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An Analysis on Saturation Flow Rate and Its Variability 
Abstract: This study investigated the discharge patterns at signalized intersections and explored the causes for their occurrence based on the data collected at 10 intersections located in Aichi Prefecture, Japan. Both headways compression in rear part of a queue and constant discharge rates after the fourth vehicles were observed. The factors, queue length and lane volume per cycle, were found to be significantly effective on the discharge patterns, but no apparent impacts on the extent of headways compression. In addition, the results also showed that discharge headways tended to be compressed at curbside through lanes and small intersections. 
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0. Introduction 
Saturation flow rate is one of the vital determinants in intersection design and operations. Conventional theory supports that saturation flow is the steady maximum queue discharge rate of traffic across the stop-line and the discharge rate reaches maximum value after a short time from green onset and then maintains constant during the green time until the queue is completely dissolved as illustrated in Figure 1. It is also the basis of the theory behind the Highway Capacity Manual 2000 (TRB, 2000) where it is hypothesized that saturation flow is achieved and maintain after the fourth vehicle is discharged. 
However, recent studies have suggested different discharge patterns including headways compression (a rising discharge rate) and elongation (a declining discharge rate) of last vehicles during queue discharge at signalized intersections, which are inconsistent with the traditional conclusion stated earlier. It implies that the traditional model describing the process of building up towards saturation flow shown in Figure 1 may not realistically represent the actual queue discharge characteristics. Unfortunately, the causes for those obvious variations in discharge pattern have not been completely convinced yet though a great deal of research has been done on car following theory and influencing factors e.g. queue length and lane volume. 
The presented research, dependent on a relatively extensive survey in Aichi, Japan, aims to gain a deeper comprehension on the saturation flow rate and to demonstrate some of possibly correct conclusions facilitating the improvements on the methodologies presently being adopted for signalized intersections. Firstly, the discharge patterns at 10 distinguished signalized intersections (17 through lanes observed) were identified. Then, the impacts of signal control, traffic conditions and geometric features on saturation headways and the extent of headways compression were analyzed. How the capacity assessments at signalized intersections will be influenced by the saturation flow rate variability by departing sequence was finally discussed via a numerical example. 
1. Background
Knowing the critical role of saturation flow rate in intersection analysis, transportation researchers have conducted a variety of studies on this key issue over the past decades. Research on saturation flow rate and its variability started from the concerning on fundamental adjustment factors such as lane width, grade, percentage of heavy vehicles and area type, etc., which have been reflected into current manuals or guidelines on intersection planning and design. The literature addressing these basic factors is not reviewed here for the reason of limited space in the paper. Emphasis is, however, put on the previous studies on discharge process of a long queue. 
Lee and Chen (1986) found a decreasing tendency in saturation headways after the 10th queue position, and thus recommended that the calculation of saturation headway should exclude the last part of vehicles. The authors explained it as those drivers queuing in last part of a queue are more aggressive and may generate smaller saturation headways. Niittymaeki and Pursula (1997) observed saturation headways at group-based traffic signals and suggested that the queue length or the traffic pressure might be an important adjustment factor for saturation flow because the average saturation headways of several movements with higher volume or longer queue length tended to be lower as compared to the other values in the same area type. A research conducted by Al-Ghamdi (1999) also showed a similar downward trend in saturation headway at two lanes. Afterward, two Korean researchers, Lee and Do (2002) reported their findings on saturation headway of through movements at signalized intersections in urban area, which supported the previous conclusions too. Notably, such phenomenon has been argued more intensively since two recent studies done by Lin, et al (2004, 2005), based on the data observed at intersections in Taiwan and NewYork, respectively. They presented that the queue discharge rather kept a steady saturation flow but tended to consecutively compress as the dissolving progress of a queue. 
On the other hand, different research has shown contrary conclusions to those reviewed above. Mahalel et al (1991) investigated a gradually increasing tendency in saturation headway by departing sequence after around 23rd-28th vehicles (50-60 seconds after green onset) were discharged at two signals with extraordinary long cycle lengths in Israel. Bonneson (1992) found there was a negative relationship between saturation headways of the first 12 discharging vehicles and traffic pressure measured by lane volume, degree of saturation at the lane and queue length per cycle. Two latest studies in this field, done by Q.Nguyen and Montgomery (2006), Khosla, and C.Williams (2006), were presented at the 2006 annual meeting of the TRB. Q.Nguyen et al compared previous findings on the variability of the discharge rate over green time and attempted to explain why various patterns were produced under different situations through a car-following model. They also analyzed the discharge rates at ten approaches in a developing city – Hanoi, Vietnam and concluded that the discharge rate pattern at signalized intersections depends on degree of saturation, traffic composition and type of operating signal control. Khosla et al intended to determine the impacts of longer greens on saturation headway. Analysis of the data collected at five intersections in Texas, however, didn’t indicate any significant impact of longer green time on vehicle headways. Li and Prevedourous (2001) reported a detailed observation on saturation headways and start-up lost times at an actuated signalized intersection located in Hawaii. Three popular methods were applied to measure saturation headways in the study. Both saturation headways compression at left-turn lane and elongation at through lanes were observed. 
Meanwhile, a few studies have been conducted to model discharge patterns at signalized intersections from the perspective of car-following theory (S. Cohen et al, 2001; Zhang and Kim, 2004 et al.). To a summary, based on the authors’ reviewing work so far, theoretical models or empirical analysis enabling to fully explain those phenomenon remain absent. Understandably, it is somewhat due to the variety of traffic characteristics as well as the variations in driving populations and their behavior.
2. Data collection and procession
Traffic data collected at 17 through lanes of 10 representative signalized intersections was utilized for the analysis in the study. At least two-hour video data on Mini DV tapes at each lane was successfully obtained and reduced. The 10 selected intersections, located in the urban area of Aichi Prefecture, Japan. They all were pre-timed controlled signalized intersections and observed in the year of 2003 and 2006 under good weather conditions. The survey time distributed over a whole day (covering both peak and non-peak hours) and thus allowed traffic situations with different degrees of saturation to be included. The intersections and subject approaches had distinct characteristics in signal control and intersection geometry. For instance, cycle lengths, green times and intersection sizes (defined as the distance between the stop lines at opposing approaches in this study) ranged from 100 to 160 seconds, 34 to 80 seconds and 28 to 80 meters, respectively. The details are outlined in Tables 1 and 3.
The data reduction was focused on the headways between consecutive through vehicles discharging from the target intersection approaches. Basic measurement method for saturation flow rate adopted in the study was consistent with the HCM 2000. In this study, rear axle was defined as the reference point to determine if a vehicle was discharged or not. Queuing vehicles refer to all vehicles in a standing queue and those that join the standing queue after the green light begins. The time points when each queuing vehicle’s rear axle crosses the stop line in the videotapes were recorded by using a time-recorder with 1/10 of a second resolution. Note that the first headways appeared in this paper refer to the time interval between the first and the second vehicle’s real axle passing the stop line, correspondent to the second headway in traditional concept. The reason was that it was hard to properly determine the time when signal changes in some videotapes caused by a sunlight reason. As a result, for the sake of accuracy, the first headways were calculated starting from the time when the first queuing vehicle’s real axle crosses the stop line as illustrated in Figure 2.
To avoid the random impact of heavy vehicles on queue dissolving, buses, coaches, medium trucks and large trucks were eliminated from the analysis. It means those headways generated by heavy vehicles and the vehicles behind or ahead of them were dropped off. However, it must be stressed here that the actual departing sequence of the left small vehicles (refer to passenger cars and small vans) in the queue was reserved. As shown in Figure 2, eight queuing vehicles containing a heavy vehicle at position 6 will create seven headways when the queue is dissolved. In the analysis, h1, h2, h3, h4, and h7 will be used without changing the label of the seventh headway from h7 to h5 to fix up the gap produced by the absences of h5 and h6.
In order to obtain valid data, only those signal cycles with sufficient queue lengths and significant percentages of small vehicles in a queue were selected. With the consideration of available samples, the queues built up by more than eight small vehicles and less than 3 heavy vehicles were chosen in the analysis. After excluding extremely large headways caused by vehicle breakdowns at the observed lanes, the number of valid headways and cycles is presented in Tables 1 and 2. Based on the data processing method, average vehicle headways at the 17 through lanes were extracted from the videotapes and the discharge characteristics are then exhibited in Figure 2.
Based on the measured individual headways, the following three average headways: AH1: average headway from 5th to 12th queuing vehicles (h4 to h11), AH2: average headway from 13th to the last queuing vehicles (h12 to hn-1) and AH3: average headway from 5th to the last queuing vehicles (h4 to hn-1), were calculated by using the below Equations (1), (2) and (3) for further analysis and shown in Table 2.

AH1= (h4＋h5＋…＋h11)/8                        (1)
AH2= (h12＋h13＋…＋hn-1)/(n-12)                    (2)  
AH3= (h4＋h5＋…＋hn-1)/(n-4)                      (3)
Then, saturation flow rate was derived from the Equation (4).
s=3600/AH3 　　　　　　　　　　　　　 (4)

Where, s= saturation flow rate, n=the number of queued vehicles, hi=ith individual headway, i=queue position. 
Meanwhile, average lane volume per cycle and hour, degree of saturation and queue length at each lane were computed and presented in Table 3 with other relevant geometric variables. 
3. Results analysis and model developments 
3.1 Discharge patterns 
A general image of discharge characteristics at the 17 lanes has already been exhibited in Figure 2 by the total mean individual headways in terms of queue position. The average line in the figure shows decreased average saturation headways of last vehicles in the standing queues. However, no apparent consecutive downward (Lin et al. 2004 and 2005) or gradual upward tendency (Mahalel et al. 1991) in saturation headways appeared. 
Identifying discharge pattern simply based on individual headways may result in unreliable conclusions as a big error probably comes up with the manually measured individual headways because of the observer’s reaction time and inaccurate judgments sometimes. Thus, in order to look into the nature of discharge pattern, a paired t test between AH1 and AH2 was conducted at the 95% significance level. Table 4 presents the t test results. As can be seen in the table, AH1 was greater than AH2 at all the lanes except at lane 16 and the variations were significant at eight lanes (labeled by a *). It indicates that the discharge rates at the eight lanes rise after 12th queuing vehicles entered into the intersections. However, discharge rates at the other nine lanes remained stationary during the whole period of queue dissolving. 
Toward further understandings on the variations in discharge rates at the eight lanes with AH1 significantly greater than AH2, every four or three successive headways were grouped to calculate their average discharge rates. As shown in Figure 3, no uniform tendency in discharge rate throughout the discharging period emerged. If any, all the discharge rates gradually increased from group 1 to group 3. Starting from group 4, they all became quite fluctuated except lanes 1, 2 and 3, at which discharge rates continuously kept an upward trend (a sudden drop of the last group at lane 3). 

In general, three discharge patterns were identified at the observed lanes. The first one was the pattern of steady discharge rate over the whole time interval of queue dissolving, supporting conventional theory, which appeared at lanes 4, 5, 6, 8, 10, 12, 15, 16 and 17. The second one was the pattern of consecutively rising discharge rate, represented by lanes 1, 2 and 3, which is consistent with the finding of Lin et al. (2004, 2005). The third pattern was an averagely increased discharge rate in the rear part of standing queue, occurred at lanes 7, 9, 11, 13 and 14, which is partially similar to the conclusions in those past studies that only stated headways of last vehicles in a long queue were compressed e.g. Niittymaeki et al (1997). However, a gradual declining discharge rate pattern implied by a few studies (Mahalel et al. 1991 and Q.Nguyen et al. 2006) was not found.

3.2 Causes for the variations in discharge pattern
As mentioned in the section of background, transportation researchers have tried to explain the variations in discharge pattern both from the perspective of car-following theory and empirical analysis. Absorbing the previous findings, this study was also targeted to discover the causes for the diversity of discharge pattern and evaluate the impacts of some critical factors e.g. queue length and lane volume. For the purpose, several parameters that enable to reflect various traffic conditions, geometric features and signal control were measured or calculated. At the level of intersection, the parameters include cycle length and intersection size, et al. At the level of approach, they consist of e.g. number of approach lanes and through lanes. At the level of lane, they are lane volume, degree of saturation, lane width, queue length and percentage of heavy vehicles. In addition, the second and the third discharge patterns identified in last section were regarded as one pattern in model developments hereafter, called the discharge pattern of headways compression, because they posses an identical characteristic that discharge rate of rear part of queue is significantly greater than the one of ahead part of the queue. Correspondently, the first pattern was herein called the discharge pattern of steady headways. According to this classification, a binary variable YorN (0: the discharge pattern of steady headways; 1: the discharge pattern of headways compression) was encoded. 
Table 3 lists the variables finally selected for further analysis. All the variables were then input into SPSS as initial interprets. A correlation analysis, treating YorN as dependent variable and the other as independent variables, was first implemented. The results showed that intersection size (IS), queue length (QL), lane volume per cycle (LV1), lane volume per hour (LV2) and inside or curbside through lane (IorC) were relative to the occurring probability of headways compression at the significance level of 90%. Among them, variables QL, LV1 and LV2 were found to be positively related to the variable YorN. It can be explained by that large lane volume and long queue length per cycle (heavy traffic pressure) may urge the drivers queuing in the behind part to follow the vehicle ahead more aggressively, resulting in headways compression of last discharging vehicles. To the contrary, the drivers would feel less pressured in the cases of short queue and low lane volume, and hence drive in the way as usual. This result was also demonstrated by the previous findings of Lin et al (2004, 2005). 
However, IS and IorO were found to negatively affect the variable YorN. It implies that discharge pattern of headways compression tends to occur at small intersections and at curbside through lanes regardless of the effects of queue length and lane volume. It brings out a new conclusion that distance between opposite stop-lines and lane position (inside or curbside) are associated with discharge patterns as well. A possible reason is that drivers at small intersections, i.e. shorter clearance distance, behaved more aggressively during the last part of green time interval. Also, the drivers at curbside through lanes may have kept close gaps during queue dissolving period to void being interrupted by the through traffic existing at neighboring outside lanes since there were shared through and left-turn lanes at the most of the observed approaches. However, to verify the conclusion, more comprehensive surveys should be conducted in future. 
In addition, cycle length (C), green time (G), lane width (LW), number of through lanes (NoTL), number of approach lanes (NoAL) and percentage of heavy vehicles (PoHV) were not found to be significantly correlated with the occurring probability of headways compression in the analysis.
Aiming to quantify the effects of the dominant influencing factors, QL and LV1, on the occurring probability of headways compression, two binary logistic regression models were developed, treating QL and LV1 as intercepts and YorN as the dependent variable. The occurring probability of headways compression, P, refers to the probability correspondent to YorN equal to 1 at the 17 sample lanes. Equations 5 and 6 then express the models. 
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Both LV1 and QL were effective to the occurring probability of headways compression at 95% significance level, through R2 values were a little bit low, 0.409 and 0.372. Intuitional pictures of the relationships between QL, LV1 and P are exhibited in Figure 4, where it is clear that headways compression phenomenon is very likely to take place when queue length per cycle approaches 20pcu and lane volume per cycle reaches 30pcu. 
3.3 Discharge rate differences between front and rear part of standing queue
The current measurement methods for saturation flow rate are based on different queue lengths, the first 12 vehicles in a standing queue (M1), the vehicles stopped by the red light (M2) and the all vehicles including those that join the stationary queue after the green onset (M3) (Li and Prevedourous, 2001). Therefore, to understand discharge rate differences between front and rear part of standing queue is of great importance for evaluating the measurement methods. 
According to the definition of queuing vehicles in this study, saturation headway data was collected by using M3 (represented by AH3) and it also allowed to calculate saturation headways in M1 (represented by AH1). Based on the data at the eight lanes with AH1 significantly greater than AH2, the mean value of AH3/AH1 is 0.976 (average AH2/AH1 is 0.893), which suggests the saturation flow rates calculated by M3 are slightly higher (2.4%) than the ones calculated by M1. However, such small disparity in saturation flow rates could not be neglected because it would produce a big gap between estimated capacities of whole intersection. Moreover, a percent error in capacity estimates will probably be magnified remarkably when the erroneous capacity estimates are used to estimate delays.  
Another analysis simultaneously done here attempted to find out how the headways will be compressed under various situations. AH2/AH1 was selected as an index for measuring the extent of headways compression. A serial of correlation tests were performed in SPSS using the data on the eight lanes (totally, 165 cycles used) where headways compression phenomenon took place. No factor, even QL and LV1, was found to significantly influence the value of AH2/AH1. Figure 6 gives the distribution of AH2/AH1 over the queue length, QL, and lane volume per lane, LV1.
4. Implications
Previous discussions have implied that the compression of queue discharge headways is not a stochastic phenomenon when a long queue is dissolved, but may be an inherent nature of car following in a queue as stated in Lin et al. (2004, 2005). However, current methodologies for capacity and delay assessments are on a basis of a stable discharge rate, so-called saturation flow rate. If the discharge rate after 12th queuing vehicles is rising or falling rather than constant, these techniques as well as the measurement methods for saturation flow rate need to be reconsidered otherwise they will lead to large errors in LOS estimations. 
A numerical example was designed here to explain such effects. The initial assumptions in the example were: one approach through lane at pre-time controlled intersection with a cycle length of 120 s, Ge = (G-2) s, a stable discharge rate S1 during the first 30s green time interval, 1,800 pcu/h, an increased discharge rate S3 and a decreased discharge rate S2 during the left green time interval at the through lane, as shown in Figure 7. S2 and S3 were calculated based on the hypothesis that discharge rate drops or rises in a same ratio determined by the average value of AH2/AH1, 0.89, and thus 1,607 and 2,016 pcu/h respectively. 
Then, Figure 8 presents how the estimated capacities under the three assumed discharge patterns, C1, C2 and C3, alter with the different green times allocated to the phase for through movement at the approach. Basically, the estimated capacities generated a gap of 50pcu/h per lane when the green time doubled from 30s to 60s. Moreover, the resulted gaps in the assessed capacities for whole intersection and derived delay from the estimated capacities will be greatly magnified, which helps to realize the importance of discharge rate variability for LOS evaluation and saturation headway measurement. 
5. Conclusions and future works
An extensive analysis on saturation flow rate and its variability has been done in this study. The efforts were concentrated on investigating the discharge patterns at the observed 10 intersections located in Aichi Prefecture, Japan and discovering the causes for their occurrence. Based on the database available for the study, both stationary and rising discharge patterns were identified by statistical analysis in terms of the average headways from 5th to 12th vehicles and from 13th to the last vehicles. The causes for each discharge pattern suggested in this study mainly include queue length per cycle, lane volume per cycle, and lane volume per hour. Two binary logistic regression models were developed to formulate the relationships between the occurring probability of headways compression and the dominant factors, queue length and lane volume per cycle. It was found that headways compression is very likely to happen when the queue length reaches 20 pcu per cycle or the lane volume approaches 30 pcu per cycle. Meanwhile, it seemed that headways tend to be compressed at small intersections and curbside through lanes, which, unfortunately, could not be addressed explicitly by the authors. However, no critical factors were found to have effects on the extent in which saturation headways are compressed. A straightforward example and some implications discussed in the section 5 provide a direct impression of the impacts of discharge rate variability on capacity estimation and saturation headway measurement at signalized intersections. 
Further research, widespread empirical studies and more microscopic analysis on drivers’ car-following behavior at signalized intersections, needs to be done to reinforce the conclusions. In addition to that, the variations in field measurement of saturation headways by distinguished observers should also be emphasized in future works because it might be one of the sources for the variety of findings regarding discharge pattern reported in different studies.
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Table 1 Outline of the observed intersections

	Intersection
	Approach
	Lane
configuration
	Subject

lane
	Serial Number
	Saturation flow rate (pcph)
	Observations
(# of cycle)
	Survey

Time

	Yotsuyadori
	NB
	TL,T, R
	2
	1
	1842
	53
	7.30-9.30

	Tashirohondori
	NB
	TL,T, R
	2
	2
	1914
	33
	7.30-9.30

	
	SB
	TL,T, R
	2
	3
	1911
	20
	

	Tokushige
	WB
	TL,T, R
	2
	4
	1822
	26
	9.00-11.00

	Takabata
	NB
	L,T,R
	2
	5
	1716
	21
	11.15-13.15

	Sawakami
	NB
	L,T,T,R
	3
	6
	1659
	18
	11.45-13.45

	Gokiso
	NB
	TL,T,T, R
	2
	7
	1626
	30
	15.30-17.30

	
	
	
	3
	8
	1756
	33
	

	Imaike
	WB
	TL,T,T, R
	2
	9
	1482
	45
	14.00-17.30

	
	
	
	3
	10
	1700
	26
	

	Nishioosu
	SB
	TL,T,T, R
	2
	11
	1774
	20
	11.00-13.00

	
	
	
	3
	12
	1869
	22
	

	Kobari
	NB
	TL,T,T,R
	2
	13
	1773
	18
	14.00-16.00

	
	
	
	3
	14
	1752
	40
	

	Ogawa
	SB
	L, T, T, T, R
	2
	15
	1796
	62
	10.30-13.30

	
	
	
	3
	16
	1810
	64
	

	
	
	
	4
	17
	1790
	29
	


(Note: NB=North Bound, SB= South Bound, WB= West Bound; the most left lanes are labeled as lane 1 because of left-hand traffic in Japan; saturation flow rates listed here include heavy vehicles)
Table 2 Average saturation headways by queue length
	
	AH1
	AH2
	AH3

	SN
	Mean
(sec)
	Std.dev

(sec)
	Samples

(#)
	Mean
(sec)
	Std.dev

(sec)
	Samples

(#)
	Mean
(sec)
	Std.dev

(sec)
	Samples

(#)

	1
	1.97
	0.21
	53
	1.67
	0.33
	23
	1.94
	0.20
	53

	2
	1.92
	0.18
	33
	1.73
	0.33
	26
	1.86
	0.18
	33

	3
	1.90
	0.17
	20
	1.69
	0.27
	17
	1.86
	0.15
	20

	4
	2.00
	0.25
	26
	1.85
	0.40
	7
	1.98
	0.22
	26

	5
	1.99
	0.24
	21
	1.97
	0.34
	11
	1.99
	0.21
	21

	6
	2.18
	0.22
	18
	1.89
	0.17
	7
	2.14
	0.22
	18

	7
	2.15
	0.25
	30
	1.90
	0.34
	23
	2.09
	0.19
	30

	8
	1.94
	0.15
	33
	1.83
	0.24
	26
	1.92
	0.15
	33

	9
	2.30
	0.23
	45
	2.15
	0.31
	30
	2.26
	0.19
	45

	10
	2.06
	0.18
	26
	2.06
	0.30
	13
	2.05
	0.18
	26

	11
	1.98
	0.19
	20
	1.78
	0.27
	17
	1.92
	0.17
	20

	12
	1.80
	0.17
	22
	1.70
	0.29
	11
	1.79
	0.16
	22

	13
	2.05
	0.29
	18
	1.78
	0.26
	11
	1.99
	0.28
	18

	14
	2.01
	0.29
	40
	1.84
	0.28
	35
	1.97
	0.25
	40

	15
	1.93
	0.14
	62
	1.86
	0.30
	40
	1.92
	0.14
	62

	16
	1.91
	0.17
	64
	1.94
	0.34
	50
	1.92
	0.16
	64

	17
	1.96
	0.23
	29
	1.78
	0.30
	5
	1.95
	0.23
	29


(Note: # = number of cycles; heavy vehicles were removed from the calculations of AH1, AH2, and AH3 in this table)

Table 3 Variables on signal control, traffic conditions and geometric features at the 17 observed lanes 
	
	SN
	IorC
	SFR
	C(s)
	G(s)
	LV1(pcu/c)
	LV2(pcu/h)
	DoS
	QL(pcu)
	NoTL
	NoAL
	LW(m)
	IS(m)
	PoHV (%)
	YoN
	AH2/AH1

	Yotsuyadori
	1
	0
	1842
	130
	34
	14.4
	399
	0.828
	12.4
	1
	3
	3
	42.8
	1
	1
	0.845

	Tashirohondori
	2
	0
	1914
	150
	66
	28.3
	679
	0.806
	17.1
	1
	3
	3
	39.5
	3
	1
	0.904

	
	3
	0
	1911
	
	66
	27.6
	662
	0.788
	18.0
	1
	3
	3
	39.5
	3
	1
	0.891

	Tokushige
	4
	0
	1822
	100
	48
	14
	504
	0.576
	11.3
	1
	3
	2.75
	46.0
	2
	0
	0.927

	Takabata
	5
	0
	1716
	132
	41
	15.2
	415
	0.778
	14.2
	1
	3
	3
	56.0
	5
	0
	0.988

	Sawakami
	6
	1
	1659
	130
	67
	20.6
	570
	0.667
	13.1
	2
	4
	3
	68.0
	3
	0
	0.869

	Gokiso
	7
	0
	1626
	140
	62
	22.1
	568
	0.789
	17.6
	2
	4
	2.75
	47.0
	7
	1
	0.886

	
	8
	1
	1756
	
	62
	23.9
	615
	0.790
	17.6
	2
	4
	2.75
	47.0
	9
	0
	0.948

	Imaike
	9
	0
	1482
	140
	48
	20.1
	517
	1.017
	17.3
	2
	4
	3
	53.7
	9
	1
	0.936

	
	10
	1
	1700
	
	48
	19.5
	501
	0.860
	13.5
	2
	4
	3
	53.7
	4
	0
	1.000

	Nishioosu
	11
	0
	1774
	160
	60
	18.5
	416
	0.626
	16.3
	2
	4
	3
	61.5
	6
	1
	0.898

	
	12
	1
	1869
	
	60
	16
	360
	0.514
	13.4
	2
	4
	3
	61.5
	7
	0
	0.949

	Kobari
	13
	0
	1773
	150
	80
	22.8
	547
	0.579
	14.0
	2
	4
	3
	28.0
	3
	1
	0.869

	
	14
	1
	1752
	
	80
	31.9
	766
	0.819
	17.8
	2
	4
	3
	28.0
	4
	1
	0.917

	Ogawa
	15
	0
	1796
	160
	45
	16.6
	374
	0.739
	14.9
	3
	5
	2.75
	80.0
	4
	0
	0.962

	
	16
	1
	1810
	
	45
	16.8
	378
	0.743
	15.5
	3
	5
	2.75
	80.0
	4
	0
	1.018

	
	17
	1
	1790
	
	45
	11.8
	266
	0.527
	10.9
	3
	5
	2.75
	80.0
	2
	0
	0.908


(Note: SN=Serial Number; IorC=Inside or Curbside through lane, 0:curbside, 1:inside; SFR=measured Saturation Flow Rate, heavy vehicles included; C=Cycle length; G=green time;LV1=Lane Volume per cycle, heavy vehicles included; LV2=Lane Volume per hour, heavy vehicles included; DoS=LV1*3600/(SFR*G), Degree of Saturation per cycle; QL=Queue Length, heavy vehicles included; NoTL=Number of Through Lanes at subject approaches; NoAL=Number of Approach Lanes at subject approaches; LW=Lane Width; IS=Intersection Size; PoHV=Percentage of Heavy Vehicles; YoN=if the AH2 is significantly lower than AH1, 0:no, 1:yes;) 

Table 4 Results of paired t test for AH1 and AH2 
	Lane
	Paired Differences
	95% Confidence Interval of the Difference
	T
	DF
	Sig.

	
	Mean
	Std.Deviation
	Std.Error Mean
	Lower
	Upper
	
	
	

	1＊
	0.29
	0.44
	0.09
	0.0961
	0.4786
	3.12
	22
	0.0050

	2＊
	0.20
	0.36
	0.07
	0.0600
	0.3469
	2.92
	25
	0.0073

	3＊
	0.18
	0.35
	0.08
	0.0050
	0.3644
	2.18
	16
	0.0447

	4
	0.18
	0.65
	0.24
	-0.4165
	0.7822
	0.75
	6
	0.4836

	5
	0.04
	0.46
	0.14
	-0.2649
	0.3485
	0.30
	10
	0.7675

	6
	0.25
	0.28
	0.11
	-0.0152
	0.5095
	2.30
	6
	0.0607

	7＊
	0.25
	0.46
	0.10
	0.0502
	0.4455
	2.60
	22
	0.0163

	8
	0.07
	0.28
	0.05
	-0.0442
	0.1804
	1.25
	25
	0.2233

	9＊
	0.19
	0.39
	0.07
	0.0423
	0.3330
	2.64
	29
	0.0132

	10
	0.05
	0.25
	0.07
	-0.1014
	0.1952
	0.69
	12
	0.5036

	11＊
	0.20
	0.28
	0.07
	0.0559
	0.3464
	2.94
	16
	0.0097

	12
	0.08
	0.34
	0.10
	-0.1467
	0.3121
	0.80
	10
	0.4403

	13＊
	0.24
	0.31
	0.09
	0.0312
	0.4543
	2.56
	10
	0.0286

	14＊
	0.13
	0.38
	0.06
	0.0022
	0.2658
	2.07
	34
	0.0466

	15
	0.07
	0.34
	0.05
	-0.0369
	0.1809
	1.34
	39
	0.1890

	16
	-0.05
	0.36
	0.05
	-0.1465
	0.0561
	-0.90
	49
	0.3742

	17
	0.02
	0.29
	0.13
	-0.3446
	0.3846
	0.15
	4
	0.8863
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(G: green, Y: yellow, AR: all-red, Ge: effective green time, L1:start-up lost time, L2: clearance lost time, s: saturation flow rate, Nmax: maximum number of vehicles)

Figure 1 Discharge flow rate characteristics at signalized intersections
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Figure 2 Illustration of headways measurement and heavy vehicle’s exclusion
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Figure 3 Discharging characteristics at the 17 observed lanes
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Figure 4 Discharge flow rates at the eight lanes 
with AH1 significantly grater than AH2
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Figure 5 Relationships between QL, LV1 and P
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Figure 6 Relationships between QL, LV1 and AH2/AH1 
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Figure 7 Assumed three discharge patterns
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Figure 8 Estimated capacities under assumed discharge patterns





















































































































































































































Figure 8 Estimated capacities under assumed discharge patterns
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