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I. Introduction

The stopping document describes methods for controlling and measuring where
and when a train moving at a constant velocity will stop. The location of the
train is known while it is moving at constant velocity and after it has stopped,
but not in between, because its deceleration is an unmeasured non-linear func-
tion. Similarly, its location while it is accelerating to constant velocity is un-
known.

This document introduces two methods for treating accelerating motion.
(For brevity, the word ‘accelerate’ is used to cover both positive and negative
acceleration.) The first method, short moves, is based on a model of train
movement in which trains make sequences of moves that start and finish with
the train at rest. The second makes a full model of acceleration consisent with
Newtonian kinematics making it possible to know the location of a train at all
times.

This document uses the definitions of time intervals used in the stopping
document.

II. Short Moves

You can always separate the motion of a train into a sequence of discrete
moves, each of which starts and ends with the train at rest. Some of these
moves are long moves: the train accelerates to a velocity at which it will travel
a significant distance; its position is esablished by observing the time at which it
triggers sensors as it moves at constant velocity. The techniques of the stopping
document then control the position at which it stops, its location while stopping
being undetermined.

Other moves are short moves: the train is accelerating during the entire
period of the move. We can easily integrate a simple model of short moves
with the existing model for long moves and thereby obtain train control that is
adequate for most projects. (For practical purposes short moves are less than
a metre in length; long moves more than a couple of metres in length.)

Here is the basic idea of doing a well-calibrated short move.
1. Give the train a speed n command. n should be large enough that the

train starts reliably anywhere on the track.
2. Wait for y seconds; then give the train a speed zero command.
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3. Wait until the train stops; then measure how far it has moved, say x cm.

Now any time you wish to move x cm you can repeat the sequence of actions
above.

It is, of course, important to know when a short move is complete. The
procedure for determining the stopping time is easily adapted to find out how
long it takes to complete a short move.

The procedure above is repeated for a variety of values of y over a range
that allows you to make short moves up to a couple of metres. This data is
sampled functions of y for distance and time. You can interpolate the data to
get a value of y appropriate for any distance and time you desire.

II.1. Measurement Timing
Measuring the distance moved is straightforward, but you might want a more
precise timing measurement. (If you are uninterested in getting better timing
ignore the remainder of this section.)

Suppose that you were to give the command to start the movement at t.
Then the start of the train microcontroller’s speed change procedure occurs
at t + τ2; the stop command is given at t + y; and the stopping procedure
starts at t+ y+ τ2. The sensor trigger that ends the time you are measuring is
asychronous. It is framed by two requests for a sensor reading. The first shows
the sensor not yet triggered; the second shows it triggered. Each reading takes
π seconds: sometime during the reading, say φ seconds after the beginning
of the reading, the sensor value is latched. Therefore, if the first and second
readings start at t1 and t2 respectively, the sensor was triggered at z, where
t1 + φ < t+ τ2 + y + z < t2 + φ.

Defining the start of the move as the time of the command, t, the duration
of the move is y + τ2 + z. We can control, and therefore know, t1 − t and
t2 − t. The best we can do is to reread the sensors immediately following the
first read, giving t2 = t1 + π and

t1 − t+ φ < y + τ2 + z < t1 − t+ φ+ π,

which amounts to y+τ2+z = t1−t+φ+π/2±π/2. This amount of uncertainty
is adequate for most projects, but it is possible to do somewhat better.

(Detail to be added.)

II.2. A Simple Model of Short Moves.
To make the above discussion concrete we now create a table for a constant
acceleration approximation of short moves. Let the acceleration be a. The
increasing velocity part of a short move is given by x(t) = at2/2 where 0 < t <
y; the decreasing velocity part of the move is x(t) = a(y2 − (y − t)(3y − t)/2
where y < t < 2y; the total length of the short move is x(y) = ay2 and its total
time is 2y. Let’s see what a typical table of measurements. (Not actually very
typical because measurement noise is suppressed.)
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y distance time
1 1.1 2.2
2 3.6 4.0
3 9.0 5.6
4 16 8
5 25 10
6 36 12
7 49 14
8 64 16
9 81 18

10 100 20
11 121 22
12 144 24
13 169 26
14 196 28

III. Modelling Acceleration

With a model of acceleration we know where the train is at any moment

III.1. Models
One must decide whether the model is better implemented as a calculated

function or as an interpolated table. In retrospect, this also applies to stopping
distance and constant velocities.

III.2. Measuring Acceleration
Measuring acceleration is easy.

1. Choose a ‘typical’ stretch of track.
2. Place the train near the beginning of the stretch and measure the distance

to sensors it will trigger, going far enough that it will get up to itd constant
speed.

3. Then, give it a speed n command, at the same instant measuring the time.
4. Each time the train triggers a sensor measure the time.
5. You now have a collection of distances and times. If you plot them as

a graph the last few points should be in a straight line, sloping at the
constant velocity for this speed.

6. You can now get more distance/time points by repeating the procedure
with the train starting at a different location. Continue until you are
satisfied with the density of points.

You will surely be disappointed by the result. You would like to see a nice
smooth curve, but this one jumps around because of measurement noise. In
fact, knowing the velocity and the time of your sensor polling you can estimate
the amount of scatter you expect to observe. Are your expectations fulfilled?

June 29, 2016 3



cs452 : Acceleration/Deceleration

Given all the points you have it should be possible to process this data so
as to remove some of that noise – and get some benefit from those statistics
courses you took! (Actually, what you are doing is closer to ‘data science’ than
it is to the statistics you studied.)

III.2. a. Measurement Timing
Timing the measurement opens up the same issues we saw when timing short
moves. Let the command to start moving be given at time t and the time taken
to travel the distance to the nth sensor be z(dn). (You surely recognize z(d)
as the acceleration profile we wish to measure.) Then the train triggers sensor
n at t + τ2 + z(dn) and the sensor report is time-stamped at t + τ2 + z(dn) −
φ+π/2±π/2. The unknown parameter, φ, is certainly less then π, the polling
time of the sensors, which is less than 100 msec. If you are willing to ignore an
error of this size then you are fine.

• τ2 is the overhead associated with giving any speed command so including
it in the the time to accelerate is correct.

• z(dn) − z(dn−1) is exactly the difference bwteen two successive measure-
ments.

Thus, you can use the measurements without any adjustment needed. Read
no further.

You can, however, do better if you can take advantage of sensor polling.
(Detail to be added.)

III.2. b. Automating the Measurement
The measurement procedure described above is easily automated. You can stop
a train anywhere on the track, then start it reading the sensors as it passes.
After a set of readings is finished the train can continue, stopping at the next
location from which the next set of readings should begin.

In the same spirit we can update acceleration profiles dynamically. When-
ever a train is slowing or stopping passing sensors should be read. The primary
purpose of doing so is to get a more accurate estimate of the train’s location
when it stops. You can also use these values to update the acceleration profile.
This is most easily done if you are fitting your data to a smooth curve. Any
curve fitting technique allows you to weight the points you are fitting, if only
by duplicating data points in the fitting calculation.

III.2. c. Deceleration
In terms of measurement we have come full circle, in the sense that the stopping
measurement that you did first can be arranged to pass sensors as the train
slows, building a deceleration profile just as we built the acceleration one, as
described above.

III.3. Building a Model
If you think that all we have is a bunch of measurements and it’s not too clear
how we use them to control the train, you are quite correct. The most useful
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form for an acceleration profile is a function: your application gives the time; it
returns the velocity and/or the distance travelled. Somehow, we must change
the measurements into such a function. While we’re are doing so we should try
to take advantage of our expectation that profiles are smooth to give averages
that give more correct predictions than any individual measurement does.

There are generic data smoothing methods: put ‘Tikhonov’ into Google
for a pointer into the methods used when there is no extra information avail-
able about the underlying data; using these method is easy, find the right
Octave package and hand it your data, then interpolate into whatever data
representation it favours.

One prejudice pushes me away from this approach: I like to know how data
manipulation like this is done, and why it gives the results it does. We can do
something that’s more to my liking by making a further assumption, that the
person who wrote the program for the microcontroller in the train works in the
way that everbody else does, which means doing the simplest thing with which
he or she can get away. The simplest thing is to make an easily controllable
quantity constant. An example might be holding the acceleration constant
until the target speed is reached.

Holding acceleration constant has some simple kinetic consequences: the
velocity changes linearly with time; the location changes quadratically. Fur-
thermore, neither you nor I would write a separate acceleration profile for
changing from one speed to another speed: almost a hundred separate func-
tions would be needed; I would write a single function and give it different
arguments. If one or two differently parametrized functions are producing ev-
erythin then poking around at the data should reveal patterns from which
parametrized profiles can be calculated.

(More detail to follow.)

IV. Other Approaches

IV.1. Build your own Acceleration/Deceleration Profile
The microcontroller in the train creates an acceleration profile by executing a
program that provides a varying voltage to the motor. With only one exception
we have accepted the profile provided by the program and built a description of
it. The exception was Predetermined Velocities, section II.1.c of the Stopping
Document. There we used two speeds provided by the program to synthesize
a velocity not provided directly by any of the preprogrammed speeds. We can
similarly create any acceleration function we wish.

IV.2. Your Innovation Goes Here
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