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APPLICATION OF RESPONSE SURFACE METHODOLOGY TO 

IMPROVE TRAFFIC SIGNAL PERFORMANCE AND MINIMIZE 

LANE INEFFICIENCY 
 

Summary. Maintaining saturation flow at signalized intersections is crucial for 

both intersection capacity and sustainable traffic management. Efficient signal 

systems reduce congestion, lower emissions, and improve urban air quality. Factors 

such as signal timing, traffic demand, vehicle types, and intersection design 

significantly impact traffic flow efficiency. This study investigates the signal 

system and traffic flow parameters affecting lane inefficiency using Response 

Surface Methodology (RSM). Key factors included green time (G), the ratio of 

unused green time to total green time (ϴ/G), and discharge flow rate (β), while lane 

inefficiency (ẟ) served as the response variable. The full quadratic model was 

identified as the best model for explaining lane inefficiency due to its high adjusted 

R-squared value and low error values. The study recommends a green time of 30 

seconds and a discharge flow rate of 0.540 vehicles per second per lane to obtain 

minimum lane inefficiency. These findings support decision-makers in creating 

smarter, more efficient signal-controlled intersections, ultimately contributing to 

sustainable urban transport infrastructure by improving traffic flow, reducing 

emissions, and lowering fuel consumption. 

Keywords: fully actuated intersections, urban signal control, response surface 

methodology, lane inefficiency, optimization 
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1. INTRODUCTION 

 

Efficient management of urban transportation networks is crucial for the sustainability and 

livability of cities. Improving traffic flow directly impacts the performance of transportation 

networks, making the management of urban intersections essential [1]. Well-designed and 

managed intersections reduce traffic congestion and increase road capacity, enhancing urban 

transportation efficiency [2]. Traffic signal control is a widely used strategy in intersection 

management, especially in developed cities [3]. 

Traditional fixed-time signal systems often fail to adapt to varying traffic conditions 

throughout the day [4]. To meet variable traffic demands, fully actuated signal control systems 

are becoming more popular. These systems dynamically adjust signal timings in real-time to 

minimize queue lengths and delays [5,6], significantly improving intersection capacity and 

overall traffic flow [7,8]. 

Optimizing intersection capacity relies on the saturation flow rate, a key element in traffic 

signal system planning [9]. Vehicles discharge at the saturation flow rate until the queue is fully 

dissipated [10]. The green extension period, following the clearance of queued vehicles, greatly 

influences signal control effectiveness. Research shows that discharge flow rates peak between 

9 and 12 vehicles on straight lanes [11] but decrease after 40 to 60 seconds of green time [12]. 

Longer queue lengths have mixed effects on discharge flow rates [13]. 

Many factors affect the saturation flow rate, including intersection geometry, lane gradient, 

width and markings, vehicle composition, turning vehicles, pedestrian and bicycle activity, 

signal characteristics, weather conditions, signal countdown devices, and autonomous vehicles 

[14-21]. Despite extensive research, few studies focus on saturation flow rate fluctuations at 

fully actuated intersections. 

To address this gap, Karabulut et al. [22] introduced a lane inefficiency parameter to provide 

insights into vehicle discharge efficiency at the saturation flow rate during the green period at 

fully actuated intersections. In this study, the lane inefficiency parameter was modeled in a 

quadratic form using the Response Surface Methodology (RSM). The RSM optimization 

technique was employed to identify optimal values of key factors to minimize lane inefficiency. 

The primary aim is to minimize lane inefficiency by understanding the factors affecting the 

performance of fully actuated intersections. The novelty of this approach lies in applying RSM 

to model and optimize lane inefficiency. This not only enhances the understanding of 

influencing factors but also provides a practical framework for improving intersection 

performance. The benefits include better traffic flow management, reduced congestion, and 

enhanced road capacity at signal-controlled intersections. The structure of this study is as 

follows: Section 2 outlines the study area and data collection methods. Section 3 details the 

research methodology. Section 4 presents the modeling and optimization results. Section 5 

summarizes the key conclusions. 

 

 

2. STUDY AREA AND DATA 

 

For this study, traffic flow data were collected from two urban intersections, Expo and Mall, 

in Mersin, Turkey. Table 1 shows the geometric and traffic flow characteristics of these 

intersections, which are controlled by fully actuated traffic signals. Traffic video recordings of 

the approach legs at these intersections were obtained from the Transportation Department of 

the Mersin Metropolitan Municipality. These recordings were made during the morning peak 

hours on two weekdays under normal weather conditions. Signalization system data, including 
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the start and end times of the green and red periods for each signal cycle, were also collected. 

During the morning peak hours, high traffic volumes were observed on the West, East, and 

North approaches of the Mall intersection, and on the West approach of the Expo intersection 

(see Table 2). Approaches with low traffic volumes were not included in the study. Images 

captured from the examined approaches are shown in Fig. 1. 

 

Tab. 1 

General attributes of Mall and Expo intersections 

 

Attributes Mall Expo 

Intersection type Roundabout Four-leg 

Signalization type Fully actuated Fully actuated 

Number of approach leg 4 4 

Number of lanes 3 3 

Lane width 3.0-3.6 m 3.0-3.6 m 

Lane slope 2% 2% 

Traffic composition Mixed Mixed 

Pedestrian activity Limited Limited 

 

Tab. 2 

Observed traffic volumes 

 

Intersection Approach 
Day 1 (07:30-09:30) Day 2 (07:30-09:30) 

Left Middle Right Left Middle Right 

Mall 

West 1,077 3,052 1,826 1,120 2,819 1,892 

East 266 2,192 1,727 278 2,314 1,548 

North 730 1,006 452 460 1,224 456 

Expo West 1,454 1,799 400 1,091 2,279 281 

 

 
 

Fig. 1. Studied intersection approaches 
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3. METHODOLOGY 

 

As previously mentioned, the saturation flow rate is essential for maximizing intersection 

capacity and plays a vital role in the planning and design of traffic signal systems [9]. During 

the queue service time, vehicles discharge at this flow rate until the queue is completely cleared 

[10]. The green extension period following the discharge of queued vehicles is critical for the 

effectiveness of signal control. Ensuring optimal performance of signal control systems 

involves facilitating vehicle discharges at the saturation flow rate during this extension period. 

In a previous study, Karabulut et al. [22] introduced the lane inefficiency parameter to 

provide a more detailed understanding of vehicle discharge effectiveness during the green 

period at intersections with fully actuated signal systems. This parameter is calculated by 

comparing the saturation flow rate with the instantaneous discharge rate for each green period, 

offering a comprehensive assessment of green utilization for specific lanes. Specifically, Fig. 2 

shows the instant discharge flow rate during two green periods where the number of queued 

vehicles is 11 and green time is 38 seconds. The saturation flow rates were calculated as 0.43 

vehicles per second per lane using the HCM [23] methodology. During the first green period, 

most vehicles discharged at or near the saturation flow rate. However, this efficiency was not 

maintained during the second green period. In this context, the developed lane inefficiency 

parameter (δ) offers insights into the effectiveness of vehicle discharge at the saturation flow 

rate during the green period by comparing instant discharge rates with the saturation flow rate. 

The mathematical analysis results indicated that the lane inefficiency value was 3.3% for the 

first green period and 24.7% for the second. Indicating that 3.3% and 24.7% of the (G-t1) period 

were used inefficiently, respectively. G is the green time and t1 is the initial loss time which 

was set at 2 seconds in line with recommendations from the HCM [23]. This situation clearly 

indicates that the efficiency of traffic flow duration cannot be evaluated solely based on the 

saturation flow rate value or number of discharged vehicles. 

 

 
 

Fig. 2. Studied intersection approaches 

 

In this study, the lane inefficiency parameter developed by Karabulut et al. [22] was modeled 

using the Response Surface Methodology (RSM) technique. Subsequently, the RSM 

optimization technique was employed to determine the optimal values of key factors to 

minimize lane inefficiency. During the RSM process, careful consideration was given to 
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include both traffic flow and traffic signal system parameters. Therefore, green time (G), the 

ratio of unused green time to total green time (ϴ/G), and discharge flow rate (β) were chosen 

as factors, while lane inefficiency (ẟ) was used as the response variable (see Fig. 3). 

The flowchart of the proposed methodology is presented in Fig. 3. As seen, three factors and 

one response were considered. The green time (G) refers to the portion of a signal phase in 

which the green signal is illuminated. The ratio of total unused green time to green time (Ɵ/G) 

is the percentage expression of the ratio of total unused green time (Ɵ) to displayed green time 

(G) in a signal phase. The discharge flow rate (β) refers to the average time headway of the 

vehicles traversing the stop line during the green period. An example of table building is shown 

below for Tab. 1. 

Central composite design (CCD) was employed to analyze the effects of the selected factors 

on lane inefficiency (ẟ) response (see Fig. 3). The CCD procedure involves systematically 

examining the effects of different factor values on the response. For this purpose, mathematical 

models containing linear, quadratic, and interaction terms were formulated based on field 

observation data. Among these models, the one that best represents the relationship between 

factors and response was selected. Subsequently, contour graphs were generated to observe the 

variation of lane inefficiency (ẟ) with different values of factors. In the final step, optimization 

was conducted to determine the factor values that minimize the lane inefficiency response. 

 

 
Fig. 3. The flow chart of the proposed methodology 
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3.1. Response Surface Methodology 

 

Response Surface Methodology (RSM) is a mathematical and statistical technique valuable 

for the development, enhancement, and optimization of processes [24]. Compared to traditional 

experimental and optimization methods, RSM offers numerous advantages. It efficiently 

extracts significant information from a limited number of experiments using diverse 

experimental designs, setting it apart from other techniques [25]. Moreover, RSM evaluates the 

interaction effects of factors on the response variable, making it an invaluable tool for modeling 

and optimizing problems. 

RSM offers different experimental approaches, with one standout being the central 

composite design (CCD). Developed by Box and Wilson (1951), CCD is recognized as a 

premier second-order design in literature. It enhances the initial first-order design, typically 

composed of n factors, by incorporating additional axial points, factorial points, and center 

points. This expansion allows for a thorough exploration of the response surface, making CCD 

a popular choice in many studies. In a standard CCD with n factors, the factorial points (βf), 

also known as cube or corner points, are coded at levels of ±1. The total number of factorial 

points is determined by 2n. Meanwhile, the center point (βc) is coded as zero and serves to 

evaluate model fit. Axial points (βa) are placed at a specified distance α from the design center 

in each coded factor level direction. The count of axial points in the experimental setup can be 

calculated using the formula 2n. For visual reference, Fig. 4 illustrates a CCD designed for 3 

factors. 

In this study, as mentioned above, to model lane inefficiency response, three factors were 

considered: green time (G), the ratio of total unused green time to green time (Ɵ/G), and 

discharge flow rate (β). The CCD for these three factors requires a total of 20 experiments, 

which correspond to cycles of the signalization system. These experiments were randomly 

selected from field observations and included 8 factorial points, 6 axial points, and 6 central 

points (see Table 3). An axial length of 1.68179 was chosen based on the number of factorial 

points. Factorial points were coded with levels of ±1, axial points with levels of ±1.68179, and 

center points with a level of 0. Each factor exhibited three different levels, as depicted in 

Table 4. 

 

 
 

Fig. 4. CCD for 3 factors 
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Tab. 3 

Factors and response values of the randomly selected experiments 

 

Observations 

Model factors values 

Coded value Uncoded value Response 

G ϴ/G β G ϴ/G Β  ẟ 

1 -1 1 -1 30 4.48 0.538 7.22 

2 1 1 -1 33 5.54 0.505 13.99 

3 1 -1 1 33 5.90 0.499 16.34 

4 1.68179 0 0 32 6.84 0.539 8.88 

5 0 0 0 30 4.85 0.508 10.99 

6 0 0 0 47 14.84 0.391 33.10 

7 -1 -1 1 35 11.37 0.345 23.45 

8 1 -1 -1 35 12.88 0.469 24.36 

9 0 0 0 35 10.10 0.373 25.02 

10 0 0 0 52 9.93 0.421 35.46 

11 0 1.68179 0 48 22.20 0.422 35.68 

12 0 0 1.68179 66 18.35 0.449 36.37 

13 0 0 0 50 10.01 0.378 33.12 

14 0 0 -1.68179 68 18.78 0.443 33.67 

15 1 1 1 68 18.83 0.406 34.90 

16 -1.68179 0 0 50 9.12 0.369 34.98 

17 0 0 0 62 20.07 0.363 39.93 

18 0 -1.68179 0 43 19.20 0.384 37.45 

19 -1 1 1 61 9.51 0.438 38.35 

20 -1 -1 -1 68 15.15 0.319 38.70 

G (sec); ϴ/G (%); β (veh/sec/lane); ẟ (%) 

 

Tab. 4 

Level of factors for CCD 

 

Factors 
Levels 

-1.68179 0 1.68179 

Green time (G) 30 49 68 

Total unused green time/Green time (ϴ/G) 4.48 13.34 22.20 

Discharge flow rate (β) 0.32 0.43 0.54 

G (sec); ϴ/G (%); β (veh/sec/lane) 

 

 

4. RESULTS 

 

In accordance with the methodology developed by Karabulut et al. [22], lane inefficiency 

was calculated for 239 green periods. The traffic flow properties of these green periods are 

shown in Table 5. For example, at the West approach of the Mall intersection, the average green 

time is 56 seconds, with a saturation flow rate of 0.574 vehicles per second per lane and a 

discharge flow rate of 0.486 vehicles per second per lane. The average queue length on this 

approach is 10.6 vehicles per cycle per lane. The traffic composition comprises passenger cars 
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(PC) at 92.2%, public transport (PT) at 2.4%, and heavy vehicles (HV) at 5.4%. These 

parameters offer valuable insights into traffic patterns, congestion levels, and vehicle 

composition, aiding in traffic management and optimization efforts. 

 

Tab. 5 

Properties of the studied green periods 

 

Intersection Mall Expo 

Approach West East North West 

Studied green periods 93 38 52 56 

Green time (sec) 

Min. 31 19 20 18 

Avg. 56 32 25 23 

Max. 72 35 30 33 

Saturation flow rate 

(veh/sec/lane) 

Min. 0.416 0.406 0.404 0.395 

Avg. 0.525 0.493 0.559 0.574 

Max. 0.741 0.673 0.735 0.874 

Discharge flow rate 

(veh/sec/lane) 

Min. 0.319 0.345 0.390 0.373 

Avg. 0.435 0.422 0.466 0.486 

Max. 0.520 0.492 0.578 0.522 

Queue length  

(veh/cycle/lane) 

Min. 8 8 8 8 

Avg. 14.0 11.0 10.0 10.6 

Max. 25 15 15 15 

Traffic composition (%) 

PC 94.3 92.2 97.3 92.5 

PT 4.6 2.4 2.7 5.1 

HV 1.1 5.4 0.0 2.4 

 

4.1. Response Modeling 

 

To investigate the relationship between factors (G, Ɵ/G, and β) and lane inefficiency (δ) 

(response variable), four different RSM models have been developed (see Table 6). Note that, 

as mentioned above, lane inefficiency was calculated for 239 green periods, and 20 of these 

were randomly selected to be used in the developed models.  Model 1 exclusively considers the 

linear effects of factors on lane inefficiency (δ) response (see Eq. 1). The equation of this linear 

model indicates that lane inefficiency (δ) response increases with an increase in green time (G) 

and the ratio of total unused green time to green time (Ɵ/G). Conversely, lane inefficiency (δ) 

response increases as discharge flow rate (β) factors decrease. The linear model exhibits an 

adjusted R-square value of 0.852 (see Table 6). 

 

                ẟ =  35.2 +  0.3592 ∗ 𝐺 +  0.447 ∗ (𝛳/𝐺)  − 69.1 ∗ 𝛽                                         (1) 

 

Model 2 incorporates both the linear and square effects of factors (see Eq. 2). The equation 

of the model demonstrates that the linear and square terms of factors exert distinct effects on 

lane inefficiency (δ) response. While the linear terms exhibit positive effects, the square terms 

demonstrate negative effects. Model 2 achieves an adjusted R-square value of 0.964 (see 

Table 6). 
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ẟ =  −83.7 + 2.561 ∗ 𝐺 + 0.572 ∗ (𝛳/𝐺) +  227 ∗ 𝛽 − 0.02175 ∗ 𝐺2  − 0.0113 ∗ (𝛳/
𝐺)2  − 314 ∗ 𝛽2                                                                                                                          (2) 

 

Model 3 incorporates the linear and interaction effects of factors (see Eq. 3). Both green time 

(G) and the ratio of total unused green time to green time (Ɵ/G) exhibit a positive effect, 

whereas the discharge flow rate (β) demonstrates a negative effect. Additionally, the interaction 

terms G*(Ɵ/G) and β*(ϴ/G) show negative effects, while the interaction term (G*β) displays a 

positive effect. Model 3 has an adjusted R-squared value of 0.955 (see Table 6). 

 

ẟ =  −17.5 + 0.736 ∗ 𝐺 + 5.26 ∗ (𝛳/𝐺)  − 43.3 ∗ 𝛽 − 0.0659 ∗ 𝐺 ∗ (𝛳/𝐺) + 1.36 ∗ 𝐺 ∗
𝛽 − 4.06 ∗ 𝛽 ∗ (𝛳/𝐺)                                                                                                                                                  (3) 

 

Model 4 is a full quadratic model that includes linear, square, and interaction terms of the 

factors (see Eq. 4). The linear terms contribute positively to the lane inefficiency response, 

whereas the interaction terms exert a negative impact on it. Specifically, only (Ɵ/G)² among the 

squared terms demonstrates a positive effect, while the other quadratic terms yield a negative 

effect. The adjusted R-squared value of Model 4 is 0.980 (see Table 6). 

 

ẟ =  −153.2 + 1.861 ∗ 𝐺 + 3.75 ∗ (𝛳/𝐺) + 546 ∗ 𝛽 − 0.00624 ∗ 𝐺2 + 0.0119 ∗ (𝛳/
𝐺)2 − 609 ∗ 𝛽2 − 0.0457 ∗ 𝐺 ∗ (𝛳/𝐺) − 0.564 ∗ 𝐺 ∗ 𝛽 − 3.84 ∗ (𝛳/𝐺) ∗ 𝛽                             (4) 

 

The analysis reveals that the full quadratic model demonstrates the highest adjusted R-square 

value and the smallest absolute residuals (see Table 6). Consequently, the full quadratic was 

selected, as it provides the best overall fit and statistical performance among the tested models. 

The ANOVA results presented in Table 7 indicate that the terms (linear, square, and interaction) 

of the full quadratic model are significant at a 95% significance level. Examination of the 

residual values of the full quadratic model, depicted in Fig. 5 and 6, shows that the predicted 

values closely align with the actual values, confirming the model's effectiveness. 

 

Tab. 6 

R-square values of the developed models 

 

Model Model type 
R-square Residual 

R2 R2 (adj) Min. Max. 

1 Linear 0.875 0.851 -5.58 7.31 

2 Linear and square 0.974 0.961 -2.44 3.51 

3 Linear and interaction 0.969 0.955 -3.97 2.91 

4 Full quadratic 0.989 0.980 -2.31 2.36 

 

Tab. 7 

ANOVA results of full quadratic model 

 

Source 
Degree of 

freedom 

Sum of  

squares (adj) 

Mean  

squares (adj) 
F-value p-value Remarks 

Model 9 2255.89 250.65 102.20 0.000 Sig. 

Linear terms 3 751.20 250.40 102.09 0.000 Sig. 

Square terms 3 46.07 15.36 6.26 0.012 Sig. 

Interactions terms 3 35.95 11.98 4.89 0.024 Sig. 



106 N.C. Karabulut 

 

 
 

Fig. 5. Residual values of the full quadratic model 

 

 

 
 

Fig. 6. Observed and estimated values for the quadratic model 

 

After selecting the quadratic model, contour graphs were created to visualize how lane 

inefficiency (ẟ) changes with different values of the factors. Fig. 7 illustrates the impact of green 

time (G) and the ratio of total unused green time to green time (Ɵ/G) on lane inefficiency 

response, with a constant discharge flow rate (β) of 0.43 vehicles per second per lane, which is 
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the observed average value (see Table 4). It is evident that longer green times (G) and higher 

ratios of total unused green time to green time (Ɵ/G) have adverse effects on lane inefficiency 

(ẟ).  

 

 
 

Fig. 7. Contour graphs of G and Ɵ/G 

 

The second contour graph illustrates the effects of green time (G) and discharge flow rate 

(β) on lane inefficiency response, with a constant ratio of total unused green time to green time 

(Ɵ/G) at 13.34%, which is the observed average value (see Table 4). At longer green times (G) 

and lower discharge flow rate (β) values, the maximum lane inefficiency (ẟ) response is 

observed (see Fig. 8). This result reinforces the previous finding, indicating that the longer 

green time (G) parameter negatively affects lane inefficiency (ẟ) response. 

 

 
 

Fig. 8. Contour graphs of G and β 
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The latest contour graph illustrates how the ratio of total unused green time to green time 

(Ɵ/G) and the discharge flow rate (β) influence lane inefficiency (ẟ), while keeping the green 

time (G) constant at 49 seconds, which is the observed average value (see Table 4). The highest 

lane inefficiency (ẟ) occurs at a higher ratio of total unused green time to green time (Ɵ/G) and 

a lower discharge flow rate (β) (see Fig. 9). It can be concluded that the discharge flow rate (β) 

demonstrates an inverse relationship with lane inefficiency (ẟ) response. This means that as the 

discharge flow rate decreases, lane inefficiency tends to increase, particularly when there is a 

higher proportion of total unused green time to green time. 

 

 
 

Fig. 9. Contour graphs of Ɵ/G and β 

 

4.2. Response Optimization 

 

In the final phase of the study, the Response Surface Methodology (RSM) was employed to 

optimize the lane inefficiency (ẟ) response, with the aim of minimizing it. The optimization 

process sought to identify factor values that yield the lowest lane inefficiency. To achieve this, 

a desirability function was defined during the optimization. The desirability function (D) is used 

to assess how close the response is to the target value [24]. The highest desirability value is 1, 

indicating the optimal response, while the lowest is 0. In this study, the desirability function 

was set to 1. Additionally, to minimize the lane inefficiency (ẟ) response, the weights and 

importance levels of the factors were also defined as 1. 

The graphs obtained for the optimum values of the factors are shown in Fig. 10. They 

indicate that the lane inefficiency (ẟ) response increases as the green time (G) and the ratio of 

total unused green time to green time (Ɵ/G) increase. It also shows that the lane inefficiency 

(ẟ) response decreases as the discharge flow rate (β) increases. Additionally, the optimization 

graph suggests a green time of 30 seconds, a ratio of total unused green time to green time 

(Ɵ/G) of 5%, and a discharge flow rate of 0.540 vehicles per second per lane to minimize lane 

inefficiency. By providing these values, the lane inefficiency response will be 6.94% (see 

Fig. 10). 
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Fig. 10. Optimization graphs of lane inefficiency (ẟ) response 

 

 

5. CONCLUSIONS 

 

Maintaining saturation flow at signalized intersections is very important for both intersection 

capacity and sustainable traffic management. Efficient signal systems help to reduce 

congestion, lower emissions, and improve air quality in cities. Factors like signal timing, traffic 

demand, vehicle types, and intersection design have a big impact on traffic flow efficiency. By 

optimizing these elements, traffic engineers can improve intersection performance, resulting in 

smoother traffic flow and fewer delays. 

Recently, Karabulut et al. [22] introduced a new parameter called lane inefficiency to assess 

how well vehicles discharge during green periods at fully actuated intersections. In this study, 

signal system and traffic flow parameters affecting lane inefficiency were studied using 

Response Surface Methodology (RSM). In the developed methodology, green time (G), the 

ratio of unused green time to total green time (ϴ/G), and discharge flow rate (β) were chosen 

as factors, while lane inefficiency (ẟ) was used as the response variable. RSM was chosen 

because it can model and optimize the relationship between the response and factors very well. 

The best model for explaining lane inefficiency was a full quadratic model, which had the 

highest adjusted R-squared value and the lowest error values. 

It is essential to operate intersections with these optimal values to reduce inefficiency and 

improve performance. Minimizing the initial vehicles' lost time in the queue, ideally losing no 

more than 5% of the green time, is crucial for maintaining efficient traffic flow. It was observed 

that vehicle headways and time losses increased after the 25th second of green time, leading to 

reduced discharge flow rates. Consequently, the optimization process recommended a green 

time of 30 seconds and a discharge flow rate of 0.540 vehicles per second per lane to minimize 

lane inefficiency. 

The results of this study go beyond the specific intersections analyzed, showing that RSM is 

a good technique for traffic engineering. The lane inefficiency parameter helps understand 

signal dynamics at fully actuated intersections and provides recommendations for optimizing 

traffic signal timing, reducing environmental impact, and maintaining saturation flow rates. 

This directly helps the sustainable use of urban transport infrastructure. The study highlights 

the dynamic relationship between green time and lost time, giving practical insights for 

decision-makers to improve traffic flow efficiency, reduce emissions, and lower fuel 

consumption. By optimizing green times, the study achieves the goals of efficient and 
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environmentally friendly urban transportation. The analysis and recommendations can be 

adapted to different urban contexts, promoting sustainable urban transport infrastructure on 

a broader scale. 

 

 

Appendix: Computing of Lane Inefficiency Parameter 

 

In this section, lane inefficiency methodology and example calculation are explained in 

detail. As an example, Fig. 2 depicted the instant discharge flow rate (βj) (veh/sec) and 

saturation flow rate (S) (veh/sec) during the green period. The instant discharge flow rate (βj) 

(veh/sec) was calculated using the time headways of the vehicles that pass the stop line during 

the green period (see Eq. 5). 

 

                                           𝛽𝑗 = 1 ℎ𝑗⁄                                                                                                                    (5) 

 

where j refers to the jth vehicle that passes the stop line during the green period, and hj refers to 

the time headway of the jth vehicle (see Fig. 2). 

 

The HCM method enables the calculation of the saturation flow rate for each green period. 

Therefore, the saturation flow rate (S) was calculated separately for each green period by Eq. 6. 

 

                                           𝑆 = 1 ℎ𝑠⁄                                                                                                                      (6) 

 

where ℎ𝑠 refers to the saturated headway (sec/veh) for the green period. The saturated headway 

(ℎ𝑠) was calculated by Eq. 7, where n refers to the total number of vehicles in a queue, and hq 

refers to the time headway of qth vehicle in a queue. 

 

                                           ℎ𝑠𝑖 = (∑ ℎ𝑞
𝑛
𝑞=5 )/(𝑛 − 4)                                                                                  (7) 

 

As depicted in Fig. 2, the instant discharge rate (βj) fluctuates during the green period, and 

inefficiency arises when the instant discharge rate (βj) drops below the saturation flow rate (S). 

The total inefficiency during the green period consists of the following three components: a) 

the inefficiency resulting from the initial unused green time (𝜆′), b) the inefficiency resulting 

from the unused green time after the last vehicle passes the stop line (𝜆′′), c) the sum of 

inefficiency resulting from the low instant discharge flow rate (∑ 𝜆′′′). The total inefficiency is 

equal to: 

 

                                           𝜆 = 𝜆′ + 𝜆′′ + ∑ 𝜆′′′                                                                                              (8) 

 

where 𝜆′ was calculated by Eq. 9. 

 

                                           𝜆′ = 𝛳′𝑆                                                                                                                      (9) 

 

where 𝛳′ refers to the initial unused green time (sec.) for the green period 𝑖, and was calculated 

by Eq. 10. 

 

                                           𝛳′ = ℎ1 − 𝑡1                                                                                                           (10) 
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where ℎ1 refers to the time headway of the first vehicle in the queue. 𝑡1 refers to the initial loss 

time, which was taken as 2 seconds in line with the recommendations from the HCM 2010 

(TRB, 2010). The inefficiency resulting from the unused green time after the last vehicle (𝜆′′) 

was calculated by Eq. 11. 

 

                                           𝜆′′ = 𝛳′′𝑆                                                                                                                 (11) 

 

where 𝛳′′ refers to the unused green time after the last vehicle (sec.) and 𝛳′′ was calculated by 

Eq. 12. 

 

                                           𝛳′′ = 𝐺 − ∑ ℎ𝑗
𝑚
𝑗=1                                                                                                (12) 

 

where G refers to the green time (sec.), and m is the departure volume for the green period (i.e., 

number of vehicles that pass the stop line during the green period). 

 

The sum of inefficiency resulting from the low instant discharge flow rate (∑ 𝜆′′′) was 

calculated by an algorithm developed in MATLAB. 

Conversely, surpassing the instantaneous discharge rate (βj) above the saturation flow rate 

(𝑆) signifies efficiency (oversaturation). It's equally important to take these efficient segments 

into account during a green period. Therefore, clear inefficiency during the green time can be 

expressed by Eq. 13. 

 

                                           𝛥 = 𝜆𝑖 − ∑𝜇𝑖                                                                                                         (13) 

 

where 𝛥 refers to the clear inefficiency, and ∑𝜇𝑖 refers to the total efficiency during the green 

period. The total efficiency resulting from oversaturation was calculated by an algorithm 

developed in MATLAB. 

 

If Eq. 8 to 13 are closely examined, the unit of the 𝜆 and 𝜇 parameters is vehicle. Therefore, 

clear inefficiency (𝛥) corresponds to the number of unserved vehicles within traffic flow as a 

result of unmaintainable saturation flow during the green period. Accordingly, lane inefficiency 

(𝛿𝑖) of the green period can be calculated by Eq. 14.  

 

                                           𝛿 = 100
 𝛥

𝑆(𝐺−𝑡1)
                                                                                                     (14) 

 

As an example, the lane inefficiency of any green period can be calculated as follows: 

The green period was 46 seconds (𝐺). The first vehicle in the queue traversed the stop line 2.949 

seconds after the start of green (ℎ1). The green period finished 3.951 sec after the last vehicle 

traversed the stop line (𝛳′′). The saturation flow rate of the green period was calculated as 0.449 

veh/sec/lane (𝑆). 

Therefore: 

𝛳′ = ℎ1 − 𝑡1 = 2.949 − 2 = 0.949 seconds 

𝜆′ = 𝛳′𝑆 = 0.949 𝑥 0,449 = 0.426 vehicles 

𝜆′′ = 𝛳′′𝑆 = 3,951 𝑥 0,449 = 1.774 vehicles 
∑ 𝜆′′′ = 4.157 vehicles (calculated from MATLAB) 

∑  = 𝜆′ + 𝜆′′ + ∑ 𝜆′′′ = 0.426 + 1.774 + 4.157 = 6.357 vehicles  
∑ =1.961 vehicles (calculated from MATLAB) 
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The total efficient area is subtracted from the total inefficient area of the cycle. The clear 

inefficient area of the cycle is determined. 

 =  ∑  − ∑ = 6.357 − 1.961 = 4.396 vehicles 

 = 100
 

𝑆(𝐺 − 2)
= 100

4.396

0.449 × (46 − 2)
= 22.25% 

 

22.23% of the (𝐺 − 𝑡1) period was used inefficiently. 
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