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Abstract

In this paper, we show that the cost of an optimal train journey on level track over a fixed
distance is a strictly decreasing and strictly convex function of journey time. The precise
structure of the cost—time curves for individual trains is an important consideration in
the design of energy-eflicient timetables on complex rail networks. The development of
optimal timetables for busy metropolitan lines can be considered as a two-stage process.
The first stage seeks to find optimal transit times for each individual journey segment
subject to the usual trip-time, dwell-time, headway and connection constraints in such
a way that the total energy consumption over all proposed journeys is minimized. The
second stage adjusts the arrival and departure times for each journey while preserving
the individual segment times and the overall journey times, in order to best synchronize
the collective movement of trains through the network and thereby maximize recovery
of energy from regenerative braking. The precise nature of the cost-time curve is a
critical component in the first stage of the optimization.

2010 Mathematics subject classification: primary 49K 15; secondary 26A48, 26A51.
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1. Introduction

1.1. Motivation and main contribution We consider the properties of the cost—
time curves for an optimal train journey over a fixed distance on level track. Our
study is motivated by the consideration of a typical metropolitan train journey which
stops at a succession of intermediate stations while travelling from an initial station
to a final station. It is a common practice to seek a driving strategy that minimizes
the mechanical energy required to drive the train over each section of track between
consecutive stops, subject to the associated section-specific maximum allowed running
time. In order to minimize overall energy consumption for the entire journey, the
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sectional running times must be designed appropriately. To do this, it is necessary to
understand the structure of the cost—time curves for the optimal driving strategies on
each section of the track.

Our main contribution is to show that for a fixed-length journey on level track,
the cost function for the optimal strategy is a strictly decreasing and strictly convex
function of journey time. We shall refer to the corresponding graph of cost against
journey time as the cost—time curve. Our contribution is aptly described by the

remarkable formula
dJ

= V) <0, (L1)

where V,, > 0 is the optimal driving speed, T is the time taken for the journey and
J is the cost of the journey. The function ¥(v) = v?#'(v) is a nonnegative strictly
increasing function that depends only on the resistive acceleration per unit mass r(v)
at speed v. The research in this paper is directly relevant to recent work on train
separation [4, 5] where a leading train and following train are not permitted to occupy
the same section of track at the same time, but are both required to use energy-efficient
driving strategies. It is also relevant to unsolved problems of timetable optimization
on busy metropolitan rail networks [8, 16, 17], where it is desirable to reduce energy
consumption while retaining acceptable journey times.

1.2. Previous work For a given section of track and a fixed feasible journey time,
the structure of the optimal driving strategy for a train is well understood. For details,
we refer the reader to key papers by Albrecht et al. [1-3], Cheng and Howlett [6],
Howlett et al. [9-12, 14], Khmelnitsky [15] and Liu and Golovitcher [18] and the
book by Howlett and Pudney [13]. For each given journey time, the optimal strategy is
characterized by a uniquely defined optimal driving speed. In general, the archetypal
optimal strategy on a given section of the track for a journey that starts and finishes
at rest with no intermediate stopping points is a maximum acceleration—speedhold at
the optimal driving speed with partial acceleration—coast—-maximum brake strategy,
except that the speedhold with partial acceleration phase must be interrupted by
phases of maximum acceleration to traverse steep uphill sections and phases of coast
to traverse steep downhill sections. If energy can be recovered from regenerative
braking, then there is also a uniquely defined optimal regenerative braking speed
and, for sufficiently steep downhill sections, it is also necessary to interrupt the
coast phase by switching to a phase of speedhold at the optimal regenerative braking
speed with partial brake. For an optimal journey with several speedhold phases, it is
important to understand that each phase of speedhold with partial acceleration uses
the same optimal driving speed and that each phase of speedhold with partial brake
uses the same optimal regenerative braking speed (see Albrecht et al. [1, 2] for more
details). When speed limits are imposed, it is generally true that the restricted optimal
strategy is similar in form to the corresponding unrestricted optimal strategy except
that speed limits are followed whenever the speed on the unrestricted strategy exceeds
the allowed limits.
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In order to implement these strategies successfully, it is necessary to select optimal
switching points for the regular control phases required to negotiate steep sections of
track. It has been known for some time [10, 15, 18] that the optimal switching points
for phases of regular control are determined by the evolution of a key adjoint variable,
but recent work [1-3, 14] has established an alternative local energy minimization
principle that finds the globally optimal switching points for each steep section of track
by solving a local optimization problem. This principle has also enabled a constructive
proof using perturbation analysis that shows that there is a uniquely defined optimal
strategy for each journey. As a general rule, it is necessary to switch control from
speedhold with partial acceleration before entering a steep uphill section to maximum
acceleration while traversing the steep section before switching back to speedhold with
partial acceleration when the train returns to the desired holding speed after leaving
the steep section. A similar general rule applies when switching to coast to negotiate
a steep downhill section. When regenerative braking is available, it may be necessary
to switch to a phase of speedhold with partial brake if the downhill track becomes
sufficiently steep (see the work of Albrecht et al. [1, 2] for an extended discussion).

The work in this paper is motivated by two closely related train timetable problems.
The first problem involves the safe separation of trains travelling in the same direction
on the same track, and the second involves the design of optimal timetables on busy
rail networks.

If additional time constraints are imposed at intermediate points during the journey,
but the train is not required to stop at these intermediate timing points, then the overall
optimal strategy will consist of a sequence of linked optimal strategies over each timed
section. The initial speed on the next section must be equal to the final speed on
the current section, but these initial and final speeds are not known beforehand. The
intermediate timing points are necessary, because railways commonly impose safety
restrictions insisting that a following train must not enter a particular section of track
until a leading train has left it. To solve this two-train separation problem, we must
not only find the optimal initial and final speeds for both the leading train and the
following train on each designated track section but we must also choose the optimal
sectional running times. This is a very difficult problem, and a general solution has
yet to be found. Recently, however, a complete solution to the two-train separation
problem on level track has been given by Albrecht et al. [4, 5].

A key problem in the implementation of energy-efficient rail operations is the design
of effective timetables for busy suburban rail networks. One potentially useful idea
with electric trains is to construct a timetable that enables energy recovered from
regenerative braking on one train to be transferred as driving power to another train.
Li and Lo [16] proposed a genetic algorithm to synchronize the accelerating and
braking actions of trains while simultaneously imposing a rudimentary optimal driving
strategy to minimize the tractive energy consumption on each individual journey. In
a subsequent paper [17], the same authors formulate an integrated energy-efficient
timetable and speed profile optimization model which is solved approximately by
transforming to a simplified convex optimization problem using linear approximations.
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Gupta et al. [8] also solved a simplified problem by suggesting a two-stage process. In
the first stage, the optimal running time for each train on each segment is determined
subject to the usual trip-time, dwell-time, headway and connection constraints. In the
second stage, the start and finish times for each journey are adjusted without changing
the total journey time or the individual segment running times to synchronize, as far as
possible, the arrivals and departures of colocated trains. In this way, they proposed to
maximize the transfer of electrical energy generated by a braking train to an otherwise
unrelated accelerating train that is powered from the same electrical substation. A key
part of the first stage is the use of a characteristic cost-time curve for each train on
each section of the track. The paper by Gupta et al. [8] uses a linear approximation
to an empirical cost—time curve, but does not distinguish between different levels of
energy recovery for different journeys.

Our paper provides some scope for improved solutions to these very difficult
timetable problems.

1.3. Organization of the paper In Section 2, we review the necessary preliminary
material from the known theory of optimal train control on level track [1, 6, 10, 12]
and track with piecewise-constant gradient [10, 14, 18]. We describe the basic model
for the motion of a point-mass train and the optimal strategies. We explain that on level
track, there are only four possible modes of optimal control — maximum acceleration,
speedhold with partial acceleration, coast and maximum brake — and we show how
a modified adjoint variable is used to determine the optimal switching points. We
also show that there are three distinct forms for the optimal strategy with the precise
form depending on the length of the journey, the time allowed and the proportion of
energy recovered during regenerative braking. We introduce several key ideas and
some useful formulz that are used later in the paper. In Section 3, we present the main
results. For each fixed-length journey and each form of the optimal strategy, we show
that the cost—time curve is strictly decreasing and strictly convex.

2. Preliminaries

Howlett and Pudney [13] showed that the motion of a train with distributed mass can
be reduced to the motion of a point-mass train. Thus, we restrict our attention to point-
mass trains. In general terms, the problem is to drive a train from x = 0 to x = X within
some prescribed time 7 in such a way that the energy consumption is minimized. It
has been argued or assumed by all major contributors that in order to calculate the
precise optimal strategy on nonlevel track, it is convenient to formulate the model
with position x € [0, X] as the independent variable and with time ¢ = #(x) € [0, T] and
speed v = v(x) € [0, o) as the dependent state variables. In this paper, we restrict our
attention to level track, but nevertheless use the general formulation. The material in
this section is not new, but, since most readers are usually not familiar with the relevant
results, we thought it prudent to include the details. For a more extensive treatment we
refer readers to Albrecht et al. [1].
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2.1. Model formulation The equations of motion are

r=1/v, 2.1
Vi=T[u—-r() + g0)]/v, (2.2)

where (t,v) = (t(x), v(x)) and (t',V') = (¢'(x),V'(x)) = (dt/dx,dv/dx), and u = u(x) e R
is the known measurable control — the force per unit mass or acceleration for x € [0, X].
In this paper, we only consider journeys with v(0) = v(X) =0

We assume that v = v(x) > 0 for all x € (0, X) and that u(x) is bounded with
—K[v(x)] < u(x) < H[v(x)] for each x € (0,X). The bounds H = H(v) € (0, c0) and
K = K(®) € (0, o) for v € (0, o) are decreasing functions with H(v) | 0 as v T co. We
suppose too that, for each € > 0, there exist constants H, > 0 such that |H(v) — H(w)| <
H!|v —w| and K such that |[K(v) — K(w)| < K[|v — w| for all v, w > €. The functions H
and K define bounds for the maximum driving and braking forces per unit mass in a
form that includes, as special cases, the bounds for a wide range of railway traction
systems. The function r(v) is a general resistance per unit mass with no specific
formula assumed. We define auxiliary functions ¢(v) = vr(v) and ¥(v) = v*'(v), and
assume only that ¢(v) is strictly convex with ¢(v) > 0 for v > 0 and ¢(v)/v — oo as
v — oo. It follows that both r(v) and ¥(v) are nonnegative and strictly increasing
for v > 0. These properties capture the functional characteristics of the traditional
quadratic resistance formula — the so-called Davis formula [7] — that has been used
in practice by the rail industry for many years. The function g(x) is nominally the
component of gravitational acceleration due to track gradient but, in practice, it may
also include additional position-dependent resistive forces due to track curvature. We
will not consider details of such calculations, but note, in passing, that resistance
due to curvature is often effectively modelled by calculating an equivalent gradient
acceleration.

The cost of a control strategy is the net mechanical energy usage per unit mass,

given by
;o f"[w Hlul) | plu =l
0 2 2
where p € [0, 1] is the proportion of mechanical energy recovered during regenerative

braking. For a more comprehensive discussion of the model, we refer the readers to
Albrecht et al. [1, 2].

2.2. The minimum-time journey We assume that the track is level with g(x) =0
For each fixed distance X > 0, the minimum-time journey uses a maximum
acceleration—-maximum brake strategy. Let V be the termination speed for the initial
phase. In the minimum-time journey, V is the speed at which the control is switched
from maximum acceleration with u = H(v) to maximum brake with u = —K(v). The
speed V = Vi« is uniquely defined by the distance constraint

f f vdv
H(V)—r(V) o K@) +r(v)’
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and the minimum possible journey time 7' = T, is given by

fV dv fV dv
T= _—+ S
o HV)—r(v) Jo K@) +r(v)

For each T > Ty, there is an infinite collection of feasible strategies (see Albrecht
et al. [1] for more details).

2.3. Optimal strategies We assume that the track is level with g(x) = 0. For each
given distance X > 0 and time T > T, it is known that the optimal strategy is
uniquely defined [2, 15]. For each optimal strategy, there is a constant u > 0 with
a corresponding optimal driving speed v = V,, defined by the unique solution to the
equation

=9V,

and an associated optimal braking speed v = U, ,, < V,, defined by the unique solution
to the equation
P‘P(V) = Ly(v) — p(,O(V) = QD(V;l) + 90’(V;1)(V - Vy),
where y = L,(v) is the tangent to the strictly convex curve y = ¢(v) at the point v = V..
If we write U = U,, ,, for convenience, then
pe(U) = ¢(V,) + @' (V)(U = V), (23)
and differentiation gives
du du
"U)—=¢' (V) +¢" (VU -V,)+¢'(V, ,(——1)
Py ( )dV,, @ (Vi) + " (V) W+ ¢ (V) av,
from which it follows that
d_U _ ‘10//(V/1)(V/1 - U)
dv, ¢V —pe'(U)
This confirms that U = U, , is uniquely determined by V,,. For each optimal journey,

there is an associated energy density per unit mass function E, : (0, c0) — (0, c0)
defined by

(2.4)

E,() = ’;‘ +r(v) = @ +r(v). 2.5)
This function is strictly convex with a unique minimum turning point at v =V,
(for more details we refer the readers to the detailed discussion by Albrecht et al.
[1, Sections 3.4, 3.5 and 3.6]). On level track there are only four possible modes
of optimal control: maximum acceleration with u = H(v), speedhold at the optimal
driving speed V,, with control u = r(V,,) > 0, coast with u = 0 and maximum brake with
u = —K(v). The first phase of the optimal strategy is a phase of maximum acceleration.
Let v = V denote the termination speed for the initial phase. For 0 < p < 1, we either
have 0 <V <V, or V=V, Whenp=1, we must have V=V, =U;,. We will
consider each of these cases in detail and, in so doing, will also review the relevant
known material.
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Case 1. In the case where 0 < p < 1 and V < V|, the optimal strategy takes the form of
a maximum acceleration—coast—-maximum brake strategy. These are all regular control
phases. The modified adjoint variable, 7 : [0, o) — R, defined by Albrecht et al. [1],

is given by
E,(v) - Ey(V) B
—H(v) s foru=H(®)
nwv) = w foru=0
E,(v) - E,(U) + (1 - p)[K(v) + r(U)] 3
“K0) =) foru = -K(®v),

where U = U, , is the speed at which braking begins. The switching points are
determined by the evolution of the modified adjoint variable. The switch from
maximum acceleration to coast occurs when n =0, and the switch from coast to
maximum brake occurs when 7 = p — 1. The speed U = U, ,, must satisfy the distance

constraint
X = vdy f vdy f vdy
b HO- Jy K@) +r(v)’

In fact, U = U(V) is uniquely determined by this constraint as a function of V. The
time T = T (V) for the journey is given by

f H(V)—(V) f r(v) f K(V)+r(V)

The formula used above for the distance travelled and time taken during each phase are
obtained by solving the equations of motion (2.1) and (2.2). Equation (2.2) is solved
first by separation of variables to find x = x(v), and then (2.1) is integrated directly to
find 7 = #(v). In this case, the optimal driving speed v = V,, is never reached, but it can
be determined retrospectively by solving the equation

pe(U) = L,(U)

to find p. The procedure is straightforward, if we consider a graphical approach. We
simply draw a straight line

y=AW-=U) + pe(U)

with slope A passing through the point (v, y) = (U, p ¢(U)). This point lies below the
strictly convex curve y = ¢(v), so there is a unique value, A = 4, such that the line is
tangent to the curve y = ¢(v). The optimal driving speed is now defined by the equation

= ¢'(V,). We refer to the work of Albrecht et al. [1, Section 3.6] for an extended
discussion.

Case 2. In the case where 0 < p < 1 and V = V,,, the optimal strategy is a maximum
acceleration—speedhold—coast-maximum brake strategy. The speedhold phase is a
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phase of singular control with v =V, and u = r(V},) > 0. The modified adjoint variable
n: [0, 00) — R, defined by Albrecht et al. [1], is given by

E, ) - Eu(v)

e for u = H(v)
0 for u = r(V,)
nv) = -
E,v) - E,V) foru=0
—r(v)
Eu) = BU) + (LK) + 1O o
K@) —r(v)

where we have written V =V, and U = U, , for convenience. The switching points
for the regular control phases of maximum acceleration, coast and maximum brake are
determined by the evolution of the modified adjoint variable, but the modified adjoint
variable is constant during the singular speedhold phase. Thus, we cannot determine
the switching point from speedhold to coast by considering evolution of the modified
adjoint variable. However, the holding speed V is equal to the optimal driving speed
and hence U can be found by solving (2.3). Thus the initial and final speeds for each
regular control phase are also known. Therefore, we can calculate the length of each
regular phase. The total journey length must exceed the sum of the lengths of the three
regular phases. Thus

X v vdy f f vdy
o HO)—r(v)  Jy 1) K(W) +r(v)’

Although the method of determination is different from the method used in the first
case, we can, nevertheless, see from (2.3) that U = U, ,,(V,,) is uniquely determined
by V = V,. Hence the length of the singular speedhold phase X; = X(V) is uniquely
determined as a function of V with

v vdy f vdy f vdy
X,=X-
o HO) —r()  Jy rv) K@) +r(v)’

It follows that the time T = T'(V) for the journey can also be regarded as a function of

Once again, the formul® for distance travelled and time taken in each phase are
obtained by solving (2.1) and (2.2).

Case 3. In the case where p =1 and V =V, the optimal strategy takes the form of
a maximum acceleration—speedhold—maximum brake strategy. The modified adjoint
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variable, n7 : [0, c0) — R, defined by Albrecht et al. [1], is given as
E, (v) - E, (V)

HO) =) foru=H(®)
n(v) =140 for u =r(V,)
Eu(v) — E,(V) for u = —K(v),

—K®v) - r(v)

where p = 1 means that the phase of maximum brake begins when 7(v) = 0, and the
speed U = U, at which braking begins is given by U = V. Also

fv vdy fv vdy
X > —_— + _—
o HV)—r(v) Jo KO +r()

so the length of the speedhold phase X; = X,(V) is given by

fV vdv fV vdv
X,=X- - )
o HV)—r(v) Jo K@) +r®)

The time taken T = T (V) is given by

fV dv X, fV dv
T(V) = —  + 24 . —
o HV)—r(v) V. Jo KW)+rQ)

ExampLE 2.1. We use the model described in Section 2.1 with H(v) = H/v and
K() =K, where H =3 and K =0.3. We assume that r(v) = ry + rv> with ry =
6.75x 1073 and r» =5 x 10~ and that p = 0. Distance is measured in metres and
time is measured in seconds. The units of H are watts per kilogram (m? s3). The
units of K are newtons per kilogram (m s™2). We consider a full range of optimal
strategies with X = 2000 by nominating selected equally-spaced values for the speed
Ve{3,4,...,21} and two special values V € {V ; = 5.7088, Vinux = 21.5564} and
calculating the corresponding phase lengths and phase times. The critical journey is
the journey where V =V, but the speedhold phase is degenerate. For V > V5, V <V,
and, for V < Vg, V = V,,. We focus on the following four representative journeys:

e the minimum-time maximum acceleration—-maximum brake (ab*) strategy,
defined by V = V¢ = 21.5564 with T = T, = 154.95 and J =~ 259.11;

e a maximum acceleration—coast—maximum brake (acb¥*) strategy, defined by
V =15, Uy, = 13.4422 and V,, = 22.0325 with T ~ 175.15 and J ~ 117.88;

o the critical maximum acceleration—coast-maximum brake (crit*) strategy,
defined by V = Vi = V), = 5.7088 and Ui = Uy, = 1.5986 with T = T =
561.46 and J = J = 16.46; and

e a maximum acceleration—speedhold—coast—-maximum brake (ahcb*) strategy,
defined by V =V, =3 and U, ~ 0.3333 with T ~ 699.22 and J ~ 14.91.
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Ficure 1. Speed profiles for Example 2.1. Minimum-time maximum acceleration—maximum brake (ab*)
speed profile shown at the top (t), typical maximum acceleration—coast—maximum brake (acb*) speed
profile shown in the middle (m) and typical maximum acceleration—speedhold—coast-maximum brake
(ahcb*) speed profile shown at the bottom (b). The critical maximum acceleration—coast—maximum
brake (crit*) speed profile with degenerate speedhold phase is shown as a dashed curve. Distance on
the horizontal axis is measured in metres and speed on the vertical axis is measured in metres per second.

The speed profiles v = v(x) for these four strategies are shown in Figure 1. The
speeds V at which the maximum acceleration phase is terminated, the speeds Uy ,
at which braking begins and the optimal driving speeds V,, are shown for all
strategies in Table 1. Note that the optimal driving speed is never reached for the
maximum acceleration—-maximum brake strategy and for the maximum acceleration—
coast—maximum brake strategies. The distances travelled for each phase are shown
in Table 2. The times taken for each phase and the total journey times are shown in
Table 3. Details for the strategies corresponding to the speed profiles in Figure 1 are
marked with an asterisk. All calculations were performed using MATLAB.

The cost-time curve is shown in Figure 2. The curve comprises two parts, with the
shorter journey times (7" < T ~ 561.46) associated with the maximum acceleration—
coast-maximum brake strategies and the longer journey times (T > T ~ 561.46)
associated with the maximum acceleration—speedhold—coast—maximum brake strat-
egies. All calculations were performed using matLaB. Detailed cost calculations can
be obtained from the times shown in Table 3 using the formula

J =HT, + oW)T},

where T, is the time spent using maximum acceleration and T}, is the time spent using
speedhold at speed V.
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TasLE 1. The speeds V, Uy, and V,, in metres per second for Example 2.1.

Strategy form |4 Uo, . Vi

ab* 21.5564 21.5564 33.6218
acb 21.0000 20.7872  32.5085
acb 20.0000 19.4545 30.5856
acb 19.0000 18.1766  28.7494
acb 18.0000 16.9441 26.9866
acb 17.0000 15.7489  25.2859
acb 16.0000 14.5838 23.6375
acb* 15.0000 13.4422 22.0325
acb 14.0000 12.3178 20.4625
acb 13.0000 11.2041 18.9191
acb 12.0000 10.0938 17.3930
acb 11.0000  8.9783 15.8729
acb 10.0000  7.8460 14.3433
acb 9.0000  6.6792 12.7795
acb 8.0000  5.4467 11.1351
acb 7.0000  4.0793  9.3015
acb 6.0000  2.3385  6.8610
crit* 5.7088  1.5986  5.7088
ahcb 5.0000  1.1905  5.0000
ahcb* 4.0000  0.6995  4.0000
ahcb 3.0000  0.3333  3.0000

3. The cost-time curves

We assume that X is fixed and consider the cost-time curves y = J(T') for each of
the three possible forms of optimal strategy. In each case, we show that the cost-time
curve is strictly decreasing and strictly convex.

3.1. The cost-time curve for 0 < p <1 and V <V, In this case, the optimal
strategy is a maximum acceleration—coast—-maximum brake strategy. Let V be the
speed at which the strategy switches from maximum acceleration to coast and let U
be the speed at which the strategy switches from coast to maximum brake. We wish to
show that the cost of the optimal strategy decreases as the time taken for the journey
increases. We use an indirect argument by finding explicit expressions for the journey
cost J = J(V) and journey time T = T(V) in terms of the speed V at the end of the
initial phase of maximum acceleration. This will allow us to show that

dj _ J(V)

@ 0
ar T
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TasLE 2. The distances in metres travelled during each phase for Example 2.1.

Strategy form Vv X, X, X, Xp

ab* 21.5564 1269.9 0 0 730.1
acb 21.0000 1163.8 0 155.6  680.6
acb 20.0000  990.8 0 410.6 598.6
acb 19.0000  838.5 0 637.0 5245
acb 18.0000  704.6 0 838.0 4574
acb 17.0000 587.4 0 1016.3 396.3
acb 16.0000  485.1 0 1174.1 340.8
acb* 15.0000 396.4 0 1313.3 290.3
acb 14.0000  319.9 0 1435.8 2443
acb 13.0000 2544 0 1543.0 202.6
acb 12.0000  198.9 0 1636.4 164.7
acb 11.0000 1524 0 1717.0 130.5
acb 10.0000  114.0 0 1786.0  99.8
acb 9.0000 82.8 0 1844.8 725
acb 8.0000 57.9 0 1893.8  48.2
acb 7.0000 38.7 0 19342  27.1
acb 6.0000 24.3 0 1966.8 8.9
crit* 5.7088 20.9 0 1974.9 4.2
ahcb 5.0000 140 389.1 1594.6 2.3
ahcb* 4.0000 7.2 908.2 1083.9 0.8
ahcb 3.0000 30 1359.6 6372 0.2

The distance constraint is

v vdy vdv vdy
X = 3.1
, HO) -1 ﬁrw f‘mwww -1

If we regard V as the primary variable, then we can show that U depends implicitly on
V. By differentiating the distance constraint, we obtain

au _ HW)V LK) + i@IrW) _ 1)
dv — [H(V) = r(V)Ir(V) KWU)U r(V)

Since U increases when V increases, it follows that U = U(V) is uniquely determined
by V. The time for the journey is given by

W)= ffmrww er j‘mwww

If we differentiate with respect to V and use (3.2), then

H(V) %
mwrmmmwo__%Q

> 0. (3.2)

T(V) = (3.3)

U
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TasLe 3. The times taken in seconds for each phase and total times for Example 2.1.

Strategy form Vv T, Ty T. T, T

ab* 21.5564 86.37 0 0 68.58 154.95
acb 21.0000 81.38 0 745 6624 155.07
acb 20.0000 72.95 0 20.81 62.16 15593
acb 19.0000 65.14 0 3428 58.22 157.64
acb 18.0000 57.91 0 4798 5440 160.29
acb 17.0000 51.21 0 62.11 50.67 163.92
acb 16.0000 45.02 0 76.85 47.00 168.87
acb* 15.0000 39.29 0 9246 43.40 175.15
acb 14.0000 34.02 0 109.28 39.83 183.13
acb 13.0000 29.17 0 127.75 36.28 193.20
acb 12.0000 24.74 0 148.48 32.73 205.94
acb 11.0000 20.69 0 172.39 29.14 222.23
acb 10.0000 17.04 0 200.90 25.49 243.43
acb 9.0000 13.75 0 236.39 21.72 271.87
acb 8.0000 10.83 0 283.38 17.73 311.94
acb 7.0000  8.27 0 352.16 13.29 373.72
acb 6.0000 6.06 0 478.65 7.62 49233
crit* 5.7088  5.49 0 550.76  5.21 561.46
ahcb 5.0000 420 77.82 52376  3.88 609.66
ahcb* 4.0000 2.69 227.04 467.22 228 699.22
ahcb 3.0000 1.51 453.21 385.58 1.09 841.38

since U < V. The cost of the journey is given by

V' HO)wvdv fU pKW)vdv
0

TN= Ho =) "y Ko+ o)

so0, using (3.2), we get

Lo HWY (- rU)
TV =g = r(V)(1 Prv) ) SR
We can now use (3.3) and (3.4) to deduce that
aj _J'V)  HW)V (] B V(U))[H(V)—F(V)]F(V)
aT ~ V) HV) = rn\ Py ) THOH( = Vi)
V) (KU
- V/U)(1 P ) (3-5)

from which it follows that (dJ/dT) < 0. Hence the cost-time curve is locally strictly
decreasing when V < V.
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Figure 2. Cost-time curve for Example 2.1. The highest cost is for the minimum-time maximum
acceleration—maximum brake strategy. The cost-time curve for the maximum acceleration—coast—
maximum brake strategy is bounded on the left by the cost—time point for the minimum-time journey
and on the right by the cost-time point for the critical journey with V =V, and U = U, , but with no
speedhold phase. The cost-time curve for the maximum acceleration—speedhold—coast—maximum brake
strategies is bounded on the left by the cost—time point for the critical journey. Time on the horizontal
axis is measured in seconds (s) and cost on the vertical axis is measured in joules per kilogram (m? s72).

We now show that J = J(V) is a strictly convex function of 7' = T(V). We rewrite
(3.5) in the form
dJ _oNU - peU)V
dT Uu-v ’
but there is a further simplification that gives more insight. During the coast phase, the
modified adjoint variable is given by

(3.6)

_ E/J(V) - Eﬂ(v)
D)

for U, , <v<V. The switch to maximum brake occurs when n=p—1 and
v="U = U, and hence

n(v)

_ E,(U) - E,(V)
Sy
which we can rearrange using (2.5) into the equivalent form

eWV)U - pp(U)V
V-U ‘

(V) = (3.7)
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Therefore, (3.6) becomes
dJj
a7 —Y(Vy). (3.8)
This is the key formula (1.1) in the case, where the termination speed for the initial
phase is less than the optimal driving speed, that is, when V < V,,. We now wish to
show that J = J(V) is a strictly convex function of 7 = T'(V). From the strict convexity
of ¢(v) we obtain
i(go(V)U) _¢WU oY) dU _ (V)U (d_U )
av\u-v/) U-v " U-vdv (U-V)2\dv
_lgM+ MU -VIU V)V dU
(U -V)? U -v2dv
p(U)U V)V dU
- — and
U-V?2 (U-V)2dv
_i(psO(U)V):_pw’(U)Vd_U _peU) . pw(U)V(d_U B )
v\ u-v U-V dv U-V (U-V)2\dv
_pleW)+ (W)Y =NV AU pe(hU
(U -V)? dv (U - V)
pe(WVV dU  pe(U)U
(U-V)2dv (U-V)?
It follows, from (3.2), (3.7), (3.8) and the previous two inequalities, that

d (dJ d
— (=)= —(—w(V,
dV(dT) ARG
< _U-pe(V)V dU N (1 - pe)U
U-vy2 dv (U - V)2
B (A =peW)V r) N (1 - p)p(U)U
U-vy rv) U-vy
_ @ =p)U + V)r(U)
Uu-v
<0,
where we have used ¢(V) = Vr(V) at the penultimate step. Therefore,
42T d2J d2J (dT )“
< = 5 = o o 5
avdr dT?  dvdTr\dv

so the cost—time curve is locally strictly convex when V < V.

For the maximum acceleration—coast—-maximum brake strategy, we have established
that the slope of the cost—time curve decreases as V increases. We can now find the
full range of values for the slope by investigating what happens at the endpoints of the
curve. Consider the shortest possible journey time for this type of optimal strategy. As
VT Vinax, we alsohave U = U, ;; T Vinax and T || Ty Since U < 'V < Vyyyy, it follows
that U T Viax implies

U‘P(V) -p V‘P(U) T (1 - p)Vmax‘P(Vmax) > O’
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and hence (3.7) shows that (V) T co. Now (3.8) shows that
dJ
ar v
Consider the longest possible journey time for an optimal strategy of this type.

Suppose we could choose V > 0 so small that the train coasts to a stop at x = X. Thus
U, = U(V)=0. Now (2.3) shows that

0= QO(V/J) - gOl(V#)Vu.

The strict convexity of ¢(v) means that V,, = 0 < V, which contradicts our assumption
that V < V,,. Thus, it is not possible to have an optimal strategy in the form maximum
acceleration—coast-maximum brake with a degenerate brake phase. It follows that
when U = U, , is sufficiently small, we must have V = V), and the optimal strategy
must be a maximum acceleration—speedhold—coast—maximum brake strategy.

Now imagine that the maximum acceleration—coast—maximum brake strategy is not
necessarily optimal, but V is chosen so that

v vdv Vovdy Up.u vdy
Xzﬁlmrwwﬂ&56+£ K@) + () G2

This identity means that if U = U,, , increases, then V increases and the journey time
decreases. We know that when U, ;, = Vinax, V = Vinax <V, and when U, , = 0,
V>0=YV, We argue that, in practice, there is a unique value u = uci and a

corresponding critical optimal strategy with V =V, = V5 and U = U,, ;, = Uy such
that v v v
crit d crit d crit d
- vdy +f u+f vy (3.10)
o HW-rv) Jy, 0 Jo KW +r)

In this case, it follows from (3.8) that

dJ
d_T(Vcrit) = _w(vcrit)-

Thus, when Vi <V <V, the slope of the cost—time curve varies from —(Vc) to
—oo. In practice, a simple model with

P
HWv)=—, KO0 =0, r(v)=ry+rv+rm?
\%

where ry > 0, r; > 0 and r, > 0 can be used to give excellent results. If we again write
U = U,,, then, for this model, (2.3) gives
r1V5+2r2V3 2VH
> —_—
ro(1 = p) +2r1V, + 3, V2 3

as V,, T co. Hence U essentially increases at roughly the same rate as V),. On the other
hand, if V is defined by (3.9), then it follows, from (3.1) and (3.2), that

av QU WP = ¢(V)] _ Up(V)IP — o(V)]

dU ~ ([0 + r0)] PV? V2r(U) Lo
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as U T V*, where V* is the limiting speed under maximum acceleration defined by
@©(V*) = P. Note that ¢(V)[P — ¢(V)] < P?/4. Thus V ultimately increases much more
slowly than U and hence also much more slowly than V. Therefore, it is reasonable
to expect that there will be a unique value u = u where V =V, = Vi, and (3.10) is
satisfied. This is certainly true in Examples 2.1 and 3.1.

3.2. The cost-time curve for 0 < p <1 and V =V, In this case, the optimal
strategy is a maximum acceleration—speedhold—coast-maximum brake strategy. Let
V =V, be the hold speed — it is also the speed at which the phase of maximum
acceleration ends and the coast phase begins —and let U = U(V) = U, , be the speed
at which the strategy switches from coast to maximum brake. First, we recall from

(2.4) that

, " (V)(V-U)
U'(V)y=-—=-— —~
e ¢(V)-p¢'(U)

The distance constraint

vdy vdv vdy
X= +X,(V) + f f
o H)-r(v) () K(v) +r(v)
shows that the length of the speedhold phase is given by

XV [f vdy fv vdy f vdy
V)= Hv) —r(v)  Jy 1) K() + r(v) r(V)

It follows that
o HWY KOU U
X =~ T50) = v+ TR + OO v ©-10)

The time for the journey is

X(V)
o= f H(V)—r(V) f r(v) f K(V)+r(V)

and, if we differentiate with respect to V and use (3.11), we obtain

KO ___(U_)dU X
[KWU) + r()]r(U)\V dv V2
because U < V. The cost of the journey is

(Y Hvav U K)dv
TW= )0 Hy =y TRV R fo K) + 1)’

V)=

<0, (3.12)

SO
= KW __[rv) _ 1dU
TV) =P DX+ ere s [F(U) p] o >0, (3.13)
because r(V)/r(U) > 1 > p. Now it follows, from (3.12) and (3.13), that
dJ J’(V)
dar ~ T’(V)
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Thus the cost—time curve is locally strictly decreasing for V = V,,. It also follows, from
(3.12) and (3.13), that

KWU)U (r(V)_ )d_U]
(KU) + rD\rU)  Flav
) K(U) (g ) 1)d_U ) XS(V)]
KO + O aH\v ~ av T T2

dJ
== [r’(vm(w +

Now we note that
Ur(itr(M)/r )} = pl _ Up(V) — p Ve(U)

wjvy-1 Uu-v
_Up(V) = VIe(V) + ¢ (V)(U = V)]
Uu-v
=p(V) = V¢'(V)
=-VI/(V)
==y(V),

which means that

rFr(V)X,(V) +

KU  [rV) ]d_U
K@)+ r1 ey ~FPlav

_ [ KW K(U) U _\du
=¥ V2 [KQU)+ r(U)]r(U)(V )dV ’
and hence oy etV Vo)
_ _Up(V)-pVep
ar =YW= u-v.

Thus we have once again established the fundamental formula (1.1). Now

4(8)- <o

SO
& dhJ (dT)—l
dT? ~ dvdT\dV

This shows that the cost—time curve is locally strictly convex when V = V,,.

3.3. The combined cost-time curve for 0 < p <1 The cost-time curve is locally
strictly decreasing and locally strictly convex in each of the regions V <V, and V =V,

Since J
J
= WV
a7 = v
in each case, it follows that dJ/dT is continuous at all junction points, and hence the
combined cost-time curve is strictly decreasing and strictly convex everywhere in the

region T > Tip.
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Let V be the speed at the end of the initial phase of maximum acceleration. If there
is a uniquely defined critical speed V. € (0, Vinax) for which (3.10) is satisfied, then,
for the corresponding critical optimal strategy, we define

Verit dV fvcril dv fUcril dv
Terie = - 7 — + _—
o HW=-rOv) Ju, r® Jo K@) +r)

For fast journeys with Tiyin < T < Terie and V,, > V > V5, the optimal strategy is a
maximum acceleration—coast-maximum brake strategy, whereas, for slow journeys
with T > Terie and V,, = V < Vi, the optimal strategy is a maximum acceleration—
speedhold—coast-maximum brake strategy. If V* denotes the limiting speed under
maximum acceleration, then we can see that the total distance travelled during the
coast and maximum brake phases is bounded above by

Viydy 4 vdv V' dy *
fu W*fo m<f0 oy =X

and the total time taken during these phases is bounded above by

Ve dy 4 dv vy )
fu m*fo m<fo oy = T

Hence a fast journey over a long distance means that the train must use maximum
acceleration for a large portion of the journey. This is extremely inefficient. It is better
to increase the allowed journey time so that T > T, in which case a so-called slow
journey is feasible. The major part of the journey will now be a phase of speedhold at
the optimal driving speed.

3.4. The cost-time curve for p =1 In this case, V =V, = Uy , and the optimal
strategy is a maximum acceleration—speedhold—maximum brake strategy. Let V be the
hold speed — it is also the speed at which the phase of maximum acceleration ends and
the phase of maximum brake begins. The distance constraint

v vdy

1%
X = —+X‘T(V)+f vdv
0

o HW)—r(v) K@) +r(v)
shows that the length of the speedhold phase is given by
v

vdy v vdy
X,V =X- _ - _—
v o HW)—r() fo Kv) +r(v)

It follows that
% \%

Xy = THVY = /(V)  K(V)+ r(V)

(3.14)

The time for the journey is

B v dv X,(V) v dv
T(V)‘fo Ho)—r) v +fo KO + ()’
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and, if we differentiate with respect to V and use (3.14), we obtain

X;(V)

T'(V)= -~ <0. (3.15)
Since p = 1, the cost of the journey is
B V. H®W)vdy V. K@w)vdv
YW=y Hwy =y OB fo K() + 1)’
SO
J'(V)= 2V —1(V) + ' (V)Xs(V)
% v KWV)V
B r(V)[H(V) — V) KO+ r(V)] TEKV) + V)
=r'(V)X,(V)
> 0. (3.16)

It follows, from (3.15) and (3.16), that

dJ] dJ(dT\! 5,
= 2G) = =—um <o
Thus the cost—time curve is locally strictly decreasing when p = 1. Now

d (dJ d?J d?J (dT\!
(77) (@) =°
dT

L)\ (V) <0 andso, LL - 4 (4D
av piV)<0 andso,  Zms = Uar\av

Hence the cost-time curve is locally strictly convex when p = 1.

ExawmpLE 3.1. We use the same model as in Example 2.1 but, in this case, we consider
a much longer journey with X = 20000 m. As the length of the journey increases,
the critical speed increases and the optimal strategy is more likely to be a maximum
acceleration—speedhold—coast-maximum brake strategy. Indeed, on long journeys,
one can see that it is intuitively reasonable to maintain a constant optimal driving
speed for a large portion of the journey. We focus on four representative journeys:

e the minimum-time maximum acceleration—-maximum brake (ab*) strategy,
defined by V = Vyax = 37.2088 with T' = Ty ~ 706.32 and J =~ 1779.25;

e a maximum acceleration—coast—-maximum brake (acb*) strategy, defined by
V =36.5, Up,, = 27.6877 and V,, =~ 42.5632 with T =~ 724.53 and J = 1452.99;

e the critical maximum acceleration—coast—maximum brake (crit*) strategy,
defined by V = Vi = V,, = 35.8105 and Ugyi¢ = Uy, = 23.0644 with T = Ty =
756.46 and J = Ji; ~ 1260.36; and

e a maximum acceleration—speedhold—coast—-maximum brake (ahcb*) strategy,
defined by V =V, =25 and Uy, ~ 15.5473 with T ~ 947.66 and J ~ 766.39.
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FiGure 3. Speed profiles for Example 3.1. Minimum-time maximum acceleration—maximum brake (ab*)
speed profile shown at the top (t), typical maximum acceleration—coast—maximum brake (acb*) speed
profile shown in the middle (m) and typical maximum acceleration—speedhold—coast—-maximum brake
(ahcb*) speed profile shown at the bottom (b). The critical maximum acceleration—coast-maximum
brake (crit*) speed profile with degenerate speedhold phase is shown as a dashed curve. Distance
on the horizontal axis is measured in metres and speed on the vertical axis is measured in metres
per second.

The speed profiles v = v(x) for these four strategies are shown in Figure 3. The cost—
time curve is shown in Figure 4. The curve comprises two parts, with the shorter
journey times (T < T = 756.46) associated with the maximum acceleration—coast—
maximum brake strategies and the longer journey times (7 > T, = 756.46) associated
with the maximum acceleration—speedhold—coast—-maximum brake strategies. All
calculations were performed in MATLAB.

4. Conclusions

For level track over a fixed distance, we have shown that the cost—time curve for
an optimal strategy is strictly decreasing and strictly convex. Importantly, we have
found a fundamental formula (1.1) which describes this dependence. Although it is
intuitively reasonable to expect that the cost—time curve may be strictly decreasing
and possibly even convex on track with nonzero gradient, it is likely that any
proof will be much more difficult, because the explicit formule used in this paper
for the distance travelled and the time taken as functions of the speed V are no
longer valid.
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Figure 4. Cost-time curve for Example 3.1. The highest cost is for the minimum-time maximum
acceleration—maximum brake strategy. The cost-time curve for the maximum acceleration—coast—
maximum brake strategy is bounded on the left by the cost—time point for the minimum-time journey
and on the right by the cost-time point for the critical journey with V =V, and U = U, , but with no
speedhold phase. The cost-time curve for the maximum acceleration—speedhold—coast—-maximum brake
strategies is bounded on the left by the cost—time point for the critical journey. Time on the horizontal
axis is measured in seconds (s) and cost on the vertical axis is measured in joules per kilogram (m? s72).
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