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ABSTRACT 

1  Introduction 

Traffic intersections are the bottlenecks of traffic systems. 

Given a traffic network, an optimal traffic signal control strategy 

will result in smoother traffic flow and a greener environment. 

Traditionally, there are two major traffic signal control methods: 

pretimed and actuated control.  For isolated intersections, 

pretimed control uses fixed cycle lengths and green time 

durations, determined based on historical traffic patterns, which 

cannot handle the dynamics of real-time traffic conditions [3,8]. 

Actuated control presets minimum and maximum green times and 

passage time and utilizes loop detectors to sense the request of 

green phase in each approach. As a result, actuated control at 

isolated intersection is likely be more efficient than pretimed 

control [8]. 

At the network level, coordinated control strategies, be it 

pretimed or actuated, have been developed and implemented to 

optimize signal controls along a corridor or among a group of 

intersections in the real world.  Similar to pretimed control at 

isolated intersections, coordinated pretimed signal control at the 

network level is limited because it uses of historical data rather 

than real-time traffic information.  Examples of coordinated 

pretimed control include MAXBAND [2] and TRANSYT [4]. 

Coordinated actuated control, on the other hand, although can 

potentially be more efficient than pretimed control, can also be 

computationally expensive.  Examples of coordinated actuated 

control include SCOOT [1] and RHODES [5].  As pointed out in 

the literature, many of the coordinated actuated control methods 

require complex computation for global optimization, which is not 

real-time feasible to be applied to large-scale traffic network.   

There is a need, therefore, to explore innovative control 

methods to improve the efficiency of signals at a large-scale 

traffic network.  To address this need, this study aims to develop a 

simple traffic signal control method that not only can potentially 

improve network-wide traffic operations in terms of reduced delay 

and energy consumption, but also is more computationally 

feasible than existing methods.   

Traffic intersections are often the bottlenecks of traffic systems. 

Given a traffic network, an optimal traffic signal control strategy 

can result in smooth traffic flow and thus reduce energy 

consumption and environmental impact at intersections. This 

study aims to develop a new multi-input and multi-output 

(MIMO) traffic signal control method that can improve network-

wide traffic operations in terms of delay and energy consumption. 

In this context, a 35-intersection network of Bellevue, WA is used 

as the basis for the development of the algorithm, where modeling 

and intersection controls in a globalized setting are established 

using MIMO linear control theory and high matrix formulation.  

The proposed control method is evaluated in a microscopic traffic 

simulation environment, VISSIM. Simulation results show that 

the proposed method has much shorter average travel delays in the 

network when compared with the delays of conventional pretimed 

and actuated controls. 
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2  Networked Intersection Area and Simulation  

2.1 Traffic Data 

This study focuses on the urban road networks with signalized 

intersections. Specifically, a grid road network from downtown 

Bellevue has been selected as the networked intersections area of 

this study. The study area covers from Main Street (the south) to 

NE 12th Street (the north) and from Bellevue Way NE (the west) 

to 112th Ave NE (the east).  It includes 35 intersections and 57 

major bi-directional road links, with average link length being 

664.4 ft.  

To replicate real-world traffic conditions, traffic count data by 

movements were collected for each intersection in the midday off-

peak period (i.e., 1-2 pm). Figure 1a shows the traffic counts for 

the NE 12th Street (the north) and Bellevue Way NE intersection. 

Link traffic volumes were calculated by aggregating traffic 

movement counts in the same direction, as shown in Figure 1b.   

 
(a) Traffic counts                         (b) Traffic volumes 

Figure 1: Traffic count by movements and traffic volumes in 

the road network 

2.2 Microscopic Traffic Simulation Model 

In this study, VISSIM, a commonly used microscopic traffic 

simulation software for signal controls, was used to facilitate the 

development and testing of different traffic signal control methods 

[6,7,9,10]. The VISSIM traffic model shown in Figure 2 was 

developed based on the actual road geometries of the studied 

network area. This microscopic simulation model has been 

calibrated by the City of Bellevue with the actual traffic data that 

have been used for planning and management purposes in 

Downtown Bellevue. 

Two baseline methods, i.e., the pretimed control and actuated 

control, were initially implemented in the simulation model. For 

pretimed control, the parameters are set as follows. The cycle 

length is set to be 90s, and the number of phases is selected as 2, 

where the east and west approaches share one phase, and the north 

and south approaches share the other phase). The yellow time 

duration is given as 3s, and all red time durations are set to be 2s. 

In this case, the green time duration for each phase can be 

changed before simulation and it ranges from 0s to 80s.It is also 

assumed that all the intersections are controlled by a single 

controller, indicating that the green times are the same. A 

pretimed control diagram with north-south phase green time of 

40s is shown in Figure 3.    

 

 

Figure 2: VISSIM simulation model for the studied traffic 

network 

 

Figure 3: A typical pretimed control diagram with north-

south green time being set to 40s 
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Figure 4: A typical actuated controller 

For the actuated control, each intersection is controlled by a 

separate actuated controller with the “gap-out” method. The 

parameters are set according to the real-world setting from the 

City of Bellevue. Specifically, the minimum green time is set to 

7s, the maximum green time varies from 50 to 60s, and the 

vehicle extension time is selected as 2s. A typical actuated 

controller is shown in Figure 4. 

3 Traffic System Controller design 

3.1 System Modeling 

There are 35 intersections in the subject traffic network, and 

the green time allocation of each intersection can affect the 

performance of the whole system. Given a fixed cycle length, say 

90s, we denote the north-south direction green time of intersection 

𝑖 as 𝑢𝑖, where 𝑢𝑖 ∈ [0 , 80𝑠] and 𝑖 = 1,2, … ,35. The upper limit of 

80s is derived as follows: 

 

𝑡𝑜𝑡𝑎𝑙 𝑔𝑟𝑒𝑒𝑛 𝑡𝑖𝑚𝑒 =  𝑐𝑦𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 

−  2(𝑦𝑒𝑙𝑙𝑜𝑤 𝑡𝑖𝑚𝑒 +  𝑎𝑙𝑙 𝑟𝑒𝑎𝑑 𝑡𝑖𝑚𝑒) 

        = 90 − 2(2 + 3) = 80𝑠. 

 

For each intersection, we have two delay measurements, i.e., 

the delay in the north-south (N-S) direction and the delay in the 

east-west (E-W) direction. In other words, there is a total of 70 

delay measurements for the 35 intersections. For intersection 𝑖, 

the N-S direction delay is denoted by 𝑦2𝑖−1 and the E-W direction 

delay is denoted by 𝑦2𝑖, where 𝑖 = 1,2, … ,35.  

 

In this context, the traffic network can be represented by the 

discrete time input-output dynamic model: 

  𝑦(𝑘) = 𝐹(𝑢(𝑘 − 1)) (1) 

where 𝑦 ∈ 𝑅70 is the traffic delay of E-W and N-S direction at 

each node, 𝑢 ∈ 𝑅35  is the system control input, representing in 

particular the green signal period of N-S direction of each node, 

and 𝑘  indicates the time steps. F stands for the nonlinear 

relationship between the delays and the green signal period, and it 

can be either a linear or nonlinear vector function.  In this paper, 

only the linear model will be considered.  This requires the 

linearization of system (1). 

Since the traffic system is sampled at each traffic cycle, the 

sampled step size is therefore equal to the traffic cycle length. 

Assuming the nonlinearity of the traffic network is linearizable, 

one can simplify the above system with a linear model for 𝑢 ∈
[𝑢𝑚𝑖𝑛 , 𝑢𝑚𝑎𝑥] to obtain the following: 

  ∆𝑦(𝑘) = 𝐻∆𝑢(𝑘) (2) 

where 𝐻 ∈ 𝑅70×35  is the system matrix, ∆𝑦  and ∆𝑢  are the 

increments of 𝑦 and 𝑢  at linearized point 𝑢∗ , respectively. Note 

that dynamic component of this control method has been ignored 

here for simplification. 

 

 

3.2 Feedback Control Structure 

The control objective is to design a controller for the 

simplified traffic system (2) to achieve tracking of an optimized 

travel delay time 𝑦∗. To achieve this control objective, we need to 

select the green signal period u(k) to achieve the following: 

  ∆𝑦(𝑘) = −Γ(𝑦 − 𝑦∗) (3) 

where Γ > 0 is the controller parameter to be specified by user. By 

comparing the linearized model with equation (3), assuming the 

rank of matrix H equals to the number of its columns (i.e., high H-

matrix), expected controller structure can be obtained to read: 

  𝑢(𝑘 + 1) = 𝑢(𝑘) + Δ𝑢(𝑘) (4) 

  Δ𝑢(𝑘) = −(𝐻𝑇𝐻)−1𝐻Γ(𝑦(𝑘) − 𝑦∗) (5) 

where 𝑢(𝑘) ∈ [𝑢𝑚𝑖𝑛 , 𝑢𝑚𝑎𝑥] is the required constraints.   

 

3.2 Closed Loop System Analysis 

To verify the performance of the proposed control strategy, we 

conducted a closed loop system analysis by applying (5) to (2), 

from which the following closed loop system equation can be 

obtained 

  𝑦(𝑘 + 1) − 𝑦(𝑘) = −𝐻(𝐻𝑇𝐻)−1𝐻𝑇Γ(𝑦 − 𝑦∗) (6) 

     = −𝛺Γ(𝑦(𝑘) − 𝑦∗)                         

 

𝛺 = 𝐻(𝐻𝑇𝐻)−1𝐻𝑇Γ                                                               (7) 

 

The above equations indicate that if ‖𝐼 − 𝛺‖ < 1 or max 𝑒𝑖𝑔( 𝐼 −

𝛺) < 1, the closed loop system given by (2) and (5) will be stable. 

In practice, this criterion needs to be satisfied when choosing Γ. 

Since the control signal is saturated, the asymptotic tracking of 𝑦∗ 

cannot be generally guaranteed particularly when 𝑦∗ = 0, albeit 

this would mean the minimization of the travel delays across the 

networked traffic flow area in Figure 2. 

4 Estimating System H Matrix 

To determine how 𝑢𝑖  will affect all the delay vector 

{𝑦1, 𝑦2, … , 𝑦70}, we conducted a control experiment. Specifically, 

given an initial N-S green time 𝑔0  (e.g., 40s) and a fixed 

simulation duration of 3600s, during 0 to 1800s, all the 

intersections were controlled by a pretimed control method with 

N-S green time being given by 𝑔0.  During 1800 to 3600s, the N-

S green time of intersection 𝑖 is changed to 𝑔0 ± Δ𝑢,with all the 

other intersectional control remain unchanged. By comparing with 

a baseline simulation where all the intersections were controlled 

by a pretimed control with N-S green time being 𝑔0  from 0 to 

3600s, we can estimate the impacts of changing 𝑢𝑖 to all the delay 

components in the travel delay vector. In this study, Δ𝑢 = 5s, and 
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we various 𝑔0 ranging from 5s to 75s with a step size of 5s were 

tested.   

 

Figure 5: Travel delay of the N-S approach of the intersection 

1 with different control strategies 

 

Figure 6: Estimated H matrix with initial N-S green time = 5 

Figure 5 illustrates one example experiment in which the 

initial green time was 5s and the N-S green time of intersection 1 

was increased/decreased by 5s halfway through the simulation. 

With these travel delay curves, the impact of 𝑢1  to 𝑦1 has been 

calculated by averaging the differences between changed delay 

measurements and the baseline delay measurement along the time 

horizon. This process is repeated to explore the relationship 

between any 𝑢𝑖 and 𝑦𝑖. Figure 6 presents the estimated 𝐻 matrix 

with initial N-S green time of 5s. The figure has 70× 35 cells. The 

number in each cell represents the value of the corresponding H 

matrix element. The color bar in the right part shows that smaller 

values are represented by darker colors. It can be seen that the 

diagonal elements have higher absolute values, indicating that an 

intersection’s signal timing generally affect delays in itself more 

than any other intersections. With 𝑔0 in [5, 10, 15, 20, 25, 30, 35, 

40, 45, 50, 55, 60, 65, 70, 75], a separate H matrix was estimated 

for each individual 𝑔0, resulting in a total of 15 𝐻 matrices. 

5 Implementing the Control Method 

To implement the proposed control algorithm obtained in (5), a 

separate signal controller has been used for each intersection, with 

cycle length being 90s. For each controller, 81 control programs 

were developed that respectively correspond to N-S green time of 

0, 1, 2, …, 80. The results are shown in Figure 7. 

 

 

Figure 7: Illustration of signal control programs for a single 

intersection controller 

During the simulation, an initial N-S green time 𝑔0  and an 

updating interval of 90s were set. After every signal cycle (i.e., 90 

seconds) of the simulation, the average vehicle delays at N-S and 

E-W approaches of each intersection were collected. Given a 

desired delay of 0s, the updated N-S green time at the next 

simulation interval can be calculated using equations (3) – (5) for 

each intersection. With the updated N-S green time, the 

corresponding signal control program (the nearest integer for the 

green time) can be selected to reflect the green time variation.  

The simulation control and dynamic signal program updates 

have been implemented using VISSIM COM interface in Python. 

It should be noted that when calculating the updated green time, 

the nearest H matrix was chosen based on the green time in the 

previous cycle. 

6 Simulation Results 

We tested the proposed linear control algorithm with 

different initial N-S green times and compared its 

performance with the corresponding pretimed control (i.e., 

the green time = the initial green time and remains 

unchanged during the whole simulation). To choose an 

optimal parameter Γ , multiple Γ  values were tested with 

initial green time being set to 60s.  It was found that the 

linear control was able to achieve optimal average vehicle 

delay when Γ= 0.2. Table 1 summarizes the experimental 

results with different initial green times. As shown in Table 

1, when compared with corresponding pretimed controls, 
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the proposed linear control given in (5) results in shorter 

average vehicle delays if a proper Γ value is chosen. It is 

also noted that, when the initial green time duration is set to 

40s and Γ  is selected as 0.2, the linear control even 

outperforms the actuated control. It should be noted that the 

reason that initial green affects linear control (our method) 

performances is that for unbalanced initial green (e.g., 70s), 

we need to adjust the traffic situation from a very bad 

initial state. In this case, we will have large delays at the 

beginning of the simulation. When averaging across the 

whole simulation duration, we have large delays.  

Table 1: Experimental results with different initial green 

times and control methods 

Initial N-S 

green (s) 

Control Gamma Average Vehicle 

Delay (s) 

60 Pretimed -- 34.43 

60 Linear 2 38.58 

60 Linear 1 36.08 

60 Linear 0.5 29.16 

60 Linear 0.3 16.86 

60 Linear 0.2 16.00 

60 Linear 0.1 16.62 

70 Pretimed -- 68.09 

70 Linear 0.2 28.20 

40 Pretimed -- 14.70 

40 Linear 0.2 12.42 

-- Actuated -- 17.62 

 

Figure 8 shows the vehicle delay changes along with the 

progression of the simulation time. It is apparent that the linear 

control method (blue line) has better performance than the 

pretimed baseline method (orange line), and it even performs 

better than the actuated control (green line) if the initial green 

time is set to 40s. Figure 9 shows how the traffic system looks like 

after 3000s of simulation. For the pretimed control (Figure 9a), 

there appeared to be long queues in E-W direction links, whilst 

the linear control produces (Figure 9b) resulted in much shorter 

queues. 

 

 
(a) Initial green = 70s, Γ  = 0.2, compared with pretimed control 

(70s NS-green) 

 
(b) Initial green = 60s, Γ  = 0.2, compared with pretimed control 

(60s NS-green) 

 
(c) Initial green = 40s, Γ  = 0.2, compared with actuated control 

and pretimed control (40s NS-green) 

Figure 8: Delay curves along the simulation process for 

pretimed and linear control 
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(a) Pretimed control (40s NS-green) 

 
(b) Initial green = 40s, Gamma = 0.2, linear control 

Figure 9: Simulation screenshot at 3000s 

7 Summary and Moving Forward 

A linear traffic system model was built to reflect how each 

intersection’s signal control input will affect network-wide 

vehicle delay measurement. Based on the system model, a linear 

control method was proposed for network-wide traffic signal 

control. Results show that the proposed method outperforms 

corresponding pretimed control and even actuated control when 

proper initial green time is set. 

For future research, various traffic flow conditions, especially 

during saturated flows like AM/PM peak periods will be tested 

using the proposed MIMO control system.  Moreover, dynamic 

and stochastic control methods will be explored to improve the 

results. 
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