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Abstract

The aim of this paper is to study how speed and regularity of transit systems can be improved by means of priority and holding strategies. This objective is attained by taking into account the inherent uncertainty of transit operation, due to the random travel times and passenger arrivals at stops. The priority at intersections is assumed to be given only by green extension actuated by local sensors, with upstream stop location. The fact that delayed and crowded vehicles are less likely to get priority because of less predictable dwell times, as is the case of more complex priority strategies, is thus represented. In this perspective, a simulation model is developed and different vehicle holding and priority strategies are compared. With regard to priority different conditional strategies are also considered.
1 Introduction

The paper focuses on improving speed and regularity of intermediate capacity transit systems, a key factor in establishing a viable alternative to private car in medium sized towns and in complementing high capacity rapid transit in larger urban areas. The strategies aiming at improving transit performance have to be tested within the framework of an operation model, where relevant phenomena are duly represented. In this context, it is worth pointing out the role of dwell time dependence on boarding, alighting and on-board flows with respect to the perturbation diffusion. Transit speed can be increased, while helping to keep operation regular, by applying conditional transit priority strategies at traffic lights, that is to allow only some vehicles to get priority. In such a way, conditional priority plays a role similar to vehicle holding, intended as the process of intentionally delaying a vehicle at a station. Therefore it is natural to pursue an analogous approach to the conditional priority analysis and design. The modelling approach adopted in this study involves Montecarlo simulation, implemented by repeatedly drawing the outcome of the main random phenomena, such as the arrival of passengers at stops, the alighting from transit vehicles and the running time between stops, which are given as input to the operation model, to get a drawing of the whole operation pattern. Consequently, the average performance of different priority and holding strategies can be evaluated and the optimal strategies can be determined. To this aim, when evaluating priority strategies, the traffic delay due to transit priority is computed as well, on the basis of a deterministic representation of queuing at intersections. 

This study principally utilizes premises from the field of operation models. A review of operation models and other transit related issues at various planning levels can be found in the survey paper by Desaulniers and Hickman (2003). 
Transit line operation models have been studied to apply control methods in presence of irregularity. A general review of such methods is given by Wilson et al. (1992), but, “in normal service with only minor perturbations from the schedule and small service disruptions, vehicle holding and transit signal priority are the most common techniques that are applied” (Desaulniers and Hickman, 2003, page 38).

Turnquist and Blume (1980) showed how the correlation among successive headways is relevant to control strategies. Eberlein et al. (2001) formulated a deterministic operation model, utilizing it to optimize holding within a rolling horizon approach. In their paper the decision to hold a vehicle is taken by minimizing departure headway variance on a vehicle set on the basis of AVL data, the operation modal is formulated as a set of constraints of the minimization problem, to which a schedule constraint is added. Hickman (2001), on the basis of a stochastic operation model, formulated an analytic model to determine the optimal holding time for a single transit vehicle, taking into account its impact on a number of upstream uncontrolled vehicles. The holding problem is thus formulated as a quadratic program on a single variable, having a weighted sum of waiting time and holding delay as objective, shown to be convex and solved by line search. Sun and Hickman (2004) formulated the problem of holding vehicles at a given subset of stations on the line, in the context of a deterministic operation model. 

Conditional transit priority strategies at traffic lights, that is to allow only selected vehicles to get priority, can increase transit speed while keeping operation regular. Sophisticated priority systems, like the one implemented within the UTOPIA project (Mauro and Di Taranto, 1990), allow for conditional priority, and take into account the effect of transit priority on arterial progression by adopting a rolling horizon approach similar to the one of Eberlein et al. (2001). No explicit reference to operation models, however, is made in Mauro and Di Taranto (1990) in order to forecast the transit vehicle arrival times at traffic lights. In the recent paper by Kim et al. (2005) the problem of determining the best conditional priority strategy for bus routes is dealt with on the basis of empirical forecasts, based on the ratio of headway delay, making reference to most widespread and simplest strategies and utilizing the PARAMICS traffic microsimulation software.
The operation model utilized in this study includes a dwell time model linear in the number of alighting and boarding passengers, as in Hickman (2001) and Eberlein et al. (2001). Numerical results have been obtained by assuming the same dwell time model coefficients as in Eberlein et al., taken from Lin and Wilson (1992) work, where different dwell time models are identified on a grade separated section common to several light rail lines. Although the right of way and operation framework are clearly different from the one we focus on here, the vehicles size and layout are the same.
2 The basic operation model and its implementation
The operation model used to investigate conditional priority and holding results from extending a previous rather basic model (Bellei and Gkoumas, 2005 and Bellei and Gkoumas, 2006). The basic model is briefly resumed here, while some extensions will be analysed in the next chapter.
The simulation model for a one-way transit line is defined by recursive relationships, quite similar to the analytic model by Hickman (2001), and by random number drawings corresponding to the line operation simulation within a certain time horizon.

Defining as TAmn and TPmn, respectively, the arrival and departure time of the vehicle m at the stop n, and denoting as Smn the dwell time of the vehicle m at the stop n, it is: 

	TPmn = TAmn + Smn
	 LISTNUM formula \l 1 


The dwell time may be expressed as a generic function S of the passengers on-board Lmn, the boarding Bmn and the alighting ones Amn:

	Smn = S(Lmn, Bmn, Amn)
	 LISTNUM formula \l 1 


but, at this stage, a simpler linear model dependent only on Bmn and Amn is utilized:

	Smn = a0 + a1(Bmn + a2(Amn
	 LISTNUM formula \l 1 


If overtaking between vehicles is not allowed, Tn is the running time between stops n-1 and n, and dmin is the minimum time interval between the arrival of a vehicle and the departure of the preceding one, the arrival time of vehicle m at stop n is given by:
	TAmn = max(TPm,n -1 + Tn; TPm -1,n + dmin(
	 LISTNUM formula \l 1 


The probability density function. of the random variable Tn is assumed to be triangular and defined by such exogenous parameters as the mode tn, the minimum value tn(knmin and the maximum value tn(knmax, so that the values taken within a simulation result from the random number drawings T:

	Tn = T(tn, knmin, knmax)
	 LISTNUM formula \l 1 


The on-board passengers arriving at a stop are the balance between on-board, boarding and alighting passengers at the previous stop.

	Lmn = Lm,n -1 + Bm,n -1 - Am,n -1
	 LISTNUM formula \l 1 


The distributions of random variables Amn and Bmn are assumed to be Poisson. Their parameters are the mean values, defined as the product of an exogenous factor times an endogenous factor, that is (n(Lmn and bn((TAmn ( TPm ( 1,n). The exogenous factors (n and bn are, respectively, the average fraction of alighting with respect to on-board passengers and the average flow of passengers arriving at the stop. In the hypothesis that the passengers boarding on a dwelling vehicle are merely each and every one arrived at the stop between the departure of the previous vehicle and its arrival, the boardings and alightings result from random number drawings A and B:
	a) Amn = A((n(Lmn); b) Bmn = B[bn((TAmn - TPm ( 1,n)]
	 LISTNUM formula \l 1 


It is worth noting that, assuming that all the arriving passengers (7) actually board the vehicle, its capacity may be exceeded, while, assuming that only these passengers actually board, the arrivals during dwell time are neglected.
The equations (1), (2), (4) and (6) and the random numbers drawings as represented in (5) and (7) define a set of recursive calculations.

Performing these calculations for m=2, …, M and n=1, …, N, and setting appropriate boundary conditions for m=1 and n=0, not specified for the sake of brevity, a simulation is obtained for the operation of M trips on a transit line with N + 1 stops (terminals included). Relevant performance indexes are obtained by repeated simulations.
Reference is made to a long, high frequency virtual light rail line, whose passenger flow in the most loaded section is close to capacity. The supply parameters are the same for all the sections between stops and the average boardings and alightings are the same for all vehicles. From stop 0, the initial terminal, M =21 trips are dispatched at regular headway h° = 180 seconds. 
The average boardings and alightings are defined in such a way to get, taking a vehicle capacity CV = 300 passengers, a maximum load factor ( = 0,9 on the maximum load section. These boardings and alightings at stops are represented in figure 1, while the average line loading pattern (on-board passengers at the arrival), obtained by applying (6) to average boardings and alightings, is shown in figure 2. 
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Fig. 1. Boarding and alighting passenger pattern at stops 
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Fig. 2. Transit line loading pattern
Figures 1 and 2 show that demand varies as in an urban diametrical line, passing through and terminating at transfer nodes, where a large number of boardings and alightings takes place. 
This demand resulting from the (, CV and h° adopted corresponds to an average flow of 3600(CV/h° = 5400 passengers/hour on the maximum load section, to be compared with a  3600CV/h° = 6000 places/hour line capacity.

The line length is 12 Km and the number of stops is 31 including the initial terminal, that is to say N = 30. As a result, the distance between stops is 400 meters, and a running time t = 40 sec. is assumed, correspondent to a 20 m/s maximum speed and a 1 m/s2 average acceleration and deceleration rate. Time t is taken as the mode of the triangular probability density function for the running time Tn, at all sections from stop n – 1 to n. Minimum and maximum values are proportional to the mode by a factor of kmin = 0,9 and kmax = 1,2, respectively, at all sections. Finally, the coefficients of linear dwell time model by Lin and Wilson (1992) utilized are a0 = 11,73 seconds, a1 = 0,42 and a2 = 0,49 (sec. per passenger).
The random numbers drawing is performed by Zrandom
 software, while the operations needed to evaluate transit line performance indexes are implemented in an Excel worksheet.
3 Extensions to the basic model
Several models previously developed, as the one proposed by Hickman (2001), do not take into account passenger arrivals during dwell time, assume, ignoring the vehicle capacity, that all passengers willing to board are able to do so and don’t explicitly represent delay at traffic lights. These limitations are dealt with, although the way we deal with passenger arrivals during dwell time is not described here. The number PDmn of such passengers for each vehicle and stop will be introduced without derivation, while the corresponding dwell time is included within Smn, once boardings are determined taking these passengers into account. It is also worth noting that the assumption of disciplined queues at stops, made when dealing with vehicle’s capacity, is likely to underestimate irregularity. Regular cycles, which are modified one at a time, are considered when representing traffic lights, thus allowing only rather basic priority strategies to be represented. The next two paragraphs are devoted to explain how the basic operation model can be generalized to cope with the vehicle’s capacity and to represent priority and holding strategies.

3.1 Vehicle capacity
If the constraint that the on board passengers must not exceed vehicle capacity is taken into account, delays and actual boardings of passengers who weren’t able to board an overcrowded vehicle, have to be represented. The assumption that boarding is regulated by disciplined queues is made, where only passengers allowed by available vehicle space attempt to board. 

If a vehicle can’t accommodate all passengers present at the stop when it arrives, or arriving during dwell time, some of them will wait for the next arriving vehicle, being thus present at its arrival. Vehicle capacity representation allows considering the transfer of boardings from the first, overloaded vehicle of a pair, to the second one, which mitigates the pairing effect.
The comparison of simulation results with AVL data from Rome bus network has shown, in fact, that simulated headway distributions are much more similar to the real ones when vehicle capacity is taken into account.
Formally, capacity constraint sets the vehicle’s capacity CV as an upper bound on passenger load:

	Lmn ( CV
	 LISTNUM formula \l 1 


To ensure that simulation model outcomes comply with vehicle’s capacity constraint (8) the variables Rmn, passengers in the residual queue at stop n after departure of vehicle m, and Pmn, passengers willing to board vehicle m at stop n, are defined.
The passengers actually boarding vehicle m will be equal to those willing to board, or to those able to board (residual capacity after alightings), what is the less:

	Bmn = min(Pmn; CV - Lmn + Amn(
	 LISTNUM formula \l 1 


The difference, if positive, between passengers willing to board and able to board, because of the capacity constraint, is the residual queue after departure of vehicle m:

	Rmn = max(0; Pmn - (CV - Lmn + Amn)(
	 LISTNUM formula \l 1 


Passengers in the residual queue after departure of vehicle m-1 are present at the arrival of vehicle m, as well as passengers arriving between the departure of vehicle m - 1 and the arrival of vehicle m, obtained by a random drawing as in the basic model, and passengers PDmn arriving during dwell time, suitably calculated assuming deterministic arrivals:

	Pmn = Rm-1, n + B[bn(TAmn - TPm-1, n)] + PDmn
	 LISTNUM formula \l 1 


Capacity constraint (8) is satisfied if the equations (9)((11) replace the straightforward boarding random drawings (7) in the basic model. It is worth noting, however, that (9)((11) don’t ensure that RMn = 0, implying that queues may not vanish at the end of the simulation.
3.2 Priority at traffic lights and holding
The traffic lights are represented within the operation model in a rather simple form, by assuming that there is a one-to-one correspondence among stops, traffic lights and intersections, being each stop and traffic light located immediately upstream the intersection. Moreover, the same fixed cycle C and green g are defined at each traffic light, the offsets are all zero, lost times are neglected and priority to transit vehicles is given only by green extension.

With these assumptions the departure of a transit vehicle from the stop without priority takes place only if no more passengers arrive and traffic light is green. The departure time TPmn is thus equal to the sum of the arrival and the dwell time, as stated by (1), only if it falls within green time, being otherwise delayed to the beginning of the next green. The cycle when vehicle m is ready to depart from stop n, is identified by the kmn such that:
	(kmn - 1)C ( TAmn + Smn < kmnC
	 LISTNUM formula \l 1 


Cycle kmn can be expressed, because of the zero offset assumption and denoting integer part of x by [x], as a function of TAmn + Smn and C, by:

	kmn = [(TAmn + Smn)/C]
	 LISTNUM formula \l 1 


while the departure time without priority is given by:

	TPmn = TAmn + Smn
	if (kmn - 1)C ( TAmn + Smn < kmn C + g
	 LISTNUM formula \l 1 

	TPmn = kmnC
	if (kmn - 1)C + g ( TAmn + Smn < kmn C 
	


It is assumed that boarding continues while transit vehicle m is waiting for green at traffic light located at stop n, because of passengers arriving at rate bn and as much as it is allowed by the capacity constraint. Such passengers give rise to a fourth component PTmn of passengers willing to board, calculated, as the third one, by assuming deterministic arrivals and given by:

	PTmn = bn((TPmn - TAmn - Smn)
	 LISTNUM formula \l 1 


so that (9) and (10) still hold, but (11) is substituted by:

	Pmn = Rm-1, n + B[bn(TAmn - TPm-1, n)] + PDmn + PTmn
	 LISTNUM formula \l 1 


Priority at each traffic light is defined by the maximum green extension (max. If the first cycle begins at a conventional 0 time, the kth cycle begins at time (k - 1)C and the kth green, ending at (k - 1)C + g, can be extended up to (k - 1)C + g + ( max if a transit vehicle may take advantage of such extension.

Arrival time TAmn of vehicle m at stop/traffic light n is assumed to be known by means of a local presence sensor and an estimated dwell time SEmn at stop n is taken into account to determine what green should be eventually extended to reduce the delay caused to vehicle m by the traffic light in correspondence to stop n.

The first potentially useful green extension belongs to cycle kmn° satisfying:
	(kmn° - 2)C + g + (max ( TAmn + SEmn < (kmn° - 1)C + g + (max
	 LISTNUM formula \l 1 


In the following indexes mn are dropped from kmn° to simplify the notation, since stop n and vehicle m to which extension of cycle k° refers to are easily identified, and the time TRmn = TAmn + Smn when the transit vehicle m is ready to depart from stop n is defined. Green extension is given if the green to be extended has not already ended at time TAmn, that is if:

	TAmn ( (k° - 1)C + g
	 LISTNUM formula \l 1 


Green extension reduces delay only if (k° - 1)C + g ( TAmn + Smn < (k° - 1)C + g + (max, because the departure time without green extension is given by:
	TPmn = (k° - 1)C
	if (k° - 2)C + g + (max ( TRmn < (k° - 1)C
	 LISTNUM formula \l 1 

	TPmn = TRmn
	if (k° - 1)C ( TRmn < (k° - 1)C + g
	

	TPmn = k°C
	if (k° - 1)C + g ( TRmn < (k° - 1)C + g + (max
	


while departure time with green extension is given by:

	TPmn = (k° - 1)C
	if (k° - 2)C + g + (max ( TRmn < (k° - 1)C
	 LISTNUM formula \l 1 

	TPmn = TRmn
	if (k° - 1)C ( TRmn < (k° - 1)C + g + (max
	


It is important to note that we assume that the traffic light controller is alerted to extend a green from time (k° - 1)C + g to, at most, time (k° - 1)C + g + (max, but the extension is cancelled, or ended, when the transit vehicle departs. Hence the green is not actually extended if departure takes place before time (k° - 1)C + g, it lasts less than (max if departure takes place after (k° - 1)C + g and before (k° - 1)C + g + (max, while it lasts (max without reducing delay if the vehicle is not ready to depart at (k° - 1)C + g + (max.

Actual (simulated) dwell time Smn does not coincide with its estimated value, leading, in some cases, to alert traffic light controller for a green extension within a different cycle. If the left-hand inequality in (17) is satisfied by estimated, but not by actual dwell time, that is if:

	TRmn < (k° - 2)C + g + (max
	 LISTNUM formula \l 1 


the vehicle is ready to depart so early that alerting the traffic controller for a green extension at cycle k° is not useful. The green at cycle k° is not actually extended since, if the vehicle is ready for departure before (k° - 2)C + g + (max, it will certainly depart before (k° - 1)C + g. 

If the right-hand inequality in (17) is satisfied by estimated, but not by actual dwell time, that is if:

	TRmn ( (k° - 1)C + g + (max
	 LISTNUM formula \l 1 


the vehicle is present at stop/traffic light n, but it is not yet ready to depart at the end of the maximum allowed green extension at the cycle k°. In this case, an ineffective green extension is actually given.
Summing up, the implementation of priority rules within the operation model requires identifying, on the basis of arrival time, the cycle k° whose green is candidate for extension. Such cycle can be determined, from (17), as:

	k° = [(TREmn - g - (max)/C] + 2
	 LISTNUM formula \l 1 


being TREmn = TAmn + SEmn the time, estimated at the arrival of transit vehicle m at stop n, when it is ready to depart.
Once k° is determined, the cycle k* whose green should have been extended, if dwell time Smn had been known in advance, (indexes mn are dropped to simplify notation also in this case) can be determined in the same way:

	k* = [(TRmn - g - (max)/C] + 2
	 LISTNUM formula \l 1 


Determining departure times requires first to test condition (18), since, if it doesn’t hold, no green extension is given and departure times are determined by (19) with k* instead of k°. If (18) holds, since conditions (21)-(22) are, respectively, equivalent to k* < k° and k* > k°, and departure times are determined by (19) with k* instead of k° also in these cases. While for k* < k° no green extension is given, however, for k* > k° maximum green extension is given. Only in case k* = k° the traffic light controller is alerted to extend the green correspondent to the departure times, which are determined by (20) and the green extension depends on actual departure time. 
	If k* < k°
	(k°n = 0
	 LISTNUM formula \l 1 

	If k* < k°
	(k°n = (max
	

	If k* = k°
	(k°n = max(0; TPmn - (k° - 1)C + g(
	


While (19) and (20) are utilized to compute transit travel times as specified above, (25) is utilized to compute the road traffic delay consequent to the implementation of transit priority.
The green extensions are not compensated by a decrease of ex-ante green, which should have been easy to implement, at least approximately, because such green resulted, since the first tests of the model, so close to ex-post average green share (the average increase was at most 1-2 sec.), to make green share adjustment meaningless.

Priority is not given, however, to all transit vehicles, but only to those whose arrival headway TAmn - TAm-1,n is higher than a given threshold hPmin, in order to enhance regularity of operation. The estimated dwell time SEmn is computed by applying average boardings and alightings at stop n to linear dwell time model (3).
The holding strategy is formulated by defining the time TRmn when the vehicle is ready to depart, in order to restore the threshold value hHmin of the headway with respect to such time, when it wouldn’t be respected by simply taking TRmn equal to the sum of arrival and dwell time:

	TRmn = TR m-1,n + hHmin
	if TAmn + Smn - TR m-1,n < hHmin
	 LISTNUM formula \l 1 

	TRmn = TAmn + Smn
	if TAmn + Smn - TR m-1,n ( hHmin
	


It is worth noting that implementing such control strategy requires that a controller is informed that vehicle is ready to depart and doesn’t ensure that the threshold is respected by the headway with respect to departure time.
4 Performance indexes calculation

The performance indexes considered are total transit passengers travel time and waiting time, as well as total delay caused by traffic lights to the road traffic flow. It is assumed that only two kinds of road traffic flow exist: one on the road along the line and the other traversing the line at intersections. Delay of road traffic flow along the line axis is not taken into account, since, without green share adjustment, green for this flow may only increase. Neglecting such delay implies, in general, underestimation of priority benefits, while it is consistent with a compact platoon assumption for road traffic flow along the line axis. Delay of road traffic flow traversing the line axis at intersections is taken into account assuming an equal and constant arrival rate at each intersection.

The total transit passengers travel time is given by considering that each vehicle m, 
m = 2, … M, has a load Lmn when travelling from stop n - 1 to stop n, n = 1, … N, which takes a time TAmn - TPm,n-1, while a load Lmn - Amn is assumed during the stop at intersection n, n = 1, … N - 1, which takes a time TPmn - TAmn. Boarding passengers are not included in the vehicle load and the time from the arrival at stop to the vehicle departure is considered as waiting time. Total transit passengers travel time is thus:

	TT =(m=2,M [(n=1,N Lmn((TAmn - TPm,n-1) + (n=1,N-1(Lmn - Amn)((TPmn - TAmn)]
	 LISTNUM formula \l 1 


Both total waiting time TW and total road traffic delay TD are calculated by measuring the area between cumulate arrival and cumulate departure curves. With regard to TW, the passenger cumulate arrivals at each stop n and vehicle m are assumed to be piecewise linear (constant arrival rate), with a positive slope from TP1n on. Such slope is determined by the random drawing B[bn((TAmn - TPm - 1,n)] of arrivals within each interval (TPm - 1,n, TAmn) and it coincides with the average arrival rate bn within each interval (TAmn, TPmn). Passenger cumulate departures are step functions, which are constant within each interval (TP m - 1, n, TPmn) and increase by Bmn at each departure time TPmn. Cumulate arrivals and departures coincide at departure times, unless boardings are limited by the capacity constraint. In such case the difference between cumulate arrivals and departures is equal to the residual queue after departure Rmn.

The area between cumulate arrivals and departures is thus given, in correspondence to each stop and vehicle departure, by the sum of two rectangular and two triangular areas, as shown in figure 3.

[image: image3]
Fig. 3. Calculation of transit passenger waiting time
	TW =(m=2,M (n=1,N-1(B[bn((TAmn - TPm-1,n)]((TPmn - TAmn) + Rm-1,n((TPmn - TPm-1,n) + B[bn((TAmn - TPm-1,n)]((TAmn - TPm-1,n)/2 + bn((TPmn - TAmn)2/2(
	 LISTNUM formula \l 1 


The delay of passengers in the residual queues RMn is taken into account by the sum of the products of such queues and the average departure headway at each stop, which is added to (28).
Assuming a constant arrival rate a at each intersection, the total delay TD of road traffic flow traversing the line axis is given by the area between cumulate vehicle arrivals and departures at intersections. Cumulate arrivals are assumed to be a linear function with slope a, while cumulate departures are piecewise linear. Cumulate departures are, in fact, constant during transversal red time and increase with slope s (saturation flow rate for transversal roads) from the beginning of transversal green time, being however constrained to be lower than cumulate arrivals. The delay TD is calculated from the cumulate arrivals at the beginning of the kth cycle green Akn, and of the kth cycle red, ARkn, with reference to the line axis. These are the cumulate arrivals at times (k - 1)C and (k - 1)C + gkn, where gkn = g + (kn is the extended green at cycle k, given, for
k = 1, …, K, by:
	a) Akn = a((k - 1)C;   b) ARkn = Akn + a(gkn
	 LISTNUM formula \l 1 


K is a suitably defined number of cycles such that all transit vehicle passages are included. Cumulate departures at the beginning of the red are the same as the ones, at the beginning of the green, Pkn, recursively defined, from P1n = 0, by:
	Pk+1,n = min(Pkn + s((C - gkn); Ak+1,n (
	 LISTNUM formula \l 1 


We assume a = ((1 - g/C)(s, with ( < 1. In such case the queues at traffic lights on transversal roads vanish within each cycle if no green extension is given, while they can last for several cycles if it is given. Queues also are represented through their values Qkn and QRkn, in correspondence to the same times as cumulate arrivals, and are given by the difference between cumulate arrivals and departures at that times: 
	a) Qkn = Akn - Pkn;   b) QRkn = ARkn - Pkn 
	 LISTNUM formula \l 1 


If a queue vanishes, departure rate changes instantaneously from s to a. The instant when it happens is determined by considering the cumulate arrivals A(t) and departures P(t) as a function of time t elapsed from the beginning of the red (transversal green). These arrivals are given by ARkn + a(t and these departures are given by Pkn + s(t. The period in which departure rate is s at intersection n during cycle k, is determined as follows. The time vkn employed by the queue to vanish is obtained by equating such cumulate arrivals and departures:

	vkn = (ARkn - Pkn)/(s - a) = QRkn/(s - a)
	 LISTNUM formula \l 1 


then, if vkn is shorter than the transversal green C - gkn, the departure rate s lasts a time vkn at intersection n during cycle k, otherwise the queue doesn’t vanish and the departure rate s is maintained until the end of transversal green. 
In figure 4, where the index n is dropped, it is shown that the area between cumulate arrivals and departures consists, for each cycle, in two trapezia, reduced into triangles if queue is zero at the beginning, or at the end of the cycle.

[image: image10.bmp][image: image4]
Fig. 4.  Calculation of the transversal traffic delay
The resulting measure for TD is:

	TD = (n=1,N-1(k=1,K gkn((Qkn + QRkn)/2 + min(vkn, C - gkn(((Qk+1,n + QRkn)/2
	 LISTNUM formula \l 1 


The summations in (27) and (28) exclude vehicle 1 because its behaviour is determined by boundary conditions and not by simulation results. Although vehicles don’t figure explicitly in (33), also green extensions due to priority given to vehicle 1 are ignored for the sake of consistency.

5 Numerical results

The results obtained with respect to conditional priority are compared with the ones obtained by implementing the holding strategy at four stops along the line. Several simulation clusters controlled by a VBA Macro have been implemented (35 for the conditional priority and 7 for the holding strategy), each cluster consisting in 1000 simulation cycles. The running of a 1000 simulations cycle requires 85 sec. on a 1.7 GHz mobile centrino PC.
Five different values for the green extension ((max) are considered, namely 0, 8, 12, 16 and 20 seconds. Non zero (max cases are combined with seven hPmin values, which vary from 60 to 180 sec. in 20 sec. intervals. The holding strategy is explored for the same seven headway values, which in this case, assume the role of hHmin. The results corresponding to different maximum green extensions are shown as different sequences in the following figures, where the hPmin(or hHmin) values are on the x axis and the corresponding times on the y axis.
The results for the total system time, defined as the sum of total transit passenger time (sum of waiting and travel time) and total road traffic delay, are reported in figure 5. The minimum is attained when hPmin = 120 and (max = 16 seconds. The 12 sec. (max gives globally the second best results, followed by the 20 and 8 sec. ones. Total system times obtained by the holding strategy are always higher than those obtained by conditional priority, decrease with hHmin, and reach a minimum at hHmin = 160 seconds. The performance of holding strategy, however is not at all bad, since it allows obtaining a total system time which is merely 2% worse than the best result obtained by conditional priority.
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Fig. 5. Total system time, holding and conditional priority strategies

The total transit passenger time is reported in figure 6. In the case of conditional priority strategies, it decreases with (max, while varying slightly on a case to case basis with hPmin (only when hPmin changes from 160 to 180 sec. it always increases). In the case of holding strategy, road traffic is unaffected and minimum total transit passenger time is attained when hHmin = 160 seconds.
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Fig. 6. Total transit passenger time, holding and conditional priority strategies

The total transit passengers waiting time, consequent to operation irregularity, is reported in figure 7. In the case of conditional priority it always decreases with the maximum green extension, while exhibiting a minimum at 160 sec. with respect to hPmin. In the case of holding it always decreases with hHmin and it allows obtaining a more regular operation than conditional priority.
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Fig. 7. Total transit passengers waiting time, holding and conditional priority strategies

The total transit passengers travel time is reported in figure 8. In the case of conditional priority it always decreases with (max and increases with hPmin. In the case of holding it is interesting to observe that also transit travel time is always lower than without control, attaining a minimum when it is hHmin = 160 seconds.
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Fig. 8. Total transit passengers travel time, holding and conditional priority strategies

Finally, the total road traffic delay in case of conditional priority is reported in figure 9. As expected it decreases with (max, and it also decreases with hPmin. In the case of holding, obviously, road traffic delay is unaffected and has the same value as in the no control case (horizontal line (max=0 in figure 9).
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Fig. 9. Total road traffic delay, conditional priority strategy

It is worth noting that the above results are dependent on the values of coefficients a1 and a2 of dwell time model (3) since different results are achieved when utilizing a model by Bertini and El-Geneidy (2004), obtained from AVL and APC data for an urban bus line. In particular, the total transit passengers waiting time is not always decreasing with (max, as in figure 7. Such results are not presented here for sake of brevity. 
6 Conclusions

The transit operation model presented in this study, although based on Montecarlo simulation, includes, with respect to widely known models, explicit representation of traffic lights in order to study priority strategies and some other additional features, like vehicle capacity representation, improving model performance.
Real time optimization over a set of successive vehicles has not been addressed. Only simple threshold methods are considered for both conditional priority and holding, but the comparison among total system time determined by different (max, hPmin and hHmin can be thought as a grid search for optimization of fixed operation control parameters.

In spite of that, the result obtained with respect to holding are comparable with those of Eberlain et al., based on a more sophisticated strategy.
A significant feature of this study is the choice of the performance indexes. Such indexes plays a role similar to the objective function in holding optimization, but are more general, no simplification being required to formulate and solve the real  time optimization problem, while measuring road traffic delay determined by priority is obviously needed. A rather detailed evaluation of both waiting and travel time spent by transit passengers is then possible, taking into account the stochastic nature of transit operation, while the deterministic approach adopted in this study in order to measure road traffic delay is likely to oversimplify and underestimate it.
The study of priority and holding strategies lead to several interesting results. Some of them are in line with expectation, like the fact that the best overall performance is obtained by conditional priority adopting intermediate (max and hPmin values, which improve significantly both transit speed and regularity, reducing travel time by 6% and waiting time by more than 9%, at the expense of a 8,3% increase of transversal traffic delay. It is a surprising result, instead, the relatively good performance of holding, which improves waiting time by almost 10%, while still reducing travel time, although by a mere 1,4%. It has however to be considered that: priority requires control hardware on devices whose management is generally separated from transit operation; improving transit performance at the expense of some traffic delay determines complaints and political debate; traffic delay is likely to be underestimated; waiting time is not weighted more than travel time, as usual. At least with reference to the rather basic control strategies which have been compared, thus, holding appears to be a viable alternative to priority for transit operation improvement, unless a strong commitment to pro-transit policies exists.
The first step in further research is to extend the model capability to represent more complex strategies, already formulated for holding and to be defined for priority, by utilizing the operation model developed.

Some other steps can be foreseen at short term, in order to achieve robust conclusions, like carrying out sensitivity analysis in order to verify the results with respect to variation of parameters such as the cycle length, the dispatching headway and the crowding levels and checking the impact of utilizing more complex dwell time models.

In the long run the calibration of operation model and the test of strategies on real world systems is an even more crucial step.
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