .


   d  X Y   =     ∑  i = 1  n      (   x i  −  y i   )   2       



(3)








4.4. Recovery Algorithm


According to the calculation results of Euclidean distance, K groups of nearest neighbor data would be obtained. Note that each group is a state vector. In KNN, the feature state vector including abnormal data as the basic unit is used for tracking the similar state vector. Furthermore, the abnormal data recovery value can be given by Equation (4).


   v ^   ( w )  =   ∑  i = 1  k    α i     v  h i    ( w )   



(4)




where    v  h i    ( w )    is the sub data in the group   i   data in the history database,    α i    is the weight of the subdata in the   i  -th data in the historical set, and    v ^   ( w )    is the recovered value of the abnormal data.





5. Bidirectional Data Recovery Approach


A bidirectional data recovery approach is proposed in this paper, aiming to improve data quality, based on the KNN algorithm and the bidirectional retrieval principle. The main changes of the proposed recovery approach can be summarized as three points. First, an appropriate K value is selected by analyzing the relationship between the recovery accuracy and the number of the nearest neighbor values. Second, the feature state vector is designed considering the bidirectional retrial principle. In detail, the state vector consists of five consecutive data. Third, a suitable neighbor weight value is selected to improve the data recovery accuracy. The data recovery process is illustrated in Figure 3.



5.1. Parameter K Selection


To select the optimal nearest neighbor value, the relationship between the mean relative error of the data recovery and the change in K is analyzed, as shown in Figure 4, where K ranges from 1 to 50. In Figure 4, there are 1440 data points are used. In the beginning, the average relative error value will decrease with increasing K value. When the K equals about 25, the change in the average relative error value tends to converge. This result is consistent with the experiment that the optimal K value is between 20 and 25 as reported by Turochy [44]. Therefore, the K equals 25 was applied in this proposed bidirectional data recovery approach for preventing excessive convergence and unnecessary operation.




5.2. Designed State Vector


In the conventional KNN algorithm, the state vector is designed considering the correlation between the estimated data and the unidirectional time series. However, in the data recovery field, the bidirectional correlation in the time dimension should be paid more attention. Hence, the bidirectional abnormal data state vector was proposed and is presented in this section.



5.2.1. Historical Data Status Vector Library


For the continuous traffic flow data from the same sensor, there is a strong correlation among the adjacent data illuminated in Section 3.1. Therefore, five consecutive data as a group of historical data state vector library were established as    X n  ,    X n  =  {   v  h 1  i  ,  v  h 2  i  ,  v  h 3  i  ,  v  h 4  i  ,  v  h 5  i   }     (  i = 1 , 2 , … , n  )  .  . In addition, the historical data state vector library can be expressed as Equation (5).


   X n  =  [     X 1       X 2       X 3        ⋮      X n     ]  =  [     v  h 1  1     v  h 2  1     v  h 3  1     v  h 4  1     v  h 5  1       v  h 1  2     v  h 2  2     v  h 3  2     v  h 4  2     v  h 5  2       v  h 1  3     v  h 2  3     v  h 3  3     v  h 4  3     v  h 5  3        ⋮        v  h 1  n     v  h 2  n     v  h 3  n     v  h 4  n     v  h 5  n     ]   



(5)








5.2.2. Unidirectional abnormal data state vector


In order to explicit the advantage of the bidirectional recovery approach, it is necessary to introduce the process of the unidirectional state vector building in the conventional KNN (Uni-KNN). According the unidirectional principle, the abnormal state vector is shown as    X u  =  {   v 1 i  ,  v 2 i  ,  v 3 i  ,  v 4 i  ,  v 5 i   }    (i = 1, 2, …, n), where    v 5 i    is the abnormal data. Therefore, the state vector can be expressed as    X u  =  {   v 1 i  ,  v 2 i  ,  v 3 i  ,  v 4 i  , v  ( w )   }   , where     v  ( w )  =  v 5 i   . The basic thought of Uni-KNN is illustrated in Figure 5.




5.2.3. Bidirectional Abnormal Data State Vector


The bidirectional symmetry search concept is introduced to construct the state vector in the proposed bidirectional recovery approach, which considers the correlations between the abnormal data and the adjacent data. Hence, the proposed approach is also called Bid-KNN. During the searching process of the abnormal data, the abnormal data state vector can be seen as a particle, which keeps looking for the similar symmetric particles among the vector groups. The similar symmetric vectors have the same data number and higher similarity among the database. With the correlation among traffic data, the state vector can be constructed as    X b  =  {   v 1  ,  v 2  ,  v 3  ,  v 4  ,  v 5   }   . Abnormal data     v ( w  )   . can be any one of these five values. In detail, the building process of the state vector is shown as follows.



The abnormal data are detected and marked as     v ( w  )   . First, the data at the previous moment is retrieved. If it is normal data, it is placed in the state vector    X b   ; otherwise, retrieve the next moment data of the data     v ( w  )   . If the next moment data of the data     v ( w  )    is normal data, it is placed in the state vector    X b   , else search for the next data. Based on the search rules, the data are sequentially retrieved until the four normal data of the adjacent time periods of the abnormal data are achieved. Finally, the abnormal data state vector    X b    would be established. The state vector is defined as    X b  =  {   v 1 i  ,  v 2 i  ,  v 3 i  ,  v 4 i  ,  v 5 i   }    (i = 1, 2, …, n). According to the above criterion, the place of the abnormal data in state vector is random. For description, it assumed that    v 3    is abnormal data, where     v ( w  )  =  v 3 i   . The abnormal data symmetric state vector can be expressed as    X b  =  {   v 1 i  ,  v 2 i  ,   v ( w  )  ,  v 4 i  ,  v 5 i   }   . and the establishment process of the bidirectional abnormal data state vector is shown in Figure 6. The bidirectional data recovery process is illustrated in Figure 7.





5.3. Weight Assignment


The accuracy of data recovery was improved by applying a method of weighting the neighbors. The nearer the distance is, the greater weight assigned. The common weight assignment methods include the (1) equal weights method (all candidates are given the same weight), (2) inverse distance weight method [45] (a type of deterministic method used in this paper to assign the weight values based on the neighborhood locations), and (3) rank-based weights method (the weight is given by the rank of the candidates classified by the distance from the subject profile). The inverse distance and rank-based weighting methods are better than the equal distance weighting method for identifying similar traffic patterns [46]. Therefore, the inverse distance weight (I-d) and rank-based (R-b) methods of weight assignment were used in this paper and can be expressed by Equations (6) and (7), respectively.


   α i  =    d i  − 1       ∑  i = 1  k    d i  − 1        



(6)




and


   α i  =      (  k − i + 1  )   2      ∑  i = 1  k      (  k − i + 1  )   2       



(7)




where   i   is the rank of the i-th candidate, k is the total number of candidates,    d i    is the Euclidean distance between the current data and the   i  -th data in the historical set, and    α i    is the weight of the  i -th neighbor value.





6. Experiment and Results


6.1. Performance Evaluation


The recovery accuracy and efficiency were quantitatively measured using the indicators for the root mean standard error (RMSE), mean absolute percentage error (MAPE), and the correlation coefficient r. Expressed by Equation (8), RMSE is the standard deviation of the errors, measuring the deviation between the real values and recovery values.


  R M S E =       ∑  i = 1  n      (    v ^  i   ( w )  −  v i   )   2     n     



(8)




where    v i    is the real value,     v ^  i   ( w )    is the i-th recovered value, and n is the number of abnormal values.



Expressed by Equation (9), MAPE provides the accuracy of the method and shows the difference between the real and recovered data values.


  M A P E =  1 n    ∑  i = 1  n    |      v ^  i   ( w )  −  v i     v i     |    × 100 %  



(9)







The correlation coefficient r measures the linear similarity between the recovered and real data and its ranges between −1 and 1. The absolute value of r relates to the strength of the relationship. A value closes to 1 indicates a strong predictive capability. The formula is given by equation (10), where   v ¯   is the mean of    v i    and      v ^   ( w )   ¯    is the mean of      v ^   i   ( w )   .


  r =     ∑  i = 1  n    (   v i  −  v ¯   )   (    v ^  i   ( w )  −    v ^   ( w )   ¯   )         (    ∑  i = 1  n      (   v i  −  v ¯   )   2      ∑  i = 1  n      (    v ^  i   ( w )  −    v ^   ( w )   ¯   )   2     )     1 2       



(10)








6.2. Experimental Design


Abnormal data is recovered using the field velocity data, which is known to be accurately exhibiting traffic conditions when compared to out parameters in ITS. For verifying the validity of the proposed approach, the data over six normal days were selected as the test data and any one of the data in the test set could be the abnormal data. Collecting field data is essential for recovering the abnormal data. This paper uses the field velocity data from Shandong, China. To reflect the traffic condition better, the velocity data (aggregated at 5 min) of 60 consecutive days as a sample of experimental data are adopted to verify the effectiveness of the proposed data recovery approach. The database is divided into two categories: historical set and test set. In detail, 54 days of data are selected as the historical data and the last 6 days of data were selected as the test data. The data from sensor were collected during the full day (0:00–24:00).



The multiple sets of velocity data were used for experimental verification, affording consistent results. In order to avoid repeating descriptions, one set of the experimental result is shown in this section. In the process of experiment, in order to evaluate the performance of the recovery method, five recovery methods, including the traditional averaging recovery method, Uni-KNN using inverse distance weight (Uni-KNN (I-d)), Uni-KNN using rank-based weight (Uni-KNN(R-b)), Bi-KNN using inverse distance weight (Bi-KNN (I-d)), and Bi-KNN using rank-based weight (Bi-KNN (R-b)) were compared.




6.3. Results


The accuracies of five methods were compared. The overall situation is presented in Figure 8, showing the RMSE, MAPE, and correlation coefficient r of the five recovery methods and the true value recovered throughout the whole day. In general, the Bi-KNN recovery methods exhibited low errors (Figure 8c,d) compared to the Uni-KNN recovery methods (Figure 8a,b). The averaging method exhibits a higher error among the five recovery methods.



RMSE measures the error between the true value and the recovery value. A smaller error indicates better performance. Figure 9 shows the RMSE and the difference among the five recovery methods. A significant difference is shown in Figure 9, indicating a good recovery outcome of the Bi-KNN and Uni-KNN in abnormal data compared to the traditional averaging method. The RMSE of the traditional averaging method reaches 11.99% on average. The accuracy of Bi-KNN is higher than that of the Uni-KNN. The accuracy of Bi-KNN adopting the inverse distance weight is higher than that of Uni-KNN adopting the inverse distance weight.



The relative error value is an evaluation indicator of the error. A smaller relative error value indicates a better performance. Figure 10 shows the relative errors of the five methods used in this paper. It is calculated by the difference in the results of recovery method and the true value. A comparison of the five methods showed better performance of the Bi-KNN than others.



The relative error distributions are shown in Figure 11. As shown in Figure 11, the relative errors value of the Bi-KNN and Uni-KNN methods are obviously lower than that of the traditional averaging method. The effectiveness of the proposed algorithm is demonstrated. Moreover, the relative error of the Bi-KNN method is lower than that of the Uni-KNN method. By comparing the results of the relative error, the availability of the Bi-KNN was further determined.



Figure 12 shows the relative errors of the five comparison methods, and the abscissa values are presented as (0, 5%), (5%, 10%), (10%, 15%), (15%, 20%), and (20%, + ∞). As shown in Figure 12, the relative error ratio of Bi-KNN is lower than 5%. Bi-KNN shows a good performance to recover the abnormal data compared to other methods. In detail, approximately 50% relative recovery errors are belonging in the ranges from 0 to 5%. The performance of the relative errors of Bi-KNN is superior to that of the Uni-KNN.



Table 3 presents the correlation coefficients r calculated by the five comparison methods. The correlation coefficient r indicates the degree of similarity between the true data and recovery data. The greater the correlation coefficient value, the more accurate recovery is. To evaluate the efficiency, it is necessary to analyze the correlation coefficient between the recovery value and the true value. As listed in Table 3, the correlation coefficients of Bi-KNN and Uni-KNN are significantly greater than that of the traditional averaging method. Moreover, the correlation coefficients of the Bi-KNN are greater than that of the Uni-KNN. In the bidirectional recovery methods, the Bi-KNN model adopting the inverse distance weight has the greatest correlation coefficient 0.8033, indicating that Bi-KNN(I-d) performs the most accurate recovery compared to other comparison methods.





7. Conclusions


An accurate method was designed for improving data quality. Based on the KNN algorithm, a novel bidirectional k-nearest neighbor searching method was developed to recover the abnormal data existing in the database. In the test case, the field data were used to verify the efficiency of five recovery methods including the traditional averaging recovery method, Uni-KNN using inverse distance weight (Uni-KNN (I-d)), Uni-KNN using rank-based weight (Uni-KNN(R-b)), Bi-KNN using inverse distance weight (Bi-KNN (I-d)), and Bi-KNN using rank-based weight (Bi-KNN (R-b)). The data interval was set to 5 min. The test results show that the bidirectional recovery method is very effective for repairing the abnormal data with a low RMSE. Moreover, the relative errors of the five comparison methods indicate that the Bi-KNN (I-d) is more accurate and has a good efficiency. The correlation coefficient of the Bi-KNN (I-d) is 0.8033, which is greater than those of the other methods. Overall, the proposed Bi-KNN (I-d) has higher recovery accuracy, and the results are relatively satisfactory. This method could meet the demand for the precise restoration of basic anomalous data and improve the quality of traffic data effectively.



The abnormal traffic flow data recovery method considers the missing and the erroneous data. In the future, different proportion of existing abnormal data will be considered and different models will be applied to further enhance the accuracy of the recovery method. Moreover, a more symmetrical time–space network will be considered to improve the model accuracy and extend the scope of application in the further work.
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Nomenclature




	K
	Number of candidate values



	   i   
	Rank of the i-th candidate



	    d i    
	Distance between the current data and the group i data in the historical set



	    α i    
	Weight of subdata in the i-th data in the historical set



	    v ^   ( w )    
	Recovered value of abnormal data



	    v i    
	Real value.



	    v ¯    
	Mean of    v i   



	     v ^  i   ( w )    
	i-th recovered value



	      v ^   ( w )   ¯    
	Mean of     v ^  i   ( w )   



	n
	Number of abnormal value
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Figure 1. Traffic velocity trend. 
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Figure 2. The process of abnormal data identification. 
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Figure 3. Data recovery process. 
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Figure 4. Relationship between the average relative error and K value. 
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Figure 5. Unidirectional recovery. 
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Figure 6. Process for establishing the abnormal data state vector. 
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Figure 7. Bidirectional recovery. 
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Figure 8. Comparison of recovery and true values. 
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Figure 9. Root mean square error (RMSE). 
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Figure 10. Relative error box plot. 
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Figure 11. Relative error distribution. 
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Figure 12. Relative error proportions. 
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Table 1. Pearson correlations.






Table 1. Pearson correlations.





	Date
	2 October
	4 October
	22 November
	24 November





	2 October
	1
	0.854
	0.816
	0.845



	4 October
	0.854
	1
	0.822
	0.871



	22 November
	0.816
	0.822
	1
	0.909



	24 November
	0.845
	0.871
	0.909
	1










 





Table 2. Partial traffic parameter data list.






Table 2. Partial traffic parameter data list.





	Time
	Flow

  q   (Vehicles)
	Average Velocity

  v   (km/h)
	Average Occupancy

Od
	Status





	1:00
	3
	74.9
	4.2
	Normal



	1:01
	1
	62.5
	1.9
	Normal



	1:02
	4
	72.7
	5.8
	Normal



	1:03
	1
	0
	1.6
	Abnormal



	1:04
	5
	68.5
	7
	Normal



	1:05
	7
	71.5
	11.6
	Normal



	1:06
	3
	66.2
	5
	Normal



	1:07
	1
	0
	1.9
	Abnormal



	1:08
	5
	53.3
	13
	Normal



	1:09
	2
	98
	2.1
	Normal



	1:10
	2
	67.4
	2.1
	Normal



	1:11
	3
	64
	3.7
	Normal



	1:12
	3
	66.2
	6
	Normal



	1:13
	1
	61.3
	2.4
	Normal



	1:14
	1
	0
	2.1
	Abnormal



	1:15
	1
	69.2
	2
	Normal



	1:16
	3
	75.1
	4.2
	Normal



	1:17
	2
	71.6
	3.8
	Normal










 





Table 3. Correlation coefficient r.






Table 3. Correlation coefficient r.





	
r

	
Uni-KNN

	
Bi-KNN






	
Inverse distance

	
0.7109

	
0.8033




	
Rank-based

	
0.7016

	
0.7911




	
Average

	
0.6652
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