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Abstract

When two trains travel along the same track in the same direction, it is a common
safety requirement that the trains must be separated by at least two signals. This means
that there will always be at least one clear section of track between the two trains. If
the safe-separation condition is violated, then the driver of the following train must
adopt a revised strategy that will enable the train to stop at the next signal if necessary.
One simple way to ensure safe separation is to define a prescribed set of latest allowed
section exit times for the leading train and a corresponding prescribed set of earliest
allowed section entry times for the following train. We will find strategies that minimize
the total tractive energy required for both trains to complete their respective journeys
within the overall allowed journey times and subject to the additional prescribed section
clearance times. We assume that the drivers use a discrete control mechanism and show
that the optimal driving strategy for each train is defined by a sequence of approximate
speedholding phases at a uniquely defined optimal driving speed on each section and
that the sequence of optimal driving speeds is a decreasing sequence for the leading train
and an increasing sequence for the following train. We illustrate our results by finding
optimal strategies and associated speed profiles for both trains in some elementary but
realistic examples.

2010 Mathematics subject classification: primary 49K15; secondary 26A48, 26A51.

Keywords and phrases: train control, safe separation, optimal driving strategies, discrete
control, constrained optimization.

1. Introduction

Suppose that a single train travels along a level track from one station to the next
and is required to complete the journey within a given time. In order to minimize
tractive energy consumption, it is well known [1, 5] that the optimal driving strategy
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with continuous control is maximum acceleration, speedhold at the optimal driving
speed, coast and maximum brake. For discrete control the optimal driving strategy
is similar [15, 29, 32], but the speedhold phase is replaced by a collective phase of
approximate speedhold at the optimal driving speed consisting of a succession of
alternate short phases of coast and maximum acceleration. When two trains travel
along the same track in the same direction, they must be safely separated at all
times. In such circumstances, it may not be possible for both trains to use the
individually optimal strategies. What are the optimal strategies for each train in this
case? Intuitively, one might expect that in order to maintain safe separation, the leading
train might have to go faster in the early part of the journey and that the following train
might have to go slower. This is indeed the case. We will refer to this problem as the
two-train separation problem.

The two-train separation problem with specified intermediate clearance times was
solved recently on level track using continuous control [3, 4, 7] and this solution was
subsequently extended to nonlevel track [8] using more general mathematical methods.
Although the basic structure of the optimal strategies is now well understood, there
are currently no satisfactory numerical algorithms that can be used to compute the
optimal strategies. In this paper, we will solve the two-train separation problem on
level track with prescribed intermediate section clearance times using discrete control
and propose a potentially viable numerical computation routine.

1.1. Motivation Although modern technology now enables all trains to be in
constant contact with a central control room, it is nevertheless true that safety is
primarily controlled by the track signalling system which is activated by and responds
to the actual positions of the trains. If the signals are located at fixed locations along
the track, then they divide the track into separate sections. The traditional signalling
system is a three-phase system. If a signal is green then the driver knows that the
next two sections are clear and that the train can continue following the planned speed
profile. If the signal is yellow then the next section is clear but the section after that
is still occupied. In this case, the next signal will be red and the driver must follow a
modified strategy that will enable the train to stop at the next signal if it remains red.
The driver must not allow the train to pass a red signal. In summary, this means that
the drivers can continue to follow the planned speed profiles only if the two trains are
separated at all times by at least two signals. This implies that there will be at least one
clear section between the trains at all times.

In recent times, train operators have become very interested in finding ways to
reduce energy consumption. The cost of fuel is a major component of the annual
operating budget and a reduction in energy consumption by only a few percentage
points is likely to yield millions of dollars in savings. The initial interest in studying
optimal driving strategies using discrete control was prompted by the previous
generation of diesel—electric locomotives which had a finite number of discrete throttle
settings with each setting determining a constant rate of fuel supply to the diesel motor.
Thus, the practical problem of optimal train control was originally a discrete control
problem. While this is no longer true—the current generation of both electric and
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diesel—electric locomotives normally allows continuous control—the idea of discrete
control is still relevant in the following way.

The optimal driving strategy for a single train on nonlevel track with continuous
control and no intermediate time constraints [5, 6, 27, 37, 41] is much more
complex than the optimal strategy on level track but still uses only four control
modes. The regular modes of optimal control—maximum acceleration, coast and
maximum brake—are all discrete control modes. Although the singular optimal control
mode—speedhold at the optimal driving speed—could theoretically be implemented
directly with continuous control, it is often easier for drivers to maintain an
approximate speedhold phase using alternate short phases of maximum acceleration
and coast. Thus, in practice, the speedhold phase could be seen as a de facto
manifestation of discrete control. We note in passing that the optimal driving strategies
on nonlevel track using discrete control [26, 30] converge to the optimal continuous
control strategies as the number of coast and maximum acceleration pairs tends to
infinity.

In this paper our aim is to find a precise solution to the two-train separation problem
on level track with prescribed intermediate section clearance times using discrete
control.

1.2. Previous work We will not attempt a comprehensive review of the well-
established and clearly defined theoretical work on optimal control of a single train.
For details of the underlying theory we refer readers to the frequently cited papers on
discrete control [15, 26, 29, 31, 33] and the key references on continuous control [1, 2,
5,6, 11,27, 28,34, 37, 41, 48]. The early papers on continuous control [9, 25, 35, 38,
44, 46] contain some important insights but are not directly related to this paper. Other
significant studies in the Russian literature [10, 18-21, 36] may be difficult to obtain
and the relevant results can usually be extracted from more recent papers. This whole
body of work relies on classical methods of constrained optimization—the Euler—
Lagrange equations [43, pp. 179-190], the Pontryagin maximum principle [23] and
the Karush—Kuhn-Tucker conditions [43, pp. 247-254]. It is important to emphasize
that these classical strategies have been implemented in real time on very fast trains
[6, 47] and that updated strategies can be recalculated on-board in a matter of a few
seconds [6].

The existing work on train separation is less clearly defined. Much of the work
is embedded in more broadly based work on the development of efficient timetables.
Consequently, the objectives also include improved efficiencies obtained by adjusting
allowed journey times [22, 39, 40, 42], cost savings by choosing the best ordering of
scheduled services and selection of best meeting points [12—14, 16, 24], passenger
comfort [49], schedule recovery from disruption [50] and improved service to
customers [51]. It is also true that most of this work is purely numerical and does not
attempt to develop a theory of optimal driving subject to safe-separation constraints.
For this reason, the only directly relevant work on train separation is the work
by the Scheduling and Control Group at the University of South Australia on the
corresponding problem with continuous control [3, 4, 7, 8].
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A comprehensive review covering all aspects of optimal train control can be found
in the recent article by Scheepmaker et al. [45].

1.3. Relationship to previous work The results in this paper are new but not
entirely unexpected. Nevertheless, the details are interesting. The corresponding
problem on level track using continuous control was solved recently in [3, 4, 7]
and the solutions obtained here for a fixed number of alternate coast and maximum
acceleration control pairs in each section are the best possible approximations to the
solutions obtained for the problem with continuous control. This result is in line with
earlier known results [32, pp. 25-29] that the speed profile and cost for any strategy of
continuous control can be approximated to any prescribed accuracy by a strategy with
alternate phases of coast and maximum acceleration and a final phase of maximum
brake. More specifically, the results obtained here establish the precise form of the
optimal strategies and show that the necessary conditions for an optimal strategy
are closely related to the necessary conditions that determine optimal strategies for
the classical single train control problem using discrete control [15, 29]. Another
new development is the application of a convergent Newton iteration to determine
the optimal strategies for each train. We conjecture that a corresponding convergent
iteration should also be possible on level track using continuous control, but this
conjecture has not yet been tested.

The two-train separation problem with prescribed intermediate section clearance
times has also been solved recently for continuous control on nonlevel track [8]
using more complicated mathematical methods. The complications arise because it
is not possible to obtain explicit expressions for distance travelled and elapsed journey
times as functions of speed. There is currently no satisfactory convergent algorithm to
determine the optimal strategies for the two-train separation problem on nonlevel track.
The corresponding two-train separation problem with discrete control on nonlevel
track must have a solution which approximates the solution obtained using continuous
control, but the precise form of this solution is not known.

1.4. Organization of the paper In Section 2 we preview the notation and some
basic terminology. In Section 3 the basic model for the train control problem is given
and in Section 4 we review the known theory for control of a single train and recall
the associated key formula that define an optimal strategy with discrete control. The
two-train separation problem with prescribed intermediate section clearance times is
presented in Section 5 where the structural framework is described and where we argue
that this formulation of the two-train separation problem can itself be separated into
two independent problems—one for the leading train and one for the following train.
In Section 6 we solve the leading train problem and in Section 7 we solve the following
train problem. The two solutions are interpreted and the characteristic properties of the
strategies of optimal type for each train are summarized in Section 8. In Section 9 we
discuss various possible formulations of the constraints and use these to understand
the properties of the key parameters that determine construction of feasible strategies.
Consideration is also given to alternative formulations of the constraints and to the
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role of active and inactive constraints in both theory and practice. We present two
realistic examples in Section 10 and hence show that the optimal solution depends on
the prescribed section clearance times. We summarize our results and discuss future
work in Section 11 and conclude by acknowledging the support received from various
individuals and organizations.

2. Notation and terminology

Although we consider a specialist problem of optimal train control, both the
problem statement and the solution should be accessible to mathematicians and
engineers who have no prior familiarity with this topic. Nevertheless, the solution
involves the derivation and manipulation of complex mathematical formula. For this
reason, we begin with a summary of our notation. We also introduce some basic
terminology that has been used in the literature to encapsulate certain key ideas.

2.1. Notation

e We consider a rail track with position x € [0, X] and signal locations {x;}!_, such
that 0 =xp < --- < x, = X.

e Track gradient acceleration is normally tabulated by track operators as a
piecewise-constant function g(x) on the interval [0, X]. The function g(x) may
also include resistive acceleration due to track curvature. In this paper we assume
that the track is level and that there is no resistance due to track curvature. Thus,
g(x) =0forall x € [0, X].

e At position x the applied acceleration is denoted by u = u.(x), where ¢ = c(x)
is the level of control. The applied acceleration is controlled by the driver.
We assume discrete control with only three different levels; ¢ = 1 is maximum
acceleration, ¢ = 0 is coast and ¢ = —1 is maximum brake.

o Atposition x the speed of the train is denoted by v = v(x) and the elapsed journey
time is denoted by ¢ = #(x). On undulating track these functions must be found
by numerical solution of the differential equations of motion.

e For each interval of constant control c(x) = ¢ on level track the distance travelled
and elapsed journey time can be expressed as explicit functions of speed. Hence,
we can write x = x(v), t = #(v) and u = u.(v).

e The resistive acceleration due to friction depends only on the speed and is
denoted by r(v). We make repeated use of the auxiliary functions ¢(v) = vr(v)
and Y(v) = v?r’(v). For v > 0 we assume that ¢(v) is positive and strictly convex
and hence deduce that y(v) is positive and strictly increasing. See [5, 30]
for more details. These properties capture the essential characteristics of the
traditional quadratic resistance function r(v) = ry + r;v + r,v* used by the rail
industry.

e For each u > 0 we define a pseudo-convex function

E,) = % +r(v)
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for v > 0. This function has a unique minimum at the point v = Z defined
by ¥(Z) = u with the minimum value equal to ¢’(Z). For each 4 > ¢’(Z) the
equation E,(v) = A has precisely two solutions V = V(4, ) and W = W(A4, )
with 0 <V <Z < W. The equation E,(v) = A can be rewritten as Av — u = ¢(v)
and hence visualized as the intersection between a straight line and a convex
curve.

e The cost of ajourney J = J(u) is the total energy consumed by the driving control
when ¢ = 1 and u = u;(v) = H(v) > 0. There is no cost for the coast control when
¢ =0 and u = up(v) = 0 and no cost for the braking control when ¢ = —1 and
u=u_1(v)=-K)<0.

e The trains travel from xy = 0 to x,, = X.

e For the leading train the driving strategy is defined by a control sequence

Sz5+1() = 11,10, 17,0, 1,{0, 1}*71,0,..., 1,10, 1)1, 0,1},

where s = ry + - - - + r,, and r; — 1 is the number of coast—maximum power control
pairs prescribed for the section (x;, x;+1) and where the associated switching
points 0 = o < {1 <+ <{a5 < Logr1 = X satisty {ogatry-1 < Xi < {o(rgttry) fOT
eachi=1,...,n.

o For the following train the driving strategy is defined by a control sequence

Sor1(0) = 1{1,0,{1,0°7 1, 1,0,{1,0)""", ..., 1,0,{1,0)""" ~1},

where s = rg + - - - + r, and r; — 1 is the number of maximum power—coast control
pairs prescribed for the section (x;, x;+1) and where the associated switching
points 0= {0 < {1 <. < gn < §n+1 =X SatiSfy 42(ro+~~+r,<) <X < g2(r0+~~+r,')+l for
eachi=1,...,n.

e We write #;; and #7; for the times at which the leading train and the following
train reach the signal point x;. We define a strictly increasing sequence of
prescribed clearance times {/;};_, and insist that the leading train must leave the
section (xg, xx+1) before the prescribed clearance time /; and that the following
train must enter the section (x;_1, x;) after the prescribed clearance time /. Thus,
we require #7x1 < by and ty4_; < hy for each k=1, ..., n. For the separated
problems we use the equivalent notation #,; < s; = h;_; foreachi=2,...,n+1
and ty; > t; = hyyy foreachi=0,...,n— 1.

e In the derivations of the necessary conditions for optimality for both trains we
write v; = v({;) for the speed at the switching point {; for j=1,...,2s — 1 and

v =(y,..., v, 1) for the corresponding vector and we write u; = v(x;) for the
speed at the signal points x; for each i = 1, ...,n with u,,; = v({»;) for the speed
at which braking begins and u = (uy, . . ., u,1) for the corresponding vector.

e In the derivations of the necessary conditions for optimality for both trains we
write J = J(v) for the cost and write &; = &;(u,v) and 7; = 7;(u, v) for the projected
distance travelled and time taken by the proposed strategy on the section (x,x;.1)
foreachi=0,...,n.
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e In the derivations of the necessary conditions for optimality the Lagrange
multipliers for the cumulative distance and time constraints are denoted by p,,
and o, for each m = 0, ..., n. We define associated multipliers for the sectional
distance and time constraints given by A; = 3, _; o and p; = 3 _; 0, for each
i=0,...,n for the leading train and by 4, = p — > L p,, and p; =0 = ¥ L o
for each i =0,...,n — 1 for the following train, where A, = p and yu, = o are
multipliers for the overall distance and time constraints.

e The derivations of the necessary conditions for optimality for the leading and
following trains are completely separate and consequently we can use essentially
the same notation in each case. Where we need to distinguish between the two
trains we add an appropriate subscript. Thus, for instance, we write {Z;}"_, for

the leading train and {Z,}7_, for the following train.

2.2. Terminology

e The term section clearance times is an inclusive term for the latest allowed
section exit times and the earliest allowed section entry times.

e For the leading train the intermediate time constraint #,(x;y1) < he; is active
if tp(xi41) = he; and inactive if t;(x;1) < he;. For the following train the
intermediate time constraint #7(x;_1) > hy; is active if t7(x;_1) = hy; and inactive
if tf(x,»_l) > hf’,‘.

e For each train an actively timed segment is the union of consecutive sections
(Xp, Xp+1), - - . » (X4, X4+1) Where the time constraints at x, and x,,; are active
but the time constraints at all intermediate signal locations x; for p < i < g are
inactive. The actively timed segments for the leading train are not necessarily
the same as the actively timed segments for the following train.

e A sequence {Vi}l’.’:})‘ is decreasing if Vo > --- >V, and strictly decreasing
if Vo >--->V,_;. The sequence is increasing if Vo <--- <V, and strictly
increasing if Vo < -+ < V,_y.

o A strategy of optimal type satisfies the necessary conditions for optimality but
does not necessarily satisfy the imposed distance and time constraints. A strategy
of optimal type for the leading train is defined by two decreasing sequences
Vet and {W;}! ) where V; < Wy; and where V; is the speed at which the
control switches from coast to maximum acceleration and Wy; is the speed at
which the control switches from maximum acceleration to coast on the section
(xi, xi+1). There is a corresponding sequence {Z,;}_, of optimal driving speeds
where Z;; is determined by the switching speeds and satisfies Vy; < Z;; < Wy;
foreachi=0,...,n. A strategy of optimal type for the following train is defined
by increasing sequences of switching speeds {V;}"_; and {W;}" , where V;
and Wy, denote the corresponding switching speeds on the section (x;, Xjs1).
There is a corresponding sequence {Zy,;}, of optimal driving speeds where Zy;
is determined by the switching speeds and satisfies V;; < Zy; < Wy; for each
i=0,...,n.

o A feasible strategy satisfies the imposed distance and time constraints.
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3. The basic train control model with discrete control

The classical train control problem is to drive a train from x = 0 to x = X within
some prescribed time 7' in such a way that energy consumption is minimized. In
general, it is convenient to formulate the model with position x € [0, X] as the
independent variable [32, 37, 41] and with time ¢ = #(x) € [0, T] and speed v = v(x)
€ [0, o0) as the dependent state variables. The equations of motion are written in
the form

t'=1/v,

vi=[u—r+gl/v,

where (z,v) = (t(x), v(x)) for x € [0, X] is the state and where u = u(x) € (—co, ) is the
known measurable control—the acceleration or force per unit mass. The function r =
r(v) is the frictional resistance per unit mass. The frictional resistance is conventionally
defined as a quadratic function r(v) = ry + v + %, but we use a more general form
that will be described in Section 3.2 below. The function g = g(x) is the track gradient
acceleration. In this paper we will assume that g(x) = 0 for all x € [0, X]. We have
written ¢’ = dt/dx and v’ = dv/dx. We assume that v(0) = v(X) =0, v = v(x) > 0 for
all x € (0, X) and that u = u(x) is bounded by two functions H(v) and K(v) with the
following properties. We have —K[v(x)] < u(x) < H[v(x)] for each x € (0, X). The
functions H = H(v), K = K(v) € (0, o) for v € (0, o) are monotone functions with
H®),K(v) ] 0 as v T co. We suppose too that, for each € > 0, there exists some
constant U, > 0 such that |[H(v) — Hw)| < U.lv — w| and |[K(v) — K(w)| < Ulv — w|
for all v,w > e. 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 specified
bounds for a wide range of railway traction systems. For a more detailed discussion of
train control models readers are referred to the recent papers [5, 6] and some earlier
influential works [27, 32, 37, 41].

3.1. Discrete control We restrict our attention to discrete control strategies with
only three permissible levels of control. The problem and solution are not substantially
changed if more levels of control are allowed. The control variable will be denoted by
¢ = c(x) € {1,0,—1}. The corresponding acceleration is given by

HWy) forc=1,
u.(v) = 0 for ¢ =0,
-K(@) forc=-1,

where v = v(x) is the speed. Notice that when g(x) = 0 and ¢ = ¢(x) is constant over
an interval x € [a, b], the equations of motion can be solved by separation of variables
with the distance and time differentials given by

vdv dv

D= o= MM Sy
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For the classical single-train problem we assume that s € N + 1 is fixed a priori and
that all trains use a control strategy with 2s + 1 phases in the form

Sas1() = {1,{0,1}1,0, -1}

with an initial phase of maximum acceleration, followed by s — 1 phase pairs of
coast and maximum acceleration, a semi-final phase of coast and a final phase of
maximum brake. The switching points are 0 =y < {] < -+ < s < {541 = X. We
write ¢ = (o, - . -, {25+1) for convenience. The switching points must be determined in
such a way that the distance and time constraints are satisfied—so that the strategy
is feasible—and energy consumption is minimized—in which case the strategy is
optimal.

3.2. The properties of the resistance function The function r(v) for v > 0 with
r(0) > 0 is a general resistance per unit mass. No specific formula is assumed but we
do impose certain characteristic properties. These properties are described using two
auxiliary functions ¢(v) = vr(v) and ¢(v) = v>r’(v) which are both defined for v > 0. We
assume that ¢(v) is strictly convex with ¢(v) > 0 and r(v) = ¢(v)/v — oo as v — oo. For
h > 0 the strict convexity of ¢ ensures that r(v + h) = (v + h)/(v + h) > o(v)/v = r(v)
and so r(v) is strictly increasing. From [30, Appendix A.3, Lemma 1] it follows that
Y(v) is nonnegative and strictly increasing for v > 0 and that for all u > 0 the pseudo-
convex function E,(v) = u/v + r(v) defined for v > 0 has a unique global minimum
at the point v = Z given by the solution to the equation y = (v). Equivalently, we
may say that if 4 = ¢’(Z) and u = ¥(Z), then the straight line y = Av — u is tangent
to the convex curve y = ¢(v) at the point v =Z. If 1 > ¢’(Z) and u = ¥(Z), then the
line y = Av — p intersects the curve y = ¢(v) at precisely two points v=V and v =W
with 0 < V < Z < W. The strict convexity of the function ¢(v) captures the behavioural
characteristics of the traditional quadratic resistance formula—the so-called Davis
formula [17]—that has been used in practice by the rail industry for many years.

3.3. The cost functional The cost of a control strategy is the net mechanical energy
per unit mass required to move the train, given by

5%
J:f u,(x)dx,
0

where u, = (u + |u|)/2 is the positive part of the acceleration. For the discrete control
discussed here we have u; ,(x) = u;(x) because u;(x) > 0, up +(x) = 0 because up(x) =0
and u_; +(x) =0 because u_;(x) < 0. We do not consider energy recovered from
regenerative braking.

4. Strategies of optimal type for a single train

A strategy S»e1(&) = {1,{0, 1}*1,0, -1} with an initial phase of maximum
acceleration, s — 1 phase pairs of coast-maximum acceleration, a semi-final phase
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of coast and a final phase of maximum brake and with switching points 0 = {y < ) <
<o < s < g1 = X s called a strategy of optimal type if there exist real constants
A >0 and p > 0 such that
;== () (4.1)
foreach j=1,2,...,25s— 1 and
Avyy —u =0, “4.2)

where v; = v({;) is the speed at the switching point x = {; for each j=1,2,...,2s.
The equations (4.1) and (4.2) are the necessary Karush—Kuhn—Tucker conditions for
a strategy that minimizes consumption of mechanical energy on level track subject to
imposed journey distance and journey time. The real constants A > 0 and y > 0 are
the Lagrange multipliers for the distance and time constraints in the Lagrangian cost
function. The equations are derived and fully explained in [15, 29]. We argued earlier
in Section 3.2 that for suitable values of the parameters 4 > 0 and u > 0, the equation
(4.1) has precisely two solutions v; = V and v; = W, where 0 < V < W. It follows from
(4.1) and (4.2) that

(W) = (V) _ V(W) = Wep(V)
=— and uy=—>-—""".
W-V w-Vv
As stated above, it was shown in [15, 29] that for any journey distance and journey time
pair (X, T) a strategy which minimizes energy consumption is necessarily a strategy
of optimal type. For a fixed value of s € N, each different (V, W) pair with0 < V < W
defines precisely one strategy of optimal type satisfying (4.1) and (4.2). For a given
pair (X, T), it is necessary firstly to nominate plausible values for V and W to define a
strategy of optimal type and secondly to calculate the corresponding journey distance
x = x(V, W) and journey time ¢ = #(V, W) using the explicit formulee given in [15, 29].
If the distance and time constraints x(V, W) = X and #(V, W) = T are not satisfied, then
the values of V and W must be modified and the process repeated until the distance
and time constraints are satisfied to an acceptable accuracy. Thus, for each journey,
we consider an ensemble of strategies of optimal type from which it is necessary to
extract the unique feasible strategy that satisfies the journey distance and journey time

constraints. This is the optimal strategy.
Since the speed increases during phases of maximum acceleration and decreases
during phases of coast, we deduce that S, will be a strategy of optimal type only

1 4.3)

ifvyu_y =V foreachk=1,...,sand vy = Wforeachk=1,2,...,s5s— 1. In this case
equations (4.2) and (4.3) show that the speed v,, = U at which braking begins will be
given by

_ V(W) - We(V)
e(W) = (V)
It was shown in [29] that for each feasible strategy and for each fixed value of s € N + 1
the optimal strategy is uniquely determined by the necessary conditions (4.1) and (4.2).
Finally, we note that the switching points {; for a strategy of optimal type are uniquely
determined by the switching speeds V and W and the equations v; = v({;) for each
j=1,...,2s.
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5. The two-train separation problem

Let n € N and suppose that the track is defined on the interval [0, X] by fixed signal
points 0 = xp < x; < -+ < X, < X471 = X. Now suppose that two trains need to travel
from x = 0 to x = X in time 7. We suppose that the leading train starts at time # = 0 and
must finish at or before time ¢ = T, while the following train starts at time t = AT > 0
and must finish at or before time t = T + AT.

A very simple way to ensure that the leading train and following train are safely
separated is to specify a sequence of signal clearance times {f};_, with AT = h; <
-+ < h, =T, and to insist that the leading train must pass the point x = xz,; at time
trr+1 < hx foreach k =1,...,n and that the following train must pass the point x = x|
at time #74_1 > hy for each k =1,...,n. This means that for each k =1,...,n, the
following train cannot enter section (x;_1, X;) until the leading train has left section
(xx, xk+1)- The specified clearance times must be feasible.

Although this separation condition is very simple, it is also absolutely critical to
the subsequent solution of the two-train separation problem, because the optimal
driving strategy for the leading train can now be computed without any knowledge
of the optimal driving strategy for the following train—and vice versa. This means
that a single problem with two trains and two unknown optimal driving strategies has
been converted into two completely separate single-train problems. To see this more
explicitly consider the following argument. Define two strictly increasing sequences
{si}i_, and {#;}}_ of section clearance times and formulate two completely independent
problems.

ProBLEM 5.1 (The leading train problem). Let rg,...,7, € N+ 1 and define s = rg
+ -+ + r,. Find a driving strategy

So1() = {1,{0,1}°71,0,1,{0,1)"71,0,...,1,{0, 1}"',0, -1},

where the associated switching points 0 = ¢y < {] < -+ < {5 < {og41 = X satisfy
Oo(rgrtri)—1 < Xi < {o(rg+-+ry) foreach i =1,.. ., n and where the starting time is #,9 = 0,
the time #,; when the train reaches the signal point x; satisfies #;; < s; for each
i=1,...,n, the time when the train reaches the final point x,,,; = X satisfies ty 41 < T
and energy consumption is minimized. |

ProBLEM 5.2 (The following train problem). Let ry,...,r, € N+ 1 and define s =
ro + -+ + r,. Find a driving strategy

S2541(£) = {1,0,{1,01°7",1,0,{1,01"~",..., 1,0,{1,0/"~", -1},

where the associated switching points 0 =y < () < -+ < {, < {uy1 = X satisfy
Oorgretr) < Xi < Q(rg+vr)+1 TOr €ach i=1,...,n and where the starting time is
tro = AT, the time ¢;; when the train reaches the signal point x; satisfies 75; > t; for
each i = 1,...,n, the time when the train reaches the final point x,,; = X satisfies
trn+1 < T + AT and energy consumption is minimized. O
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It is quite clear that each one of these problems can be solved without
any knowledge of the solution to the other problem. Despite the mathematical
independence of the problems, the desired safe separation will be achieved if the
section clearance times are chosen a priori using the common set of signal clearance
times {h};_, by setting sy = hy = 41 foreachk =1,...,n.

In our subsequent calculations we must distinguish between actual times and
elapsed journey times for the following train. For the leading train the elapsed time
tr; — tro to reach point x; is the same as the actual time f;;, because t;9 = 0. For the
following train the elapsed time to reach the point x; is given by #7; — 7o = t7; — AT,
where ;; is the actual time the following train reaches the point x; and t79 = AT is the
actual starting time. The optimal strategy for each train depends on the elapsed times.

Some further comment on the formulation of Problems 5.1 and 5.2 is appropriate.
We are influenced by two factors—our intuition that the leading train must travel faster
in the early part of the journey and that the following train must travel slower, and by
our knowledge of the solutions [3, 4, 7] to the corresponding problem with continuous
control.

5.1. Formulation of suitable control strategies If all intermediate time
constraints are active, we know [3, 4, 7] that the optimal strategy for the leading
train on level track with continuous control is defined by an optimal driving speed
on each timed section and that the optimal driving speeds decrease as the journey
progresses. We also know that with continuous control the leading train uses a phase
of coast to transition from the optimal driving speed on any particular timed section to
a lower optimal driving speed on the next timed section. Consequently, for a strategy of
optimal type on level track with discrete control, we expect that the relevant sequence
of coast-maximum acceleration phase pairs on any given timed section will define a
strategy of approximate speedhold at the optimal driving speed for that section and
that this will be followed by a phase of coast to transition to a strategy of approximate
speedhold at a lower optimal driving speed on the next timed section. Thus, in
formulating the discrete control problem, we assume that the leading train will enter
each intermediate timed section during a coast phase, will traverse the section using
a fixed number of coast—maximum acceleration control pairs and will then exit the
section during a coast phase.

Similar comments apply to the following train. If all intermediate time constraints
are active, we know [3, 4, 7] that the optimal strategy for the following train on level
track with continuous control is defined by an optimal driving speed on each timed
section and that the optimal driving speeds increase as the journey progresses. We
also know that the following train uses a phase of maximum acceleration to transition
from the optimal driving speed on any particular timed section to a higher optimal
driving speed on the next timed section. Consequently, for a strategy of optimal type
on level track with discrete control, we expect that the relevant sequence of maximum
acceleration—coast phase pairs on any given timed section will define a strategy of
approximate speedhold at the optimal driving speed for that section and that this
will be followed by a phase of maximum acceleration to transition to a strategy of
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approximate speedhold at a higher optimal driving speed on the next timed section.
Thus, in formulating the discrete control problem, we assume that the following train
will enter each intermediate timed section during a maximum acceleration phase, will
traverse the section using a fixed number of maximum acceleration—coast control pairs
and will exit the section during a maximum acceleration phase.

5.2. Separation into two single-train problems The realization that the two-
train separation problem could itself be separated into two independent mathematical
problems by specifying a set of intermediate section clearance times was a major
breakthrough in the search for a viable solution procedure. The downside is that if the
specified clearance times are changed, then the optimal strategies for each train—the
solutions to each of the separated problems—will also change. This means that there is
now a secondary problem to solve. How do we find the optimal intermediate clearance
times? Although general necessary conditions on the optimal intermediate clearance
times are known for the two-train separation problem on level track with continuous
control [3, 4, 7], and although these conditions have been used in particular case
studies to verify the optimality of a set of proposed intermediate clearance times,
there is currently no satisfactory numerical algorithm that could be widely applied
to find these optimal times. For the discrete control problem, we believe that similar
necessary conditions on the optimal prescribed section clearance times can be found
using essentially the same arguments as those used for the continuous control problem.
We will not discuss the problem of finding the optimal specified section clearance
times in this paper.

6. The leading train problem

In this section we will solve Problem 5.1. We wish to minimize the mechanical
energy consumed by the leading train, subject to satisfying the intermediate signal
time constraints and the overall journey time constraint. The problem is formulated as
a standard constrained optimization problem with both distance and time constraints.
The necessary conditions for optimality are found by applying the Karush—Kuhn—
Tucker conditions which will be reduced to two sets of elementary key equations. The
key equations show that the optimal strategy must be a strategy of optimal type and
that the strategy is determined by the values of the Lagrange multipliers. We will see
later that a separate iterative calculation is needed to find the values of the Lagrange
multipliers that satisfy the required constraints and determine the optimal strategy.

LetneNandry,...,r, € N+ 1, and define s = ry + - - - + r,,. The fixed signal points
are denoted by 0 = xp < x; < -+ < x;,, < x,+1 = X and the specified section clearance
times are givenby 0 = 59 < 51 < -+ < §, < §,41 = T. We assume a strategy of the form

Sosr1(0) = {1,{0, 11,0, 1,{0,1}"7,0,...,1,{0, 1}"*,0,~1}

with switching points 0 = {y < {1 < --- < {o5 < {25+1 = X which satisfy {og+evr)-1 <
Xi < {o(rg+-+ry) Tor each i = 1,..., n. The switching speeds are denoted by v; = v({;)
foreach j=1,...,2s — 1 and the speeds at the intermediate signal points are denoted
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by u; = v(x;) for each i = 1,...,n. The speed at which braking begins is denoted by
Upi1 = Vo5 = W({os). We assume that v(0) = v(X) = 0. The leading train must pass the
signal point x; before time s;.

The cost function for the entire journey is the sum of the costs of all the acceleration
phases and depends only on the switching speeds. We write J = J(v). For each
i=0,...,n, the distance travelled and time taken for the section (x;, x;;1) depend on
the speeds at the signal points x; and x;;; and on the switching speeds within the
interval. We write &; = &;(u, v) for the distance functional and 7; = 7;(u, v) for the time
functional. Each of these key functionals can be expressed as a sum of elementary
integrals. The explicit expressions are given in Appendix A.

Since we defined x,.; = X and s, = T, the distance and time constraints can be

written as
m m
Z &,v) > xp1 and Z Ti(U, V) < Syl
i=0 i=0
foreachm =0, 1,...,n. We wish to minimize J(v) subject to the relevant distance and

time constraints. Thus, we define the Lagrangian function

Tw,v)=J0) + me(xmﬂ Z&(u n)+ Zam(in(u,w =

m=0 m=0 i=0
=J)+ me Z(Axi — &) + Z T i(n(u, v) - Asi)
m=0 i=0 m=0 i=0

n n
= J)+ D AAxi = &) + ) pi(ri(u,v) - As),
i=0 i=0
where p,, > 0 and o, > 0 are Lagrange multipliers for each m =0, ..., n, and where
we define Ax; = X1 — Xi, Asj = Sie1 — Si, 4i = X Pm and p; = Zm ; om for each
i=0,...,n.Notethat 1o >4, >2--- 2, =p,=20and yp >y = --- >y, =0, 2 0.
For each fixed i € {0, . .., n} it follows from the integral formule in Appendix A that

OF _ _yp| A AHGpy wiH(®V))
ovj Hw) —r(v) rpHE)-revpl re)HE) - r©))]
foreach j=2(rg +--- +ri-1),2(ro + -+ ri-1) + 1,...,2(rg + - - - + r;) — 1. For each j

only five terms contribute to this derivative—one from J(v) and two each from &;(u, v)
and 7;(u, v). We can also use the integral formulz in Appendix A to see that

0F _ (Aot = AWui (izy — i)

Ou; r(u;) r(u;)
foreachi € {1,...,n}. For each i only four terms contribute to this differentiation—one
each from &;,_1(u,v) and 7;_;(u,v) and one each from &;(u, v) and 7;(u, v). Finally, we
use the integral formule in Appendix A to see that
6j _ an(un+1)un+1 _ ﬂnK(un+l)
Oty 1 - Py DK (Upir) + F(ne )] 7@ DK (Upgr) + F(tt41)] .
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Once again, only four terms contribute to this derivative. A little algebra now shows
thatif i € {0, ..., n}, then

0,
;7 =0 /l,-vj—,u,»zgo(vj) (6.1)
6\/]‘ ’
for each j=2(ro+---+71ri_1),2(r0+---+ri-)+1,...,2(00+---+r;)) — 1 and, if
ie{l,...,n+ 1}, then
0,
é—y =0 = Pi—1Uj — 0 i—1 = 0. (62)
Ui

The equation Av — u = ¢(v) represents the intersection of the straight line y = Av — u
and the strictly convex curve y = ¢(v). This means that for appropriate values of the
parameters A > 0 and u > 0, there will be two solutions. We assume that p,, > 0 and
o, >0forallm=0,...,n Now the complementary slackness conditions

pm[Zfi(u’ V) — xm+1] =0 and a—m[z T,'(ll, V) —Smr1|=0
i=0 i=0

mean that )" &, v) = x4 and X7 7;(w,v) = sy for all m=0,...,n. The
assumption that all the Lagrange multipliers are positive means that all distance and
time constraints are active. In essence, this simply means we have omitted all inactive
constraints from the formulation. The assumption that p,, > 0 and o, > 0 for all
m=0,...,n also means that 1y > --- >4, >0 and gy > -+ > y, > 0. In addition, we
note that &;(u,v) = Ax; and 7;(u,v) = As; foreachi =0, ..., n.

For each i =0,...,n, we will denote the two solutions to (6.1) by V; and W;,
where 0 < V; < W;. This means that for ro + -+ -+ r,_| <k <rg+---+ r;, the optimal
switching speeds are vy, = V; and vyi41 = W;. Therefore,

1 = £OV) — e(Vi)
’ W -V,
and
_ Vie(W) — Wie(Vi) _ (_I)H(I/Vi) - 0(1/Wy)
T W, -V, B 1/vi-yyw; ’

where we have defined 6(1/v) = r(v). Some elementary calculus shows that 6’(1/v) =
—v2r'(v) = =(v) and 0”(1/v) = v3¢”(v) > 0. Hence, 6(1/v) is convex in 1/v. Since
we already know that ¢(v) is convex in v, it follows that there are unique values
X;, Y; € (V;, W;) such that

Ai=¢'(X) and p;=(-DO'(1/Y) = y(Y))

foreachi=0,...,n Now we can deduce that
pic1 =@’ Xic) —¢' (X)) and o =y(Yio) — ¥(Y))
foreachi = 1, ..., n. Therefore, the solution to (6.2) is given by

Ti-1 _ YY) —y(Y)) _
pi-1 @' (Xis) — @' (X))

U = i
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for each i = 1,...,n. This means that the speed at the signal point x; is given by
v(x;) = U; foreachi=1,...,n. Since A, = p,, and u,, = o, the solution to (6.2) when
i=n+1is given by

Upi] = & — Vn‘p(Wn) - Wn‘p(vn) — w(Yn) —

T W)=V e (Xa)

Thus, the speed at which braking begins is v, = U,;. We have established the
structure of the optimal strategy, but the values of the key parameters that satisfy the
journey constraints must be calculated separately.

Un+1-

7. The following train problem

In this section we will solve Problem 5.2. We wish to minimize the mechanical
energy consumed by the following train, subject to satisfying the intermediate signal
time constraints and the overall journey time constraint. The problem is formulated as
a standard constrained optimization problem with both distance and time constraints.
The solution procedure is similar to the solution procedure for Problem 5.1.

LetneNandry,...,r, € N+ 1, and define s = ry + - - - + r,,. The fixed signal points
are denoted by 0 = xp < x; < -+ < x, < x,41 = X and the specified section clearance
times are given by 0 =y <t} <--- <t, < ty4; = T. We assume a strategy of the form

Szs+1() = {1,0,{1,01°71, 1,0, {1,0" ", ..., 1,0,{1,01"~", —1},

where the associated switching points 0 = {p < {] < -+ < o5 < {541 = X satisfy
Oo(rgrtriy) < Xi < Oogrgstriy)+1 foreachi =1,. .., n. The switching speeds are denoted
by v; =v({;) for each j=1,...,2s and the speeds at the signal points are denoted
by u; = v(x;) for each i = 1,...,n. The speed at which braking begins is denoted by
Upt1 = Va5 = V({a5). We assume that v(0) = v(X) = 0.

We write J = J(v) for the cost functional for the entire journey and, for each
i=0,...,n, wewrite & = &(u,v) and 7; = 7;(u, v) for the distance and time functionals,
respectively, on the section (x;, x;+1). Each of these key functionals can be expressed
as a sum of elementary integrals. The explicit expressions are given in Appendix B.

Since we define x,,; = X and #,,; = T + AT, the intermediate distance and time
constraints can be written as

m m
D& ) Sxper and Y T, v) 2 by - AT
i=0 i=0
foreachm =0, 1,...,n — 1 and the overall distance and time constraints are

D&y = x and Y Ti(uv) <ty - AT
i=0 i=0
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We wish to minimize J(v) subject to the given constraints. Thus, we define the
Lagrangian function

Ty =J0) + me(Zf,(u 9 = ) + e - Zf,(u )

m=0 i=0
¥ Zi Ttmer - AT - Z i) + o Z (W) = tay1 + AT
m= i i=0
=J) + nzpm D (Ew,y) - Ax) +pZ<Ax, &(u,v))
m=0 i=0
+ Zo-m Z(At —~7(u, v))+0'Z(T,(u v) - Any)
m=0 i=0

= J) - Z AlEw,v) = Ax) + Z,ui(ﬁ(u, v) - Ar),
i=0 i=0

where p, o > 0 and p,,, 05, > 0 for each m =0,...,n — 1 are Lagrange multipliers
and where we have defined Ax; = x;,; — x; and At; =t;;1 — t; for each i=0,...,n
with 7 —AT Ai=p- Z;‘llpm for each i=0,...,n—1 with 4, =p >0 and y; =
o- o'mforeachz—O ..,n—1withy, =0 >0.Notethat ) < A; <--- <A, =p
and yy <y <--- <, = 0. Choose a fixed value i € {0, 1,. .., n}. It follows from the
integral formulz in Appendix B that

(i_j- _ (—l)j_l H(Vj)Vj _ /l,'H(Vj)Vj _ /JiH(Vj)
ovj Hwj) —r(v) rOplHW) —r(v)]  r)HW;) —rv))]
for each j=2(rg+---+ri_))+ 1,2(r0+ - +ri)) +2,...,2(r 0+ --- + r;). We can
also use the integral formule in Appendix B to see that
0F _ —Qii =i - (uiz1 — 1)
Ouj  H(u;)—r(u;)  H(u) — r(u;)
for each i € {1, ..., n}. Finally, we use the integral formul® in Appendix B to see that
aj — /an(un+1)un+l _ ﬂnK(un+1)
aun+1 V(Mn+1)[K(Mn+1) + r(un+1)] r(”n+1)[K(un+1) + r(un+1)] ‘

A little algebra now shows that if i € {0, ..., n}, then
0T

av; =0 = Av;—pi = @)
for each j=2(rp+ - +r_)+ 1,2(r0+---+r_) +2,...,2(rp + --- + r;) and, if
ie{l,...,n+ 1}, then

N§

— =0 Pi-1U; — 01 =0.
(91/!,'
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We will assume that p,, >0 and o, >0 for all m=0,...,n—1 and also that
p> Z;‘n;lo pm and o > Z;’;lo o. Thus, the distance and time constraints are all active
and the necessary conditions for optimality are formally the same as they were for the
leading train. Therefore, the switching speeds V; and W; on the interval (x;, x;;1) for
eachi=0,...,n and the speed U; at the point x; for each i = 1,. .., n can be represented
in precisely the same way using exactly the same formula. The speed U, at which
braking begins can also be represented in the same way using the same formula. Thus,
foreachi=0,...,nandeachry+---+r_ <k <ry+---+r; — 1, the switching speeds
are vy = W; and vyp = V;and, for each i = 1,. .., n, the speed at the signal point x;
is u; = U;. The speed at which braking begins is u,11 = U,4;.

Despite the similarities in the necessary conditions, there are important differences
between the optimal strategies for the following train and the optimal strategies for
the leading train. For a start {4;}_, and {x;}]_, are strictly increasing sequences for the
following train problem whereas both are strictly decreasing sequences for the leading
train problem. We also note that the optimal strategy for the following train uses a
phase of maximum acceleration when it passes through a signal point, whereas the

leading train uses a phase of coast.

8. The strategies of optimal type

In this section we investigate the basic structure of the strategies of optimal type
for both the leading train and the following train. We emphasize once again that the
Karush—Kuhn—Tucker conditions show that the optimal strategies have a specific form
defined by the key Lagrange multipliers. Such strategies are called strategies of optimal
type. However, the Lagrangian analysis does not yield the values of the key multipliers.

If we assume that 4; > 0 and y; > 0 on each interval (x;, x;;1) for the leading train,
then we must have ). &(u,v) = x,41 and 32 7(u,v) = 5,41 foreachm =0,...,n,
and &;(u,v) = Ax; and 7;(u,v) = As; foreachi = 0,...,n — 1. We say that each interval
(xi, x;3+1) 1s actively timed. Similar remarks apply to the following train with the time

constraints replaced by >/, 7;(#,v) = t,,41 foreachm =0,...,n and 7;(u,v) = At; for
eachi=0,...,n— 1. For each y; > 0 the value v = Z; which minimizes the pseudo-
convex function .

E,(v) = % +r(v)

in the region v > 0 is the unique solution to the equation ¥(v) = y;. Thus, ¥(Z;) = p;.
The speed v = Z; is the optimal driving speed on (x;, x;;1). Note that Z; depends only
on y;. There are precisely two solutions v = V; and v = W; with V; < Z; < W; to the
equation

i
=S ) e A== ()

if and only if A; > ¢’(Z;). In this case, the switching speeds v({2;) = Vi and v({ok+1)

= W; are well defined on the interval (x;, x;+;) for each i =0,...,n. The speeds

v(x;) = U; at the signal point x; for each i = 1,...,n and the speed v({35) = U4 at
which braking begins are also uniquely defined. Thus, the strategy of optimal type
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is uniquely defined by the Lagrange multipliers. Although the switching speeds are
defined explicitly in terms of the Lagrange multipliers, the Lagrangian analysis does
not yield the numerical values that satisfy the relevant distance and time constraints.
Similar comments apply to the classical single-train problem with discrete control.
Readers are referred to the original papers on optimal control of a single train using
discrete control [15, 29-33] for more information about strategies of optimal type and
the associated definitive formulz.

We have used the same notation for both the leading train problem and the following
train problem in our above analysis, but we emphasize once again that the solutions
are completely independent. Thus, for a given set of prescribed section clearance
times {A};_, the optimal values of the key parameters A,; and u,; and the associated
switching speeds V,; and W,; for the leading train are not the same as the optimal
values of the key parameters Ay; and uy; and the associated switching speeds V; and
W ; for the following train. Consequently, the positions of the optimal switching points
{¢,j and (g for each j=1,...,2s are not the same either. In general, the active time
constraints #,;, = h;,—y and f7;, = t;,_; also occur at different signal points.

8.1. Strategies of optimal type for the leading train If all constraints are active
for the leading train, then each interval (x;, x;;+1) is an actively timed interval with
A > i1 >0and y; >y >0foralli=0,...,n— 1. Since ¥(v) is strictly increasing
in v and since Y(Z;) = p; > pir1 = ¥(Zi+1), this means that Z; > Z;, ;. Thus, the optimal
driving speed Z; decreases on each successive actively timed interval. In summary, this
means that a strategy of optimal type for the leading train has the following structure.

e On [xp, x1], there is an initial phase of maximum acceleration from v(xy) = 0 to
v = Wpy; a succession of ry — 1 consecutive phase pairs of coast from v = W
to v = Vy and maximum acceleration from v =V to v = Wy, which may be
visualized as a single phase of approximate speedhold at the optimal driving
speed Zy; and a coast phase from v = Wy to v(x;) = U;.

e On (x;, x;41) foreach i =1,...,n — 1, there is a phase of coast from v(x;) = U;
to v = V;; a phase of maximum acceleration from v = V; to v = W;; a succession
of r; — 1 consecutive phase pairs of coast from v = W; to v = V; and maximum
acceleration from v = V; to v = W;, which may be visualized as a single phase of
approximate speedhold at the optimal driving speed Z;; and a coast phase from
v=W;tov(xir1) = Uiy

e On (x,, x,+1), there is a phase of coast from v(x,) = U, to v = V,,; a phase of
maximum acceleration from v = V,, to v = W,,; a succession of r, — 1 consecutive
phase pairs of coast from v = W, to v =V, and maximum acceleration from
v =1V, to v=W,, which may be visualized as a single phase of approximate
speedhold at the optimal driving speed Z,; a coast phase from v =W, to
v = Up41; and a final phase of maximum brake from v = U, to v(x,41) = 0.

8.2. Strategies of optimal type for the following train If all constraints are active
for the following train, then each interval (x;, x;;+1) is an actively timed interval with
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0<A; <A1 and 0 < py; < iy forall i =0,...,n— 1. Since ¥(v) is strictly increasing
in v and since Y(Z;) = y; < piv1 = Y(Z;i41), this means that Z; < Z;;. Thus, the optimal
driving speed Z; increases on each successive actively timed interval.

Thus, the strategy of optimal type for the following train has a similar structural
form to the strategy of optimal type for the leading train, except that the approximate
holding speed increases as the journey progresses, and the following train uses a phase
of maximum acceleration to transition from speed V;_; at the point {5 +...+r_,) in the
interval (x;_1, x;) to speed W; at point {5(;+..+r_)+1 in the interval (x;, x;+1) for each
ie{l,...,n}.

9. Formulation of the constraints and feasibility

In this section we will study the more subtle mathematical implications of the
problem formulation. In particular, we investigate the difference between a cumulative
formulation of the intermediate distance and time constraints and a section by section
formulation.

9.1. Formulating the distance and time constraints In general the weakest
formulation of the constraints will generate the strongest conditions on the Lagrange
multipliers. Consider the leading train problem. For each m =0,...,n we have
formulated the distance and time constraints with corresponding Lagrange multipliers
Pm = 0 and o, > 0 in the weak form

m m
Zfi(u,V)zme and ZTi(u’V)SSmH,

i=0 i=0

which we interpret as saying that the leading train must pass the point x = X,
at or before time ¢ = s,,1. Alternatively, we could formulate the constraints with
corresponding Lagrange multipliers 4; > 0 and y; > 0 in the strong form

&,v) > Ax; and  Ti(u,v) < As;,

which means that the train must traverse the section (x;, x;;1) in less time than the
difference between the prescribed times for x;;; and x; for each i =0,...,n. We
can see that the strong form of the conditions implies the weak form but not vice
versa. On the other hand, the correspondence A; = 3, _; pm and y; = Y7 _; 0, for each
i=0,...,m, which we established earlier between the two sets of Lagrange multipliers,
means that the conditions p,, > 0 and 0, 20 forall m=0,...,n give ;-1 > 14; >0
and g1 > g; > 0. Thus, the weak formulation shows that {4;}!" ) and {y;}?_ are both
decreasing sequences—a fact that we could not deduce from the strong formulation. If
the constraints are all active, then the formulations are equivalent. Similar remarks
apply to the formulation of distance and time constraints for the following train
problem.
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9.2. Necessary conditions for a strategy of optimal type If the constraints are all
active, then for the leading train problem we must have A;,_; > A; and y;_; > y; for each
i=0,...,n and for the following train we must have 4;_; < 4; and y;_; < y; for each
i=0,...,n. We would like to fully understand why these conditions are necessary.

Consider the leading train problem. For each optimal driving speed Z; > 0, there is a
unique corresponding value y; = ¥(Z;) > 0. From our earlier arguments, it is clear that
we must have 4; > ¢’(Z;) > 0 to generate switching speeds V; < Z; < W;. The condition
W(Zi—1) = pi—1 > i = Y(Z;) simply means that the optimal driving speed Z; decreases
as the journey progresses. The speed at signal point x; is given by

_ Mi-1 — Mi

U; >0
Adic1 = A
foreachi=1,...,n. If we use the formula
(W) = @(V)) _ Vip(W;) = Wip(V;)
Aj=—r——— and y;=

Wi-Vi Wi-Vi

and some tedious algebra, then we can show that
Ui=Vi=leWi)(Vier = Vi) + (Vi )(Vi = Wiz1) + o(Vi)(Wiey — Vi)l i,
where a; = (4,21 — )(W;_1 — V;_1) > 0. If we define
Bi = eWii)(Vier = Vi) + (Vi )(Vi = Wisy) + (Vi) (Wiey = Viey),

then

B ,

v, - —o(Wi1) + o(Vie1) + " (Vi) (Wi = Viey).
The strict convexity of ¢ means that there is a unique value V € (V;_1, W;_1) such that
0B:i/0V; = 0. For V; < V! we have dB;/dV; < 0 and, for V; > V', we have 93;/9V; > 0.
Since B; = 0 when V; = V;_; and when V; = W,_y, it follows that U; > V; if and only if
Vi ¢ (Vi_1, Wi_1). A similar argument can be used to show that U; < W;_; if and only
if Wiy ¢ (V;, W;). Since W,y > Z;_1 > Z; >V, it follows that V;_; > V; and W,_; > W,.
We have the following important result.

Lemma 9.1. A strategy of optimal type for the leading train with switching speeds
V=Wy,...,V,)and W =W,,...,W,) is well defined only if Vi_; > V;and Wi_y > W;

for all i =0,...,n. If these conditions are satisfied and we write U = (Uy,...,U,)
to denote the speeds at the signal points (xy,...,Xx,), then W;_y > U; > V; for all
i=0,...,n

An analogous result holds for the following train, where the strategy of optimal
type is well defined only if V;_; < V;and W;_; < W; foreachi =0,...,n, in which case
Vioi < U; < W;foreachi=0,...,n.
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9.3. Necessary conditions for a feasible strategy of optimal type Although
Lemma 9.1 provides sufficient conditions for the existence of a strategy of optimal type
for the leading train and the analogous result does the same for the following train, we
have still not established sufficient conditions for the existence of a feasible strategy.
We will not discuss this problem in depth, but rather state suitable sufficient conditions
for each train. A simple test for the existence of feasible strategies of optimal type
is for the leading train to do a minimum-time journey starting at time ¢ = O and for
the following train to do a minimum-time journey finishing at time ¢ = T + AT. Thus,
the leading train finishes as early as possible and the following train starts as late as
possible. The minimum-time journey is a degenerate strategy of optimal type with
only two phases. The first phase is maximum acceleration and the second phase is
maximum brake. The switching point is chosen so that the train travels the correct
distance. If these two strategies satisfy the required section clearance time constraints,
then optimal strategies will exist for each train.

9.4. The state constraints in theory and in practice In our theoretical application
of the Karush—-Kuhn-Tucker conditions, it was convenient to assume that all
constraints were active. Thus, we omitted inactive constraints from the analysis. In
practice, it may be more convenient in terms of the notation to retain the inactive
constraints. If so, then the sequences of optimal driving speeds are decreasing for the
leading train and increasing for the following train—rather than strictly decreasing and
strictly increasing. If the subsequence of signal locations corresponding to the active
time constraints for the leading train is denoted by {x,»(g,r)}f _, and the subsequence for
the following train is denoted by {x;s,»}?_,, and if Z;.,» and Zy, denote the respective
optimal driving speeds on (Xje ), Xi¢,r+1y) and (Xis,», Xicfr+1)), then we know from our

earlier theoretical analysis that the subsequence {Z;,,}._, is strictly decreasing and

-
r=0
that the subsequence {Z; f,,)}i’;é is strictly increasing. More specifically, we have the
following characterizations.

o If Zi([,r)—l > Zi(g’r) and Zi([,r+1)—1 > Zi(f,r+1) and tei <8 for each i = l(f, r) +
L...,il,r+1) =1, then (xi¢r, Xier+1)) 1S an actively timed segment for
the leading train. We must have active constraints #;¢» = Sie,») = hie,)-1 and
teicer+1) = Sice,+1) = higer+1y-1 at each end point and within the segment the
optimal driving speeds must be equal with Zy ) = Zijz )41 = -+ = Zigg p+1)-1-

o If Zi(f,r)—] < Zi(f,r) and Zi(f,r+l)—1 < Zi(f,r+l) and Iri > 1 for each i = l(f, r) +
L,...,i(f,r+1) =1, then (X, Xir.r+1)) is an actively timed segment for the
following train. We must have active constraints ts;s,) = s, = hir,n+1 and
tritfr+1) = tiggr+1) = hi¢rre1)+1 at each end point and within the segment the
optimal driving speeds must be equal with Zjs )41 = -+ = Zi(r41)-1.

The locations of the active constraints for the leading train problem do not necessarily

coincide with the locations of the active constraints for the following train problem.
Each sequence {Z;;}!, of optimal driving speeds with Z;; > Z;;.1 > 0 generates

a corresponding sequence of parameters {u;} ) = {Y(Z )V, with pe; > peiv >0
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and, in conjunction with each decreasing sequence of parameters {1,;}!_ satisfying
Aei > @' (Zyr;), defines a unique control strategy for the leading train with corresponding
unique optimal speed and time profiles (ve, t7) = (v¢(x), t,(x)) for each x € [0, X(A¢, pp)],
where X (A, ;) 1s chosen so that v¢(x) > 0 for 0 < x < X(A¢, 1) and v [X(A¢, p,)] = 0.

Likewise, each sequence {Zy,;}?_, of optimal driving speeds with 0 < Zy; < Zs;1
generates a corresponding sequence of parameters {uy;}’ = {W(Z;)}, with 0 <
Myri < pyiv1 and, in conjunction with each increasing sequence of parameters {A,;}7
satisfying As; > ¢’(Zy,), defines a unique control strategy for the following train with
corresponding unique optimal speed and time profiles (v, ;) = (v¢(x), 7(x)) for each
x € [0, X(Af, py)], where X(Ag, pr) is chosen so that v(x) > 0 for 0 < x < X(4y, ) and
VX )] = 0,

By considering different sequences of the key parameters A and y, it is possible
to adjust the speed and time profiles in order to satisfy the overall distance and time
constraints and any feasible set of prescribed intermediate section clearance times.

10. Examples

We present some specific examples using realistic parameter values to illustrate
our theoretical results. Distance is measured in metres (m) and time is measured in
seconds (s). We consider a level track [0, X] where X = 80000 with signal positions
0=2xp<x; <---<x7<uxg =X given by

x = (0, 8000, 16 000, 26 000, 40 000, 54 000, 64 000, 72 000, 80 000).

We assume that " = 1/v and v’ = [3¢/v — r(v)]/v where ¢ € {1,0,—1} and r(v) =
ro + rav? where ry = 6.75 x 10> m~" and r, =5 x 107 m™3 s2. The total time allowed
for the journey is 7' = 3600.

As a basis for comparison, we consider the strategy of optimal type for a single
train defined by the above parameters in the form

S = {19{0’ 1}15909_1}

with an initial phase of maximum acceleration, followed by a collective phase of
approximate speedhold at the optimal driving speed using 15 coast and maximum
acceleration pairs, a coast phase and a maximum brake phase. The optimal driving
speed is Z = 23.0303, the switching speeds are V =~ 20.6673 and W ~ 25.5670 and the
speed at which braking begins is given by U = 14.0065. The cost of the journey is
J ~2701.3 J kg™! (m? s72). The speed profile is shown on the left in Figure 1. If we
use an optimal strategy

S = {19{0’ 1}49’09_1}

with a much higher number of coast and maximum acceleration pairs, then the optimal
driving speed is Z ~ 23.0652, the switching speeds are V = 22.3008 and W ~ 23.8469
and the speed at which braking begins is given by U = 14.1629. The cost of the journey
is J ~2682.0 J kg™' (m? s72). The speed profile is shown on the right in Figure 1.
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35 35

To X1 T2 T3 T4 Ts T Ty Ty To Ty T2 I3 T4 T5 T Ty Ty

FiGure 1. Speed profiles for an optimal single-train strategy with 15 coast and maximum acceleration pairs

(left) and 49 coast and maximum acceleration pairs (right). Distance on the horizontal axis is measured

in metres and speed on the vertical axis is measured in m s~'.

No significant further reduction of cost is achieved with an increase in the number of
coast and maximum acceleration pairs.

Suppose that we wish to run two successive identical trains defined by the above
parameters along the given track, with the leading train starting at = 0 and finishing
at 7 = 3600 and the following train starting at t = AT = 720 and finishing at ¢ =
T + AT = 4320. If the trains both use the optimal single-train strategy with 15 coast
and maximum acceleration pairs, then the times that they pass the signals are given by

ty =~ (0,431,724,1155,1762,2369, 2802, 3150, 3600)
for the leading train and
tr=t,+720 x 1 =~ (720, 1151, 1444, 1875, 2482, 3089, 3522, 3870, 4320)

for the following train. Safety considerations mean that the two trains must always
be separated by at least two signals. This means that we must have #;; > t, ;,, for all
j=0,...,6 and this is clearly not the case. Indeed, it can be seen that AT = 1214 is
the smallest possible value for AT that will satisfy the safe-separation condition when
both trains use the optimal single-train strategy. We will now show that it is possible to
set AT =720 and satisfy the safe-separation condition if the leading train goes faster
at the beginning of the journey and the following train goes slower.

ExampLE 10.1. Let T = 3600 and AT = 720 and define the common set of prescribed
section clearance times

h = (720, 1080, 1600, 2340, 2760, 3120, 3600)

with by = AT and hy = 3600. The leading train must pass the point x; before time
sj=hj_ for each j=2,...,8 and the following train must pass the point x; after
time A, for each j=0,...,6. Therefore, we may define a full set of latest allowed
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section exit times for the leading train and earliest allowed section entry times for the
following train by setting

s = (sg,...,s8) = (0,720%,720, 1080, 1600, 2340, 2760, 3120, 3600)
and
t=(ty,...,13) = (720, 1080, 1600, 2340, 2760, 3120, 3600, 3600*, 4320).

The asterisked times are to a certain extent optional. We begin by outlining the optimal
strategies for each train.
Consider the leading train problem. The signal points are

x = (0, 8000, 16 000, 26 000, 40 000, 54 000, 64 000, 72 000, 80 000)

and so the progressive minimum allowed average speeds v, ; = x;/s; for the leading
train on the intervals [0, x;] for each j =1, ..., 8 are given by

Ve~ (11.11%,22.22,24.07,25,23.08,23.19, 23.08, 22.22).

The most demanding signal point constraint is defined by s4 = 1600 and x4 = 40 000
with Vg4 = 25. Thus, we look for a strategy

S, =1{1,{0,1}7,0,1,{0,1}7,0, -1}

with phases of approximate speedhold on the intervals [xg, x4] and [x4, xg] and with a
single active intermediate time constraint z,(x4) = s4. It turns out that there is a uniquely
defined strategy of optimal type in this form with #,(x4) = s4 and with t¢(x;) < s; for
J # 4. The speed profile for this strategy is depicted on the left in Figure 2.

Now consider the following train problem. The signal points are

x = (0, 8000, 16 000, 26 000, 40 000, 54 000, 64 000, 72 000, 80 000)
and the elapsed times are
t — 1y x1=1(0,360, 880, 1620, 2040, 2400, 2880, 2880", 3600),

so the progressive maximum allowed average speeds Vy; = x;/(t; — tp) for the
following train on the intervals [0, x;] for each j=1,...,8 are given by

vy~ (22.22,18.18,16.05,19.61,22.5,22.22,25.00%, 22.22).

The most demanding signal point constraint is defined by 3 — 7y = 1620 and x3 =
26 000 with v¢3 =~ 16.05. Thus, we look for a strategy

Sy =1{1,0,{1,0Y,1,0,{1,0)°,1,0, -1}

with phases of approximate speedhold on the intervals [xg, x3] and [x3, xg] and with a
single active intermediate time constraint #7(x3) = 3. It turns out that there is a uniquely
defined strategy of optimal type in this form with #,(x3) = #3 and with #,(x;) > ¢; for
J # 3. The speed profile for this strategy is depicted on the right in Figure 2.

https://doi.org/10.1017/51446181118000214 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181118000214

162 P. Howlett [26]

35 35
L Wik

W NNV

%/; L NN T E [ \ U

% /1

7 U
Wo N 2
Vo kNN
U,
To T To T3 T4 T5 Tg T T T Tl Ty X3 T4 Is T T7 T3

FiGure 2. Optimal speed profiles for the leading train (left) and the following train (right) in Example 10.1.

Distance on the horizontal axis is measured in metres and speed on the vertical axis is measured in m s~

Now consider the detailed calculations. For the leading train, define distance
functions

Wo vdy Wo 3dv Wo ) dy
SV W) = fo = fv rOBY -] fu )

U ydy Wi 3dv Wiy dy Y2 3dv
fl(V,W):ﬁl m+7fVl r(v)[3/v—r(v)]+fUz W+£ 3/v+r)

and time functions

oM™ vav Yo (3/v)dy "oy dy
TO(V’W)‘fo 3/v—r<v)+7fvo r(v)[s/v—r<v)]+fyl )’

Y M@y May Y2 (3/v)dv
S A~ R e o M Rl o

where U (V, W) = (up — t1)/(do — A1) is the speed at the signal point x4 and
U,(Vy, Wy) = u1 /4, is the speed at which braking begins and where
e(W) — (Vi) Vie(W;) — Wip(V1)

Ai(Vi, W) = —wW_v and u(V;, Wy = WV,
1 1 1 1

for each i = 0, 1. Now we solved the equations

o [£0(V, W) = (x4 — x0)| _
EV.W)-Ax =0 = E(V, W) = (xg — x4)| 0
and
~ B 7T0(V, W) —(s4 — SO)— _
T(V,W)-As =0 — TI(V, W) — (53— s4)| 0
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for (V, W) using a Newton iteration in the form

—-

’aé:gl) 6580 af(()ﬂ) afgl) 7

Vo oW, aoVy oW,
V(()IH—I) V(()n) aé_—in) 6§§n) 655’1) 65?1) f(()n) _ (X4 _ Xo)
Wé"“) _ Wé") ave awy,  avi awy | € — (xs - xp)
VDL Z YN T el gr0 g g |2 (s — )|
W(n+l) W(n) T(n) — (53— S4)

1 1 OV() 6Wo 6V1 an 1 8 4

87'(]") (97'(]") 61'(]") 6‘1'(1”)
LoV,  OWy, oV, oW,

where | denotes the Moore—Penrose inverse. All calculations were performed in
MarLaB. We used the initial values (Vy, Wy) = (26,29) and (Vy, Wp) = (21, 25) and,
after six iterations, obtained

(Vo, Wp) = (23.7305,27.5899) and (V, W)) = (19.4040,22.8417).

The speed at x4 was U; = 23.3326 and the speed at which braking begins was
U, =~ 12.6816. The optimal driving speeds were Zy ~ 25.6118 and Z; ~ 21.0761. The
calculations showed that the active distance and time constraints were satisfied with
& = 40000, & ~ 40000, 79 = 1600 and 17 ~ 2000. We used an ad hoc mid-point
algorithm to calculate the times at the signal points and obtained

tr = (0,349,661, 1052, 1600, 2260, 2735,3116,3600) <.

This confirms that the proposed journey is feasible. The cost of the strategy

7 _fw‘)i”f%i”fm&
=)y 3/v-r) v 3/v—r(v) v 3/v—r()

was calculated as J, ~ 2752.6.

The detailed calculations for the following train are similar. We define distance
functions

Wo vdy Wo 3, dy Wo 3dv Ui vdy
folV. W) = fo -1 fv FORE fv rOBY -] fv 3v—r(v)’
Wi vdv Wiy dy Wi 3dv
aV. W)= fu =1 fv w HO fv rOB/Y =]

+fW‘ vdy +fw‘ﬂ+fU2 vdv
v, 3/v—r() v, T Jo 3/v+r)
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and time functions

M o dy Mo 3wy Y dv
To(v,W>—f0 m*fvo m”fvo m+f‘/o 3/v—rv)’
) Wiy Wi dy Wi 3/v)dv
nv.wy= fU 3/v—r(V)+fV1 r<v>+6fvl OB/ = r)]

+fW‘L+fW‘ﬂ+fUZ v
v 3= Ju o T 3oy

where Uy, U,, A1, A2, i1, i are defined as before. Now we solved the equations

Eo(V, W) —(x;3 - xo)} ~0

§V-W-hr=0 = [§1<V,W>—<xg—x3)

and

TV,W)-At=0 [TO(V’ W) — (13- to)}

TI(V, W) — (13 — 13)

for (V, W) using a Newton iteration similar to the one used for the leading train. All
calculations were performed in MarLas. We used the initial values (Vy, Wp) = (12, 17)
and (V, W) = (18, 24) and, after six iterations, obtained

Vo, Wo) = (14.7747,17.4514) and (V,, W;) = (26.6630,30.7871).

The speed at x3 was U; =~ 22.8672 and the speed at which braking begins was
U, ~ 18.0367. The optimal driving speeds were Z, ~ 16.0759 and Z; ~ 28.6756. The
calculations showed that the active distance and elapsed time constraints were satisfied
with & = 26 000, &, =~ 54000, 79 = 1620 and 7; = 1980. We used an ad hoc mid-point
algorithm to calculate the elapsed times at the signal points and obtained

tr—1tox1~(0,512,1007,1620,2111,2598,2947,3224,3600) > £ — 1o x 1.

This confirms that the proposed journey is feasible. The cost of the strategy

fWo 3dv fWo 3dv
Jp= — 47 —
o 3/v=r®) ve 3/v-r)

fW] 3dv fW] 3dv
+ —+7 —
vo 3/v—r@) v, 3/v—r@)

was calculated as Jy =~ 3147.8.
The total cost is J = J; + Jr ~ 5900.4. This is the optimal strategy for the given
clearance times. O

The optimal strategy depends on the prescribed intermediate clearance times. In
Example 10.2, we show that the optimal strategy can be improved by changing the
clearance times. There is currently no practical algorithm that can systematically
determine the optimal prescribed section clearance times. In the absence of such an
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algorithm, the determination of an improved set of prescribed section clearance times
is very much an ad hoc procedure. Because high speeds mean that excessive energy is
used to overcome frictional resistance—the frictional resistance is generally assumed
to increase in proportion to the square of the speed—any changes in the prescribed
times should be designed to allow more time on sections where the holding speeds are
highest. There is an intrinsic dilemma involved here, because the intuitive premise for
safe separation is that the leading train should go faster during the initial stages of the
journey and slower during the final stages, whilst the opposite should be the case for
the following train. The optimal balance is achieved either by reducing the speed of
the leading train during the initial stages and forcing a corresponding increase in the
speed of the following train during the final stages, or else by increasing the speed of
the leading train during the initial stages and thereby allowing a decrease in the speed
of the following train during the final stages. In Example 10.2, we force the leading
train to go faster in the early stages and allow the following train to go slower in the
final stages.

Exampre 10.2. Let T = 3600 and AT = 720. We use the same trains that were used in
Example 10.1. Suppose that the prescribed intermediate clearance times are

h = (h,...,hy)=(720,1040, 1550, 2280, 2760, 3150, 3600)

and that the respective latest allowed exit times for the leading train and earliest
allowed entry times for the following train are

s = (sg,...,s8) = (0,720%,720, 1040, 1550, 2280, 2760, 3150, 3600)
and
t=(t,...,13) = (720, 1040, 1550, 2280, 2760, 3150, 3600, 3600", 4320).

The optimal strategies take the same basic form as the optimal strategies in
Example 10.1. The active constraints occur at the same points.

For the leading train, the most demanding constraint is defined by s4 = 1550 and
x4 = 40000. Thus, we look for a strategy

S, =1{1,{0,1}7,0,1,{0,1}7,0,-1}

with phases of approximate speedhold on the intervals [xg, x4] and [x4, xg] and with a
single active intermediate time constraint z,(x4) = s4. It turns out that there is a uniquely
defined strategy of optimal type in this form with #,(x4) = s4 and with #,(x;) < s; for
J # 4. The speed profile for this strategy is depicted on the left in Figure 3.

For the following train, the most demanding constraint is defined by 13 — 720 = 1560
and x3 = 26 000. Thus, we look for a strategy

S;=1{1,0,{1,0),1,0,{1,0)°,1,0, -1}

with phases of approximate speedhold on the intervals [xg, x3] and [x3, xg] and with a
single active intermediate time constraint #;(x3) = 3. It turns out that there is a uniquely
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Ficure 3. Optimal speed profiles for the leading train (left) and the following train (right) in Example 10.2.

Distance on the horizontal axis is measured in metres and speed on the vertical axis is measured in m s~!.

defined strategy of optimal type in this form with #;(x3) = 13 and with #¢(x;) > ¢; for
Jj # 3. The speed profile for this strategy is depicted on the right in Figure 3.
We used a Newton iteration to find the optimal switching speeds in precisely the
same way as we did in Example 10.1. All calculations were performed in MATLAB.
For the leading train, we used the initial values (Vy, Wy) = (26, 29) and (V{, W) =
(21, 25) and, after six iterations, obtained

(Vo, Wp) =~ (24.7581,28.4293) and (V;, W)) = (18.8660, 22.2562).

The speed at x4 was U; = 23.6208 and the speed at which braking begins was
U, = 12.2794. The optimal driving speeds were Zy ~ 26.5514 and Z; ~ 20.5144. The
calculations showed that the active distance and time constraints were satisfied with
& =~ 40000, & ~ 40000, 79 = 1550 and 11 ~ 2050. We used an ad hoc mid-point
algorithm to calculate the times at the signal points and obtained

t, = (0,342,643, 1020, 1550, 2226,2712,3104,3600) <.

This confirms that the proposed journey is feasible. The cost of the strategy was
calculated as J, ~ 2796.3.

For the following train, we used the initial values (Vy, Wy) = (12,17) and (V, W) =
(18,24) and, after six iterations, obtained

(Vo, Wo) = (15.4398,18.1280) and (Vi, W;) = (25.6445,30.0107).

The speed at x3 was U; ~ 22.5778 and the speed at which braking begins was
U, ~ 17.3913. The optimal driving speeds were Zy = 16.7479 and Z; = 27.7704. The
calculations showed that the active distance and elapsed time constraints were satisfied
with & ~ 26 000, &; = 54000, 79 ~ 1560 and 7; = 2040. We used an ad hoc mid-point
algorithm to calculate the elapsed times at the signal points and obtained

ty — 1o x1=(0,494,970, 1560, 2066, 2568, 2905, 3215,3600) > £ — o x 1.
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FiGure 4. Train graphs for the optimal strategies in Example 10.1 (left) and Example 10.2 (right). Position
on the vertical axis is measured in metres and time on the horizontal axis is measured in seconds. The
top graph is the leading train and the bottom graph is the following train. The double staircases and the
associated shaded regions show the required separation. The inactive intermediate constraints are shown
as open circles on the upper and lower staircases. The only active intermediate constraints are (/3, x4) for
the leading train and (A4, x3) for the following train.

This confirms that the proposed journey is feasible. The cost of the strategy was
calculated as J; ~ 3039.5.

The total cost is J = J, + Jr = 5835.8. This is the optimal strategy for the given
clearance times. We note that the total cost is lower than the total cost of the strategies
in Example 10.1. O

In practice, railway timetables are depicted as train graphs which plot position
against time. Figure 4 compares the train graphs for Examples 10.1 and 10.2. The
double staircases and associated shaded regions show that the required separation is
maintained at all times.

11. Summary and future work

We have solved the two-train separation problem on level track with discrete control
and specified intermediate clearance times by finding characteristic forms for the
strategies of optimal type for both the leading train and the following train. The
imposition of specified section clearance times allowed us to formulate and solve
separate and essentially independent problems for each train. The explicit formulee
found for the key parameters have enabled development of a MarLaB algorithm using
a rapidly convergent Newton iteration to calculate the optimal switching speeds in the
case where there is one active intermediate time constraint for each train. A similar
algorithm could also be used for the analogous problem with continuous control. For
problems with more than one active time constraint, it seems likely that the proposed
Newton iteration will remain viable. We support this intuition by noting that the
Jacobian matrix for the larger problem is essentially tridiagonal in that the distance
travelled and time taken on each section depend only on the switching speeds for the
designated section and the switching speeds on the previous and subsequent sections.
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The first priority for future research by the Scheduling and Control Group (SCG)
at the University of South Australia on the two-train separation problem with
specified intermediate times is to develop MartLAB algorithms using convergent Newton
iterations to calculate optimal strategies for each train in the two-train separation
problem on level track with both continuous and discrete control when there is
more than one active intermediate constraint for each train. The results in this paper
suggest that this task may be relatively straightforward despite the potential algebraic
complexity. The second priority for the SCG is to develop more general algorithms
to calculate optimal strategies for the two-train separation problem with specified
intermediate times on nonlevel track. Although it has already been shown by Albrecht
et al. [8] that the optimal strategies are defined by strictly monotone sequences of
optimal driving speeds, there are no explicit formul@ for the distance travelled and
time taken as functions of speed, and the presence of steep grades will mean that the
optimal driving speeds may be unattainable on some segments of the track. Thus, the
development of suitable algorithms is much more difficult.

We have remarked earlier in Section 5.2 that solution of the two-train separation
problem with specified intermediate clearance times is the first stage of a two-
stage process. We have already noted that the total energy consumption for the
optimal solution depends on the specified times. The second stage of the process
is to find a set of optimal intermediate clearance times. This problem has already
been solved theoretically for continuous control on level track [3, 4, 7] by finding
necessary conditions for the optimal intermediate clearance times. These conditions
have been used by Albrecht et al. [4] to check the optimality of intermediate
clearance times obtained by ad hoc calculations in specific examples. However, there is
currently no known convergent algorithm that can be used to systematically determine
these optimal times. The convergence of the Newton iterations proposed in this
paper provides some grounds for optimism that a similar Newton iteration could
be constructed to determine optimal intermediate clearance times for the two-train
separation problem on level track with continuous control. This will also be a priority
for future research by the SCG. More broadly, it seems completely plausible from
a theoretical viewpoint that the argument used by Albrecht et al. [3, 4, 7] to find
necessary conditions for the optimal intermediate clearance times on level track could
also be applied in much the same way on nonlevel track. Investigation of this problem
is also on the SCG list of priority research.

We also wish to consider more general train separation problems. Once again,
there is a significant gap between our theoretical understanding of these problems
and our ability to find numerical solutions. We have already shown [8] that the three-
train separation problem with specified intermediate times can be solved in much the
same way. The solution is a strategy of optimal type for each train with a decreasing
sequence of holding speeds for the first (leading) train, an increasing sequence of
holding speeds for the third (following) train and a sequence of holding speeds for the
second (middle) train that may increase on some parts of the journey and decrease on
other parts of the journey. The middle train behaves like a following train on sections
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where the active constraint involves separation from the leading train and behaves like
a leading train on sections where the active constraint involves separation from the
following train. It was shown by Albrecht et al. [8] that it is not possible for both
separation constraints to be active on the same section. Once again, the real difficulty
with this problem seems to be the development of suitable numerical algorithms to
find optimal strategies in specific problems. The SCG is currently also pondering these
problems.

Finally, we comment on our use of MarLAB to make the relevant numerical
calculations. From a mathematical point of view, our knowledge of the theoretical
structure of the solutions means that we can use relatively simple problem specific
programming structures in concert with standard MarLAB subroutines for quadrature
or solution of differential equations to obtain efficient and accurate solutions in
very short time on standard laptop computers. Since MarLaB is widely available,
this means that our methods can be applied easily by other mathematicians and
engineers. In summary, MaTLAB provides a convenient computational framework for
our work in much the same way that packages such as CPLEX and GAMS provide a
convenient framework for mathematical programming. For commercial applications,
the SCG has written prototype problem specific numerical algorithms in the functional
programming language Haskell. These programs have normally been converted
into the programming language C++ for the actual practical implementation. The
Energymiser® system developed by the SCG for Sydney company TTG Transportation
Technology [47] to find optimal speed profiles on the TGV trains in France has been
implemented using C++ as a tablet app for SNCF drivers.
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Appendix A. The key functionals for the leading train

The cost functional for the entire journey and the distance and time functionals for
each timed section can be expressed as functions of the switching speeds and the
speeds at the signal points. We write J = J(v) for the cost functional and &; = &;(u,v)
and 7; = 1;(u, v) for the distance and time functionals, respectively, on section (x;, X;:1)
for each i = 0,...,n. The equations of motion show that for a phase of maximum

acceleration,

X = v—a’v and drf= L,
H®) —r() H®y) —r(v)
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for a phase of coast

dx = ( l)ﬁ and dr= ( I)U
and for a phase of maximum brake
vdy dv
dx=(—1)m and dl‘:(—l)m.

The cost function for the entire journey is the sum of the costs of the acceleration
phases and depends only on the switching speeds. Since u, = H(v) for an acceleration
phase and dJ = u.dx,

Vi H d n-1 Vel [ d
Jv) = (v)yvdy N f (yvdv

o HW-r0) &), HE)-r0)

The distance functions for each timed section are

V) vdv el V-1 y dy Y2kl vdy -ty dy
éo(u,v) = o m-'-;[‘fv\ W-’- ; H(v)—r(v)]-‘_fu1 ()’

2k 2k

Ui v dV V2(rg++ri_)+1 V dV
fi(u’ V) = — +t H—
ey T Doy, HO) = (V)

ro+-+ri—1 Va-1 ) dy Vol 1 vdy Va(rg+-+-1 ) dy
2w el
. r(v) . H®W) - r() lin) r(v)

k:r0+~~+r,»_]+l 2k 2k

foreachi=1,...,n—1and

Un v dV V2(rg+-trp_1)+1 v dV
= f T
Va(rg+etry_y) V(V) Va(rg+etry_1) H(V) - V(V)

ot +r"_l V-1 g Vake 1 vdv
[f () jv;k H(v) = r(v)

k= r()+ o+l

fvz(;0+ +m-1y dy f%m vdy
+ — + —_— .
u rv) Jo KO +r()

n+l1

The elapsed time functions for each timed section are

V1 dv ro=1 V-1 Vok+1 dv V-1 Jy
TO(”’V):fo H(v)—r(v)+;[fm %+f H(v)—r<v>]+fu, o)

Ui dV V2(rg+-triog )+1 dV
- f an [
V23t I”(V) V2(rg+tri_p) H(v) - r(v)

ro+- +rl Vok-1 dv V2k+1 dv V2(rg+-+ri)-1 dv
—_— + —_—
[ f r(v) j;zk HW) - r(v)] fu:.“ r(v)

k= r0+ +rio+1
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foreachi=1,...,n—1and

Up dV V2(rg+etry_p)+1 dV
T,(u,v) = f — + f —_—
’ Va(rgtetry_y) }"(V) v H(V) - V(V)

2(rgttrp—1)

Tot AT = " Vik-1 -y Vok+1 dv
+ —_—
[ f r(v) jv.zk HW) - r(v)]

k= r0+ o+l

V2(rg++rm)-1 Un+1 dV
+ —_—.
fuﬁ. r(V) fo K@) +r(v)

Although we have written &; = &;(u,v) and 7; = 7;(u,v) for each i =0,...,n, we
see that for a typical value of i, these quantities depend only on the speeds u; and
u;y1 at the end points of the interval (x;, xi+1) and on the switching speeds v; for
2(rg+ -+ ri-1) < j<2(rg + - - - + r;) — 1 within the interval (x;, x;;1). Calculation of
the individual partial derivatives is straightforward and is left to the reader.

Appendix B. The key functionals for the following train

The basic methods are similar to those used for the leading train and similar remarks
apply, but the detailed formulz are slightly different. The key differentials are the same.
The cost function for the entire journey is

Vi H)vdy e H®W)vdy

0= ) ' - ) HO) - ()

k=1 YV
The distance functions are

g (u v) _ 141 v—dv . fvl Vdv ro [fV2k+l vdV fV2k+1 v_dv]
0\, o HW)—r() v T (V) k H®W)-r() s TV

“ vdy

H) - r()’

Vargy

V2(rg++ri_+1 v dV V2(rg+e+ri_p)+1 v dv
£i(u,v) = f =y f L
l " H (V) -rv) Uy . r(v)

i 2rg+etrio)+2
rot- -H‘, Vok+1 v dv V2k+1 v dV Ui+ ] v dV
i S e,
k= r0+ 41 l+l H(V) - r(V) Vok+2 r(V) Vz(,0+ ) H(V) - l"(V)

foreachi=1,...,n—1and

V(rg+-try_1)+1 v dv V2(rg e try_p)+1 v dV
B
’ e HW) —r(v)  Jyy,... r(v)

20+t _)+2

ro+-+r,—2

Vok+1 VdV Vok+1 vdv
) [ \ H(v)—r<v>+fv %]

k=ro+-+r,_1+1 % 2k+2

Va(rg+-+rn)-1 vdy Varg++rm=1 U1 vdy
+ f v f v, f _vdv
vageima HO)=1(V) rv)  Jo KW +r®)

n+1
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The elapsed time functions are

vy dv Vi dy =1 Vol 1 dv Vit dy
TO(”’”):fo _H(V)—F(V)+L w2l . H(v)—r<v>+fv )

k=1 % 2442
" dv
vy HO) = 1)
V2(rg+tri_y )+1 dV V2(rg+e-tri_g )+1 dV
Tl‘(u V) :f —_————— +f —
=, HO) = 10) S a7

ro+-+ri—1

Vok+1 dv Vok+1 dv Ui+ dV
)y ” H) - 1(v) +f th H) - 1(v)

k=ro+-+ri_1+1 2rg++ry)

foreachi=1,...,n—1 and

V2(rg -+ )+ dV V2(rg+ 1 )+1 dV
T.(u,v) = f —_— f —_—
! u Hy)-r(v) J, r(v)

n 2(rgttrp_)+2
ro+4r,—2

Vak+ 1 dv Ve
+ ) [f H(v)—r(v)"LfW W]

k=ro+-+r,_1+1
V2(r+--+rn)—1 dV V2(rg+-+rn)—1 dV Un+1 dV
+ —_— + — + —_—.
f H) - r(v) f r(v) fo KO +r(v)
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