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Abstract. 
The ongoing controversy about in what condition should we set the curb parking has few definitive answers because comprehensive research in this area has been lacking. Our goal is to present a set of heuristic urban street speed functions under mixed traffic flow by taking into account impacts of curb parking. Two impacts have been defined to classify and quantify the phenomena of motor vehicles' speed dynamics in terms of curb parking. The first impact is called Space impact, which is caused by the curb parking types. The other one is the Time impact, which results from the driver maneuvering in or out of parking space. In this paper, based on the empirical data collected from six typical urban streets in Nanjing, China, two models have been proposed to describe these phenomena for one-way traffic and two-way traffic, respectively. An intensive experiment has been conducted in order to calibrate and validate these proposed models, by taking into account the complexity of the model parameters. We also provide guidelines in terms of how to cluster and calculate those models' parameters. Results from these models demonstrated promising performance of modeling motor vehicles' speed for mixed traffic flow under the influence of curb parking.


1. Introduction
Curb parking refers to using the road’s spatial resource (i.e., hard shoulders or wide lane) as the parking carrier. It is an important part of the supplied pattern by the parking facilities. Obviously, it has advantages of being flexible, space-saving, and convenient contrast to the off-street parking. However, curb parking occupies road spaces, which directly influences the running characteristics of motor vehicles and bicycles. There have been a lot of controversy about in what condition should we use curb parking. However, research in this subject has been lacking, especially considering the bicycles and motor vehicles under mixed traffic flow. Some downtowns simply provide curb parking wherever possible, while others prohibit it as being unsafe and a nuisance to moving traffic.
This paper intended to present a set of heuristic urban street speed functions under mixed traffic flow by taking into account integrative impacts of curb parking, including the different types of curb parking, the different compositions of the road traffic flow (bicycles and motor vehicles), and the different control modes of the road traffic (one-way and two-way traffic). By relying on these studies, we intend to forge a more in-depth analysis of curb parking.
Literature ReviewPrevost developed a theoretic model for curb parking by dividing it into long-term (applying to the residential area) and short-term parking (applying to the commercial area). He adopted the stochastic gap theory and the queue theory to study the distribution of gaps between cars and the equilibrium queue distribution, and he also derived a formula of the capacity and occupancy [1].Rawal and Rodgers studied the distribution model of gaps between curb parking cars in London which is modeled in intensive parking and optimal parking type and analyzed the distribution law of gaps between the parking cars [2].The students of Tennessee University adopted lots of data which are used in the research of Safety Aspects of curb parking researched by Federal Highway Administration (FHWA) to analyze the influence of the safety to the parking cars, moving cars, pedestrian, and parking drivers from lots of factors in the different road grades, the different manage mode of parking, and the different setting mode (parallel and diagonal parking) and analyze their interactions [3].Jilla studied the influence of the nonmotorized vehicle lane on the traffic flow in 1974. In his research, he concluded that when vehicles drive through the nonmotorized vehicle lane, their average speeds will decrease and their locations in the lane will shift away from the nonmotorized vehicle lane [4].Bang et al. adopted a side friction method for investigating curb parking. In this research, the traffic flow of the nonmotorized vehicles and other factors such as pedestrian and bus station are considered as the side friction factors that reduce the speed of the vehicles. According to the experimental data, Bang et al. proposed an empirical formula to forecast these factors and developed a classifier standard for these side friction factors [5].In China, curb parking under mixed traffic conditions has also received lots of attention. Zang and Yang proposed a mathematic model to model the side disturbance at the point of the drivers and the vehicular characteristics [6]. Guan et al. took the phenomenon of the nonmotorized vehicles disturbing the vehicles as an investigative object, analyzed the times that the time headway appears and the nonmotorized vehicles crosses in the open interzone, and then used the traffic flow theory and the traffic dynamics theory to get the mixed traffic model based on analyzing the basic road mixed traffic flow [7]. Long and Yan used the kinetic viscosity in the hydrodynamics theory and the Newtonian law of internal friction according to the stream characteristics to find the influencing model of the nonmotorized vehicles to the roadway [8].The literature review suggests many different empirical methods and mathematic models for investigating the mixed traffic and the traffic impact of curb parking. However, some important aspects were not well considered in these existing studies, such as the traffic flow under different road sections and mixed traffic, the influencing process of the nonmotorized vehicles to the traffic flow, and the coalescent to the parking. The exiting analytical methods and models are based on lots of oversimplified assumptions, which make it difficult to analyze the complicated impact of road traffic flow (especially mixed traffic flow).The rest of this paper is organized as follows. Section 2 classifies the different impacts of setting curb parking. Section 3 gives the details of traffic data collection. Sections 4 and 5 put forward the basic speed model and the modified speed model about motor vehicles with the results of calibration and validation. Section 6 concludes this research.
2. Impacts of Setting Curb Parking
The main influences of setting curb parking on traffic flow can be concluded by the following aspects. One is the process that curbing parking would compel the running track of the nonmotorized vehicles (bicycle, etc.) to change their track or occupy the roadway, reducing the vehicle-speed to form mixed traffic state. In this paper, we named such process as Space impact. As shown in Figure 1(a), where the road section is mixed with motor vehicles and bicycles, such impact would decrease the speeds of motor vehicles. The other is that when the vehicles move out from curb parking areas, these vehicles obstruct the traffic flow. In particular, when the traffic volume is high, the vehicles in the nonmotorized vehicle lanes are likely to merge into traffic flow without enough accepted gap, which might cause serious traffic congestion or accidents. In this paper, we named such process as Time impact (see Figure 1(b)).
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(b)
Figure 1: The friction and Time impact of the setting curb parking on the road.


According to our observation, the different angles of setting curb parking (parking types) are the main causes of the Space impact. Meanwhile, the vehicle lay-off modes, which denote the modes that vehicles run into the berth and vehicles drive from the curb parking area to the main road, are the primary factors influencing the Time impact.
2.1. The Main Types of Curb Parking
The main types of curb parking can be divided into several major types: parallel, perpendicular, and angled parking (see Figures 2(a), 2(b), and 2(c)) [9]. Different parking types result in different spatial occupancy of road space. To be more specific, as China is a right-side driving country, drivers park their vehicles on the right side of the roadway. Here, we propose to use a ratio, space interruption rate, to quantify the degree of spatial occupancy in terms of parking types. The space interruption rate 
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 is one half of the entire roadway width for two-way roads as shown in Figure 2(a). It equals the entire roadway width for one-way roads as shown in Figures 2(b) and 2(c).
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(c)
Figure 2: Different setting method of the curb parking.


For the different parking types, 
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Table 1 lists the recommended dimensions about three main types of car parking spaces [10]. The length of berth ranges from 5.5 m to 6.0 m, while the width ranges from 2.1 m to 2.4 m.
Table 1: Main type of car parking spaces.
	

	Type	Recommended Dimensions
	

	parallel	6.0 m × 2.4 m (min 4.8 × 2.1 m) buffer strips between spaces, if possible
	perpendicular	5.5 m × 2.4 m (min 4.8 × 2.28 m)
	angled	Up to 5.5 m perpendicular depth × 2.4 m width
	



2.2. The Vehicles’ In-Out Mode
The driver maneuvering in or out of parking space, which is often called In-Out mode, can distinctly influence the mixed traffic flow. This paper uses the jam time to quantify such impact. The jam time for the whole roadway is the time from a vehicle starting and influencing the traffic flow to the vehicle completely drives into the roadway.
Because of the different jam time to the roadway between the vehicles moving in and out of the car parks, the calculation of the influence to the vehicle In-Out mode can adopt the total delay time (
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3. Data Collection
The following criteria are used to choose appropriate urban streets for data collection.(1)In the case that vehicles might be interrupted by some kind of uncertain factors, like pedestrian cross-passage along the streets, this kind of street would not be selected. (2)Since vehicles decelerate when they approach intersections and accelerate when they have the right to leave intersections, the speeds within the scope of intersections are heterogeneous. To filter out the influence of intersections, the mid block of streets is suitable to be selected. Therefore, in this paper, only street segments that are 80 m away from intersections are selected [11].(3)The quality of pavement, horizontal, and vertical curves is also among the main factors influencing speed. To concentrate on curb parking, this paper choses the well pavement (without potholes, cracks, or other surface defects) and straight alignment [12].
According to the above principles, six typical streets with curb parking were selected to be test beds. The detailed features of these roads are listed in Table 2.
Table 2: Detailed circumstance of the chosen streets in Nanjing city.
	

	No.	The road  name	Lane distribution	The width of the curb parking (
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)	The width of the motor vehicle lane (
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)	The width of the nonmotorized vehicle lane (
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)	The width of the road (
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)	The organizing modes of the road traffic
	

	1	Chengxian Street	1 motor vehicle lanes + 2 nonmotorized vehicle lanes	1.5	4.0	1.5 × 2	7.0	One-way traffic
	2	Tianjin Road	2 motor vehicle lanes + 2 nonmotorized vehicle lanes	2.5	4.0 × 2	2.0 × 2	12.0	Two-way traffic
	3	Yunnan North Road	2 motor vehicle lanes + 2 nonmotorized vehicle lanes	2.0	4.5 × 2	2.0 × 2	13.0	Two-way traffic
	4	Hubei Road	2 motor vehicle lanes + 2 nonmotorized vehicle lanes	2.2	5.5 × 2	2.65 × 2	16.3	Two-way traffic
	5	Beiting Road	1 motor vehicle lanes + 2 nonmotorized vehicle lanes	1.5	3.0	1.5 × 2	6.0	One-way traffic
	6	Xikang Road	2 motor vehicle lanes + 2 nonmotorized vehicle lanes	2.25	3.0 × 2	2.0 × 2	10.0	Two-way traffic
	



The layout of measurement equipments is shown in Figure 3. As mentioned above, the greatest influence to roadway from vehicle parking types occurred mainly in the weaving section where vehicles and bicycles interweave, and this study is focused on weaving sections. Moreover, although the deceleration and acceleration road sections are part of the effect of parking, they are excluded from our study for the same reason that the majority of vehicles interweave in the weaving section where the influences are the most significant. 





	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
	
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	


Figure 3: The figure of the survey road and place.


As shown in Figure 3, cameras are set up at upstream (survey place 1) and downstream locations (survey place 2) of the segment of interest. These locations are usually more than 80 meters away from neighboring intersections, to reduce traffic impacts from neighboring intersections. These cameras automatically record all the vehicles passing by in the midblock area, for the parking strip in this area it is often uninterrupted. Also, for the accuracy and integrity of the data collected within this segment, we install two cameras to ensure that they could guarantee an integrated field of vision of the study segment. To match the same license numbers recorded at both locations, mean journey speeds can be easily derived from segment length divided by travel time, which is the time difference between two cameras. Moreover, from these recorded images, traffic data such as traffic volumes, traffic compositions, number of parking vehicles, stop modes of car park, the frequency of the vehicles running in or out of the roadway. Although the workload of indoor data processing is quite intensive, this method is still adopted due to its advantages in the following aspects: we can replay again and repeatedly use the record. This method avoids the abuse of the traditional method of vehicle registration mark and effectively ensures the dependability and precision of the data.
4. Speed Model for Streets with Curb Parking
4.1. Basic Speed Model
In this paper, we mainly use the degree of saturation (volume to capacity (
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) ratio for the lane) to modify the motor vehicle travel speed models. The motor vehicles’ speeds decrease with the increase of the degree of saturation when curb parking vehicles exist. 
Figure 4 depicts the empirical data obtained from the test beds described above. From the results, it is obvious that when the value of 
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Figure 4: Dispersed point figure of the empirical data obtained from the test bed based on curb parking set.


Based on the above results, we try to set up vehicle travel time equation on the basis of curb park setting. By far the most widely used volume delay functions are the link travel time functions of the Bureau of Public Roads (BPRs) [13]. The simplicity of these BPR functions is certainly one reason for their wide-spread use. Also, the original BPR functions modeled a steady degradation of speeds as the volume of traffic approaches capacity as follows:
	
 		
 			
				(
				4
				.
				1
				)
			
 		
	

	
		
			
				𝑡
				=
				𝑡
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				
				,
			

		
	

							where 
	
		
			

				𝑡
			

		
	
 is the link travel time (
	
		
			

				h
			

		
	
), 
	
		
			

				𝑡
			

			

				𝑓
			

		
	
 is the link travel time at free-flow link speed (
	
		
			

				h
			

		
	
), 
	
		
			

				𝑞
			

		
	
 is the traffic volume (
	
		
			
				v
				e
				h
				/
				h
			

		
	
). 
	
		
			

				𝑐
			

		
	
 is the road capacity (
	
		
			
				v
				e
				h
				/
				h
			

		
	
). 
	
		
			

				𝛼
			

		
	
 and 
	
		
			

				𝛽
			

		
	
 are BPR parameters.
Literature changes the forms of function (4.1) as follows [10]:
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							where 
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 denotes the actual running speed of the motor vehicles on the road (
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				m
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				h
				)
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 denotes free-flow speed (
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				m
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				h
				)
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 denotes the traffic volume (
	
		
			
				v
				e
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				/
				h
			

		
	
). 
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 denotes the road capacity (
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				/
				h
			

		
	
). 
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 and 
	
		
			

				𝛽
			

		
	
 are parameters. Index 
	
		
			

				𝑖
			

		
	
 is used to represent a certain type of traffic, for instance, car, truck, or nonmotorized vehicle.
4.2. The Modified Space Impact Model of the Curb Parking
As described in Section 2, when 
	
		
			

				𝑅
			

			

				𝑏
			

		
	
 increases, the space interruption rate among the road vehicles increases and the speed of the traffic flow as well as the capacity decreases. Under the condition of different value of 
	
		
			

				𝑅
			

			

				𝑏
			

		
	
, the degrees of saturation are grouped into 0.2~0.4, 0.4~0.6, and 0.6~0.8. Figure 5 shows that the relationship between the road traffic flow speed and the space influence rate 
	
		
			

				𝑅
			

			

				𝑏
			

		
	
 is liner monotonic.
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(b)
Figure 5: Relationship between one-way (a) and two-way (b) traffic flow speed and the value of space influence rate 
	
		
			

				𝑅
			

			

				𝑏
			

		
	
 under different saturation of the road traffic flow.


Based on the above results, we can modify (4.2) and develop a new formulation as shown below:
	
 		
 			
				(
				4
				.
				3
				)
			
 		
	

	
		
			
				𝑉
				
				𝑣
			

			

				0
			

			
				,
				𝑅
			

			

				𝑏
			

			
				,
				𝑞
			

			

				𝑖
			

			
				,
				𝑐
			

			

				𝑖
			

			
				
				=
				
				1
				−
				𝑘
			

			

				1
			

			

				𝑅
			

			

				𝑏
			

			
				
				×
				𝑣
			

			

				0
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				𝑖
			

			
				
				1
				+
				𝛼
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				
				𝑞
			

			

				𝑖
			

			
				/
				𝑐
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				𝛽
			

			

				𝑖
			

			
				
				,
			

		
	

							where 
	
		
			

				𝑘
			

			

				1
			

		
	
 is the parameter related to the slope based on the space influence rate, the rest of parameters are the same as in (4.1).
4.3. The Time Impact Modify Model of the Curb Parking
As described in Section 2, the Time impact is modeled mainly by the value of 
	
		
			

				𝑅
			

			

				𝑇
			

		
	
. Under the condition of different 
	
		
			

				𝑅
			

			

				𝑇
			

		
	
, the degrees of saturation are grouped into 0.2~0.4, 0.4~0.6, and 0.6~0.8. Figure 6 shows that the relationships between the road traffic flow speed and the time influence rate 
	
		
			

				𝑅
			

			

				𝑇
			

		
	
 is square monotonic.





	
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
			
			
			
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
			
				
			
				
			
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
			
				
			
				
			
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
			
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				