Locating Automatic Block Signals
for Heavy Traffic’

Last of Two' Installments, Treats of the Relation of Speed,
Train Length and Headway to Signal Spacing

By R. C. Fohnson

Signal Engineer, Brooklyn Rapid Transit, Brooklyn, N. Y.

accelerating and braking speeds as influencing the
spacing of signals, was explained in detail with
diagrams in the first installment of this article, published
in the September issue of the Railway Signal Engineer.

At approximately 16 m.p.h. the car motors are con-
nected in multiple and the rate of acceleration above this
point varies with the speed, finally reaching the limiting
speed when the tractive effort just balances the grade and
train resistance. The acceleration rate at any speed above
16 m.p.h. is shown in Fig. 9. The curves are all straight
lines and are derived by subtracting the train resistance
plus the grade resistance balancing efforts from the trac-
tive effort developed by the car motor. The rates of ac-
cleration are determined thus: For example, assume that
the train has reached a speed of 19 m.p.h. and continues
on a -+ 1 per cent grade; the rate of acceleration for the
continuing movement is found by referring the point of
intersection of the -1 per cent grade line with the 19
m.p.h. speed line, to the acceleration scale on the diagram
which we observe to be 0.91 m.p.h. per second. Continu-
ally decreasing rates of acceleration are found by refer-
ring to the successive intersections as before until the
speed of 33 m.p.h. is reached, which is the limiting speed
for a -+ 1 per cent grade.

Figure 9 serves added usefulness in determining nega-
tive rates of acceleration, that is, slowing up. For ex-
ample, if a train be moving at a speed in excess of the
limiting speed for the grade which it encounters, the
train will slow up and the rate of slowing up is found
thus: Assume the speed to be 40 m.p.h. and the grade
entered to be 4 6 per cent, follow down the speed line
for 40 m.p.h. until it intersects the dotted diagonal line
for 4 6 per cent grade and project a horizontal line to
the left-and the acceleration is found to be 1.15 m.p.h. per
second except that it is negative acceleration—now fol-
lowing down the dotted diagonal line and projecting the
several intersection points to the left we find a continually
decreasing rate of slowing up until 1824 m.p.h. speed is
reached, which is the limiting speed for a 6 per cent
grade.

THE train operating characteristics, including the

Train Length, Speed and Headway

Figure 10 shows the very intimate relation between
train length, minimum headway and speed. The curves
set forth the relation existing between speed, free run-
ning headway and length of train for a level track road
with no signals, the same road equipped with a two block
overlap signal system and the same road equipped with
a one block overlap signal system.

We have previously mentioned that the ability to run
trains depends on the ability to protect them, and in the
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curves shown hereon consideration has been ‘given to
providing suitable braking distance, which has been as-
sumed as emergency braking distance 50 per cent for the
speed concerned. Curves d, ¢, f, g, # and 1 are based on
the assumption that the signal system is two block indica-
tion and also include an element of time which is pro-
vided to allow for the signal equipment to change the
indication after the preceding train had passed out of the
control, and to allow for the identification of the signal by
the following train. This time has been assumed at 2}
sec. in each case of a total of 5 seconds. The 215 sec.
time allowance for identification of the green signal pro-
vides a sighting distance proportional to the speed and
this distance, as will be noted by referring to the inset
curve, varies from 55 ft. at a speed of 15 m.p.h. to 185
ft. at 50 m.p.h. s

Curve A establishes the relation existing between speed
and headway when a train is considered as a point only
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Fig. 9. Acceleration Above 16 M.P.H.

and is the only curve with zero point of origin. This is
the fact, because at zero speed, zero train length requires
no braking distance. When the element of speed is intro-
duced we must also provide the element braking distance
and the trains must be spaced apart. When the trains
are separated by any distance, however small, time must
be allowed for the train to run this distance, thereby intro-
ducing the element Zeadway, which is found by referring
to the intersection of the speed line with this curve to
the scale at the bottom. For example, with a speed of 35
m.p.h. the headway will be 10 sec.

Curve B establishes the relation existing between speed
and headway when the element of train length is intro-
duced and for illustrative purposes a three-car train is
assumed and the headway is found as before. Curve B,
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however, does not originate at zero, because, having intro-
duced the element train length, we must provide am
amount of time for the train to run its own length. This
time will be less with the higher speeds and consequently
affects headway less because the time required to run a
train length is small compared to the time required to run
the braking distance necessary at the higher speeds. As
the speed is lowered, the required braking distance is
shortened, but the time required to run a train length
is increased, eventually resulting in a speed point being
reached beyond which a reduction in speed can only re-
sult in increased headway; in other words, the time re-
quired to run a train length becomes the controlling fac-
tor. This accounts for the shape of curve B. The point
at which this change of conditions become effective is

% AP ES, [ 7o ok | | | Opeblock | |
Ao 515 ﬂmmg__‘(?ver/a'p Signaling | Overlap signating
A-181C, ; T
] yd
p : |
4V x/"
Q /
N
ST et
3 — N >
S LEYAR Ay
RN VAN P S
N OS5\ - Y
8 012
. ] S Ar
By 1 KN ~ SSplistance in feet,
oy SR
| Fig 10 =
:
0 5 W 5,2 % J & 40 45 0 55 60 65
Minimum leadway in Second's

Fig. 10. Relation of Speed and Train Length

known as the “Critical speed,” located approximately at

the point CS and no increase or decrease in speed can
take place without increasing the headway. The critical
speed for a three-car train is, therefore, 20 m.p.h. and
the closest possible headway is approximately 11 sec.

Curve C is shown to illustrate the comparative values in
effect when the train is increased to 8 cars. The critical
speed is 27% m.p.h. and the headway approximately 2034
sec. Curves 4, B and C illustrate the relations for a level
track road without signals and in order to arrive at the re-
sults shown, many conditions at present impossible of
attainment must be overcome. Among these are found
the automatic interlocking of train movement so absolute
that a following train will synchronize with the preceding
train with respect to acceleration, coasting and braking
operation.

Curves D, E and F illustrate the relations for 0, 3 car
and 8 car train operation on a level track road when con-
trolled by two block overlap signal system and curves G,
H and 7 show the relation for 0, 3 and & car train opera-
tion on a level track road when controlled by a one block
overlap signal system and show with rather marked clear-
ness the influence of signaling on train operation when
the signaling is considered from a scientific standpoint.

The lower portions of curves D to [ are shown dotted.
The reason for this is that at the lower speeds the block
length necessary to maintain capacity becomes less than
66 ft. and since lowering the speed will result only in
increased headway the advantage gained is so slight as to
be overbalanced by the practical disadvantage of the very
short block.

For comparative purposes these curves show a correct
basis for a number of interesting conclusions, among
which are:

1. That the train capacity of a road operated to the maxi-
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mum without signals, and consequently "without protection,
will in every case be reduced by the introduction of signaling.

2. That there is a speed at which trains must be run in
order to utilize the track to capacity and any variation from
that speed can only result in” reducing the maximum train
capacity. This statement is a fact regardless of whether the
road is signalled or not.

3. With a given speed, increasing the train length in-
creases the headway and reduces the train capacity.

4, In order to obtain maximum train capacity with in-
creased train length increased speed is necessary.

That in order to obtain maximum train capacity the
speed must automatically be limited to the critical speed, in
which event any disorganization of the operating schedule
due to delay of one train cannot be cleared up.

That maximum car capacity and consequently maxi-
mum passenger carrying capacity of a train vary with train
length and, of course, increase with the train length.

Application of Data to Location of Signals

The curves shown in Figs. 1 to 4 contain all the infor-
mation necessary to locate a train .with respect to the
maximum speed attainable and the distance required in
which to accelerate the train to the maximum speed. For
the purpose of locating signals additional curves showing
the position of the trains with respect to time are neces-
sary, but as time is but the result of dividing the distance
passed over by the speed the development of a time dis-
tance curve will be covered in connection with the work-
ing drawings Figs. 11 and 12.

The problem of providing a signal system may be put
up to the signal engineer in any one of several forms,
but in 'any event three basic elements are necessary: (1)
Number of trains per hour or (more properly stated)
minimum headway; (2) maximum length of train, and
(3) maximum length of station stop. With respect to
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Fig. 11. Signals, Located By Time-Distance

the second element, maximum length of the train, the
headway between trains is the time interval elapsing be-
tween the time the front of one train passes a given point
and the time the front of the following train passes the
same point. The train may be made up of one car in
which case the time required for the train to run its own
length is small. A slow moving train of considerable
length may therefore prove a sizable factor in the design
ot a signaling system and increases in importance as the
headway is reduced. ' ‘

With no station stops the problem is simple. However,
the length of the station stop is the controlling element,
because, as has been pointed out, the maximum capacity
of any line can be attained only by continuous operation
at a definite speed. To stop a train for any reason will
result in lengthening the headway: (1) by the time re-
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quired to decelerdte;; (2) -the time the train is stopped,
and (3) the time required to accelerate the train back to
the definite speed.

The Elements of the Solution

The method of locating signals for non-stop train oper-
ation at definite speeds is simple and may be shown clearly
without resort to curve diagrams. For example, a train
moving at a definite speed requires that a definite dis-
tance be provided within which it may be stopped. This
distance is proportional to the speed and together with
an excess distance constituting a margin to offset de-
ficiencies in braking equipment and poor track conditions,
fixes the spacing of signals if maximum track capacity
is to be attained. The mimimum headway available will,
of course, be the time required for the train to run its
own length plus the time for signal equipment operation
and identification, plus the time required for the train to
run three blocks of the previously determined length.
If the value thus determined for headway is less than
the required headway the block length may be increased
to meet actual headway requirements and thus keep down
the cost of the signal system. If the value is greater,
resort must be had to more than one block overlap, as
will be appreciated by reference to Fig. 10. But in any
case the “Caution” control of any signal must extend at
least the required braking distance beyond the next sig-
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Fig. 12. Time-Distance Curves
nal. The problem becomes more involved the closer the

minimum headway, the longer the train and the more
variable the limiting speeds, but a correct understanding
of the foregoing will suffice as a foundation for the solu-
tion of the problem.

Stopping a train will result in lengthening the minimum
headway, because the time factors become extremely
variable due to the variable speeds and consequent re-
quired braking distances occasioned by the stop. A work-
ing diagram similar to Fig. 13 is a convenient method for
setting forth the influences.

Fig. 13 shows the completed design for a signaling
system to meet the requirements of the following specifi-
cation:

Minimum headway, 90 sec.

Maximum train length, 200 ft.

Maximum station stop at Station D, 50 sec.

Operating time of signal equipment, 214 sec.

Signal system to be, 3 position.

Time required for identification of “Proceed’ signal, 214 sec.

Braking distance plus a margin to be provided for the pro-
tection of the preceding train.

In order to set forth more clearly the method of arriv-
ing at the results here shown we have prepared two dia-
grams showing, in greater detail, the successive steps in-
volved. At the lower part of Fig. 11 is shown the track,
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below which are lines E, F and G, representing respect-
ively the grade (profile), alignment and compensation
grade; that is, grade and alignment reduced to terms of
grade. In order to avoid complication in the other cur-
ves and to simplify the description we have shown a — 0.6
per cent grade and a 15 degree curve of exactly the same
limits. These two conditions balance each other to pro-
duce a compensated level grade.

Stations C and D are located as shown and are each
200 ft. in length to provide for the 200-ft. train. Start-
ing with the acceleration curve, previously developed, it
will be clear that if power is continuously applied to the
motors of a train en route from Station C to Station D
the train will gather momentum as the distance is tra-
versed and the maximum speed attainable at any point is
shown by curve H.

Steps in Developing the Signaling

The signaling, however, cannot be located for this train
speed for the reason that unless all trains are operated at
this speed the specified headway cannot be maintained
and as some trains may run at less than the maximum
speed it is necessary to design the signaling system so that
the specified headway can be maintained at the lower
speed of operation and 1724 m.p.h. represented by curve
I has been assumed as the lowest speed for which the sig-
nal system shall provide the specified headway.

While the train is proceeding over the route,.time
elapses and the time required for the train to accelerate
to and proceed at a speed of 1774 m.p.h. is shown by curve
A. This curve is developed from curve I by integration
in small space intervals when the speed is constantly
changing and for the full distance when the speed is con-
stant. Thus, the train will consume 3.9 sec. traversing the
first 20 ft. at the average speed of 3.5 m.p.h.; 2.96 sec.
the next 20 ft. at the average speed of 6.75 m.p.h. and
so on until the speed of 1734 m.p.h. is reached, after
which curve A continues as a straight line representing
the passage of the train at this uniform speed until the
train reaches the point at which service braking is begun
for the stop at Station D and the time consumed during
this braking operation is determined in small increments
as before. The time elapsing during the station stop
when no distance is traversed is shown by curve A ex-
tended as a vertical line. We now have the position of
the rear end of the train with respect to time and distance.
A time-distance curve similar to curve A4 is not shown
for the head end of this train because it is not essential
to the design of signaling.

Curve B represents the head end of the following train
starting out of Station C 90 sec. later and proceeding over
the route as with the previous train. This following train
may proceed according to curve I or it may run at maxi-
mum speed indicated by curve H. It is, therefore, neces-
sary that the signals be so located that the following
train will receive a stop signal at least braking distance
from the rear end of the head train. The required brak-
ing distance, as previously stated, is proportional to the
maximum speed at any point whatsoever and time dis-
tance curve J is drawn to show the point beyond which
the following train must not pass at maximum speed, if
braking distance plus a margin is to be provided.

The following train must not be allowed to pass into
the braking distance zone at maximum speed, and from
curve J it will be clear that with a train occupying Sta-
tion D a train approaching at maximum speed must re-
ceive a stop indication not closer to Station D than Sta-
tion 21 + 75.

Signal No. 2 is fixed at the exit end of Station C, being
for this particular case the starting point of the signal sys-
tem. Signal No. 2 is required to be at “Proceed,” 2%
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sec., before the following train is scheduled to pass it.
In order for this to be obtained the next signal must be
at “Caution,” which requires that the preceding train must
have passed out of the control of this “Caution” signal.
The control of the “Caution” signal must extend at least
braking distance beyond the next signal.

As stated in the specification, the time required for the
operation of the signal equipment is 24 sec, and therefore
time-distance curve K is drawn 214 sec. later in time rela-
tion to curve 4. Also the time to be allowed for identifi-
cation of a “Proceed” signal shall be 274 sec. and accord-
ingly time-distance curve L is drawn 2% sec. earlier in
time relation to curve B.

Spotting the Signal Location

The control limits of the “Caution” signal and conse-
quently the clearing of No. 2 signal to “Proceed” is fixed
by dropping an ordinate from the point of intersection of
the abscissa representing 8714 sec. time with curve K to
the distance scale at the bottom, as indicated by the light
dotted lines M and N with the point of intersection at O.
The control limit as thus found is at Station 19 -} 85, as
indicated.

The distance Station 2 to Station 19 -4 85 is divided
into three parts and the signal heretofore termed “Cau-
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Fig. 13. Complete Working Curves

tion” becomes signal No. 8 located at Station 8 with its
control extending at least braking distance plus a margin
beyond signal No. 13, which has been located at Station
134 60. The reason for dividing the distance Station
2 to Station 19 -} 85 into three parts is to provide one part
for the overlap or braking distance zone, one part for the
“Caution” block and one part for the “Proceed” block.

As shown on the figure, the rear end of the head train
passes beyond the control of signal No. 8 85 sec. after
leaving its starting point in Station C (that is, the head-
way of 90 sec., minus the 275 sec. required for identifica-
tion and minus the 274 sec. allowed for the operation of
the signal equipment), and 24 sec. thereafter signal No.
8 clears to “Caution,” which time is indicated by the
point marked P and signal No. 2 clears to ‘“Proceed” im-
mediately thereafter. Similarly it can be shown signal
No. 13 clears to “Caution” 214 sec. after the head train
stops at Station D and consequently signal No. 8 clears
to “Proceed” as indicated by the point marked Q.

The dotted lines are merely visual guide lines to indi-
cate the time of clearing to “Proceed” of the signal in the
rear. The full lines are guide lines as before and also

indicate in the diagram the amount of braking distance
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provided which, of course, is the distance from point R
to point Q.

As will be observed, signal No. 13 cannot be cleared to
“Proceed” because the contrel distance of signal No. 20
is occupied by the train at Station D. The only way
by which signal No. 13 can be cleared to “Proceed” at
the required time is to add one or more signals between
signals Nos. 13 and 20 or shorten' the control of signal
No. 20.

The first alternative signal No. 13 could be made to
indicate “Proceed” for a train approaching at the speci-
fied headway by virtue of the fact that the control of the
additional signals need not extend into the station area
because braking distance is available beyond signal No.
20. But even with this a train approaching at the speci-
fied headway would be stopped at signal No. 20 until
such time as the preceding train had passed out of Sta-
tion D and at least braking distance beyond signal No. 27
and the time of clearing to “Caution” for signal No. 20
is shown at S. This time is, of course, based on the pre-
ceding train moving in accordance with the specification
and it will be clear that the specification cannot be met.

More Signals or Shorter Controls

The second alternative, that of shortening the control
of signal No. 20, requires that the maximum speed be
reduced in proportion to the necessary shortening of the
control. So also signals will be required between signals
Nos. 20 and 27 in order to provide suitable braking dis-
tance, which braking distance, of course, will be propor-
tional to the restricted maximum speed.

Referring now to Fig. 12, curves 4, B, H, I, J, K and
L, together with signals Nos. 8, 13, 20 and 27 and time-
clearing points P and G, bear the same relative signifi-
cance as before.

The maximum speed at which a train may be permitted
to approach an occupied stafion is dependent upon the
braking distance which can be provided in the rear of the
station train and to the extent that the maximum speed is
not restricted to a figure less than the assumed operating
speed of 1724 m.p.h. no obstacle will be introduced which
will interfere with the maintenance of the specified head-
way.

It will be observed that the control of signal No. 20 now
extends to cut-section No. 28 within the station limits
and is occupied by the station train. In order that the
control of signal No. 20 may be shortened enough to al-
low it to clear to “Caution” with a train in the station, a
signal, for example No. 23, must be located between sig-
nals Nos. 20 and 27, which location must be braking dis-
tance plus a margin for the restricted maximum speed.
On the clearing of signal No. 20, signal No. 13 will clear
to “Proceed.” That part of the control for signal No. 20
shown dotted is, in effect, shunted out by the closing of
a time device contractor set in operation at the time an
approaching train passes signal No. 8.

Time Spacing of Trains

This time device contactor is set to complete the short-
ened control of signal No. 20 provided the approaching
train consumes an amount of time corresponding to 1714
m.p.h. average speed in No. 8 block; if so, signal No. 20
clears to “Caution” and signal No. 13 clears to “Frcceed.”
If not, the operation of shortening the control of signal
No. 20 is shifted to a similar time device contactor set
in operation at the time an approaching train passes sig-
nal No. 13 and the train will receive a stop indication at
signal No. 20 unless the train consumes an amount of
time corresponding to 175 m.p.h. average speed in No.
13 block.

The foregoing method of restricting the speed of a
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train in the approach to an occupied station is known as
“two-block clearing” and is similar to the well-known
method of controlling a normal danger signal system. It
will be observed that the method provides for an ap-
proaching train to run on “Proceed” signals. Another
method is to provide for the train to approach an occu-
pied station on ‘‘Caution” signals, in which case it is
termed “one block clearing.” It will be noted that a train
is restricted to a given average speed of transit over a
definite distance. The longer this distance the more lib-
erty may be taken by the motorman in running at an
average speed; in fact, he may stop just inside the clear-
ing section and stay long enough to complete the short-
ened control of a signal and then accelerate to pass a sig-
nal at a speed in excess of the average speed. This con-
dition, of course, may be and is, prevented by making
the clearing sections short either by introducing cut-sec-
tions or otherwise. :

The respective long and short control limits are as
shown and the respective times of clearing of the suc-
cessive signals Nos. 23, 25, 26 and 27 are illustrated by
points corresponding to points P and Q for signal No. 8.

With the addition of signals Nos. 23 and 25 and the
necessary speed restricting devices it is possible for a train
to move up to signal No. 25 before the preceding train
starts out of Station D and by the further addition of sig-
nal No. 26 the train may begin to move up to signal No.
27 at the entrance to Station D as soon as the rear end
of the preceding train has passed cut-section No. 28.

The dotted portions of the signal controls represent the
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braking distance required for the maximum attainable
speed and are required for the protection of the preceding
train during the time and distance required to move out
of Station D after it once starts. The letters ST, shown
adjacent to signals Nos. 20, 23, 25, 26 and 27, are merely
plan characters used to indicate that under shortened con-
trol operation the speed of approach is restricted by the
element time.

Final Analysis

Figure 13 showing the design just worked out is now
shown again with all work lines and curves eliminated.
The design has been worked out with every element in-
volved receiving full consideration. The necessity for
considering every element has been occasioned by the
fact that of the 90 sec. headway, 50 sec., or more than
one-half of the time between trains, is consumed by the
station stop. This design has been worked out to show
the degree of accuracy which can be attained in the sci-
entific design of a signaling system and its influence on
train operation.

The conditions of the foregoing specification are severe
and require all the refinement which has been employed.
Less exacting requirements would permit proportionately
greater leeway in the refinement; indeed, it is easily con-
ceivable that a certain amount of traffic can be provided for
and protected without resort to factors other than time-
distance curves based on average speed over large dis-
tances and, of course, with proper consideration for brak-
ing distance under the various conditions of grade.



