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Ix a paper by Professor W. TromsoN ¢ On the Theory of the Electric Telegraph,” com-

municated to the Royal Society in 1855 *, the peculiar circumstances affecting submarine -

wires were especially analysed, and it is probable that all the laws regulating the trans-
mission of signals could, by further development, be deduced from the mathematical
theory there stated, if the necessary constants were known.

It is hoped that some account of an experimental research into the same subject may
be found interesting, especially as the experiments not only confirmed the conclusions
arrived at by Professor W. THoMsoN, but led also to the discovery of several facts of
considerable practical importance.

‘With the view of elucidating the present subject, many experiments have been made
on the charge and discharge observable at the near end of a cable; but although this
charge is intimately connected with the retardation of signals, the connexion is compli-
cated, and many false deductions have been drawn from the facts observed.

The author preferred to make his experiments on the signal or current actually
received at the far end of the wire, the object being to establish a direct relation between
the causes operating at one end and the effects observed at the other. Some experi-
ments of this kind have also been made, but the instruments used have been such as

~could only indicate some one point of the complete phenomenon, such as the presence
or absence of a given current, and the conclusions so arrived at vary with the nature of
the instrument employed.

The author used an instrument by which he was able to follow the phenomena
throughout, observing the nature and magnitude of every change produced in the received
current. An attempt was first made to obtain by experiment, from various lengths of cable,
and with various battery power, the curve given by Professor THoMSON in the above-
named paper, and called by him ¢ the curve representing the gradual rise of the current
in the remote instrument when the end operated on is kept permanently in connexion
with the battery.” This curve will in the present paper be called the arrival-curve.

The effect of continually repeated signals of various kinds was next studied, with
various lengths of cable and various arrangements of battery, in order to determine in
each case the practicable speedt of signalling.

* Vide Proceedings of the Royal Society, May 1855, and Philosophical Magazine, 8. 4. vol. xi. p. 146.
+ In this paper, where the words “speed of signalling” or “rate of transmission” are used, the author
MDCCCLXII. 6T
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Certain modifications of the usual signals were by these means discovered which
materially increased the rate of legible transmission.

These experiments were all made on one cable, and do not therefore refer to the
effects produced by a change of dimensions or materials; they will now be described in
detail, and the connexion of the results with the mathematical theory will then be
mentioned.

The Red Sea cable only was used in all the experiments; the external diameter of
the insulated wire was 0-34inch; the gutta percha weighed 2121bs. per knot; the
conductor was a copper strand of seven wires, and weighed 180 lbs. per knot. The
extreme diameter of the strand was about 0-105inch, and the ratio of the external to
the internal diameter of the gutta percha sheath may be taken as 8:4. The resistance
of the conductor per knot was 25 x 107 British absolute units.

The first experiment was made on July 26th, 1859, with 2168 knots disposed in ten
coils, each about 26 feet in diameter, and held in a dry iron tank; the cable A CX, the
battery B, a Morse key M, a galvanometer G, and the two earth-plates EE were con-
nected as in fig. 1, Plate XTIX.

The effect at the end X produced by connecting the cable at A alternately with the
battery and the earth-plate by means of the key was observed on the galvanometer G,
being Professor THOMSON’S marine galvanometer. ‘

The suspended magnet m of this galvanometer carried a little mirror n reflecting the
image of a flame B on to a scale A about 26 inches off, as shown in fig. 2. The zero
of the scale was in the middle, and each division was equal to Z5th of an inch. The
coil C is shown in section, and the little lens L in its position in front of the mirror.
The deviations of the spot of light from the centre measured on the scale were sensibly
proportional to the strength of the current causing the deflection, when the deviations
did not exceed 200 divisions.

The little magnet was powerfully directed by a fixed external steel magnet NS. The
weight of the moveable magnet and mirror was about 1§ grain; the inertia of the
moving parts was consequently so small, and the directing force so great, that the varia-
tions of a rapidly changing current were accurately represented by the movements of
the spot of light along the scale. When the Morse key (fig. 1) was pressed down, the
spot of light remained apparently motionless for a short but sensible time, then shot
along the scale, moving rapidly at first, but gradually losing speed, until at last it
moved very slowly to a maximum deviation, at which it remained quite still: these
movements truly showed the gradual change of the received current from nothing to a
maximum, a change requiring fifty seconds for its completion. During the latter part
of this time the movement of the spot was slow enough to allow the moment at which
it passed any given division of the scale to be pretty accurately fixed. Two observers

refers to the speed with which certain changes in the received current called signals can be made to follow
each other, and not to the velocity of propagation of the electric current.
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were wanted, one noting by the seconds hand of a watch the interval between the sound
of the contact made by the Morse key, and the sound of a little blow struck by the
other at the moment when the spot passed the given division.

Only one observation could in general be made each time the current entered the
cable. The results of the observations are given in Table I.

The maximum current from a battery of 72 Daniell’s cells caused a deviation of 130
divisions. The strength of this permanent current depends simply on the electromotive
force of the battery and the resistance of the various parts of the circuit, being quite
independent of the inductive phenomena.

The first column shows the number of seconds during which the current had been
flowing into the cable when the spot had reached the division of the scale entered
immediately beneath in the second column. The third column shows the percentag'e
of the maximum deviation, or strength of current, to which the figures in the second
column correspond. Thus, when the Morse key had been pressed down for eight
seconds, the spot of light was just passing the 100th division of the scale, showing that
the current had attained 77 per cent. of its maximum strength. One part of the arrival-
curve might be constructed by using the entries in the first and third columns as
coordinates.

The whole curve could not be obtained because the movement of the spot of light
during the first four seconds was too rapid to allow of observation.

Table II. contains a similar set of observations made with 86 Daniell’s cells instead
of 72. By comparing the third lines of the two Tables, it is seen that the same percent-
age of the maximum strength is reached in the same time with both batteries, or, in
other words, that the electromotive force of the battery has no appreciable ¢ffect on the
wvelocity with which the current is transmitted.

All the variations of the received current are therefore in the Tables reduced to
percentages, or to the variations which would have been observed if the permanent
current due to the battery used had produced a maximum deviation of 100 divisions in
each case. This condition could have been practically fulfilled, but was thought
unnecessary, as no change of the battery would have altered the percentage of variation
observed in the received current.

Table ITI. shows some observations for the arrival-curve with 1500 knots of cable in
circuit.

Table VII. contains the result of a similar investigation for 1006 knots. The first
and second columns of this Table contain similar entries to those in Table L ; the third
column shows the division passed by the spot when the current was falling, after the
Morse key had been released for the number of seconds entered above in the first
column.

Thus, after the end A of the charged cable had been put in connexion with the earth--
plate E (fig. 1) for 14} seconds, the spot was just falling past the 15th division of the
scale. As the maximum deviation had been 277 divisions, the spot had, during these

612
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14} seconds, traversed 262 divisions of the scale, or the received current had diminished

946 per cent. in that time. The fourth and fifth columns give these two numbers. It
will be seen from these columns that, measuring from the starting-point, the spot of
light traversed the same distance on the scale in the same time when the current was
falling as when it was rising. From this we conclude that the rate of decrease in the
current recewed at X after the contact had been made for a given time with earth at A,
was the same as the rate of increase observed after making contact with the battery at A
Sor an equal time.

Table XII. contains a very perfect set of similar observations with 2192 knots in
circuit. The arrival-curves for 1006 knots and 2192 knots constructed from Tables VII.
and XII. are shown in fig. 7, Plate L. ’

"The same connexions (fig. 1) were used to test the effect of practical signals, the
Morse key being moved up and down in time with a metronome. The signals sent
were the dot and dash, or dot and line, singly and combined. These signals are the
simplest of all, but the conclusions drawn from them are applicable to all other signals
depending on the time during which a given strength of current flows.

The headings of the several columns explain the contents of Table IV., which shows
the observations made when various signals were sent at various speeds through 1500
knots of cable. Tables VI., XIII., and XIV. contain similar observations made with
other lengths of cable in circuit. It should be observed that the effects recorded are
those which occur when the same cycle of operations has been constantly repeated for
some time, and are quite distinct, as will presently be shown, from the effects produced
when signals of the same kind are for the first time sent through the cable.

The first set of observations recorded in Table IV. may be explained as follows. The
metronome was set so as to beat 130 times in the minute. The Morse key alternately
connected the cable at A with a battery of 72 Daniell’s cells, and with the earth-plate
for 0-462 second. The signals sent are called dots, because the sixty-five short con-
tacts with the battery, each followed by an equal contact with the earth, would, through
a short cable or air line, have transmitted sixty-five distinct currents, each capable
of printing on the common Morse receiving instrument sixty-five equally spaced dots.
While the contacts were regularly repeated, the spot of light moved steadily back and
forward from the 85th to the 80th division of the scale. By reducing these deviations
to a percentage of the maximum deviation (200 divisions), we obtain the numbers 42-5
and 40. The variation of the strength of the received current was therefore 2% per cent.
All these numbers are entered in the several columns of the Table.

The figures annexed to the Tables show by curves the changes of the received current.
The abscissee of the curves correspond to intervals of time, and are taken from the fourth
column. The ordinates correspond to the strength of the received current at each
moment, reduced to a percentage, and are taken from the eighth column. The ordi-
nates, instead of being measured from a true base-line, are measured from a horizontal
dotted line, of which the ordinate is 50.
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The dots first entered (Table IV.) appear as an even wavy line; the lowest point of
each wave is 10 parts, and the highest point 7} parts below the dotted line, corre-
sponding to the true ordinates from the base, viz. 40 and 42}1. The top and bottom
only of the waves are fixed by the observations.

The second kind of signals are called dashes, because if sent through a short cable or
air line, they would print a succession of dashes or lines, separated by short spaces
equal to those separating dots sent at the same speed. To do this the contact with
earth is made the same as for a dot, but the contact with the battery is made twice as
long. Examples of the dash will be found in Tables VI. and XIII.

The effect of combining these two primary signals was tried by sending alternate dots
and dashes; the results are entered in the Tables. The effect of one complete cycle of
operations is shown in the figures annexed to the Tables by that part of the curve drawn
with a thicker black line. Thus in the second dot and dash curve of Table IV. the dot
curve begins with the ordinate 53:2; the first battery-contact slightly increases the
current, till the ordinate of the top of the dot curve becomes 55-5. The first earth-
contact diminishes the current, so that the ordinate at the end of the dot or beginning
of the dash curve is 48:0; the next battery-contact, being a long contact, raises the dash
curve to 61-7. The second earth-contact lowers it to 53-2, when the cycle recommences.

The numbers in the two last columns of the Tables IV., VL., XIII,, and XIV., with
the figures annexed, are all directly comparable, for they all represent the results reduced
to a percentage, and are consequently constant for each length, being independent of
any change in the battery.

These observations do not give the retardations properly so called, 7. ¢. they do not show-
the time separating the contact made at A from the effect produced at X, but they establish
several conclusions of greater importance than the knowledge of this retardation.

It will be seen (Table VI.) that when 66 dots per minute were sent into 1802 knots
of cable at A, a constant current was received at X, in which no oscillation could be
seen corresponding to the signals sent*.

The same phenomenon was observed with 2192 knots in circuit, when more than
50 dots per minute were sent. The effect produced at X by these rapidly repeated dots
was almost exactly that which would have been observed if the cable at A had been
permanently connected with a battery of about 30 cells. In moving the Morse key up
and down, a little time elapses between the contact with earth and that with the battery,
during which the cable is really insulated at A. This lost time caused the received
current to be equal to only 41'6 in one case and 42-9 in the other instead of 50 per
cent. of the maximum permanent current, as would certainly have been the case if the
sums of the battery and earth contacts had respectively occupied exactly the half of each
minute.

* The immobility of the spot could not be accounted for by the inertia of the mirror and magnet, which,
when in vibration, moved so rapidly that the oscillations could not be counted. Similar observations made
with a galvanometer, the needle of which oscillated slowly, would lead to most erroneous results.
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It is certain that in the two cases named the received current did not vary 1 per
cent.; here therefore we find one positive limit to the rate of transmission. No doubt
oscillations of considerably less than 1 per cent. might be observed and recorded by
employing a more sensitive instrument and stronger batteries; but we clearly see that
the useful effect produced rapidly decreases as the number of signals per minute increases,
and therefore that, however sensitive the instrument and powerful the battery, signals
sent at more than a certain rate will fail to cause any appreciable useful effect at the
receiving end ; and we may safely conclude that in all submarine cables there is a limit
to the number of signals which can be sent per minute, @ limit which cannot be exceeded
by any ingenious contrivance.

Fifty-six dots per minute were distinctly visible when sent through 1802 knots, and 40
dots when sent through 2192 knots. The mean strength of the currents showing these
dots is less than half the maximum permanent current, because of the time lost in
moving the Morse key, as already explained. The curves showing these dots appear
therefore below the dotted line representing the middle of the scale.

As the speed of sending decreased, the amplitude of oscillation of the spot or varia-
tion of the current increased, but the mean strength of the current remained nearly
constant.

‘When dashes were sent (¢. e. when the length of the battery-contact was made twice
as long as the earth-contact), the mean strength of the received current was much higher,
being above the middle of the scale.

The effect of dashes could thus, and thus only, be distinguished from that of dots sent
at a lower speed. For instance, dashes sent through 1802 knots (Table VI.) when the
metronome beat 84 caused a 6 per cent. oscillation, and dots sent when the metronome
beat 60 caused very nearly the same oscillation; but the strength of the current due to
the dashes varied from 53% to 594, whereas that due to the dots varied from 43 to 49.
In the corresponding curves the dashes appear above the dotted line and the dots below.
This effect will be easily understood when it is remembered that while dots are sent, the
end A of the cable is altogether in contact with the earth for nearly half of each minute,
but when dashes are sent, it is in contact with the earth for only about one-third of each
minute.

‘When the dot and dash are sent alternately, the effects, differing considerably from
those produced when each is sent continuously, can be best studied in the curves annexed
to the Tables. »

The top of the dot curve is higher, and the bottom does not go so low as when dots
only are sent, whereas the top and bottom of the dash curve are both lower than when
dashes only are sent; but the bottom of the dash curve does not go so low as the bottom
of the dot curve. This was seen in every instance, but was most apparent at the
higher speeds.

The strength of the received current due to the long battery-contact during the dash
is naturally greater than that caused by the shorter contact during the dot; and as the
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connexion with earth after the two signals is only of equal duration, it is clear that the
received current will not fall so low after the dash as after the dot, and this is precisely
the effect shown in the curves. The beginning and end of the dot are at different
heights, and similarly the beginning and end of the dash are at different heights, making
altogether a very irregular curve, especially at the higher speeds.

This irregularity very seriously interfered with the distinctness of the received signals,
although the change of current could be followed throughout by watching the spot.
At a high speed the dot appeared as a mere pause followed by a fall, instead of a little
rise followed by an equal fall ; and if the dots and dashes had been irregularly combined,
it would have been impossible to disentangle them, as received, by the eye. If a
receiving instrument had been used like the common Morse receiver, simply marking
the time during which the received current was above or below a given strength, the
signals would have failed to give any intelligible record even at a very low speed: this is
shown by the fact that it is impossible to draw a horizontal line intersecting both the
curve of repeated dashes and that of repeated dots, even for the very lowest speeds
recorded in each Table.

Thus, long before the limit is reached at which signals cease to produce any change
at the receiving end, the interference of one signal with another causes so great a con-
fusion in the currents received as to put a fresh limit to the practicable speed of trans-
mission.

This confusion is still further increased by the effect of a pause in the signals between
letters, words, or sentences.

During all intervals the cable is left in connexion with the earth at A; and if the
pause lasts a little while, the current at X falls to nothing, or nearly nothing, when the
effect of the first signals sent is to cause an unintelligible succession of sudden incre-
ments in the received current, until, after a certain number of contacts, a permanent
mean strength of current is attained, at which regular signals might become intelligible.
The higher the speed the greater the number of contacts required for this purpose;
for instance when 1802 knots were in circuit, the following Table gives the number
of dots required to bring the spot to the mean position in which it was maintained by
regular signals.

Beats of metronome. Dots required to raise current
to 42 per cent. of maximum.
92 . . . . . . . . . . 6
84 . . . . . . . . . . 6
72 . . . . . .. .. .4
60 . . . . . . 3
50 . ...
40 . . . . . 0 0L 2

The curve in fig. 3, Plate XLIX. roughly represents the variations of the received
current when the operator begins to send the dots regularly through a cable which has
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been fully discharged. Similar but converse effects would be observed if the line were
left long in contact with the battery before the signals began.

This irregularity has hitherto put the practical limit to the rate of transmission
through long submarine cables. When this rate is exceeded, a dot sent may at one
time cause a great rise in the received current, at another time it will barely arrest a
fall, and thus similar signals at one end are found to produce utterly dissimilar effects
at the other. No change in the battery has the smallest effect on this interference, nor
can any delicacy in the receiving instrument disentangle the confusion, which, it should
be observed, is totally distinct from the retardation of the signals.

It would matter little that signals should appear in America even a minute or so after
they had been made in England, provided the same signal at the sending end always
produced the same effect at the receiving end. The experiments show how far this is
from being the case.

The usual mode of avoiding this confusion is to signal at so slow a rate that every dot
causes a very large percentage of variation in the received current, while the dash causes
nearly the maximum current which would be received from a permanent contact with
the battery.

In air lines, or in short submarine cables, or in long submarine cables with large con-
ducting wires thickly covered, this plan does not entail too slow a speed for practical
work ; but to avoid confusion in this manner when working through 2200 knots of the
Red Sea cable, it would be necessary to reduce the speed to less than 10 dots per
minute, whereas 40 dots or more could be received but for the interference.

Hence we conclude that there is a wide margin between the limit set to the speed of
transmission by the gradual diminution of the received signals and that set by their inter-
ference.

If interference could be prevented by any change in the signals, it was clear that the
capabilities of any given cable would be increased at least fourfold.

Reverse currents have been much advocated, on good authority, as a means of greatly
increasing the rate of signalling, and their effect was therefore examined, although it
was not thought probable that the interference would be diminished by their use. By
“reverse currents” the use of alternate positive and negative currents is meant. The
negative current substituted for the earth-contact is supposed by its advocates in some
way to clear the line and prepare the way for a positive signal.

The connexions used during the experiments on “reverse currents’” are shown in
fig. 4, Plate XLIX. The first contact sent a positive, and the second contact a negative
current through the line. |

The effects of single and reverse currents were directly compared on 1165 knots of
cable. Tables VIII. and IX. show observations of the arrival-curve and signals when
a positive current from 72 cells and an earth-contact were used. Tables X. and XL
show a similar set of observations when a positive current from 42 cells and a negative
current from 30 cells were used. By keeping the same total number of cells in each
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case, the difference of potentials between the two sources of electricity alternately
in connexion with the line was maintained nearly equal. Tables VIIL. and IX. are
similar to those already described.

The observations in Table X. were made in almost the same manner as those in
Tables VIII. and IX., but the following description may make the meaning of the
entries more distinct. '

The Morse key when untouched left the negative battery connected with the line, and
the spot of light then stood at 118 divisions to the left of zero; when the key was
permanently pressed down, the spot stood at 157 divisions to the right of zero. All
deviations to the right are entered as positive, those to the left as negative. Four
seconds after the key was pressed down, the spot passed the 100th division to the right;
four seconds after the key was released, it passed to the 60th division on the left. In
the first case it had traversed 213 divisions in four seconds, in the second case 217 divi-
sions, or 78'8 and 803 per cent. respectively of the sum of the two deflections 157
and 113.

On examining the last columns of Table X. we find that in any given time after
moving the key, the spot traversed an equal length of the scale whether the change was
from positive to negative or from negative to positive, or, in other words, the rate of
decrease in the current received ot X after contact had been made with the negative
battery at A for a given time was the same as the rate of increase observed after making
contact at A with the positive battery for an equal time,—a conclusion exactly analogous
to that arrived at when single currents were used.

Moreover, comparing the last columns of Tables VIIL. and X., we find that the spot
traversed the same distance in the same time in each case, and therefore that the rate
of increase and rate of decrease, caused by reverse currents, is exactly the same as that
observed when single currents are used.

The arrival-curves from the two Tables are shown in figs. § & 6, Plate XTLIX.

The curves are identical in shape, and differ only in their position relatively to the
zero-line.

Thus the ratio between the ordinates of the arrival-curve is the same whatever the
two sources of electricity at A, or the potential of the earth at X may be.

Hence we conclude, '

1st. That the absolute change in the strength of the received current during a given
time after a change in the contact at A, is not influenced by the potential maintained
at X, but is simply proportional to the difference of potentials or electromotive force
between the two sources of electricity alternately connected with the cable at A.

2nd. That the rate of change is independent of the potentials both at A and X.

It was now clear that the alternation of negative and positive currents could have no
effect on the rate of signalling, but to avoid all cavil a few experiments were made with
the usual signals.

The results are given in Tables IX. and XI. The signals sent by the reverse currents
MDCCCLXII. 6u
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were a little above the zero-line, those sent by the single currents were, as usual, near the
middle of the range. Thiswas the only difference observed ; the amplitudes and relative
position of the dot and dash were identical. The use of reverse currents, therefore,
does not alter the limit set by the gradual diminution of the received signals, nor that set
by their interference.

It is just possible that some small effect may be produced by a difference in the insu-
lation when reversals are used, but there is no reason to suppose that this difference
would be in their favour.

Abandoning reverse currents, the author was led to seek some other remedy for the
confusion observed. One phase of this confusion might be described by saying that
the mean strength of the current rose above 50 when dashes were sent, and fell below
it when dots were sent, so that the dots and dashes appeared on different parts of the
scale. The high position of the dash was due, as has been shown, to the comparatively
short contact at A with earth after the long battery-contact. By making the second or
earth-contact longer, the dash would be brought down in the scale. If the earth-
contact were made equal to the battery-contact, the dash would simply become a dot
sent at a slower rate. The mean strength of the current during the slow or long dots
would be the same as that during the quick or short dot. The bottom of the long dot
curve would be lower than the bottom of the short dot curve, and therefore, when the
long and short dot were combined, there would still be considerable confusion. More-
over, if a Morse receiver or analogous instrument were used, the spaces separating the
long dots would be twice as long as those separating the short dots, and this unequal
spacing would cause fresh confusion.

These effects, consequent on making the second contacts always equal to the first,
were well seen when the signals called As were sent*. The tendency observed in the
original dot and dash was over-corrected. The dash now fell too low, and the dot not
low enough, so that the confusion was nearly as bad as before; but the required cor-
rection was clearly enough pointed out. If, instead of keeping the mean strength of
the current constant, the current at the end of each signal could be kept the same, the
passage from one signal to another would cause no confusion, for the beginning or end
of a dot would be exactly like the beginning or end of a dash. It was plain that the
current at the end of a dash could be brought to any required point (and therefore to
the point at which dots finished) by simply altering the proportion of the second to
the first contact. Experiment had shown that the second contact was too short when
made only half the length of the first, and too long when made equal to the first; no
doubt some intermediate length would fulfil the required condition that the dashes
should begin and end at the same division of the scale as the dots. The experiment
required to prove this could clearly not be tried by aid of the metronome, and the appa-
ratus shown in fig. 8 was therefore arranged so as to make contacts of any required
proportion.

# 80 called because tho'dot and dash, followed by a short pause, represent the letter A in the Morse alphabet.
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A strip of paper (figs. 8 & 9, Plate L.) was prepared with two parallel rows of alternate
holes. This paper was joined so as to form an endless band, and was drawn by the roller
R under two little bent wires & and ¢, placed abreast, so that each alternately came in
contact with the metal plate L through one of the holes in the paper. The plate L
was connected with the cable, the wire & with the battery, and the wire ¢ with earth.
As the paper was drawn along under the wires, the alternate battery and earth contacts
sent signals through the cable, and the length of the holes in the paper determined the
relative length of the contacts.

The first or battery-contact was made through the upper row of holes (fig. 9), the
earth-contact through the lower row. Dots were sent by two equal holes, dashes by
two longer holes, of which the upper bore to the lower the proportion of 5 to 4, corre-
sponding to the relative length of contacts desired. The length of the two dash con-
tacts was made equal to two pairs of dot contacts.

It was expected that if the right proportion between the first and second dash
contacts had been adopted, all confusion from irregular combinations would be avoided ;
but during any pause, such as is practically required to separate groups of signals, the
spot or current would still fall towards zero if the line were left in contact with the
earth (or even if insulated at one end), so that the first signals sent after a pause would
still cause mere irregular and unintelligible changes in the received current. To avoid
this second source of confusion, it was necessary to maintain the received current, during
any pause, at the constant final strength to which it returned at the end of each oscil-
lation during a series of signals.

If this were done, the first signal would begin where the last left off, and each signal
might be expected in all cases to produce one invariable and intelligible effect.

There were two obvious means of keeping up the current during a pause. The line
might be left in contact with a third source of electricity * just sufficiently powerful to
maintain the required strength -of current, or a very rapid series of contacts might be
made alternately with the full battery and with earth. Experiment had shown that
such a series of contacts would maintain the current at the receiving end sensibly con-
stant, and the strength of this constant current could be easily adjusted by varying the
proportion between the first and second of these very short contacts, increasing the
length of the first contact to raise the current, and increasing the length of the second
contact to lower the current. ,

This second plan was easily carried out by the perforated paper. Where a pause was

% When reverse currents are used, if the line is put in dontact with earth during a pause, the confusion
of the first signals will be much lessened ; the earth then acts as the third intermediate source of electricity
alluded to in the text. This plan has to some extent been adopted in practice by Messrs. StEMENS and
Harske, by means of a key invented by Mr. L. Loerrrer. This benefit, which may perhaps account for
the fancied superiority of reverse currents, might be equally obtained with simple currents by connecting
the line during each pause with half the battery. Mr. C. F. Varrry informed the author that he also has
used a similar key for a considerable time.

6u2
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required, little holes were cut in the paper to make contacts in pairs, each pair half the
length of those used for a dot. In fig. 9 these short openings are shown where the
word “space” is written. This arrangement was perfectly successful with 1500 knots
in circuit on the very first trial; and although other strips of paper were tried with
other proportions between the contacts, none gave better results than those first adopted.
When the paper was steadily drawn along, the signals appeared on the galvanometer
with all the regularity that could be wished: during the pauses, the light stood trem-
bling at one division on the scale, a dot caused a slight rise followed by an equal fall,
and the dashes produced a greater and longer oscillation, at the end of which the spot
always returned to the one constant final strength.

A still more decisive test was next made, by substituting a relay and Morse marker
for the galvanometer; fig. 10, Plate L. is an exact copy of the signals which were then
received, and shows faithfully the slight irregularities which did occur. The only serious
flaw in the whole set of signals is shown at the beginning, between A and B, where some
dots and a space contact made only unintelligible marks. This flaw invariably occurred at
the same place; it was shown equally by the galvanometer and the relay, and for some
time the cause ccould not be discovered. By carefully watching the paper strip, it was
at last seen that when the joint of the endless band passed through the rollers R (fig. 8)
a little hitch or pause occurred, and that this slight irregularity of speed caused a corre-
sponding confusion in three signals. This accident showed the accuracy of proportion
required between the various contacts.

Taking this hitch as the beginning, we next see six well-spaced dashes, three pairs
of dots and dashes, one space, one dot, one space, one dash, a long pause, a dot, a long
pause, a dash, a short pause, a dot, a dash, and a succession of dots.

In this series every possible difficulty which could arise from interference or con-
fusion was encountered and successfully overcome. The rate was about forty-five dots
per minute, and the oscillations for a dot must have been about 5 per cent.*

Signals sent at a much higher rate could have been distinctly received, but the
drawing-rollers could only be driven at one speed.

The apparatus was next tried with 1800 knots in circuit: the signals could be read
without difficulty on the galvanometer; but to increase the range and to facilitate the
adjustment of the relay the battery power was increased, when not only could the
regular dots and dashes be received, but even the short space contacts gave distinct
legible signals; so that the three sets of signals of three different lengths appeared,
without confusion, recorded by the relay. The shortest signals were received at the
rate of ninety per minute; and from Table VL. it will be seen that even sixty dots per
minute through this length reduced the oscillations to less than 1 per cent. of the per-
manent maximum strength. Hence we may conclude that, by the means described, or by

~ * When the relay was used the galvanometer could not be observed, for the motion of the soft iron used
in the relay induced short currents, causing rapid vibrations of the spot of light.
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analogous means, signals can be sent without confusion at any speed which will allow the
shortest signals used to cause a sensible variation in the received current.

The cable was available for a few days only, the apparatus used was very imper-
fect, the paper frequently tore, the openings in it were cut by hand one by one, the
speed of the drawing-rollers was far from regular, the relay was difficult to adjust,
owing to residual magnetism in the electro-magnets, and the author could give but a
small part of each day to the experiments; in spite of these disadvantages, the results
obtained were so definite as to leave no doubt of the important conclusion stated
above.

No further experiments could be made ; but indeed no further improvement appeared
possible, except in the mechanism for making the required contacts, and in the choice
of signals which should give the greatest number of words with the smallest number of
currents. Neither of these points can fitly be treated of in the present paper.

Before proceeding to compare the results obtained with the deduction from mathe-
matical theory, or to apply the conclusions to cables in practical use, it will be well to
consider hoW far the special disposition of the cable may have affected the value of the
experiments.

The experiments were made through dry cables, lying in large close coils, whereas
the cable when in use lies extended under water. It is found in practice that the insu-
lation and charge of an iron-cased cable is little affected by submersion; but coiling
is generally believed to cause an additional impediment to the transmission of signals,
and it might certainly be expected that this difference of condition would cause some
discrepancy between the experiments described and the results of practice: but since
the mathematical theory is framed to meet the case of a submerged and extended cable
only, whenever the conclusions experimentally deduced are found to be in accordance
with the deductions of theory, it is clear that the experiments and the theory mutually
confirm one another, and that the conclusions may be safely applied to the practical
case of an extended and submerged cable; for it is impossible to suppose that the dry
and coiled state of the cable, not contemplated in the theory, should nevertheless
exactly compensate its errors, or that results due only to an accidental arrangement of
the cable should by chance coincide with deductions from a defective hypothesis.

‘When, on the other hand, the results obtained differ from those given by theory, or
even when the theory affords no confirmation of the experimental conclusions, we must
forbear to extend these conclusions to the practical case of a straight cable.

The arrival-curve obtained by experiment is similar in general appearance to that
given by Professor THousoN in “The Theory of the Electric Telegraph*.” The iden-
tity of the curve obtained from the increase with that obtained from the fall of the
received current, follows from equation (8.) in the same paper. The described effects
of using alternate currents follow from the principle of superposition, by which also
the effects of the increased speed might be shown in diminishing the received signals.

% Vide Proceedings of the Royal Society, May 1855, and Philosophical Magazine, S. 4. vol. xi. p. 146.
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An example of the confusion arising from interference between successive signals has
been given by Professor Tnomson in his evidence before the Committee appointed by
the Board of Trade to inquire into the construction of submarine telegraph cables.
Professor THOMSON has also informed the author that the compensation derived from
experiment, as explained above, is such as theory would demand, but that he has not
yet verified the exact proportion required between the first and second contacts*.

Thus every conclusion hitherto stated is in accordance with the mathematical theory,
and may therefore without hesitation be applied to submerged and extended cables.

The arrival-curves (fig. 7, Plate L.) do not, however, accurately correspond with that
given by Professor THomsoN. The dotted line shows the calculated curve, drawn so as
nearly to agree with the experimental curve from 2192 knots, at its origin; the differ-
ence between the two curves towards the end is very great. The experimental curve
approaches its limiting height much too slowly after the first few seconds ; one part of
the curve from 1006 knots is shown on the same figure, and by theory the abscissee of
the two curves corresponding to equal ordinates should be directly as the squares of the
lengths. At the origin of the curves this is approximately the case, making a small
allowance for the constant resistance of batteries and instruments; but towards the end
of the curves this is far from being the case. Some of the causes of the discrepancy
may disappear in straight cables, but meanwhile the constants required in the mathe-
matical theory cannot be with confidence derived from these curves or Tables.

It is generally believed that coiling increases the retardation, and the curves obtained
might be pointed to as confirming this opinion. It is certain that a mutual electro-
magnetic induction of considerable importance does occur between the different parts of
the coils+, and probably some part of the discrepancy between the observed and calcu-
lated curves is due to this cause. But the varying resistance of gutta percha, unknown
when the theory was framed, also accounts for a considerable difference between the
results of observation and calculation. The allowance to be made for a constant uni-
form leakage such as would occur if the resistance of the gutta percha were uniform,
is described by Professor W. TroMsON in the “ Theory of the Electric Telegraph;” but
the author of the present paper discovered that the resistance of gutta percha, such as
was used for the Red Sea cable, increased more than 60 per cent.f during positive or

#* Professor THOMSON has also stated that he has long been acquainted with some other modes of pro-
ducing the required regularity, and one of his methods is alluded to in the evidence before the Board of
Trade Committee. Vide also Proceedings of the Royal Society, Dec. 1856, and Philosophical Magazine,
1857, where the mathematical principle of the compensation is fully stated.

+ Vide paper read by Professor THoMsON at the British Association, Aberdeen, 1859, and letter by Pro-
fessor W. TrouMsox and the author, published in the'¢ Philosophical Magazine,” 1861 ; also a letter from
Mer. ¥. C. WeBs in ‘ The Engineer,” August 1859.

1 These numbers are calculated from data in the paper by the author read before the Royal Society in
1860, and published in abstract in the ¢ Proceedings’ of last year, and in the ¢ Philosophical Magazine’ for
1861 ; also in full in the Appendix to the Report of the Committee of the Board of Trade on the Construc-
tion of Submarine Cables, 1861,
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negative electrification, and that a great part of the observed change was completed
before the end of the first minute after the cable was connected with the battery. This
gradual improvement of insulation would gradually increase the received current long
after all inductive phenomena had ceased. For instance, the resistance of the total
gutta-percha sheath of 2192 knots at 60°, after negative electrification for about 15",
would be 104X 10 absolute British units; after one minute, this resistance would
increase to 132 X 10". The resistance of the conductor was about 65 x 10*.

. If the insulation had remained constant at the first-named figure, the final maximum
arriving current would have been only 784 per cent.* of the entering current; and if
the insulation-resistance had remained constant at the second figure, the final arriving
current would have been 824 per cent. of the entering current. It is not therefore
surprising that the observed curve, subject to the influence of imperfect and varying insu-
lation, should not more perfectly coincide with the theoretical curve, in which perfect and
constant insulation is assumed. ‘When allowance is made for the change in the enter-
ing current due to the change in the total resistance of the circuit caused by the change
in the insulation-resistance from 104X 10 to 182 x 10", the final arriving current with
the lower insulation would by calculation be about 97 per cent. of the arriving current
with the higher insulation, and this proportion very exactly corresponds with the slow
increase observed during the last forty seconds of the minute. This increase has there-
fore no connexion whatever with the retardation properly so called.

The identity of the curve of increase with the curve of decrease seems to show that the
apparent increase of the resistance of the gutta percha is rather due to an absorption
of electricity which is again given out, than to @ real change in the conductivity of the
material .

The effect of varying insulation would be much less felt during the actual trans-
mission of signals, for then the greater part of the cable is constantly electrified in one
manner, and the resistance of the gutta percha under such circumstances remains
sensibly constant; we might therefore here expect a better agreement between theory
and observation.

In order to examine the results of the experiments on repeated signals, the number
of dots sent per minute, and the corresponding amplitude of oscillation observed in the
received current, might be used respectively as abscissee and ordinates, to give a curve
expressing the rate at which, for each length of cable, the effect of the signals dimi-
nished as their speed increased; but, by the mathematical theory, the time required for
any electrical operation varies as the square of the length of the cable. The product of
the square of the length into the number of dots producing a given amplitude of varia-
tion should therefore be constant for all lengths of the same cable; and by using this
product as an abscissa, instead of the simple number of dots, one curve should give the

* Appendix, Section I.
+ The truth of this conclusion has been established by the results of some experiments on the Malta-
Alexandria cable, made by Dr. EssELBACH, and received by the author since writing the above.
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amplitudes for all speeds through all lengths of cable; and conversely, the observations
made on various lengths should, when thus geometrically represented, agree in defining
one curve. The agreement between theory and observation may be very readily tested
by comparing the observations through various lengths in this manner. But Professor
TnomsoN has also stated *, as a development of the theory, that if the resistance of the
battery and receiving instrument bear but a small proportion to the total resistance of
the cable, their effect in retarding and weakening the signals will be sensibly the same
as that of adding an equal length of actual cable with its usual electrostatic capaclty
(Evidence before Board of Trade Committee.)

It will thus be necessary, in comparing the observations, to add in each case 160
knots, equivalent to the resistance of the battery and galvanometer, to the length of the
cable. Table XV. and fig. 11, Plate LI. show the results of the comparison. The first

- and second columns of the Table give the number of beats and corresponding amplitudes,
extracted from Tables IV., VL, and XIII. The third column contains the product of
the number of beats into the square of the length of the cable. The fourth column
gives the similar product when 160 knots has been added to the length of each cable.

Fig. 11 gives the geometrical representation of the observations made by using
the entries in the second and fourth columns of the Table as ordinates and abscisse
respectively.

The star, cross, and circle respectively denote observations with 1500, 1802, and
2192 knots in circuit. All these marks fall sensibly on one curve, affording @ perfect
experimental proof that the rate of transmission does vary inversely as the square of the
length, whether by rate of transmission be meant that speed at which the repeated signals
Jail to produce any sensible effect, or the rate producing so great an amplitude that
common hand signals can be received without confusion.

Moreover, it will be found that the curve is more accurately defined by taking the
abscissee from the fourth than from the third column; verifying Professor THOMSON’S
conclusion as to the effect of the resistance of the battery and receiving instrument.
These points have been much debated, but no doubt should now be felt of the sound-
ness of the theoretical conclusions.

The above is neither the only nor the most remarkable confirmation of the mathe-
matical theory. Professor THOMSON has been so kind as to give the author a Table
(XVL+) of calculated ordinates for the curve in question}. The full black line (fig. 11)
was constructed from this Table, and coincides with the recorded observations in the
most striking manner; no more perfect verification of complicated mathematical calcu-
lations was probably ever obtained by experiment.

The curve shows at once the relative number of signals per minute which will pro-

* Vide Evidence before the Committee of the Board of Trade on the Construction of Submarine Cables,
A.D. 1861, p. 125. -

+ Appendix, Section II.

1 Proceedings of the Royal Society, 1855 and 1856, and Philosophical Magazine, 1856 and 1857,
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duce the various amplitudes in any one length of cable; thus we see that if an ampli-
.tude or variation in the received current of 1 per cent. will suffice for distinct signals,
twice as many signals can be sent through any given cable as if an amplitude of 7 per
cent. is required, or four times as many as if an amplitude of 25 per cent. is required.
The latter amplitude is probably necessary for hand signalling, but our experiments
have shown that less than 1 per cent. is sufficient when a proper compensation is made.
The coincidence between theory and observation places it beyond doubt that the curve
truly expresses the relation between the speeds and amplitudes for straight as well as
for coiled cables; and if the amplitude at any one speed through any one straight cable
were known, the amplitude at any other speed through any other cable of the same
materials might be calculated from the curve with certainty; but unfortunately this
fact is wanting. There is no proof that the absolute amplitude observed through the
coiled cable would remain unaltered if the cable were extended; on the contrary, it is
very generally believed that it is easier to signal through a straight than a coiled cable ;
and if this be so, the amplitude would increase as the cable was laid. Although, there-
fore, the constants for the mathematical theory might easily be calculated from the
values of the coordinates of the curve given by the observations, these constants would
probably be inapplicable to straight cables.

Assuming, however, for a moment the identity of a coiled and extended cable, it may
be interesting to calculate the amplitudes which would correspond to the rates of signal-
ling recorded for various cables.

For the Red Sea cable the amplitude is found by taking the ordinate corresponding
to the abscissa given by the product of the square of the length into twice the number
of dots per minute. The speed giving the same amplitude through any other cable of
different dimensions, but of equal length, is obtained by a simple proportion.

The author has been informed that ten words per minute have been sent through
640 knots of the Red Sea cable, but that seven words was the more usual speed. The
former would correspond to an amplitude of 20 per cent. for the dots*, the latter to
about 35 per cent. 1-1 word per minute was sent through the Atlantic cable and
received by a relay; this speed would correspond to an amplitude of about 8 per
cent.; 24 words per minute (the ordinary rate of signalling from Newfoundland
having been forty-oné dots per minute) were received through the same cable by

Professor THoMSON’S galvanometer+, corresponding to an amplitude of little more than
1 per cent.
Ninety dots per minute, the speed of the message sent by the perforated paper, would,

* Seventeen dots per word.

1 An instrument similar to that used in this research: the observer could therefore follow every change
in the received current, and disentangle the meaning of signals which would have produced only hopeless
confusion on a relay, or other instrument with a fixed zero.

MDCCCLXTI. 6 x
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for 1802 knots, give by the curve an amphtude of 0-3 per cent. only, and there is no
reason to doubt this estimate.

In conclusion, the experinmients, so far as they went, were successful. They have
shown the relative effects of signals transmitted at various speeds through various
lengths; they have shown how little the results are affected by changing the power or
arrangement of the batteries; they have shown the nature of the ultimate limit set to
the rate of signalling by the gradual diminution and disappearance of the signals, pre-
ceded by their mutual interference.

The coincidence between theory and observation on these points gives good proof of
the soundness of the theory, and permits the extension of the conclusions to the case of
a submerged and extended cable. The experiments have also given well-defined curves
fully expressing the retardation experienced through the cable as it lay in coils; but
owing to this arrangeinent, the observations cannot be said to fix either the retardation
or the absolute effect of signals through a straight cable. A few observations made in
the same manner on a sound cable in actual use would be sufficient for this purpose.

Finally, the research has proved that the rate of signalling through a given cable can
be very materially increased by removing the confusion or interference of successive
signals, and has led to the discovery of one method of effecting this object.

In the present paper, the phenomena depending on the length of the cable, together
with the rate and manner of signalling, have alone been considered. The absolute
measurement of the effects depending on the materials and dimensions of the insulated
conductor will probably form the subject of another research, completmg the practical
examination of the mathematical theory.

TasLE I.—Aurrival-curve for 2168 knots, in 10 coils, with 72 p.p. July 26, 1859.

Maximum deflection caused by permanent current from 72 p.p. ... 130%

Seconds after making contact with battery .......ccooviiii 4556|678 |11]15]21]51
g |10
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TaBLE II.—Aurrival-curve for 2168 knots, in 10 coils, with 36 p.p. July 26, 1859.

Maximum deflection caused by permanent current from 36 p.p. ... 63%%

Seconds after making contact with battery ...........ccooooooiiiiiii 72| 8 [104]16%) 18 | 19

Division of scale passed by the spot as the current rises at far end of line .........ccccoeeeeeee i, 50 | 50 | 55 | 60 | 60 | 60
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TasLe II1.—Aurrival-curve for 1500 knots, in 8 coils.
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July 27, 1859.

Maximum deflection caused by permanent current from 72 p.p. ... 200%

1005

Seconds after making contact with battery

........................................................................ 61|62 | 81|14 |33

Division of scale passed by the spot as current rises at far end of line

....................................... 170|170 180 | 190 | 200

Reduced distance traversed by spot after contact has been made with battery

.............................. 8585|9095 100

TasLe IV.—Signals through 1500 knots, in 8 coils. July 27, 1859.
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TaBLE V.—Aurrival-curve for 1802 knots, in 9 coils. July 28, 1859,

Maximum deflection caused by permanent current from 72 p.p. ... 168%

Seconds after making contact with battery or with earth

............................................. 53 6| 7|8 93|mplis
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TasLe VI.—Signals through 1802 knots, in 9 coils.
Maximum deflection with 72 p.p. ... 1684

July 28, 1859.
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ASCS 1w 1s | 82 | 85| 831497 IR A TRTIR SRV TN U000 U A A SOV O TN Y00 AN S TR U L OO0 I WL Y/




OF ELECTRIC SIGNALS THROUGH SUBMARINE CABLES. 1007

TaBLE VIL—Arrival-curve for 1006 knots, in 4 coils. J uly 29, 1859.

Maximum deflection caused by permanent current from 72 p.p. ... 2774

P o g contees b ey v w2 2| s a4 a6 70w
Division of scale passed by spot as current rises at far ]\ __ | _ | __ |900| — |210]2201 — |230| — | 240 250 270
end of line........cooeevviiiiiiiiiieiiiiiiiien -
Division of scale passed by spot as current falls at far | | ;9 110!100] — | 60 | — 50 0 —1—115
end of line...........oooiiiiiiiiiiiini - - - o

Distance on scale traversed by spot after contact has * ~ .
been made with battery or with earth ............... } 167167177 200 217 | 210 220 227 | 230 | 257|240 250 262 270

Reduced distance traversed by spot after contact has . [ . . 9 l7a. . i . . X . . .
been made with battery or with earth.................. 567 |60 3163:9172:2\78:3|75'8 794|519 83 }85 6866 90-2 946 975

TapLe VIIL.—Arrival-curve for 1165 knots, in 6 coils. July 29, 1859.

- Maximum deflection caused by permanent current from 72 p.p. ... 264%

Seconds after making contact with battery or with earth ...............o 231383 (3214x|7 19|10 l 17 | 23
Division of scale passed by spot as the current rises at far end of line ............... — 1200} — |220| — |240| — | — [260
Division of scale passed by spot as the current falls at far end of line ............... 70 — 60| — {80 | —]20(10| —

Distance on scale traversed by spot after contact has been made with battery or} 194 {200 | 204 | 220 | 234 | 240 | 244 | 254 | 260
WIEH @AIER 1o vttt e e et e et enes i

Reduced distance traversed by spot after contact has been made with battery or} 735 758 |77-3 834 |88-7 | 91 [92-5 |96-3 l98-5
with earth ......oovciii e

TasLe IX.—Signals through 1165 knots, in 6 coils. July 29, 1859.

Maximum deflection caused by permanent current from 72 p.p. ... 2644

g . g i g g 4 BEY %aﬂ 43 Diagrams showing changes of current caused at far end of lin
g . 82 & |8 B S |um Eg E'cg ag: g % 1 cause ine
£ “ g":,.g g,g 5.8l § ] g ,,%8 y the signals.
] =2 ] B=R=R 2|82
gg f 5 E g ~§ g E E 1 g | § 3 é 5& gg 2 Vertical scale ﬁth of an inch =1 division (strength of current).
R 3 o = B2 = €8 o
By k) :§§ 3 = el 'g §28|T3 5 "5‘33’ Horizontal scale --th of an inch = 1 second (time).
g 5 E’gw 58 'g“’gj g §§ EE-" g 10
o Fad Q @
A &g |a |A M & 3 |8 555
) dots | daskes [dols&dm]ze&[ As
72 p.p.| 06 | 130 | 125|127 | 48:3,,.
Dota. 06 | 100 | 95| 971| 369|114
72 pp| 12 | 190 | — |190 | 72 5.
Dashes.""5 ™ 0.6 | 130 | — |130 | 493|227
72 p.p.| 06 | 150 |145|147%| 5569
10| Dot g™ 046 | 110 | 105| 1073 | 407
dohes, (7200 12 | 180 | 180 180" | 682
ashes. 06 | 120 (120|120 | 455
72 pp.| 06 | 116 | — | 1156 | 436
A E |06 70 | — | 70 | 265
© |72 pp.] 112 | 170 | — | 170 | 644
E |12 90 | — | 90 | 341




1008 MR. F. JENKIN’S EXPERIMENTAL RESEARCHES ON THE TRANSMISSION

Maximum deflection caused by permanent current from +42 p.p.

TaBLE X.—Aurrival-curve for 1165 knots, in 6 colls. T uly 29, 1859.

2

27

29

Sum of the two deflections . .

Seconds after making contact with positive
battery or with negative battery

}

Division of scale passed by spot as the current
arises at far end of line, after contact has been
made with positive battery

|

Division of scale passed by spot as the current
falls at far end of line, after contact has been
made with negative battery

|

I Distance on scale traversed by spot after contact
with either battery

Reduced distance traversed by spot after contact
has been made with either battery

.. 1587

! ., —30 pp. . . 118

e e e e . 2704
34| 4 |43 |a3|7] 9 |92]13 14{17’18 25

| |

490 — 41004110 — | — |-+130] — | — +145| — |41501+155
—|—60] — | — |—70]—80] — |—90/—100 — _105| B
203|217 213 | 223 [ 227|237 | 243 | 247 | 257 | 258 | 262 l 263 | 268
751,803\ 788|825 | 84 (877|899 014|951 |955 969 973 |92

TaBrLE XI.—Signals through 1165 knots, in 6 coils, with alternate positive

and negative

currents. July 29, 1859.
Maximum deflection caused by permanent current-from 442 p.p. 1574
a
99 b} E}) L}) tE EY) '—30 PP 118
Sum of two deflections . . . . . . 2704
£ o © a . g 18 B %cé
g 28 |2, |8 8 &8, |B8 |5es DI h h £ current caused at far end of 1
= =l s g . 2 |2 e, | ]88 iagrams showing changes of current caused at far en i
g% ?’: E%% Eg %%g 2 %%g %Eg g%% ¢ %ythesignals. o ond o tme
gé .'-’én ‘§§ % : % It E_‘?é % *é %fé E% § rgf% Vertical scale i&)ﬂ: of an inch = 1 division (strength of current).
% Ed| 88 |°%° 2SS .3
;g & §§‘§ g‘é ’é“*é El ﬁé g::z’ gg'g Horizontal scale .1.16(:]1 of an inch = 1 second (time).
5 S5 A AR 2T 2
dots £ &
Dote. | 42 | 06 | 435 | 43243334124 | dashes | dots¥dashes | A
0881 —30 | 06 — 3|— 13— 06
TS0
+42 | 12 | +95(4-95(4+95 |+35°1 R
Dashes.| T | 0.6 | 1-40 | +-35|+373{+-13-9 | 212 W
442 | 06 | 440 |4+55/+474/+176
100 Dots | 230 | 06 | £10| 4201415 |+ 56 APLJU\
dmﬁes 442 | 12 | 480 |-85/482}+-30-5
asnes- | _ 30 | 046 | 420 |-+25/+221|+ 83
+42 06 |4+10 — |410 [+ 37 0y 44 187 AR |5m 0) {11 '5/' 1 1 1y 1‘7” 56
A ~30 |06 | 20| — |—20 |— 74 ]
© | 442 | 12 | 4+65] — 165 |+24
-30 |12 | —-20| — |—-20|— 74




OF ELECTRIC SIGNALS THROUGH SUBMARINE CABLES.

TaBLE XII.—Aurrival-curve for 2192 knots, in 10 coils.

July 80, 1859.

Maximum deflection caused by permanent current from 72 p.p. ... 1337

1009

Seconds after making contact
| with battery or with earth...

1
1
K3

I

3

i

3%

i

4

i
4%

151

Division of scale passed by spot
ag the current rises at far end
of 1ine ....uueee cerrirernereanas

}

30

40

50

60

1

54

Ho

il

"
6%

1

1 i

9

1

VE

I

8%

11
2

ENY
N
I\

(1031

1 u

o

13

o

16;

N

o

30

90

95

100 105 110

110

115

120

125

130

Division of scale passed by spot
as the current falls at far end
of line .....ccuvuunes PN

|

70

60

50

30

20

Distance on scale traversed by
spot after contact has been
made with battery or earth..

|

30

40

50

60

63

73

80

90

95

100|105 103 | 110

110

115|113

120

125

130 | 131

Reduced distance traversed by
spot after contact has been
made with battery or earth..

}

226

501

376

451

474 549

|

60-2

|

624 67-7

714

52| 79 775 (827

827

865 | 85

90-2

94

94 1978 985

TasrLe XI1I1.—Signals through 2192 knots, in 10 coils.

July 30,

1859.

Maximum deflection caused by permanent current from 72 p.p. ... 1334,

g £2 1% |5 2 8¢ 8 |.= |E3 Let
£ - ‘%i'd Eo 5.5 5 28 |% gd :5 . 5%% Diagrams showing cha.n%es of current at far end of line caused
EE| § |8%E S5 |2%E E | E| L 583|81%|5%s L y the signals.
“S’.g = E; 5l 8s |58 & g 2 HgE gg‘é EZE Vertical scale r-th of an inch =1 division (strength of current).
1 o 20 | I <) =} ER-RS) R34 4y
:‘5: E mgﬂ g%‘; "E":’ g?éa; g 'iz £ §§§; gég g;,‘g Horizontal scale %}bh of an inch = 1 second (time).
= 2 Al g H 4
u 50 dols Juer minute\40 dols fer mi'nu[e] 30 dols her manute I 20 dobs her manule
100] Dots 72 p.p.|0°6 57 | — | — 57 | 429|
) . E. (06 57 | — | — | — | 567|429 ~ ||7ToTvTTTTTTYT [ e 100
' t 1
72 pp. 075 | 61 | — | — | —| 61459 ;. ! ? i
80| Dots. 5 Moz5 | 59| — | — | — | 59| 4ad| 1P ; | Pt
— e e e e e e e e e e et e e ot ' e e e e e I
60 | Dots 72 pp.l 64 | — | — | —| 64|481| 4 I —_—< !’\f/\/\/\ ‘:
: E. 60 | — — | 60 | 451 ': 2‘ !
—_— N i H !
72 ppl5 | 68| — — | 68|51 ,. " o 5" " i iy 10"
40 | Dots. 1%3'1) 5 58 | — | — | — | 58| 436 75 ,.O.L_L._L_L. ST UL T T W EOEOREORU gt OV JOC S O _.J_.J..J.._L-LJ_(.)J-.'.J-.!.J/..J-J._I-J..Y.__g
. |72 pp {1666 68| 70 | — | — | 69| 519| o ols Dashes [ Dot & Dash ‘ As
Dots. |"“p "l1666| 55 |58 | — | — | 563 25| T4 Dol
72 pp 2333| 95 | 96 | — | — | 951 718 ..
Dashes. """ ™" 1.666| 74 | 75 | — | — | 743| 56:0| 198 ||------—- R S i B o)
- 1 H t
72 ppl1666| 76 |80 | 75 | 80 | 77 | 579 : : :
36 | Dots "5 "l1666| 65 | 65 | 60 | 65 | 64 | 481 i } g
72 p.p3:333| 90 | 90 | 89 | 92 | 90 | 676 e [ e e e I - =TING = ,}';;/\ }-50
dashes. 7N { i
E. (1666 70 70169 |71 70 | 52:6 ) t
a /\\E :l : 1 \l
72 p.p1-666| 60 | 63 | 60 | 60 | 61 | 459 , !,0 s ;o o 10”2 Lo
66 : 5 2Q. . 4
A 72%13‘;.333 R - i A CANRVNUE TN o N BT AN T ST 5 A B YEO I OO T T
E.|3338) 45 |47 |45 | 45| 46| 346
72 p.p.12 72| — | — | — | 72| 541 ,.
Dots. "2 55 | — | — | —| 55| 414|127
72 ppid | 100 | — | — | — [ 100 | 752 | o | 77T T T s e
Dashes. 5 |2 70| —1 —1—1| 701526 22:6 g
1
72 p.p)2 79 178 80| — | 79 | 592 :
g0 | Dots g Tl 6216060 —| 61459 A ;
e 72 ppt 95 |94 |95 | — | 95| 714 ' :
B |2 68 | 68|67 | — | 681511 | !
1
e - " o ey ‘0 & 1om) y7 o7
72E§"P'f3 gg gf) (5)3 - gg ?’,575(15 AU UR TR UTR LA AITIT (AN s WU TN NN b AWV A AU
Al ople 91| 91| 92| —| 91| 684
E. |4 41 | 42 | 42 | —| 42 | 316
72 pp.33833; 8 | —| — | — | 85| 639 .
18 | Dots. |5 l5538| 47| — | — | — | 47| 353|286
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TasLe XTV.—Signals sent through 1812 knots, in 9 coils. July 30, 1859.

Maximum deflection caused by permanent current from 72 p.p. ... 166

Te Po 3 o o BB 5
g 8_§ 8 Q g 2 .H,'.: é% Diagrams showing changes of current caused at far end of line
R 5 .g,g'g g-g SeE| 8|83 . :%*5 %ythesign&ls.
g,g % %E: “—Zz Egg 8 E%E gg £ Vertical scale ﬁth of an inch = 1 division (strength of current).
88 3 mml 2 |n <= =
“‘62 ?P E’:ﬁﬁ ég ‘E“E% - §§§ "882 Horizontal scale -Lth of an inch =1 second (time).
zs ] §§t§‘ gt’a‘ | ce;éi g ﬁé EEQ 10
A 28 |a |[RH &8 8%
‘ Dols & dashes. A2
72 pp.| 0652 88 | 90| 89 |536| | T 76
Dots "', "|0-652| 83 | 83| 83 | 50
Ao 172 p.p | 1804 95 | 95| 95 | 572 »
ashes. | g\.” 10-652] 88 | 90| 89 | 536 H
Y P N ket ERa EAS ERASE Rt § SN SN S S S 50
72 pp.| 0652 66 | — | 66 | 397 _./\1,\]\
A i |0652] 65| — | 65 | 391
© |72 pp.| 1304 85| — | 85 | 512, 5 " o - 107
E1-304) 65 — | 65 1390\ g byaendo ot RIS T T O O O 0
72 pp. 0714] 91 | — | 91
Dots """ o714] 85 | — | 85
72 p.p. 1+429] 100 | — | 100
dashes. | ““ PP 070l 90 | — | o0 _
84
72 pp.|0714] 72| — | 72 ;
Al B (lrim 70| — | 70 ia1 ) i |
© |72 pp.|1429) 90 | — | 90 | 54:2/ g 51 10" o 5 10"
E 14290 70— 70 | 421}y y oy gy [ i3] avaa e b 0
72 p.p.| 0833 92| — | 92
Dots 1", Plos3s 80| — | 8o
e |72 p.p 1666| 100 | — | 100
ashes. | @ 7 10-833] 90 | — | 90
72
72 pp|0833 75| 75| 75
A . |0833 70| 70| 70
© |72 p.p.|1'666] 95 |100| 972
. E. [1:666] 70| 68| 69
72 p.p.|1 95 | 93| 94
Dots 1", 1 80 | 78| 79
s, 720D 2 105 105|105
asnes. | |1 90 | 90| 90
60 ;
72 p.p.|1 70— 70 \
A bt lh ol 100 | oo i
g p. 100 | — 0- . ,
72£p 2 60 | — | 60 36‘? o ;,f”’ . 1{’” S §n qom 15"
Ot oo T Ft O O O 20 O O G A I 1 2 L O 0
72pp 12 | 95| —| 9%
o phalst || ol
2 p.p.| 2 10| —
dashes. }3%) p 12 81— | 85
50
72 pp|1:2 | 80| 72| 76 ;
A E |12 168 160 1?4 8 ;
g p.|24 | 115 [110|112}] 67- '
72}]?1’ 24 60 | 55 57:; 34(7; 0 -f” x 10”7 - L5n ;0 ry . 107 7
et boeen Lo bty daao el ol .0
72 p.p 16 | 100 [110|105 | 68:2 | [Frrrrrmmsmmmmm s m e e e s e e e T
Dots g "\15 | 75| 80| 773 467 ; 300
doaes, 72023 | 120 11801125 | 753 :
ashes. | m " 115 | 85| 90| 871|527 !
40 !
72 pp |15 | 80| 75| 773|467 i
A E |15 | 65| 60| 621|376 -
© 72 p.p.|3 115 [ 115|115 | 692 ’ : L, !
E |3 50 | 45| 473| 286| |° . f v 1|"" Lmo e 5 1007 57
0 O 1 T I O I O SOV T X 0 0 90 L A




OF ELECTRIC SIGNALS THROUGH SUBMARINE CABLES. 1011

TaBLE XV.—Speeds and Amplitudes for various lengths.

1. 2. 3. 4.
' . Product of number of beats
Number of beats | Observed amplitude Pr O.dléct of nm}’;{ of b}f&ts ( mb:gq‘;;r: otl'1 lengfﬁ goxrzzted
per minute =N. [reduced topercentage. into sq_‘.'%q?g %, engt for batter and galvanometer
= : x (L 160)2.
130 25 297 x 106 364 x 108
92 5 207
L=1500... 73 10 162 . 198 .
60 125 135 165
132 0 429 % 108 508 x 106
112 1-2 364 431
100 1-8 325 38 - ,,
| 92 27 299 354
L=1802...4 84 3 273 323
72 39 234 277
60 59 195 , 231
50 92 162 : 192
40 148 130 154
100 0 480 x 106 553 x 108
80 1-5 384 443
60 3 288 . 332
‘L=2192...4 40 75 192, 221,
36 94 173 199
30 127 14 166 ,,
18 286 86 100
APPENDIX..

Received January 14, 1863..

Secrion L—Effect of conduction across the sheath of an-insulated wire;-or of uniformly
imperfect insulation on the permanent received current.

The author is indebted to Professor W. THoMsoN for the substance of the followmg
theory..

Consider a cable extending infinitely in one direction from an origin O.

Let the distance of any point P from the origin becalled .

Let ¢ denote the resistance of the unit length of the sheath to conduction across it,
i. e. the measure of the insulation.

Let m denote the resistance of the unit length of the wire to conduction along it.

Let the potential at O be called V, and the potential at any point P be called V,.

Let the strength of the current entering at O be called Q, and the strength of the
current at P be called Q,. Then it is not difficult to prove that

Q=aevE L. L L)
V,__Ve"\/- e e e e @)
Q=—qy (3)

(im)*
MDCCCLXII. 0Y



1012 MR. F. JENKIN'S EXPERIMENTAL RESEARCHES ON THE TRANSMISSION

We can pass from this case to that of a finite cable of the length 7 with one end in
connexion with the earth by the device of electrical images.

Superimpose two potential curves satisfying equation (2.) with equal but opposite
potentials 4+V and —V at their origins O and O,. Let these points be situated at a
distance 27 apart, and let the curves extend from their origin to meet and cross one
another. The resultant potential will necessarily be zero halfway between O and O,,
and theresultant curve between this point and each origin will represent the variation
of potentials in a cable of the length 7/ with one end in connexion with the earth and
the origin at a certain positive or negative potential.

By putting these results into a mathematical form, we obtain from equations (1.) and (2.),

V=Vl iDL (1)
Q=Qlitea-VE . . ... L. 6)

But V and Q do not represent the potential and current at the origin of the finite cable,
but the potential and current at the origin of the hypothetical infinite curves superim-
posed. In order to obtain V, and Q, in function of any given potential V, at the origin
of the finite cable, we must obtain the value of V in function of V, by putting #=0 in
equation (4.), and substitute the value of V in function of V, in the general equations
(4.) and (5.).
Then we have _
V,=V(1—e%),
V.=V, ko 4 C .. (6)
1— 5‘2’\/”": '

vV, E-A/Tfn_l_s—(ﬂl—w)\/ ?
Q=-% e e e e e e e (T)
(im) 1— e—zz«/ - ’

and hence

and

To obtain the current flowing into the cable at its origin, make #=0; then
Y, 1o

qu(im)t 1_5_21 73::

. QW_QO g_z\/:ﬁ_e-(zl-w?\/?'
B 191;5'?’\/? T

and

or, for Brevity, writing é=l\/ #’;i‘ and 0,:_(1—-:&’)\/ ?,

OV, 8+ e=)
Qo:ﬁ?’%m’ . o . . o e s . . ¢ N . (8.)
and
g a0

P )



OF ELECTRIC SIGNALS THROUGH SUBMARINE CABLES. 1013
When 2=/,
' 2
Q’=Q°E—‘Te-:‘" S O (10.)
The equations (8.) and (10.), applied to the case of the Red Sea cable, give the
results in the text,
i =2192,...m=250%10°...¢=228 x10%,
g =" =2:0664 ...¢°=048394,
A .
Q,=1'1694; =the entering current,
. Vo
QI=O'784Q0=0'91682;; .
Similarly, when ¢=289 x 10,
V,
Q,=0-824Q,=093 m
If the cable were perfectly insulated, by OnM’s law,
Vo
Q.z—j;, *
Secrioxy IT.—TasLe XVI.
1 2. 3. 4, 5. 6.
Reciprocal of amplitude |  Reciprocal of
of variation in the amplitude of Amplitude
Period of dot in Factor used in the  |received current produced| variation in the produced by dot Number of dots
seconds in function | formula given in the | by harmonic variation | received current signals per minute,
of «. third column. of potential at the produced by the ’
operating end. dot signal,
. /e #3
e i}cl lg‘unction of a. z_\/;x\/(log 1)3 ) . Third column ‘iBeci]}g)lrocf,l of 60
12 o z . i~ ultiplied into ourth column
= ?X log‘ (10 0)‘ 3 te {2N/§.zlog‘ (—e')ee} Sl 1p;e " multiplied ry
e=1070, T by 100.
0-25xa 100-7926 182,840,000 143,600,000  [0-000,000,696| 240 X—
05 71-2711 288,070 226,250  |0°000,442 200,
075 581926 17,402 13,668  |0-007,315 80
10 50°3963 3,337-9 2,631:5 0:038,00 60 ’
o, 4840510 2,040-0 1,602:2 0-062,42 545 ,,
2, 46:0053 1,330-3 1,044°8 |0-095,7 500 ,,
3, 44-2005 913-82 717+710°139,3 462
14, 42:5926 65497 51441 [0°194,5 429
15, 41-1496 486-24 38189 |0°261,8 400 ,,
-6, 398418 371:60 29186 |0:342,6 375
7, 386522 29126 22876 10-437,1 353
18, 37:5632 233-24 182:40 |0°548,2 333
19, 365617 190-28 149-44 |0-669,3 316 ,,
20 356356 15773 123-88 |0-807,1 300
21, 347777 132:65 104°17 0:959,7 286 ,,
22 339782 112:90 88:67 |1-127,8 273
2:3 33-2299 97-21 7635 [1-309,8 261 ,,
24 32:5305 84:52 6638 (1-506,5 25°0
25 31-8742 7417 5825 |1-716,7 240
26 312535 6557 51:50'|1-941,7 231
27 30-6696 5841 45-88 |2:179,6 222
28 30-1180 52:39 41-15(2:430,1 21:4.

62




1014 MR. F. JENKIN’S EXPERIMENTAL RESEARCHES ON THE TRANSMISSION

TasLE XVI. (continued).

1. 2. 3. 4. 5. 6.
Reciprocal of amplitude |  Reciprocal of
Poriod of dotin | Bactor wed in tho | o e BN | WIPEEE L Amplitade | Number of dots
| -seconds in function formula given in the - |q,,,0q by harmonic varia-| received current produced. by dot per minute.
; of a. third column. tion of potential at the | produced by the signals.
Joperating end. dot signal.
: .- z'=\/§></\/ —r Third eolumn Reciprocal of
elgkgzunctl@ of = a (log})a : { oNT.5l (l)ei}! multiplied into | fourth column 60,
¢=.;3_xlog-‘(10w). N el ||V a.tlogh e, x multiplied )
¢=1010, ’4 by 100.
29xa 295944 4726 3712 26940 | 207 x1
30 , - 29:0964 42+86 33-66 2:970,9 2000
31 , . 286232 39-07 3069 3195,9 194,
32 281724 3578 2810 3558,7 187,
33 , 277422 32:91 2585 3-868,5 182
34 273312 30-39 23-87 41894 | 176 .,
35 269380 2816 2212 4520,8 171,
36 ., 265612 | 2619 20-57 4-861,5 167
37 261998 2443 1919 5-211,0 162 ,,
38 25-8528 “ 22.86 17°53 5704 158
39 ,, 255192 - 21-44 1684 5938 154
40 251981 ! 20-17 1584 6-313 150 ,,
41, 24-8900 1902 1494 6-693 146
2 . 24-5909 V797 1411 7-087 143
43 24:3033 17:02 13:37 7°479 140
44, 24:0255 16:15 12:68 7886 136 - ,,
45 23-7570 1535 1206 8-292 133 .,
46 23-4974 14-62 11-48 8711 130 ,,
&7, 232461 13-95 10-96 9-124 128,
8 23-0021 13:33 10-27 9-551 125,
49 » 227667 1275 10+01 9-990° 122,
50 , 22-5379 1222 9:60 10-417 126 ,,
51 , 22-3158 11473 9:21 10-858 11.8
52 . 221002 11-27 885 11-299 115,
53 ,, 21-8907 1084 8-51 11-751 113,
54 216871 L 1044 820 12-195 11,
55 214890 10-07 7:91 12:642 100
56 ,, 21:2963 972 7634 13099 1047,
57 . 81-1087 939 7-375 13:559 105,
58 20-9259 908 7131 14-023 104
59 20-7478 879 6904 14-484 102,
60 2005742 8:52 6732 14-854 1000
61 20+4049 8260 6-487 15-415 98
62 ,, 20-2396 8017 6-296 15-883 966 .
63 , 20-0784 7786 6115 16-353 952
64 ,, 19:9209 7+569 5-944 16-824 937 .
65 . 19-7670 7-362 5782 17-295 923
66 , 196167 7166 5628 17-590 909 ,,
67 . 19-4698 6-980 5482 18:241 896
68 19-3261 6803 5443 18-372 882
69 19:1855 6-635 5-211 19190 869 ,,
70 19:0480 6-474 54085 19-666 857
71 18:9136 6322 4965 20-141 845
72 187817 6:176  { 4851 20°614 833
73 5 186525 6-036 4-701 21-272 822 ,
74 18:5260 5903 4-636 215675 811 ,,
75 » 184021 5775 4536 22:046 800 ,,
76 18-2807 5652 4439 22°528 790 ,,
77 » 18-1616 5537 4+349 22:994 7:80 ,,
78 . 180448 5-425 4260 23-474 769
79 . 17-9302 5317 4176 23946 760 .
80 17-8178 5214 4095 24-420 750
90 16-7988 4-374 3°435 29112 667 ,,
100 15-9367 3780 2:969 33681 600 ,,
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Explanation of TasLe XVI,

Table XVI., given to the aythor by Professor W. THoMsoN, will now be shortly
explained: The author will not enter into any detailed explanation of the theory by
which the results contained in the Table were obtained, as these results are the direct
mathematical consequences of the equations given in the papers already alluded to, and
as Professor THomsoN will probably himself publish the full mathematical development
of the theory. '

The first column headed ® contains a series of *times” occupied by the full periods
of electric operations, each of which, when continually repeated, produces a succession of
equal and similar rises and falls in the received current, or of *dots” as they have been
hitherto called in this paper. The series begins with the shorter and ends with the
longer times, or, in other words, begins with the more rapid and ends with the slower
speeds. The numbersin the first column are numbers measuring the times of the periods
in terms of a certain quantity « taken as unity. The actual time in seconds occupied
by each period or eycle of electric operations corresponding to the series in the first
column is equal to the numbers entered there multiplied into «. This quantity e« is

equal to 2 d‘l -log, (104“) where

c= therelectrostatlcalhcapaclty of the insulated wire per unit of length in absolute
electrostatic measure;

k = the resistance of the conductor per unit of length in absolute electrostatic
measure ;.

' = the length of the conductor.

« varies therefore for every cable and for every length of the same cable. The
meaning of this quantity will be best explained by the following extract from a letter of
Professor THOMSON’S to the author :—

“ea, in definite absolute measure, means the tenth part of the time in seconds in which
a simple harmonic electrification established in the wire and left to itself (two ends to
earth) would subside to tth of its amount. Thus in the time «, an harmonic electri-

fication subsides to i% of its amount. The subsidence here spoken of is the gradual

loss of charge by conduction out through the ends to earth.”
Now let the electrical operation producing the dot be a simple harmonic variation of the

potential at one end while the other is connected to earth (z e. let V=Asin %’f, where

V= the varying potential, A= a constant, and —é— = any function of thej whole period) .

Then, measured as a fraction of the maximum current which would be received if the
maximum potential A were constantly maintained at the sending end of the cable, the
difference between the maximum and minimum received current will be the reciprocal
of the number entered in the third column; or translating this into the language used in
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the paper, the reciprocals of the numbers in the third column give the amplitude of the
dot measured as a function of the maximum permanent current*. For instance, if each
dot occupied a period «, the amplitude of variation in the received current would be
335sth of the maximum permanent current, or would be 0:02956 per cent. of that
current.

The fourth column is obtained by multiplying the numbers in the third column into

a constant 2’ The numbers so obtained express the reciprocals of the amplitudes which

would result if, instead of being subjected to the harmonic variation previously described,
the end operated on had been maintained at the maximum potential for the first half of
the periods ©, and at the minimum during the second half. This was precisely the
condition fulfilled when dots were sent in the experiments described. The potential of
one pole of the battery was maintained at the sending end of the cable during one half
of each dot, and the potential of the earth was maintained during the other half.

The fifth column contains the product of the reciprocals of the numbers in the fourth
column multiplied into 100, and gives therefore the amplitudes produced by dots made
as in the experiments occupying the various periods in the first column, and these ampli-
tudes are moreover expressed in percentages of the maximum received current, as in the
rest of the paper.

The product of the reciprocals of the times entered in the first column, multiplied
into 60, will give a series of numbers corresponding to the number of dots per minute
in terms of @. This series, expressing “ speeds,” is entered in the sixth column.

The numbers in the fifth and sixth columns used as coordinates give the curve, shown
in fig. 11, Plate LI., corresponding most accurately with the observed speeds and ampli-
tudes.

The scale of amplitudes, shown in full lines, corresponds to the numbers in the fifth-

column, and the scale of times, shown by dotted lines, corresponds to the values of
60 '

® when o is taken as unity.

When in any case the amplitude corresponding to a given number of dotsis known, the
actual value of & can at once be determined from this curve. Thus observation (Table IV.)
showed that for a length of 1500 knots of cable 4160 knots of resistance, with 92 beats
or 46 dots per minute, the amplitude was 6 per cent., and by the curve we find that this

amplitude corresponded to a speed of 16'4)(% ; hence 46:16’4)(01‘, or ¢=0"35651.

From this value the electrostatical capacity per unit of length, and the specific inductive
capacity of the dielectric could be determined. These points will, however, be more
fully treated of in the second part of this paper.

* The second column only contains the value of a certain quantity ¢ used in the formula by which the
third column is calculated.

4 It should be observed that inasmuch as this observation does not exactly fall on the curve, so the value
of « differs a little from that which would be calculated by the curve alone, as presently to be described.
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Quite similarly, if « be known, the number of beats per minute corresponding to any
amplitude could be determined; but, practically, & need not enter into the calculation
when treating of any given cable. The speed, amplitude, and length are here the three
elements of every problem, and when two of these are known the third can be deter-
mined ; but here it may be observed, that as the speed, multiplied into «, is constant for
each amplitude, so will the speed, multiplied into the square of the length, be constant
for each amplitude, and the scale of abscissee may be so chosen as for any one cable to
give directly this product by simple inspection.

It is this scale for the Red Sea cable which is drawn at the foot of the curve, fig. 11, and
which enables the number of dots corresponding to every amplitude to be ascertained
directly, and it is by this scale that the dots, crosses, or circles from Table XV. are put
on the figure.

‘When, as in the present paper, the speed is taken as twice the number of dots, and
the unit length is one knot, the ratio of the two scales must clearly be such that if

d =the number of divisions in the upper scale,
D=the corresponding number on the lower scale,
L =the length in knots,

then o =2
- D

Thus, taking a length of 1000 knots and a speed of 100 dots per minute, D=2 x 10¢,
d=12-6, and hence «=0126; and the same value would be obtained whatever number
of dots had been chosen. '

This may be looked on as the mean value of ¢ determined from twenty observations,
since this ratio of the scales brought all the various circles, crosses, and stars into the
closest approximation with the curve. The values of o for any other length are
inversely proportional to the square of the lengths.

The algebraic headings of the different columns will allow them to be still further
extended by those who may require to use the Table, as they virtually contain the
equation of the curve.
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