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Abstract

During the past two decades a number of adaptive signal control strategies have been developed and tested against pretimed and actuated control. This paper presents a horizontal comparison among adaptive control strategies. The paper evaluates three adaptive control strategies: optimization policies for adaptive control (OPAC), traffic adaptive control for oversaturated intersections strategy (TACOS), and fuzzy logic control (FLC). These strategies represent three different approaches to adaptive control: optimization-based, rule-based, and hybrid optimization and rule-based. The algorithms employed by these strategies are reviewed and compared. A microscopic intersection simulator, the intersection control simulator (ICS), was developed to facilitate the evaluation. OPAC, TACOS, and FLC are compared with actuated control in two case studies. The first case is an imaginary intersection and the second is a real intersection. The evaluation consists of various volume levels, cyclic platoon arrivals, and incident scenario. Results of three control strategies indicate the actual delay reduction and improvement in other Measures of Effectiveness. The comparison and evaluation provide valuable insights into the strengths and application limitations of the three types of control. The results indicate that adaptive controllers can offer significant potential benefits compared with actuated controllers.
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Introduction

Most signal controls are implemented with either pretimed control or actuated control. Pretimed control consists of preset signal timings based on historical traffic patterns and, as such, can not respond to volume fluctuation. It will provide reliable, if not superior control under steady control condition when flows are repetitive. The classical three dial control provided flexibility for the three principals flow patterns of the day. Also, a fixed time, fixed cycle controller is required under coordinated conditions. Actuated control automatically determines phase duration based on real-time vehicular arrivals obtained from vehicle detectors. The performance of actuated control is superior to that of pretimed control at low to medium volumes because of its ability to respond to variable arrivals on each approach. However, its performance deteriorates under saturated conditions as it maxes out all phases when high volumes occur on all approaches. Given that maximum greens are set in order to contain delays and cycle lengths within acceptable levels, the “maxed-out” operation defaults the actuated controller into a not well-designed pretimed controller, thus degrading intersection performance (1). The weakness of actuated control is that it has a myopic outlook: it bases its decision on single vehicle arrivals without considering the overall picture of what happens on the other approaches. 

A variety of adaptive control strategies have been developed over the past two decades. Adaptive control is designed to take account of the whole intersection’s flow conditions. It has the ability to adjust signal timings and/or phasing settings in response to real-time traffic demands at all or at some approaches. Several models have been developed for designing adaptive control systems. Li et al. (2, 3) categorized different approaches as follows: 1 optimization-based, 2 rule-based, 3 hybrid optimization and rule-based control strategies. Optimization-based strategies include a computational process to optimize the total performance, which is usually delay or a combination of delay and stops. One of the forerunners, optimization policies for adaptive control (OPAC) developed by Gartner et al. (4), is an optimization based control strategy. In rule-based strategies, decision-making depends on preset rules. Rule-based models can estimate total performance. However, performance is not optimized but it is compared with predetermined thresholds for making short-term decisions. A recent study by Zhang et al. (5) manifested a rule-based adaptive control strategy based on the application of fuzzy logic control (FLC). The hybrid optimization and rule-based control strategy includes a computation process to optimize the total performance in addition to preset rules. One such example is traffic adaptive control for oversaturated intersections strategy (TACOS) developed by Li et al. (2, 3). 

Numerous laboratory and field testing has been conducted by comparing these adaptive control strategies to pretimed and actuated control. The researchers have realized that the horizontal comparison among the different adaptive control strategies is of importance because 

1. These adaptive control strategies were developed to suit different circumstances to address problems perceived by different researchers. It is desirable to determine which adaptive controls perform better or worse under certain circumstances. For instance, which controls perform best under high volume conditions? And why?

2. Different researchers approached the problem differently and the objective functions used varied. It is of interest to see if the commonly used Measures of Effectiveness (MOEs) are improved when the different objective functions are optimized. For example, will TACOS which is designed to optimize intersection utility reduce delay?

3. The calibration of parameters of the control that leads to optimal performance can be time and manpower consuming. Inadequate calibration often produces sub-optimal performance. Comparison of different control strategies can illustrate the tradeoffs between parameter calibration and performance. 

To achieve this objective, this horizontal comparison should:

a) use a single simulation tool to test all adaptive controls. This eliminates the biased estimation inherent in using specific simulation tool.

b) examine comprehensive MOEs. This is imperative because the MOEs under different volume conditions are not necessarily correlated. The control aimed at optimizing one MOE might deteriorate other MOEs.

This paper provides such a horizontal comparison for three traffic adaptive control strategies using a microscopic intersection control simulator (ICS). The aim of the research presented herein is to compare OPAC, TACOS, and FLC and evaluate them against actuated control. Two different cases of individual intersection control are studied. The paper consists of an overview of past research, a review of algorithms of the three strategies, an introduction of the simulation tool ICS, and two case studies followed by conclusions. The results indicate, yet again, the tremendous potential benefits adaptive controllers can offer compared with the wildly used actuated controllers. Throughout this paper “traffic control strategy” refers to algorithms for the control of a single signalized intersection.

Literature Review OF PAST TESTINGS

OPAC (4) was initially tested by using a special version of NETSIM simulation model in which arriving traffic streams can be externally specified. In the laboratory test, OPAC was tested against pretimed control at an intersection with 2-phase operation. OPAC produced a delay reduction of 30-50% and 10-20% speed increase under light to moderate volume conditions.

The later field testing of OPAC (6) examined more MOEs including delay, percent stops, and average cycle length. OPAC was tested against fully actuated control. The result revealed that the delay reduction, still promising, may not be as significant as indicated in the laboratory testing. Field test on two intersections with 2-phase signals showed an average 9% delay reduction. A regression model suggested that the benefits of OPAC increase dramatically at higher volumes. The delay reduction at volume capacity ratio 0.9 can be 30% or higher. Percent stops were practical the same as that under light to moderate volume conditions and increased 3.9% under moderate to high volume conditions. Average cycle length for OPAC was higher under light to moderate volume conditions and lower under moderate to high volume conditions. OPAC was also tested against an eight-phase fully actuated control. OPAC produced a 7.7% delay reduction, 9.5% percent stops increase, and shorter cycle length. 

A multi-level design of OPAC (7) for Intelligent Transportation Systems was outlined. In 1998, the algorithm of OPAC (8) was extended to network level and became the first adaptive algorithm implemented within FHWA’s real-time traffic adaptive control system (RT-TRACS). On a network of 16 intersections, OPAC produced improvements on the order of 5-6% in average delays and stops against a fine-tuned pretimed timing plan by TRANSYT.

OPAC was also horizontally compared with other adaptive control strategies. A simulation methodology (9,10) using CORSIM was developed to compare OPAC, RHODES, and GASCAP. The study presented the initial results from simulation that is essential in identifying certain unacceptable logic flaws in these control strategies. Another study (11, 12) recognized certain aspects of algorithmic techniques from OPAC, PRODYN, and ALLONS-D that are unsuitable for much more computationally demanding tasks, including future extension to full optimization of a multiring controller. 
TACOS was initially evaluated by a microscopic intersection simulator ICS, formerly named NIT (13). The laboratory testing (2,3) was conducted against from 2-phase to 8-phase fine-tuned pretimed control and fully actuated control. The MOEs examined are comprehensive including delay, speed, percent stops, queue time, and throughput demand ratio. Different volume levels from light up to oversaturated conditions were tested. Under oversaturated conditions, there were two or more conflicting movements with volume capacity ratios greater than 1.0. TACOS outperformed actuated control under all flow conditions. Specifically TACOS produced 18% delay reduction, 8% speed increase, 9% percent stops decrease, 13% queue time decrease, and 3% throughput demand ratio increase.

Cyclic flow scenario modeling upstream platoon discharge and incident scenario modeling upstream accident were also tested to test the responsiveness of TACOS. In the cyclic flow scenario, TACOS produced 16% delay reduction, 8% speed increase, 9% percent stops decrease, and 19% queue time decrease. These improvements indicate that TACOS can be readily extended to network algorithm because TACOS adapted itself well to upstream platoon discharge. In the incident scenario, TACOS produced 41% delay reduction, 26% speed increase, 10% percent stops decrease, 44% queue time decrease, and 4% throughput demand ratio increase.

FLC (5) was also tested by using ICS. FLC was compared with 8-phase fine-tuned pretimed control and fully actuated control. The volume conditions varied from light to over-saturated. FLC produced 28% delay reduction, 10% speed increase, 2% percent stops decrease, 44% queue time decrease, and 1% throughput demand ratio increase.

ALGORITHMS OF ADAPTIVE CONTROL STRATEGIES

The algorithms of OPAC, TACOS, and FLC are summarized in Table 1 and detailed in this section.

OPAC

OPAC was developed as a distributed strategy featuring a dynamic optimization for traffic signal control without requiring a fixed cycle length. It minimizes delay during a stage consisting of small intervals. The dynamic programming procedure applied to the traffic signal control problem can be summarized as follows (6):

1. Select an intersection state at interval i, that is, select a specific queue length and signal status within the valid ranges for each approach.

2. Calculate the total performance (e.g., delay) for intervals i to n (the last interval in the stage) for each input decision (i.e., calculate the delay assuming the signal changes in interval i and recalculate the delay assuming there is no change).

3. Choose the policy for interval i to be “change” or “no change” based on the one that produced the best total performance.

4. Repeat Steps 2 and 3 for all valid input states at interval i.

The procedure is implemented from i = n -1 to i = 1 and yields values for the optimum policy and minimized total performance for each initial intersection state. Although this procedure ensures globally optimal solutions, it requires complete knowledge of arrivals over the entire control period. 

A simplified approach was designed as a building block in the development of a distributed on-line strategy:
· The control period is divided into stages T seconds long. In this case, T is approximately equal to typical cycle length or longer. 

· Each stage is divided into an integral number of intervals s seconds long (such as s = 5 sec.). It must include at least one signal phase change and may include as many as three. The phase change (switching) times are measured from the start of stage in time units of s.

· For any given switching sequence at stage n, the performance function for each approach is defined to be the sum over all intervals in the stage of initial queue length plus the arrivals minus the departures during each interval.

The optimization problem in OPAC is stated as follows: For each interval, given the initial queue on each approach and the arrivals for each interval of the stage, determine the switching time, in terms of intervals, which yields the least delay to vehicles over the whole stage. 

OPAC is a proactive system that attempts to predict future demand to be placed on the intersection and to accommodate this demand as it evolves. A rolling horizon concept was applied to forecast the arrival information for the future stage. The basic steps illustrated in Figure 1 are as follows:

1. Determine stage length n and roll period k

2. Obtain flow data for first k intervals (head) from detectors and calculate flow data for next n-k intervals (tail) from model and detectors

3. Calculate optimal switching policy for entire stage 

4. Implement switching policy for roll period (head) only 

5. Shift projection horizon by k units to obtain new stage; repeat steps 1-4

TACOS

TACOS is a hybrid optimization and rule-based control strategy. TACOS enables modern signal to

1. Use reliable information in decision-making process by avoiding forecasts.

2. Use throughput and intersection utilization in the objective function.

3. Optimize both timing and phase sequencing.

4. Detect operational anomalies and respond to them.

The objective function for optimization is based on the throughput of the whole intersection per unit of time. TACOS is not limited by the traditional concepts of cycle length and green splits. TACOS can choose any phase among candidate phases and give this phase a non-fixed green time based on preset rules and optimization objectives. As a result, the signal timing produced by TACOS is acyclic. TACOS’ decision-making is based on the estimation of arrival information supplied by detectors without forecasting of future demand. These features are summarized in Figure 2 and detailed below.

The decision-making process of TACOS takes place at the end of each green based on real-time information on queues. Each decision basically consists of two elements: choice of phase among all candidate phases and duration of green for the chosen phase. Each decision is made based on preset rules and optimization objectives. The main rule used in TACOS is that the waiting time of the vehicle at the stop line must not exceed a user-determined duration, WTmax.  WTmax can be different for each lane depending on its characteristics (through or left turn movement, major or minor street, etc.)  This provides the engineer with some degree of direct control over delays.

The choice set of signal phases used in TACOS is similar to the standard NEMA set but without a fixed sequence. If the waiting time rule is violated, then the phase candidates are limited to the phase or phases that serve the “violators.” The optimization process consists of the following four steps.

Step 1: Estimation of the critical queue for each candidate phase. The critical queue is the longest queue on those lanes served by the same phase at the end of each green. It can be obtained by: 

Np= max{max (Nl)M}








(1)

Np = estimated number of vehicles in the critical standing queue of candidate phase p at the end of each green, veh.
(Nl)M = estimated number of vehicles in the standing queue on lane l of movement M at the end of each green. 

Step 2: Calculation of phase duration for all candidate phases. The phase duration consists of green time (G), yellow time (Y) and all red time (AR). The rationale of determining green time in TACOS is that it should be long enough to discharge the critical queue and arrivals joining the critical queue. The next green time Gp for phase p can be determined as

Gp= SULT + (Np + NAp)*h 







(2)

SULT = start-up lost time, sec

NAp = estimated arrivals joining the critical queues of phase p when the critical standing queue is discharging, veh
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NAp can be estimated from the arrival rate during the effective red time; e.g., according to HCM (TRB 2000):

NAp = 
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rcr = effective red time of critical standing queue, sec, 
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Rcr = red time for critical standing queue, sec. Rcr is zero for the discharging movement.

Gp is subjected to Gmin, Gmax, and pedestrian signal before being accepted as final for the candidate phase.

Step 3: Estimation of discharge volume if the candidate phase is selected.  This estimate is obtained by

vp = 
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vp = estimated number of vehicles that can be discharged if the candidate phase p is selected.

If (Nl)M is the critical standing queue of this candidate phase, (NAl)M = NAp. If (Nl)M is not the critical standing queue of the candidate phase, (NAl)M is obtained by

(NAl)M = Gp * (Nl)M / ( rl )M







(5)

(rl)M = effective red for lane l of movement M.
Step 4: Selection of optimal phase among the candidate phases. The selection of the optimal phase from the candidate phase set must optimize the utilization of intersection. In order to achieve efficient intersection utilization, factor Ep was created.

Ep = 
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(6)

Ep  = efficiency of intersection utilization for candidate phase p, veh/sec

TACOS calculates Ep for all candidate phases at the end of each green and the candidate phase with the largest Ep is chosen. 

max{ Ep }









(7)

User settings of yellow and all red are attached to all movements in expiring phases except for overlapping movements in the current and chosen phases. 

FLC

The fuzzy logic control determines whether to extend or terminate the current green phase based on a set of fuzzy rules. The fuzzy rules compare traffic conditions with the current green phase and traffic conditions with the next candidate green phase. The set of control parameters is: 

QC = Average queue length on the lanes served by the current green, in veh/lane.

QN = Average queue length on lanes with red which may receive green in the next phase, in veh/lane.

AR = Average arrival rate on lanes with the current green, in veh/sec/lane

The fuzzy logic controller determines whether to extend or terminate the current green phase after a minimum green time of TMIN has been displayed. If the green time is extended, then the fuzzy logic controller will determine whether to extend the green after a time interval (t. The interval (t may vary from 1 to 10 sec. depending on the controller processor speed. (t = 5 sec. in this study. If the fuzzy logic controller determines to terminate the current phase, then the signal will go to the next phase. If not, the current phase will be extended and the fuzzy logic controller will make the next decision after (t and so forth until the maximum green time is reached. 

The decision making process is based on a set of fuzzy rules which takes into account the traffic conditions with the current and next phases. The general format of the fuzzy rules is as follows:

If {QC is X1} and {AR is X2} and {QN is X3} Then {E or T}.

where,

X1, X2, X3 = natural language expressions of traffic conditions of respective variables

E = Extension of green phase

T = Termination of green phase

QC and QN are divided into four fuzzy sets: “short,” “medium,” “long” and “very long.” AR is divided into three fuzzy sets: “low,” “medium” and “high.” The number of fuzzy rules is dependent on the combinations of fuzzy sets for X1, X2, and X3. A total of 4(3(4 = 48 fuzzy rules are listed in Table 1. 

The parameters QC, QN, and AR are characterized by trapezoidal fuzzy numbers whose threshold values are predetermined. The input data (traffic conditions) are first fuzzified using the fuzzy sets for QC, QN, and AR. Then the fuzzified input data are entered into the fuzzy inference system that is composed of a set of fuzzy rules as described above. Lastly the max-min composition method is applied for making inferences. The membership grades (or degrees of membership, between 0 and 1) for E (Extend) and T (Terminate) are compared. The one with the highest membership grade is chosen as the control action. 

 Simulation Tool

The authors acknowledge that it is important to use one simulation tool to evaluate all three adaptive control strategies. To accomplish that, the intersection simulation software, Intersection Control Simulator (ICS), formerly known as NIT, was enhanced. ICS was initially designed to capable of simulating the intersection operation under pretimed, actuated, and TACOS control in 2002. In 2004, to evaluate FLC ICS was extended to include FLC processing logic. For this study ICS was further enhanced to be able to execute OPAC processing logic. A comprehensive test showed that ICS is a valid tool for testing various intersection control strategies (2,8).

ICS is a microscopic, stochastic, interval-oriented traffic simulator programmed in C++. Microscopic feature is important to model queue interaction between left turn and through vehicles, and to accurately estimate the MOEs. Stochastic feature is important to model the random arrival and evaluate the effectiveness of predicting model resided in the adaptive control strategies.ICS uses the Monte Carlo method to simulate the randomness of traffic arrivals. The Bernoulli distribution applies to the generation processing of new vehicles, which has only two outcomes, generate one new vehicle or not. A similar procedure is used to determine the vehicle turning movements. One of the properties of the Bernoulli distribution is that the outcomes of any two Bernoulli trails are independent. This property represents the randomness of the traffic arrivals well. If congestion reaches the origin node and the new vehicle can not enter the network, it will be counted as deferred traffic.

ICS scans the traffic system and summarizes MOEs at each time interval. MOEs for each lane are necessary to evaluate the performance of different signal control strategies. Link-based, approach-based and intersection-wide MOEs can be derived from lane-based MOEs using weighted aggregation. The lane-based MOEs estimators of ICS include a throughput estimator, a speed estimator, a delay estimator and a queue estimator. Thanks to its microscopic feature, the delay estimation of ICS is comprehensive: The ICS delay of individual vehicles is determined as the difference between actual travel time and the travel time it would have taken if the vehicle continued moving at free flow speed.

Case Study

OPAC, TACOS, and FLC were evaluated against actuated control. The MOEs used in the evaluation were (1) delay, (2) speed, (3) % stops, (4) queue time, and (5) throughput demand ratio. Because of the stochastic nature of simulation models, the trimmed mean was applied to multiple runs. 7 runs were conducted for each scenario. Then two runs with the highest delay and the lowest delay were eliminated and the MOEs of the rest five runs were averaged as the final MOE for each scenario.

Case 1: Experimental Intersection 

The first case is an imaginary intersection. The geometry of the intersection is illustrated in Figure 3 (a). Multiple traffic demand conditions were examined as described in Tests 1, 2 and 3 below.

Test 1: Low, moderate and high volume with random arrivals. As shown in Figure 4(a), five 30-min volumes, 20%, 40%, 60%, 80%, 100% of the highest volume were used resulting in five separate simulations. 100% volume level representing the oversaturated conditions were constructed with two conflicting movements with volume capacity ratio greater than 1.0.

Test 2: Cyclical, platooned arrivals. This scenario was based on the 60% level of volume. The eastbound and westbound through flows arrived in platoons of 2-minute cycles as shown in Figure 4(b). 

Test 3: Incident scenario. This scenario was based on the 60% level of volume. The eastbound traffic flow included an upstream incident. The resultant flow pattern is shown in Figure 4(c).

The signal specifications are summarized in Figure 3 (b). The actuated control is a fine-tuned plan. For OPAC and TACOS, those common parameters such as Gmin and Gmax were set as similar as possible subject to each strategy’s constraints. For example, Gmin and Gmax of TACOS are the same as for actuated control. For OPAC, to ensure that at least one signal phase change is made during each stage, Gmax for each phase was set as 40 seconds with stage set as 50 seconds. The initial calibration for FLC showed that MOEs of FLC is sensitive to its parameters and one settings of parameters can not produce acceptable results. The parameters must be calibrated for each level of volume. This concurs with the past study (5). The parameters used for FLC is summarized in Figure 3 (c).

Result

The results of Flow Test 1 are summarized in Figure 5. The summary table, Figure 5(a), shows average proportional differences of adaptive controls’ MOEs over actuated control for the various flow conditions tested. The delay, speed, percent stop, queue time, and throughput demand ratio are presented in Figure 5 (b), (c), (d), (e), and (f).

OPAC showed about 4% overall delay reduction. At low volume level, OPAC’s delay is comparable to one of the actuated control and the delay reduction becomes considerable at high volume level. At 100% volume level that represents saturated conditions, the delay reduction was about 7%. OPAC produced an overall 4% speed increase. Its overall percent stops also increased by 2%, which could be attributed to the high volume levels.  This is expected because OPAC optimizes delay only and the percent stops might increase at saturated conditions. The reduction of queue time is about 14%. The overall throughput demand ratio decreased by1%. Further inspection showed that 93% throughput demand ratio at 100% volume level. This was caused by some long queue that reached up to the upstream limit of the intersection. The vehicles that can not enter intersection were rejected for service.

TACOS showed about 27% overall delay reduction. Its delay reduction was consistent throughout all volume levels. Although designed for oversaturated conditions, it is not surprising that TACOS outperformed actuated control at low volume levels. The phasing optimization of TACOS enables it to promptly respond to random arrivals that vary greatly at low volume levels. TACOS increased speed by 13%. About 10% of TACOS’s percent stop reduction is the greatest and it gained largely at low volume level. The reduction of queue time is about 39%. This improvement is attributed to that TACOS optimized intersection utilization, which is a Measure of standing queues. The overall throughput demand ratio increased 1%. 

FLC showed about 17% overall delay reduction. Its delay reduction was gained mostly at high volume levels. FLC’s calibration table (Table 4) indicated that FLC tuned up green and cycle at high volume level. The past research has proved that longer max green and cycle length resulted in shorter delay. FLC produced an overall 15% speed increase. Its also reduced overall percent stops by 2%.  The reduction of queue time is about 21% that was gained mostly at high volume levels. The overall throughput demand ratio increased 1%. 

The results of Flow Tests 2 and 3 are summarized in Table 3. The comparison with Flow Test 1 shows that cyclical arrivals and incident flow worsen all examined MOEs of the actuated control. For Flow Test 2, all three adaptive controls showed significant improvement over the actuated control and FLC showed the most, about 28% in delay reduction, 14% speed increase, 5% percent stop decrease, 35% queue time decrease, and 1% throughput demand ratio increase. This spells that all three adaptive controls have the potential to be extended to network level. For Flow Test 3, only TACOS showed promising improvement. In the extreme flow fluctuation, TACOS benefits from its phase optimization and decision-making relies on the present flow situation of the intersection. OPAC relies on the predicted arrivals based on the present arrival information. Error induced by prediction in this extreme flow fluctuation hampered its ability to respond promptly to the flow situation.
Case 2: Real Intersection

Case 2 is an isolated intersection at Palani Street and Queen Kaahumanu Highway, Hawaii. The intersection geometry is identical to the intersection presented in Figure 3 except  that the eastbound and westbound approaches have only one through lane. The intersection is under fine-tuned fully actuated control. 6-hour turning movement counts were obtained. The 15-minute traffic volumes vary from moderate (all volume capacity ratios are less than 0.7), saturated (only one volume capacity ratio is greater than 1.0), to oversaturated conditions (two conflicting volume capacity ratio are greater than 1.0). 

OPAC, TACOS, and FLC were calibrated with numerous trial-and-errors. Used for all volume levels was the parameter setting from the trial with the best MOEs under over-saturated condition. These parameters were presented in Table 6 and the results are summarized in Figure 6.

OPAC showed about 21% overall delay reduction. Its delay reduction was consistent throughout all volume levels. OPAC produced an overall 15% speed increase. Its overall percent stops also increases 2%, which can be attributed to the high volume levels. The reduction of queue time is about 23%. The overall throughput demand ratio increased 3%. 

TACOS showed about 46% overall delay reduction. TACOS increased speed by 41%. About 14% of TACOS’s percent stop reduction was gained largely at moderate conditions. In fact, under oversaturated conditions, TACOS increased percent stops by 5%. This is because actuated control extends green for the incoming arrivals to minimize stops. The reduction of queue time is about 62%. The overall throughput demand ratio increased by 4%. 

FLC showed about 6% overall delay increase, 4% speed increase, 3% percent stop increase, and 4% queue time increase, 4% throughput demand ratio increase. Further inspection suggested FLC produced improvement at saturated and oversaturated conditions but failed at moderate condition. FLC’s parameters are sensitive to traffic volume level. Only careful calibration can produce acceptable results.

Conclusion

Optimization-based OPAC, hybrid optimization and rule-based TACOS, and rule-based FLC were compared and evaluated against actuated control. Two case studies, Case 1 at an imaginary intersection and Case 2 at a real intersection, were conducted by using ICS.

OPAC showed comparable delay with actuated control at low volume levels. Pronounced delay reduction was observed at high volume levels: 7% in saturated conditions of Case 1, 21% under moderate and oversaturated conditions of Case 2. Other MOEs including speed, queue time, and throughput demand ratio were improved accordingly except for percent stops. OPAC optimizing delay but increased percent stops by 2% in the two cases. OPAC reacted to cyclic platoon arrivals well, which proved its promising application on network. OPAC, however, did not improve in the incident flow case modeling vehicular arrival from an upstream accident.

TACOS showed consistently significant delay reduction through all volume levels: 21% in case 1 and 46% in Case 2. Although designed for oversaturated conditions, it is not surprising that TACOS outperformed actuated control at low volume levels. The phasing optimization of TACOS enables it to promptly respond to random arrivals that vary greatly at low volume levels. The other MOEs including speed, percent stops, queue time, and throughput demand ratio were improved accordingly. TACOS showed significant improvement in the cyclic platoon arrivals and incident flow cases. Its responsiveness benefits from its phase optimization feature and direct control on the queue length. The phase optimization as an operational advantage, however, can be a potential safety hazard if not carefully implemented. The drivers in reality used to fixed phase sequence.

FLC showed 17% delay reduction in Case 1 where its parameters were discreetly calibrated for each volume level. It responded well to cyclic platoon arrivals but failed to produce improvement in the incident flow case. FLC’s decision making is based on vehicle arrivals only on the approaches related to the current phase and next phase, heavy arrivals on the other phase can be overlooked. In Case 2 where only one set of parameter was used for all volume conditions, the overall FLC performance is scant. FLC only produced better result at oversaturated conditions. In the future, it would be desirable that FLC could apply an on-line volume recognition system so that certain parameters can be used for the recognized flow condition. Rule-based strategy without an optimization process needs complicated rule to accommodate the traffic fluctuation. The incremental complicacy of the rules may undermine its effectiveness.

All three adaptive control strategies heavily depend on the vehicular arrival information from the detector. Technological advance of detectors, such as video detection, can facilitate the application of the adaptive control strategies evaluated in this paper.

The results of this study indicate, yet again, the tremendous potential benefits adaptive controllers can offer compared with fixed-time as well as with the widely used actuated controllers. One wonders why after more then 20 years of research 'smart' controllers of any kind have yet to make significant inroads into the practice of traffic control in the U.S. Whereas much of the control technology has changed within this time period, traffic control systems still operate on the same principles they did a generation ago, albeit with updated electronic gear.  The additional benefits such controllers offer far outweigh the additional costs associated with them. It is quite clear that any of a number of such controllers could replace many of the existing actuated variety, while offering improved performance and additional flexibility (such as interconnectivity) with no significant increases in costs. This would apply not only to individual intersection control, but to the control of a system of intersections as well. It is hoped that this study will be another contribution to the advancement of the state of the art of traffic control technology.
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TABLE 1.  Algorithms of Adaptive Control Strategy

	
	OPAC
	TACOS
	FLC

	Type
	Optimization-based
	Optimized-based and rule-based Hybrid
	Rule-based

	Cycle
	Acyclic
	Acyclic
	Acyclic

	Time To Make Decision 
	At each interval (3-5 seconds)
	At the end of each green
	At each interval (3-5 seconds)

	Decision
	Extend green or not
	Which phases should be given green? How long?
	Extend green or not

	Reason of Decision-making
	To minimize delay
	To maximize intersection utility. (The signal should discharge most of queuing vehicles.)
	Based on a set of Fuzzy rules

	Phasing
	Fixed
	Optimized
	Fixed

	Function of Detector
	Detect arrivals during Head intervals; Controller to predict the arrivals during Tail intervals
	In tandem with the stop line detectors to estimate the number of vehicles in the queue
	Detect arrivals and estimate the number of vehicles in the queue.


TABLE 2.  Fuzzy Logic Control Rule

	No.
	Fuzzy Rules

	1
	If {QC is short} and {AR is low} and {QN is short}, Then {E}.

	2
	If {QC is short} and {AR is low} and {QN is medium}, Then {T}.

	3
	If {QC is short} and {AR is low} and {QN is long}, Then {T}.

	4
	If {QC is short} and {AR is low} and {QN is very long}, Then {T}.

	5
	If {QC is short} and {AR is medium} and {QN is short}, Then {E}.

	6
	If {QC is short} and {AR is medium} and {QN is medium}, Then {T}.

	7
	If {QC is short} and {AR is medium} and {QN is long}, Then {T}.

	8
	If {QC is short} and {AR is medium} and {QN is very long}, Then {T}.

	9
	If {QC is short} and {AR is high} and {QN is short}, Then {E}.

	10
	If {QC is short} and {AR is high} and {QN is medium}, Then {E}.

	11
	If {QC is short} and {AR is high} and {QN is long}, Then {T}.

	12
	If {QC is short} and {AR is high} and {QN is very long}, Then {T}.

	13
	If {QC is medium} and {AR is low} and {QN is short}, Then {E}.

	14
	If {QC is medium} and {AR is low} and {QN is medium}, Then {E}.

	15
	If {QC is medium} and {AR is low} and {QN is long}, Then {T}.

	16
	If {QC is medium} and {AR is low} and {QN is very long}, Then {T}.

	17
	If {QC is medium} and {AR is medium} and {QN is short}, Then {E}.

	18
	If {QC is medium} and {AR is medium} and {QN is medium}, Then {E}.

	19
	If {QC is medium} and {AR is medium} and {QN is long}, Then {T}.

	20
	If {QC is medium} and {AR is medium} and {QN is very long}, Then {T}.

	21
	If {QC is medium} and {AR is high} and {QN is short}, Then {E}.

	22
	If {QC is medium} and {AR is high} and {QN is medium}, Then {E}.

	23
	If {QC is medium} and {AR is high} and {QN is long}, Then {E}.

	24
	If {QC is medium} and {AR is high} and {QN is very long}, Then {T}.

	25
	If {QC is long} and {AR is low} and {QN is short}, Then {E}.

	26
	If {QC is long} and {AR is low} and {QN is medium}, Then {E}.

	27
	If {QC is long} and {AR is low} and {QN is long}, Then {E}.

	28
	If {QC is long} and {AR is low} and {QN is very long}, Then {T}.

	29
	If {QC is long} and {AR is medium} and {QN is short}, Then {E}.

	30
	If {QC is long} and {AR is medium} and {QN is medium}, Then {E}.

	31
	If {QC is long} and {AR is medium} and {QN is long}, Then {E}.

	32
	If {QC is long} and {AR is medium} and {QN is very long}, Then {T}.

	33
	If {QC is long} and {AR is high} and {QN is short}, Then {E}.

	34
	If {QC is long} and {AR is high} and {QN is medium}, Then {E}.

	35
	If {QC is long} and {AR is high} and {QN is long}, Then {E}.

	36
	If {QC is long} and {AR is high} and {QN is very long}, Then {E}.

	37
	If {QC is very long} and {AR is low} and {QN is short}, Then {E}.

	38
	If {QC is very long} and {AR is low} and {QN is medium}, Then {E}.

	39
	If {QC is very long} and {AR is low} and {QN is long}, Then {E}.

	40
	If {QC is very long} and {AR is low} and {QN is very long}, Then {E}.

	41
	If {QC is very long} and {AR is medium} and {QN is short}, Then {E}.

	42
	If {QC is very long} and {AR is medium} and {QN is medium}, Then {E}.

	43
	If {QC is very long} and {AR is medium} and {QN is long}, Then {E}.

	44
	If {QC is very long} and {AR is medium} and {QN is very long}, Then {E}.

	45
	If {QC is very long} and {AR is high} and {QN is short}, Then {E}.

	46
	If {QC is very long} and {AR is high} and {QN is medium}, Then {E}.

	47
	If {QC is very long} and {AR is high} and {QN is long}, Then {E}.

	48
	If {QC is very long} and {AR is high} and {QN is very long}, Then {E}.


E: Extend; T: Terminate
	TABLE 3.  Results of Flow Tests 2 and 3

	
	
	
	
	
	
	

	
	
	Flow Test 1
	Flow Test 2
	Flow Test 3
	
	

	
	
	
	
	
	
	

	 Delay (sec/veh)
	Actuated
	36.4
	39.0
	45.5
	
	

	
	OPAC vs. Actuated
	-11%
	-14%
	19%
	
	

	
	TACOS vs. Actuated
	-16%
	-13%
	-18%
	
	

	
	FLC vs. Actuated
	-27%
	-28%
	5%
	
	

	
	
	
	
	
	
	

	Speed (mph)
	Actuated
	16.8
	16.3
	15.1
	
	

	
	OPAC vs. Actuated
	6%
	4%
	-9%
	
	

	
	TACOS vs. Actuated
	7%
	6%
	10%
	
	

	
	FLC vs. Actuated
	13%
	14%
	-3%
	
	

	
	
	
	
	
	
	

	Percent stops
	Actuated
	72%
	73%
	73%
	
	

	
	OPAC vs. Actuated
	9%
	3%
	5%
	
	

	
	TACOS vs. Actuated
	-5%
	-5%
	-6%
	
	

	
	FLC vs. Actuated
	-5%
	-5%
	2%
	
	

	
	
	
	
	
	
	

	Queue Time (veh * min)
	Actuated
	635
	670
	862
	
	

	
	OPAC vs. Actuated
	-27%
	-29%
	19%
	
	

	
	TACOS vs. Actuated
	-23%
	-15%
	-29%
	
	

	
	FLC vs. Actuated
	-36%
	-35%
	-4%
	
	

	
	
	
	
	
	
	

	Throughput Demand Ratio
	Actuated
	100%
	99%
	97%
	
	

	
	OPAC vs. Actuated
	-2%
	-4%
	-1%
	
	

	
	TACOS vs. Actuated
	0%
	0%
	1%
	
	

	
	FLC vs. Actuated
	0%
	1%
	1%
	
	

	Note:
	
	
	
	
	
	

	FT 1 = 
	random arrivals and volume at 60% level.
	
	
	

	FT 2 = 
	platooned arrivals for EB and WB TH movement; arrival cycle = 2 min.
	

	FT 3 = 
	EB arrivals with upstream incident.
	
	
	
	


TABLE 4.  Parameter Settings of Case Study 2

	
	Actuated
	OPAC
	TACOS
	FLC

	Interval (sec)
	Not Applicable
	3 seconds
	Not Applicable
	3 seconds

	Min Green (sec)
	8 for LT 

10 for TH 
	5
	8
	5

	Max Green (sec)
	20 for side street LT

30 for main street LT

40 for side street TH

60 for main street TH
	15 for LT

30 for TH 
	30
	30 for LT

60 for TH

	Other Parameters
	Extension = 2 sec for LT, 4 sec for TH,


	Stage = 30 sec

Head = 2
	WTmax = 240 sec
	Q1-6 = 2, 4, 6, 8, 10, 12 vehicles

AR1-4 = 0.05, 0.10, 0.20, 0.25 vehicle/sec

	Phasing
	Actuated
	Fixed
	Optimized
	Fixed

	Detector Location (measured from stop line upstream)
	50 ft. on LT lane

200 ft on TH lane
	200 ft. on side street

600 ft. on main street
	200 ft. on side street

600 ft. on main street
	200 ft. on side street

600 ft. on main street


FIGURE 1. Rolling Horizon Approach
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(a) Test 1: Traffic demand varies from light to heavy.

(b) Test 2: Cyclical arrivals for EB and WB through movement, arrival cycle=2 min.

(c) Test 3: EB arrivals with upstream incident.
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Figure 2.  TACOS Processing Logic.



Figure 3.  Basics of Case Study 1


Figure 4.  Volume Scenarios of Case Study 1 


Figure 5.  Results of Case Study 1 (Flow Test 1: Percent Volume)


Figure 6.  Results of Case Study 2





























































































Legend:


Nl = number of vehicles in a standing queue; � EMBED Equation.3  ��� = max waiting time;


� EMBED Equation.3  ��� = estimated green time; � EMBED Equation.3  ���= min green time; � EMBED Equation.3  ���= max green time;


� EMBED Equation.3  ��� = efficiency of intersection utilization
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Is  � EMBED Equation.3  ��� rule violated?





Display green for chosen phase





� EMBED Equation.3  ���subject to � EMBED Equation.3  ���, � EMBED Equation.3  ���, and� EMBED Equation.3  ��� rules





Display Y+AR for non-overlapping movements 


Continue green for overlapping movements
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