Transportation Research Part B 142 (2020) 1-18

% TRANSPORTATION
;

Contents lists available at ScienceDirect

B Ntk

Transportation Research Part B

journal homepage: www.elsevier.com/locate/trb

Strategies for transit fleet design considering peak and )
off-peak periods using the single-line model e

Sergio Jara-Diaz®*, Andrés FielbaumP, Antonio Gschwender?

3 Universidad de Chile and Instituto Sistemas Complejos de Ingenieria, Chile

b Universidad de OHiggins, Chile

ARTICLE INFO

ABSTRACT

Article history:

Received 17 July 2019

Revised 12 September 2020
Accepted 25 September 2020
Available online 10 October 2020

Keywords:

Public transport

Peak off-peak periods
Fleet design

Holding

Transit demand and traffic conditions present relevant differences between peak and off-
peak periods - e.g. flows, trip lengths, congestion - raising a relevant strategic design
choice regarding the potential use of vehicles with different sizes. Here we first revisit the
optimal design using a single-line, single-fleet model, showing that buses should always
run full at the peak but not always at the off-peak. Then we develop a two-fleet strat-
egy (with different vehicle sizes) where one fleet operates the whole day and the other
during the peak period only. This strategy includes holding during the peak (in order to
avoid bunching) by imposing equal cycle times for both fleets. The two-fleet operation has
slightly lower total costs than one-fleet, but exhibits very different effects on users’ and
on operators’ costs across periods. A sensitivity analysis reveals the role played by various

elements and shows that results are robust. Optimal one and two-fleet designs are both
better than optimizing each period independently, revealing economies of time scope.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Urban public transport systems operate daily during periods that exhibit quite different patterns of demand in both space
and time, something that should be taken into account at the design stage. Regarding variations in time, the usual approach
is to represent the day by considering peak and off-peak periods such that, by definition, the peak exhibits the largest
demands (trips per unit time); this, however, is not the only characteristic that varies, as the peak period is usually shorter,
trip distances are longer and congestion is present. How to design in an optimal way public transport services taking these
differences between periods into account is still an open question; in particular, we still need to understand better how the
strategic long-run design, which has been studied in depth for single-period scenarios, is affected.

Despite its relative simplicity, the single-line model has proved useful to analyze general characteristics of public trans-
port systems, helping to identify relevant elements that survive when extensions to networks are considered. This is the
case, for example, with the growth of frequency (Mohring, 1972) and vehicle size (Jansson, 1984) at a decreasing rate as
demand increases, used by Jara-Diaz and Gschwender (2009) to show the unpleasant effects caused by cost recovery, by
Horcher and Graham (2018) to analyze demand imbalance, and by Jara-Diaz and Tirachini (2013) to study the impact of
boarding technology on cycle time, fleet and vehicle size. These and other studies have indeed contributed to unveil rel-
evant properties of transit design, including the paradigmatic Mohring effect (reduction of waiting time as flow increase).
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In these types of analyses based on a stylized representation of a transit system, a number of simplifications and approx-
imations are used. For instance, Horcher and Graham (2018) and Evans and Morrison (1997) dismiss time at stops, similar
to the first model presented by Mohring (1972) in its seminal paper, which implies a constant cycle time independent of
boarding and alighting time. Similarly, acceleration and deceleration of vehicles at stops is typically included in average
speed when the number of stops is not optimized, and detailed bus design (e.g. number of doors) is not included besides
vehicle capacity (boarding-alighting time considered fixed). Notably, when the variation of operators’ costs with vehicle size
is introduced making size a design variable, it is done assuming it is continuous (see Jansson, 1980, 1984; Oldfield and
Bly, 1988; Jara-Diaz and Gschwender, 2009).

In order to study the role played by the difference between peak and off-peak periods on the optimal strategic design
of public transport, Jansson (1984) departed from his own model of one line with passengers distributed homogeneously in
space during an isolated period (Jansson, 1980), and attempted a generalization to two periods noting that the size of the
fleet is given by peak conditions; this makes the peak bear the burden of fixed cost (fleet acquisition), such that operators’
costs during the off-peak are only operational. He imposed, however, the very limiting assumption of equal frequencies in
both periods. Jara-Diaz et al. (2017) dropped this assumption and analyzed the two periods’ case keeping a single fleet op-
eration. Noting that the fleet size is commanded by the peak conditions, they imposed that vehicle size is also determined
by the peak by making buses run full; they obtained that optimal frequencies would differ more than when each period is
solved in isolation, while capacity is in-between those obtained independently by period. They noted, however, that vehicle
size could be determined by the off-peak period under some conditions that do not seem unusual, because a lower fre-
quency might cause buses to run full. “Although fleet is always calculated according to peak conditions (that present larger
flows by definition), bus size could be determined by off-peak conditions if its flow is sufficiently large; this would require
a re-examination of the solutions making size equal to the off-peak requirement” (Jara-Diaz et al, 2017, pp. 73).

Both Jansson (1984) and Jara-Diaz et al (2017) studied the two-period case assuming a single fleet, i.e. all vehicles have
the same size. Nevertheless, as peak and off-peak periods might exhibit very different conditions, it is quite reasonable
to think that using two fleets (of different vehicle size) could introduce relevant degrees of flexibility, reducing total costs
(users’ plus operators’); buses of different size within the same line are indeed observed in many cities. As discussed by
Walker (2012), the off-peak period is much longer than the peak such that the design could well be done considering the
off-peak conditions introducing complementary services at the peak with buses of possibly different capacity. For short, the
two-fleets system has been both proposed and used but a formal analysis is still missing.

A two-fleet operation can be conceived under different combinations, such as using independent fleets at each period,
using only one fleet at the off-peak and complement with a different one at the peak, or using both fleets but at different
rates at each period. In this paper, we will compare the single-fleet strategy against the strategy that considers a comple-
mentary fleet running at the peak (including a holding rule to avoid differences in cycle times). This comparative analysis
will consider as a reference the extremely simple strategy of optimizing each period independently, which is also useful to
study the presence of (period) scope economies. To do a proper and fair comparison, we first have to complete the single-
fleet analysis by solving the case where buses run full at the off-peak period using a single fleet; second we analyze the
strategically optimal design using two fleets, one that will be used during both periods and the other that will be used to
complement service at the peak.

Besides the analyses summarized above made by Jansson (1984) and Jara-Diaz et al (2017), there are other models that
focus on specific aspects of public transport using more than one period. Chang and Schonfeld (1991), for instance, study
the optimal spatial separation between consecutive lines in public transport, minimizing costs that, in one of their specifi-
cations, occur in more than one period. Similarly, Tirachini et al. (2010) compare different public transport technologies in
a model that optimizes angular density between lines considering costs for various periods. Along a different research line,
Glaister and Lewis (1978), De Borger et al. (1996), Proost and Van Dender (2008), Parry and Small (2009) and Basso and
Silva (2014) study the problem of optimal fares and subsidies for public and private transport to achieve an optimal modal
split considering peak and off-peak periods. Fernandez et al. (2005) consider various periods in their analysis of operators
costs only, holding bus size fixed.

The paper is organized as follows. In Section 2 we re-formulate the general two-periods single-fleet model presented by
Jara-Diaz et al. (2017), indicating the assumptions made, summarizing their most important results, and generalizing them
by studying the case in which buses run full at the off-peak. In Section 3 we formulate, solve and analyze the model where
two fleets are allowed. In Section 4, we compare the different systems that can be designed to serve two periods, while in
Section 5 we run a sensitivity analysis on various elements and discuss the role of omitted ones. Section 6 concludes.

2. Single-fleet serving two periods: generalization of previous results
2.1. The one-period model: a synthesis

Before studying the two-periods model it is useful to begin explaining briefly the one-period model formulated by Jara-
Diaz and Gschwender (2003, 2009) that generalizes Jansson (1980, 1984). They studied the optimal frequency f and bus
capacity K for a line of length L that is used by Y passengers per hour, homogeneously distributed along the line, all of
them traveling a distance I, such that the flow F on each section is given by YI/L, yielding a load per bus equal to YI/fL. T is

the time it would take a vehicle to tour the whole cycle if there were no bus stops. Time at bus stops is captured by the
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time t needed by each passenger to board and alight the bus. The (daily) capital cost of a vehicle is given by cpc + ckcK;
operating costs are given by E(cgg + ckxoK), where E is the length of the period. The values of time are p,, (waiting) and p,
(in-vehicle)'.

Assuming that vehicle capacity is just enough to carry all passengers, and expressing cycle time (t. = T + tY/f) and fleet
(B = ft;) as a function of frequency, the total value of the resources consumed (VRC) per day considering a single period of
length E can be written as:

EYpw tl
2f BV =
Y2t EY

T(cac +Ecpo) f + [L (ckc + Ecxo + Epy) + pw2

DY THE M
L

} 7 + T (cke + EcKo)— +tY(cpc + Ecpo) + ———

The first expression for VRC in (1) is useful to describe the model: the first term are the capital costs, the second term
represents the operating costs, while the third and fourth term are users’ waiting and in-vehicle costs, respectively. The
second expression emerges by replacing all the variables to write VRC as a function of fonly, which yields an optimal
frequency given by

Y2t pwEY
L 2
= , 2
! T (cac + Ecpo) @
. . G . Y2t pwEY
which can be synthetically expressed as f = a with G = T(CKC +Ecko + Epy) + 5 and A = T(cpc + Ecpp). The sec-

ond derivative confirms that this result yields a minimum of VRC.

2.2. The two-periods model so far (one fleet)

In Jara-Diaz et al. (2017), VRC was expanded to consider peak (P) and off-peak (N) conditions represented by Y;, I;, E; and
Ti(i = P N), with capital costs incurred only at the peak. Then the value of the resources consumed during two periods,
VRC, is:

YoEp  YAE
VRC, = Bp(cpe + ckcK) + (BpEp + ByEn) (Cgo + CkoK) + =2 ( ’}P” + ”} N ) + &(lptcpvplsp + IntenYnEn)
YoEp  YAE,
= (fpTp +tYp) (cac + ckcK) + [(feTp + tYp)Ep + (fnTv + tYn)En]([CBo + CkoK] + =~ ( I}PP + ’}NN> (3)

Y, Y,
+2 (IPYPEP I:fl + TP:I + INYNENn [fﬂ + TN]) =VRG (K, fp, fn)
L fe In
where the second expression for (3) is formulated as a function of K, fp and fy by properly replacing B; and t,; as functions
of the frequencies.
VRC, should be minimized subject to capacity constraints for both periods, i.e.

a) K> Yolp 2nd b) K> Yy
fel WL
It is easy to see that VRGy(K fp,fy) in Eq. (3) is convex; nevertheless, as we explain in the following paragraph, constraints
(4) prevent the minimum to be reached within the interior of the feasible region. The conditions for finding the optimal
frequencies and capacities, then, are obtained by a careful analysis of the cases in which constraints (4) are active or not.
As VRG, increases with K in (3), it is clear that at least one of the two constraints in (4) has to be active at the optimal
solution. In Jara-Diaz et al. (2017), bus size was assumed to be given by the peak, i.e., the peak constraint (4a) was active
and the off-peak constraint was not. After replacing this value of Kin VRC,, first order conditions for both frequencies were
obtained?. Closed forms were impossible to obtain from the resulting equation of order five, but an analysis using coeffi-
cients like A and G, introduced earlier in this paper, was enough to prove that peak frequency was larger when considering
both periods than when considering the peak period in isolation. This happens because buses are used during both periods,
such that the off-peak operating costs (that increases with K) pushed bus size downwards, a result that emerges because K
is being optimized as well. A similar analysis for the off-peak frequency was inconclusive, but numerical simulations showed
that the off-peak frequency was lower than in the isolated case. Moreover, and precisely because of this (small buses and
low frequency), the numerical analysis suggested that buses could get full at the off-peak. In this case, it is constraint (4b)
that becomes active.

(4)

1 Writing operators’ costs as the sum of capital and operating costs is not necessary when studying only one period; neither is necessary to make the
duration E explicit. We do it here to facilitate the explanation of the two-periods case.

2 Jansson (1984) did not consider bus size K as a factor influencing operators’ cost. He did not obtain a system of equations for the optimal frequencies,
but he imposed equality between them and found an expression for the optimal single frequency.
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0 fn afp
Wy <0 and vy
inequality is explained because bus size increases with peak patronage, so buses are more costly to operate; the second
inequality happens because off-peak frequency increases with off-peak patronage, so it is costlier to have larger buses.

For summary, the two periods analysis in Jara-Diaz et al. (2017) concluded that: i) peak frequency surpasses the off-
peak one by an amount larger than the one obtained when isolated periods are considered; ii) capacity is in-between
those obtained independently by period; iii) the larger the difference across different periods’ demands, the lower both
frequencies; and iv) bus size could be given by off-peak conditions (a case that was not analyzed). Their emphasis was on
understanding the strategic design using one fleet only, which is evidently a limitation.

Finally, Jara-Diaz et al. (2017) analyzed the crossed effects between periods, proving that > 0. The first

2.3. The generalized two-periods model (one fleet)

For a proper comparison of these results against other possible strategies using two fleets, the single fleet analysis has to
be completed first by studying the case where buses run full at the off-peak, a case that was shown numerically possible;
intuitively, this could happen because optimal frequency at the off-peak is lower than at the peak such that buses could
run at capacity under some conditions. The remainder of this Section is devoted to complete the analysis with the case in
which the off-peak constraint is active (buses full at the off-peak), i.e

Yly
fnL

It should be noted that fleet size is still given by the peak, because both cycle time and frequency are larger than at the
off-peak (larger flow, trip length and in-motion time). Then VRC, in (3) can be written as a function of frequencies using
Eq. (5) and the expressions that link fleet size and cycle time with the corresponding frequencies. This yields:

NIN:| Pw (yPEP n YNEN>

K= (5)

VRG, = (fpT, +tYp) (CBC + CKC ) + [(fpTp + tYp)Ep + (fnTn + tYn)EN] |:CBO + Cko

f L fnl fe Iy
Y Y,
4P (IPYPEP I:tl + TP] + INYNEn [fﬂ + TN]) (6)
L fr fn
Following Jara-Diaz et al. (2017) it is useful to re-write Eq. (6) in a more compact form as
VRG, =Apfp+Gp/fo +Anfn + Gn/fn+efe/fn+W (7)

where the explicit expressions for Ap, Ay, Gp, Gy, € and W are

Ap = Tpcpe + TpEpCpo (8)
Ay = TNENCBO (9)
2
Gp= PwYpEp I Py LpEptYp (10)
2 L
Iy Iy Iy YNE INEntYn?
Gy = tYpCycYn— +tYpEpC1(oYN* + [’YNZENCKO + PwIN=N + P NENHIN (11)
L L L 2 L
Yniyn Ynl
& =TpCkc—— L + Tpcko I\;‘NEP (12)
I
W = tYpcpe + tYpEpcpo + TNYNCKOTN + % (YpEplpTp 4 YnNEnINTN) (13)

Regarding constraint (4a) there are two possible cases: active or non-active, i.e. buses run either full or not at the peak.
The following proposition shows that they indeed run full.

Proposition: the peak constraint is active when the off-peak constraint is.

Proof: by contradiction. Let us assume that constraint (4a) is not active. In that case, we just take the derivatives in
Eq. (7) and make them both equal to zero, which yields:

Gn+efp Gp
N=, ——andfp=,/——— 14
U AN U Ap+¢e/fn (14)
These expressions can be compared with the frequencies obtained for each period in isolation, i.e. fj; = f\—” with
i1

2]

Y pwEiY;
Air = Ti(cpc + Eicpo) and Gy = 7(Cl<c+EC1<o+Esz) +=—
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It is quite direct to observe that:

Ap =Apy

AN < Api: no capital costs cpc at the off-peak.

Gp < Gpq: costs associated with bus size, cxc + Ejcko, do not appear in Gp (as bus size is given by the off-peak, changing
frequency does not reduce the bus size).

Gy > Gpyq: the first two terms in Gy, involving Yp and costs associated with bus size, do not appear in Gy;(choosing large
buses is costlier than in the isolated case, because the same buses will run at the peak; so it is better to have smaller
buses).

These relationships show directly that

i) peak frequency fp is lower than fp; (isolated case);
ii) off-peak frequency fy is larger than fy; (isolated case).

Conclusion ii) implies that bus size is lower than in the isolated off-peak case, which in turn is lower than in the isolated
peak case (because K increases with Y). Therefore, the assumption of constraint (4a) not active when (4b) is, leads to a
contradiction: at the peak, frequency and bus size are simultaneously lower than in the isolated case, which cannot occur
and proves the assumption wrong. Q.E.D.

The Proposition implies that buses run full at the peak under every circumstance (it is only the off-peak that may present
both cases). Therefore it always holds that

Yplp
fP - ﬁ
So (4a) is always active. We know from Jara-Diaz et al (2017) that (4b) might be active as well, but the case in which

both constraints are active has not been yet analyzed; let us do it. Combining Eqs. (15) and (5) we obtain an expression for
fp as a function of fy:

Ynln
This confirms that the peak frequency has to be larger than the off-peak one, because both Yp > Yy and Ip > Iy; their
ratio replicates the ratio between the corresponding passengers-kilometers traveled per hour. Thus, contrary to Jansson’s
intuition, it is never optimal that frequencies are equal across periods.
Using (9) the value of the resources consumed can be expressed as a function of fy only:

Ypl Ynl Ypl
VRG, = <Apyplp +AN>fN+ (GN+GP NN)fN + & ﬁJrW (17)

(15)

fr= v (16)

As VRC, is a convex function of fy first order condition yields a minimum at

l PwYn(En + Eply/1
tYpCicYn — + w(En + Epln/’p) + [EpYp + EnYn]tYn (In/L) (cko + Pv)

fi= L 2 , (18)
InEncgo + TpcpcYplp/ (YnIn) 4 TrEpCaoYplp/ (YnIn)

Then, by virtue of Eqs. (16) and (5)

3 pw Enl3/In + IpEp
tYpCxc - + y + [EpYp + EnYy]t (I3/L) (cko + Pv)
fieve L 2

TnEnceoYnln + TpcpcYplp + TpEpcpoYplp

YnTnINEnCro + TpCacYplp + TpEpCpoYplp

5 Pw(En + Epln/lp)
tYpcycLl + L —2

+ L[EpYp + EnYn]t (Cko + Pv)

The comparison between the expressions for fy and f; with those given by the corresponding isolated ones can be done
by looking at the (expanded) generic version of the optimal isolated frequencies for one period, shown in Eq. (21):

(pW LY (li/L) (PoEi + cic + CrokEi ))
\ T (cpc + Eicpo)

fa= (21)

The analytical comparisons between optimal frequencies in Eqs. (18) and (19) with the corresponding expressions of
Eq. (21), lead to inconclusive results because they depend on the values of all parameters. Instead, a numerical comparison
is offered in Fig. 1 using parameters that are representative of Santiago, Chile (shown in the Appendix), varying Yp from
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Fig. 1. Comparison of peak and off-peak frequencies considering joint optimization against isolated optimization.

16,000 to 20,000 keeping Yy=14,000 in Fig. 1a, and varying Yy from 26,000 to 35,000, keeping Yp=40,000 in Fig. 1b. 3
Ranges are chosen such that the off-peak constraint is always active at the optimum (i.e. Eq. 5 holds).

From Fig. 1 we obtain that, numerically, f; > fp1 and f3 < fy1, the same results obtained in Jara-Diaz et al (2017) (shown
analytically for f3), when (4a) was assumed to be active - which we now know is always true at the optimum - and (4b)
was assumed to be non-binding - which we now know might happen or not, depending on the parameters. Fig. 1 also
shows that the relations analytically found for the crossed effects between frequencies and flows hold in this case as well,
ie.

U g Un
aYy aoYp

As by definition Yp > Yy, these equations show that when flow i approaches flow j unilaterally, frequency j increases.
The intuition behind this is related with the relative values of flows across periods: when they get closer to each other in
magnitude, the day becomes more homogeneous and approaches a single extended period, making capital costs weigh less.

Regarding bus size, although Eq. (20) shows that K could increase or decrease when either Yp or Yyincreases, Eq. (22) im-
ply that

K K
av, =0 gy, <0 (23)

In this case, when flow i approaches flow j unilaterally (i.e. when Yy increases or Yp decreases) bus size decreases. This
could be interpreted in terms of the parameters involved in Eq. (20), particularly for the off-peak flow effect:

>0, <0 (22)

- When Yp increases, bus size has to increase just as in the single period case.
- When Yy increases, it is better to reduce bus size in order to reduce the time spent at bus stops.

Now that the case in which off-peak buses run full has been presented, we can make an analysis holding Y = Yp + Yy
fixed, in order to examine the total effects of flow variations when they get closer. These effects can be seen in Fig. 2,
where Y = 40, 000 and Yy/Y varies from 5% to 48%. As the off-peak flow increases while decreasing the peak flow, off-peak
frequency increases because of a direct effect and the corresponding crossed effect (Eq. 22). In the case of peak frequency,
it is pushed upwards because of the crossed effect and downwards because of the decrease of Yp (direct effect); this last
effect prevails resulting in a slight decrease. Bus size decreases because both effects represented in Eq. (23) work in the
same direction.

Fig. 2 reveals a slight but evident change of slope in the three curves represented when the ratio Yy/Y reaches 0.42,
which is the value where constraint (4b) becomes active, i.e. when the off-peak buses start to be full. This motivates an
examination of the conditions on the flows that make constraint (4b) active. Such conditions cannot be found explicitly, as

3 The chosen figures and ranges are representative of corridors in Santiago, where the most loaded section in the highest demand corridor is crossed
by a flow F equal to 15,000 and 5,000 pax/h in one direction during peak and off-peak periods respectively, which means that total demands Y entering
the corridor are 60,000 and 40,000 pax/h respectively, considering the average trip and route lengths given in the Appendix (recall that F = YI/L). Santiago
concentrates about one third of the Chilean population and is quite extended. According to the last OD survey, 2.8 trips per person are made, 65 % by
public transport except in the north-east rich area (27%). If approximated by a circle, the diameter would be some 40 Km. Measured average trip length
indeed differs between peak and off-peak but both are quite large.
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they depend on the relationship between frequencies and flows when only constraint (4a) is active, and they are linked by
an equation of degree 5 (Jara-Diaz et al., 2017). The conditions on the flows are represented numerically in Fig. 3, where
the yellow zone represents the combinations of flows that activate constraint (4b) while the pink zone contains the points
where the constraint is not active; within the white zone Yy is larger than Yp and does not belong in the analysis.

The dotted diagonal line in Fig. 3 shows the combinations used to construct Fig. 2, i.e. where total demand
Y = Yp + Yy = 40, 000. The solid diagonal line represents Y around 24,000, a level at which the yellow zone emerges
and begins to grow, meaning that it becomes more likely that off-peak buses run full. This can be explained by looking at
the growth of Yy at every level of Yp; by virtue of Eq. (23) buses get smaller and eventually get full (for a large enough Yp)
in spite of the increase in off-peak frequency. Note that, irrespective of the peak flow, buses at the off-peak never run full
for off-peak flows lower than 10,000 pax/hour.

3. A two-fleet strategy

So far we have dealt with models that assume that all vehicles have the same size (one fleet), such that the whole fleet
is used during the peak and a subset during the off-peak. Given the differences across periods, the use of two fleets of
different vehicle sizes is a reasonable alternative to explore. But this approach has, in turn, many alternatives. The simplest
one is the design of one fleet for each period, which evidently generates idle capacity and suggests possible advantages if
one fleet is used (at least partially) during the other period as well. So, a better alternative could be to design two fleets
simultaneously: one that runs alone in the off-peak - the “small” buses - and other that runs as a complement during the
peak only to satisfy the (larger) demand. Let us analyze this alternative.

The simultaneous operation of vehicles of different size during the peak means that the large ones would spend more
time at stops because they carry more passengers, which would imply that their cycle time could also be larger. This would
induce at least three undesirable effects:
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BUS STOP;

Fig. 4. Graphical description of the holding strategy.

- It is a well-known fact that different time at stops might induce bunching (see, for example, Newell, 1974). The explana-
tion in our case is quite simple: if a large bus is followed by a small bus, the temporal headway between them is going
to be reduced after each stop, just because the large bus is spending more time there.

Headways between consecutive buses are not constant in time, which means that the system becomes much more irreg-
ular. Headway variability is an index of unreliability and has been shown to be a very relevant (negative) quality factor
for users by many researchers (like Friman et al., 1998; Beirdo et al., 2007; Redman et al., 2013), such that regularity has
merit in itself.

A particular aspect of the headway variability condition is the chance that some buses might get full, forcing passengers
to wait for the next bus. This is also likely to happen when headways change over time because longer headways induce
a larger amount of passengers accumulated at the bus stop.

So, letting the system operate uncontrolled is a bad strategy. To avoid the harmful effects aforementioned, some actions
need to be applied to induce equal cycle times across fleets in the peak. In this model we will use a holding strategy (that
has been well studied in other contexts, such as Osuna and Newell, 1972; Daganzo, 2009), simply consisting in forcing small
vehicles to have the same time at stops as large vehicles. This can be done by waiting with their doors closed for a fixed
time (after the passengers have boarded) before leaving the stop?, as illustrated in Fig. 4.

Therefore, there is a trade-off when buses of different size are introduced: if they are too similar, buses will be too large
at the off-peak; if they are too different, the time spent holding would be large. The system studied in Section 2 can be
considered an extreme case in which buses in the off-peak have the same size as those of the peak, possibly running below
capacity at the off-peak. Let us now study in detail the other extreme case, in which there is a fleet of small buses, all of
them running full at the off-peak; large buses run only at the peak and always run full because there is no cost advantage
otherwise. Solving this problem with the holding strategy at the peak is quite complex but provides all the elements to
understand neatly the differences between the single-fleet and the two-fleets cases.

To describe the equations that govern the operation of the system, let us introduce first some notation. Bs and B; will
denote the size of the small and large fleets respectively, such that Bs + B; buses will be running at the peak and Bs at the
off-peak. Vehicles capacities are Ks and K; respectively. We will not describe operational rules at the off-peak, as this period
can be represented by the traditional one-line model provided capital costs are correctly adjusted to avoid double-counting.
At the peak, headways hs and h; are going to be used instead of frequencies (which are not particularly informative in this
case); h; represents the time elapsed between the instant in which the previous vehicle (that might be large or small) closes
its doors and the instant in which the current type i vehicle does. In other words, hs and h; represent the period during
which passengers arrive at the bus stop to board the corresponding vehicle. Note that: 1) under this definition, the time
spent by a small bus at the stop with its doors closed is not part of its headway in that stop; it belongs to the headway
of the next bus, 2) the headway between two consecutive buses depends only on the size of the second bus. The operation
with headways as defined above is represented in Fig. 5 in a space-time diagram with three red large buses, two green
small ones, and three stops. Let us describe the operation at the first stop, starting with the large red bus that arrives at b
and gets those passengers that arrive between a and c. The following (first small green) bus gets passengers arriving from
c to d, and the second small green one receives those passengers arriving between d and f. Note that the time that the
first green small bus spends holding (d to e) belongs to the "headway" of the following (green small) bus, that lasts until

4 A literal application of this rule could raise complaints from the users on board. Nevertheless, it can be changed to some equivalent rules that do not
affect the equations deduced here, such as diminishing the speed of the small buses during the peak period.
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Fig. 5. The holding strategy at the peak.

doors are closed at f, when holding begins. The next red large bus receives the passengers arriving from f to g. This process
replicates in the other stops and continues in time.

During the peak period a total of Yp passengers arrive per unit time such that the number of passengers that ride a
particular vehicle type during a cycle can be expressed as Yph;; then total time spent at the stops is tYph;. Equality of cycle
times t. of both types of vehicles imply

Tp +tYphs + H = t. = Tp + tYphy, (24)
where H is the total holding time spent by each small vehicle in a cycle. We will show that the VRC can be expressed as

a function of B; and Bg only, as vehicle sizes and headways can be written as functions of the fleet sizes. To do this, let us
begin noting that vehicle sizes are given by

l I
K = YPth”, Ks = thsf (25)
To calculate the average waiting time, note that if the next bus is of type i, passengers will wait from zero to h;, such that

in average they wait for h;/2. A proportion __KBi of the users take a bus of type i, which yields an average waiting
KBy + KsBs
time given by
B K, hy BsKs hs
w = — = (26)
B K} + BsKs 2 B K} + BsKs 2
Eqgs. (25) and (26) yield
1 B h? + Bsh?
LIty + bg S (27)

w = E BLhI_ + Bshs
Under this formulation waiting time for passengers boarding a small vehicle includes the time waiting for other pas-
sengers to board as is usually done, but, once the doors are closed, time until departure is considered as in-vehicle time.
Following Jansson (1980) and Jara-Diaz and Gschwender (2003), time waiting for passengers in other stops is always in-
vehicle time for those already aboard the bus. Then in-vehicle time can be expressed as:
lp

I
ty = pte= 7 (To+tYphy) (28)

So far, we have expressed the components of the users’ costs as functions of both fleet sizes and headways. Operators’
costs - that depend on fleet sizes and vehicle sizes - can also be expressed as functions of B; and h; using Eq. (25). Two
additional equations will allow us to have fleet sizes as the only variables. The first one is a different way of calculating the
cycle time:

tc = Bihy + Bshs (29)

To understand where does this come from, imagine a user observing which bus to take during a lapse of time that lasts
tc. This user will observe each of the B; large buses as the next one coming during a lapse h; (and equivalently with each
small bus). Eq. (29) can also be written as t. = (B, + Bs)h, i.e., cycle time equals total fleet times average headway.

9
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The second equation comes from the fact that small buses have to fulfill off-peak conditions. The relationship between
fleet and vehicle capacity obtained for the single period model by Jansson (1980) and Jara-Diaz and Gschwender (2003) do
apply in this case; therefore

InYn Ty

Ks = L(Bs — tYy) (30)
Egs. (25) and (30) reflect the fact that all buses are full in both periods. Combining those equations yields
Bs — tY,
Yolphs—>——" = Yyly (31)
Iy

Egs. (24)—(31) are sufficient to make VRC a function of fleet sizes only, i.e. VRC(B,Bs). In Eqs. (32)-(34) we show the value
of the resources consumed during each period, VRCy and VRCp, and the capital costs of small buses that are assigned to the
whole day, VRCp. The fact that large buses operate during one period only (and, therefore, depreciate at a slower rate) is
reflected by the operating costs coefficients that are multiplied times the duration of the period.
lN BsTN

+ YNPVT Bs—tY

(32)

_ v
2(Bs —tYy)

INYnt
VRCy = BsEy (CBO + L(BSN—NtYN)CKO) + Ynpw

Ip BsYnINTy — TpYplp(Bs — tYy)
VRCp = By | cac + EpCo + Yp— cxc + Epc +
P L( s+ ErCoo + Yo T =5 B i) (2, — By) (ckc + Epcko })
2 2
) (BSYNINTN — TpYplp(Bs — tYy) B INYnTN
INYnt Yplp(Bs — tYn)(tYp — By) lpYp(Bs — tYn)
B Epcgo + LEPCKO + yppl b (33)
L(BS - tYN) 2 B BSYNINTN — Tprlp(Bs — tYN) B ( lNYNTN )
s

Y Yplp(Bs — tYy) (tY, — By)
lp BsYNlNTN — Tprlp (Bs — ny) INYNTN
Yppy—BL Bs
L Yplp(Bs —tYn)(tYp — By) lpYp(Bs — tYn)

INYNI'
VRCp = Bs (CBC + L(Bs—[’YN)CK) (34)

lep (BS — tyN)

First order conditions for Bs and B; yield a system of equations of degree at least 5, such that no analytical solutions
are possible. It is clear, however, that VRC = VRCy + VRCp + VRCp achieves a minimum, because it is a continuous positive
function that goes to infinity either if the fleets are too large, i.e. when Bs — oo or B, — oo, or if they are too small,
when Bs — tYy or B, — tYp, which are the lower bounds for the fleet sizes (recall that, as discussed just before Eq. (1),
B = ftc = fT + Yt).> A numerical approach is used to analyze the optimal values of fleets and vehicle sizes, using the same
parameters as in the one-fleet case, shown in the Appendix (representative of Santiago). Fig. 6 represent the optimal values
for these variables as a function of the off-peak (6a, with Yp = 40, 000) and the peak (6b, with Yy = 8, 000) passengers
flows; the figure also shows the values of the corresponding vehicle sizes (6¢c and 6d), showing interesting results including
some intuitive ones, e.g. buses added at the peak (the so-called “large” buses) resulted actually larger than those that run
all day (the “small” buses).

As expected, the fleet of small buses and their size increase with the off-peak flow, and the fleet of large buses and their
size increase with the peak flow, i.e.

0Bs JIKs dB; JdK;
- > s > o > 5 >
aYy oYy oYp aYp
Additionally, as the off-peak flow increases not only the fleet of small buses increase but also their size. As these vehicles
also run at the peak, a larger off-peak flow reduces both the number of large buses and their size.
0B o 0K
aYy oYy
Finally, Fig. 6b and 6d also show that the fleet of small buses and their size are practically insensitive to the peak flow,
although actually the fleet decreases and vehicles size increases by a very small amount, i.e.

0Bs .., 0Bs JKs .., 0Ks

—— ~ 0,with-— < 0; -~ ~0,with—>

aYp Y, Y e

The results reflected by Eqgs. (35) and (37) indicate that an increase in the peak flow is covered by having more and
bigger large buses, and - in a less relevant way - by having fewer and larger small buses, which can be intuitively explained

0, 0, 0, 0 (35)

<0,

<0 (36)

0 (37)

5 This shows the advantage of analyzing the case where small buses are assumed to run full at off-peak. Otherwise Eqs. (30) and (31) would not hold,
increasing complexity not only in terms of optimality but also in terms of the intuition behind the numerical results. The advantage of this analysis is
further explained in Section 4.
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Fig. 6. Optimal fleets and vehicle sizes as a function of flow.

as follows. First, the combination of these changes contributes to increasing the average size of the vehicles: large buses
become larger, small buses become larger and the percentage of large buses increases. Second, the model adjusts mostly the
large buses in order to avoid an unnecessary impact on the off-peak period, whose conditions remain unchanged. Never-
theless, as the difference between the vehicle sizes of the two types of buses increases, so does the holding time for small
buses, which is inefficient; this is why the number of small buses also increases slightly.

The points in which peak and off-peak flows become close in Fig. 6 are also quite interesting. Let us focus on the left side
of Fig. 6b, where Yp = 10, 000 and Yy = 8, 000, but the fleet operating at the peak (Bs + B;) more than doubles the off-peak
fleet Bs. This is partially explained by slower buses at the peak due to congestion (peak period’s speed is assumed to be
% of the off-peak one), and by the time at stops at the peak, commanded by large buses, such that small buses become
inefficient because they have to spend time holding. The costs imposed by holding are neatly shown by this seemingly
paradoxical situation.

4. One or two fleets? Comparison of the models

In this section we analyze which strategy to face the two-periods design problem is better: the single-fleet design (buses
of one size running all periods) against the two-fleets designs, including not only the one developed in Section 4 but also
the basic case of one independent fleet per period, whose design corresponds simply to solving twice the classic single
period case.

Let us begin comparing the two systems analyzed in this paper, recalling that in the single-fleet case buses may run full
or not at the off-peak depending on the relative values of the flows. Numerical results were obtained for Yp € [10, 000;
40, 000] keeping Yy = 8, 000, using the value of the parameters shown in the Appendix. By looking at Fig. 3, this means
moving within the pink zone, i.e. where buses do not run full at the off-peak, when a single fleet is used. Results show
that total costs for the one-fleet system are always larger than the two-fleets case, but by less than 0.7%, as shown in Fig. 7.
There, the cost difference diminishes towards the extremes: at the beginning of the curve, both systems yield almost equal

1
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costs because peak and off-peak flows are almost equal; when the peak flow is much larger than the off-peak, it is the peak
that dominates the cost calculations in both cases.

The small difference in total cost does not provide the full picture of the comparison between the one-fleet versus two-
fleets designs. In order to understand better the results shown in Fig. 7, in Fig. 8 we disentangle the differences between
the operational characteristics of both strategies; as in Fig. 6, we put the one-fleet characteristics in the numerator and the
two-fleet characteristics in the denominator.

Let us view Fig. 8 from the perspective of operators’ costs first, recalling that they depend on the fleet size and the
number of seats, i.e. B and BK (one-fleet case) or BsKs + B;K; (two fleets case). Fig. 8a shows that the one-fleet system has
to use more buses of a smaller size. Note that technology plays a role here: for instance, if autonomous vehicles are used
in the future, the size of the fleet will be less relevant (because of no wages), improving the relative performance of the

one-fleet system. Regarding users’ costs, in-vehicle time includes time in motion and time at stops; the former (Tizl in each

period i) bears the largest proportion and does not depend on the design decisions, which is why in Fig. 8b we show only
the time at stops besides the waiting time ratios. It reveals that the two-fleet design involves less waiting in spite of more
time at stops caused by the holding strategy.

In Fig. 9 we expand the analysis done using Fig. 8, by looking at what is happening at each period separately. At the peak,
all the vehicles are being used (in both systems), such that we should look only at the components of users’ costs. Fig. 9a
shows that peak users are much better under the one-fleet system; this is explained because the two-fleets system use less

12
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vehicles (decreasing the frequency), and spend more time at stops due to the holding strategy (that forces all vehicles to
behave as the very large ones).

Regarding the off-peak, Fig. 9b shows that operators’ characteristics are reversed with respect to Fig. 8a, i.e., the one-fleet
system presents a smaller fleet of larger vehicles. Smaller vehicles are explained by the flexibility of the two-fleets system
(as this type of vehicles is not covering the whole demand at the peak), which induces a larger fleet; this, in turn, explains
the lower waiting time and time at stops (Fig. 9c) of the two-fleets system, where only one curve is needed as waiting time

is =——

2 fns

ngz' us synthesize this analysis by stating that both systems present total costs that are very similar; nevertheless, they
work under different conditions for operators and users. Peak users are favored by the one-fleet system, and off-peak users
would prefer two fleets. On the other hand operators should provide more buses but less seats if the one-fleet system is
used. This implies, for instance, that if there were reasons to assign peak users a larger weight than off-peak ones, decision
makers might want to choose a single fleet rather than the slightly better two-fleets system; alternatively, a larger weight
on off-peak users would increase the relative advantages of the two fleet-system. It is relevant to recall here that, as proven
by Jara-Diaz and Gschwender (2009), a budget constraint imposed on the transit system design results in different weights
on users and operators costs, inducing a smaller than optimal fleet of larger than optimal size, modifying the comparison
between strategies.

As advanced in the previous Section, one could consider that the small buses do not run necessarily full at the off-peak,
i.e. they could be a bit larger, aiming at the reduction of the holding time at the peak, which would increase substantially
the mathematical complexity of the model, diminishing intuition. However, as such model lies in-between the two models
studied in this paper, we can conclude that if it was compared against the one-fleet model, the curves in Figs. 8 and 9 would
keep the same signs but would be closer to 1; the tight differences between the operational characteristics revealed in
Figs. 8 and 9 imply that total costs would diminish just slightly.

What about the two-fleet system optimizing each period independently? The system that optimizes each period in iso-
lation does not take advantage of the obvious scope economies associated to running one bus during two periods, but fleets
can be adapted to demand exactly. In Fig. 10 we compare the total costs of the three designs using the two-fleets system
with holding as the reference to construct the ratios (same parameters as in Fig. 7): “independent periods” system (grey
line) and the one-fleet system (green line). As expected, the independent periods design yields the worst results, although
differences are quite small for the three systems (less than 1%). As the time spent by passengers in the buses in-motion (i.e.
not in the stops) is independent of the design, it can be subtracted to highlight the differences, which yields that optimizing
periods independently can increase costs by about 5%. Numerical analysis shows that this difference is explained mostly
by operators’ costs (losing economies of scope); actually, users’ costs are slightly lower in the system that optimizes each
period in isolation. The degree of economies of scope (defined as the proportion saved by serving both demands jointly
instead of independently) can be as high as 0.018 for 10,000 pax/hr at the peak.

and the time at stops is }J'F[’TIPL’ for both systems i such that the ratios are identical.
1

5. Sensitivity analysis and the role of other elements

A sensitivity analysis regarding selected variables is shown in Fig. 11, including period duration, running time, trip and
line length, boarding time, and values of time and operators’ costs. The first global conclusion is that the results presented

13
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Fig. 10. Comparison of the three systems.

earlier are robust in the sense that two-fleets operation remains superior to one fleet, but by a very little margin. The
second global conclusion is that in the neighborhood of the chosen Santiago-like parameters the effects are monotonic,
always increasing or decreasing the small advantages of the two-fleet strategy. So it is worth analyzing the specific effects
of each parameter in order to gain intuition regarding the operation of both systems.

The first row in Fig. 11 shows the effect on the cost ratio (one-fleet/two-fleet) as three parameters grow: length of
the peak period (shorter than the off-peak), running vehicle time at the off-peak (shorter than at the peak, due to streets
congestion), and average length of users’ trips at the off-peak (shorter than at the peak). Then in all three cases the growth
of the corresponding parameter means that their difference between the two periods diminishes, such that the resulting
monotonic reduction in the cost ratio is rather intuitive.

The fourth figure shows that the advantage of the two-fleets system increases with route length. This happens because
the time at stops becomes less relevant, i.e. the disadvantage of this system due to the holding diminishes. This also explains
the effect of in-vehicle time value in the sixth figure, as it increases with discomfort on board such that the time spent
holding weighs more, increasing users’ costs of the two-fleets system. We have already shown that the one-fleet system
presents higher waiting times, which explains the effect of the waiting time value (sixth figure) directly.

The seventh and eighth figures deal with some of the operators costs’ parameters. As explained above, the one-fleet
system use more buses, which is why it responds worse to an increase on the capital cost per bus. Although the one-fleet
system has a lower total number of seats, it also responds worse when the operating cost per seat increases, which high-
lights the advantages of keeping the large buses out of the streets during the off-peak. The last figure deals with boarding
and payment technology, that influences the value of t - the average boarding-alighting time - as studied by Jara-Diaz and
Tirachini (2013); the figure reveals that when t increases, the time spent holding also increases, affecting mostly the two-
fleets system.

Finally, it is worth looking at the comparison of total costs when flows are not as large as in a corridor but distributes
along more than one street or avenue, as in this case observed frequencies will be lower and the two-fleet design should be
more advantageous. In Fig. 12 we show the numerical results obtained for Yp € [4, 000; 20, 000] keeping Yy = 2, 000 and
using the value of the parameters shown in the Appendix. This means moving along a horizontal line close to the bottom
of Fig. 3 within the pink zone when a single fleet is used (buses do not run full at the off-peak). In terms of total costs, the
advantage of the two-fleets system remains and increases slightly regarding the large flows case, but varying between 0.72%
and nearly 1.1 %. Again, the cost difference diminishes towards the extremes: when peak and off-peak flows are closer, and
when the peak flow dominates the cost calculations in both cases. The main conclusions remain.

As discussed earlier, the single-line model has been used as a stylized representation of a transit system that permits
an analytical formulation of the basic relationships that command that system, in order to study some structural properties.
As shown in Jara-Diaz and Gschwender (2003), including all elements or detailed technical relationships make it difficult
to focus on specific basic aspects of transit design, as is the case when analyzing two periods, were some variables are not
subject to the designer’s scrutiny or left out of the description. We offer here a discussion on how they could impact the
results obtained.

- Optimization of the bus stops: some models (e.g. Mohring, 1972) optimize the distance between bus stops, in order to
find the best equilibrium between buses’ commercial speed and users’ walking times. For a given strategy, our results
hold as long as the same stops are used during both periods, which is the usual case in most systems in the world.

- Crowding: Jara-Diaz and Gschwender (2003), as well as Horcher and Graham (2018), include the discomfort induced by
crowding in their single-line, single-period models, by multiplying the in-vehicle unitary costs p, by 1 + 6k/K, where

14
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k is the actual load of the vehicles and 6 is another parameter. As expected, vehicle size is affected depending on the
relative values of € and the corresponding operators’ cost parameter, which could yield an inactive capacity constraint
depending on the relative value of 8 and the marginal effect of K on operators’ costs. This could happen (equations 4)
in the two-periods case for the single-fleet strategy; if at least one of the constraints is active (which is expected, as
buses usually run full during the peak), the analyses studied here remains valid. Under the two-fleets strategy vehicles
run full at both periods such that introducing discomfort by crowding will likely affect sizes of both types of vehicles.
The relative variation of total costs under the two strategies is likely to depend, again, on 6 and the marginal effect of K
on operators’ costs.

- Spatial imbalances: besides the temporal differences studied here, there are differences between passenger flows in op-
posite directions of the transit line. Including both in the analysis is a quite complex task. For example, Horcher and
Graham (2018) use the classical single-line model adjusted for a simple (spatially) unbalanced scheme. To obtain conclu-
sions they have to omit (for simplicity) time at stops, which is crucial for our analysis; their omission simplify matters
as it makes the quadratic in flow term disappear because that term is commanded by boarding-alighting time (see our
Eq. 1). With flow imbalance fleet size and vehicles’ capacity will be influenced not only by Yp and Yy but also by the
maximum load at each period. However, waiting and in-vehicle costs excluding time at stops still depend on the total
number of passengers and not on their distribution; time at stops increases when the demand is unbalanced, because
passengers in the most loaded direction (the majority) would spend more time at stops and the others would spend
less. As time at stops is particularly relevant in the two-fleets strategy (due to the holding and the presence of larger
vehicles), it is expected that this strategy becomes more affected.

6. Synthesis and conclusions

In this paper we analyzed and compared two strategies to design frequencies and bus sizes for a single-line scheme that
faces two periods, peak and off-peak. One strategy that uses a single fleet - in which only vehicles of one size serve both
periods -, and another strategy that uses two fleets - in which small vehicles operate during both periods, complemented
by larger vehicles during the peak.

The one-fleet strategy was based on the analysis of the single-line two-periods model introduced by Jara-
Diaz et al. (2017), where bus size was determined by the peak. It was completed here by adding the case in which bus size
is determined by the conditions in the off-peak period in spite of a demand that is lower than in the peak by definition. We
concluded that buses always have to run full at the peak but not always at the off-peak; the conditions under which each
case holds were analyzed. Numerical and analytical results show that previous findings from Jara-Diaz et al. (2017) where K
was optimized as well, hold also in this new context:

- Off peak frequency is lower and peak frequency is larger than in the respective isolated cases; the size of the vehicles
lies in between those of both cases.

- Peak frequency increases if off-peak flow increases, but off-peak frequency decreases if peak flow increases; the more
similar the flows, the larger the frequencies.

The two-fleet strategy exhibits more flexibility to respond to the differences between flows. However, two vehicle sizes at
the peak imposed a new difficulty: different time at stops waiting for passengers to board and alight. To face this problem
and avoid having different cycle times, a holding strategy was imposed, namely that the smaller vehicles should wait at
the bus stops (after passengers board the vehicle) a lapse of time that makes the time at stops equal to that of the larger
vehicles.

Explicit equations involving the design variables were establish and manipulated in order to express the value of the
resources consumed as a function of both fleets. The analysis revealed that if the off-peak flow increases, more and larger
small buses are necessary (they are the only ones serving the off-peak flow), which yields less and smaller large buses to
serve the same peak flow together with the more small vehicles available. If the peak flow increases, average vehicle size
increases by having larger buses (for both categories) and by increasing the percentage of large buses, which is achieved by
having more large vehicles and less small vehicles; changes in the small vehicles are mild, such that the off-peak service
(whose flow is unchanged) remains similar. This small change happens to be better than no change at all, because it controls
the increase in holding time.

Comparison between these two systems showed that the two-fleets strategy with holding is slightly superior. Although
they yielded very similar total costs, they are caused by different operational attributes. The one-fleet system is better for
peak users and worse for off-peak users, while presenting a larger fleet with less total seats (smaller vehicles in average).
Regarding operators, their cost is smaller with two fleets, such that a financial constraint could reinforce this strategy (Jara-
Diaz and Gschwender, 2009). These differential effects across the different agents involved are relevant for decision makers,
which could assign different importance to the different groups. Examining the effect of financial constraints and weights
assigned to different users is indeed something worth exploring in the future.

These systems were also compared with a design based upon the optimal operation of each period independently which
happened to be the worst option, mainly because of larger operators’ costs. This intuitive fact verifies the existence of scope
economies regarding heterogeneity between peak and off-peak periods. A sensitivity analysis on various parameters (e.g.
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route and trip lengths, boarding time, time values and operating costs) and on the flow levels revealed that the results and
conclusions obtained are quite robust.

The results obtained in Jara-Diaz et al. (2017) and here reveal several structural effects induced by considering the differ-
ences in passengers’ flows, distance travelled and vehicle speeds between peak and off-peak periods. As this has been done
on a single line, a relevant direction for future research is studying these issues on a network. By doing so, an important
methodological difference will be the emergence of line structures (the spatial arrangement of lines) as a design variable,
that could or could not stay unchanged across periods. As that design is much more complex (as shown, for example, by
Borndorfer et al.,, 2007) than single-dimensioned continuous variables like frequencies, it is worth studying second-best
solutions, namely optimizing one-period in isolation and adapting the other period to that solution.

Finally, the strategic results presented here have been obtained assuming that vehicle size K is a continuous variable. As
buses are available in a limited number of sizes (say small, medium size, large and very large) it might well be the case
that two fleets operating during both periods becomes the best strategy, which is yet another path to explore.
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Appendix. Parameters for simulations

Parameter  Value

Ep 5 hours

En 13 hours

Tp 2 hours

Ty 1.5 hours

t 2.5 seconds

Ip 10 km

IN 5 km

L 40 km

Coe 4.14 US$

Cxe 0.45 US$/seat
CBo 1.32 US$/hour
Cko 0.1 US$/hour-seat
Py 1.48 US$/hour
Pw 4.44 US$/hour
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