
 

ABSTRACT 

GOPI, GEE SREEKANTH. Multi-Cycle Semi Actuated Coordination (Under the direction of Dr. 
George List, Dr. Billy Williams and Dr. Ali Hajbabaie). 

In today’s world, Traffic congestion in arterials is one of the major challenges faced by traffic 

engineers. A technique that has been widely used to solve this problem is to coordinate the 

individual intersections in the network to provide the drivers with an opportunity to pass 

through the network without stopping. This paper proposes a new approach to design traffic 

signal plans for effective signal coordination for smooth progression of traffic through arterials. 

All the methods used as of now to solve the challenge of providing coordination is solved either 

by using fixed smaller cycle lengths or by making use of detection. Using smaller cycle lengths 

immediately eliminates the possibility of providing larger green bands. On the other hand, using 

detection often results in stopping the green band to service a low demand in the minor street. 

The signal plans designed by this approach increases the capacity of the green bands for the 

coordinated movement by using a larger super cycle. This gives an opportunity for drivers to 

pass through successive intersections without having to stop. The minor movements in the 

individual intersections are serviced multiple times in a single signal cycle to reduce high delays. 

The ideal cycle length for a given bandwidth is important to identify to get the optimum signal 

plan for a given dataset. Delays for various movements are compared for different cycle lengths 

to identify the ideal cycle length. The study also looks at the performance of the new approach 

with MAXBAND in terms of bandwidth capacity, bandwidth efficiency and the delays. The 

volume of traffic in the network in one the key factors that affect the performance of signalized 



 

intersections. The impact of higher left turning volumes and higher side street volumes are 

often an important reason for inability to provide longer green bands. The paper investigates 

the performance of the new approach in these limiting conditions. 
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1. Introduction 

Traffic congestion in arterials is a problem that traffic engineers worldwide are trying to solve. 

Since the space constraint in many urban areas makes it almost impossible to construct new 

roadways, arterial progression methods are still one of the best solutions to tackling 

congestion. Signal coordination promotes the continuous movement of platoons through the 

shortly spaced signalized intersections in congested arterials. The signal timing plan is designed 

to let maximum number of vehicles in the green band for the coordinated movement. Using 

signal coordination reduces delays, number of stops, travel time and queue lengths.  

There are numerous techniques which are being used to implement signal coordination in the 

field. MAXBAND is one of the widely accepted techniques to solve the various constraints in 

coordination. It uses a mixed integer linear programming algorithm to find the optimal offsets 

that should be used in successive intersections to get the widest green band possible along with 

the ideal progression speed for the given cycle length. MAXBAND can also generate offset for 

bidirectional coordination for the major street in an arterial. There have been other techniques 

such as MULTIBAND, PASSER II, BANDTOP which are based on improving the bandwidths. The 

limitation for such an approach is the use of the same cycle length and green times for flows 

which are not consistent. Thus, we may end up servicing the side streets when there is no 

demand on certain cycles. This has a significant impact on the major street as the through 

vehicles must be stopped during the time the minor movements are serviced.  

The Multi-Cycle Semi-Actuated Coordination (MCSAC) method introduced in this thesis focuses 

on increasing the green bands by not servicing or giving the minimum green time for the minor 
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movements in certain cycles. During such cycles, the demand builds up in the minor street and 

they can be serviced in the subsequent cycles. The method proposes a plan for a super cycle 

containing ‘n’ cycles of varying lengths focused on obtaining better coordination on the major 

street. The integer variable ‘n’ can be defined as the number of times the minor movements 

will be serviced in a super cycle. The algorithm is designed such that the value ‘n’ depends on 

the delays for the minor movement delays.  The cycle length of the super cycle is the sum of the 

n smaller cycles and n is a constant. These improvements are expected to increase throughput 

in the major street and decrease the through delay.  

In this study, the performance measures that are going to be used to compare MCSAC and 

MAXBAND is the throughput in the major street and the average delay per vehicle in the minor 

street.  
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2. Literature Review 

Several authors have endeavored to study signal timing as an optimization problem, this section 

outlines the advancements that have been made in signal coordination using optimization 

techniques to improve continuous flow in arterials.  

MAXBAND developed by Gartner et al (11) is an arterial bandwidth optimization technique 

which uses mixed-integer linear programming (MILP) to solve triangular networks. MAXBAND 

generates ideal offsets for a set of consecutive intersections in the arterial to maximize the 

bandwidth for the coordinated movements along the major street. MAXBAND 86 is an 

extension of the initial formulation which also took in the effect of optimizing the left turn 

phase sequencing. The addition of the left turn phasing constraint resulted in reduction in 

delays and number of stops. MULTIBAND 96 improved the algorithm to facilitate a network of 

arterials that can be analyzed. Results from showed that the MAXBAND software package can 

be used in a network of arterials in oversaturated conditions. The technique has been modified 

to identify ideal progression speeds between intersections, provide offsets for weighted green 

bands, account for queue storage in intersections and optimize phase sequence in a network. 

(2) reproduced the results from MAXBAND without using integer variables in the formulation. 

TRANSYT 7F is a signal simulation program which uses macroscopic deterministic platoon 

dispersion model to simulate flow of vehicles through a facility to minimize delay. Introduced 

by (19), This method performs the optimization by a one at a time variable search. Hence, the 

quality of the final solution depends on the quality of the starting solution. The program gives 

the best fixed timing plans based on the average flows in the network.  
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Split Cycle Offset Optimization Technique (SCOOT) is an urban traffic control system developed 

by (17) which adapt its signal plan to the fluctuations in flow. This system makes use of 

detectors in every link in the network to obtain real-time traffic data. SCOOT sends out small 

adjustments to the signal timings which are implemented by the traffic controllers onsite. 

SCOOT has three different optimizers namely, the split optimizer, the offset optimizer, and the 

cycle time optimizer. After the change from one stage to another, the split optimizer analyses 

the impact of increasing, decreasing, or keeping the change time the same by determining the 

performance index for all the three cases. The offset optimizer analyses the impact of 

increasing, decreasing, and using the same offset for the imminent cycle using upstream flows. 

This process is done after every cycle in every node in the region. The cycle time optimizer 

identifies the critical node in the region and either increases, decreases, or keeps the cycle 

length the same to maintain a given saturation rate for the critical node intersection. SCOOT is 

often used in smaller networks with high flows as it is difficult to equip bigger networks with 

detectors in every link. 

PASSER IV is another signal timing algorithm used to optimize signal timings and increase 

throughput for large networks. It uses the volume and saturation flow for every intersection in 

the network as an input to determine the required green splits for every movement. It then 

chooses the optimum cycle length and offsets with phasing sequences that should be followed 

in every intersection. It can also provide solution for one-way streets and variation in speeds in 

the network. The main objective is to maximize the progression bandwidth for all the arterials 

in the network. It uses a three-step heuristic procedure to obtain solution for signal 

optimization to provide fast solution with minimal processing time as compared to other 
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optimization algorithms. However, using a heuristic procedure over a mixed-integer linear 

programming formulation does not always give the best possible solution.  

OPAC and PRODYN use a similar dynamic programming concept to optimize signal timings only 

different from SCOOT in that these systems decide at every time step if the phase must be 

changed.   

Several studies have been conducted on the feasibility of incorporating coordination into fully 

actuated signal control systems. (25) used an approach where coordination is provided on 

virtual coordination requests for priority in formulation. The authors used a penalty variable in 

the objective function when coordination is not fulfilled to serve multiple priority requests from 

other nodes. The formulation and the successful implementation in the field suggests that we 

can intelligently provide coordination in actuated signal control environments by assigning 

weights for each movement. 

(24) used a distributed coordinated approach and formulated a MILP algorithm focused on 

maximizing vehicle throughput through the arterial network while penalizing queue length. This 

approach yielded signal coordination by intersections communicating amongst each other to 

reduce the number of stops in the intersection network. The approach promotes intersections 

to move towards global optimality rather than yielding locally optimal solutions. The results 

from the study showed efficient network-wide operation of vehicles with minimal queue 

lengths providing coordination without having explicit constraints for offsets. 

In addition to these optimization techniques, there have been numerous adaptive traffic 

control systems that provide coordination. (22) InSync is one such system developed by Rhythm 
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Engineering that uses artificial intelligence to optimize traffic signals in real-time. The InSync 

system has been used in signalized intersections across the United States. The system uses 

highly advanced video detection techniques to measure occupancy, queue length and delay 

every second. The system synchronizes a signal plans at all the intersections on a given corridor 

and schedules green tunnels for platoons of vehicles to pass through the corridor without 

stopping. The time interval between the start of two successive green tunnels is called a period. 

The period and duration of green tunnels are a dynamic value which is subject to change 

depending on factors such as the volume and delay. The system can also skip certain phases as 

all the other movements must be stopped at every intersection during the provision of green 

tunnels. In the gaps between two green tunnels, the intersections can service other movements 

based on the information from the detectors. InSync uses a local optimization algorithm to 

determine the priority in which each movement should be services. Studies show that the 

implementation of InSync systems at arterial corridors has reduced travel time by 50 percent 

and reduced stops by 90 percent. There has not been any literature on the algorithm used by 

Rhythm engineering to generate signal plans for both local optimization and global 

optimization. (23) conducted a study compared the performance of InSync and TOD signal 

timing plans for a 12-intersection corridor in Volusia county, FL simulated in VISSIM. The results 

showed that the InSync plan outperformed the TOD signal timings in terms of delays, stops, 

travel times and main street delays. The study also concluded that the InSync signal plan 

produced higher side street delays in individual intersections.  

Created Petri nets to model traffic signal control mainly focused on implementing the signal 

control plan suggested by the optimization systems discussed. It is also possible to check if the 
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logic used can be safely implemented in the field. With the Petri net model, it provides an 

effective transition from any stage to any other state. The Petri net model contains three layers: 

a signal-control layer, an optimization layer, and a simulation layer. The optimization layer is 

controlled by the user to choose the phase which must be serviced next and signal-control layer 

lays out the transition from the current phase to the desired phase. The optimization layer can 

be coded using C++ code to define the signal service logic. The signal control network contains 7 

phases to transition to from each of the 8 states. The eight seven cluster subnetworks provide 

the transition from the current phase to the desired phase. The optimization layer provides the 

input for the transitioning of phases using tokens. Petri nets has made it easier to change the 

signal control logic of a model with the use of a graphical environment. The graphical model 

makes Petri net user friendly and effective. The simulation layer in the model ensures that the 

model does not reach a state from which it cannot transition to any other state. It is also 

possible to model actuated and semi-actuated signal controllers in Petri nets with the use of 

min greens, max greens, and force offs. (8) showed how Petri nets can be used in urban 

networks. These models have also been used in toll booth facilities and unsignalized 

intersections. 

(21) proposed a new approach to calculating the delay in intersections. The study points out the 

inefficiencies of the HCM method as it predicts higher delays for oversaturated conditions. The 

HCM delay term consists of a uniform delay and an overflow delay term. The uniform delay 

calculates the delay per vehicle if the arrival rates were constant. The overflow delay term 

accounts for the randomness in the arrivals and the cycle failures that it can cause in certain 

individual cycles. The HCM also defines a limiting value of the degree of saturation below which 
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the overflow delay term can be equated to zero. This is because, at lower v/c ratios the 

randomness in the arrival rate can be accommodated by the slack in capacity that is unused in 

every cycle.  

Inspired by the ideas discussed, this study attempts to formulate a MILP which gives the 

solution to 

(i) Providing improved signal coordination between consecutive intersections using the 

“super cycle” approach. 

(ii) Providing a signal plan for each one of the intersections to incorporate the green 

times required for minor movements and the coordinated movement. 
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3. Methodology 

The traffic signal timing parameters for the intersections are estimated using Mixed Integer 

Linear Programming (MILP). The objective is to identify the bidirectional coordination plan that 

maximizes the vehicles in the green band. This study proposes the use of “super cycles”. A 

Super cycle can be defined as a larger cycle which consists of a bigger band for the major 

through movements. This is obtained by servicing the minor movements for minimum green 

times or servicing them later in the cycle. The cycle length per super cycle is the sum of ‘n’ 

consecutive cycles is a constant for an intersection where n is an integer. The integer n can also 

be defined as the number of times the minor movements are serviced between the recurring 

green bands. The cycle lengths for all the intersections in the arterial must be the same. The 

MILP finds the optimal cycle length and signal timing plan to enhance the performance indices 

for the intersections. Throughput, bandwidth efficiency, delay and degree of saturation are 

some of the measures that are calculated in signal coordination to determine efficiency. 

Throughput is the total number of vehicles passing through an approach in an intersection. The 

higher value of throughput indicates that a greater number of vehicles can pass through the 

approach. The aim in signal coordination is to allow maximum number of vehicles through the 

approach without stopping in a given cycle length. Therefore, a value of bandwidth efficiency 

closer to 1 indicates the fraction of time in a signal cycle when the green band is available.  

Delay is the amount of time spent by a vehicle in the intersection decelerating, stopping in 

queue, moving in queue, and accelerating back to the free-flow speed. The objective of this 

method is to decrease the delay mainly to the major street through traffic by prioritizing 

coordination. The degree of saturation of the movements in the intersections is a measure of 
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the flow with respect to the capacity at the intersection. It is useful to understand the slack in 

the green time to handle the randomness in the arrival rate. The Figure 3-1 shows the time-

space diagram describing the method introduced.  

 

Figure 3-1. MCSAC method sample time-space diagram 

 The MAXBAND Formulation for the intersections taken for the study is used to compare these 

performance measures to determine the more efficient method. The objective function in the 

MAXBAND formulation is to maximize the outbound and inbound green bands. The cycle 

lengths of the all the intersections are equal and the offsets are predetermined and fixed. 

Once the signal parameters using the two different formulations and approaches are 

determined using MILP, performance measures for the signal plans are calculated for 

comparison of the quality of the solution. These are documented in the results section of the 

document. Multiple runs are done to ensure that the error in the data is acceptable.  
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3.1 MINLP Formulation 

This section describes a Mixed Integer Non - Linear Programming (MINLP) algorithm for the 

implementation of the super cycle signal plan. The problem consists of developing a signal 

coordination plan for a set of successive intersections I = {1,2,…,i}. The signal plan is defined for 

one super cycle length (L) for each intersection which will be repeated throughout the rest of 

the time-period. The super cycle length, L is broken into K smaller time periods of ∆t seconds. 

The variable xik will determine if the eastbound through movement at the intersection i during 

the time-period k is “on”. Similarly, yik is used to determine the status of the westbound 

through movement. Let us assume the arrival rates (aim) and the discharge rates (dim) for every 

movement in each of the intersections is known. The number of vehicles for every movement 

(Aim) in one super cycle length can be calculated as  

Aim = aim * L Ɐ i ϵ I, m = 1,2,..,8 

The green demand for every movement (gim) in one super cycle length is the product of the 

number of vehicles and the discharge for that movement, 

gim = dim * Aim + Nim * Sm Ɐ i ϵ I, m = 1,2,..,8  

Where Nim is the total number of times the movement is used in the super cycle and Sm is the 

start-up lost time for that movement. 

The green demand calculated using the equation, gim is the minimum green that should at least 

be provided by the MINLP for every movement. The MINLP consists of multiple objective 

functions with weights which can be defined for specific conditions. The objective functions are 

defined below: 
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• Minimize the overall v/c ratio of the intersections weighted by movement type. 

Obj1 = 
,

im

i m im

v
b

c

i m

 
 
 




 Ɐ i ϵ I, m = 1,2,..,8 

• Minimize the largest value of v/c among all the intersections and movements. 

Obj2 = Min(max
im

v

c

 
 
 

) Ɐ i ϵ I, m = 1,2,..,8 

• The next two minimization functions are aimed to provide a continuous green band for 

the through movements – 

Obj3 = 
,

ik

i k

t k x    

Obj4 =
, iki k

t k y    

The objective functions are subject to the following constraints, 

(i) The start of the green band for the eastbound and westbound through should be greater 

than a given time (ei and wi) in the master clock. 

 
2

ik i

t
t k x e


       Ɐ i ϵ I , k ϵ K 

2
ik i

t
t k y w


      Ɐ i ϵ I , k ϵ K 

(ii) The eastbound and westbound green bands should be greater than given value. 

 
,

,

ik

i k

ik

i k

x t eb

y t wb

 

 




  

(iii) The variables xik and yik are binary. 
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xik,yik ϵ {0,1} Ɐ i ϵ I , k ϵ K 

(iv) The green time for stage 2 (gi2) is obtained by summing up the instances when xik = 0, yik = 1. 

Similarly, stage 3 is when xik = 1, yik = 0, and stage 4 is when xik = 1, yik = 1. Mathematically, 

 2(1 )ik ik i

k

t x y gs  −    Ɐ i ϵ I. 

3(1 )ik ik i

k

t x y gs   −   Ɐ i ϵ I. 

4ik ik i

k

t x y gs     Ɐ i ϵ I. 

(v) The green time for individual movements is obtained by using the summation of the green 

time of the stages containing the movement. 

im is

s

g g= Ɐ s ϵ m, m = 1,2,…,8. 

(vi) The green time for every movement in every intersection is greater than or equal to the 

demand green times (dgim). 

im img dg  Ɐ i ϵ I, m = 1,2,…,8. 

(vii) The sum of green times for all the stages is equal to the super cycle length. 

is

s

gs L= Ɐ i ϵ I. 

The LINGO formulation derived from the constraints explained is attached in section 10.1 in the 

appendix for reference. The second stage of the solution deals with sequencing the green times 

obtained after the first stage. The green times obtained from the first stage of the code is used 

as the input for the second stage. The objective function minimizes the absolute difference 

between two stages. The objective function is set up in a way such that it encourages the 

program to stay on one side of the barrier.  The objective function can be expressed as  
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𝑍 = ∑ |𝑠𝑘𝑘+1 − 𝑠𝑘𝑘|𝑘    

Where skk represents the stage during the time period k. 

The objective function is subject to the following set of constraints, 

(i) The total green time for each stage is calculated as the product of the length of each 

time period and the number of time period when the stage is in ‘on’ condition.  

𝑔𝑠𝑠 =  ∑ 𝑥𝑘𝑠 × 𝑑𝑡 , Ɐ 𝑠

𝑘

 

(ii) Only one stage can be in the ‘on’ condition during time period k. 

∑ 𝑥𝑘𝑠

𝑠

= 1 , Ɐ 𝑘 

(iii) The movement green time must always be higher than the demand green. 

∑ 𝑔𝑠𝑠

𝑠 𝜖 𝑆𝑚

> 𝑔𝑚 Ɐ 𝑚  

(iv) The controller must provide green for stage s during time period k to provide a 

green band in the network. The binary variable xks must be equal to 1 for stage s 

(where s = 2,3, and 4) for time period k. 

𝑥𝑘𝑠 = 1 , Ɐ 𝑘 𝜖 𝐾𝑠  

(v) The variable skk is used to indicate the stage which is in ‘on’ condition during the 

time period k. 

𝑠𝑘𝑘 =  ∑ 𝑠 × 𝑥𝑘𝑠𝑠  , Ɐ k 

(vi) A binary variable to indicate if the stage s is in the ‘on’ condition during the time 

period k 

Xks ϵ [0,1] 
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The sequencing is based on minimizing the sum of a penalty variable. The variable is introduced 

to encourage the MINLP to stay on one side of the barrier. These values penalize crossing the 

barrier heavily and encourage having a lead-lag signal plan for the intersection. The condition 

(iv) is an input that the user must provide to be able to generate a signal plan which can 

accommodate the green band in the network. The LINGO code for the generating a signal plan 

is given in section 9.2.  
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4. Data description 

The dataset is taken from the study conducted by George List (21). The two-way arterial 

network in the dataset consists of six intersections numbered 0 through 5. The Figure 4-1 shows 

the spatial arrangement of the intersections with travel times and distances between the 

intersections.  

 

Figure 4-1. Arterial Network 

All the approaches in the arterial network consists of a single through and right lane as well as a 

left turn pocket. The length of the pocket and the queue length available in all the approaches 

is assumed to be large enough to accommodate the incoming traffic for simplicity in analysis. 

All the arrivals are considered to be at a constant rate for all the cycles. The randomness in 

volume of traffic from one cycle to another is not considered in this study. Pedestrian and 

bicycle traffic is not taken into consideration in this arterial network. The factors discussed 

above have not been taken into considered while writing the MILP code, but these factors can 

however be accounted for by adding constraints to the algorithm. The preliminary focus of this 

study is to provide maximum coordination to the through vehicles.   
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The through movement (Westbound – Eastbound) between intersection 0 to intersection 3 is 

provided coordination. The travel times between intersections in the network have been listed 

in Table 4-1.  

Table 4-1. Travel times between the intersections 

Intersection number Travel time (in secs) 

0-1 12.5 

1-2 18.2 

2-3 15 

2-4 12.5 

2-5 15 

 

The volumes for the through movement in each of the intersections is shown Table 4-2. The left 

turning and right turning percentage are taken as 15% and 10% respectively at every 

intersection. It is assumed that the system is always observable in a cycle. 
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Table 4-2. Intersection volumes 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 113 122 101 96 28 28 

EB T 750 609 504 641 188 188  
R 75 81 67 64 19 19  
L 38 38 82 38 75 90 

SB T 250 250 410 250 500 449  
R 25 25 55 25 50 60  
L 93 112 122 113 28 28 

WB T 467 560 609 750 188 188  
R 62 75 81 75 19 19  
L 38 38 82 38 89 75 

NB T 250 250 410 250 592 500  
R 25 25 55 25 59 50 
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5. Results 

This chapter contains the results obtained by running the MINLP code for various network 

conditions. The performance indices calculated to compare the methods are bandwidth 

capacity, bandwidth efficiency and the two-way bandwidth efficiency. Delays and the v/c ratio 

have also been calculated for the all the movements in all the intersections. The HCM delay 

contains two components: the uniform delay and the overflow delay. The overflow delay 

accounts for the random arrivals and individual cycle failures. The overflow delay is significant 

only for values of v/c ratio > 0.8. Since the v/c ratios are under 0.8, it can be assumed that the 

random component of the delay is negligible and that the uniform delay is approximately equal 

to the control delay. The uniform delay values shown are expected to be higher than that 

experienced in a real-life scenario since there will be fluctuation in the arrival rate of the traffic 

in the side streets. The MCSAC approach is based on the idea that the demand in the side street 

builds up during the big bandwidth for the main street through traffic.  

The saturation rate for through movements is taken as 1900 vph, 85% of 1900 for left turns, 

and 95% of 1900 for right turns. The yellow + all red time is taken as 6 seconds for a transition 

in phase. There are eight stages or phases in the signal timing plan, and these are defined in 

Table 5-1. The movements have been numbered following the NEMA guidelines. The 

coordination is provided using stages 2,3, and 4. A lead/lag phasing is being used in the outer 

intersections to accommodate left turns in the intersections. 
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Table 5-1. Definition of stages 1-8 

Stage Movements 

1 WB/EB left turns 

2 WB left turn and WB through 

3 EB through and EB left turn 

4 EB/WB through 

5 SB/NB Left turns 

6 SB left turn and SB through 

7 NB left turn and NB through 

8 NB/SB through 

The analysis in this section is done to better understand the capabilities of using such an 

approach. Therefore, the following factors were varied in the formulation to understand its 

impact on the signal timing plan process to know the ideal situations to make use of the 

approach. This section can be divided into the following sub-sections based on the network 

conditions: 

a) The MCSAC and MAXBAND solutions for the standard case having 15% of left turn in the 

main street and 500 vph of traffic from the side street.  

b) Different cycle lengths were taken to compare the delays for movements for the same 

bandwidth. 

c) The MCSAC signal plans for variations in the left turn volumes from the main street are 

analyzed.  

d) The MCSAC signal plans for variations in side-street volumes are analyzed. 

e) Sensitivity analysis of the weights used in the MCSAC method. 

5.2 The MCSAC and MAXBAND solutions for the standard case  

MCSAC - A signal plan for a 230 second super cycle is obtained from the code. This can be 

repeated every 230 seconds in every intersection. A bandwidth of 100 seconds has been 



21 
 

provided using the MCSAC approach. The outbound and inbound bands occur every 230 

seconds at an intersection. The minimum green for all movements is taken as 5 seconds and the 

maximum green is taken as 30 seconds for minor movements. The intersections 0 and 3 have a 

lead-lag signal phasing which creates an offset between the midpoint of the inbound and the 

outbound bands. The green times for all the movements in each of the intersections are given 

in Table 5-2. The green times for each stage is given in Table 5-3 for all the intersections.  

Table 5-2. Movement Green Times for Intersections 0,1,2, and 3 for MCSAC approach 

Movement\intersection 0 1 2 3 

1 30 26 30 66 

2 103 103 102 103 

3 17 17 22 17 

4 42 42 62 42 

5 30 27 30 66 

6 103 102 102 103 

7 17 17 22 17 

8 42 42 62 42 

 

Table 5-3. Stage green times for intersections 0,1,2, and 3 for MCSAC approach 

Stage\intersection 0 1 2 3 

1 0 20 0 0 

2 30 6 30 66 

3 30 7 30 66 

4 73 96 72 37 

5 0 0 0 0 

6 55 25 36 17 

7 24 17 25 17 

8 18 60 37 27 
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The signal plan suggested to implement the green times for the optimal cycle length is listed in 

Table 5-4,Table 5-5,Table 5-6, and Table 5-7. This solution can be obtained by compiling the LINGO 

code given in section 19.2.2. The green times obtained for the 230 second cycle length should 

be used as an input for the signal plan along with the required bandwidths.  

Table 5-4. Signal Plan for Intersection 1 

Time period Stage Time period Stage 

1-3 7 29 5 

4-9 2 30-31 3 

10-21 4 32-33 4 

22-26 3 34-43 8 

27-28 6 43-46 5 

 

Table 5-5. Signal plan for Intersection 2 

Time period Stage Time period Stage 

1-3 3 36-37 8 

4 4 38-40 2 

5-9 2 41-42 4 

10-21 4 43 5 

22-26 3 44 6 

27-31 8 45-46 8 

32-35 5   

 

Table 5-6. Signal Plan for Intersection 3 

Time period Stage Time period Stage 

1-3 5 30 3 

4 4 31 4 

5-9 2 32-33 6 
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Table 5-6 (continued) 

10-21 4 34-35 7 

22-27 3 36-46 8 

28-29 2   

 

Table 5-7. Signal Plan for Intersection 4 

Time period Stage Time period Stage 

1 5 33-37 8 

2-3 4 38 6 

4 3 39 2 

5-9 2 40-42 4 

10-21 4 43-45 6 

22-27 3 46 3 

28 4   

29-32 7   

 

Each time-period in the signal plan is 5 secs long. There are a total of 46 time-periods adding up 

to a cycle of 230 seconds. The tables above show the stage that is given green time during the 5 

second time interval. It is possible to manipulate the timing of the green band in the cycle using 

constraints. In this scenario, the green band starts at time-period 5 and ends during time-period 

21 for the westbound through vehicles. Likewise, the green start at time-period 10 and ends at 

time-period 26 for the east bound through vehicles. The offset between the intersections is 

taken as the travel times between the intersections.  
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Table 5-8. v/c ratio for movements 1-8 in intersection 0,1,2, and 3 

v/c ratio for movements 1-8 

intersection/mvmt 1 2 3 4 5 6 7 8 

0 0.49 0.49 0.33 0.77 0.59 0.79 0.33 0.77 

1 0.60 0.58 0.33 0.77 0.62 0.64 0.33 0.77 

2 0.62 0.64 0.52 0.84 0.53 0.53 0.52 0.84 

3 0.27 0.79 0.33 0.77 0.23 0.68 0.33 0.77 

 

 

Figure 5-1. Time-space diagram containing bidirectional green bands obtained from MCSAC for the intersection 

0,1,2 and 3. 

The Figure 5-1 shows the green band resulting from the signal plan produced from the linear 

programming code. The dashed lines show the status for the downstream through signals while 

the solid lines show the status of the upstream through signals. The minor movements are 

serviced during the red time for the major through movement. The y-axis contains the 

intersections in the arterial network. The time-space diagram contains the signal plan for one 

super cycle. The number above the each of the bands represent the time period in the 
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supercycle when the major street is serviced. Other than the green band provided for 

coordination, there are also progression opportunities between intersections, however this 

study does not document it quantively in the analysis. The travel time from intersection 0 to 

intersection 3 is 45 seconds. The v/c ratios for all the movements in every intersection is given 

in Table 5-8. The v/c ratio of the stages 2,3 and 4 are less than 0.8. These values can however be 

set to a desired limit to obtain different results to achieve other performance targets. 

MAXBAND - Applying the MAXBAND approach to signal coordination on the given dataset, the 

optimal cycle length is 85 seconds with a double cycle in intersection 2. The bandwidth is 27 

seconds in WB directions and 23 seconds in the EB direction. The signal plan employs a simple 

lead-lead four phase plan. The green timings for all the movements in every intersection is 

given in Table 5-9. 

Table 5-9. Movement Green Times for Intersections 0,1,2, and 3 for MAXBAND approach 

Movement\intersection 0 1 2 3 

1 / 5 6 6 12 6 

2 / 6 40 33 66 40 

3 / 7 2 2 8 2 

4 / 8 13 20 59 13 
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Figure 5-2. Time-space diagram containing green bands obtained from MAXBAND for the intersections 0,1,2 and 

3. 

MCSAC provides a bandwidth with higher capacity and efficiency. Table 5-11 contains the 

uniform delay calculated for the through vehicles in the network. The values of outbound and 

inbound vehicles are weighted by their volumes. The MAXBAND delays are considerably higher 

for the through vehicles in the network. This is attributed to bigger bandwidth provided by the 

MCSAC approach. The delay values have estimated here have been obtained from an excel tool 

developed by Dr. George List for signalized intersection analysis for the NCDOT. The side-street 

through traffic has the highest v/c ratio of all the movements at intersection 2. In section 5.4, 

the impact of increasing the side-street volume is discussed in detail.  

Table 5-10. Performance indices for standard volumes in network 

Performance Index 
 

MCSAC MAXBAND 

Bandwidth Capacity  53 27 

Bandwidth Efficiency  0.43 0.17 

Two-Way Bandwidth Efficiency  0.43 0.15 
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Table 5-11. Intersection delays (in secs) per vehicle for EB/WB through vehicles 

Method/Intersection 0 1 2 3 

MCSAC 40.92 41.40 41.41 43.33 

MAXBAND 85.16 40.22 47.45 48.80 

 

The objective function in the MILP of the MCSAC algorithm tries to minimize the value of the 

v/c ratios. The objective function is also designed to decrease the maximum value of all the v/c 

ratios to service each movement equally. These weights can be changed corresponding to the 

needs of the signal timing plan to prioritize certain movements. The weights given for the 

through movements are half of that of the other movements since the focus of this study is to 

provide the best coordination in the network. MCSAC provides better coordination for the 

through vehicles in the major street as shown in Table 5-10. The input bandwidth for the 

method can be further increased to attain even better coordination however, it will have an 

adverse effect on the delays in the side street.  

A solution for the MCSAC method has also been obtained where the input cycle length and the 

bandwidth are similar to that produced by MAXBAND. In this case, the input cycle length for the 

MCSAC method is taken as 170 seconds (since the MAXBAND uses a double cycle) and the input 

bandwidth is 30 seconds in both the directions. The Table 5-12 contains a comparison of the 

intersection delays weighted by the volume of the movements.  

Table 5-12. Intersection delays weighted by volume, MCSAC vs MAXBAND. 

Method Intersection Delays (in secs) 

0 1 2 3 

MCSAC 43 47 44 42 

MAXBAND 53 54 56 52 
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The above table confirms that the delays produced by the MCSAC signal plan are lesser than 

the delays produced by the MAXBAND signal plan for the same cycle length and bandwidth. The 

MCSAC approach is more suited for a network of intersections as the cycle length and the 

bandwidth are entirely up to the user to assign. This can considerably simplify the challenge of 

finding a common cycle length that works for all the individual intersection in the network that 

arise in most of the signal coordination methods. 

5.3 Optimum Cycle Length for MCSAC 

This section contains the results obtained by keeping a fixed bandwidth and varying the cycle 

lengths taken for the MCSAC method to understand the impacts on the delays and v/c ratios in 

the intersections. The cycle lengths taken range from 225 secs to 300 seconds. A bandwidth of 

100 secs is chosen as a fixed input for all cases of cycle length values. A feasible solution was 

not found for a cycle length value below 225 secs for the specific set of volumes given in Table 

4-2 and the 100 sec bandwidth. The smallest cycle length for which a feasible solution was 

obtained is 230 seconds. The Table 5-13 shows the uniform delays per vehicle at every 

intersection weighted by the movement volumes in the corresponding intersections.  

Table 5-13. Delay per vehicle (in secs) for movements 1-8 for CL = 230s 

Movement/intersection 0 1 2 3 

1 89.27 94.02 90.00 60.36 

2 40.92 41.40 42.87 44.99 

3 100.18 100.18 96.48 100.18 

4 82.84 82.84 70.31 82.84 

5 89.76 93.21 89.46 60.07 

6 44.99 42.87 41.41 43.33 
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Table 5-13 (continued) 

7 100.18 100.18 96.48 100.18 

8 82.84 82.84 70.31 82.84 

 

Table 5-14. Delay per vehicle (in secs) for movements 1-8 for CL = 240s 

Movement/intersection 0 1 2 3 

1 94.32 99.12 95.09 65.11 

2 45.58 46.18 47.76 50.12 

3 105.21 105.21 101.56 105.21 

4 88.05 88.05 75.58 88.05 

5 94.84 98.32 94.52 64.80 

6 50.12 47.76 46.13 48.26 

7 105.21 105.21 101.56 105.21 

8 88.05 88.05 75.58 88.05 

 

Table 5-15. Delay per vehicle (in secs) for movements 1-8 for CL = 250s 

Movement/intersection 0 1 2 3 

1 99.38 102.86 100.19 69.90 

2 44.42 50.95 52.73 48.84 

3 109.77 109.77 105.62 109.77 

4 90.33 90.33 76.31 90.33 

5 99.92 101.95 99.59 69.57 

6 48.84 52.73 50.94 47.04 

7 109.77 109.77 105.62 109.77 

8 90.33 90.33 76.31 90.33 

 

Table 5-16. Delay per vehicle (in secs) for movements 1-8 for CL = 260s 

Movement/intersection 0 1 2 3 

1 104.44 109.34 105.30 74.71 
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Table 5-16 (continued) 

2 55.16 56.00 57.79 60.64 

3 115.27 115.27 111.71 115.27 

4 98.49 98.49 86.20 98.49 

5 105.01 108.55 104.66 74.36 

6 60.64 57.79 55.82 58.40 

7 115.27 115.27 111.71 115.27 

8 98.49 98.49 86.20 98.49 

 

Table 5-17. Delay per vehicle (in secs) for movements 1-8 for CL = 275s 

Movement/intersection 0 1 2 3 

1 68.47 94.09 109.54 86.76 

2 62.52 64.43 40.64 52.63 

3 121.88 121.88 117.30 121.88 

4 100.43 100.43 84.94 100.43 

5 94.96 109.54 78.25 72.04 

6 44.75 53.03 63.27 63.93 

7 121.88 121.88 117.30 121.88 

8 100.43 100.43 84.94 100.43 

Table 5-18. Delay per vehicle (in secs) for movements 1-8 for CL = 300s 

Movement/intersection 0 1 2 3 

1 124.73 125.66 124.55 94.20 

2 54.85 71.19 73.59 60.31 

3 133.99 133.99 128.99 133.99 

4 110.53 110.53 93.58 110.53 

5 125.42 124.55 125.00 93.76 

6 60.31 73.59 70.12 58.08 

7 133.99 133.99 128.99 133.99 

8 110.53 110.53 93.58 110.53 
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Table 5-19. Intersection delays (in secs) per vehicle 

 
Intersection 

Cycle length 

(in secs) 

0 1 2 3 

230 56.01 60.13 70.34 61.58 

240 65.20 65.05 76.17 67.07 

250 65.72 69.08 80.10 67.44 

260 75.43 75.05 88.01 78.27 

275 69.67 75.90 83.52 78.34 

300 81.05 89.74 103.09 83.79 

The delay values progressively increase for all movements as the cycle length goes from 230 

secs to 300 secs. The least delay experienced is obtained at a cycle length of 230 seconds for a 

100 sec bandwidth. The side-street traffic experiences delay around the 100 sec mark since the 

vehicles must be stopped during the coordination phase for the main street. Thus, it will be 

ideal to select a bandwidth corresponding to the side-street delay that is acceptable. Once the 

bandwidth is selected, the optimum cycle length for a given bandwidth can be found using the 

multi-cycle approach by taking the smallest value for which a feasible solution is obtained.  

5.4 Left-Turn Volume Variations 

In this section, the volume of left turning vehicles from the main street is varied from 15% to 

35% of the through volume. The left turning traffic from the main street and the side-street are 

the most affected by the provision bigger bandwidth to the through movement and experience 

the most delay out of all the movements. We look at the impact of the increase in volume on 

the control delay per vehicle and v/c ratio of the movement in each of the intersections. The 
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following tables below show the green times for the movements 1-8 in intersections 0 through 

3 for a bandwidth of 150 secs and a cycle length of 300 secs.  

Table 5-20. Green times (in secs) for left turn volume = 15% of through volume 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.00 30.00 30.00 120.00 0.00 18.46 68.42 33.12 

1 23.72 6.00 7.58 144.00 0.00 67.12 27.77 23.81 

2 0.00 31.30 30.00 120.00 0.00 25.98 41.75 50.98 

3 0.00 66.00 66.00 84.00 0.00 32.42 20.83 30.75 

 

Table 5-21. Green times (in secs) for left turn volume = 20% of through volume 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.88 30.00 34.87 120.00 0.00 62.67 28.29 23.29 

1 29.57 6.00 8.55 144.00 0.00 27.99 60.29 23.59 

2 2.66 35.46 30.00 120.00 0.00 29.62 30.12 52.13 

3 0.00 66.00 66.00 84.00 0.00 32.42 19.92 31.66 

 

Table 5-22. Green times (in secs) for left turn volume = 25% of through volume 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.88 30.00 34.87 120.00 0.00 62.67 28.29 23.29 

1 29.57 6.00 8.55 144.00 0.00 27.99 60.29 23.59 

2 2.66 35.46 30.00 120.00 0.00 29.62 30.12 52.13 

3 0.00 66.00 66.00 84.00 0.00 32.42 19.92 31.66 
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Table 5-23. Green times (in secs) for left turn volume = 30% of through volume 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 7.84 30.00 39.78 120.00 0.00 23.88 29.26 49.24 

1 41.15 6.00 11.22 144.00 0.00 23.88 28.31 45.44 

2 10.98 41.40 30.00 120.00 9.67 29.65 29.65 37.00 

3 0.00 66.00 66.00 84.00 0.00 25.58 23.88 34.54 

 

Table 5-24. Green times (in secs) for left turn volume = 35% of through volume 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 10.71 30.00 42.85 120.00 0.00 25.85 27.15 43.43 

1 46.87 6.00 12.93 144.00 2.62 36.00 25.79 25.79 

2 14.52 45.27 30.00 120.00 16.03 28.37 28.37 34.54 

3 0.00 66.00 66.00 84.00 0.00 27.17 25.85 30.98 

 

More green time is given to stage 1 (EB/WB left turns) as the volume increases. The LINGO 

algorithm is unable to find a feasible solution for a higher volume of left turn with the current 

bandwidth and cycle length constraints. Therefore, it can be said that the approach is more 

useful on locations where the left turning volume is relatively low as compared to the through 

volume. The Table 5-25 shows the delay experienced by left turning vehicles in intersections 

0,1,2, and 3 for different percentages of left turn volumes. 
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Table 5-25. Delay per vehicle for left turns in intersection 0,1,2,3 in secs 

Left turn volume Delay per vehicle for left turns (in secs) 

(in % of through 

volume) 

0 1 2 3 

15% 125.08 125.11 124.78 93.98 

20% 123.14 120.68 121.69 94.88 

25% 124.23 122.11 122.97 95.78 

30% 116.61 111.77 113.90 96.69 

35% 113.59 107.31 110.16 97.60 

It is interesting to see the delay per vehicle go down as the volume of left turns increase. It is 

not intuitive for such a trend to appear in the analysis. Stage 1 was not used in the signal plan 

for the 15%, 20% and 25% left turn volumes however, to obtain a feasible solution, the 

algorithm was forced to give green time to stage 1 in addition to the stages 2 and 3. Since the 

green time can only increase in steps of minimum green (6 secs) when a new stage is used, the 

capacity of the movement increases more than required per the demand. Using a smaller time-

period in the formulation will provide better solutions for the same input constraints but they 

also increase the time required to compile exponentially. Factors such as the minimum green 

constraint and the length of one time-period (6 secs) have a big impact on the formulation and 

should be varied in future studies to explore the advantages of the method.  

5.5 Side-Street Volume Variations 

This sub-section contains the analysis involving varying the side-street through volumes and its 

impact on the performance of the MCSAC method. The volume is varied from 500 vph to 700 

vph for the NB and SB through vehicles (i.e., movement 4 and 8) for the intersection 2. The 
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green times for stages 1-8 for intersection 1-4 are listed in following tables. A 150 sec 

bandwidth and a 300 sec cycle length is taken as an input constraint for the Lingo code.  

Table 5-26. Stage green times (in secs) for each intersection for side street volume = 500 vph 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.00 30.00 30.00 120.00 0.00 18.46 68.42 33.12 

1 23.72 6.00 7.58 144.00 0.00 67.12 27.77 23.81 

2 0.00 31.30 30.00 120.00 0.00 25.98 41.75 50.98 

3 0.00 66.00 66.00 84.00 0.00 32.42 20.83 30.75 

 

Table 5-27. Stage green times (in secs) for each intersection for side street volume = 550 vph 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.00 30.00 30.00 120.00 0.00 21.08 68.42 30.50 

1 24.02 6.00 7.28 144.00 0.00 67.12 21.81 29.77 

2 0.00 31.30 30.00 120.00 0.00 26.18 26.75 65.78 

3 0.00 66.00 66.00 84.00 0.00 32.42 20.83 30.75 

 

Table 5-28. Stage green times (in secs) for each intersection for side street volume = 600 vph 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.00 30.00 30.00 120.00 0.00 28.79 68.42 22.79 

1 24.31 6.00 6.98 144.00 0.00 67.12 27.77 23.81 

2 0.00 31.30 30.00 120.00 0.00 27.37 27.51 63.82 

3 0.00 66.00 66.00 84.00 0.00 32.42 20.83 30.75 
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Table 5-29. Stage green times (in sec) for each intersection for side street volume = 650 vph 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.00 30.00 30.00 120.00 0.00 28.03 68.42 23.55 

1 24.61 6.00 6.69 144.00 0.00 23.19 17.94 77.58 

2 0.00 31.30 30.00 120.00 0.00 28.55 28.55 66.22 

3 0.00 66.00 66.00 84.00 0.00 32.42 20.83 30.75 

 

Table 5-30. Stage green times (in secs) for each intersection for side street volume = 700 vph 

LINGO output for stages 1-8 

int/stage 1 2 3 4 5 6 7 8 

0 0.00 30.00 30.00 120.00 0.00 28.03 68.42 23.55 

1 24.91 6.00 6.39 144.00 0.00 67.12 17.98 33.61 

2 0.00 31.30 30.00 120.00 0.00 29.74 29.74 70.97 

3 0.00 66.00 66.00 84.00 0.00 32.42 20.83 30.75 

 

The provision of a 150 second bandwidth in a 30 second cycle length limits the green time that 

can be given to the through movement after the green band. With such input constraints, 

adopting permissive left turn phasing will be instrumental in providing green time for 

movement later in the cycle. Table 5-31 contains the green times and delay per vehicle for 

movements 4 and 8 in intersection 2 in the network.  
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Table 5-31. Green times and delays for movement 4 and 8 for different side-street volumes 

Side Street Volume  

(in vph) 

Intersection 2 green time  

(in secs) 

Side Street Through 

Movement Delay  

(in secs) 

500 77 93 

550 83 89 

600 89 85 

650 95 82 

700 101 78 

The delay values are typically around 85 seconds which is typically around the cycle length of 

most of the fixed signal timing plans. To improve the delay values further, a change in the 

weights used in the formulation needs to be made. Since the objective of the MILP is to balance 

the v/c ratios as low as possible, the solution increases the capacity of the movement as the 

volume increases. Increase in green times also means that the movements can be served a 

greater number of times in the one super cycle length (i.e., every 300 secs) which decreases the 

delay experienced per vehicle. The results indicate that the MCSAC approach is able to provide 

signal timings plans for higher side street volumes in an intersection without affecting the 

coordination produced in the network.  

5.6 Sensitivity analysis of weights used in the MCSAC method 

The algorithm used in the MCSAC method contains weights which the user can use to prioritize 

certain movements to provide a higher capacity. Three sets of weights have been used to test 

the sensitivity of the weights. One set of weights where the through movement is prioritized, 

one set of weights where each movement is treated equally, one set of weights where the left 
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turns from the main street are given higher priority. The solutions are obtained for a given 

input bandwidth of 150 seconds and a cycle length of 300 seconds. These input volumes can be 

categorized into 5 cases used in the analysis in section 5.3. The delay values for movements and 

5 for each set of weights and volumes are shown in the Figure 5-3 and Figure 5-4. The results 

show that the uniform delay is the least for the case where the left turn from main street is 

given the highest priority. It is highest when the priority is given for the coordinated through 

movement. As the volumes increase, the effect of the weights used in the input decreases as 

the intersection nears saturation. The amount of extra green time available after the demand 

for each movement is satisfied tends to zero making the weights ineffective. Hence at lower 

volumes, the weights can be extremely useful in decrease delay for specific movements for 

certain intersections in the network. Once the green bands are provided globally for the 

corridor, the intersection can be locally optimized by using ideal weights corresponding to the 

movement volumes.  

 

Figure 5-3. Uniform delay values in secs for movement 1 for different volumes and weights 
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Figure 5-4. Uniform delay values in secs for movement 5 for different volumes and weights 
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6. Conclusion 

There have been numerous approaches that have been used over the years to improve signal 

coordination mostly in urban areas. Most of these approaches such as MAXBAND, PASSER and 

BANDTOP look to maximize the bandwidths in a single cycle. This objective to maximize the 

bandwidth has been attained by changing the offsets between intersections and using lead/lag 

phasing plans, or by collecting real-time data with advanced detection technologies in the 

facility to control the signal by using force on/offs. The capacity of the green bands provided in 

the signal plan produced from these methods are limited as every movement needs to be 

serviced in every cycle. It is well known that the volume of vehicles for the minor movements in 

urban areas are very low and leads to demand starvation during the green for minor 

movements in certain signal cycles. 

The new approach introduced in this study is called multi-cycle semi-actuated coordination 

which provides a larger bandwidth in a super cycle. Each movement is serviced more than one 

time in the super cycle with the coordinated movement getting a large green band for vehicles 

to pass through the network of intersections without having to stop. This concept relies on the 

assumption that the volume of the traffic for the other movements are erratic, therefore 

building up a queue during the large green band. This approach eliminates having to stop the 

coordinated movement to service other movements when the demand is very low in the cycle. 

The assumption is expected to hold good for most intersection networks in urban settings. The 

MILP algorithm is coded in the linear optimization software LINGO and it contains two separate 

parts. One part of the code estimates the green times for the given volumes, bandwidth, and 



41 
 

cycle length constraints and the second part of the code provides the signal plan for the green 

times obtained from part one of the code. The major conclusions from this study are 

documented as follows: 

• The comparisons from the solutions generated from MCSAC and MAXBAND show that 

the new approach can provide much better coordination for the main street traffic. A 

major takeaway from the study is that the signal coordination provided by the MCSAC 

method has a higher capacity and better efficiency than the signal coordination 

provided by MAXBAND. It has also been established that the through vehicle delay for 

the MCSAC signal plan is lower than that for the MAXBAND signal plan. 

• The two constraints that are chosen arbitrarily by the user is the bandwidth and the 

super cycle length. The results from providing the 100 sec bandwidth using different 

super cycle length show that the smallest feasible cycle length produced the least delay 

for all movements in the intersections. Since delay is one of the most important factors 

in evaluating the performance of an intersection, it can be said that the optimum cycle 

length for a given bandwidth is the smallest cycle length for which there is a feasible 

solution.  

• MCSAC method is also able to provide a high bandwidth even at higher volumes of left 

turning vehicles. The limitation with the provision of such a high bandwidth is the 

impact it has on the delay for the minor movements. To understand the impact of the 

volume of the left-turning vehicles, the delays for different scenarios of left turning 

volumes were considered. The results showed that the delay per vehicle decreases as 
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the volume increases as the algorithm tries to maintain the v/c ratio of the movement 

by providing more green time for the movement.  

• A similar trend was followed when the side-street volume was increased from the initial 

volumes. However, these improvements in delays also mean a slight increase in the 

through delay. It is up to the planner to determine the limit for the various performance 

measures of the intersection. To accommodate changes according to the field 

conditions, the algorithm incorporates the use of weights for each of the movements to 

prioritize the provision of the available green time.  
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7. Future Recommendations 

The method introduced in this study has performed better than MAXBAND in terms of 

providing better coordination in arterials, however it would be preposterous to conclude by 

comparing the delays in a single network setup. There are several assumptions made in this 

study to simplify the analysis. For further optimization of the method and the algorithm for 

MCSAC, here are some improvements that can be made in future studies to understand the 

method. 

• Uniform arrivals have been assumed for each of the movements to study the impacts of 

minor movement volumes in this study. Developing a simulation network with a high 

variance in the headways between the arrivals in movements to mimic the field 

conditions. As discussed in earlier chapters, one of the main factors that the method 

takes advantage of is the randomness of arrivals on the side-street and testing the 

performance in a simulation environment will reinforce the findings made from this 

study.  

• Develop a network of intersections having more than a single lane in the approaches. 

Increasing the number of lanes would give the problem statement a new dynamic with 

increase in selected movements. A study must be conducted to analyze the impact the 

factor has on the overall performance. 

• Number of stops per vehicle is another important performance measure that has not 

been used in this study. Since the MCSAC method provides better coordination, it would 

be safe to expect lower values of number of stops for MCSAC than any other method. 
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• The performance of the MCSAC method must also be tested with signal coordination 

methods other than MAXBAND to find other limitations and advantages of the method.  

• The algorithm does not consider using a permissive left turn phasing for any of the 

approaches. In low left turn volume conditions, using permissive left turn phasing will be 

instrumental in extending the green bands in the major street. It is essential to know the 

benefits of using permissive phasing to quantify the significant increase in bandwidth 

capacity. 

• Since signal coordination is mainly provided in urban areas, it is critical to incorporate 

the pedestrian and bicycle traffic into the algorithm and problem formulation. It will be 

a significant factor and should be accounted for in the algorithm in future modifications. 

• A Progression opportunity can be defined as an opportunity given to the driver to pass 

through successive intersections without stopping. Maximizing Progression 

opportunities between intersections is another approach that can be followed while 

designing the objective function.  

• The relationship between the two input constraints: bandwidth and cycle length with 

the performance measures are still unknown. Deriving the mathematical relationship 

will be helpful in finding the optimal signal plan for a set of intersections and volumes.  
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9. APPENDIX 
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9.1 LINGO Code for movement greens per super cycle 

MODEL: 

SETS: 

 obj /1..4/: wgt, o; 

 int /1..4/: e, w, et; 

 time /1..50/ ; 

 mov /1..8/ ; 

 stg /1..8/ ; 

 map(mov,stg): smap; 

 cntr(int, time): x, y; 

 turn(int, mov): g, dg, b; 

 stim(int,stg): gs;  

 

ENDSETS 

 

[mobj] min = @sum(obj(n): wgt(n)*o(n)) + @sum(int(i): 10*et(i)); 

![mobj] min = @sum(obj(n): wgt(n)*o(n)) + @sum(int(i): 10*et(i))- 

@sum(int(i): gs(i,4)); 

  

o(1) = (1/6)*(1/8)*@sum(turn(i,m): b(i,m)*g(i,m)/dg(i,m)); 

@for(turn(i,m): o(2) > (b(i,m)*g(i,m)/dg(i,m))); 

o(3) = @sum(cntr(i,k): dt*k*x(i,k)); 

o(4) = @sum(cntr(i,k): dt*k*y(i,k)); 

 

!eastbound; 

@for(cntr(i,k): BM*(1-x(i,k)) + dt*k*x(i,k) > e(i)-(dt/2)); 

@for(int(i): @sum(time(k): x(i,k)*dt) > be); 

@for(cntr(i,k): @bin(x(i,k))); 

!westbound; 

@for(cntr(i,k): BM*(1-y(i,k)) + dt*k*y(i,k) > w(i)-(dt/2)); 

@for(int(i): @sum(time(k): y(i,k)*dt) > bw); 

@for(cntr(i,k): @bin(y(i,k))); 

!stage duration constraints; 

@for(int(i): @sum(time(k): dt*x(i,k)*y(i,k)) < gs(i,4)); 

@for(int(i): @sum(time(k): dt*(x(i,k))*(1-y(i,k))) < gs(i,3)); 

@for(int(i): @sum(time(k): dt*(1-x(i,k))*y(i,k)) < gs(i,2)); 

!movement green times; 

@for(int(i): g(i,1) > gs(i,1) + gs(i,2));        

@for(int(i): g(i,5) > gs(i,1) + gs(i,3)); 

@for(int(i): g(i,2) > gs(i,3) + gs(i,4)); 

@for(int(i): g(i,6) > gs(i,2) + gs(i,4)); 

!movement demand constraints; 

@for(turn(i,m): g(i,m) < @sum(stg(s) | smap(m,s) #eq# 1: gs(i,s))); 

@for(turn(i,m): g(i,m) > dg(i,m)); 

!travel time; 

e(2) = e(1) + 12.5; 

e(3) = e(2) + 18.2; 

e(4) = e(3) + 15.0; 

w(1) = w(2) + 12.5; 

w(2) = w(3) + 18.2; 

w(3) = w(4) + 15.0; 

!cycle closure; 

@for(int(i): @sum(stg(s): gs(i,s)) = T + et(i)); 
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Data:  

 

T = 300; 

dt = 6; 

wgt = 0.5,0.5,0.5,0.5; 

BM = 300; 

e = @ole('Signal parametersGL.xlsx','eb');  

w = @ole('Signal parametersGL.xlsx','wb'); 

be = @ole('Signal parametersGL.xlsx','be'); 

bw = @ole('Signal parametersGL.xlsx','bw');  

dg = @ole('Signal parametersGL.xlsx','demandgreen');  

smap = 1,1,0,0,0,0,0,0 

  0,0,1,1,0,0,0,0 

  0,0,0,0,1,1,0,0 

  0,0,0,0,0,0,1,1 

  1,0,1,0,0,0,0,0 

  0,1,0,1,0,0,0,0 

  0,0,0,0,1,0,1,0 

  0,0,0,0,0,1,0,1; 

b = 2,1,2,2,2,1,2,2 

    2,1,2,2,2,1,2,2 

    2,1,2,2,2,1,2,2 

    2,1,2,2,2,1,2,2; 

@ole('Signal parametersGL.xlsx','movementgreen') = g; 

@ole('Signal parametersGL.xlsx','stagegreen') = gs; 

@ole('Signal parametersGL.xlsx','eival') = et; 

ENDDATA 

 

END 

 

9.2 LINGO Code for signal plan 

MODEL: 

SETS: 

 time /1..50/: sk; 

 mov /1..8/: qo,g,gmin,a,d,N,gmax; 

 stg /1..8/: gs; 

 mvmt(time,mov): dq,q; 

 stage(time,stg): x; 

 map(mov,stg): smap;  

 change(stg,stg): p; 

 func(time,stg,stg); 

  

ENDSETS 

 

min = o1; 

 

o1 = @sum(time(k) | k #LE# 49: @abs(sk(k+1) - sk(k))); 

 

@for(stage(k,s): @bin(x(k,s)));  

@for(stg(s): gs(s) = @sum(time(k): x(k,s))*dt); 

@for(time(k): @sum(stg(s): x(k,s)) = 1); 
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@for(mov(m): @sum(stg(s) | smap(m,s) #eq# 1: gs(s)) > g(m));!satisfying 

movement greens; 

@for(stage(k,s) | k #ge#5 #AND# k #le# 9 #AND# s #eq# 2: x(k,s) = 1); 

@for(stage(k,s) | k #ge#22 #AND# k #le# 26 #AND# s #eq# 3: x(k,s) = 1); 

@for(stage(k,s) | k #ge#10 #AND# k #le# 21 #AND# s #eq# 4: x(k,s) = 1); 

 

@for(mov(m): g(m) > N(m)*gmax(m)); 

 

@for(time(k): sk(k) = @sum(stg(s): s*x(k,s))); 

 

DATA: 

 

dt = 6; 

smap = 1,1,0,0,0,0,0,0 

  0,0,1,1,0,0,0,0 

  0,0,0,0,1,1,0,0 

  0,0,0,0,0,0,1,1 

  1,0,1,0,0,0,0,0 

  0,1,0,1,0,0,0,0 

  0,0,0,0,1,0,1,0 

  0,0,0,0,0,1,0,1; 

p = 0,1,1,1,4,4,4,4 

    2,0,1,1,4,4,4,4 

    2,2,0,1,4,4,4,4 

    2,2,2,0,4,4,4,4 

    4,4,4,4,0,1,1,1  

    4,4,4,4,2,0,1,1 

    4,4,4,4,2,2,0,1 

    4,4,4,4,2,2,2,0; 

 

eb = 100; 

wb = 100; 

g = @ole('Signal parametersGL.xlsx','int1gt'); 

gmin = 9,9,9,9,9,9,9,9; 

gmax = 30,100,30,30,30,100,30,30; 
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9.3 Traffic volumes used at intersection for left turn volume variations. 

9.3.1 For standard case 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 113 122 101 96 28 28 

EB T 750 609 504 641 188 188  
R 75 81 67 64 19 19  
L 38 38 82 38 75 90 

SB T 250 250 410 250 500 449  
R 25 25 55 25 50 60  
L 93 112 122 113 28 28 

WB T 467 560 609 750 188 188  
R 62 75 81 75 19 19  
L 38 38 82 38 89 75 

NB T 250 250 410 250 592 500  
R 25 25 55 25 59 50 

 

9.3.2 20% through volume as left turns 

 
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 150 165 131 125 38 38 

EB T 750 578 457 624 188 188  
R 75 83 65 62 19 19  
L 50 50 111 50 100 124 

SB T 250 250 389 250 500 434  
R 25 25 56 25 50 62  
L 119 149 165 150 38 38 

WB T 417 521 578 750 188 188  
R 60 74 83 75 19 19  
L 50 50 111 50 120 100 

NB T 250 250 389 250 602 500  
R 25 25 56 25 60 50 
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9.3.3  25% through volume as left turns 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 188 209 158 152 47 47 

EB T 750 544 411 609 188 188  
R 75 84 63 61 19 19  
L 63 63 141 63 125 160 

SB T 250 250 368 250 500 416  
R 25 25 57 25 50 64  
L 143 186 209 188 47 47 

WB T 371 483 544 750 188 188  
R 57 74 84 75 19 19  
L 63 63 141 63 152 125 

NB T 250 250 368 250 609 500  
R 25 25 57 25 61 50 

 

9.3.4 30% through volume as left turns 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 225 255 183 179 56 56 

EB T 750 510 366 596 188 188  
R 75 85 61 60 19 19  
L 75 75 173 75 150 198 

SB T 250 250 345 250 500 397  
R 25 25 58 25 50 66  
L 163 222 255 225 56 56 

WB T 326 444 510 750 188 188  
R 54 74 85 75 19 19  
L 75 75 173 75 184 150 

NB T 250 250 345 250 613 500  
R 25 25 58 25 61 50 
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9.3.5 35% of through volume as left turns 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 263 302 205 205 66 66 

EB T 750 474 323 586 188 188  
R 75 86 59 59 19 19  
L 88 88 205 88 175 239 

SB T 250 250 322 250 500 375  
R 25 25 58 25 50 68  
L 181 258 302 263 66 66 

WB T 285 406 474 750 188 188  
R 52 74 86 75 19 19  
L 88 88 205 88 215 175 

NB T 250 250 322 250 613 500  
R 25 25 58 25 61 50 

 

9.4 Traffic volumes used at intersections for side street volumes. 

9.4.1 Side street volume = 550 vph 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 113 122 101 98 28 28 

EB T 750 609 504 653 188 188  
R 75 81 67 65 19 19  
L 38 38 90 38 83 96 

SB T 250 250 448 250 550 478  
R 25 25 60 25 55 64  
L 95 114 122 113 28 28 

WB T 474 569 609 750 188 188  
R 63 76 81 75 19 19  
L 38 38 90 38 94 83 

NB T 250 250 448 250 630 550  
R 25 25 60 25 63 55 
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9.4.2 Side street volume = 600 vph 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 113 122 101 100 28 28 

EB T 750 609 504 666 188 188  
R 75 81 67 67 19 19  
L 38 38 97 38 90 101 

SB T 250 250 485 250 600 506  
R 25 25 65 25 60 67  
L 96 116 122 113 28 28 

WB T 481 578 609 750 188 188  
R 64 77 81 75 19 19  
L 38 38 97 38 100 90 

NB T 250 250 485 250 667 600  
R 25 25 65 25 67 60 

 

9.4.3 Side street volume = 650 vph 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 113 122 101 102 28 28 

EB T 750 609 504 678 188 188  
R 75 81 67 68 19 19  
L 38 38 105 38 98 107 

SB T 250 250 523 250 650 534  
R 25 25 70 25 65 71  
L 98 118 122 113 28 28 

WB T 488 588 609 750 188 188  
R 65 78 81 75 19 19  
L 38 38 105 38 106 98 

NB T 250 250 523 250 705 650  
R 25 25 70 25 70 65 
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9.4.4 Side street volume = 700 vph 

  
INTERSECTION NUMBER 

APPROACH MOVEMENT 0 1 2 3 4 5  
L 113 122 101 104 28 28 

EB T 750 609 504 691 188 188  
R 75 81 67 69 19 19  
L 38 38 112 38 105 112 

SB T 250 250 560 250 700 562  
R 25 25 75 25 70 75  
L 99 119 122 113 28 28 

WB T 495 597 609 750 188 188  
R 66 80 81 75 19 19  
L 38 38 112 38 111 105 

NB T 250 250 560 250 742 700  
R 25 25 75 25 74 70 

 

9.5 Movement delays for left turn variations  

9.5.1 Movement delays for left turns = 15% through volume 

movement/intersection 0 1 2 3 

1 124.73 125.66 124.55 94.20 

6 43.08 43.47 45.14 47.37 

3 133.99 133.99 128.99 133.99 

4 110.53 110.53 93.58 110.53 

5 125.42 124.55 125.00 93.76 

2 47.37 45.14 42.85 45.62 

7 133.99 133.99 128.99 133.99 

8 110.53 110.53 93.58 110.53 
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9.5.2 Movement delay for left turn = 20% through volume 

movement/intersection 0 1 2 3 

1 124.85 121.56 119.79 95.23 

2 39.70 42.37 44.67 47.37 

3 132.59 132.59 125.73 132.59 

4 110.53 110.53 95.73 110.53 

5 121.44 119.79 123.60 94.54 

6 47.37 44.67 39.88 45.36 

7 132.59 132.59 125.73 132.59 

8 110.53 110.53 95.73 110.53 

 

9.5.3 Movement delay for left turn = 25% through volume 

movement/intersection 0 1 2 3 

1 125.69 122.87 121.36 96.27 

2 39.13 41.84 44.18 47.37 

3 133.05 133.05 126.83 133.05 

4 110.53 110.53 95.09 110.53 

5 122.77 121.36 124.58 95.29 

6 47.37 44.18 39.30 45.13 

7 133.05 133.05 126.83 133.05 

8 110.53 110.53 95.09 110.53 

 

9.5.4 Movement delay for left turn = 30% through volume 

movement/intersection 0 1 2 3 

1 119.98 113.56 109.99 97.34 

2 36.04 39.85 43.69 47.37 

3 129.78 129.78 118.96 129.78 

4 110.53 110.53 100.38 110.53 

5 113.23 109.99 117.81 96.03 

6 47.37 43.69 35.64 44.94 

7 129.78 129.78 118.96 129.78 

8 110.53 110.53 100.38 110.53 
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9.5.5 Movement delay for left turn = 35% through volume 

movement/intersection 0 1 2 3 

1 117.99 109.65 104.96 98.44 

2 34.04 38.45 43.19 47.37 

3 128.38 128.38 115.45 128.38 

4 110.53 110.53 102.88 110.53 

5 109.18 104.96 115.36 96.77 

6 47.37 43.19 33.23 44.79 

7 128.38 128.38 115.45 128.38 

8 110.53 110.53 102.88 110.53 

 

 


