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Abstract

The absolute position and orientation of survey schemes |
in exploration for mineral resources and other purposes can be
established by astronomical observation,

The precise timing of optical observations constitutes a
major problem in field astronomy,

The employment of a special form of portable crystal
chronometer for the measurement of time in the field for the
purpose of achieving 2 precision unattainable with devices
governed by mechanical clocks, is investigated, Results show
that the error in compaxring the local chronometer with a radiated 1
time signal is reduced to a2 negligible amount, The calibration
and performance of the crystal chronometer is dealt with, also
its reliability during survey operations. Various rnethods
of time measurement are investigated,

The specifications of the design of the frequency standard
and the investigations conducted by the author and described here
indicate that the performance, ranging from long term to
instantaneous stability, has proved to be of the order of i- 1
millisecond. A practical and rapid field test for ascertaining
the proper functioning of the crystal chronometer is given.

One of the outputs of the crystzl chronometer provides 2 marker
signal, operated by a microswitch, which ecnables the timings to be
measured of consccutive transits of a star across a special five
line graticule. Simultaneous measurements of vertical and
horizontal angles are made possible with the graticule, and the

accuracy achieved is dealt with,
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The recording and storing on magnetic tape of all field
data including frequency pulses from U, T. transmissions, pulses
from the crystal chronometer, and pulses from cptical
observations released manually, are described, The pulses form
characteristic patterns on the tape which arc made visible with a
special fluid and metallic powder, Investigations into suitable
chemicals and microsized metal particles are reported,

The methods of calibrating the crystal chronometer against
U. T. time signals are found sufficiently accurate to detect
variations in emission times of frequency pulses published by the
Royal Greenwich Observatory and the Bureau International de
1'Heure.

Reference is made to the instruments employed; tests of
their performance are described. The personal error is
dealt with and the design of an arrangement for its detection is given,

The result of theoretical investigations and practical field work
show that for obtaining an astronomical fix, the chronometer error
will be only a small portion of the total error, including those due
to theodolite operation, personal error, refraction etc.

Computation methods for position fix are analysed; investigations
into semi-graphical solution of field observations are described,

A special design of illuminated telescope sight of transparent
synthetic resin and its use in the field for lining up the stars is
reported,

The author believes that the method of tiraing, recording
and evaluation of optical observations together with the
instrumental modifications described in this thesis offer a
considerable saving in time and a higher accuracy for the

determination of absolute position and of azimuth, and are the
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essential supplement to recent developments of other
survey methcds and instruments.

The investigations and the field work have beencarried
out at the Royal Schocel of Mines, Imperial College, London,
and at the Imperial Ccllege Field Station, T ywarnhale Mine,

Cornwall,
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1. Introduction

To keep pace with the incr eas.ing demand for raw materials
extensive search for minerals in unexplored territory is in progress.
Geologically unknown areas are mostly in remote parts of the world
of which few or no maps exist. It is a prerequisite in development
projects involving the discovery of mineral deposits to survey the
countryside for producing the necessary maps and plans,

The development of electronic distance measuring instruments and
the ever growing use of aerial photography have, in their application to
surveying, revolutionized this science, particularly as regards to
preliminary surveys, which are of great importance in the field of
mining exploration,

Preliminary survey schemes and also local survey systems for a
mine or for major engineering projects can nowadays be carried out
in a fraction of the time which was required for the same work only a
few decades ago.

Basically a survey system consists of - monuments or marks, which
are placed on ground, related to each other in terms of angular and
linear measurements, expressed in some form of co-ordinates and
{.cse constitute references, or -define legal rights. A survey system
with no positional relationship to others or without information of
absolute position and orientation should be regarded as being incomplete.

The ab-olute location of a point on the earth's surface is -effected
independently from any other points on it,

A satisfactory absolute position and the necessary control for
azimuth can be provided by astronomical observations. The alternative,
the establishment of control points obtained from continuous ground
survey connected to an existing gecdetic frame which can be a
considerable distance away, is often prevented by time and cost,

Cnce astronomical control has been established, any surveyed
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1, cont.
points expressed in plane co-ordinates, as is invariably the case with
local systems, can be converted into geographical co~ordinates.

The latitude - longitude system has the great advantage of being
unrestricted in area, permitting indefinite extension, assisting the
re~establishment of lost monuments, retracement of boundary lines etc.,
and contains a ready available azimuth direction, a useful item which
shot A not be overlooked at the increasing employment of electronic
instruments for -distance measurement, and at the present day trend
of replacing triangulation schemes by traverses., Another
independent method of obtaining azimr:th is by the usc of gyroscopic
instruments which are still rather expensive,

The order of accuracy normelly achieved with positional astronomy
providing latitude and longitude, and the amount of calculation it
involves discourages its application in all but the necessary
circumstances.

The practice of solving the problem of absolute location of a local
survey s"heme has not changed a great deal, considering the great
development of other ground survey methods. Time and effort would
be well spent by improving conventional procedures necessary to
achieve higher accuracy and greater speed,

The various astronomical methods for position fixing - location of
a field survey station by astronomical latitude, longitude and z-imuth -
are restricted in solving the astronomical triangle, The parts which
can be measured from the earth!s surface are!

(1) the co-altitude or zenith distance of the heavenly body (90O - h),
i. e. the arc distance from the astronomical zenith of the observer to
the apparent position of the hecavenly body, and

(2) the hour angle (t), which is the angle subtended at the celestial
pole included between the celestial meridian of the observer and the
declination circle of the heavenly body,

The former can be measured with various instruments, the most
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1, cont.
common of which is the surveyor!s theodolite. The latter is the link
between the celestial sphere and the earth, which is time, and is therefore
measured with the aid of a clock, Time cannot be represented yet as an
arbit rarily selected and permanently preserved piece of unitas a
“yard-stick'" of a standard second. The ultimate practical reference
standard of time is the period of axial rotation of the earth. The
determination of time is an astronomaical process and is not discussed
here,

The results of the measurements of angles and of time taken at
survey stations are dependent, to a large extent, apart from general
field and weather conditions, on the accuracy which can be achieved with
present day field instruments. Modern glass circle theodolites, which
are easily transportable, allow a direct reading up to one second of
arc of ~both the horizontal and vertical circle. Advances in the
accuracy of subdividing the circle will enable the maker to incorporate
into the engineer's theodolite a direct reading system for an even smaller
part of the arc, down to one or two tenths of a second, The
measurement of time, in the field, would. require a clock indicating
intervals of about one hundredth of a second of time, or less, to meet
the continuous improvements of precision of optical instruments. The
maximum star movement in one second of time as seen with a telescope
of 30 magnification corresponds to 7.5 -minutes of arc,

At the survey station the observation consists of timing and recording
the instant an event (star's crossing of the wire) takes place, This
instant of observation can be timed for instance with a stcp watch in
conjunction with a box chronometer, or can be registercd on chronographs
driven by a mechanical clcck etc., Mechanical clocks, other than
pendulum clocks, which are not considered to be -used in the field, have
been developed to a remarkable degree of precision, but have not
attained the small subdivision of time which can be attained with crystal

chronometers. A most convenient supply of time for the surveyor in
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the field could obviously be the radio time signals, and also the high
precision signals associated with standard frequency transmis sions,
The term signal denotes the emitted pulse from the transmitting
station., This time is based directly on astronomical observation at
observatories and is subdivided either by crystal freguency or by an
atomic clock, and is available through the national time service,

In practice, however, the direct application of time signals,
received with aportable radio set for timing astronomical
observations in the field, is inadequate,

The various forms of standard time signals are radiated at
selected times only, Most of the continuous frequency transmissions
are interrupted at periodical intervals, Although some are partly
overlapping in time, a poor reception might prevent their use.
Experience has shown that in most cases, when good visibility existed
for a sight to be taken to a star, there was only a faint reception of
time signals, and sometimes none at all,

For rapid and precise timing of optical observations of a
repetitive nature, the employment of an instrument, which for shorter
periods maintains an extremely steady rate, for the measurement of
time intervals in terms of an accepted unit to a high order of precision,
is indispensable, Furthermore, the locally measured time intervals
have to be referred to an epoch, before they can be used for the absolute
location of the observer!s station, as intended,

it is essential that instruments intended for field use should be
portable and light in weight, The procedure and methods to be adopted
for field observations and for the evaluation of data have to be rapid yet
reliable,

It is considered advisable to treat the investigations of
interconnected items, contributing to an astronomical fix, instruments,

timing, optical observations, recording of data, computations etc,,
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under separate headings, It involves an occasional restatement of
some facts, but it enables one to present the investigations and their
phases more fully and withcut too many cross references through the
whole text. It necessitates also presenting the research undertaken
partly in form of a report and submitting important conclusions relevant
to the advancement in field astronomy amongst the individual subjects
investigated,

Interpretation of the various investigations are enhanced by
diagrams and tables.

Existing methods which have direct bearing on the subject~matter
are outlined with a critical examination, New techniques and methods
seldom replace the conventional methods completely, The investigated
field techniques of timing, recording, and evaluation of cptical
observations, and the precise time link established by comparing the
crystal chronometer with radiated time signals, togcther with the
instrumental modifications described in this thesis will certainly
supplement existing methods,

Incorporated in this thesis is the work described in the article
""Accurate Time for Field Astronomy! published by the author in
Nature, Vol. 199, No, 4889, July 13, 1963., and also material which
will be presented in a paper to be read at the Royal Institution of
Chartered Surveyors in 1966,

The responsibility for any statements of fact or opinion expressed,

rests solely with the author,
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2. Scope of Research

The scope of the research is tc investigate to what extent and to
what order of accuracy a subdivision of time interval from an
independent source could be achieved and made available in the field.

Further, the research is concerned with the correlation of time
from an independent source with standard frequency transmissions
or with time signal transmissions, and the precision at which this
can be effected.

It is the purpose of this research to develop methods of measuring
time intervals, which are of short duration, in terms of an acceptcd
unit, at a very high order of precision,

This includes a detailed investigation into the factors governing
the performance and calibration constants of time measuring
equipiment, as well as an analysatior of errors contributing to
fluctuations of the observed calibration values. Since the calibration
values are not instrumental constants, their determination once and
for all is not sufficient, and readily applicable methods of
standardization of calibration values have to be established.

The research is directed to reveal possibilities of utilising a high
precisicn itirne source for timing cptical observations which are used
for providing rapid and precise location of survey stations in terms
of latitude, longitude and aziruth.

The research embraces the examination of existing niethods of
timing and of recording optical observations and is ainted at
instrumcental itaprovements. This includes the investigation into the
possibility of simultaneous measurements of parts of the astronomical
triangle which are accessible to mieasurement from the surface of
the earth. ’
The rescarch also necessitates the analysation of computation

methods and the investigation into semi-graphical solutions for a

position fizz,
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2. cont.

In his research, the author is restricted by the necessity of
working with the representative field survey instruments and
equiprment that are available, their conventional uses and purposes,
and their fundamental features of lightness, compactness,
portability and low costs. Hence the research is directed at
supplenenting conventional methods and instruments and

introducing justified renlacements having cqual basic features,
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3. Crystal Chronometer

3.1, Reason for Employment of a Crystal Chronometer,

The succession of complete revolutions of the earth about its axis
represents a periodic cccurrence, the duration of a single cycle of
which is the practical standard for the measurement of time, or of
its reciprocal, the frequency, which is expressed by the number of
cycles oceurring within a given length of time,

As the accurate interval of time of a single cycle and its
subdivision to 24 x 60 x 60 parts is available through the national
time service within the accuracy cf 1 part in 10? it is only necessary
to have a chronometer or an auxiliary frequency standard which
maintains its rate -unchanged throughout a time interval during

which the national time service is unobtainable,

3.2. General Description and Uscs of a Crystal Chronometer.

Portable -crystal chronometers are now available with an
accuracy approaching that of large stationary frequency ortime
standards installed in laboratories, The crystal chronometer
indicates the time by output pulses from an oscillating circuit
controlled by the piezoelectric property of a quartz crystal. The
natural frequency of vibration of the crystal depends on its size and
shape, and can be maintained nearly constant if appropriate
precautions are taken against temperature and pressure changes:

Crystal controlled time standards are designed and manufactured
by various research institutes and laboratories, broadly to be used as
(2) 2 pulse source or frequency control for the automatic programming

and op eration of instruments and machines,

(b) for visual time indication and control of time recorders.

From a theoretical aspect, specific features of the crystal

chronometer were considered, which should be of great advantage
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for its employment in field astronomy. These specifications for a
special crystal chronometer to be used in field astronomy are given in
Section 3.3, Analysis of the results of tests and field experiments
indicates success in achiéving higher accuracies in time comparisons,
in the extraction of time differences, elirzination of ambiguities between
pulses, and a greater ease in operation, etc, This is in consequence

of the specifications, which proved to be in conformity with the theory,

3.3. Specificatiors of the Zrystal Chronoracter.

A portable frequency standard, built by Messrs, Communication
Systems Ltd.,, according to specification, is used as a pulse source,
and kept in operation by a 12 volt battery, An arrangement for
interchanging batteries during charging provides for uninterrupted
running. Basically the frequency standard comprises acrystal
oscillator which includes a flexural-mode bar crystal element, mounted
in vacuo, and which can be thermally cornpensated, The working
frequency of 16 657.066 c/s - adjustable to corapensate for long term
drift - is converteds
(1) to give 61 pulscs per minute, of which 60 arc audible as a tone
output, of about 1041 impulses per second of 1/16 second duration,
(2) by means of & pulse feedback arrangerment to produce one pulse per
minute audible as a tone wutput of about 260 i, p.s., of :.1; second
duration, which is alsc used to operate the minute clock,

(3) to provide a marker signal also as a tone output of 520 i, p. s.,
operated manually by a key via a2 relay.

The current at 12 volt, supplied by a battery, is considered
adequate for a mobile standard., When carried in a small van the
chronometer can be kept running on the car battery which will also
power the circuit of ancillary equipment, and even of the theodolite

illumination.
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The temperature compensation of the crystal is essential when

operating thc equipment outdoors, The oven heating circuit can be

switched off when not required,

The subdivision of the minute into 61 parts constitutes a time vernier,
placed at the receiving end of the time signals, and is used as an .
approximate coincidence rmeter when comparing the crystal chronometer
against standard frequency transmissions, in the absence of rhythmic
time signal reception, The advantage of the time vernier in general,
and over an electromechanical phasc shifte is outlined under evaluation
of data,

Table 3, 3. =1 has been prepared to convert the numbers of crystal
chronometer beats into values of U, T, seconds, thus showing nominal
time of the crystal chronometer, (lst and 2nd coluran), The 3rd
column in both groups gives times of vernier coincidences.

The specified 1041c/ s tone to which the other output tones are
arranged in intervals of octaves for distinction, has been chosen to be
almost 4 times the standard pitch of 24 x 16 ¢/s. The output pulses
can be put directly on tape or recorded as ‘sound waves via loudspeaker
and microphone. Recorded on magnetic tape and played back at two or
four times lower speed, all output tones are therefore adequately within
the audible range of the human ecar, The frequency and, mainly
depending on it, the pitch of the output tones is in that part of the
spectrum, aboutl 000 c/s, where the intensity range of perceptible
sound is practically at its maxirmum for the average person. This is
also an advantage when recording both chronometer pulses and pulses
on standard frequency transmissions simultaneously, The latter,
when recorded at different volume, for reasons of reception conditions,
which requires the setting of a corresponding recording volume, could
otherwisc render the chronometer pulses inaudible during play=-back
at lower level, or could cause difficulties in erasing the tape. This is

of course bearing in mind when the distances from the loudspeakers to
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(1) VALUES OF CRYSTAL CHRONOMETER BEATS IN UT sec.
2 NOMINAL TIME OF CRYSTAL CHRONOMETER IN U.T. sec” = &=n
(IF) VALUES OF CRYSTAL CHRONOMETER BEAT-COINCIDENCES WITH UT. sec’

= TIME VERNIER COINCIDENCE IN U.T sec! = 5ﬁ/

& <n & & =n i
n 0'983607«n 0016393«n n 0'983 607xn  0°0/6 393N
(o] 00000 0000
! 0°9836 "0164 3 30'49/8 *5082
2 19672 *0328 32 31°'4754 ‘5246
3 29508 "0492 33 324590 ‘540
4 3:9344 '0656 34 334426 ‘5574
5 4°9180 ‘0820 35 344262 ‘5738
6 59016 "0984 36 354098 "5902
7 6°8852 ‘1148 37 363934 ‘6066
8 78689 1371 kX:; 37°3770 6230
9 883525 1475 39 383607 "6393
10 98361 ‘1639 40 39°3443 ‘6557
] 10°8197 ‘1803 41 403279 "e72/
12 /{8033 1967 42 41°3115 ‘6885
/3 1227869 *213/ 43 42°'2951 ‘7049
4 137705 *2295 44 432787 ‘7213
15 14754/ ‘2459 45 44°26273 ‘7377
16 157377 2623 46 452459 ‘754
17 16°72/3 ‘2787 47 462295 7705
18 17°7049 295/ 48 47° 2131/ ‘7869
19 /18:'6885% ‘311715 449 481967 ‘8033
20 19°672/ "3279 50 49'/803 “8197
21 206557 ‘3443 5/ 501639 ‘836!
22 216393 ‘3607 52 511475 "83525
23 226230 *3770 53 S52°131/ *8689
24 236066 ‘3934 54 531148 *8852
25 245902 4098 55 540984 "90/6
26 255738 ‘4262 56 550820 '9/80
27 26'5574 ‘4426 57 Jo' 0656 *9344
28 27°5410 ‘4590 58 570492 *9508
29 285246 ‘4754 59 58 0328 "9672
30 29°5082 ‘49/8 60 59°0/64 ‘9836

6/=0 600000 /"0000

n = N2 of Crystal Chronometer Beat,
UT sec’ = Seconds of Mean Solar Time. TABLE 3.3.-/.
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the microphcne are maintained equal, The audible pulses can be
recorded and reprduced by any commercially available recording
equipment at their speeds provided, A coincidence of marker and
chronometer pulse will produce a distinct frequency on the overlapping
part. The 61 audible output pulses make a second hand somewhat
redundant and simplify the clock construction, The vernieras well
as the duration and frequency of the output tones, has also been

s pecified to assist the extraction of data after tape dewfopment.

The crystal chronometer registers notSidereal Time but Universal
Time (U, T,), which is displayed by hands on a clock face in hours and
minutes for convenience in comparing it with observatory radio time
signals, and for time indication in the field, The minute clock can be
retarded or advanced by stopping the minute pulse output or rais.ng it
to one pulse per second, Ultra=fine adjustments of tizne rate are
regulated by a vernier control dial which can be locked,

Delays in the electric circuits of the crystal chronometer are
usually small enough to be neglected, The chronometer is unaffected
by vibrations and can operate in practically any position. An
overturning of the chronore ter will only affect the run of the clock
hands, A chronometer registering sidercal time would save the
calculation of conversion of U, T, to G,S. T., but would bect 2
disadvantage by having only one approximate coincidence with time
signals of which the broadcasts last for five minutes, (e.g. H, B, N,
transraissions).. Also, the small amount mean solar scconds differ
from sidereal seconds (0,00274 sec,) and would cause a considerable
number of signals to overlap in the vicinity of approxine te coincidence,
reducing the precision of scaling their recorded distances after tape
developracnt, Likcwise a crystal chronometer indicating units of
arc instead of time units would have no further advantage, but would

elirninate only the conversion of time to arc,
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SCHEMATIC DIAGRAM ©OF CRYSTAL CHRONOMETER

AND RECORDING UNIT

CRYSTAL BINARY BINARY
OSCILLATOR DIVIDERS DIVIDERS
16 657066 </, D’;’YDE DIVIDE
16384 6/
6! ppm ! ppm
KEY
MARKER
UNIT MIXER CLOCK
UNIT DRIVE
TAPE
RECORDER
CLOCK FACE
MICROPHONE LOUD SPEAKER

Fig. 3.3-/
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3.3, cont,

The employment of a marker signal and its recording on
magnetic tape, instead of using a stopwatch in conjunction with a
chronometer to registe r the instant the star crosses the wire, still
requires the personal error to be taken into consideration, which is
the reaction of the surveyor when observing the star and pressing
the key; but there is the advantage of eliminating any further
personal error, of the observer or booker, in abstracting the
time from the stopwatch, The marker signal can be operated by a
microswitch situated near the clock face, or with a remote key,
The output pulse of the marker can also be used for automatic
recording of star crossings.

The essential sections of the crystal chronometer are shown

in Fig, 3.3.-1

3.4, Requirements of the Crystal Chronometer

The field surveyor?!s frequency standard is in operation during
the time of astronomical observations, which normally may take two
to four hours, but in some cases may take up to two or three days.
This is contrary to the requirements of the astronomer, who expects
a continuous run of several years from his clocks,
Comparison with standard frequency transmissions may not be
possible during observations jthe crystal chronometer may have to
be compared either beforc or after the observations. ‘
Consequently, whatever the fundamental frequency of the secondary

standard. used in the field, it must be capable of:
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(1) a daily frequency stability closely predictable, i, e, a definite
number of oscillation cycles occurring, or expected to occur,
in a time interval,

(2) an hour-to-hour stability, or short period stability;

(3) 2 minute-to~-minute stability, or very short term stability, and

(4) an instantaneous stability over intervals of seconds of time.

The accuracy of short interval stability of portable crystal

chronometers is nowadays approaching 2 parts in 109. Further:

(5) 2 short "running-in'time to allow settling down. This is of
great importance because of the frequent switching on and off which!
is the ordinary practice with battery-operated field equipment.

This last requirement, narnely '""stability in interrupted service",
is practically non-existent for observatory clocks,

Portability and robustness were the essential technical factors which

controlled the design of the chronometer used, Physical and chemical
stability of the material is expected as an ir portant item to prevent

frequency losses and to reduce the frequency-ageing rate,

3.5, Performance of the Crystal €hronometer

3.5.1, General, Rate, Errors,

The rate of 2 chronometer is the amount expressed in hours,,
minutes and seconds by which the time indicated by the chroncmeter,
after a specified interval, differs from the truec elapsed time, after the
same specified interval, It is therefore the amount gained, rate
negative, or lost, rate positive, over a specified length of time.

The isochronism error of a chronorneter is the amount the rate

differs from uniformity within a specified interval over which the rate is
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determined,

In general chronometers are tested to determine their precision
for isochronismj this is the deviation and recovery of the rate due to
temperature and position, hereby distinguishing between the iravelling
rate and standing rate. For chronometers mounted on gimbals, the
tests are normally restricted to either the horizontal or vertical
position, The magnitude of the rate is of no consequence for the
purposes of calibration and time keeping.

For the assessment of its performance, the crystal chronomcter
under discussion was subjected to the above tests with additional
testing to determine the required running-in time. The tests were
carried out over a period of three years to investigate whether the

chronometer satisfied the requirements listed in section 3.4. or not,

3.5.2. Ratelprmulac.

It is known that rmechanical chronoraeters follow a parabolic law,
the law of linear motion, This is best shown graphically by plotting
the amount of tirne gained or lost against the time indicated on the
clock face,

In ordinary practice, because the time is referred to the rotation
of the earth, the approximate performance of any clock is expressed
in the form:

2
‘t:o+At1 + B tl

=
n

At +B t + C ¢

H

n
o
+

Where Tl iz the future predictable time the clock will indicate after
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the elapsed time t., which has elapsed since the epoch to.

1’
A, B, C, are clock paramecters, depending on mechanical
coefficients, temperature etc., and have to be determined from

individual clock readings.,

With reference to linear motion, the expression A t, can be

1
2
considered as the velocity or as the rate of the clock, B tl the
acceleration during time tl’ and C t:l,’ the drift of the acceleration,

The solution of this equation of motion is possible by e, g, successive
approximations,

The application of either of the above equaticns, for an
approximation to a smooth curve joining the plotted observational
results, is immediately apparent from an examim tion of the crystal
clock performance diagrams, (See Section 3,5.4. and 3.5.5.)

A logarithraic or -an exponential function of the form

T=%t +At,+BIn t
o} 1 1

T=to+At1+B et
respectively, would obviously achievc no fundamenfaily different
fit, because thesec functions can be reprcsented as 2 power series
of t, In the case of a2 nearly linear clock rate, only small errors
would be left in its interpolation when using such an elementary
mathematical expression,

The operational performance of the crystal clock =although not
pertaining to the subject of mechanics ~ can be considered as an
oscillation because there are periodic forces which effect its running,
These oscillations occur in a certain interval of time, hence the
formulae of thc various types of oscillations as derived for the dynamics
of points and rigid bodies could be applied, provided its constants
and variables are appropriately interpreted., The question of which
type of oscillation is possible in a dynamic system is closely connected

with the question of the stability of its equilibrium, or the stability of
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motion of the system, The oscillations of the quartz crystal, its

proper oscillations, produce the forced oscillations of the electric
magnetic circuit, Whether the crystal clock can be regarded as a
special case of the free damped oscillation cr damped forced oscillation
depends on the rnagnitudes taken iatc consideration, In a2 resonant
circuit the mapgnitudes to consider ares the capacity of the condengor
inductance, resistance (it can hardly be a frictionless case), voltage,
temperature of the oven, etc. There are the following relations between
voltage U, resistance R, induction Lduxng the interval of time dt,

for the discharge of a condensor which is not 2 one time performance,

but 2 sequence of oscillations:

U -~ L dl -RI = O
dt
Differentiating the above equation with respect to times
2
L dl +R dI + 1 I =0
at” dt C

gives an expression between the associated quantities which has the

same forra as the equation for harmonic oscillations

dzx + 2k dx + wzx = O
d’c2 dt
In this equation of motion the acceleration term dzx of the
2
dt

oscillating point in the direction of the x~axis takes the place of the

force in the energy equation,

2k

is the frictional term, 2k its constant
dt

&) = circular frequency, i.e. the number of vibrations in 27X units

of tirne, of the restoring force,
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The '"path' is obtained by integrating the above equation of motion,
Fork > W i. e, if the damping factor is greater than the
constant of the restoring force, the path will approach the x-axis
asymptotically without oscillation, Such a system with kinetic and
potential energies moving in accordance with the above equation
ultimately tends to rest, In addition to the damping force
represented by the frictional term-2k g—f— and in addition to the
restoring force, there is the force which acts on to the oscillating
circuit, periodically with respect to time, originating from the
oscillation of the quartz crystal. The properties of the quartz
crystal, its temperature, and the length of time the crystal
chronometer is operating, together with external parameters,
temperature and voltage, will shape the cusve obtained from the
plotted values:= clock errors against time. The equation of motion
will then be in the form of the differential equation of the damped

forced oscillations

2

dzx + ok dx -l-w,?.x = ¢ sinV t
dt dat

The right hand term is the acceleration, resulting from the
oscillation of the quartz crystal which is assumed to change with time
following a sin law, Y is its frequency, c 2 constant representing
the amplitude of vibrations. In conformity with mechanics, x, the
path, as the result of the motion produced by the vibratory force,
will also change periodically with the timme t, When ¥ , the
frequency of the quartz crystal, approaches the number of vibrations
of the undamped harmonic oscillation ¢J, the condition of resonance,
will be obtained. Any change in temperature of the oven will change
the resondnce condition and consequently there will be a drift in the
rate of the crystal chronometer. The graphical representation of

the rate in this case will show a typical curve of a2 function in
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dependence of temperature, Generally any oscillating motion is

a combination of the forced oscillations and of the natural frequency
oscillations of the system which may gradually die out, being
absorbed by the d_almping system,

The determination of the crystal clock parameters,which are in
practice functions of time and material, on the basis of the
mentioned formulaes

(1) linear motion

(2) logarithmic function

(3) exponential function

(4) free and forced

damped and undamped oscillations
would leave only small residuals, in view of the uniform behaviour of
the rate of the crystal chronometer tested, Therefore the theoretical
investigation as to which formula would represent the true law of
performance would be a lengthy effort, and would contribute little in
improving the forecast of the chronometer!s behaviour,

Fairly accurate frequency pre diction and interpolation is possible
from graphical representation of the clock performance, subject to the

possibility of adequate comparison with available standard frequencies,
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3.5.3. Galibration of the Crystal Chronometer

(A) Possibilities of Calibrating Crystal Chronometers.

No portable crystal chronometer can have, or can raintain, a
completely constant frequency. Therefore testing the chronometer for its
rate and change of rate is a normal procedure which cannot be dispensed
with.

The rate of a crystal chronometer can be determined by comparing it
in terms of a measurable interval between natural or artificial events.
The selection of the type of interval and type of events is, for practical
purposes, restricted to the fecllowing:

(1) The natural resonance of a molecule = nuclear decay process;

(2) The period of the earth!s rotation, which contains secular,
periodic, and irregular fluctuations (The irregular fluctuations
are the most difficult tc ascertain as their vector has to be
determined afresh froim current observations.},

(3) The periodic movements of stars, having long term changes,

(4) The time signal transraissions.

At the present time, the only practical solution to the problem of
calibrating a portable secondary standard of frequency is to choose the
interval marked by the time signal transmissions, (No. 4 above).

This can be accomplished in various ways, which are described below.

(8) -_Methods of Calibrating Crystal Chronometers.

It is not intended to rnention all feasible methods of calibrating
a crystal chronometer, cor to deal with techniques in detail, Only those
metheds are listed which are relevant to the field engineer, In particular,
the methods described are those which were investigated and are new as
regards their application to field astronomy. New methods and
techniques seldom cornpletely replace the well-established conventional

methods, but they undoubtedly supplement thern and contribute to the
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perfection in the achievernent of practical results.

The process of calibration can be performed by the following methods:

(1)_Pulse Counter

The cycles of oscillation of the crystal chronorreter can be counted
over an interval determined by standard time signals, e.g. with a pulse
counter, etc,; obviously, the longer the interval, the higher the
accuracy of determination of the rate. The relative error of the rate
derived, or of the numbers of cycles counted, is preserved by the
registering apparatus, since the multiplication factor, governed by the
technique of measurement, has absolutely no influence on the error.
This method requires a speccial instrument which may not be easily
available to the average ficld engineer; it is mentioned here, because in
the near future portable pulse counters will be obtainable which will

have the required frequency range.

(2) Frequency Comparison,

The time interval between two pulses of nearly equal frequencies (i. e.
crystal chronometer and tiine signal) can be measured to a high order of
accuracy in a short interval of time. Mixed in a non-linear circuit, the
system produces a frequency which is equal to the difference between
the two f1equencies.

This method requires additional equipment and is therefore only

briefly mentioned.

(3) Electro-mechanical Phaseshifter.

The employment of a'n electro-mechanical phase shifter allows the
crystal chronometer to be set in synchronism with time signals reccived
by radio, However, this can be used effectively only with crystal
chronometers registering U, T. U. T. second contacts of the crystal

chronometer are arranged so that they short circuit the radio time
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s ignals. No audio signal can be heard if the crystal chronometer and
radic time pulses are exactly synchronized. An actual measurement
of frequency difference cannot be executed.+) It follows that the rate and
the change of rate of the crystal chronometer cannot be ascertained.

It is therefore necessary to set the crystal chronometer against time
signals immediately before observations are registered, and to rely on
the precision quoted by the manufacturer. In this way the chronometer
is much too dependent on reception conditions. Further, the electro-
mechanical phase shifter is not suited for tiiming of optical

observations and of no assistance in the investigation of the performance

of the crystal chronometer.

(4) Stopwatch

The time interval between crystal chronometer pulses, or between
chronometer pulse and radic time pulse, can be measured in the easiest
way with agopwatch. This method is applicable for the calibration of
any chronometer registering any types and any subdivisions of time.
The registering instrument, the stcpwatch, is presumed to maintain a
known rate. The accuracy depends mainly on the type of stopwatch
employed. The length of time interval is not restricted, but no
repeated measurements of any one time interval are possible,
Inforrration on the behaviour of the chronometer in intervals of
minutes are readily obtained, but are not of primary importance. The
performance during intervals of seconds can be measured only to the
order of accuracy ofthe stopwatch.

This method does not achieve theacuracy required for the
investigations into tirning methods and measurements of short intervals
of time, as trecated in this thesis. The method is listed here in order

to satisfy the needs of an average field enginecer.

* The frequency difference can be measured with additional equipment

or with e. g. digital read=out of the e, m, ~phase shifter.
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(5) Paper Strip Chronograph

Both signals, crystal chronometer and tirne transmission are
recorded on a paper band chronograph (or on any mechanical or
electrical chronograph) with a pen recorder. The time difference is
abstracted by scaling or by the use of various forms of graphs and the
chronometer rate is then deduced therefrom.

This conventional method is described in most text books and is still
rmuch in use,  The time interval of one second is usually represented
as a distance of 1 mm.

Generally, with this method, the accuracy in time comparison is
accepted to be in the neighbourhood of 0.02 seconds, presuming a scaling
accuracy of 0,1 mm. The time of optical observations recorded on a
paper band chronograph and determined from measurements taken on it,
is also affected by a possible drag error.

There are high speed pen recorders operating from mains supply or
battery, with paper speeds of 3, 1, 2, 4, 8 up to 16 cmns/ sec. They
weigh 35 to 40 lbs (without battery) and cost over & 350, which imposes

limitations on field use.

Methods of Calibration adopted for the Employment of the Crystal

Chronorneter in Field Astroncmy.

No measuring method can be regarded as being free of systematical
errors; such errors can be detected by comparing results obtained from
different methods employed.

As a rule, relative measurements of physical quantities can be
exzecuted at a higher degree of precision than their absolute measure-
ments.

The methods of calibration which were investigated consisted of

accurate measurements of titne intervals,
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(6) Time Vernier

The 61 subdivisions of one minute which are audible as output pulses
of the crystal chronometer, together with the seconds pulses superposed
on standard frequency transmissions, constitute a time vernier, This
time vernier was used as an approximate coincidence meter for the
calibration of the crystal chronometer,

The aural determination of a vernier coincidence, which consists of
two signals-of different duration and frequency, is essentially the same
as the aural test of detecting the vanishing signal coincidence. In
practice, no signal ever synchronizes. The task, therefore, is to
estimate the smallest time gap between chronometer and radic pulses.
This can be done directly during reception of time transmissions. The
accuracy which can be achieved depends on the observer's ear; it is
therefore affected by the personal error, by the quality of the reception
and by the type of time pulses received. The approximate coincidence,
occuring once a minute, can be observed five or ten times during any one
period of reception of co-ordinated time signals, since most of them are
transmitted over a period of five or ten minutes. Tests have shown
that the uncertainty in judgement of a near coincidence can be limited to
three or to twec seconds pulses, Thus the accuracy achieved is 3 to

1
4 x e seconds = 0, 05 to 0, 07 seconds, for a single coincidence.

Although the time vernier has found some application in certain types
of transmitted time signals, its employment at the receiving end is
believed to be new and has not been found in any reference published

hitherto,

(7) Slow Replay

The crystal chronometer pulses were recorded at high speed (7% in. /
sec.) on magnetic tape recorder, via loud speaker, as audio pulses,

or by direct feeding~-in, and were played back at half speed (32 in, / sec)
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and/or quarter speed (17/8 in, /sec.) The interval between pulses was
timed with a stopwatch at slow replay. Information about the rate and its
variations in terms of U. T. can be calculated if the stopwatch is in
synchronism with U. T., or if its rate is known. Differences of the
running speed of the tape recorder have to be taken into consideration.

Generally speaking, the crystal chronometer can be considered as a
time keeper rmauch superior in quality to a stopwatch., The rate and the
indication of U. T. of a stopwatch and alsc the constancy of the tape speed of
a recorder are of limited reliability. Therefore standard frequency pulses w
were used as a reference standard and were recorded together with the
crystal chronometer pulses on the same tape track, The interval
between crystal chronometer pulses and pulses of standard frequency
transmissions was measured with a stcpwaich at replay of the tape at half
and at quarter speed. Thus the stopwatch was regquired to "carry" time
intervals of four seconds duration only. Hence its synchronization with
U. T. is not required and its rate becomes negligible,

This method allows for repeated measurements of the same time
interval and produces a permanent record. Furthermore, this method
can be used for comparing any type of chronometer with standard frequency
t ransmissions, for testing the chronometer rate and change of rate, for
the timing of optical observations and for tests of the stability of the
running speed of the tape recorder.

The recordings were made on a Fi-Cord tape recorder and
simultaneously on a Vortexion. This was intended as an independent
check. The running speed of the Fi-Cord was tested against M.SF standard
frequency pulses and found to be sufficiently constant for the purposes
required (Section 6. 3.)

Time differences, during slow replay, could be measured at an
accuracy of 0,03 seconds, This value was established from repeated
observations cf the same time interval and from the calculation of the

r.m. s, error of the unit distance of time concerned,
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This method is restricted by the quality and type of the stopwatch and
by the capacity of the human ear to distinguish time intervals which are in
the neighbourhood of 0. 02 seconds,

The slow replay method used in conjunction with a time vernier which
can be placed at the receiving end (crystal chronometer registering 61
subdivisions of a minute) or at the transmitter (System of Rhythmic Time
Signals) permits a more accurate determination of a near coincidence.

It has been found that a -near coincidence to a single beat could be
determined during slow replay (1 7/8 in. f sec.) of the pulses previously
recorded on high speed. (73 in/sec.) Thus the above accuracy of 0. 02
seconds could be achieved in aamparing the crystal chronometer with
standard frequency transmissions, The time interval between
successive near coincidences is 1/ 61 seconds, which is almost beyond the

average hurman ear capacity.

(8) Visible Time=-Pulses

The author endeavoured to obtain more precise time comparison of the
crystal chronometer with standard frequency transmissions and higher
accuracy in rneasurements of time intervals, surpassing the accuracies
achieved with methods (6) and (7). Thc most effective way of obtaining
higher accuracy was thought to be possible by the elimination of the human
ear in the process of time measurement. Therefore, the audio signals
from the crystal chronometer and radio time transmissions, recorded on
magnetic tape, were made temporarily visible by using special fluids and
metallic powders. The time differences between crystal chronometer
pulses, pulses superposed on standard frequency transmissions and
observation signals were thus converted to a measure of length, The
distances between the pulses could be scaled with an ordinary scale.

This method can be used for calibration of the chronometer for timing

of optical observations and renders the recorded time intervals accessible
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for repeated measurements. The time vernier is still very desirable
for the successful application of this method. It helps to reduce the
personal error in scaling and avoids the possibility of having permanently
overlapping signals.

The procedure of making the pulses visible (i. e, '"Tape Development'!)
and the manner of scaling their distances is described in Sections 7.2
and 7.3

The accuracy of extracting time differences with this method is far
superior to the accuracies achieved with any one method outlined before.
A scaling accuracy of 0. 00005 seconds was achieved with a glass scale
graduated to 0.1 mam and a 5 x or 10 x magnifying glass, The smallest
scale division was estimated to one tenth.

The above scaling accuracy could be achieved because everysingle
cycle of the crystal chronometer or of any standard frequency pulse was
visible after tape development.

This method has been employed for the performance tests executed
as it has, besides higher accuracy, accumulated advantages: no
personal error, except where estimation is involved, also no drag erra.
Further, the method gives great assistance in the identification of the
type of signal recorded, by visual inspection, and provides, if wanted,

a permanent record.

Methods (7) and (8) are not described in any textbook. Both
methods are also.guited for timing of optical observations, but are not

mentioned for this purpose in any literature. Their application in field

astronomy is believed to be new.

(C) Procedure of Performance Tests and of Calibration of the Crystal

Chronometer for Astronomic Observations.

Inforimation on the behaviour of the crystal chronometer during
the length of time it is required for astronomic observations is obtained

with sufficient accuracy by comparing the extracted U. T. of its
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individual beats (Table 3. 3. -1) with the U, T, of emission of radio time
signals over the period of time during which both are received at the field
station,

The average daily stability of emission times of radio time signals i s
within one millisecond. It follows that a correction for change in delay
time of signal emission is unnecessary over the intervals of performance
tests. The total delay time of emission, also, need not be taken into
consideration. Further, no correction need be applied for the travel times
of signals to the receiver, as these can be regarded as constant when
neglecting changes in atmospheric conditions, Obviously the receiver
is presumed to be stationary.,

The radio receiver delay can also be disregarded and presumed to
remain constant, (Section 4.4.) The tape recorder delay plays no part
during perforinance tests.

The above procedure is justified, because only constancy of the time
interval and its stability is the subject of calibration and of the performance
tests. Cver longer periods of time, or wherever it was considered
advisable for unbiased assessment of the pe rformance, appropriate
corrections, e, g. for emission delays, were applied and duly noted.

It was found convenient to keep the crystal chronometer an adequate
amount either slow or fast (six to seven seconds), This was also
helpful in detecting an accidental application of a wrong sign,

The number of pulse intervals that it is advisable to measure depends
on the quality of the reception. In the average case five to eight are enough,

The procedure adopted for testing the performance of the crystal
chronometer is shown on the form sheet "Calibration of Crystal
Chronometer", and a specinien calculation is included. (Tables 3,5.3.-1

a.nd 3. 5. 3. "'2)-



- 34 -
Calibration of Crystal Chronometer

Time Difference between Crystal Chronometer Beat and

___________ Pulse, f_ - - . - __ Kkc/s ~———_-Pulse, f - - _ . Kkc¢/s
at Observation Station:__ __ _ _ _ Date: _ _ __ _ __ __ _ approx.Time: _ _ _ _ _ _ ___
C.C. operating since:_ _ _ _ __ ___ Oven: on, off Battery No.: _ _ _ _ __ ___
Fleld Temp.:___ °*F.,Pressure:__ _ '"Hg., Voltage of C.C. Battery:_ ___ Vv
Recording Instrument: __ _ _ _ _ __ Tape No.i o _ - _ - _ Track:_____ Speed: _ _ _ ___
developed with:_ _ _ _ _ _ _____ o . i Date:__ _ __ ____
Distance betw. sid. [ pulse & C.C. beat i - nominal time of C.C beal (Table:3.3.-1)
" " two relevan! sid.f pulses + UT of CC beat,scaled from sid.f pulses
= Ralio to be added te U.T of std.l pulse. ; Crystal Chronometer { fast
Description Measurements, Scale: slow
c.C
CC.
c.C.
(o
CcC.
C.C.
c.C
C.C.
C.C.
|
C.cC.
TABLE:3.5.3.~/




Distance betw. std. [ puise & CC. beot

" n

two relevant std./. puises
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Calibration of Crystal Chronometer

Time Difference between Crystal Chronometer Beat and
5000

MS.F o
at Gonervation Stetion; LONDON "~ bate: rei 79160 TNl ap B0
C.C operating slnco:l_q'_"é‘g - P_t?_ Oven: on,,of( Battery No _.A- JE
Fleld Tomp.:_zq 'F,Pressure:}q'{"Hg., Voltage of C.C Bntttryi_l_,?{ »
Recording Instrument:YOrfexion _ tope Ng: 4O Track: A 'Z'f_/_s__
developed with:_ _ ’_’9{’_8?‘2"_"9’_' & ‘:‘.”_4_({"{/! 2 .. Date: -?‘__/_/g{z_ -

- nominal time of CC bea! (Table:3.3-1)
+ UT of CC beat,scaled from sid. ! puises

= Rafio to be added to U.T of std.l puise. ; Crystal Chronometer { fast
Description Megsurements,Scale: T e 19720 12,‘23%9"
v.r. < 20" 4% 207 [T0020°0 el —793ro 105268
cc 23 0992:'0{ 1112:°0 | 0/120'0 = -1 7%
e /9010
_ - 23508t
/%% 0022:0| 00/32 | w00 o175 2/°5100
cc. 24 ] 09566 T 0966
18 970
. J4 5902
2% T002r0|0012°3 | 00087 —0,—;1‘,—‘;75— 224938
cc 5 oq27:0| 10455 | 0/18°5 —7o084
B 15989 -
2G4 155738
23%% 00,95 00104 | 00091 .
e 9796 234773
cc 26 0897 10152 0118°5 =703¢5
19001
08851 26°55/4
24*[Too276 ——nnv—aa ; 24- 4610
CL 17 0857‘3 097‘3 0//7'0 —_‘W e —
[ ) 1892-2 —_—
08537 27 3470
25%| 00187 TTYTTT 154447
cc. 28 08350 = .44 S
- /901
. 2865246
_-{6’ 00187 | 00052|(re meas.) —?g—f—g—g— 264284 5,
cc 29 08039| 08171 08223 -2078Zs)
19016 | (9149 —TqI0T
0791'1 793082
. 4275 o012 —ran—7 ; 27-4120
cc 30 07790 _ —ro967- — ——
19082 —-
cc
— TABLF 3.5.3.-2
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(D) Errors_of Calibration.

The results of calibration, calculated as presented in the specimen
can be plotted, sc that errcrs related to measurements and their
connection to it can be shown by a graph.

The calibration error incorporates errors from various sources,
These can be sought in the following items which are listed below, A
theoretical estimate of their magnitudes is included,

(1) Scaling pulse distances on the developed magnetic tape

Scale subdivision: 0.1 mm,
Estimated interval: 0.05 mm.
Recording speed: 73 inch/sec.

(Section 7.2 and 7. 3) +
¢ 8 e 4 » e8 4 o = 0' 3 millisecondS.

(2) Quality of magnetic tape, uneven

residual elongation + 0.1 "

(2b) Variations of running speed of the + "
recording instrument (Section 6.3) , . = 0.1

(3) Radio receiverdelays. . « « o o o « « & .i—O.é "
(4) Crystal chronometer contacts . . . . . Lo

The total error is about -‘: 0.5 milliseconds and may approach t 1
millisecond. It is derived with the use of the law cf propagation of errcrs,
Here, the presumpticn is made that the individual errors listed follow a
Gaussian distribution about their true values. Vhether this conception is
correct is difficult tc say, because the result, the frequency difference,
is obtained from measurements taken with the aid of various instruments
having different classes of working tolerance,

It would require a detailed analysis of the errors involved to improve
the calibration accuracy. (Zlectrcnics problem)

The reliability of calibration can be considerably reduced when
transmissions traverse the ionosphere, The variations in ionization of

the layers of the ionosphere alter the velocity of propagation and distort
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the path of the transmissions, This can cause the received

frequency to differ from that transmitted by several milliseconds,
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3.5.4. Performance of the Crystal Chronometer operating from

the w2ins__supply, with the heating circuit switched off.

(2) Long term performance and daily stability

Fig, 3.5,4, ~1 shows the performance of the crystal chronometer
kept in a sufficiently constant temperature of about 7ZOF, and operated
with the driving batteries connected via the battery charger to the
mains supply;.

T he plotted points are average values of time differences in U, T.,
between chronometer signals and two seconds pulses superposed on
standard frequency transmissions, The total number of crystal
chronometer signals used to obtain one average value is shown in
brackets near the point plotted. The number is, of course, dependent
on reception conditions. The standard deviation of each average value
in milliseconds is also shown. The measurements of time differences
are about 24 hours apart, and their plotted averages are connected by a
smooth curve, Correcticns from the Time Service Circular of the
R oyal Greenwich Observatory arc applied, The measured deviations
represented by the graphs are referred to whichever standard frequency
reception was available:

M.S.F., 2.5 and 5 Mc/s., H.B.N, 2,5 and 5 M/cs, W. W, V., 2.5 and
5 Mcfs, O.M.A. 2,5, Mc/s. The corrected and uncorrected time
differences are shown in Fig. 3,5,4. -2, where the uncorrected mean
valucs of frequency deviaticn are jeinedby a dashed curve, The
distances from the corrected to the uncorrected mean values are of
different magnitudes, since various frequency receptions are used,

The standard frequency transmissions are in terms cf U, T, 2, which
takes account of polar and seasonal variations. The summary (Table
3.5.4. ~1) contains details of recording and calculation of data, which are
used to compile the graph for the period 17. 1 1961 to 25, 1,1961, The

resulting time~error curve (Fig. 3.5,4-1) consisting of four scparate
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pericds cf crystal chronometer running, covers the time interval of
about three weeks, The curve indicates a rate of the chrcnometer,
which can be adjusted if required, but for comparing subsequent tests,
the frequency drift has nct been altered,

When a crystal chronometer is switched on, its rate is actually
unknown and has to be presumed tc be variable, although from past
performance a very fair estimate is possible, After a temporary
suspension cf the running of the crystal chronometer, even for a short
pericd cf time, e.g. one hour, the rate, may or may nct, come back,
The small difference between the average rates of the chronocmeter
during two consecutive periocds of operation can be seen con the diagram
(Fig. 3.5.4.-2), ~Hh shows the chroncmeter performance ata
lar_er scale.

The small differences between the average rates of the three
separate pericds would nct be noticable at the plotting scale
in Fig. 3.5.4. -1, Further, these first three periods are not
symi-.ctrical to each cther and are of unequal length, aud ;razhs
representing their average rates would be unsuited for comparison,
The dashed line, therefore, is plotted tc indicate the average rate
cver the three pericds, For clarity of representation the initial
chroncmeter settings are plotted, in each case, with reference to the
extrapclated chronometer rate of the previcus pericd.

The ordinates between the dashed and full line are a measure of
the isochronism crrer in each case,

There is, as can be scen from the diagrams, a pericdic change
of frequency deviation, This is mainly due to veltage variations in
the mainc,depending on the pericd of varying power consumpticn in
the locality where the crystal chronometer is operating. The duraticn

of this cycle, of the particular time-error curve shown, is seven days,
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CALIBRATION OF THE CRYSTAL CHRONOMETER

POWER SUPPLY :

MAINS,

OVEN : OFF,

AT: R.S5.M.,LONDON.
CRYSTAL CHRONOMETER OPERATING FROM 17./. 196/ [8%26™.

PULSES Ne| CRYSTAL STANDARD TIME RATE | PULSE
DATE RECORDED cHRonOM.?| DEVIATION INTERVAL PER |SovRcE
£ROM [, | ARITHM. | Q|+ stow | SiNGLE | ARiTH Panesd | Hours
MEAN 193 | - eyl oBsTRW| MEMN | purses’
b m s h ms * sec. sec. sec. hms sec.
TUE. I7.1.196/ | 18 47 52 | 18 47 595 /2| -2-0685 | 0004 | 000, H.8.N,
16 o7 * o4 T
WED. 18.1./961 | 18 38 55 | (8 39 00 |7 | -2-280; 00/, 000; | 23 57 005 | 008y H.8.N
39 of ”“'0464 2-5”:/5
THU. 19.1.1961 | 17 01 56 | 17 02 0/ {i0|-2506, | ‘0007 | 000, |2223 O] | 0i0; [MS.F.
02 06 +°0/29 ¥ He/s
FRI. 20.7./961 | 16 32 S50 16 52 56 (121 -2:755, '000, | 000, | 23 50 55 | 010, “
53 02 * 013,
SAT. 21.1.1961 | 15 45 51 I5 4557\ /2| -3-082, | -000, -000, | 22 53 0/ |'0/43 "
46 04 0135,
SUN. 22.1.196/| 1534 53 | 15 35005 14| -3472, | -000; | '000,5| 23 43 03 |"0/6, 4
Js5 08 * 0136
MON. 23.1.1961| 16 48 52 | 16 49025 | 17|-3823, | <0003 | 000 | 251402 | "0/3y "
49 13 t-013g
TUE. 24.1.1961 | /7 50 58 | 17 5103 | 9 | -4/05, | ‘0005 | "000, | 2502 0/ | 0l »
51 08 t "0l4q
WED, 25.1./961 | 16 04 52| 16 0457 | 11 |-42905 | 000, | 000, | 22 13 54 | 008, "
o5 o2 * Oldy,
CHANGE oF DAILY RArE/W&.,( = 10024 sec.
CHANGE OF HOURLY RATE/puy = 1 0°0029 sec.

CHANGE OF HOURLY RATE/wesx=20001 sec.

TABLE 3.5.4.—/
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with the highest negative or ‘highest positive rate on Saturday and
Sunday, the lowest negative or positive rate on Wednesday;
consequently the minimum or maximum of the weekly period is on
Friday night for negative or positive rate respectively.

The average daily stability of the chronometer, working at an
input voltage of 12.5 v, is 3 parts in 107,, as the average amplitudes
of the cycles scaled from diagrams is about 150 msecs. With
reference to the measured voltage variation during the week, the
frequency stability amounts to t 0.03 msec/day/ 3 volt.

There is no reason to believe that these sinusoidal undulations
can be attributed to the recording equipment, because, for that very
reason, as mentioned in section 3.5.3 (6), two tape recorders were
used simultaneously, one battery operated and one on the mains.

To eliminate any possible cffect of irregularities of standard
frequency receptions, every effort was made to obtain time signals
from various transmitting stations.

The length of time during which the crystal chronometer is out
of operation, i,e. the quartz crystal not oscillating, is of no
consequence to its general performance and no apparent running~in
time can be noticed.

There is no necessity to have the crystal chronometer, which is
specified for field astronomy, operating on mains supply during the
period of a whole week. ° The reason for testing its long term
performance is to ascertain if it could be used also as stationary
time standard for small observatories.

As the results show, its general behaviour and accuracy during
uninterrupted running on the main with the heating circuit -switched

off, is little inferior to large observatory standards.
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3.5.4, cont,

(b) Short Term Performance = Bourly Stability of the Crystal

Chronometer

operating frc:r. thé mainc - supply with the oven heating
circuit switched off,

Fig. 3.5,4. -3 shows the performance of the crystal chronometer
cver a period of several hours, The chronometer is kept ata
constant temperature of about 7ZOF; operating froi..the uaing; the
oven is switched off,

The values plotted are the means of time differences of several
crystal chronometer signals, against signals of standard frequency
receptions, The number of signals used is shown near each point
plotted, Full data are given in table 3,5.4. ~2, The diagram
reveals that the performance of the crystal chronometer approximates
closely to a linear form, The two parallel lines drawn at a distance
of 10 milliseconds about the mean rate emphasize thec near linear
behaviour of the chronometer over the specified time interval., No
corrections for travel delay, emission time etc,, have been applied.

As can be scen, simultancoas receptions of two standard frequency
transmissions were possible and these confirm the chronometer
performance,

The time-error curve is approximately of parabolic shape. The
isochronism error at any instant for the time interval shown, could be
scaled off as ordinate from the mecan rate. The 'meanrate would be
a straight line almost coinciding with the time=~-crror curve, and is
not shown in order not to confuse the diagram, The two parallel lines
can be used to obtain the isochronism error accordingly,

As expected, no running-in time can be noticed, which would show
up in the curve as a distinct .interval of characteristic shape. The
reason for its absence is that the chronometer was kept sufficiently

long under the same conditions for the quartz crystal to acquire
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the same temperature as its environment. Therefore, no changes in
temperature would be likely to arise which would upset the constancy of
oscillation,

The insert in the upper left corner of Fig. 3.5.4. <3 shows the same
isochronism curve of the chronometer, plotted at a reduced scale for
general presentation,

The hour to hour stability determined from tests over a period of
more than three years has proved to be consistent. Fig, 3.5,4, -4
shows observations for the hourly performance taken about one year
later than those displayed in Fig, 3.5.4,~3. In the meantime, the
rate of the crystal chronometer has been neither changed nor adjusted,
Between the three periods of operation presented, the chronometer has
been switched off as indicated. Throughout the time of its running
the chronometer was maintained at room temperature of about 72°F,
with the oven switched off, etc,, purposely to establish the same set of
conditions that prevailed during the previous tests. It can be seen from
the graph and from the table 3, 5.4, -3 containing the relevant data, that
the hour-to~hour behaviour is very anearly the same, and that the rate
is within the range given further on.

Evidently, there is no effect which could be attributed to the
frequency aging rate of the quartz crystal, It has been the purpose to
discover this; and therefore the last mentioned tests have been executed
after the chronometer has been used extensively in the field under most
adverse conditions as regards to temperature, transport etc.

On account of the uniform chronometer performance, time prediction
and interpolation over five to six hours can be made to an accuracy of a
few milliseconds. The accuracy of the hourly stability and of
interpolation within an interval of about one hour, marked by two
comparisons of the chronometer with standard frequency transmissions,
can be accepted to be about I 0.5 milliseconds,

The quoted accuracy of chronometer calibration could only be
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CALIBRATION OF THE CRYSTAL CHRONOMETER

POWER SUPPLY : MAINS, OVEN: OFF, AT:R.5.M. LONDON.
PULSES No. CRYSTAL STANDARD TIME RATE PULSE| REM?
DATE RECORDED OF | CHRONOMETER DEVIATION s INTERYVAL RER SOURCHE]
FRO *+ 5L 3|8
" ro | g | TS| ikl A |2y | sommures
h m s 3 sac. * X h ms sec.
Q sec. sec.
50 50 5 0
SUN.29.1.1961 ] 15 8| -3-207 000 ‘00 M.S.FE| EM1
9 9 51 09 é 3 s 5"‘/3 TAPE
16 20 52 191 -3 214, ‘000g | 000, | 003002 006, " "
2/ 12
4
5! 08
20 45 2 3000 007
/ / -3 ‘000 ‘000 ‘00 " '
7 21 09 91-3227, 5 J 0
50 54
51 2 18| -32344 0004 | 000, 3004 | 006, P P
20 5/
18 2/ 10 18 ‘3'24/6 '0007 '000// 29 58 '0073 “ u
50 46
20| -3 248, 0004 | 000y 2955 007, n "
5! 06
9 4 4 3 |-3264 o/ 000 o/ 0357 | ‘007 M.5.F
_a- 0 . s LS. F )
54 57 2 3 o8 25mp|
54 48
5]-3 00/ ‘000 9.11.4.
g5 | P] 732826 o 3 25me)| "
207247 -3:275 ‘0005 | 000 44 04| 007 M-S.A
39 08| " 724 7 2 4 04y ¢ |zsmes| f
38 47 0.MA
-3 ‘ 0 ‘00 e L]
39 08 19 | -3-2934 00/, 00y 43 58 7g 2.5 Mess
5 45 M-S F
6 |-3278 ‘000 ‘000 2 58 ‘0o v
52 07 789 9 2 12 585 72| 2.5me
5] 45 o.M A
2/ 2 4t 6 / 000 29 57| 007 S
-~ v 'oo . c
22 00 32864 /3 7 9 2:5Mefs
50 51 ) s
5 0% 4 1-3293, 000, 000 29 05| 006,
50 51 O-M.A.
51 o4 b | =331y 000¢ 0003 59 0/, t007 2:5My,

TABLE 3.5.4.—2
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CALIBRATION OF THE CRYSTAL CHRONOMETER

POWER SUPPLY :

MAINS OVEN ; OFF,

AT R.5.M. LONDON.

PULSES N2 | CRYSTAL STAND, rIME RATE PULSE | pgm.s
PATE RECORDED | OF | CHRONOMITER| DEVIATIN| INTERVAL A | sovece
% | *stow ETw.
FROM / ro ;:- S Fasr + puLsEs  |3OMINUTES
h ms a sec. sec, h ms sec.
54 24 - M.5.5 | Scotch
SUN. 12.11.1961 | 1€ go 40 21| - -866; 000, (0073) sre /s TAPE
vorrexion
7 3 ‘872, ‘000, |00 27 095 | 007, " "
22 oo
3 4o 7 879 000, 3, 575 0064 " "
53 58
18 20 47 5 ‘8864 '0003 27 065 008, 4 v
2/ 04
48 28 . . —7 £
MON. 1311196/ | 16 o 25|-1"225, 000, (0075) " M.,
2] /
17 P19 Y 20| 1230 000, | 0032 44 | ‘006, " .
2/ 39
47 49 ) 151 r23 92 ‘0004 26 28 | 008, " "
48 05
18 2° 23119 1246, 000, 32 45| 006, » .
2/ o1
47 85T | 2524 :000; 27 13| ‘007, " ,
48 03
22 06 —f ]
rve. 14.11.196] | 17 24\-1-591, |-000, ( 007s) '
22 30
5 . 4
45 24 2l 1-597 2 000y 23 /75 007, d ‘
45 47
20 % . }
8 51| 1°608, ‘000, 35 240 009, g '
21 47
53 5
258 1 6| ress, ‘000, 33 04s| 009, . "
54 14
L

TABLE 3.5.4.—-3




3.5.4, cont,

achieved by using the developed method No. 8 (Section 3.5,3.)
The rate can be ascertained within 30 minutes to an accuracy of about
one millisecond; and the time required to determine the change of
rate is about one and a half to two hours,

The human ear would require recorded vernier measurements
bet ween the interval of at least two to three hours to detect the amount
of hourly rate to the nearest hundredth of a second at slow re=-play,
The determination of the change of rate with the last method takes about
six hours, It is doubtful whether adequate time signal reception over

this total length of time can be expected or not.

(c) Very Short Term Performance = Minute~-to-Minute Stability

of the Crystal Chronometer

operating on mairspower supply, with the oven heating circuit

switched off,

The chronometer stability from minute to minute is shown in Fig,
3.5.4.-5. As in previous diagrams, the points plotted are groups of
chronometer comparisons with standard frequency transmissions. The
number of signals forming the arithmetic mean is shown near the points,

The two parallel lines subtending a distance of one millisecond are
drawn symmetrically about the mean rate, relevant to the space of
time plotted,

The isochronism "curve' is represented by the zigzag line joining
the plotted average measurements grouped near consecutive minutes,
The average ratc is shown by a dashed line; and the ordinate distance
from it to the individual points is their isochronism error, which is,
as can be clearly seen, in the order of 0,5 milliseconds. The

minute stability of the crystal chronometer is approaching the accuracy
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which can be achieved with the calibration method No, 8 (Section 3.5, 3)
or vice versa, The error of claibration (scction 3.5, 3(D), is therefore
greatly affecting the appearance of the isochronism curve. (The scaling
of the ragnetic tape was done with a box wood -rule graduated to 0.5 mm.
Section 7. 3)

The minute~to~minute stability can be regarded to be well within
: 1 raillisecond, There is no reason to expect inconsistency in the
minute~to~minute performance during the running-in time, which needs
not to be considered when dealing with minute intervals, Its magnitude
will no doubt embrace the whole time space presented in the diagram and
will consequently not show up. Instruments employing crystal oscillat=
ors have normally a waiting period or running-in time approaching 20 to

30 minutes.

3.5.4, cont,

(d) Performance of the crystal chronometer during intervals of seconds

= instantaneous stability of the crystal chronometexr operating frzom

theimains . supply, with the oven heating circuit switched off,

The performance of the crystal chronometer during the interval of
60/ 61 solar seconds, marked by two successive pulses, is of utmost
importance for its intended use.

Fig. 3.5.4. -6 shows plotted results of typical chronometer
behaviour determined from standard frequency comparisons under
average reception conditions as prevail in the instrument room of the
R.S. M, building, Fach plotted point represents one chronometer signal.
Its tire in terms of U, T. can be read off the abscissa., The ordinate
of each point is the actual amo#nt of time (U, T.) the chronometer signal
was slow or fast with respect to its nominal time. This value is

obtained from measured time differences of the chronometer signal to
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two second signals of standard frequency transmission received,

The three consecutive sets of time comparison made on 5 Mc/s
(M.S.F.), in the late afternoon, are grouped about the lengthened
60th second pulse of the t ransmitted frequency, Amongst the crystal
chronometer pulses the chronometer minute marker is also included.
The recording of the minute markers of both frequencies to be
compared is advisable for accurate indication of the time.
Alternatively, time indication can be obtained by counting the seconds
pulses from the last minute marker,

The daghed line is the mean rate during the time interval
concerned, and is obtained by joining the points representing group
averages,

It can be seen that each individual chronometer pulse is less than
one millisecond off the mean, The accuracy in calibration is
emphasized by the two parallel lines, subtending one millisecond,
drawn parallel to the mean rate. The column r'ovrof table
3.5.4, =4 contains the standard deviation of one single chronometer
pulse and columnfb . the standard deviation (or mean square error) of
the arithmetic mean of the total group of signals,

Extensive tests have shown that the average mean square error of
one single pulse is in the order of about * 0.5 milliseconds and of the
arithmetic mean about ! 0.1 millisecond, and is mainly due to
calibration errors,

For timing optical observations the stability of the individual
chronometer pulse is of significance, For time indication or for
calibration, the standard deviation of the arithmetic mean will reveal
the chronometer stability, Obviously only the developed calibration
method No, 8 can be employed to deal with time intervals and

accuracies of the quoted order,
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[glitratio: of the Urystal Chrononster.

Power supply: Maing, Pulse source: MSF 5 Mc/s.,
Oven: off,
At: London, R.S.i.,

pate: Mon., Jan. 30, 1961

Pulses No. +slow} Standard (Time Rate
recorded of ~fast|Devigtion |[Interval DET X
from - to} Pulses of 20 min.{
sec.|gingle ar. hms
hnms Pulse | mean
* +
sec. | gsec.

09 50 47 18 | -3.4427|.0004!.0007 | 11 59 58 .006p
51 06 '

16 52 52 26 | -3.527,| .000¢ ;.0001 | 07 02 08 .006&
53 18

17 20 48 | 25 | -3.5332].0004|.0004 27 56| .0067
21 13 |

50 45 | 19 |-3.5397}.000:1.00069 29 54| .006;

51 04 i

18 20 47 | 20 {-3.5465}.000;.00055 30 02| .006
2107

19 20 53 | 14 |-3.560,.0005

.0007 | 01 00 03 | .006g
21 07
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The three observation sets (Fig. 3.5.4. =6) contain no
overlapping signals of chronometer and frequency reception, Apart
from reception conditions, the ever present instrumental errors, tape
distortion and scaling, there is no further source of errors to be
considered, ’

In Fig. 3.5.4, -7 three separate calibration sets are given. The
reception of chronometer signals and standard frequency pulses is in
the vicinity of the time vernier coincidence; some of the signals are
partly and some completely overlapping. In the presence of radio
noise the overlapping signal may be rather undefined. Hence it
depends on reception conditions whether this part, which is limited to
about four or five pulses, can be utilized or not. Coinddence of
pulses near the minute pulse of time signal transmissions can be
easily avoided, by retarding or advancing the chronometer at its
initial setting,

The plotted calibration results for the period July 11, 21h 03m009,
Fig, 3.5.4. =7, reveal overlapping chronometer pulses and transmitted
minute pulse of time signals, during poor reception conditions. »The
time difference at the 60th second is undefined, since the chronometer
pulse is on the minute whistle, and lacking a distinct shape. The
following three time differences are undeterrained since the
overlapping M, S. F. pulses are too faint,

The group recorded at 20™ 477 00°% on July 11, (center part of the
graph) shows adequate time extraction at and near vernier coincidences,
o bvicusly due to absence of radio noise, The time difference is
undefined for the 60th second pulse, because the chronometer signal is
covered by the minute whistle of the time transmission, Faint
reception of frequency pulses renders three time differences
uncbtainable. The graph at the bottom, period of 8, 2,, léh 51m005,

shows vernier coimidence and overlap of chronometer signals and

seconds pulses superposed on standard frequency transmissions
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already gone by, when the minute marker comes in,

The calibration accuracy is unaffected by the choice of any
particular group in the 61 x %io-interval of solar seconds; i,e. the
presence of the chronometer minute marker of of the lengthened
second pulse at the 60th second time signal, is meaningless, and the
use of both for calibration purposes show results of equal accuracy as
the other frequency pulses., (Fig. 3,5, 4. -8)

The inadequate reception of one standard frequency pulse, as a rule,
affects the extraction of time difference of two consecutive chronometer
pulses. The diagram in Fig. 3.5.4, -9 shows ¢.. chrono...atdr pulses
No. 59 and 60; No, 1l and 12; No, 20 and 21; No, 30 and 31; which are
clearly in error due to reception conditions. The error of »the
pulse No. 61 cannot be attributed to poor reception of standard
frequencies from the diagram alone, Its timed position, half way
between frequency pulses may obscure scaling errors., In fact, the
615‘t chronometer pulse is affected by the faint reception of the 29th
second time pulse, resulting in an interpretation error,

The amount,to which scaled time -differences between chronometer
and time pulses can be in error,is illustrated by the three sets of
observations plotted in Fig. 3.5.4. =10, Atmospheric noise is largely
responsible for the poor reception during the period of recording.
Nevertheless, all individual chronometer signals are fluctuating within
less than one millisecond from the average rate. The determination
of the rate was little affected by the reception conditions, as can be
seen from the dotted line which represents the average rate,

Fig. 3.5,4. -11 contains two isochronism curves resulting from
plotted arithmetic means of three and of -five consecutive signals
respectively. The arithmetic means of time errors are plotted at
signal distance, The top part of the diagram shows the individual

chronometer signals synchronized on standard frequency transmissions,
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3. 5. 4. COnt.

The time error of the chronometer signals with respect to the average
rate can be obtained by scaling the ordinate, The isochronism curve
joining averages of five signals (bottom part) is undulating about the
average rate with an amnplitude of less than 0,4 milliseconds. From
this value the number of - crystal chronometer pulses required to be
compared with standard frequency pulses for calibration purposes,
can be deduced. This also shows the accuracy which can be achieved
with the calibration method developed. An isochronism curve from
arithmetic means of seven signals plotted at signal distance would
almost coincide with the average rate and is therefore not shown.

The two parallel lines subtending a distance of one millisecond help

to visualize the rapid approach of the isochronism curves towards the
average rate, with increasing number forming the arithmetic mean.
The average rate is shown by a dashed line.

Position tests and the investigation into the chronometer perform
ance during transport to determine its travelling rate etc, were not
considered when the chronometer was runainz ¢ thelmains . supply.”

The indoor location of the crystal chrocnometer, where sudden
changes of temperature are not likely to occur, showed that tests of
its performance when therraostatically controlled and running on the
mains,are rather pointless.

It is believed that it is not possible to simulate field conditions
in the laboratory for performing tests implicating the practical
application of specially designed ecquipment. I4any items, wind,
humidity, solar influence etc., are interrelated, not successive,
and cause considerable trouble to instrument makers., The practical
tests of chronometer perfocrmance outdoor were executed at the

Field Station, Tywarnhale Mine, Cornwall,
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3.5.5. Performance of the Crystal Chronometer, thermostatically

contrclled, battery driven.

(a) Hourly stability and running-in time.

The graph presented in Figs 3,5, 5, «1 shows the performance of the
crystal chronometer with the heating circuit in operation, driven on two
sets of batteries, The oven is temperature controlled to t 0. 5'-9-'3 at
40° C over the range 0° C to + 30°C. The time required to reach
working termperature is abbut 30 minutes, Generally, after this time,
the chronometer is ready for - use. During the following 30 minutes the
change of rate follows a parabolic law, which imposes a distinct shape on
the isochronism curve. These two periods totalling about one hour are
designated as the running-in time. Thereafter, the crystal chronometer
displays a nearly constant rate, The running-in time depends on the
aging of the quartz crystal, the quality of the electronic components, the
electrically heated oven, field temperature, warming-up ability of the
quartz, etc,

The perfermance of the chronometer during the running-in tiine has
proved to consist of a characteristic rate and change of rate., It follows
that the chronometer can be used during the running-in period, and rate
prediction and interpolation are possible,

The behaviour of the crystal chronometer when acquiring working
temperature during the running-in time, as the graphical representation
reveals, is in perfect agreement with the known fact that the frequency of
quartz crystals increases or decreases in a parabolic curve with
temperature.

No cyclic variation of the frequency was encountered and was not
expected, since the crystal is mounted in vacuo, which, it is believed,
eliminates the effect of vibrations of air waves. The vibrations are
generated by a2 change in the velocity of the air waves with temperature.

After the running-in time the rate depends on the stability of the

input voltage. The chronometer can function properly between 1l and l4v.
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Performance of the Crystal Chronometer

thermostatically controlled,
operated on two 12 volt batteries.

At: Tywarnhale, Cornwall
Date: Wed., 29.3.1961
Chronometer synchronized on:. M.S.F. 5,0 Mc/s.

No. |Rate per
U.Te of 30 min.

h m s Pulses S38C.

10 03 57 18

31 58 15 +.0176
11 01 586 16 +.0185
31 54 12 +4018¢
12 01 58 16 +.0180
31 55 14 +.0180
13 06 56 14 +.0175
31 56 10 +.Ol75
14 31 56 13 +.0175
34 01 17
15 02 B8 18 +.0175
31 57 16 +.017

0
16 31 b9 17 +.0170

17 01 87 18 +.0167

Table 3.5.5. =1
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In the diagram, the 10 millisecond time space is drawn symmetrically
about the isochronism curve along the portion of near linear performance.
The table No. 3.5, 5. =1 contains the evaluated data of time comparison,
In columan 3 is listed the rate per 30 minutes, determined from time
cornparisons spaced about 30 rminutes apart; two intervals amount to one
hour approximately, The rate is quoted to the nearest half millisecond,
The data show clearly that a precision of -*-. 1 millisecond can be accepted
for linear interpolation of time over an interval up to six hours after
the running-in period. Cbviously, time comparisons before and after
this interval are required, The quoted accuracy can be achieved,
provided the voltage is maintained within the given limnits.

The following statements can be derived frorm: the results of the
investigations; (specimen data are given in the above table).

~ The performance of the thermostatically controlled crystal
chronometer can be adequately ascertained by time comparisons spaced
about 30 minutes apart. The developed method of calibration (No. 8)
can mmeet the accuracy of the chronometer., The hourly stability of the
chronometer in the field for the interval of time concerned is far higher
than the stability of any mechanical chronometer.

These, and the following experiments carried out in the field since
1961, employing the equipment described, are original,and no published
or unpublished references are known to exist elsewhere,

If necessary, the chronometer can run on a gradually decreasing
voltage, to as low as 9 v,, should uninterrupted field operations require
its extended service. Adequate time caraparison is then essential to
obtain sufficiently accurate results, The length of time interval, during
wnich linear interpolation is possible, depends therefore on battery
conditions, and on the initial voltage when the chronometer was switched
on, Linear interpolation can be extended over longer periods if the rate
of the chronometer is kept fairly constant, which requires the

voltags of 12v to be maintained within the specified limits, This can be

achieved by a fresh supply of batteries, should they be available in the
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3.5.5. cont.
field, or by voltage control, Provision is made to insure continuity
of operation when replacing a set of batteries with fully charged units,

Fig. 3.5.5. -1 shows the chronometer operating over a period of 13
hours. This length of running time may be necessary to satisfy the
requirements of an extensive observation programme, or of time
comparison during unfavourable frequency receptions,

The part of the isochronism curve displaying near linear behaviour
and also the portion containing the runninge-in tine are drawn on larger
scale in Fig. 3.5,5.-2, The selected ploiting scale is quite sufficient
for graphical linear interpclation to I one raillisecond,

The same procedure, as outlined in previous paragraphs, has been
applied for comparing the crystal chronoraeter with standard frequency
iransmissions, as well as for the evaluation and plotting of data,

To reduce the weight, the standard procedure adopted for future tests
was to run the chronometer on one battery alone. This proved to be
perfectly compatible with field requirements,

Fig. 3.5.5. -3 illustrates the performance of the thermostatically
controlled chronometer driven with one battery, It can be seen from the
diagram and from the data, ¥able 3.5.5, =2, that the quoted stability
exists for the first six hours after runninge~in, presuming average field
conditions and adequate input voltage. This is the maximum tirme
int erval between comparisons with seconds pulses on standard frequency
transmissions to achieve an accuracy of t 1 rnillisecond by interpolation,

The values of rate and change of rate, after switching the chronometer
on and off, may or may not come back; differences in performance
depend on power supply; and are very small and predictable after return
to operating temparature under average battery conditions. Herein
lies the advantage of the electrically heated oven,

A standstill of the crystal chronometer from: two hours up to several
days does not appreciably alter its rate over the one hour period of
running -in; but, as stated, battery conditions and,or, initial voltage

will influence its rate after the running-in tirme, which can in adverse
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Performance of the Crystal Chronometer

thermeostatically controlled,
operated on 12 volt battery (one set)

At: Tywarnhale Mine, Cornwall
Date: April 9, 1961

Crystal chronometer working from 1Oh 25",
No, Rete Standard {Pulse
U.T. of per Deviatioan|Source
Pulses| 30 min -+
+
h m s sec. SeCoe
10 36 57 20 2000 4= MeSeFo
5Mc/s
11 01 59 19 .015¢ 2000 g
11 51 58 17 00190 oOOO 07
12 01 58 14 « 0225 2000 15
12 31 57 19 ~ 02355 <000 714
14 01 58 17 2024 <000 4
14 31 58 15 « 024 2000 14
15 0L 56 16 a0240 2000 -
15 31 57 20 rOBEO 2000 q g
16 01 59 20 00250 2000 g5
16 31 59 20 00224 <000 oz
17 01 59 "6 .0220 <000 o5
17 32 02 19 <022, 2000 q¢

Table 30DsDba ~ 2




3.5.5. cont. - 72 -

conditions differ from one period of operaticn to another by as much as
.-‘: 15 msec/h.

The perforicance of the chronometer is not affected by advancing or
stopping of the minute clock, nor is its linear performance over the six
consecutive hours during individual operaticn gericds affected by
interruption of -its service over longer time intervals.

The records of the chronometer performance after about one year of
service, shown in Figs, 3.5.5. -4 and 3.5.5. -5, reveal its unchanged time
keeping property. In the mean time, the rate of the chronometer has been
changed deliberately with no adverse effect on its performance, The total
operating pericd was five days. Care was taken to maintain constant
input voltage, The thermostatically controlled chronometer was rated
regularly; the two graphs indicate at once the nearly identical rate at
different times of the operating period. The two parallel lines
accompanying the isochronism curves at ten inilliseconds distance show
the constancy of the hourly rate in each case, There is only a small
change of rate araounting to : 5x 10-'5 sec/r~in/h, which will not affect
linear interpolation. The results of this test, plotted in Fig, 3.5.5. -6,
show that it is irnpossible to eliminate completely variations in the rate over
an extended pericod. These variations can be attributed to small changes
in operating conditions, Hence, frequency comparisons are necessary at
the beginning and end of the required operating period,

Synchronizing the thermostatically controlled chronometer during the
first ten minutes of operation is insignificant, since its rate is not
sufficiently stable yet, and the quartz crystal has not acquired adequate
working tenp erature. It can be done, should a low order of accuracy of
t 0. 01 second be acceptable for time extrapolation during the ruanning«in

. . +
time, and an accuracyup to - 0.015 sec/h thereafter.
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3.5.5, cont.
(b) Very short term performance = minute-to-minute stability of the

thermostatically controlled crystal chronometer, battery driven,

The stability from minute to minute is within I 1 millisecond during
all operating periods of the chronometer, No erratic behaviour could be
detected during the interval of minutes.

The very short term performance during the running~in time is shown
in Fig, 3.5.5.«7. The chronometer was rated 12 minutes after it was
switched on, The isochronism curve resulting from time com:parisons
with various ¢ ransmitted frequencies shows reliable chronometer
performance over the interval of several minutes, namely in the order
of t 1 millisecond, It is therefore justified, if necessary, to make use
of the running-in time of the chronometer. If urgently required, the
chronometer can be rated forthwith (after 10 minutes, which is the
minimurm waiting time as explained above) and subsequently it can be
employed for timing observations, which, provided time comparisons
covering the running-in period are possible, are then ccntrolled by
chronoieter time intervals of the quoted accuracy. Since the plotted
values of time differences are derived from synchronizations with
various frequency transmissions, corrections for emissicn and travel
delays are applied.

Fig. 3.5.5. -8 contains the isochronism curve plotted from
arithmetic means of groups of tirmme comparisons spaced about 15 minutes
apart. The time interval presented in the graph is about 3 hours after
the running-in period. The two lines at 5 millisecond distance run
parallel to the mean rate of the operating period., It is quite cbvious,
when looking at the graph, that linear interpclation can be executed to
an accuracy of I 1 millisecond, when using two time cormparisons spaced
as close as 15 minutes. Further,the rate of the chronometer can be
determined from arithmetic means of groups of time comparisons at

intervals of about 15 minutes, should frequency receptions be feasible.
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3.5.5, cont.

(c) Performance of the thermostatically controlled crystal

chronometer during intervals of seconds = instantaneous stability.

The lengths of the time intervals indicatcd by consecutive
chronometer pulses and evaluated by the calibration method deseribed in
Section 3.5, 3, (8) normally differ only fractions of milliseconds,

Causes which contribute to this instantaneous frequency fluctuation are
to be sought in easing of stresses in the quartz crystal, small changes
in supply voltage which disturb the thermal equilibrium, and erratic
behaviour of the raaterial of the electronic components. In addition,
the quality of reception of standard frequency transmissions, the
recording and the evaluation method may complicate and o\bscure the
assess ment of the chronometer performance,

The graph in Fig, 3,5.5, =9 shows that the variations of the
isochronism error are well within the limits of : one millisecond,

The plotted time differences during the period April 9, 1961 (top part of
the diagram), were extracted by scaling the tape with a box wood rule
subdivided to 0.5 mm., the time differences during the period day 11,
1961, with a glass scale subdivided to 0.1 mim. respectively., The scaling
of distances is described in section 7.3. The™able 3,5.5. -3 contains
the evaluated data. In column 4 are noted the deviations of the lengths
of the time intervals, marked by two consecutive chroncmeter pulses,
from the theoretical value, The diagrams and tables are specimens cf
numerous measurements from which it follows that all 60/ 6} seconds
intervals of mean solar tirne marked by two consecutive chronoieter
signals are accurate to t one millisecond, Therefore it is necessary to
scale the niagnetic tape and to calculate the tirne differences to the
fourth decimal of a second, to avoid rcunding off errors.

The broken lines in Figs. 3.5.5. -10 and 3.5, 5, =11, representing the
isochronism polygons, are obtained from time comparisons with M, S. F.
and H, B, N, transmissions respectively., They display the =

instantancous stability of the chronometer after one year of operation,
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Performance of the crystal clironometer

thermostatically controlled,
overated on 12 volt battery ( one set )

re  of Sceled U T. of Length of Difference Irom
Chronometer | Chronomster Time Interval | theoretiecsl
Simmal Signal,rith between two tine interval
refersice 4o Chron. Signals| (=.9836 seconds)
N3F recestlon | from scaled UT| + milliseconds
seconds
130 o1
53 45.7965 8
54 50. 7802 .9627 - .1
55 51.76%4 .98%2 + .4
56 52.7476 .9842 - .6
57 537311 .9835 + .1
58 54.7145 .9834 + .2
59 55.6983 -9838 - .2
60 56.6818 .9835 + .1
61 57.6654 .9836 0.0
1 58.6494 .5840 - 4
2 59.6330 .9836 0.0
130 oom
3 00.6170 ®
4 01.5998 .9828 + .8
5 02.5628 .9840 - .4
é 03.5673 .9835 + .1
7 04.5507 .9834 + .2
8 05.5351 .9844 - .8

Date: April 9, 1961 Table 3 .5.5. - 3%
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Performance of :ihe crystel chrononeter,
thermostatically controlled,
overeted on 12 wolt tattery (oune set)

]
No. of Ceeled U,T. of Length of Difference from
Chronometzr | Chronometer Time Intorval | Theoreticall
Signal Signal,wvith between two Time Interval
reference to Chron. Signsls| (=.98%6 sec.)
MSF reception | from scaled UT| + millisec.
seconds N
12" o1
57 53.3184 °
58 54,70 19 .9835 + .1
59 55.2858 198379 - .3
€0 Sy
faverage
61 57.25%8 - 4
1 £8.27€4 2826 +1.0
2 £9.2202 .9878 - .2
128 02" ‘
3 00.2047 & L9675 + .1
4 1.1881 0844 - .8
5 2.1710 .9829 + .7
6 3.1547 5837 - .1
7 O.D)
average
8 5.1219 0.0)
9 6.1054 5835 + .1
10 78,0 .98%7 - .1
11 8..72 .5838 - .2
12 9.0565 2836 0.0
1z 10.0400 .9875 + .1
14 11.0235 .98%5 + .1
Date: May 11, 1961 Table 3.5.5.~7 cont
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Performance of Crystal Chronometer

12 volt Battery

Power Supply :

thermostatically controlted
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3.5.5. cont.
and in Flg. 3.5.5, -12 after two years, All the time=error polygons
exhibit the same quality of performance, and no signs of aging of the
quartz crystal or material can be noticed. It will be found that when the
time differences between pulses of the crystal chronometer and pulses
superposed on standard frequency transmissions are plotted as arithmetic
means of five or six in the time error diagram, they will lie approximately
on a straight line, representing the mean rate of the chronometer, From
the slope of this line the drift parameter may be deduced with sufficient
accuracy.

Table 3.5,5. -4 contains the relevant data used in Fig, 3.5.5.=1l, In
c¢dlurin 4 are listed again the deviations of the time space between individual
chronometer beats from the 60/ 61 solar second time interval; these
incidentally cou ld be read off the graphss a downward slope of the
isochronism '"curve' indicates a pulse interval which is less than its
theoretical value, an upward slopc a pulse time interval of longer
duration,

The results obtained from scaling the tape are listed in the tables,
and shown in Fig. 3.5.5. -13, The relative variations of the lengths of
the time intervals clearly indicate their high degree of constancy., It
will be noticed that there is no pericdicity in the variation of the lengths
of the 60/61 seconds intervals; this may be accounted for in terms of
random: errors, which are due mainly to calibration, recording and scaling,

It must be stressed that the accuracy quoted is obtained from
calibration against various standard frequency transmissions: M.S.F,,
H,B.N,, C.M,A,, W.W.V,, and therefore gives a reliabee precision of
the instantaneous stability of the chroncometer.

During field trials the chronoraeter was exposed to the sun's rays, to
wind, hurnid atmosphere, and to temperatures from freezing to about 80°F,
No departure from its mean performance after reaching operating
temperature was met,

The chronometer in general behaves in a very uniforrn manner, and
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Performance of the Crystal Chronometer.

Thermostatically controlled,
operated on 12 volt battery,

No. of Scaled U.T. of Length of Dif. erence
Chronometer| Chrononeter |Time Interval fron
Signal Signal with between two theoretical
refer.nce to |Chron. signals| Time intervel
HBI reception | from scaled (=.9836 sec.)
u.r. +nilliseconds
190 1 sec.
49 54.8401 S
50 55.8235 .98%4 + .2
51 56.& 72 L9836 - .2
52 57.7909 .9836 0.0
53 58.7744 .9835 + .1
54 59. 7581 .9€37 - .1
55 00.7421 .9840 - 4
56 + .3
gaverage
57 02.7087 + .3
58 03.6924 .9837 -1
59 04.6760 { L9835 0.0
€0 05.6596 .9836 0.0
61 06.6433 .9037 - .1
1 07.6268 .9835 + .1
2 08.6108 9540 - .4
B 09.5942 .983%4 + .2
4 10.5779 .9837 - .1
5 11.5614 G075 + .1
6 12.5451 .983%7 - .1
7 13.5286 .9835 + .1
8 14.5123 .98%7 - .1
9 15.49€0 .98%27 - .1
10 16.4795 .938%5 + .1
11 17.4633 .95638 - .2

Date: Jan., 23, 1962 I 70 2.5, - 4.
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3.5.5, cont - 8G -

since its performance over specified lengths of time has been determined,
time interpolation and extrapolation can be carried cut with high
precision, The chronometer complies with the requirernents of timing
of optical observations in field astronomy.

The timing of 2 chronometer with reference to the instantaneous
astronomical time, i.e. rotation of the earth, cannot be effected to a
higher degree than i . 008 seconds, This is the mean correction of the
fluctuation of the astronomical unit of time, It follows that the mean
square error of the daily rate of 2 chronometer is approximately 0, 012
sec/day, as referred to one coraparison with the astronomical length of

the day, which is determined astronomically frora the knowledge of

stellar positions and meotions.
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3.5.6. Calculation of Curve Fitting to Cbservational Results of

Crystal Chronometer Performance,

Information on time may be required from the crystal chronometer
during running-in and thereafter, between intervals of, or - subsequent to
its comparison with standard frequency transraission.

Frorm the investipgations described in the foregoing sections, linear

interpolation within intervals of seconds and minutes can be executed

whenever required, should either nominal chronometer time be sufficient
or time comparisons available, and over a period of six to eight hours
following the running-in tirme, when time com:parisons at the beginning and
at the end are possible,

Linear interpolation for tirne, shortly after setiing the chronometer in
operation, and for longer time intervals, would mean a failure to make
full use of its characteristic performance. ¥or this and for exirapol-
ation, curve fitting has been invesi?ié‘ated as follows,

The smooth curves obtained when joining the plotted average results
of the measured time errors, represented in the performance diagram,
suggest an approximation ofs

Y = function X
cf the second or higher order, where:

Y = amount the crystal chronometer is fast or slow on Universal Time

and
<. = the time the crystal chronometer is opewrating.

In other words this mieans, making a general assumption, that Y is a
power series in X,
The results fror: the observations X,, V., should satisfy the second
LR y

order equation: v=A + BY + CXZ

A, B, C are the chronometer parameters to be determined.

The observations are conveniently referred to an auxiliary co-ordinate
systerm, with the co-crdinate axes ¥, y, parallel to X7, Y, their origin
being the centre of gravity of the observation set.

Thu s, the co-ordinates of the origin of the auxiliary system are:
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3.5.6. cont,

[ ] denotes the Gauss's symbol for addition,

and: x, =i, = X y. =Y, - Y
i i m i i m

it follows that:
[ x] =0 and { y] =0
the observations x Y3 should satisfy the equations:

2
y=a+bx+cx
There are the following observation equations, the number of which is
greater than the number f the unknowns:

2
vi-a+bx1+cxl -V

The v!'s are residuals, expressed as functions of the unknown constants,
a, b, c.

The cbservaticns could have been weighted according o the number
of crystal chronometer signals recorded during the individual observations
of comparison with standard frequency transmission; t!is has been
omitted because the average number of signals making up each inean
result varies very little.

The introduction of a third order terin x3 for the approximation would
show little immprovement, The observations are taken at egual time
intervals i, e. the x's are distributed equally and, as they are chosen to
be of an 0dd number, the first and third constant (a, and c¢) of both, the
second and third order approxima tions arc identical,

The graphs show clearly the shape of an even order function, and
unless a fourth term is introduced the addition of a third order térm x3

will produce only a small alteration of the fitted cur ve,



3.5.6., cont,

The Gauss'!s condition for the best approximation iss

[ vv] = minimura
The minimurm: is obtained by partial differentiation, with respect to
the constants, of the sum of the squares of the observation equations
using partial coordinates, fror: the ''centre of gravity", of the plotted

observations,

‘i'he partial derivatives set equal to zero, as required for the
condition of minimum, constitute the normal equations,

The most probable values of the constants 2, b, ¢, which are
sought, are then obtained from the solution of the normal equations,

Thus:

n = nuinber of ochservation equations,

The introducticn cf a third crder term would produce:

a:_c_[_’_’ij b=ny] -d.[xﬂ

It will be noticed that the terms [ ;:3] and [xs] d6 not appear,
because they are = 0, as the result of the symmetrical spacing of the

=7

Zh 'S,
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3.5.6. cont,

After the constants a, b, ¢, have been determined, the residuals
v, are calculated from n individual observations.

The degree of accuracy of a single observation is expressed by the
size of its miean square error, which gives, what is essential, a
critical estimate of the reliability of the constants 2, b, c.

- ¥
+ vv
NMean square eBror: m = = [ l

ne-3

The denocriinator is made up of nuraber of observations equations, less

number of unknowns,

Relation of time error and operating tirne of the chronometer during the

running-in period,

The chronometer constants 2, b, ¢, have been calculated, using the
above equations, from means of separate periods of operation, compared
with the following standard time transmissions:

MSF 2, 1:SF 3, HBN 2, 5 Mc/s, and 5 M.c/s, CA 2, 5 M.c/s,

Full calculations are shown further on,

The following equation has been deduced, for interpolating and
ext rapolating the armount the crystal chronometer was slow, or fast,
during the runninge~in time, when operating on one set of batteries with
the heating circuit switched on;

9

2
= -~ 4 - -
Y, = Y ~.076 (t1 to) +.0056 (t1 t

1 N ¢V

Y1 is the unknown amount the crystal chronometer is slow or fast in
milliseconds, ai:the time tl’ in minutes from the instant the chronometer
is startcd,

Y0 is the known amount the chronornieter is slow or fast, obtained from
comparison with standard time signals, at time to.

1:0 = elapsed tirme in minutes from the instant the chronarneter is started,



3.5.6, cont,

This equation is intended for use in circurnstances when time comparison
is effected after the chronometer has run about a quarter of an hour, i,e.
to > 15 mimtes, so that the warming~up pericd is under way.

In the event , where only one comparison could be executed,
approximately ten minutes after switching on the crystal chronometer,

the following equation was used for the determination of Y, during the

1
running-in time:;

2
Yl'—Ylo +.613-.076t1+ .0056 \-1-.0 O"'ll.'(lA‘)

Y1 is the unknown amount the chronometer iz slow or fast in milliseconds,

at the time tl, in minutes, from start of operation,

Y10 is the known araount in milliseccnds the chronometer is slow or fast,
obtained from comparison with standard tirne signals, ten minutes after

starting the crystal chronometer.

Approximation equations which fit observational data, obtained with
instruments permitting individual operating periods, contain additive
constants which take care of the initial setting, The above equations
(1) and (1A) contain Y, and Y . respectively, f or due allowance of the

0 10
time discrépancy of the chronometer when it starts operating.

Relation of time error and operating time of the chronometer after the

running-in periods

The extrapolation of the amount the chroncometer was slow or fast,
after the running-in tirae, was carried out with the following equation,
which was deduced fror: the chronometer performance with one set of
batteries, with termaperature control and, as in the previous case,

without disturbing the adjustment for calibration,

- 2 .2
Y=Y o+ 49.22(11-1*0) + .1629(??1 = T) e (2)



- 95 =
3.5.6. cont,
Y. is the unknown amount in msec, the chronometer is slow or fast, with

1

respect to standard time transmission , at some future time T., from

1’
start of operation, in hours.

YO is the known amount in msec the chroncmeter is slow or fast, at time
TO, from start of operation and after the running-in time has elapsed,

in hours,

In the event of one timme comparison being executed one hour after the

chronometer has started to operate, the equation below can be used:

Y, = Y_ -52,947 +49.22 T, +.1629 Tf. B (7N

1 1

Yl is the unknown ammount the chronometer is slow or fast in msec, after
Tl hours of operation, in hours.
Yo is the known amount in msec the chronometer was slow or fast one hour

after it has started to operate,.

The equations (2) and (2A) are intendcd to be used for time
extrapolation, when no further receptions of time signals are possible.

No approximation equations have been calculated for the performance
of the crystal chronometer when operating on main power supply, with or
without termperature control, and over a long term period, Thecse apprexi=-

inations are trigonometrical functions and are obviously of no practical
use for a chronomieter designed primarily for field use.

Equation (2) represents a mean expression of a series of chronometer
runnings, referred to the same initial setting Y o Although it could be
used for interpolation, should further comparisons of time be available,
graphical interpolation for the pericd after the running-in time over an
area of four to five hours, not covered by time comparisons, is
convenient to use and the individual signals of the chronometer can be
extracted with a precision of i- 1 msec,, as mentioned in previous sections.,

The same result can be obtained by calculating the chronometer
parameters a, b, ¢, afresh for every individual period the chronometer

is operating,
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It follows that the crystal chronometer has to be compared with standard
time signals at least once (half to one hour) after start of operation, and at
least once after about seven hours, to achicve the quoted accuracy in time
interpolation.,

The following calculations illustrate the procedure for obtaining
chronoraeter constants fror various sets of observations which, for this
purpose, are reduced to rmean values. These mrean values form the mean
isochronism curve. The mecan isochronism curve during the running=-in
tirae is given in Fig. 3.5, 6, -1,

It will be noticed that observed mean values of time differences of
various periods of chroncmeter running are ploited in relation to the mean
isochronism curve,

In column two of Table 3.5. 6. -1 are listed the timmes to which are
referred the time comparisons between chronometer pulses and pulses of
standard frequency transmissions; the intervals are equally spaced,
deliberately, to reduce the arnount of calculation, Coluran three contains
the scaled time differences from the graph in Fig, 3.5.6. -1

These observations marked with i and Y represent the Cartesian
comordinates of a set of points, which indicates a relationship of the forms:

Y=A+B.}‘€+C.}'{.2

The subsequent columans show the values of the observations, referred to
an auxiliary co-ordinate systemn, and the evaluaticn of the constants.
From the formulac are obtained:

+ 2 985,00

c = = +,005 56
+122375o-3~7§—93—

. 86L50_ L oo
2 750

2z we, 720 13016

11
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Curve Fitting to Observational Results

during Running=-in Time.

Observations | X=Xy Y-¥,
Noe.j Mean wvalues = =
X Y X v x2 x4
minutes masc. {minutes millisec
1 10 -20,0;: - 2b - 6,1b 62b| 390 625
2 15 «19,3{ - 20 - 5,445 400| 1680 000
3 20 «-18,2f - 15 - 4,35 225 b0 625
4 25 17,6 - 10 - 3475 100 10 000
5 30 -16.4} - b - 2455 25 625
6 35 =15,43 0 - 1,45 0 0
7 40 "'1308 + 5 + 005 25
8 45 ~-12.0] + 10 + l.85 100
9 50 - 9.6| + 1b 4+ 4425 225
10 55 - 6.5} 4+ 20 + 735 400
11 60 - 3,7 4+ 2b +10.,15 625
[1=12 0 + L05 (2750|1223 750
U1 _ _
T *m T Y =
35 -13,856

Table 3.5.6. - 1
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Column No.

1 8 9 10 11 12

<8 xy %2y x3y %3
1 153,75 - 3 843,75| + 96 093,75| =15 625
2 109.00| - 2 180.00| + 43 600.00| = 8 000
3 65.25| -~  978,75| + 14 681l.25| - 3 375
4 37.50f -  375.,00| + 3 750.,00| - 1 000
5 12,75| - 63475 | + 318.75| - 125
6 0,00 0,00 0.00 0
7 0.25| + 1.25] + 6.25| + 125
8 18,50 + 185.00| + 1 850.00{ + 1 000
9 63.75| +  956.25| + 14 343,75| + 3 375
10 147.00| + 2 940.00| + 58 800.00| + 8 000
11 253.75| + 6 343.75| +158 593,75| +15 625
[ ]|+641 093 750 861.50| + 2 985,00| +392 037,50 0

Table 3¢De6s = 1 conte
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It follows the equation of the approximmation curve in the auxiliary
system x, vy

y==1,392 + .313x % .0056}:2

Hence, the equation referred to the time whé: the chronometer was
set in operation, provided one observation was taken ten minutes

after startings
In the ¥ Y systems:

Y = Y10 + ., 613 - ,076 X + ,0056 XZ

Y = unknown amount the chronometer is slow (+) or fast (=) in
milliseconds at time X ,

¥, = observed amount the chronometer is slow (+) or fast () in

milliseconds, ten minutes after it has started to operate.

X = time in minutes, after it has started to operate,

B rom the above, the standard equation for the chronometer during
the running~-in time is obtained:

e.g. for tirne tlz

= Y . - X
Yoo ) o t 61 076 (at 1)

2
+ ,0056
* at t
( A

and analogous for to,:

therefore: »

2 2
Y1 -YO - .076(tl—-to) + '0056(t1 -to) S )]
as stated:

Y1 is the unknown ainount the crystal chronoreter is slow or fast in
railliseconds, at time tl’ in minutes after the chronometer has started
to cperate.

YO is the known amount the chronoreter is slow or fast, in milliseconds,
obtained frorn comparison with standard frequency pulses, at time to.

t = elapsed time in minutes after the chrcnometer has started to

operate,
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The remaining residuals v, (i=1,2,3,4..,)and [vv] are
calculated by making use of the numerical values of the constants, given
in column 13 to 17,

The calculated time differences in the auxiliary systemn and in the
systern XY, namely (yi) and (Yi) respectively, are obtained at the
same time: column 15 and 18,

The mean square error of one scaled tirme difference is thens

.
m = ! [WJ = i .35 milliseconds,

11 -3

The denominator is made up from eleven cobservations less three
unknowns which have to be determined from the observations. The
mean square error shows the precision of curve fitting tc the mean
perforrnance of the crystal chronometer during the interval of time
concerned. Throughout the calculation more decimal places were used
than the precision warranted. This involved no extra work, because a
desk calculator was employed, having transfer from the product register
to the setting register,

The calculated time differences (Yi) are plotted in Fig. 3,5.6, -1,
to illustrate the result obtained analytically,

The agreement between the calculated and the scaled time differences
is just about what might be expected from a second order approximation
to a smooth parabolic curve,

It would not be justified to take more than two terrns in the
approxime tion formulay, not only on account of the labour involved in
determining the constants, but alsc in view of the second differences of
the cbserved values ¥, (colurmn 3) which are nearly of the same order,
about f + msec. Since the 's are taken at equal intervals, the values
of the second differences -indicate that the required polynomial is most

likely of the second order,
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Column No.

1 13 14 15 16 17 18
a+bx+cxe| v (7)+¥n
bx cx® (y) | (y)-3 vy (Y)
1 7,832 3.479 | - 5.745 | - .41 | ,1681 | - 19.60
2 6.265 2.226 | - 5,430 | - .02 | .0004 | ~ 19.28
3 4,699 | + 1.252 | = 4.839 |+ .49 | .2391 | - 18,69
4 3.133 557 | - 3.968 |+ 22| .0475| - 17.82
5 1.566 W139 | - 2,819 | + 27| .0729 | - 16,67
5 0 0 - 1.392 | - 06| .0036| - 15,24
Vi 1.566 2139 | 4+ 313 | = 26| .0676| - 13.54
8|+ 3.133 «037 | + 2.208 | - .45 | ,2025 | - 11.55
9 4.699 1.262 | + 44559 | = .31 | ,0961| ~ 9.29
10 6. 265 4226 | + 7,099 | + .25 | .0625 | - 6.75
11 7,832 34479 | + 9,919 | + 423 | .0529| - 3,93
[ ] o + .05 | 1,0132
Table 3.5.6. - 1 conte
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The observational results for the determination of the chronometer
constants of the extrapolation equations (2) and (2A) to be used after
the running-in time, and the residuals, are shown in Table 3.5, 6. ~2.

Extrapolation is rather hazardous, and the accuracy of the result
obtained cannot be ascertained, Therefore, a lcng distance in the
i direction was preferred to the accuracy in the Y direction, thus
sacrificing the closest fit, The second order equation was calculated
to cover eight hours ! running of the chronometer,

The mean isochrcnism curve has been obtained by passing a
smooth curve through mean observation groups oi various ope rating
periods, The scaled time differences are again spaced at equal time
intervals. The observations arc referred to an auxiliary co-ordinate
systern, as before. |

Scaled results are given in Fig, 3.5.6.-2. The calculated results
are not plotted because their differam ce from the scaled values will
not show up at the adopted pletting scale.

The constants are then obtained;

| =y | +3 548,00
'b - 2: - = +50.686
[x ] + 70, 00
2 |
c = {x y - + 42,00 = +0,1629
: T 27 2
].xﬂ A= ) .+ 584,50 -54—‘2—%9'—‘&
—
?]
a = =~¢ [x = - 0,1629 70.00 = =~ 0,760
n 15

and the approximation equation in the auxiliary system referred to
its origin is:
2
y = ~-0,760 + 50,686 x + 0.1629 x

substituting for x and y the respective values in the X ¥ system:
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Curve I'itting to Mean Performance of the Crystal Chronometer

after the Running-in Time.

Chronometer thermostatically controlled,
operated on one set c¢f tatteries.

Column No. ‘
1 2 |3 4 5 6 7
No.of | Mean V?lues X - X, T -1
o
Obs. Ogservatlgns ; ; 2 A
hours | msec. hrs. nsec.
1 1.0 - 30 (- 3.5 -172.6 12.25 150.0625
2 1.5 | -339 |- 3.0 - 151.6 9.00 81.0000
3 2.0 - 217 |- 2.5 - 129.6 6.25 29.0€25
4 2.5 - 290 |- 2.0 - 102.6 4.00 16.C000
5 3.0 | - 266 {-1.5 - 78.6 2.25 5.0625
6 Z.5 - 24C |- 1.0 - 52.6 1.00 1.0000
7 4.0 - 212 {-C.5 - 24.6 0.2% 0.0625
8 4.5 - 187 0 + 0.4 0 0
9 5.0 - 162 |+ 0.5 + 25.4 0.25
10 5.5 | -136 |+ 1. + 51.4 1.00
11 6.0 | -110 |+ 1.5 + 77.4 2.25
12 6.5 - 8 |+ 2.0 + 101.4 4.00
13 7.0 - 61 |+ 2.5 + 126.4 6.25
14 7.5 1= 3 |+ 3. + 192.4 9.00
15 8.0 |- 10 |+ 3.5 +177.4 | 12.25
A Y = 0 0 +70.00 |+ 584.50
gf% +4.5 | - 187.4
Tzble 3.5.6. — 2
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Curve Fitting to Mean Performonce of the Crystal Chronometer

after the Running-in Time.

Chronometer: Thermostatically controlled,
operated on one set of batteries.

-Column No. g 3
t |
1l 8 9 10 11 12
xZ x® Xy ng x3y

1 -42.875| 1 838.265 625 | + €04.10

2 | -27.000 729.000 000 | + 454.80
i 7 | -15.625 244.140 625

- 38.000 64.000 000

R

3.375 11.390 625
1.C00 1.000 000

0.125 .015 625 -4 9%4.75

O ~ oA
}

0 +42 976.75

+ 0.125

\O

1+ 1.000

111+ 3.575
12| + 8.000
13| +15.625
14| +27.00C

15| +42.875| 2 887.812 5000

[ 11 o +5 775.625 000 |+3 548.C0 | + 42.00 | +29 455.640

Table 3Z.5.6. - 2 cont.
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Curve Fitting to llean Performance of the Crystal Chroncmeter

after the Running-in Tinme.

Chronomcter: Thermostatically controlled,
operated on one set of batteries.

| Colum No.
1 13 14 15 16 17 18
atbxtex® | (y)-y {(y)+x
bx ex? (;) v vv (¥)
1 -177.4 + 2.0 -176.2 -3.56 12.67 263.6
2 -152.1 + 1.5 -151.4 +0.24 0.06 325.8
3 | -126.1 + 1.0 -125.9 +7.74 13.99 313.%
4 | -101.4 | +0.6 | -101.6 | +1.04 1.08 | 289.0
5 - 76.0 + 0.4 - 76.c +2,24 5.02 26%.8
6 | - 50.7 + C.2 -5L.% | +1.%4 1.80 238.7
7 | - 25.3 0 - 26.1 | -1.46 2.13 | 213.5
8 0 0 - 0.8 -1.16 1.35 188.2
9 + 25.3% 0 + 24.5 -0.86 0.74 162.9
10 | +50.7 | +0.2 | +50.1 |-1.26 1.59 | 137.3
11 | +76.0 | +0.4 | +75.6 |-1.76 3.10 | 111.8
12 | +101.4 + 0.6 | +101.2 -0.16 0.03 86.2
13 | +126.1 | + 1.0 | +126.% | -0.06 0.01 61.1
14 +152.1 + 1.9 +152.8 +0.44 0.19 Z4.6
15 +177.4 + 2.0 +178.6 +1.24 1.54 8.8
. 0 +11.4 | - 0.6 0 15.28

Table

Z.5.6. - 2 cont.
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Y +187.4 = - .760 +50.686 (X + 4.5) +.1629 (X -4.5)°

Y in msec., = amount the chronoineter is slow or fast at time X%,

X in hours,

Substituting in the above equation successively:

N 1 .
Y Tl’ and Yo, LN and subtractings

18

2
Yl = YO +49. ZZ(TI - TO) + .1629 (Tzl had TO) s ® 9 ¢ o @ (Z)

Y1 = unknown amount the chronometer is slow or fast in msec, at time

T1 in hours,
Yo = known armount in msec. the chronometer is slow or fast at time

To in hours.,

The r.m.s, error of one scaled time difference is derived from
values obtained in columns 13 to 17:

+ 45,28

m = =_1.9 msec,

12
The r, m, s, error indicates that scaling the time deviations from the
mean isochronism curve to the nearest milli second should be aimed at,
The same result for the r, m. s. error is obtained from the calculated
time differences in the X Y system; since the residuals v (1, 2, 3,

4, . . )are identical in both systems?

V=(Y)_"y--o¢-ooov XYSYBtem
va(Y) =Y. . .40 oo s XY system.

It iss (y) + Y =(Y)s.4¢e0+e0+. columnl8

ands
Y-Y...,,=Y e o & o ® &« @ COluZ‘.mS
substituting:
v = (Y) -Y -Y+Y
m ;o)
hence:
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The necessary checks of the calculations are the following:
[v] = n, a + b[x] + c[le -[y]

It is:
[x] =0 and {*Y] =0

because: x, and y; are referred tc the "centre of gravity'.

Therefore:
[v] = n, a +c[x2]

= -1, 0,760 + 0.163 . 70

0.

further:

[v]= [&] -[v]
[v]= [w]

the difference = 0.6 (column 15) resulting frora rounding-off errors, can

be disregarded,

From the observation equations:

v.=a+bx.+cx.2-y.
i i i i

It follows:
2 12
[w] = [.y’q ) %%izéil - %Ezj[%j;;z] 2

[ <[] > [ =] - <[+

= 179 879.60 - 179 839,74

"

40,

The precision of the constants a, b, ¢, is expressed by their r, m. s,

errorg, which are obtained from their weights.
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The application of the equations (1} and (2) is shown in Table
3.5. 6. -3, where eight time comparisons with standard frequency
transmissions, taken during a running pericd of about four hours, form
an isochronism curve, Subsequently, the ammcunt the chroncmeter was
slow or fast, during the running-in period and for the time thereafter,

was also extrapolated with equation (1) and {2) respectively.

The graphical representation of the results is given in Fig. 3.5, 6, =3,
which shows the periormance of the crystal chronometer determined by:
(a) observations for comparison with tirme signals superposed
on standard frequency transmissions, and

(b) the use of the mathematical model .equation (1) and (2).

Any lack of fit results from systematic and accidental errors,

Systematic errors can be detected and removed; the remaining
errors are unavoidable or accidental,

Systematic errors, which influence the observed and plotted
chronometer performance, i, e. the frequency stability, are due to
variations of voltage and temperature, and due to aging,

Systematic errors of the model, equations (1) to (2A), are caused

by the degree of iimperfection of its assurnption.

Fig, 3.5.6. =4 illustrates the extraction of the amount of time. the
chronometer was slow or fast with respect to pulses superposed or
standard frequency transmissions, for the purpose of correcting the
timing of the ficld observations taken at Carn Marth on May 9, 1961,

Linear graphical interpolation, and results of analytical
extrapolation are presented, to show their relative values.

For field work, graphical interpolation will produce a most
acceptable answer. The corrections for time difference for most of

the field observations were obtained graphically, (linear or parabolic).
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1 -

No. l + slow

Mo. of U.T. of + slow Dif?f
(o]
Observat! Observations of - fast aig - fast +
3 epal S -
from Pulses 28352
/ Mean observed | § =2 3 3 milli-
to values g ;g rél o sec.
h m sl h m s millisec.D © millisec.
1 14 22 48| 14 72 56 13| -2 934.21 lo.9
33 04
2 la 47 45
14 47 54| 1€| -2 933.9 {25.9| -2 932.5{ +1.4
48 03
3 15 02 47 A
1502 551 15| -2 928.5(40.9| ~2 927.8|+0.7
03 G3
4 15 32 49
15 32 571 13| -2 G0E.2 |71 -2 (10.9 | -2.7

Lgcuation (1):

yo5.9 = -2 934.2 - 0.076(25.9 - 10.9) + 0.0056(25.9° - 10.92) =

16 01 48

02 04

-
ON

N
n

I
o

WA

Ol
}.-J
-

1€ 01 56

16 3% 02

15

24

-2 908.2

-2 885.4

-2 858.6

72

102

- 2 §32.5

-2 883.5

+1.9

+0.2
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1
o. of U.T. of Ho. | + slow o + slow | Diff.
&
o
Cbservet.) Obscrvaticns of - fast 8+ - fast +
Q|
g o @ 0 -
from Pulses 2dl 45
/ Mean observed { @ £ | S milli-
to values |5 % g > sec.
o
L m s} h m s millisec.| hrs.| millisec.
7 17 02 24| 17 G2 54| 20 -2 833.71 2.7 -2 833.3( H.4
03 04
8 17 %2 46
17 22 57| 17 -2 B0B.4| 3.2 -2 'o'.z| 4+0.1
33 G5
i
Souation (2):
31,77 -2 908.2+49.22(1.7-1.2)40.1629(1.7°-1.2°) = -2 §83.5
7z o= —2 908.2+49.22(3.2-1.2)40.1€29(3.2%-1.2%) = -2 808.3

3.5.6. — 3 cont.
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In the diagram, analytical extrapolation is based on available
chronometer intercomparisons with tirae transmissions which are

effected
(2) two hours

(b) four hours
previous to the timing of optical field observations. The results differ
from the graphical interpolation only by =3 and +5 milliseconds

respectively.

Lagrange's formula of interpolation,

The time error at 15h 05 obtained with Lagrange's formula of
interpolation, based on the four observed time comparisons shown, is
also plotted on the diagram,

The 'reliability of 2 value obtained with the use of Lagrange!s formula
connot be estimated and the amount of work involved in the computation is
too large to justify its application for calculating time errors. The

calculation is shown in table 3. 5. 6. =4,

The Binomial Theorem cannot be applied for interpolation, because

the observed quantities, i.e. the timne errors resulting from comparisons
of the chronometer with time transreissions, as a rule are not spaced at

equal intervals.

The precision of intermediate values obtained by graphical or
analytical interpolation depends on the accuracy of the initial data

entering into the plot or calculation respectively.
g I
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Interpolation of Time Irror

with

Lagrange's Formula.

At. Carn Marth, Cornwall
Date. May, 9, 1961

Recuired: Time error of Crystal Chronometer
at: 150 05m (oS

Time (U.T.) of Comparison Observed (uantities

of Crystal Chronometer Chronometer slow +

with Time Transmissions fast -
reduced
~ 12h

h m s minutes milliseconds

Xo 12 51 57 51.95 Yo - 2 640.2

Xy 1% 20 59 80.98 1 - 2 614.1

X5 17 ~ 56.5[3222.94 - 2 415.9

xz 17 50 56.5(3%50.94 ¥3 - 2 392.8

At:

X 15 05 00 |185.00 i y required.

Table 3.5.6. ~ 4
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U lerpolation of Time Error

with

Lagrange's Formuls

(185.00-80.98) (165.00-322.94) (185.00-350.94)
g = - .- 2 640.2
( 51.95-80.98)( 51.95-322.54) ( 51.95-350.94)

(185.00-51.95) (185.00-222.64) (185.00-350.94)
+ .- 2 614.1

( 80.98-51.95)( 80.98-322.94) ( 80.556-35C.94)

(1£5.00-51.95) (185.00-50.98) (1.85.00-350.94)
+ - . - 2415.9
(322.94-51.95) (322.94-80.55) (322.94-350.54)

(185.00-51.95) (165.00-80.98) (185.00-322.94)
+ — . - 2 392.8
(250.94-51.95) (350.94-80.98) (35 .94-322.94)

= - 2 526.7 nillisecoénds.

Table 3%.5.6. - 4 cont.
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3.5.7. Crystal Chronometer Performance affected by Decrease in

Voltage of the Driving Battery.

The observed time differences between crystal chronometer and
transmitted frequency pulses do not only depend on time, as the
approximation equations 1 to 2A, derived in the previous section. show,
but are subjected to the influence of a variety of factors, some of which
are unknown, and, what is even worse, cannot be eliminated.

The calculated relationship (equation 1 to 2A) can therefore at most
represent a probable interdependence.

The time difference or time error between chronometer pulse and
transraitted frequency pulse, as well as the decrease of the voltage of
the driving battery, vary with the elapsed time from the start of
operation, Hence, both magnitudes, time error and voltage decrease,
can be represented as a function of time, The representation of the
forrmer as a function of time is already given inSection 3,5, 6., equation
110 2A,

In addition to the above, it can be presumed that there is also a
relationship between both the time error and the voltage, so that the time
error of the chronometer could be expressed as a function of the voltage.
Froz. the knowledge of this relationship, it will be possible to predict,

to a ¢ertain extent, the frequency deviation with voltage drop.

It is important to distinguish between:

(a) Immediate changes in supply voltage which will produce
instantaneous fre quency fluctuations, These are caused mainly by
unpredictable sources, such as imperfect connections, faulty components
etc., and are not suited for mathernatical treatment; they are therefore
not considered further.

(b) Progressive decrease of voltage during discharge of the battery,

with possible after effect on the thermal equilibrium, exhibiting a

Id
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distinct performance of gradually changing frequency.

The performance of the battery-driven chronometer during the
respective intervals of hours, minutes and seconds investigated, and
the equations for extrapolation are based on an operating voltage of 12v,

In Fig. 3.5.7, -1 is shown the isochronism curve of the chronometer
and the voltage~time curve., The graph is drawn at the same scale as
the performance shown in previous diagrams, The rate of the
chronometer has been altered, so that the resulting perfcrmance curve
runs nearly parallel to the x-axis,

The changed rate permits convenient graphical interpolation and is
better suited for plotting several performance curves in the same space.
From the graph it can be seen that the chronometer displays the

usual near-linear performance when driven at the specified voltage,

Linearity of the time-error/voltage variation within the limits of
adequate voltage can be trcated as time-error/ running-time variation,
or also as the variation of voltage drop/ running-time. In which case
the relation o time-error/running-time may have greater ease of
application, (Formulae 1to 2A, Section 3.5.6.)

In the field it is rather cumbersome to take frequent hydrometer
readings from a set of six cells;. therefore, voltage readings are
taken to obtain information of the condition of the battery,

The chronometer could function at an input voltage as lowas 9 v,,
and it could be kept running in the absence of stand-by batteries, should
its employment be absolutely necessary, Difficulty may arise in
charging the battery again,

There will be a parabolic change of the chronometer!s time error;
the frequency increases due to decrease in voltage, which must also
theoretically cause a decrease in temperature. The temperature of
the oven of the chronometer under discussion is controlled by means of
a mercury column contact thermometer and an associated reed relay,

Throughout the tests and during its employment in the field, when

the terminal voltage was approaching 10, 7, the chronometer was
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3.5,7. cont,

stopped, or the battery replaced. This was done to avoid an effect on
the chronometer's behaviour caused by a drop in voltage, and also to
achieve long service life of the cells without inj ury. It is standard
practice to avoid reaching the limit of about 104 v, Research into the
performance of the chronometer operating on less than 104 v. is
therefore redundant,

The following is the investigation into the chronometer performance
when driven on marginal voltage, lower than 11, 7 and obviously only to
103 v. Driven at the mentioned voltage, an interdependence of voltage
decrease and time error can be anticipated, In Fig, 3,5.7.-2 is
given a specimen of the chronometer performacce and a record of
voltage readings during operation. It can be seen that about 11.8 v, is
reached soon after setting the chronometer in cp eration. This depends
on battery conditions. Aftcer the running-in time, the isochronism
curve shows, as expected, a parabolic shape. For better illustration
of the resulting curve, the ordinate scale has been multiplied by two.
It is quite obvious that there is a definite relationship between decrease
of voltage and time~error,

In order to analyse this relation the observational results are
arranged according to the increasing or decreasing values of one of the
variables, The arrangement shown in Fig, 3,5.7. «3 thus represents
the interdependence of tirme error or frequency deviation of the
chronometer and voltage drop of the battery. The plotted values X and
Y are derived from the original observations, which were also used to
construct the diagram 3,5,7, -2, The problem now is to find an
analytic function which will be a suitable expression . of the casal
relationship of the observed quantities. Since the diagram, Fig.
3.5.7. -3 , indicates a non=-lincar relation, it is presumed that the
interdependence could be adequately expressed as a 2nd order function,
Cnly in exceptional cases will the calculated approximation equation
give a perfect fit. This is becausec the observed values Y do not

depend only on the observed values X, but are influenced by a variety
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3.5.7. cont,
of factors.

A measure of the quality of the fit is indicated by the correlation
coefficient, which depends on the standard deviation of a single
calculated observation and the standard deviation of a single observation
from the arithmetic mean. The observations referred to are the
quantities plotted in the ordinate~direction. The values observed are
given in Table 3.5.7, -1, which contains also the evaluation of the
constants by the method of Least Squares, It can be seen that there are
systematic "errors' and not "accidental' errors, because [xy] is -not

~y 0. (The sum of the products of the deviations <7 0.) This means
that it is quite legitimate to assume a functional relationship between
time error and voltage drop. -

The calculations were carried out with an elect.ric desk calculator,
From the evaluated data (Table 3,5, 7, -1) the constants of the quadratic

approzimation equation are obtained:
2
y = a + b.x + c.xz

1,67 . 1,34 - 9,92 , =,18

c = 3 = +35,7
1,34 2
,19 . 1,34 - =22l I8
21
4
a= =35,7, l’—%—‘— = -2,3

9’92 - 35.7 . ""18
b = = +12,2
1,34

The equation which presumably fits the observations is therefore:
2
Y = + 5 176,9 - 794,8X + 35,7 X
The maean square error of a single observation isg
52,84
21 -3

= 4+ 1,7 msecc,
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to Results of Correlated Observations.

Column No.

1 2 3 4 5 6
No. of Volt | Time error] X-Xn= Y-Y, =
Observat. X msgc. X ¥ Xy
1 11.63 771.0 + .34 + 9.7 + 3.30
2 11. 60 768, 3 + 431 + 7.0 + 2417
3 11.57 76643 + 28 + 5,0 + l.40
4 11.56 764.,5 + o 27 + 3.2 + «86
5 11.54 762. 9 + «25 + 1.6 + .40
6 11,52 761. 9 + 23 + 0.6 + 14
7 11.48 760.9 + .19 - 0.4 - .08
8 11.45 759. 8 + .16 - 1.5 - .24
9 11.38 752.0 + +09 - 240 - .21
10 11,37 758, + +07 - 2.8 - »20
11 11.35 7584 6 + 206 - 2.7 - L,15
12 11.30 758, 8 + .01 - 2.5 - «03
13 11.26 759.0 - 03 - 2.9 - .07
14 11.24 759.1 - .0b - 242 + o111
15 11.19 759.2 - 10 - 2.1 + W21
16 11.14 759.4 - .15 - 1.9 + 429
17 11.06 75949 - .23 - 1.4 + 32
18 11.00 760. 1 - .29 - 1.2 + 43D
12 10.95 76062 - 204 - 1.1 + 37
20 10.84 760.4 - 45 - 0.9 + W41
21 10.75| 760.5 | - .54 - 0.8 | + .43
K =| o
11.29 761e3 + .08 + 1.0 + 9492
Table 3e5¢7¢ = 1
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Curve Fitting to Results of Correlated Observations.

Column No.

1

7

10

11

=
o

xy

© O 3T O Ok WV

O R R R B R
H O © ©® I & O B H O

[

—d

+1,67

+1e34

.18

Table

+

.19

5.5.7.

-1

+ 234,54

cont,
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Curve Fitting to Results of Correlated Observations.

Column No,

1 13 14 15 16 | 17
No. | - 794,78 X | + 35.7 X2 | %% (Y) [(D)-¥| vv
1 76704 =346
2 76602 | =21
3 765,1] ~1.2
4 764.8| + o3
5 764,53 | +1e4
6 76347 | +1.8
7 76246| +1.7
8 761.8| +2.0
9 76043 | +1.3
10 760.1 | +1.6
11 759.8| +1.2
12 759.7| + .4
13 758.8| = .2
14 758,6| = o5
15 758,3| = 49
16 758.0| -le4
17 758,0| -1.9
18 758.5| =1.6
19 759.0| -1.2
20 760.6| + o2
21 76248| +243
[ ] 52,84

Table 3.5.7, - 1 cont.
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and with respect to the arithmetic mean Ym:

234,5
+ = + 3,4 msec,
21 -1

and the correlation coefficient:

2
L U T

el v

2

3,4

and

The corrclation coefficient indicates that a relation between voltage drop
and time error can be accepted with certainty,

Should there be a comaplete absence of any relationship between the
two variables then the coefficient would be = 0, The calculated results
are plotted in Fig. 3.5, 7, ~3.

But the best fit need not be produced by the customary empirical
formula:

Y = A + B, X + C.Xz

Probably, in the present case, the quadratic approximation applied does
not represent the actual relationship after all, The calcailated curve has
its minimum at 11, 06 volt., which does not correspond to the actual
occurrence, but the residuals listed in column 16 are small enough to
accept the calculated approximation,
For general application of the derived forrnula, Y and X are
reoplaced by ¥

Yo’ and X XO respectively,

1’ 1’
Hence the empirical formula according to which the time error

varies with voltage drop (in the region of 11, 6 to 10, 8§ volt) is:

2
= (- X T - x
Y, = Y - 794.8 (¥, - X ) + 35.7 (4 xé
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wheres
Y1 = unknown amount the chronometer is slow or fast in msec,
corresponding to voltage reading Xl.
Yo = known (previously determined or measured) amount in
msec, the chronometer is slow fast, corresponding to
voltage reading Xo.
To apply the forraula effectively, the voltage readings Xl, Xo should
be kept within limits of 1/3 «

It is presumed that the chronometer, thermostatically controlled at
IOL‘:OF, operates under average field conditions at SOOF, on one battery
(six 2 v, cells). The averaze voltage drop during operation will then
amount to about 0, 2 v. over two to three hours, (Given average
battery conditions).

After reaching the limit of adequate voltage, a corzparison for time

difference with standard frequency transmisaon should be endeavoured,

which enters in the formula as Yo'

“Then plotting the pairs of cbserved quantities on logarithmic or
semi~logarithmic paper, it was found that the points did not liec on a
straight line., Hence it is unlikely that the observed data could be
fitted by an exponential or logarithmic approxirmation, This is also

apparent from inspection of colurnans 3 and 5, Table 3,5, 7. =1,

Cver a very short time interval the voltage drop will have a negligible
effect on the chronometer perforznance.

In Fig. 3.5.7. -4, it can be scen that the instantaneous stability
(second-to-second) is within T1msec.

The diagram in Fig, 3.5,7, ~4 shows the lengih cf time interval
between individual chronometer pulses, namely: 50/61 solar seconds.
The deviation from the standard length of , 9386 scc is within ' 1 msec;

the same deviation is encountered when the crystal chronometer is
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3.5.7. cont.

driven at specified voltage.

The power consumption of the chronometer when operated with
the heating circuit switched off is so small that the voltage drop amounts
to cbout 0.2 v. during a period of approximately 10 hours. In such
circumstances, it is doubtful whether a practical case will arise where
an empirical equation linking the relation between chronometer
performance and voltage drop will be required, Therefore perforrnance
tests to collect observational data concerning the above specifications

(heating circuit switched off) were not considered,
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3.5.8. Performance of the Voltage Stabilized Crystal Chronometer

In June 1963 a voltage stabilizer was fitted tc the oscillator unit of
the chronometer. The purpose of this modification was to reduce the
frequency/volitage variation to approximately * 0.04 ppm/volt,

The performance of the chronometer with voltage stabilization,
during the 60/61 second interval of mean solar time, is shown in Fig.
3.5.8. -1, Cbviously no difference in the chronometer's behaviour can

be noticed during the short interval of titne shown (about twenty seconds)

The isochronism curve (in the diagra.~ not drawn up) is shaped mainly
by calibration errors. The lengths of the time intervals marked by two
consecutive chronometer pulses are affected by the isochronism error.
The high degree of precision can be gathered from the fluctuations of
the time lengths within ! 1 msec from their theoretical value of . 9836
sec. The variations about the mean are random. This proves that it
is unlikely that there are systematic errors present.

The hourly stability is given in Fig, 3,5.8, -2, The graph reveals
that there is still a "running-in" time of a definite length, which indicates
a negligible 821l change of rate,

It follows that the chronometer can be rated after 30 minutes, The
hourly stability has been tested over periods of 12 hrs, running, and has
proved to be within t 1 msec, provided adequate voltage of 11 to 14 v, is
maintained,

The replacement of a fully charged battery causes an abrupt change
in the voltage , between 1to 3 v. During normal field operation the
voltage change is in the neighbourhocd of 2 v.  This produces a time
error of less than i. 1 msec,

The recording and developing ricthods can detect time errors of this
order, but the average reception of the standard frequency transmissions
is not of the required precision, and therefore cannot be effectively

employed when dealing with time errors of less than 1 msec. The
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measurement of timne intervals between any number of chronometer
pulses is nothing more than an ordinary operation of accurate measure=
ment of 2 physical quantity, To achieve this, a precisely defined
standard which represents the unit must be available, In the present
case, the practical unit is the time distance between superposed
seconds pulses of f requency transmissions, The precision of the
determination of the chronometer perfor:mance is therefore limited by
the degree of precision of the reception of frequency transmissions,

The difficulties in synchronizing the chronom:eter and in ascertaining
the time error could be cvercome by e mploying a primary frequency
standard, available in easy reach, for direct comparison; this is
outside the scope of the research,

The specimen given in Fig. 3.5. 8. »2 contains the performance of
the crystal chronoraeter when synchreonized on standard frequency
transmissions which were available at that time, Corrections for
differences in travel time are applied. As can be scen, there is
undoubtedly a difference in emission tinﬁe, in spite of the co~ordination
of the time signal transraissions,

From results of performance tests, it can be deduced that one time
comp arison of the voltage stabilized chronometer with standard
frequency transmissions is sufficient during any one period of operaticn,
Great care must be taken to identify the transimiiting station correctly,
if the high precision of the cry stal chronometer is to be effectively
utilized., The small discrepancies in ¢mission times of co~ordinated
time signals can be detected with the equipment and methods employed,
The stability of the vcltage stabilized chronometer is emphasized in the
diagrarm by the two parallel horizontal lines which accompany the
isochronisrn curve, and subtend a distance of 10 msec, thus embracing
a total tirne error from ~45 to -55 msec from the initial setting of

the chronometer. It can be seen that the absolute time error rermains
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unchanged over the total pericd of running, and fluctuations are

within : 1 msec,

The calculation of curve fitting to observational results is
superflucus, because the isochronism curve is practically a
straight line. The chronoraeter is adjusted to have zero rate. The
labour involved for interpolation and extrapolation for time is therefore
reduced to the addition or subtraction of the time difference, measured
by comparing the chronometer with frequency receptions,

So far, no permanent change of rate has been found which might
be expected after a pericd of suspended operation,

The quoted accuracy of time indication of the crystal chronometer
conforms with the requirements for 1st order astronomical work,

Further improvements of the chronometer are not considered,

3.5.9. Effect of Voltage Fluctuation on the Performance of the

Crystal Chronometer,

The frequency stability, before modification, was approximatecly
: 0.7 ppm/volt, within the limits of 11 to 14 v, and approximately
: 0.5 pmm/OC.

The voltage fluctuation caused by the functioning of the thermostat
produces a fluctuation of thc frequency ar time=error of about
: 10 microseconds; this is assuming a linear frequency/voltage
variation over the range of one volt, and applying an average voltage
drop of 0,25 v., measured, when the temperature is boosted under

average field conditions at 60°F.
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Furthermore, the temperature variations within i % oC, which is
the operating differential of the thermostat, will influence the frequency
stability; assuming a linear frequency/temperature variation, this
will cause a time error of about I 5 to 10 microseconds,

Since the voltage stabilizer reduces the frequency/voltage variations
to approximately z 0. 04 pprafvolt, the time=error will only be about
t 4 microsecond.

The voltage variations with respect to tirme and out-door temperature
resulting from the functioning of the thermostat are given
diagrammatically in Fig, 3.5.9.«l. The length of time the oven can
be off depends on the temperature of the environment,

The fluctuations indicated on the voltmeter in response to the
operation of the thermostat are nearly instantaneous, The operating
delay can be considered negligible compared with the period, The
tirne required by the oven to reach its control temperature, at a given
field temperature, can be read off the diagram., This does not mean
that the crystal has acquired working temperature over the same length
of time. The ratio of ""seconds off''/''seconds on" increases according to
a parabolic law from the start of the fluctuations over a certain length
of time, which depends on the temperature of the environment. This
parabolic increase is present whether the environmental temperature is
rising or falling, and it contributes to the systematic parabolic
chronometer performance during the running~in time. After the
running-in time the ratio "heat off''/"heat on'" is related to fiecld
temperature,

The cuavzent drawn vhoen>  driving the minute clock also produces
an instantaneous voltage drop, which is approximately 0,1 volt; its
effect on chronometer performance is undetcctable.

The quoted time errors, which do not exist when the heating circuit
is switched off, are too small to be detected with the recording and

evaluating equipment employed, Further, the precision of the standard
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frequency reception is alsc inadequate for making use of the
international time service for this purpose,

The instantanecus stability as well as the long and short term
performance of the chronometer are not affected by these small
frequency fluctuations, which are within the accuracy required for
field astronomy.

It is important to record the field temperature and the small cyclic
changes of the voltage, because they can be used to check the proper
working of the oven and the correct functioning of the thermostat,
which are essential for the stability of the crystal chronometer,

In the absence cof pilot lamps or alarin circuit, oven failure may
pass unnoticed, until suspected from erratic survey data, F aulty
conditions of the thermostat may cause the heat supply to remain on,

If the heater is not functioning properly, frequency deviation will
depart greatly from the average. A brealdown of the thermostatically
controlled oven will result in uncontrollable chronometer performance,
Theoretically the thermcstat will be permanently off when the field
teraperature reaches the peak for whicﬁ the oven can be controlled;
when the field temperature coincides with the lowest working
temperature, the thermostat will be permanently on. When the
controlled heat is permanently off, the ternperature of the oven will
increase at the same rate as the field temaperature, and alternatively
will decrease with the field temperature when the controlled heat is
permanently on,

The working range of the thermostat linuits the employment of
the crystal chronomecter,

In all field temperatures within the heating range there will be a
cyclic temperature variation as a result of the cperation of the
thermostat. Due to the operating delay of the controlling device,

the temperature when the oven heat is reduced is slightly higher,
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and lower when the oven heat in increased.

It has been found that there is a near linear behaviour of the heating
cycle: seconds "on'' and seconds "off'' with gradually decreasing or
increasing field temperature, during any one period of chronometer
running, (Fig. 3.5.9.-2{(a).) The correspcnding values of "on' and
"off" time will produce 2 straight line when plotted on co-ordinate
paper. The distance of this line from the origin will be influenced by
battery conditions. The "off" time depends on type and material of
the cven, and on the field ternperature; since the former is a constant,
the "off" time is therefore directly related to the field temperature.

T e distances between the plotited points are a measure of temperature
differences; in other words represent a temperature scale.

Scaled off in both directions, the 104° F-point will lie at the
intersection of the line with the "off'"-axis and the 32° F-point on
the intersection with the "on!'-axis.

In Fig. 3.5.9.-2(2) the line is shown approaching assymptotically
the "on'' and "off'" axes.

This method provides:

(2) a continuous check on oven ¢ >nditions.

(b) a continuous check on whether the thermostat is functioning
properly or not,

(c) a check on the oven information provided by the manufacturers, i.e.
to ascertain the regulation of the thermostat or oven constants,

(3) 2 quick check if it has been omitted to switch the oven on,

The method can be used for any type of oven and thermostat,

From the diagram it can be seen that equal periods of '"heat on'' and
"heat cff' are at approximately 52°F field temperature, which is in
agreement with test results, At this field temperature the
temperature of the heater will vary according to 2 symmetrical
triangular wave form, provided the temperature variations in the oven

are linear, and the reaction of the thermostat instantaneous.
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The thermostat alone can be checked by the following method
illustrated in Fig., 3.5.9. =2(b):

The pairs of >bserved values: length of "off'"~time and field
temperature are plotted on co~ordinate paper, The length of time "on"
is not used. The resulting straight line (time =~ temperature line) will
intercept on the temperature axis a length corresponding to the total
control range of the oven, In the diagram the apprcach to the value of

"time off'" at contrcl teraperature 104° F is drawn assymptotically,
Thus the graphical representation of the time = temperature line takes
into consideration the time scale which is shown on the time axis,

Both diagrams could be used as ""'standard charts!, or tables could
be prepared from them for use in the field; but in the first case, as
stated above, battery conditions will affect the distance of the time -
temperature line from the origin, and in both cases adverse field
conditions also will influence the slope.

It was observed that the presence of wind ¢aused a differential
thermal effect on the isotherimal surface of the oven, The length of the
Moff! tirne is then changed, and the line, Fig. 3.5.9.-2(b), is rotated
about its pivot, which remains fixed approximately at the point: 32° F
ficld temperature, 0 = "off" time,

For practical application of both metheds, a change in field temper=~
ature of a few degrees, as is mnostly the case during astronomical
observaticns at night, is quite adequate to obtain rcliable information
from voltmeter and thermometer readings for plotting the line.
Sufficient readings of the vclinzceter can be taken in four to five minutes.,

The method, and its graphical evaluation, described above, of
ascertaining the correct functioning of the therrzcstatically controlled

crystal oven is believed to be new.
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3.6. Employment of the Crystal Chronometer in the Field.

When the performance of the crystal chronometer is known, it
provides, in a convenient forra, an absolute standard of time.

The link to the practical standard of time, which is the rotation of
the earth, can be established by comparing the time indicated by the
crystal chronometer with the instants at which stars of known right
ascension trans it the meridian, to which the time of the crystal
chronometer is referred.

This operation, the determination of tirne for its use in field
astronomy, can be diépensed with, since the crystal chronorneter can be
set on mean solar time, which should be available through the various
standard time transmissions.

In some remote areas the reception is rather problematic, even
over longer periods, amounting to several weeks. In such cases it is
still advisable to have recourse to astronornical observations for the
determination of time, to deduce the necessary link, instead of using
any typc of chronomcter. A short discussion on mechanical
chronometers follows in Section 3. 8.

In the field the chrcnorneter was carried up and down hill and
subjected to a considerable amount of vibration and movement. No
case of abrupt change of rate or of non-uniform behaviour has been
encountered during transport, within the accurancy which can be
determined by the methods exgployed, and which has been quoted in
previous sections.

Tests have confirrmed that even severe mechanical shocks
produce no effect on the performance of the chronorneter.

There is no difference between the chronometer's standing and
travelling rate. The records of the performance show that the

chronometer can operate in any position:
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pendant up
pendant right
pendant left
dial up

dial down.

A rotation about any axis, clockwise or anticlockwise, does not

alter the rate. The pulse clock maechanism is of the ratchet type.
Che advance movement of the minute hand drops out at 2 complete
overturn of 360° about the x, Or y-axis; but this is unlikely to happen
in the field, since reasonable carxc has to be taken because of the
battery. The drop-out of the hand movement does not affect the

rate or the ouiput of the chronomeier,

The length the crystal chronometer can operate in the field
depends rainly on the field temperature and on battery conditions.
Given average battery conditions, the crystal chronometer can
operate for 12 hrs. on one sct of celis (= 12 volt battery) at field

o . .
temperature of 50, with the therrcostat on.
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3.7. Desicgn of Chronometer case.

Figs. 3.7.-land 3.7. -2.

The crystal chronometer @ » 25 supplied by the
manufacturers, is attached in supports to the frame which
forms part of the carrying case @ of the batteries .

The carrying case can hold two sets of six 2 v, cells, arranged in line,
and can be transported by the handles @ . The two battery
sets are wired in parallel and are connected via a cable @
to the charger @ which is attached to the battery container, The
charging equipment can be connected toc a2 permanent supply,
The crystal chronometer can run whilst the batteries are being charged,
In front of the battery case are the connections to power supply and
tone outputs . The input cable @ leads to the crystal
chronometer. The control panel @ carries the advance~retard
key and the switch for the oven heating circuit,

The marker button @ is on the front of the chronometer cabinet
and can be used instead of the remote marker key which is
wired @ tc the output points, The tone outputs can be heard
from the loud speaker which is plugged in a2 socket

on the front of the carrying case and can be switched off , if
not wanted. The mercury thermometer @ is shown near the
aneroid barometer @ which is removed from -its case @ .

The overall dimensions comprising chronometer, charger and
battery case are approximately: 1.9 feet high x 1.7 feet wide x
1.3 feet deep., The total weight of the carrying case with one battery
charger and chronometer is about 62 lbs, In service it is necessary
to use a rope (shown unfastened) for transport, because the
weight 1is not evenly distributed and the dimensions are rather
awkward for the quipment to be handled by one person only. The
chronometer has to be taken off the frame when replacing a battery.

An occasional socurce of trouble is the sormnewhat loose fit of the
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3.7. cont,

batteries in the case; and the clips lacking a rigid connection with
the terminals,

The new design of the carrying case is shown in Figs. 3.7. -3,
3.7.~4 and 3,7. -5,

Six 2v. cells are arranged to form a block @ . With the

holder the battery fits into the bottom part of the acid proof
container @ and is connected to the terminals . The
terminals have marked plugs to insure the right-way-round
connection of the battery, The front door @ and the rear door

@ are shown open; the second battery with its holder @
is standing in place, ready to be interchanged with battery 1 .
Arrangement is made for connecting battery without interrup-
ting the service with the 2id of :erminals; @ on the rear side of
the container. Battery 1 is pulled out by the grips s
and disconnected; battery » being already connected, can be
moved in, and both doors when closed hold with stop bar @ »
the battery fixed in position. The stop bars have rubber cushions for
springy closure, This arrangement can easily be modified into a
device to prevent relative movements of the cells, should the
container be overturned corapletely in transport. The voltmeter

@ with a 4~-way switch @ indicates the voltage in the
operating circuit, and the voltage of any battery before its connection
(switch @ and @ ) with the chronometer circuit, This is
important because faulty connections amongst the six 2 v. cells can
be detected before the supply circuit is disturbed,

The space on either side of the voltmeter is allocated tos
(2) the loud speaker which can be taken out and connected to
plug @ s or be kept running during transport,

(b) the remocte key to be connected to plug s
(c) barometer
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(d) thermometer @ »:

(e) additional ancillary gadgets, as required,

The chronometer @ is placed in the upper part of the case
and is well protected against accidental damage.

Access to the oven heater switch @ and to the advance-retard
key is provided on the left side of the carrying case, The
output panel @ is on the right side., The batteries can be charged
whilst the chronometer is running, when connected, plug y Via
a charger to a permanent supply., The charger, which obviously has
no use in the field, is not incorporated in this assembly, Provision is
made for a third power input @ with switch s should
requirements call for it, Its voltage can be checked on the same
voltmeter via the 4~-way switch, Heat holes for the battery are
substi:tuted by the openings from the recess mounting of the connecting
terminals, which at the same time gives them adequate protection.

The weight (including loudspeaker, barometer etc.) is approximately
% 1bs,, and is evenly distributed in width and depth, with its greater
portion in the lower part of the container to prevent overturning,

The new carrying case measures approximately 1.9 feet high x 1, 2
feet wide x 0,8 feet deep. The measurements are suited for one=-man

transport. The leather grip can be replaced by a

carrying handle, or straps can be fitted for .carrying the container

over the shoulder,
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3.8. Mechanical Chronometers.

In dealing with the following tests of mechanical chronometers, only
the relevant items of chronometry are given which apply to accuracies
which are nowadays aimed at in field astronomy.

Crystal chronometers have the advantage of being ready for use after
the short time required to reach working temparature, and may be
rated with high precision forthwith, Mechanical chronometers are, as
a rule, not rated until 24 hours after winding,

In various textbooks, the timing of optical observations in field
astronomy with mechanical chronometers is often quoted to two decimals
of a second and sometimes to milliseconds,

The Department's mechanical chronometers were tested, to
determine whether the quoted accuracy could be achieved with them or
not,

The rate of 2 mechanical chronometer is supposed to be set to meet
various conditions. Every effort is made by the maker to keep
errors within limits of tolerance.

Winding at regular time intervals is essential to make full use of
the adjustment or isochronism, This is equivalent to maintaining a
constant operating voltage, when employing a crystal chroncmeter.

Normally, a mechanical chronometer is not thermostatically
controlled and is adjus ted for temperature changes so as tc display
the same performance at the maximum and minimum temperatures
liable to be encountered,

The performance at intermediate temperatures can vary a
considerable amount,

The surveying chronometers tested were not removed from their

cases, and were left undistunbed as far as this was practical,
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13097
28

Dwerrihouse Chronometer No,

The Dwerrihouse chronometer is an eight-day chronometer,
supported in gimbals to minimize the difference between the
travelling and the standing rate; the former is determined in
exceptional cases only; for example when the chronometer is
required to run during transport and is liable to suffer shocks,

To conform with standard practice, the standing rate of the
Dwerrihouse chronometer was tested in the horizontal position, i, e.
""dial up'' only.

The tests for isochronism are regarded as of primary importance;
these include the determination of the mean rate, the consistency of
the rate from day to day, and the overall drift of the rate. If the
chronometer performance complies with the tclerance and if the time
keeping projperty permits time extraction to the accuracy mentioned
in textbooks, further tests have to be considered., These should be
the determination of temperature compensation and tests to ascertain
the influence of the state of winding on the performance.

The results of isochronism tests are shown in Fig, 3.8, -1, which
is a specimen diagram of the observations taken during one period.
Careful winding of the chronometer has to be attempted, otherwise the
time indication by the minute<hand might be disturbed.

The various eight~day periods between windings produced
consistent results; the difference between the mean rate in each
period did not exceed 1%: sec/day. Theoretically this would
correspond to an hourly stability of about 0,06 sec,

During the first half of the running period, the mean daily rate,
as can be seen, did not exceed the tolerance of 4.0 sec/day. The
straight line drawn in Fig, 3.8, =1 shows an 1deal rate of the
prescribed lirnit of 4, 0 sec/day, v;/ith no differences of rate between
consecutive -intervalsy this would be the rate of a chronometer in

perfect adjustment for isochronism. The sections on the ordinates
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contained between curve and straight line represent the difference from
the permissible isochronism error, It can be seen that the isochronism
error of the chronometer is small for the first five - days, after which
time the error beccmes larger, Hence, for the chronometer under
test, a small adjustment, necessary for compliance with eight«day
requirements, should -be effected, to bring its isochronism error
within the prescribed limits.

When the chronometer is used for field astronomy, its time keeping
property over the time space required for optical observations is all
that matters,

The average performance of the Dwerrihouse chronometer during
the interval of four days, if maintained over the total eight~day period,
would satisfy the appropriate requirements for a certificate to be
issued by a recognized testing laboratory or competent governmental
institution,

Four days represent an adequate time interval for astronamical
observations to be taken,

Generally, the performance specifications of an eight=day chrono .. --

meter are made up of requirements of a daily rate within certain limits,
and of the stability of the rate determined from observations taken at
regular intervals,

In each period the mean rate must not exceed 4,0 sec/day; ineach
pericd the difference between any two rates must not exceed 1.5 sec/day.
There are further specifications about differences of rates in varicus
periods limiting the variations of the rate to 2,0 sec/day,

A chronometer of assured quality for which a certificate has been
issued may exhibit a steady daily rate over some longer intervals
but at times within the 24 hours interval it may be in error by an amount
proporticnally in excess of the differcnce between two consecutive rates,

A satisfactory performance during intervals of hours and alsoc a

minute=-to~-minute stability of high quality are of great importance, in
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the first case when time extraction is required to an accuracy of two
decimals of o second, and secondly when facilities for comparison with
some reliable standard of time are restricted to radio reception of -
transmitted time signals, known to be unobtainable at times.

In Fig. 3.8. -2 is given the hourly stability of the Dwerrihouse
chronometer determined from time comparisons with M; S, F, and H, B, N.
transmissions, by the eye and ear method. The plotted points are means
of about ten tirne comparisons at minute intervals, conveniently spaced to
emphasize the hourly stability, Consecutive values are joiaed by a
smooth curve with the assistance of intermediate observations which are
not marked conspicuously. Increased accuracy in time comparison was
achieved by the use of stopwatches  Two stopwatches were available:
one Zenith stopwatch with five, and one split=seconds stopwatch with ten
escapement beats per second, With them the time intervals between
minutes indicated by the seconds hand - half second beat - of the
Dwerrihouse chronometer and signal reception, were measured by the
eye and ear method.

First of all, both stopwatches were tested at normal room temperature
in dial up position with the spring fully wound, to ascertain their general
functioning, the action of the starting, stopping and recording mechanism.

These tests were regarded as essential rather than calibration tests,
since only differences of measured time fractions were concerned,
Furthermore, the stopwatches were not required to carry more than one
minute which excluded testing the recorder dial, Care was taken in
reading the watches to avoid a parallax which could have produced an
error ap to 0.3 and 0.4 seconds,

The isochronism curve in Fig. 3. 8. -2 demonstrates clearly that the
hourly rate varies a large amount, ranging from 0,05 to 0,20 seconds.
The tendency to increase or decrease cannot be predicted; the
chronometer!s behavlour is scen to consist of erratic fluctuations,

The minute-to-minute stability is shown in Fig, 3.8.«3, As in

previous diagrams the isochronism error can be read off the ordinate
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axis, The two illustrations taken from separate operating periods reveal
a low order of stability of the chronometer during successive intervals

of minutes.

Omega Chronometer No. 10 294 249 -« 574

The Omega chronometer is a one~day chronometer, provided with a
seconds hand which moves in five jumps per second., Before testing,
the chronometer was kept running over a period of two weeks, It was
wound daily, at regular intervals., After winding the chronometer can
run over 36 hours which conforms with the requirements for a one~day
chronometer.

The rate was determined over an interval of 24 hours; the difference
of its mean value in any two consecutive periods was in the range of 0.5
sec; the difference of the time errors developed in two consecutive 12
hours intervals did not exceed 1, 0 second,

The minute~toeminute stability shown in Fig. 3.8. =4 is of much the
same quality as that displayed by the Dwerrihouse chronometer,

No effort was made to reduce the mean hourly rate, which is shown
by a dotted line in Fig, 3,8, =4 (drawn through the mean value of the
observations taken) to make it agrec with the specification for a certificatq
because the consistency and the overall drift of the rate is well within the
prescribed tolerance, for the chronometer to be accepted by a testing
authority.

The chronometer!s behaviour in the time space of one hour is
presented in Fig, 3.8, =5, The points plotted are observations taken at
minute intervals, depending on reception conditions and times of
transmissions, the periods of which are evident from the diagram. The
mean hourly rate shown by a straight line is derived from the average
values of five groups of chronometer comparisons with standard frequency
transmissions, Four of the five groups arc raade up of eleven

observations, The straight line passing through the centre, defined by
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the arithmetic mean of the observations taken within one hour,
Lyl
Cyy]

a2t mean time y, reduced to the average for the hour.

slopee by an araount = » Where: x = time error of the group

The graph shows that within one hour individual means of
eleven consecutive observations at minute intervals can vary by 0.15
sec,, or -more. The group means are joined by a dotted line,

Although the stability of the rate over 24 hours conforms with the
requirements of a certified chronometer, the uncertainty in the value
of the hour and minute limits the accuracy of the measurement of a
tirne interval of a length, as it is normally required in field astronomy,
to at least ! 0. 2 scc,

The Cmega chronometer has an eccentricity of the seconds hand
amounting to 0,1 second which was elimminated by making comparisons
with the stopwatches at intervals of 30 seconds; this eliminated also a
possible eccentricity of the seconds hands of the stopwatches, Since
the ten seconds intervals are marked by heavy lines, comparison was
made in pairs at the 5th and 35th, 15th and 45th, 25th and 55th seconds,
for groups of 5 or 10 minutes, The observations were carried out
with a magnifying glass.

The accuracy of subdividing time intervals with mechanical
chronometers cannot be increased by the accumulation of time
comparisons with standard frequency transmissions, because the
determined time error of a specific minute instant, indicated by the
mechanical chronometern cannot be carried over to the next minute
indication, duc to the erratic behaviour of the chronometer,

The high precision measurcraent of a chronometeris time error is
only effective if it can be used for bridging periods when comparisons
are not available,

. The low order of stability in intervals of hours and minutes is

insufficient to effect a time measurement with mechanical chronometers
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to two decimals of a second,

As proved with the foregoing tests, the subdivision of time intervals
with the aid of mechanical chronometers in conjunction with a stopwatch
may be obtained to an accuracy of at most I 0.2 seconds, Hence the
timing of observations in the ficld can be accurate only to this order,
should time cciparisons be available as near as possible
to the instant of observation, i, e, one hour or less.

It follows that the necessary accuracy demanded from timing
equipment to cope with the precision of modern lightweight theodolites
cannot be expected from mechanieal chronome ters,

The tests also show how deceiving a result can be concerning
chronometer performance over longer periods,

The behaviour of mechanical chronometers during intervals of
single seconds cannot be tested by the eye and ear method in
conjunction with a stopwatch, or time signals,

The chronometer clicks can be recorded on tape and the distances
between developed magnetic impulses can be scaled; the inforrma tion
about the second«to-second behaviour so gained would produce a
uselesss accuracy since the minute and hourly stability is of too low
an order already.

The quality of the performeance cf 2 mechanical chronometer, the
Dwerrihouse chronometer, and of the crystal chronometer can be
compared from Fig, 3.8, ~6. The diagram in the upper part shows the
minute~to-minute stability of the Dwerrihouse chronometer whilc in the
lower part - is produced the minute~to~minute stability of the crystal
chronometer, previously given in Fig., 3.5.4. -5, For plotting
purposes the ordinate scale had to be divided by 20, The adopted small
scale permits the representation of both isochronism pclygens in the
space provided,

The graphs cnable recognition of the superior quality of the time

keeping property of the crystal chronometer which approaches the
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hundred fal d accuracy of a - mechanical chronometer,

The survey returns dealing with timing of field observations
with mechanical chronometers,frequently published in current
literature, have to be regarded as being of limited reliability,
should they contain figures quoted to an accuracy which is

unlikely to be achieved with the instruments employed,
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4. Time.

4.1 G’eneral.

The attempt to formulate a definition for time evokes the same
embarrassment which inevitably arises when other fundamental physical
concepts have to be explained, not in terms of experience or to justify
them, but as a convenience and as a matter of tradition.

Every concept is supposed to meet particular requirements, namely
to be valid, suitable and correct.

The common way out is to describe some properties of the
fundamental physical concepts in terms of their mathematical
relationships.

The prevailing idea during the past centuries was based on Galilei-
Newton's concept of geometrical time. The greatest contribution in
this line of thought comes from general relativity which criticizes the
classical theory, and by introducing a frame of reference, presents
different time perspectives for observers with different velocities,
where the observations are irreversible processes.

Consequent on this interrelation of space and time, the "atomic
tirne" has now replaced the geometrical time, Atomic is derived
from Greek o Topos , reaning not divisible. The concept of atomic
time requires the possibility of its resolving into smallest particles.
The existence of the lowest limit of time, comparable with the absolute
minimal parts of matter, i, e. the atomic unit of time, the chronon, is
now a universally accepted idea, Cn this basis, time is accepted as
being finitely divisible,

This does not prevent the free application of mathematical treatment,
e. g. the common law of dividing magnitudes, of time differences as
long as these are in a tolerable rclation to the chronon, which raeans
that the ran ge of the applicability cf numerical calculation is clearly

defined and limited, In the opposite scale, this is comparable to the
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velocity, namely the velocity of points and rigid bodies in relation to
the velocity of light,

The origin of time - analogous with the origin of any co~ordinate
system in geometry ~ is of no interest when the measurement of time
intervals is concerned, as only time differences matter. The
measurement of time differences between instants corresponds to the
measurernent of distances between points for which, in either case, a
standard measure of the unit is required, For convenience and for
scientific purposes, various standard measures of the unit of time
intervals are in common use, to which measurements of physical

magnitudes can be referred.

4,2, Time Systems

Any occurrence which repeats itself, for known or unknown
reasons, can be used for the measurement of time intervals, provided
the repeating performance possesses adequate exactitude and remains
undisturbed by outside influence,

From the continuous successions of day and night originates the
day time, which is the measurement of the position of a point on the
surface of the earth in relation to the sun, From this relation in
space, the day tirme reveals itself as solar time, and is therefore
based on the rotation of the earth on its axis.,

The mean solar time is derived directly from astronomical
observations to stellar bodies, which give sidereal time via the true
or apparent local sidereal time,

The apparent local sidereal time is referred to the instantaneous
local meridian and is obtained from the immediately observed

positions of stars in their diurnal circuit,
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Apparent sidereal time = hour angle of the true equinox.
True equinox = intersection of true equator and ecliptic,
The mean sidereal time is derived from the apparent local sidereal
time by applying a correction for nutation in right ascension,
It is:
Apparent sidereal time - mean siderecal time = equation of the
equinoxes, due to the nutation,
NMean sidereal time = diurnal motion of mean equinox,
The mean solar time is then derived from the mean sidereal time
from the relation:
Mean solar time = mean sidereal time - right ascension of (fictiticus)
mean sun ~ 12 hours,
The universal time (U, T.) is mean solar time for the meridian of
Greenwich and is an empirical measure, internationally adopted for
practical purposes. At present there are threce kinds of U. T, in
use: U, T.C,, U, T,1, and U, T, 2.
U. T. is defined as the Greenwich hour angle of the mean sun + 12 hovrs,
The unit of mean solar time or universal time (U, T.) is the mean solar
day, or the second of mean solar time.
One mean solar second = 15", 041067 (ssc. arc),
The limiting factor of the constancy of the length of the mean solar day
is the precision of the rotation of the earth on its axis,
The U, T. is affected over long and short term periods by:
annual fluctuations
polar variations
progressive retardation
irregular changes
of the rotation of the earth on its axis,

The U, T. is thus a non~uniform mean solar time,.

A measurement of time intervals can be based on the physical lav's
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of motions of planetary bodies, The laws of motion, expressed as
differential equations, contain the time as independent argument,

This time system is an inertial time system; and the time is uniform,
No connection with it can be established from the empirically derived
mean solar time, Thus the inertial time which takes account of the
laws of celestial mechanics is theoretically obtained, and is denoted as
ephemeris time (E, T.) when it is listed 2s argument in the various
national ephemerides published,

The irregular changes in rotational speed of the earth are
unpredictable and must be observed currently, since the factors
causing thern are outside our control as yet, - They are also somewhat
obscured by annual fluctuations.

A uniform time system can be derived empirically from mean solar
time if the latter is provided with correcticns for all listed variations
in the rotational speed of the earth,

This uniforra time system is called ephemeris time (E. T, ); it is
based on a fictitious uniform orbital motion of the earth round the sun.
The difficulty in obtaining the corrections is the reason that ephemeris
time is not available at 2 high accuracy at the time of performance of
observaticns, but after some mmonths or even years, and is therefore
of no practical use for precision work in field astronomy,

Ephemeris time is derived from the irregular rotation of the earth
on its axis, which has to be deduced from current astronomical
observations to the sun, appropriate planets and mainly to the moon;
the corrections to the observations have to be applied in arrears.
Methods other than astronomical observations are still not available
which could bridge the long time intervals required with equal
accuracy,

This time system is an approximation to a time system based on
the rigid Newtonian laws of moticn,and £, T. is used as a substitute

for inertial time, Further, £, T. can be brought into numerical .
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relation to the non-uniform mean solar time (U. T.). Although the
ephemeris time, -an empirical measure of time, is used for the theories
of planets, for fieid astronomy all observations arec referred to mean
solar time, It follows that very precise predictions must be referred to
ephemeris time and very precise observations to universal time,

Ephemeris time is conventionally expressed in hrs, min, sec, but
should be counted in years and decimals of a year.

The primary unit of ephemeris time is the tropical year and is
defined by the duration of the tropical year 1900 aD, beginning at the
fundamental epoch January 0, 12h E, T,, and is equal © ¢

315 56925,9747 SECONDS,
This value is obtained from the number of mean solar seconds of one
sidereal day multiplied by the number of sidereal days in the tropical
year 1900,

The tropical year is the interval during which the sun's mean
longitude increases 360° referred to the mean equinox,

Considering the derivation of the primary unit of ephemeris time it
can be concluded that it is constituted of the total number of mean solar
seconds during the year 19003

Since by definition the tropical year 1900 is the primary unit of E, T, ,
and also by definition E. T. is unifcrm, the seconds of which the primary

unit is made up can be termed ephemeris seconds.

For astronomical purposes the length of the ephemeris second,
the "Newtonian secondy has been fixed by definition as equal to ~ strictly
one mean solar seccend at 1900 - the fraction:
1/315 56925,9747 of the length of the tropical year 1900, and
not 1/86 400 of a day.
Consequently one ephemeris day consisting of 86 400 ephemeris
seconds is not equal to one actual day and not equal to one mean solar day,

One second of ephemeris time is now the internationally adopted
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unit of the theoretically uniform time and can be referred to in arrears.

The time correction A T which provides for the change over frorn:;
mean solar time to ephemeris time is -the difference between observed
and corrected positions of the moon, sun and planets, caused by the |
variable period of rotation of the earth on its axis, and is determined
for each elapsed time interval,

4 T = ephemeris time -~ universal time.

The following expression is used for the calculation of A T,
which is here given to show that the empirically derived E, T, is
practically inertial time,

AT =+ 24,349 sec + 72,318 sec T + 29,950 sec 'I‘2 +1,2821 B
wheres T = Julian centuries from 1900 Jan., 0,5, E, T,, Julian dates
are normally in U, T, counted from noon instead of midnight,

B = a constant, determined from moon observations in arrears.

fl‘he absolute term takes carc that the commencement of the
ephemeris day coincides with the start of the mean solar -~day: the
length of the epchemeris day is given by the T-term. The last two
terms give the approximation tc the incrtial tims.

Definite values of A T are known about a year in arrears, after -
the calculation of the constant B,

For 1964,5 A T is about + 83,45 sec + 1,82144 B; this will
amount to about + 35 sec., which figure shows the accumulated changes
in the rotation of the earth,

The secular variations of the tropical year in solar days is equal
to « 0,000 00614 T and analogous with the sidereal year + 0.000 000
11 T, where T is the number of Julian centuries equal to 36525 mean
solar days elapsed since the Julian year 1900,

This variation is small ecnough to be ignored; there is no proper
evidence yet of any variation in the amount of the sccular variation,
Thereforc the primary unit of ¥, T. and the number of rotations of the

earth on its axis during one complete revolution round the sun can be
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regarded as being a constant, or at least to remain constant for a
considerable length of time., For the purpose of chocosing a unit

measure of time interval, the above constant can be presumed to

possess the desired property of being invariable,

From the foregoing can be concluded that the number of complete
rotations of the earth on its axis, or the number of sidereal days, or
the number of mean solar days during one revelution of the earth rouad
the sun, when used as a multiple of the period of the earth’s rotation

cn its axis, constitutes no initial condition ofa time system., By
initial conditicn of a system is meant the physical statement as
regards to its position and velocity in space. Here the space is not
rigid but a physical concept, and with time nowhere more interrelated
than in astrono ray,

U. T. is solely based on the 10tation of the earth on its axis- a
multiple nurnber of rotation cannct be identified as a dependency. E. T,
is based on the revolution of the earth round the sun, derived from
planetary motions, and cannot be related via a constant to another
space=~time system,

The statement by D, H, Sadler that "YU, T, dependsboth upon the
revolution of the earth round the sun and on the rotation of the carth cn
its axis" is not correct when relativistic effects are considered, *

It is advantageous to have a readily accessible unit of measure,
Therefore, the atomic standard of time has been chosen, which is
based on the natural resonant frequcncy of the caesium atom, As yet
there is no evidence or reason to believe that the atomic frequency is
constant in terms of atomic time,

The value of the caesium frequency in terms of the second E. T. is?
9 192 631 770 cycles of the caesium resonance per seconds E, T., at
1957. 0, so chosen, to bring the atoinic time scale into agrecement with

the U..T..2 time cysten: in 1955 June..

* D, H, Sadler, Superintendent H, M., Nautical Almanac Cffice,
"Ephemeris Time'y, E,S.R., Vol,13, No, 102, p, 367.
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This numerical value can not remain constant, because it
constitutes a ratio between two different systems.

The chosgen frequency is referred to as the ""nominal frequency
of caesium"f

The national standard of frequency in U. X, is the caesium atoric
beam resonator at the N, P, L,

The time systems in use, ephemeris time and universal time,
are specifiecd on the assump tion that the solar system is not expanding
and not contracting, which results from the simplified theory that the
gravitational solar field is static and symmetric,

In the age of radar distance me asurement to members of the
solar gsystem, statistical evidence of any variation will undoubtedly
effect the present practical measures of time, without necessarily
curtailing their useful application,

It may be that a radar-time or space-time systern, depending on
observed planetary motion and distance, will become necessary, the
unit of which will have to be referred to the invariable ratic of a
recurrence interval to a specific length., No claim for general
correctness of the above statement is made, which is based on

kinematic relativity..

4,2,1, Universal Time

U. T.O. is universal timc or Greenwich mean solar time,
calculated from immediately observed sidereal times of transit of a
nurnber of stars across the instantaneous rreridian of the observer,
Before U. T.0, of various observers can be compared, it is

reduced to the mean pole,
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U.T.1is U, T,O, corrected for variations of the observers*
meridian arising from polar motion, U. T.1 is therefore U.T.O
reduced to an invariable Greenwich meridian,

U. T. 2 is obtained from U, T.1 by subtracting the correction for
extrapolated seasonal variations (S.V.) in the rate of rotation of the
earth on its axis. The correction is derived from a formula supplied
by the Burcau International de 1'Heure.

The time system U, T, 2 is the adopted time system obtained by
smoothing an extended series of U, T, 2 observations and is
practically free of periodic variations,

Individual values of observed U, T, systems are denoted by
U.T.0C.(0), U.T.}{o), and U, T.2(c). The U, T., as every standard
of reference, is a statistical product and ultimately physically

unattainable,



4.3. Time Signals

The seconds pulses superposed on standard frequency transmissions,
used as time signals, are invariably based on extrapolated values of
U. T. 2 and are radiated from various stations on the following
frequencies and frequency limits of the H, F, band allocated by the

Administrative Radio Conference at Atlantic City, 1947:

2.5 Mc/s = 5kels, 2.5 Mc/s & 2kels, 5 Mc/s & 5kefs,
10 Mc/s f5 ke/s, 15 Mcfs ! 10 ke/s, 20 Mefs th kef/ s, and
25 Me/s~ 10 ke/s,

Recently the frequency of 20 ke¢/s, 50 ¢/ s wide on cither side
in the V, L. F, band has been added.

Several transmitting stations give, after the call sign in morse,
further information, voice announcement, tirme etc,

The frequencies arc kept within specified lirnits with reference to
an atomic or rn:olecular standard. The caesium standards are stable
to about 1 part in 1010.

Step adjustments, when necessary, keep the radiated pulses in
the irnmediate vicinity cf U, T. 2.

The M. S.F. high frequency transmission was maintained at ! 2
parts in 1010 of their nominal values since May 1961,

Under normal reception conditions the accuracy of the time interval
marked by two consecutive seconds pulses of standard frequency
transmissions is known to be about ! 0.1 msec., When the ground wave
is received, the time signals can be used to mark the epoch to tone
microsecond; the reception of the sky wave, under average ionospher=-
ic conditions, reduces the accuracy of defining the epoch to about 2
milliseconds. When frequency pulses are reccived at great distances,
the transmission mddium effects the accuracy of the time interval
marked by consecutive signals, and ionospheric disturbances can
effect distortions arnounting to several ..illigvccinds,

The diagrams Figs, 4.3. -1, 4.3. -2, and 4, 3, -3 show in clock=face
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Time Table
' of
Seconds Pulses superposed on Standard Frequency Transmissions
and Radio TIme Signals, Time System: UL 2

* Call Sign : HOURLY SCHEDULE
1960, 1961
, Call .
Stalion Sign Latitude Longitude Frequency
Rugby MSF | 52°22'10°N | 01° 11" 15"W | 25, 5,10, Mc[s

Neuchatel | HBN | 46°58' N | 06°57' E 5 Mcfs Tues., Wed., Fri.,Sat,
2,5 Mc[s Mon., Thur.,Sun,,

Bellsville wwy | 39°00' N | 76°51' W | 2.5 S5, 10,15, 20, 25 Mc[s
Prague OMA | 50°07' N | 14°35' E | 25 Mcfs

Ottawa CHU | 45°17'42" N | 75° 45'22'W | 3.33, 7.35, 14.67 Mefs

Fig.4.3.—/
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HOURLY SCHEDULE 1962

Fig.4.3.-2
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HOURLY SCHEDULE 1963

Fig. 4.3.-3
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form the hourly schedules of various transmitting stations for 1960,
1961, 1962 and 1963 respectively. The period of one hour transmission
is subdivided into minutes; in addition, for C.H, U. the period of one
minute is subdivided into seconds. Its transmission pattern during
the minute interval is incorporated in the diagram in the subdivision
of the space allocated to it.

The diagrams contain, as intended, information relevant only for
field use.

The manner of presenting the times of transmission, as can be seen
in the diagrams, has been chosen on purpose and has proved to be of
great assistance in selecting and identifying thet ransmitting station.
In addition, times at which possible interference may be expected
between one or several transmissions can easily be derived, and these
unfavourable periods can be avoided., Alterations in the diagram to
conform with changes in the time service constitute no difficulty.

Included also are details of call-sign, location and frequency of
the transmitting stations,

Particulars about signals, voice announcements, modulation etc.,
not necessarily required in the field, can be found in the Admiralty
List of R adio Signals, Vol. V, published by the Hydrographic
Department, Admiralty, London,

Preliminary emission times of signals from various stations
and provisional co-crdinates of the pole are given in the ''Tirne
Service Circular'" of the Royal Greenwich Observatory.

Mean values of measured times of reception at the R. G, O,, and
times of emission of various radio time signals and seconds pulses
superposed on standard frequency transmissions in terms of U, T, 2,
are listed in the Royal Observatory Bulletins, London, in which are
also included corrections for polar and scascnal variations, Time
signal adjustments are announced in "Time Service Notice".

Times of emissions of signals are tabulated in the Bulletin
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Horaire Ser., G, of the Bureau International de I'Heure, Paris.
The U,S. Naval Observatory Time Signal Bulletins contain final
times of emissions, Changes in the time service, adjustments in time
signal pulses etc,, are published in "Time Service Notices' and in

" Time Service Announcements't,

4,4, Corrections to Time Signal Reception,

The local observations are referred to the instantaneous meridian of
the survey station and to the instantaneous pole, if U, T, O, is used.
Since the time signals and the seconds pulses superposed on standard
frequency transmissions are radiated in terms of U, T, 2 at preliminary
values of emission times, the reception times of signals have to be

corrected for:

Seasonal variation of the rotational speed of the earth,
Polar variation

Travel time of transmitted pulses

Emission delay " "

Receiver delay at field station,

Correction for Scasonal Variation,

The definite time-signal correction for seasonal variation (S. V.) in
the rate of rotation of the earth are based on interpolated values and
are published in R. G. O, Bulletins at ten-day intervals, and daily values
for Herstmonceux are also given, These corrections are available

about one year in arrear,

Correction for Polar variation,

As stated, the uncorrected astronomical time U, T, O, refers to the

observer's position, and is obtained from U, T, 1 by subtracting the
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effects of polar motion,
In the R. G. O. Bulletin the correction for polar variation (P.V,) in

seconds is given by the formula:

+-llé— . (x sinA = y,cosA ), tang

wheres x and y are the co-ordinates in seconds of arc of the

instantaneous pole referred to the mean pole,

95 the observer!s latitude (+ N) and A the observer's longitude,
measured in the direction of star movement, i.e. positive west, from
the meridian of Greenwich = 0° (clockwise) to 360°, This conforms
with the Bureau International de 1'Heure; alternatively the formula can
be used for + E longitude from the meridian of Greenwich by substituting
in the formula ) + west, with (360° = )\ ), thus:

+ 11—5' . (=% sinA -y, cos>\) . tan¢

Approximate corrections for current field obsesrvations can be
calculated from extrapolated values of x and y published in advance in
the Time Service Circular a,o0., and preliminary values of A and gﬁ

of the "Trial Point",

-

It is? U.T.0, + P.V., = U,T.L
andg Uu.T.0, + PV, +8S, V. = U,T.2.

Correction for Travel Time,

The shortest distance from transmitter to receiver is approximately
along a great circle and can be calculated from the cosine formula for
the sides:

cos (arc distance) = sinqg . sin¢ , *cos ¢ 1° cos¢2 cosa) = cos d

where: d) P ¢ 5 are the latitudes of the transmitting and receiving
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stations respectively, A',}\ the difference in longitude between them,
The travel time t is then obtained, using the mean velocities for H, F,

transmissions:

earth's semi axis (km) . |7 . a°

velocity of H. F. (km/sec) . 180°

In Table 4.4. -1 2re shown the travel times for .receptions at
London and at the Fielc "Station Tywarnhale Mine, using Clarke's 1858
values and velocities for H, F. transmissicn of 298 000 km/ sec, and
280 000 km/sec for short waves along the shortest route, and 286 000
km/ sec for the longer path round the earth,

The average delay in time signal propagation is about 1 millisecond
per 186 miles of transmissicn path length.

If the field station is situated close to the time signal tranc:-itter,
ca. 100 to 200 miles, a case unlikely to be encountered in exploration
surveys, the travel time of the transmissions becomes very uncertain,
This is due to propagatdn anomalies, The tinie error of individual

pulses received over short distances can amount % tca milliseconds,

Correction for Emission Delay.

The preliminary corrections for v -emission delay can be calculated
from preliminarr emission times which are published in advance in
T ime Service Circular a,0,, and can be applied in the field straight
away,

Final corrections for emission delay can be deduced from published
times of reception at R, G. C. and at Paris, reduced by the calculated
travel times to Herstmoncew: and Paris respectively, which for this
purpose are also shown in Table 4, 4. ~1,

This is important when using stations which are not participating in
the co~ordinated time service; and still necessary for co-ordinated

transmitters, since a considerable fluctuation of their emission time
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TRAVEL TIMES OF SIGNALS

SIGNAL IS THE EMITTED SECOND PYLSE SUPERPOSED ON STANDARD FREQUENCY
TRANSMISSIONS, OR RADIO T/ME S/IGNAL.

FORMULAE USED:

cosd =sin@,.sin® +cosP.cosd,.cosAA

¢t = 000

372d t='000396

d

d = arc d/stance between 7ransmitting and Receiving Stations.

¢ = Latrtvde of Transmitting St",

¢ = Latilude of Receiving Stn.

4A = Difference of Long/tudes botween Transmitting & Receiving Stations.
t = Travel Time of Signal.
CONSTANTS USED:

Effective Surface Speed of 298, § 280 km/msec for HF Slgna.ls
Average (MEAN) Diameter of the Farth.

TRANSMITTING RECEIVING STATIONS
STATIONS PARIS HERSTMONCEUX | LONDON R.S.M.| TYWARNHALE
L lat.: 50°52'18"N| tat.: 51°25'10°N CORNWALL
siGn  latitude Long: 00°20'16:53"¢| Lang.: 00%02'30"W f:'tm ’g’;lg‘_&.’,'.,
FrC?UCh(’ lmqlt‘/de dkm tS‘C dO t sec , d’ tm do ts“
Zf:gy 52°22' 10°N | 465  -002, |r772 - | ri84 ‘0004|3275 00I,
(-] ! N .
528 "'s'w 0007 0005 00/3
Rec.lag. ‘0003
HBN 46°59'n | 49 5-856 - | 6375 ‘002, | 8691 ‘003,
NEUCHATEL *SHME 002, 0023 0024 "0034
5 Mefs Rec.lag. ‘0003
azz'l':u 385N | 6162 022 \53340 - | 52947 0197 | 50162 “0l8,
05 s 760 sd’w 02/2 '02/0 .0,79
T Rec.Lag. °0003
WWVH 12015 104542 0389
NAWAII  20° 46'N ‘042 'Odl4
105,25 156°28'W 095,%
o
OMA — sooorin | 898 9011  — |9325 003; |12°644 004
PRAGUE o 451k 10034 ‘003 '003, ‘005
25
B‘I;Ezé 340 37's | 11023 039, 9597/ :035,
ARES  58°2I'W 0380
105,15 ‘098,*
ocr:: :; 45°r742°N 37049 ol 38
5' . 0/ 7
333, 7285 754522

X round the earth,via long path.

TABLE 4.4.-/
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has been found from field reczptions, exceeding the intended limit
of one millisecond.

During the last five montas of 1962 the prelizrinary emission times
for signals from co-ordinated stations given by Xx. T. C. varied from

the final corrected times of emission between 1 and 16 milliseconds.

™

Correction for Receiver Delay

Frem 1962 onwards the reception times at R. Z. T, of seconds
pulses superposed cn standard frequency transrnissicns published
in the R.C. C. Bulletins are corrected for receiver delay.

At the field station a ccrrection for receiver lag has to be
applied according to the type of receiver used.

This correction is unnecessary if preliminary tirres of
ernissions are the only ones that are available, since their accuracy

does not justify the additicnal amount of calculation involved.

4,5, Universal Time (U, T.) from Crystal Chronemeter Time.

An instant of cr7stal chronometer time is expressed in U.T. by
adding the items 1 to 8 listed below.

A conversion vice versa from U. T. to crystal chronometer time
is never required.

(1) The amount indicated cn thz chronometer clock face in hours and
roinutes, which is kept or st in synchronization with received
standard frequency tirme signals, or via the telephone time service;
(like conventional clocks the crystal chronometer is set to the
nearest rainute, slow or fast).

(2) The number of crystal chronometer signals zzultiplied by 60/61, in
seconds and decimals cf 2 sacond, since thz last chronometer
rninute pulse, i.e. from pulse No. 0 = 61; Table 3.3. -L

(3) The amount of tize in decimals of a second elapsed since the

last crystal chronometer pulse to the instant for which U. T. is
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sought; obtained with methc ls (6) and (8) described in
Scction 3. 5. 3.

The tirne made up by (1), (2) and (3) is the nominal time of the crystal

chronormeter, and is expressed in mean solar seconds,

(4) The amount in seconds and decimals, the chronometer pulse,
which immediately precedes the required instant, is slow or
fast in relation to time signals of standard frequency
transmissions (U, T.2), This can be obtainecd from methods
described in Section 3, 5,3, of which the most convenient are:
(2) simultaneous recording of crystal chronometer and standard
frequency pulses and subsequent scaling of their distances
on magnetic tape;

(b) time vernier (the reading of the time vernier is outlined
below);

(c) equations (1) to (2A), Section 3.5.2, combined with (a) or
(b) above;

(d) graphical interpolation, combined with (2) or (b).

(5) The delay time of signal emission; preliminary values are
extracted from the Time Service Notice, a.o., definite values
from the R, G, O, Bulletins, Bulletin Horaire, a.o. and Table
4.4, =L

(6) The travel time of standard frequency transmissions obtained
from the velocity of propagation of radic waves and distance.
travelled, Table 4.4, -1,

(7) The correction for receiver delay,

(8) The corrections for U, T.1lor U.,T.O,, as required.

Various possibilities for reading the time vernier are shown in Figs,
4.5, «1and 4,5, -2, The reading is based either on chronometer pulses

or on received time signals,
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CRYSTAL CHRONOMETER AT (% PULSE FASI OR SLOW REF IO U.T. :

(1) ¢ th CHRONOMETER PULSE RECORDED AFTER n U.T sec = m sec

VERNIER COINCIDENCE AT n*? ur sec

or
VERNIER CONCIDENCE AT j CHRON. PULSE

(2) x= (n-m)-gfl- s(j-i)ng = (ramig 3.3 s X Sec

(3) (%P CHRONOMETER PULSE :NOMINAL TIME = i $0. (asie 33-1)=Q Sec

CRYSTAL CHRONOMETER AT ith puLSe FAST(—) oR Stow (+) : v SecC.U.T. :
(m+X)-a

., | N R
me(j-g-ifP = mjfi-i

m+(n-m)zL-L.2 = mé.a,;n‘il 061

[}

NUMERICAL EXAMPLE :

UT. ssconDs
/ 2 3 £ 6 7 " 2 /3
STANDARD | R - I
FREQUENCY 1
TIME
siawars — 4 - 1 A L A 1 , _
CRYSTAL L - _ )
CHRONOMETER
TiME - . _ - .
PULSES
8 " /2 /3 4 /5 19 20 21
N® OF CHRONOMETER
PULSE
() 125" (i) cHRONOMETER puise REcORDED AFTER 4 fm) U.lsec. . ... ... 4000, sec
VERNIER COINCIDENCE AT /3%" U.I sec (+n)
" " n 2/% cHRON. PULSE ( f)
(D) X (13-4)ek s (20-12)F;  (TAME 33-1) ... M5 sec
(3 12 "’(e“’) CHRON. PULSE : NOMINAL TIME (TABLE 3.3~1) . ... ....... 118033 sec
CRYSTAL CHRON. AT 12%% puise FAST (REF ro vT) . .........=7'655;sec.

Fig, 4.5.-/
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SECONDS U.r.
/ 13 4 15 /6

i | T
STANDARD . ’ ’

|
i
FREQUENCY I I I [
TIME
SIGNALS ; .

MINUTE

CRYSTAL
CHRONOMETER
TIME
PULSES

— P — =1

<
60  p=6/ 1 2 3 14 5 17 /8 19 20
o cumoNomereR | CHRopomETER
™ Easr PULSE
I = 3™ cHRONOMETER PutsE = 2°950g (TABLE 3.3~1)
S: 16 CHRON. PULSES +y = 737, u = ((/—Na OF ELAPSED CHRON.PUNSES AFTER

MINUTE S/MA;I) x
CHRONOMETER FAST = 3'6885 SE€C. U.r, Ar EPocH Marxxd By O-CHRON. PULSE.

P =4 cHronomErer PuLse = 3:934, (TABLE 3.3-))
: . PULSE - ‘245 = No-OF ELAPSFD SECONDS AFrER
2 /5 CHRON SEs X = 9 MINUTE S/GNAL & ZL
CHRONOMETER FAST = 3'¢88 5 Sec. uT 7

E SECONDS U.T.
59 ! 2 3 4 " 5 25 26 27
—-a e | 7. N
STANDARD | T 1 N [
FREQUENCY I r I I ]
TIME
SIGNALS ' ] |
o i - R
[ | ' 1
e |
CRYSTAL ‘ . !
TIME
PULSES ‘
' L f | ! i
£5 56 | 57 58 59 60 o6l 2 g2 23
! | No. OF
I . CHRONOMETER
< CHRONOMETER _ P
. sSitow '
a = No. of SECONDS ELAPSED atrwssfv} = 4000 séc.
MINUTE SIGNAL AND O-CHRON. PULSE
X = B 6_’1 = Mo.OF ELAPSED SECONDS FROM) 2 0'3775 " = (27-4)s Z"/’ (TABLE 3.3.~/)
O-CHRON-PULSE 10 VERNIER
COYNCIDENCE x ZL/

CHRONOMETER SLOW = 43770 Sec.U.T., Ar EPOCH MARKED 8Y
O-CHRON. PULSE.

TIME VERNIER

THE LENGTH OF THE PULSES WAS BEEN )
EXAGGERATED FOR BEITER ILLUSIRATION. Fig. 4.5.-2
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According to the initial setting of the chronometer, slow or fast, and
to the reception conditions of radio time signals; one method of time
extraction from the vernier has some advantage over the other, and will

be preferred by the field engineer, The lagrams are self-explanatory,

The precision with which time in terms of U, T. 2 can be obtained
from the time indicated by the crystal chronometer can be demonstrated
by comparing the chronometer time with simultaneous receptionz of tew
or more standard frequency t ransmissions,

Simultaneous recaptions also reveal the accuracy of the recording
and evaluation method and indicate the efficiency of the national time
services as well as the precision of the time signal reception,

The time difference between pulses of two or more standard
frequency transmissions may be used for the identification of the
t ransmitting stations., Simultaneous receptions are therefore of -great
assistance in solving probleras of time interpolation.

The synchronization of the crystal chronometer with various
standard frequency time signals is given in F igs. 4,5, -3 to 4.5. -7 and
in Tables 4.5, -1 and 4, 5, <2.

The points plotted r:Dresent time errors or frequency deviations
of the crystal chronometer with reference to frequency time signals
received on 2.5 or 5 Mc/s governed by reception conditions.

Transmissions are reputed to be less affected by ionization
anomalies during their daylight path than when travelling at night,

In the two diagrams (Fig. 4.5. -4 and Fig. 4.5, =6) chronometer
comparisons are given with receptions in  daylight on 2.5 and
5 Mc/o respectively, The scatter of the points about the mean depicting
the effect of all errors is more or less of the same =magnitude for all
receptions and not greater for night travel. From neither of the various

transmitting stations can a characteristic behaviour of their pulses be
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U.T. FROM CRYSTAL CHRONOMETER TIME,

([/'g. 4.5'.—4.)

FROM ! ROYAL GREENWICH OBSERVATORY

BULLETIN N2 47 H.8.N oM-A. WW.V.
TIME OF RECEPTION ON U.T.2 . . .... . 0690 0536 0362
RECEIVER LAG AT R.6.0 0003 0003 0003
TRAYEL TIME 10 RG.0O - .. 0023 0036 0212
TIME OF EMISSION ON U.T.2 . . . . . . 0664 0497 0347
TRAYEL TIME TOFIELD STN . . . . .. .. ...... 0034 0050 o0/87
TOTAL DELAY TIME . ., . ... ..... 0698 o547 0534
FROM @ BULLETIN HORAIRE N° /4
BUREAU INTERNATIONAL DE L'HEURE
TIME OF EMISSION ON U.T. 2 06/9 0456 0296
TRAVEL TINE TO F1&LD STN .. . . .. .. 0034 0050 0187
TOTAL DELAY TINF . | 0653 0506 0483

DIFFERENCES BSTWEEN RECEPTION TIMES OF TRANSMISSIONS AT THE FIELD SIATION:

OM.A, W.w.v

H.B.N.  SCALED FROM YISIBLE PUISES 0/47 0/6/
RGO. BULLETIN ol5/ 0164

BULLETIN HORAIRE o447 0!70

O.M.A. SCALED FROM VISIBLE PULSES 00/3
R.G6.0. BULLETIN 00!3

BULLETIN HORAIRE 0023

07/-155 ARE GIVEN IN DECIMALS OF A SECONDP WITH THE PECIMAL POINT OMITTED )

CRYSTAL CHRONOMETER FAST ON :

MBN. . =20282
.0698 = = /.9584
oMA : -2:0/135 _ _,.
o547 = 1958,
WWY. ' -2-0i122

‘0534

= /'9583 seconds.

AT: 13%07M  MAR. 26,1961, CRYSTAL CHRONOMETER FASr on U.T.2 (REF R.G.0)

— I'958¢ sec. (mean vALUE)

TABLE 4.5~/




4.5 cont, -

noticed which would show up in the scaled time difference from the
crystal chronometer. This applies equally for transmissions during
their night and daylight paths., Chronometer comparisons with
standard frequency time signals on 2.5. and 5 M.c/s .during their night
path is given in Fig. 4.5, -3, 4.5.«5 and 4.5. -7.

Generally, the results of synchronization with the various
combinations of tirne signal receptions are of nearly identical precision,

The differences of reception times of G ™, A, and M, S, F. signals,
derived from R, G, O, Bulletin and Bulletin Horaire respectively and
shown in Fig. 4.5, -3, vary by L, 2 msec.

Discrepancies of this order can arise because the various
observatories refer the means of observed reception times to different
day times; the receptions are also obtained at different tirnes of the
day, according to expediency.

The corrections applied to time measurements at observatories are
certainly not free frorn the influence of personal judgement, Further,
the reference point of time measurerment can be the leading edge, the
peak of the amplitude of the incoming pulse or any chosen cycle
designated as commiencement of the signal,

The diagrams clearly demonstrate that the time extraction in terms
of U. T, 2 from the crystal chronometer is obviokaly limited by
reception conditions of time pulses,

It will be noticed also that discrepancies in differences of emission
times deduced frox published figures in R, G, O, Bulletin and Bulletin
Horaire, and frora scaling the magnetic tape, are mostly associatal
with O, M, A, pulses, The C,M,A, pulse made visible reveals an
ill-defined starting edge; this lack of sharpness of the outlines of the
pulse reduces the scaling accuracy. In general the reception of
O. M. A. in the field during May 1961 was rather vague. In R.G.O,
Bulletin No., 56 the daily reception times during May 1961 for O, M, A,
are given only for nine days out of 31, In Fig, &.5, -7 the field results

and calculations deal with observations on May 12, 1961; for the
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2 ERRER RN DATE: SAT. MAY 6, 196/, 00 35™
i i1 .,} ’ UT TIME
e U.T. INDICATED BY SECONDS PULSES SUPERPOSED ON
HH T STANDARD FREQUENCY TRANSMISSIONS : H.B.N. & WW.V., 5 Mc/s,
g AT THE INSTANT OF RECORDING ON MAGNETIC TAPE.
S CRYSTAL CHRONOMETER PULSES ARE PLOTTED AT U.T,
1] E ;i SCALFD FROM STANDARD FREQUENCY PULSES.
A3 R T2
;{! SRHE FROM: BULLETIN N2 56 ROYAL GREENWICH OBSERVATORY:
281 EERERIASE: TIME OF RECEPTION ON (52 OF NBN SMcfs WIERPOIATED MAY 6, 0oP3s™ ‘0880
11 1A 55 RECEIVER LAG AT R.G.O, . . . . . . . . . i it vt ittt e e a 0003
IDUY SRRAR RS S0 PULSE TRAVEL TIME To RGO, A X
S BN B PULSE TRAVEL TIME To FIELD STATION . . . . . [ .7 ... ... 0034
Hefis TOTAL DELAY TIME . . . . . .. o i i i e it e e e 0888
S TIME OF RECEPIION ON U.T.2 OF W.W.V. $Mc/s INTERPOLATED MAY 6, 007 35™ 0752
Lt PULSE TRAVELTIME TO R.GO, BRECEIVERLAG . . . . . .. .. ... ..... 02/5
Sl PULSE TRAVEL TIME TO FIELD STATION . . . . « « . . . . . i v v i vt v e v u - ol9%
P TOTAL DELAY TIME . . . . . . e i e 0736
o : DIFF. OF RECEPTION TIMES OF NBN& WWYV. Ar FIELD STN . . Y - T P A
S PSS DIFF. OF RECEPTION TIMES OF HBNEWWY. SCALED FROM viS. PULSES . . . . . - . . .. 0639
) SERAY pASa4 DISCREPANCY « « v v . « 0003 sec.
S FROM: BULLETIN HORAIRE DU BUREAU INTERNATIONAL DE L'MEURE Nf /5 SERIE G :
TIME OF EMISSION ON U.T.2 OF H.BN 5Mcfs INT.) FOR MAY 6, oor3sm . 0806
o PYULSE TRAVEL TIME TO FIELD SrArmN ...................... 0034
e TOTAL DELAY TIME - . . . o . 0840
TIrE OF EMISSION ON U.T2 OF mwv. .‘rud, INI.' FOR MAY 6, ao"s.r'" ) 0496
— PULSE TRAVEL TIME TO FIELD STATION . . . . e e 0199
: TOTAL DEBLAY TIME . . . . o o i i i e e e e e e e e e e e e e e e 0695
DIFFERENCE OF RECEPTION TIMES OF NBN L W.W.V. Al FIELD STATION . . . .. 0145
DIFFERENCE OF REC.TIMES 0f HBNS WWY. SCALED FROM VYISIBLE PULSES, . . . 0149
R DISCREPANCY | | . | 0004 sec,
Sl CRYSTAL CHRONOMETER FAST ON U.T.2 (Ref RG.0.) AT 00" 357, May 6,196/ :
: A — 0°943 sec.
— U.T. FROM CRYSTAL CHRONOMETER TIME,
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DATE: TUE., MAY § 196/

UT. INDICATED BY SECONDS PULSES SUPERPOSED ON STANDARD
FREQUENCY TRANSMISSIONS : H.BN. & M.S.E 5 Mc/s,
AT THE INSTANT OF RECORDING ON NAGNETI. TAPE.

CRYSTAL CHRONOMETER PULSES ARE PLOITED Ar U.I., SCALED FROM STANDARD

FROM ! ROYAL GREENWICH OBSERVATORY
BULLETIN N2 56

TIME OF RECEPTION ON U.T.2
B.N. SMefs

O0F HNBN. SMefs .. ... ... 0886

RECBIVER LAS AT RGO, . ... 0003

PULSE TRAVEL TIMF 0 R.G.O. , . 0023

PULSE TRAV. TIME [0 FIELDSTH . . 0034
TOTAL DELAY TIME ., . .. ... 0894

TIME OF RECEPTION ON U.I2, M.S.F. 0546

TRAV. & EMISSION DELAY. . . . . .

PULSE TRAV.TIME IO FIELD STN. | 00!2
JOTAL DELAY NME .. . ... ..0548

DIFFERENCE OF RECEPTION TIMES

OF H.BN.& M.S.F. AT FiELD sTN |, . 0346

DIFFERENCE OF RECEPTION TIMES

SCALED FROM V15/BLE PULSES .. 0357

DISCREPANCY . . . . . ‘0071 sec,

FREQUENCY PULSES.

FROM: BULLETIN HORAIRE N2 /5 SER.G.
BUREAU INTERNATIONAL DE L'HEURE

TIME OF EMISSION oN UF2
OF HB.N. SMc/s

PULSE TRAY. TIME TO FIELD sT™ . 0034

TOTAL DELAY TIME . . . ... .. 0853
TIME OF EMISSION ON UL 2
OF MSF SMfs ... ... ., .0485
PULSE TRAV.TIME TO FIELD SIN | 0012

TOTAL DELAY YIME . . . ... ... 0497
DIFFERENCE OF RECEPTION TIMES
OF HBN & M.SF. AT FIELD STN. . . . . 0356
DIFFERENCE OF RECEPTION TIMES
SCALED FROM VISIBLE PUISES . . . . . 0357

DISCREPANCY . 000! sec.

¥PUBLISED RECEPTION TIMES SHOW A DIFF. OF 0010 sec OVER 245,

UT. FROM CRYSTAL CHRONOMETER TIME.,

Frg. 4.5—6.
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4.5. cont.
following five days there are no O, M, A, reception times quoted in
R, G, O, Bulletin,

When long distances are involved, the time taken by standard
frequency time pulses to travel is longer at night, due to the changed
height of the ionospheric layer., This has been taken into account in
Table 4,5, =1 and in the calculation for the travel time of W, W, V, in
day time and at night respectively. (Fig. 4.5.-5) There are no
reception times quoted for M,S.F,, H,B.N., O.M. 4. and W, W,V, on
May 6, 1961, in R, G, O, Bulletin, Consequently the values in Fig,
4.5. =5 are derived frorm linear interpolation,

The accuracy of the four decimzals of the measured reception time
of M. S, F, on 5 Mc/s quoted in R, G, O. Bulletin No. 56 (Fig, 4.5.=6)
is somewhat doubtful because the reception times vary by 1 and 0 msec
within the preceding and the following 24 hours,

For the purposc of independent timne comparisons with the crystal
chronometer, transmissions which are separated by only a small time
interval, a matter of minutes, can be used, instead of simultaneous
receptions of standard frequency time signals, should the latter not be
feasible.

The two stations M., S,F, and H,B, N, participating in the
co~-ordinated time signal service broadcast alternately every five
minutes on the same wavelength.

In Fig. 4.5. -8 are given the synchronizations of the crystal
chronometer with H,B, N, and M, S, F, receptions. These two
consecutive receptions are about three minutes apart.

The reception of simultaneous transmissions and of transmissions
which follow closely one another reveal also differences in emission
times. One preliminary emission time common to all co-ordinated
stations is published from extrapolated values in R, G, O, Time Service
Circular.

Co-ordinated time signals are supposed to be synchronized within
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U.T. FROM CRYSTAL CHRONOMETER TIME,
(Fig-4.5-2)

FROM : ROYAL GREENWICH OBSERVATORY
Buttenn No 56

H.8.N. aM-A. M.S.F.
TIME OF RECEPIION ON U.T.2 . . . ... . 0892 0568 0544
RECEIVER LAG AT RGO. . ........ 0003 0003 o003
TRAVEL TIME TO R.G.O. oo oL 0023 0036 o007
TIME OF EMISSION ON U.T.2 . . . . . 0866 0529 0534
TRAVEL TIME TO FIELD ST . . . . .. ... . ... . 0034 0050 00/2
TOTAL DELAY TIME . . . . ... . .. .. 0900 0579 0546
FROM : BULLETIN HORAIRE N2/5
BUREAY INTERNATIONAL DE L’NEURE
TIME OF EMISSION ON V5.2 . .. ... ... .. . 0825 o492 0491
TRAVEL TINME TO FIELO STN 0034 0050 00/2
TOTAL DELAY TIME . . . . . . . . . .. 0859 0542 0503

DIFFERENCES BETWEEN RECEPIION TIMES OF TRANSMISS/ONS AI THE FIELD STATION :

H.8.N. SCALED FROM V/ISIBLE PULSES 0342 0356
RG.0. BULLETIN 032/ 0354
BULLETIN MORAIRE o317 03%6
O.M.A. SCALED FROM YISIBLE PULSES 0014
R.G.O. BULLETIN 0033
BULLETIN HORAIRE 0039

DATE: FRI- 12.MAY, 196/,

TIMES ARE GIVEN IN DECINALS OF A SECOND WHH TWE DECIMAL PO/IAT OMITTED.

TABLE 4.5.-2
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4.5, cont,
one msec; but from the difference in emission times given in the above
diagrarn it is seen that the tolerance is exceeded by quite an amount,

If the reception times are far apart and the transmitting stations not
properly identified, the small difference between the times of receptions
might easily be overlooked and smoothed cut in the time~error curve.
The difference in reception times is not only due to unequal emission
times but depends also on the location of the field station., Hence
presumed interference between standard frequency time signals from
various sources can occur at the receiving end regardless of whether
the emission times are synchronized or not,

U. T, 2 extracted from crystal chronometer time with the aid of
comparisons with standard frequency time signals from more than one
source is obviously more reliable than a reference rnade to only one
gingle transmitter. When time corzparisons have to be based on,
or are purposely referred to one transmitting station only, great care
has to be exercised to identify the source with absolute certainty.

Results obtained from field experiments, specimens of which are
given above, show that the scaled time differences and hence the
calibration of the crystal chronormeter can be obtained at an accuracy
of i- one millisecond, or even better,

"For an auxiliary standard of frequency, a comparison accuracy
of a few parts in 108, when great care is exercised", is quoted in
H,M.S.0, "Cuartz Vibrators", p, 176. Obviously by an "auxiliary
standard of frequency'" is meant a stationary standard of frequency,

To make use of the accuracy obtained in measuring time intervals,
the unit of time, i.e. the length of one day, has to be measured to 0. 001
second, When this precision is reached small variations which do exist
in the unit of timme have to be considered,

An accuracy of 1 part in 108 is at present the limit of the precision in
obtaining the mean rotation of the earth on its axis over a -quarter year

period. The accuracy of an astronomical time determination is limited
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DATE: SUN. MARCH 3/, /963

UT. INDICATED BY SECONDS PULSES SUPERPOSED ON STANDARD FREQUENCY
TRANSMISSIONS : H.B.N., & M.S. F.y 5 Mejs,

AT THE INSTANT OF RECORDING ON MAGNETIC TAPE.

CRYSTAL CHRONOMETER PULSES ARE PLOTTED AT U.T.,
SCALED FROM STANDARD FREQUENCY PULSES.

bl yRo o8 AEEN
Tl
b4 SERassasey AT_FIELD STN TYWARNHMALE :
b jecetasce CRYSTAL CHRONDMETER FAST ON:
HEHED H.B-N. 5Mec/s M.S.F 5 Mc/s
1T i i AT : —————— ———————
ik 167 18" 4053 7697
SRS SE 31 000/g
S 16" 2/™ 505 7695 7708
HssEn e PULSE TRAY. TIME
TO FIELD srN 0034 0013
JIMES OF EM/SSION 766/ 7695 DIFF. ; 0034
R.G.O. BULLETINS N2 79 anxp 80:
TIMES OF RECEPTION
(ONTERPOLATED) 9789 9814
PULSE TRAY. TIME 0023 0007
TIMES OF EMISSION 9766 9807 DIFF.: 004/
BULLETIN HORAIRE N22 SER.6 y R
PREL. RECEPTION TIMES /57 18 204 15 8” 20"
(DEM] DEEINITIVE) 9756 9759 9756 9786 9787 9787
PULSE TRAY. TIME 0026 0027
TIMES OF EM/SSION 9730 9733 9730 9759 9760 9760 DIFE: 0029
o027
0030

TIMES ARE GIVEN IN FOUR DECIMALS OF A SECOND WIrH THE DECIMAL POINT OMITTED,

Fig 4.5-8
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4.5, cont,

by the influence of refraction. The astronomically determined time
for one night may be in error by an estimated amount of I 18 msec when
the impersonal micrometer is eraployed, :l: 12 msec with photo=celectric
registration, and i. 4 msec when obtained from the photographic zenith
tube. At present higher accuracy in tirae determination cannot be
obtained with astronomical methods,

It follows that in the field time intervals, in terms of the adopted
U.T. (U, T.2, U.T.1, or U, TH) of an observatory, obtained from the
crystal chronometer with the aid of standard frequency time signals,
are of higher accuracy than U, T, arising from local astronomical
observations, Astronomical time determinations at a field station
obviously cannot compete with those from stationary observatories,

Time signals have been transmitted for:four decades, and it is
somewhat astonishing that there has not been a wider application of
their use in field astronomy in conjunction with a portable crystal
chronometer,

Users of the national time and frequency services engaged in
physical research are more interested in accurate frequencies than
U. T.; those concerned with surveying and astronomy require both
accurate titne intervals and precise U, T. First order longitude
determinations can be effected if U, T, is available at an accuracy of a
few milliseconds,

The crystal chronometer in its specified form and the methods of
extracting U, T, from it provide a high precision tool for use in field
astronorny,

Time intervals of higher accuracy cbtainable from a portable
irequency standard are not -required for this purpose and not justified,
for reascons set out belcw,

In the first place, the reception of time intervals marked by
consecutive transmitted frequency time pulses is not more accurate
than a few milliseconds. This is due to the recording of the reception

and to the effects of the transmitting medium., In the second placec the
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published emissicn and the published reception times of standard
frequency timne pulses, which are the essential values for longitude
determinaticn, arc average daily means. These smoothed-out values
are obtained from varicus sets of receptions at observatories, and are
referred to a standard of time, ZRelated to means of stellar
observations they are made available after a considerable length of
time. Although guoted to four decimals of a second, their value can
depart by severzl milliseconds a2t the instant astronomical
observations are performed at a field station, At any time there

may be a variation in the rotational speed of the earth of unpredictable
and unknown duration. The values of transmitted tirne signals in
terms of U. T. 2, which were available at the instant of field
observations in 1962 and 1963, imay have differed from the final
corrected times by an amount of I 17 milliseconds in 1962,

+
- 11 milliseconds in 1963, distributed over the year,
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5, Observations for Astronomical Latitude, Longitude and Azimuth

5.1, General,

The absolute position of a point on the surface of the earth, defined
by latitude and longitude, is accomplished by taking sights to stars
which, for this purpose, are regarded as point targets. From
directions so obtained the problem is solved in similar fashion to
fundamental ground survey methods, namely resections and
intersections, which are used to obtain relative position of points,
Star targets and observation stations each belong to a system; and
because of the mouvement of both systems with respect tc each other,
precise timing of observations, unfamiliarinterrestrial geodesy,
becomes necessary.

The observations link together the direction of gravity, the
co-ordinates of stars (right ascension and declination), the rotation of
the earth (time), and produce the co-ordinates of the zenith of the
observation station.

Latitude and azimuth can be obtained without a knowledge of time,
but the deterrmination of longitude is applied chronometry, the
measurement of timme which is basically a process of counting.

(Described in previous sections).

5,2 Definitions.

Text and diagrams are kept to agrec with the definitions of geoid,
spheroid, geodetic and astronomical latitude, longitude and azim uth

given in Bomford!s Geodesy 3. 02, 3,03, 3.04, 1962 edition,

5.3 Deviaticn of the Plumbline

Astronomical cbservations for latitude, longitude and azimuth are
executed with reference to the direction of gravity at the point of

observation, i, e. on the physical surface of the earth, and refer to the
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instantaneous axis of rotation. For permanent records the observations
are, as a rule, reduced to a mean pole,

The direction ¢f gravity, which is the direction of the plumbline, is
perpendicular to the horizontal tangent to the equipotential surface through
the point of observation., It follows that the plumbline is defined
physically from the potential theory (gravitational potential) and cannot be
determined from the geometrical shape of the surface of the earth, It
is the only perpendicular direction to the field of gravity which can be
established and seen as a reality in nature. The direction of the
plumbline is cbtained with the aid of spirit bubbles or with other
arrangements; thus, as an implication of a matter of fact in physics, the
direction of gravity is introduced into geomeirical methods of geodesy.

In geodesy, points of observation and hence survey systems are
projected from the physical surface of the earth to a corresponding
position on a reference surface » the spheroid of reference, by
mathematical methods.

The normal to this reference surface, the spheroidal ncrmal, in the
projected points will generally; deviate fror: the direction of the
plumbline at the corresponding points on the physical surface. This
difference in direction is called the relative deviation of the plumbline, and
is defined by the difference between a geodetic and a corresponding
astronomic set of angles, In other words, the deviation of the plumbline
is the link between geodesy on the earth!s surface and geodesy on the
reference spheroid,

The absolute deviation of the plurnbline is defined as the difference
of the direction of the perpendicular 2t a point on the geoid, and the
direction of the normal, in the corresponding point on the spheroid of
reference,

The geoid as introduced by Stokes sibstitutes the figure of the earth
by condensing the protruding topography vertically down until it coincides

with sea-level,
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It follows that, for -geodetic and for astronomical observations,
points on the physical surface of the earth are first projected with curved
plumblines on to the geoid and from there with the spheroidal normal on
to the spheroid of reference. The astronomically observed latitudes and
longitudes require therefore a reduction to compensate for the influence
of the curvature of the plumblines, which is the astronomic component,
The amount of deviation of the plumbline depends on the selection of the
type of reference surface, its form, orientation and position,

The choice of a particular spheroid of reference and its orientation
can annul any deviation of the plumbline, even where irregularities of
mass distribution are present; and vice versa, the reference surface can
be chosen in such a way as to show plumbline deviations even in the
absence of mass anomalies.

The answer to the question about the geometric possibility of the
deviation of the plumbline at a particular station is obtained when
applying the Laplace equation, Therein, in its application as condition
equation or as a check at survey stations established by geodetic and
astronomical observations, lies its importance,

As a rule, whenever a satisfactory result is obtained, the deviation
is accepted as plausible. And, should the equation produce a value for
the deviation which is not permissible and not appropriate to the area,
then observational errors are suspected,

Various sources of errors, dislevelment of the vertical axis,
irregularities of the pivots, of the graduation of the platz, micrometer
or vernier, optical defects, temperature effects, etc., will cause a
systematic distortion of observational results; other errors, e.g.
collimation axis error, transit axis error, horizontality of the cross
wires, will be largely compensated,

As shown in Fig, 5.3, -1, the astronomic meridian through the point
of observation is referred to the astronomic zenith (i, e. zenith of the

plumbline) and the instantaneous north celestial pole, The astronomic
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meridian may or may not go through the instantaneous north
terrestrial pole,

In the diagram (Fig. 5.3, «l) it is presumed that the plumbline
lies in the plane of the local mieridian, and that the local meridian
passes through the point of observation and the instantaneous
terrestrial poles,

The hemisphere is represented in orthographic (horizontal)

projection,
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5.4. Motion of Stars in the Field of View of the Telescope,

Apparent motion of the stars on the celestial sphere and in the

field of view of the telescope, as seen from the northern hemisphere,

The apparent motion of stars on the celestial sphere, nearer or at

the meridian of the observer, south of the zenith, that is between

zenith and celestial equator, and south of the celestial equator is from
left to right, Fig. 5.4.-1{a);
between zenith and pole, from right to left, Fig, 5.4.~1(c), and

north of the pole, also termed below the pole, from left to right,
Fig., 5.4.=1(e).

In the vicinity of, or at the prime vertical, east stars, i.e, stars to

the east of the observer, and stars at east-elongation move upwards,
Fig. 5.4. -2 (a); west stars near, or at the prime vertical, and stars
at west elongation move downwards.

In the field of view of an inverting telescope the stars trace the same
track as on the celestial sphere, but in the opposite direction.
Therefore, the path of the star is seen inverted and left-right inter-
changed,

In the field of view of the diagonal eyepiece, which is invariably used

in field astronomy, the path of the star is also seen inverted, but correct
as to its left-right position,

Therefore stars nearer or at the meridian south of the zenith appear

to move from left to right, Fig. 5.4.-1(b), between zenith and pole

appear to move from right to left, Fig. 5.4.-1(d), and north of the pole

appear tc move from left to right, Fig. 5.4. -1 ({).

East stars at or near the prime vertical and stars at or near east
elongation have an apparent moverzent downward, Fig, 5.4.-2 (b),
west stars in the corresponding positions, upward,

Briefly, the virtual image of the path of the star, seen with a diagonal

eye peice, is rectified as to movement in azimuth and inverted as to
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The curvafure of the path is greatly exaggerated to illustrate the course
of the star's motion. The telescope is fitted with a grid reticule.

Fig.5.4.—1.
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movement in altitude.

Sometimes, it is convenient to rotate the diagonal eye piece, in
which case a rotation to either side up to about 90° impels the observer
to face at right angles to the direction of the star sighted, and effects
a rotation of the virtual image by about 180°, The apparent path of the
star in the field of view is thereupon rectified as to movement in
altitude and inverted as to movement in azimuth, Fig., 5.4. =2 (c).

Making use of the above changes of the direction of the star's
movement in azimuth and altitude may be welcomed as a variety in
routine observation, when taking several observations on to the same
star, but does not eliminate the personal equation, Likewise it does

not alter the choice of either altitude or azimuth bleeps.

Apparent paths of stars across the grid reticule in the field of view of

the diagonal eye piece,

The star's path, when crossing the grid reticule (see Section 5,5, 7)
represents an arc of about two minutes, and is regarded as a straight
line, since the small correction for curvature is negligible,

The slope angle formed by the track of the star and the horizontal
wire, or wires, of the reticule is equal to the parallactic angle of the
astronomical triangle, or to its supplement for anticlockwise angles,

The amount of slope, or the size of the parallactic angle, will

cause the star's path to intersect on the grid reticule: (Fig. 5.4. -3)

N A
(2) 2ll lines
all parallel lines .
(b) some lines of the
. . o g >
of one family > and (c)(d) co.mc:\dmg. other
with one line
(e)(f) none ) family

/

Case (a) will occur only when the parallactic angle is exactly 450(1350)

and one corner intersection of the grid lines is pointing towards the
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Apparent Paths of Stars
in the Field of View of the Diagonal Eye Piece

(g)
The telescope is fitted with a grid reticule. Fig_ 5.4.-3.
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path of the star,

Case (b) applies to stars which are neither at the meridian nor at
elongation.

In case (c) the parallactic angle is 0° (1800); strictly, taking the
curvature of the starts path into consideration, this case only applies
when the telescope is pointing to the meridian and the star is on the
celestial equator 3 and also for stars at the horizon when observed
from the pole,

Case (d) happens when the parallactic angle is 900( 3700), and also when
a star is at the celestial equator and the observer on the equator,

Case (e) is for stars very close to the meridian,

Case (f) for stars near elongation,

In case (g) the path of the star does not intersect all lines of any of the
two families of parallel grid lines. This case can be avoided by
lowering or raising the telescope in altitude, or rotating in azimuth,
Cases (a), (c) and (d) are rare, cases (b), (¢) and (f) are most commor,

when selecting stars at random, without preparing a star programme,
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5,5, TMiming of Optical Cbservations

If the thexdolite is in perfect adjustment the line of sight,

(= line joining the eye of the observer and the intersection of the
cross wires), the axis of collimation and the optical axis of the
telescope are coinciding, and intersect the trunnion axis
perpendicularly,

Further, the horizontal cross wire is perpendicular to the
vertical cross wire and parallel to the trunnion axis,

All heavenly bodies or points on the celestial sphere which
appear to lie on the great circle which is produced by the
intersection of the celestial sphere with the plane containing the
eye of the observer and the vertical cross wire, have equal
azimuth., Heavenly bodies on the great circle produced by the
intersection of the celestial sphere with the plane containing the
eye of the observer and the horizontal cross wire have neither
equal azimuth nor equal altitude. Exceptions to the above occur
at particular pointings of the telescope, and/or at special
observation places.

The transit of a star through the centre of the cross wires
can be recorded on the horizontal and vertical circles which give
the azimuth and altitude of the heavenly body, after the - necessary
corrections for the direction to the reference object, collimation
error, index error, dislevelment, refraction, etc., have been
applied,

Stellar crossings of the other parts of the vertical and/or
horizontal cross wire require reduction to the centre, which can
De expressed as a correction of the circle readings to represent
azimuth and altitude values,

The azimuth and altitude readings can be related to time, The
instant at which a heavenly body crosses the reticule lines can be

recorded by various means: some of which can be used efficiently
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by the field engineer and are therefore outlined in the following

sections,

5.5.1, Timing of Optical Cbservations by the Eye and Ear Method,

Text books on field astronomy adequately describe the eye and
ear method of timing stellar transits. It is also the most
conve@nal method to use where the "true" time of the starts
passage is estimated,

The employment of a chronometer with seconds beat and the
estimation of the time interval to the nearest 0.1 second make timing
errors in the order of 0,5 second common,

On the whole, the precision in timing which can be achieved with
this method depends on the ability of the observer,

A similar method consists in ''calling out" the star's transit,
which requires an assistant,

The accuracy of the crystal chronometer can not be fully
utilized by the eye and ecar method and its variations, or by "calling
out''; therefore,t=s3 methods were not applied in field experiments

where the crystal chronometer was employed.

5.5,2. Timing of Optical Observations with Stopwatch and Chronometer

With this and the following methods the ear of the observer is
redundant,
The process of estimating the time interval adopted in the
foregoing method is substituted by the stopwatch, which is used for
the measurement of time fractions marked by 2 mechanical, or crystal
controlled, chronometer and the star's transit through a cross wire,
There are several means - of extracting the transit time from

the stopwatch and chronometer, The choice of one of them is a matter
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of preference of the field engincer or of the booker, and has no
significance as regards to accuracy. The precision of timing the
stellar transit rests with the eye!s share in optical perceptivity of
the event, and with the reaction of the observer.

The quality of the stopwatch (Section 3. 8.) and its number of
escapement beats per second obviously are restrictions from the
first, The employment of one single stopwatch limits the timing
of stellar crossings to one at -~ time; measurements can be
repeated only after intervals of several minutes.

It is rather doubtful whether an accuracy of about one tenth
of a second, as it is generally referred to in the literature, can be
relied upon or not. In field astronomy experiments can not be
executed at a reduced scale of space and time in the laboratory, as
can be the case in other branches of physics. Data provided from
field work are in field astronomy the bulk on which to base a judgement
of methods and of instruments employed. Analyses of field results
can be -influenced by opinion on what might appear or pretend to be

an adequate method or procedure,

5.5.3, Timing of Optical Observations with the Micrometer Screw,

Various micrometers can be mounted in the focal plane of the
objective and eye piece, or can be used in conjunction with the double
image representation of the star object. These micrometers are
mainly used #o measure star co-ordinates, if need be from known or
measured time differences, rather than for timing star transits,

A micrometer designed originally by Repsold and known as the
impersonal micrometer or self recording micrometer is essentially
used for timing optical observations, A hand operated micrometer
screw enables the observer to place one single or a double thread on

the star image, and to follow it ~during ~its path across the field of
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view. A steady coincidence of thread and star is maintained by moving
smoothly the micrometer screw. The electric contacts on the micro-
meter drum rsarktheinstants at which the star's passage attains

definite positions in the field of -view, The contact times are
registered on a chronograph., This arrangement eliminates the
operating of a marker key by the cbserver, and avoids the personal
timing error of stellar transits, but it does not completely remove the
personal equation, The method can be regarded as a semi-~automatic
registration of optical observations,

The impersonal micrometer can be used perfectly well in
conjunction with a crystal crronometer. The output pulses of the
electric contacts of the impersonal micrometer can be recorded on a
tape recorder simultaneocusly with the crystal chronometer beats,

The direction of the star's motion in the field of ~view and the
direction of the movement of the micrometer threads embracing the
star, are equal only for meridian stars and for stars at elongation,
For an observer on the equator or on the poles there are exceptions
to this rule. The unequal direction of both movements when
observing stars selected at random, causes some difficulty in
manipulating the micrometer as regards to smoothness in the pursuit
of a star. There is no possibility of eliminating the difference of the
speeds of stars with the impersonal micrometer, and some cbservers
do not - find it easy to get readily acquainted with the manual operation
of the micrometer knob when stars of different declination and right
ascension are observed in quick succession,

f{in impersonal micrometer adapted for a telescope of 45
magnification and intended for ‘-highest precision, registers 120
contacts ~when the hair is carried across the field of view.

The accuracy in timing star transits with it, is accepted to be

about 1/30 sec; but this figure refers to the timing of meridian stars
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and of stars at elongation, which are easier to follow with the micrometer
drive., Obviously this accuracy is higher than that obtained when timing
stars selected at random in any quadrant.

The expression impersonal microrneter is not appropriate, because
the eye of the observer has the basic task of - estimating the star's
velocity and the hand has to produce the wire movement; consequently
sense impression and muscular reaction are causing a personal
equation. (Section 5.7.) The amount of personal equation and of its
error depends partly on the eye of the observer which is effectuating the
alignment of the wires with the star; the alignment can not be of
superior quality as the one deduced for the autocollimator in Section 5,8,

The employment of the impersonal micrometer requires permanent
touching of the driving mechanism at the instant of observing; this is

open to criticism with respect to the stability of the instrument.

5.5.4. T.ming of Optical Observations with the Rapid Action Shutter, .

Optical observations can be timed by interrupting the exposure, i.e,
the visible target in the field of view, with a rapid action shutter,

The'instant''the shutter is released,can be registered on a
chronograph via a marker key, or recorded as an-audin:pulse an:a:tape
recorder., The position of the star image with reference to the cross
wires can be registered photographically (Section: 5,5, 6), or visually
against a scale placed in the field of view, The latter metnod is
adopted by the Hunter shutter, which is released at regular intervals
which can be recorded,

The cross wires can be illuminated from the direction of the
objective, which renders them dark on & diright-tadckgraund, artthe wires
are illuminated sidewayé with reflected light, and appear as bright lines

on a dark background, In the first case, the intensity of the background
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illumination has to be such as to allow sufficient contrast for the
star image; in the second case the brightness of the cross wires has
to be properly balanced with the magnitude of -the star observed,

The accuracy which can be achieved is about one or two hundredths

of a second,

v

5.5.5. Timing of Optical Observations by Photo=-electric Registration.

Essentially photo~electric registration consists of converting

light intoc phcto elect rons.

The photo =electric cell on which the light from heavenly bodies or
artificial satellites is directed can be placed in the optical axis of the
telescope, constituting an attachment to the diagonal eye piece. (Fig.
5.5.5.~1) The response of the photo cell may be recorded as an audio
signal on magnetic tape, If necessary amplifiers and ~filters could
be used. The light from the heavenly body can be interrupted by a
rapid action shutter, as outlined in the previous Section 5, 5; 4,, or
otherwise by the cross wires during the motion of the star, Thus,
the stellar crossing of the reticule lines can be registered - automat-
ically at - the highest or -lowest output of the cell,

The width of the cross wires and the size of the open spaces
formed, should the reticule contain a grid, (Section: 5.5.7.) can be
such as to bear a definite relationship to the image of the star, This
relationship, together with the quality and diameter of the star's image
will have a modulating effect on the output of the photo cell. The
quality and diameter of the star's image depend not only on the star's
magnitude, but also on atmospheric conditions and on the properties
and optics of the telescope. The telescope of a surveyor!s transit
of 20 to 30 magnification will produce from the transmitted - light of

the star, in perfect observing conditions, a clear and steady spot of
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about I'"' arc diameter or less, Hence, the width of -the lines of an
ordinary reticule will suffice to obscure the image completely.

The light from the heavenly body can also be split by a prism
placed in the optical axis of the telescope, and reflected from it on to
two cells. The difference of the output of the cells is a meaaure
of the position of the stellar image with respect to the cross wire,
This arrangement makes the cross wire redundant,

Turbulent layers of the upper atmosphere cause fluctuations of the
intensity of the light from celestial bodies. This phenomenon, known
as scintillation, and disturbances arising from vibrations of the
telescope due to wind, will cause the star's -image to appear
brighter up. to 2 or 3" arc and -rnore. The light gathering power
of the telescope, collecting stray light from the sky~background, is
a further source of distunbance, It is obvious that the cell's ocutput
will be distorted. The definition of the output signal of the cell when
using stars of low magnitude may not reach the requirements for field
astronomy, Clear differences in output of the photocell are desired
for accurate registration of the star's crossings. Therefore, a
specific dimension is required for the width of the grid lines, if used,
and for the size of the open spaces, if any, so that the star's image
will be completely covered and uncovered respectively in all observing
conditions for .general astronomical field work,

A reticule consisting of one or more concentric rings of adequate

width will cause, during the star's passage, characte ristic time
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patterns of the variations in output of the photocell, which, with a
knowledge of the star's parallactic angle, can be easily converted into
altitude and azimuth corrections., Unless some sirnultaneous visual
observation can be executed and recorded, ambiguities arise from
symmetrical possibilities, except for stars on the meridian for azimuth
correction, and for stars at elongation for altitude corrections, Here
a grid pattern consisting of grid lines each having a different width can
sclve the problem, obviously after being calibrated.

If simultaneous observation during automatic registration should not
be possible, a single thick cross wire subtending an angle of about
30" arc will give theoretically either two or three peaks of the response
of the photocell, Altitude and azimuth corrections in this case can be
obtained from an approxirnate value of the direction and veiocity of the
star's track in conjunction with the ratio of the time intervals of
maximal output of the cell, Only stars on the meridian or at
elongation, or in their immediate vicinity, would give no information
for one of the corrections: altitude or azimuth respectively.

(Fig. 5.5.5.=2).

Scintillation can disturb the output of the cell to such an extent
that unreliable data could be obtained,

Defocussing the telescope will reduce the effect of scintillation, but
the blurred image, which will also appear to be larger, will produce
weak response of the photocell,

Should other information be desired, such as investigation into the
amount of scintillation, rigidity of the observation station, site
conditions for meteorological observations, refraction anamalies, etc,,
then it might be an advantage to have the star's - image only partially
covered, in which case the line width and open space distances should
be kept less than the diameter of the star's - image.

For analysing the recorded output of the cell and for separating the

effects of scintillation from other image disturbances arising from field
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conditions, the reticule could be put out of focus; -~thus the photo cell
will be affected mainly by scintillation alone; disturbances due -to
wind and vibrations of the set-up will have no influence, The response
of the photo cell will also indicate the correct focussing position of
the telescope and the quality of its optics,

This method of using the photo cell and the method described in
the following Section are important, because they will find extensive
application in the near future by utilizing flash lights released from
geodetic satellites.

The flashescan be released from the satellite at predetermined
times, and can be observed with a telescope in conjunction with a
photo-electric ell or registered photographically, (Section: 5.5.6.)

This method is somewhat the inverse of the one using the rapid
action shutter,

No higher accuracy in timing can be expected with flash lights
from satellites, because the output and response of the photocell is
the limiting factor, Other considerations, such as precision of the
ephemeris of the satellite, atmospheric conditions, refraction
anomalies, duration and intensity of the flash, indicate the sources of
timing errors which limit the accuracy of the final result.

The arrangement shown in Fig, 5.5.5. ~1 can be supplemented, if

necessary, by a diaphragrn, shutter, or a split-image prism.

5.5.6. Timing of Cptical Observations by Photographic Registration.

Photographic registration consists of converting light into grains of
silver in a photographic emulsion. This process is about one hundred
times inferior to the process of converting light into electrons,
outlined in the previous section,

The instant at which a photograph of a stellar image together with

an illuminated pair of cross wires is taken can be recorded as a signal
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on tape simultaneously with the output pulses of a crystal chronometer.
When taking the photograph, the exact moment the star is transiting
the cross wires may be missed, in spite of possible visual observation,
The photograph will then stow the position of the star in relation to the
reticule lines. The necessary corrections for altitude and azimuth
are obtained by measuring on the photograph the distances from the star
image to both cross wires. Care has to be taken to determine the
photo scale accurately.

The evaluation of the photograph is greatly facilitated by the use of
a grid reticule, which is obviously calibrated. With it the photo scale
can be kept at any ratio and there is no necessity cf uniformity of the
scales of subsequent enlargements when using a projector, The scale
may vary for every picture taken, Film shrinkage is also eliminated
by taking measurements from the star image to two parallel grid lines,

Special accessories for the theodolite for placing the photo sensitive
rnaterial in the focal planc of the telescope are not essential., Of the
wide range of cameras nowadays available, a single lens mirror reflex
cainera, permitting observation through the lens system, can be
employed to advantage, The synchronized release operating the flash
gun can be used to trigger off the marker pulse incorporated in the
crystal chronometer, when taking the plotograph,

The creation of a photographic image depends on the light intensity
of the target, i. e, the propertics of the staz, the sensitivity of the film,
the transmissivity of the atmosphere and of the lens system.
Geometrical distortions arising from the optical trail, the mounting
and censtruction of the camera, and film shrinkage are of minor
consideration,

The accuracy of measuring the time of film exposure can reach a
few 10-4 sec, The accuracy of timing star transits is limited by

refraction, set-up and adjustment of the instrument, and the
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measurement of -distances on the film or plate,

It can be expected that arithmetic means of groups of
observations using the same star will fluctuate during one night
and even more between successive nights.

The photographic method of timing star transits can be

combined with photographic recording of the circle readings.
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5.5.7. Timing of Optical Observations with the Grid Reticule and

Marker Pulse

The methods of timing stellar transits by photo=electric and by
photog raphic registration described in the foregoing sections require
additional equipment; much of it will be unfamiliar to the average
field engineer,

An efficient utilization of the precision of the crystal chronometer
was thought to be possible by repeated timing of stellar transits within
small time intervals,andc theirregistration on a tape recorder. For
this purpose a specially designed reticule was introduced into the
telescope in place of the usual diaphragm., It consisted of a vertical
and horizontal 'line centrally located with equally spaced parallel
horizontal and vertical lines to form a grid. As the star moved across
the grid the observer was able to time a series of transits
across the vertical and horizontal g rid lines with the aid of -an
external marker pulse, released manually,

The times of the grid line crcssingscan be referred to the
central wires or to the centre of the cross wires; this requires a
knowledge of the calibration values, i.e. the angular distancesbetween
the grid lines, and strictly also a correction for the change of refraction,

Theoretically a grid reticule with two families of five lines engraved
on the telescope's diaphragr, each line subtending 30", should allow
repeated measurements of both altitude and azimuth to be carried out,
with adequate accuracy and efficiency. A series of five consecutive
observations will reduce the uncertainty of the calculated mean square
error of one gsingle star transit to 35%, Twice the number of
observations would give an additional reduction of cnly 10%, About
50 observations would be required to reduce the uncertainty of the
mean square error of a single observation to 10%., The large area of
the ficld of -view taken up to accommodate 50 reticule lines will
involve a great amount of risk of imposing on the observations errors

due to optical defects,
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The choice of a five line grid reticule makes the curved star
path across the 2 -minutes arc space replaceable by a straight line,
and differences of refraction for the five consecutive altitude
observations can be neglected,

The path of the star in the field of view as shown in Fig, 5.4, -3,
Section 5.4., intersects,in the given cases (a) to (f),2ll five
parallel lines of one family or the other, Hence, five marker bleeps
can be trig gered off by depressing a microswitch, at any one pointing
to a star; these are either five azimuth or five altitude observations,

The observer can decide beforehand whether to release five
azimuth or five altitude signals, because he should be able to estimate
the approximate size of the parallactic angle in the sky, with the
unaided eye; if not, he can obtain the necessary information about the
parallactic angle from the inclination of the star!s track toward the
horizontal thread, roughly picked up, by taking a quick sight through
the telescope. Thus, the observer gains an approximate knowledge
of the orbit of the star in the field of view,

If the parallactic angle is less than 45° (case b), the star!s path
will intersect all five vertical threads and hence five "azimuth bleeps"
can be released giving five azimuth observations; if the parallactic
angle is greater than 45° all five horizontal threads are crossed by
the star's track in which cas: the five "altitude bleeps!' will mark
five altitude observations,

In addition to the star's five line~crossings of one of the two
families, the star, in its course over the grid reticule, will also
intersect some threads of the other family, obviously at an acute
angle, Marker bleeps could be triggered off giving azimuth
observations, if the crossings of one complete set of five are altitude
observations, and vice versa, This method could be used, except
where these additional intersections of the star's path with the grid

lines would be at such an acute angle, that the exact crossing point
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would be too undefined, However, experience has shown that the
pressing of the marker key should be limited when the star is crossing
either the five azimuth lines or the five altitude lines, The precise
reason is unknown but may be attributed to the psychology and
physiology of vision,
Considering the intersection of the star's path with only one family
of parallel lines of the grid reticule: The observer is watching the
star's motion and has to devote his entire attention to a recurring
event, consisting of five consecutive intersections of two lines at the
sarne angle. The lines are in 2 definite position. Cne line is the
thread of the grid reticule (of the same family), the other is formed
by the movement of the star due to the persistence of vision, These
consecutive crossings of symmetrically spaced grid lines and the
almost constant velocity of the star produce the phenomenon of
consciousness of a routine occurrence to which an observer becomes
readily accustomed and from which he finds it not easy to relsase
himself. This may explain why on several occasions the moment
is missed when a star is crossing the threads of -alternative

farnilies of grid lines.

Viewed through an optical system, stars - being point objects =
do not appear as point images, but as small bright discs, surrounded
by diffraction rings, Due to the honeycomb«like structure of the
retinz, one single eye can perceive "tiny ° disceimages commencing
from a definite angular size., In the course of crossing the wire,
the diffraction ring, which is of less brightness than the disc, is the
first part of the star's image to appear on the other side of the wire,
where it -is subtending a tiny arc and might not be perceived by that
particular part of the retina on which it is projected. During this

small instant of time the partly split star image appears also of
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unchanged size, (Persistence of vision). Therefore, the star, when
touching the wire, seems '"to rest' or "its motion appears tc be
suspended', Not until the angular size of the advancing part is large
and bright enough will it be seen, suddenly, and the remaining part
of the split image which has not yet crossed the wire will simul taneously
disappear., This together with refraction on si:all waterdrops on the
lens system and scintillation (Section 5.5.5.) may explain the
phencomenon of stars "jumping the wire'.

The illusion that the star rests on one side of the wire and an instant
later has jurmped to the other side causes a systematic error. The
"jumping' is more pronounced when the star's crossings are observed
on both families of grid lines, than on one family only, during any one

cbservaticn,

Observations in field astronomy consist customarily of the
measurement of one angle, either horizontal or vertical, with the
recording of the time,

For the advantage of performing a combined measurement of both
angles with the recording of the time, the following method was adopted
in all field work,

At the instant when the apparent path of the star intersects each of
the five parallel lines successively, the observer presses the marker
key, thus recording the time of five observations. In addition the
observer estimates the lincar distance from the pcint of intersection
to the line of the other family, thus cbtaining a measurement for the
other angle, Fig, 5.5.7, «1 shows azimuth bleeps and altitude
readings, The distance between the grid lines is estimated to cne
tenth of its interval. The grid lines are presumed tc be numbered from
the bottom left corner upwards and to the right, regardless of the face
position cf the telescope. In Fig. 5.5, 7, -1 the cbserver records e, g.

at the third azimuth bleep 3.7, at the fourth 3,2, etc. The
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Optical Observation with the Grid Reticule
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measurements are spoken into the microphone after pressing the
microswitch,

The accuracy of estimating 2 space interval depends, apart from the
personal attitude of the observer, on the kind of picture presented by
the original subdividing lines, the grid lines themselves, on their
length and width in relation to their spacing,

An eventual effect of any remaining error in the verticality or
horizontality of the wires is reduced by keeping the star!s orbit

symmetrical with respect to the centr of the field of view,

There are several possibilities of calibrating the grid reticule.

The determination of the absolute value of angular subtense of the
horizontal and vertical grid lines is not necessary if the path of the
heavenly body is kept fairly symmetrical with respect to the cent> > of
the cross wires, If so, relative measurements of the distances between
parallel grid lines are adequate enough, because the corrections for
altitude and azimuth are formed by arithmetic means of five
observations,

Calibration values can be obtained from measured time intervals
between successive grid line crossings, using the known speed of the
obgerved star and its known path; a knowledge of the latitude of the
place is necessary., -~ No additional apparatus is required; any
method of timing star transits and its auxiliary equipment described
above - can be made use of,

The 30" grid reticule devised for the field experiments described
here, was calibrated with the use of:

(2) Hilger and Watts 18'"inch Autocollimator,

(b) micrometer head and target,

(¢) theodolite circle readings and collimator,

The last method was adopted to measure also the width of the grid lines,

As expected the values obtain.. with the autocollimator - turned ocut
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to be the most accurate ones, The r., m.s, error of one gingle
measurement of the space interval

with the autocollimator is about t 4N
+

with the micrometer head " « 1,6"
with circle readings wo T e

In each case the error includes the error of sighting a target,
g etting and reading a micrometer.
The average angular subtense of the grid - lines is about 5, 4",

(i. e. "Width" of the grid lines.)

The timing error of stellar transits (dealt with later on),
multiplied by V5 can be regarded as the r.m, s. error of a single
measurement of time intervals between grid line crossings of a star,
and therefore can be interpreted as the r. m, s. error of one single
measurement of the angular subtense between grid lines for the
purpose of calibration,

The methods of calibrating angular subtense of grid lines
mentioned above employ stationary targets.

It is universally accepted that the accuracy of pointing with a
telescope to statior2 ry targets is three times superior to the
accuracy of pointing to 2 moving target.

It is interesting to note that the calibration values obtained with the
various methods are in accordance with judgement based on practical
experience,

For the 1" Microptic theodolite it follows:

— r
\15 . | timing error of onej P 3 . error in calibration _‘
pointing to star derived from circle

(2rc measure) readings and stationary

L - target (arc measure)
 — -

V5 . 1.3 s 3 , L3"  (Table 5.5.7,-6)
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and for the 1/ 5" Microptic theodolite it follows:

V5 o, 0.66“ 2 3, 0,4"

The timing error of one pointing is about 0. 66” (Table 5.5, 7. =6)
and the calibration error is about 0, 4", de rived from circle readings

to a stationary cellimator.

The conversion of the estimated fraction of the space between grid
lines into angular subtense can be taken from Table 5,5, 7, =1, which has
been prepared for azi muth and altitude readings, for observations with
the inverting telescope and with the diagonal eye~piece, To allow a
wide range of its application, by taking into account individual practice
of observers, the table gives conversions into angular measure of

estimated intervals between grid lines and of intervals from centr-. to

centr . of grid lines, The maximum variation can amount to half the
width of a grid line, about 23",

The conversions are listed as altitude and azimuth corrections and
are obtained from measurements with the 18 inch Hilger and Watts
autocollimator, and with a stationary collimator. The angular distances
between vertical wires were measured along the central horizontal wire,
those between horizontal wires along the central vertical wire. The
table is slightly extended to provide for observations taken just outside
the area covered by the grid square,

The recorded altitude of a heavenly body observed outside the cent: .

of the cross wires consists of the vertical circle reading, plus or minus
the angular subtense derived from the estimated space interval from the
central horizontal thread, or: plus or minus the angular subtense
between horizontal grid lines should altitude marker bleeps be released,
If the line of sight is inclined, images along horizontal threads belong

to objects having different altitudes. Therefore, the recorded altitude
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CALIBRATION OF GRID RETICULE OF WATTS | MICROPTIC THEODOLITE,

Conversi/on of estimated ,’4'7{7:’32’2

interval (a) of space between grid (ines

(b) of space from ¢ of grid lines , Into angular subter)se, /n sec. of arc,

from central /‘;g;g?n‘t o Wire.
ST AZIMUTH ALTITUDE
t'"zﬂnfl- t‘?c'li-' 27"":; ui.;or}-t,.’;g?: corr?’ frfvre;rgr tete.| corr’ iﬁérlﬁie(e. corr’
déc:..q. eysp déc;.q. e a b dé?- GYZ F,’?- a b dé'ig.aerye p.| @ b
=+ weu + e woon + i v g I noon
‘51 55 71 71 ‘5155173 73
‘6 | 54 | 68 68 6 |56 |71 70
‘71853 | 66 65 ‘7| 57 | 69 68
8| 52 | 64 62 8|58 65 65
‘9| 5| 62 60 ‘9 | 59| 63 62
1’0 | 50 577 30| 30 00 1'0 | §0 58/ 30| 30 00
11| #9 | 53 55 31|29 |05 03 1'r | 49 | 53 55 31 29| 06 03
12| 481 51 352 32 | 228 | 0T O©O6 1’2 |48 | 51 52 32 | 28| 08 06
'3 | 47 | 48 49 33| 2710 08 I'3 |47 | 48 49| 33| 27|11 09
I'4 | 46 | 46 46 34|26 |12 1l 14 | 46| 46 46 g | 26| 13 i2
I'5 | 45 | 44 44 35|25 |14 14 15 | 45| 43 43 35| 25| 15 IS
16 | 44 | 4] 41 36| 24 |t6 17 16 | 44| 4] 40 36| 24| 18 /8
1’74339 38 37123 (18 20 I'T |43 38 38 37| 23| 20 2/
18|42 |37 35| 3822|211 22| 18|42|34 35| 38| 22|22 23
19| 41 | 35 32 391211123 25 1’9 | #1 | 33 32 39| 2/ | 24 26
20 | 40 296 40| 20 28 2°0 | 40 287 40| 20 293
21| 39 | 25 27 41 | I'9 | 34 3/ 21| 39|24 26| 41 'Y 34 32
22| 38122 24| 42 | /8| 36 34 221 38|22 23| 42 18|37 35
23| 37 |20 2 43| 17| 38 37 23| 3720 20| 43 I'7139 38
24|36 |17 18| 44|76 |40 40| 24 | 36|17 17| 44| [6|4] 4/
2513515 15 45| 15 | 43 43 25135115 14 45 I'5)44 44
26 | 34 | /3 /2 46 | 14 | 45 45 26 | 34|13 |/ 46 14| 46 46
227133 |10 09 47 | I'3 | 47 48 271 33|11 09| 47 '3 | 49 49
28| 32 | 08 06| 48| 12 |49 5/ 28| 32|08 06| 48 1215 52
29 | 31 | O5F5 03 49\ /7| 52 54 29| 31|06 03| 49 't 53 5%
30| 30 00 50| 1o 570 30\ 30 00 50| I'o 578
57! ‘9| 62 59 5/ ‘9162 60
52 ‘8 | 64 62 £2 ‘8| 64 62
53 ‘7| 66 65 53 7|67 66
54| 6 |68 68 54 6|69 69
551 57 7/ 55| 5,72 72

TABLE $5.5.7. -/
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requiness correction for reduction to cemb r:, to which the vertical
circle readings are referred,
The approximate correction for reduction to centr: or to the
central vertical cross wire iss
=1 , (angular subtense from vert, cent, wire)z. tan (recorded
20 1 altitude)
where: f’" = 206 265.
For sights taken at an angular subtense of 1' from the central vertical
thread (which is the maximal distance ruled on the grid reticule) to
stars at an altitude of 700, the correction is 0,024", and can
therefore be neglected,
Further, the altitude has to be ccrrected for index error and

refraction,

The recorded azimuth of a heavenly body observed outside the

cent:* of the cross wires consists of the hori ontal circle reading
(oriented), plus or minus the angular subtense between vertical grid
lines, divided by the cosine of the corrected altitude, when vertical
wire crossings are timed, or: plus or minus the angular subtense
derived from the estimated space interval from the central vertical
thread, also divided by the cosine of the corrected altitude.

The second term of the recorded azimuth is identical with the

correction for collimation axis error in pointing,

The angular subtense between parallel vertical or horizontal threads
diminishe¢ with the distance from the main horizontal or vertical
thread respectively.

The resulting error for an altitude of 800, for a star image on the
corner of the grid square, is about 0, 011" and -may be disregarded,

Further, the azimuth has to be corrected for dislevelment of the

horizontal plate, and for lateral refraction,
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The arithmetic mean of the times of five line crossings does not
correspond to the arithmetic mean of the five recorded altitudes, or
five azimuth recordings, because a change in altitude or azimuth with
time is not linear,

Azimuth or altitude recordings formed by arithmetic means of five
observations are justified if the path of the star is a straight line, It
depends on the time taken by the star to move across the grid square
whether the curvature correction can be omitted or not, The amount
of time required depends obvicusly on the star!s declination,

The correction for curvature can be obtained by expressing the
altitude and the azimuth as a function cf time, The relation, § given
in "Plane and Geodetic Surveying'" by D, Clark, Vol, II, 1948, p.100:
2 t

2 SJII .

for the reduction to the meridian, can be ~used for computing the

Diff.of meridian altitude = sin 2 (/ sin

deviation of the star's path from a straight line,

Although it is not practical to take five grid line crossings of the
pole star because of its slow motion, it is interesting to note that the
deviation (of the pole star!'s path from a straight line) over the space
occupied by the grid square would amount to approximately 0. 3";
which is less than the r.m, s, error of one pointing of the telescope.

The curvature correction to the arithmetic mean height required
for the height corresponding tc the arithmetic mean of observed times
can be calculated also from the relations

sin h = gin ¢ .sin dJ + cosp , cosd . cost
and:  sin(h + A h) = sind, sincf + cos ¢ .cosdf .cos (t+ A t)
by expanding: (h + A h) in 2 Taylor series.
For ¢/ ursae minoris (declination 86—%0) the correction & h amounts
to . 003",
The total time taken by ¢/ ursae minoris to travel across the grid

square is about 3 min,; it is therefore more convenient to make use
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of only three grid line crossings with additional timing when the star
is in the centrc of individual grid squares, thus reducing the length
of the track,

In- practice, the paths of all stars accessible in field astronomy
approximate closely to a straight line over the length contained in the
square of the grid reticule; therefore the curvature correction can
be disregarded,

The -~linearity of the path can be used to check the accuracy of
estimating space intervals in altitude and azimuth, and to examine the
attitude of personal judgement of different observers,

Since the path of the star across the grid reticule is accepted to be
a straight line, the function which fits best the data of observation
(estirnated space intervals) is therefore linear. The equation of this
"best fitting line" expressing the altitude or azimuth as a function of
time has the form:

y=hb.x +a
in a Cartesian co-ordinate system,

Every observation i8 recpresented by a point whose
co=ordinates x, and y; are the time and altitude or azimuth, The
constant b is the tangent of the angle with the axis of time, a is the
intercept on the latitude or azimuth axis.

If the required function is linear, as in this case, the line has to
pass through the point whose co~ordinates are the mean of all, (Centre
of gravity).

The arithmetic mean of all five -line crossings therefore
constitutes the data of one single observation,

For the determination of the accuracy of the observations, b and
2 have to be found, The requirement is that the sum of the squares of
the distances of each observational result (altitude or azimuth) from the
best fitting line, measured parallel tc the y or x axis, should be a

minimum.
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Table 5,5. 7.42 shaws calculations for deriving the accuracy of
the estimation of space intervals., The obscrvational values are taken
from fiecld work carried out in 1961, with a Watts Microptic theodolite
No. 2, under very bad weather conditions, Thus, field experiments
have provided data on which to base a judgement of the usefulness of
the grid reticule,

Using the values from the table:

b=4.,7anda =16.9

The mean square error of one single observation (time assumed correct)

is then:

[Wj’ =[] "[xy]z

Yy
[[3ex]
+ -
m Alt = - {W. = r,m, 85, error cf one estimated
y ’ n - 2 fraction of grid -line interval
and: + m
= o y =r.m,s. error of the arithmectic

mean

mean of five estimated fr actions
\1 n ey s .
of grid line interwval,

Using the observational data given in the Table 5,5,7. =23

~

+ . . .
m =~ ~0.5" (for this particular observation)
mean

It is important to note that the above accuracy is achieved with one
pointing of the telescope in one circle position, by assuming that the
timing is correct, and only the estimated space intervals are in error,

The condition of linearity can be used also to derive the accuracy
achieved in timing, by assuming that the estimated space intervals are
correct, Although this assumption is exaggerated and the result not
therefore of great practical value, nevertheless it is interesting to see
that (using the figures from Table 5..5,7, =2) the r. m. s. error of the
mean of five timings approximates to : 0.1 secc.

The r, m, s. error of the time~observations has been worked out by



Accuracy of Estimating Spece Fractions of the Grid Reticule.

Star:/? Leonis, Date: May, 1961, At: Tywerhale,Cornwall, Azimuth Markers.

2-*/'G"¢ e1qsy

- |
Ne.of M titude:
Observation Time fraction, scconds
seconds Yi~¥n, XX Xy A
X - X3 =Xp, Vi, [
ozh 2am 138 7 51° 451 5o M
oo
}
1 0.904 - 4.330 2.6 + 13163 + 21 441
2 3.390 -1.844 | 3.0 00]50 + 08 64
3 5.137 - 0.097 3.1 - 0644 + 02 4
4 7.007 + 1.773 3.6 - 18|32 -~ 10 100
5 9.7%0 + 4.496 4.0 - 29|21 - 21 441
[ ] 26.16C 0 210 0 45,516190 [ - 218.022 { 1050
Xm = tp = 5.234 Y, = Altitudep = 42
If altitude only in error: {xy!
b= tang. = 5 - coefficient of direction of stoar's path
i XX | in the field of view.
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chanéing the co~-ordinates;
2
[W] = \:xx] - [XY:]
L yv)

, +’vv
m_, time = =~
X
ne-=2a
+ mx

m :
%’ mean .
\/ n

Obviously the r.m. s, error of the arithmetic mean of five grid line
crossings is -_!:-- times the r.m. s, error of one single wire
crossing. Thi5s fact and the value obtained above can be used to judge
thecretical considerations about the accuracy of timing stellar transits
with other metho ds, especially with those methods restricted to one
single wire crossing at > i, (e. g. method employing a stopwatch)
The assessment of the accuracy of the methods adopting one wire
crossing is rather cumbersome, obtainable as a rule via the final
result of latitude and longitude, and so liable to be cbscured by errors

which have passed unnoticed,

The r.m, s. error of timing star transits through individual grid
wires can be calculated also from residuals of the arithmetic mean
obtained from all wire crossings, reduced to the central wire.

In Fig. 5.5.7.~2, tis the hour angle at the time of the star's
transit through the central horizontal wire, corresponding to the
observed altitude h,

t1 is the hour angle at the time of the star!s transit through the

1st parallel horizontal wire, corresponding to the observed altitude

h+ 4 h,

Then: the difference of the hour angles (t1 - t) =A tis equal to the
recorded difference of the chronometer times (in sidereal time) at

which the star was on the central horizontal wire and on the lst
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parallel horizontal wire.

The reduction from the parallel wire to the central wire is therefore
equal to the difference of the hour angles = A t
The reduction can be computed by using the relation:

sinh =sing . sind + cos¢ .cos¢/ .cos t

and sin (h + A h) = sin¢, sind + cosgé . cosd/ . cos t,

subtracting, it follows:

b1 A
2 cos (h + —5_,}- . sin —;—1— = 2 sin %(tl - t). sin%(f:1 + t), cos{) .cosd

since: A h is 30" or 60" (angular subtense of grid lincs)

and: At= t -t 2 2 gec and = 4 gea, in practice < 30 sec;

the sine can be taken as being equal to the arc:
_Ah
Atst-t=__ 2P s —5=)
cos¢p. cosc) IEX:
sin

byt

5 ) the approximate values

for(h+ A h ) and for (

2 " s
h and t respcctively are quite sufticient; therefore:

cos h
At=s Ah,
cos¢ R cosff. sin t
Siiedphainiplpsiiuipdpivirimisiyipivlptpuieiin byl
since:

. cos C[. sin t . . cos é
sin A = » 2ands sin g = sin A,
cos ¢f

the expression for time reduction beccmes:

At= A B

sinq . cos ¢/
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It can be seen thats
Hh
At

= sinq., cosd’

is the rate of ~change of altitude with respect to time, or the lst
derivative of the star!s path in altitude, i, e. the velocity of a star in
altitude; and in thc carie way the velocity of a star
in azimuth is:
A A
At

= cos g, cosd

The formulae:

1”
At (sec) = . (angular subtense of horizontal grid
15, sinq, cosd lines)
and o
At (sec) = . (2ngular subtense of vertical grid
15,cos q . cos ¢/ lines)

were used to reduce the timing of grid line crossings to the central wires,
for computing the v, m, s. error of timing stellar crossings of altitude
and azimauth lines,

The formulae

"
t (sec) = 1 . {estimated angular interval in
15 sin q, cosc) altitude)
and
1I|
t (sec) = . (estimated angular interval in
15 cos q. coscf azimuth)

were used to compute the r. m.s. error of estimating space intervals,
assuming correct timing,
The difference between sidersal time (hour angle) and U. T. (observed

time of stellar crossing) has to be allowed for,when measured time
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intervals between consecutive transits in terms of U, T, are compared
with calculated time intervals,

The results, some of them being listed in Table 5.5, 7. «3, show
the quality of individual observations; accuracies of arithmetic means
of five observations are given in Table 5.5,7, -4, Timing errors of
stellar transits of vertical and horizontal cross wires are listed in
Table 5.5.7. -4, column 4, and the corresponding error along
horizontal and vertical grid lines in seconds of arc is listed as azimuth
or altitude error in colurman 5, In column 7 are quoted the errors along
horizontal or vertical grid lines as azimuth or altitude errors which
result frora estimated space fractions which are given in codumn: 6,

The observations were executed with a Hilger and Watts Microptic
theodolite No, 2, reading to 1", The telescope fitted with a long
diagonal eye-piece has a magnification of about 23 x.

The values given in columns 4, 5, 6 and 7 are r.in, s. errors of
the arithmetic means of five observations, i, e. of one pointing of the
telescope; they are of course to a great extent shaped by the personal
equation. More decimal places are carried in the calculation and
quoted in the tables than the accuracy warrants, to avoid rounding-off
errors,

From Table 5.5, 7. =4 can be derived that = pracision of alinost the
sa...e oi1der.- can be achieved in angular measurements for azimuth
and altitude simult.aneously, by tirming star transits for one angle and
estimating space fractions for the other, with the aid of the grid reticule
and marker pulse.

Furthermore, timing of star crossings over five azimuth lines can
be performed with equal accuracy as the timing of five altitude line ‘
crossings.

The accuracy of angular measurement obtained with the grid reticule
and marker pulse matches the pointing and reading accuracy of the

single second theodolite,
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Timing of Stellar Trensils

and

Estimation of Space Intervels

vith Grid Reticule and Merker Pulse.

Dete: May, 1961, At: "James" Trig,3t™.,Tywarnhale, Cornwall

1 2 3 4 5 6 7
Star
Megnitude Wo. Angular |Recorded| Corr. Transit
Declination of [ Subtense Time to Time
Movement Obs. to Central red. Residual
in Field Central Wire to
of View, Viire Centre,
scconds seconds seconds | szconds seconds
Altitude arc X
1.10708
@ Ophiuchi 1 -3.847 40.568 | -4.299 44,827 +.206
577
2.14l
+120 35 2 -1.97% 47.271 | -2.184 45.455 -, 422
29.6
3 44.715 44,715 +.318
a4 +1.57% 47.188 | +2.074 45.114 -.081
28,1
470 42! 5 +3.800 | 49.265 | +4.21C | 45.055 | -.022
45,053 | *.12g
Est. fecorded b'd Residual
Fraction Time .180%745 of
n " Fraction
1 2.5= 15.0 2.706 ~.09
2 2.0 28.7 5.177 —.13
7 1.4 £46.0} a.e. £.297 +.15
4 1.0 sB.1 10.480 +.1,
5 0.8 €5.0 11.724 -0z
f.0g

Teble 5.5.7. - %
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3tellur Crossings of

Azimuth (Verticsl) end Altitude (Horizontal) Grid Lines.

Date: Moy, 1961,

Lt: Tywarnhale, Cornwell.

1 2 3 4 5 6 7 18
Star Timing Lzimuth | Estim. |A1lt. |eppr.
Magnitude Error Interval| Error|{Totel
Declination Verticel Error | Altitude Time
Movement lAzimuth (sltitude Wire + + + of
in Field + " - [ Cross.,
of View o 1 o 1 seconds (ere) | Fraction| {arc){ sec.
o Bootis | 156 06 | 57 19 | 0.094 1.3 0.0, | 1.4 | 8.4
0.24 156 51 25 .10g 1.5 .0z | 0.9
+ 19° 23’
157 51 34 .10g 1.4 .0 1.8
.| 158 33 40 .089 1.3 -0 1.0
{3 Ursee 0807 | 6523 | 0.177 0.7 0.05 | 2.5{29.9
Minoris
2 .24 07 39 27 .13, 0.5 05 | 1.7
+ 740 19! '
/ 06 52 33 12, 0.5 .03 1.0
06 23 36 173 0.7 0z | 1.2
y'd
3 Leonis 207 18 | 51 55 | 0.11y 1.7 0.0, | 1.4 | 8.4
2'23
+ 140 47' | 208 11 44 12¢ 1.8 .05 | 0.7
209 40 26 .075 1.1 .05 1.7
210 7. 14 0% 0.4 .04 1.2
240 23 40 11 .09¢ 1.2 .05 1.7
241 32 | 39 3% .08g 1.1 05 | 1.7
242 32 39 00 .050 0.6 0% 0.8

Table 555\7'. ~ 4
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Timing Stellar Crossings

Lzimuth(Vertical) and Altitude (Horizontal) Grid Lines.

Date: May, 1961  At: Tywarnhele,Cornvall.

1 2 3 o > 6 7 8
Stz Timing |{Altitude} Estim. | Az. |appr.
Mogritude Error Interval} Error| Total
ceclination Forizontal] Error |szimuth | + Time
Movement [izimuth [iltitude Wire + + - of
in Field + " " Cross.
of View o o ! seconds (ere) |Fractica| (arc){ sec.
[ Ursae | 304 41 | 53 34 | 0.1l 0.9 0.0, | 1.3]15.5
Mz joris
2.44 52 13 11g 0.9 04 1.2
+ 560 25!
/ 305 05 52 49 14g 1.2 .0z | 1.0
18 25 .066 0.5 .03 0.8
J
<t Lyrae 76 46 42 18 0.194 1.9 C.0g 1.9 {12.2
0.14
+ 380 44"} 77 04 42 36 04g 0.4 +0c, 1.8
\\ 77 5% 4% 24 255 2.5 .05 1.6
79 22 | 44 50 .08¢g 0.8 Oy | 1.3
\\& S0 02 54 34 . 268 2.6 .06 2.1
91 50 55 58 .06g 0.7 .Og 1.5
A Ursae 314 02 66 24 0.224 1.5 0.0 0.8 |16.7
Majoris
1.95 313 41 65 42 074 0.5 0y 1.4
+ 610 58!
f\ 216 01 65 22 155, 1.1 .03 0.9
VT 331 26 | €5 06 A1, 0.8 .05 | 0.7

Table 5.5.7. - 4

cont.
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The small differences in the listed values suggest that timing of
stellar transits appears to be more complicated for stars of higher
magnifudes. Bright stars outshine the illuminated cross wires and
the instant of crossing can be easily misjudged., The size of the star
undoubtedly has alsc an influence on the estimation of space intervals,

Stars moving almost parallel to one family of grid lines cause
some difficulty in judging fractions of space, because these differ
only a little at consecutive timings, sc that errors in estimation tend
to be in one direction, It is therefore of advantage to have the star's
path inclined to the grid line; this can be effected by employing
quadrantal stars.

Table 5.5.7, -5 contains r.m. s. errors of azimuth and altitude
measurements obtained with the grid reticule and marker pulse from,
some observations performed with a Hilger and Watts 1IS" Microptic
theodolite (Prototype), The telescope fitted with a long diagonal
eye=piece has a magnification of about 30 x,

There are no theodolite readings involved in all the calculated
results listed in Tables 5.5.7, =3, =4, and -=5. Evidently the
listed r. m, s, errors differ only small fractions from the r, m. s,
errors of observations performed with the single second theodolite;
but the differences are significant enough, and emphasize the higher
accuracy achievable with the 1/5" theodolite. The superior quality
of the observations is due to the higher magnifying power of its optics.

No systematic corrections are applied to any obsexvations and
instrumental errors are irrelevant, The observations are not
weighted; this could be done according to the magnitude of the star,
its altitude and its direction of motion in the field of view. It is
omitted, because the attribution of weight to an observation is rarely
free of personal judgement; and detailed investigations into moderate

variations of physical conditions, contributing small differences



Azimuth (Vertical) and Altitude (Horizontal) Grid Lines.
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of

Timing Stellar Crossings

Date: May, 1963, Lt: Tywarnhele, Ccrnwall,
Instrument: Hilger and Wztts, Microptic No.3 (Prototype)

1 2 3 4 5 6 7 8
Star Timing Altitude| Estim. Az. {appr.
Magnitude Error Intervalj Error{Totel
Declination Horizontal Azimuth Time
Movement thzimuth |Altitude| Wire Eryor + + of
in Field T ; n |Cross|
of View o o seconds (arc) |Fraction|(arc)| sec.
{ ursae 60 59 59 36 | 0.09g 0.8 0.0, | 0.6 |14.2
tflajoris
2 .40 61 59 62 10 .02¢ 0.2 05 | 9.7
+ 550 07'
62 51 €5 00 .05, 0.4 -0, 0.6
1T
63 19 67 17 .04g 0.4 .01 0.2
¥
‘ Timing | Azimuth| Estim. | Alt.
Error Error [IntervaljError
Vertical + Altitude] =+
Wire + n
+ " -
seconds (are) |Fraction|{arc)
¢ Leonis 229 00 42 29 0.036 0.5 0.0, 0.7 { 9.6
1.34 2
+ 120 09* 2730 51 41 42 047 0.5 0, | G.5
L~ | 231 53 41 14 .054 0.7 .o3 0.8
A | 233 28 46 30 .04 0.6 0, | 0.5

Teble

5.5.7. =5
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‘n observational precision, are outside the scope of this thesis.

In Fig. 5.5.7. -3 is shown the accuracy of angular subtense
measurements (along horizontal and vertical grid lines), obtained from
timing star transits and from estimating space intervals. The values
plotted against stellar velocity or time are r.m. s. errors of
observations to various stars, taken at about 50° Iztitude, with a
Hilger and Watts 1" theodolite.

For bietter presentation the abscissa contains a cosine scale and the
time a star requires to cross the grid square, The plotted values are
summarized in form of accuracy curves, which are drawn by eye
through the points to give the best fit to the various groups, This was
possible because the values show a characteristic scatter, With the
help of the diagram 5 =21l differences in errors obtained from analys-
ing field -results can be used for detecting relative merits and
deriving advantage of timing transits of stars of various declinations,
against estimation of space intervals on a grid, Obviously, results
obtained from field experiments which were executed at totally
different atmospheric conditions are not comparable, Therefore, the
diagram is based on ficld returns from seclected observations which
were performed when similar weather conditions prevailed. A
sufficiently large nurnber of r, m, s, errors is used, for the purpose of
eliminating the outcome of a distorted result due to observational
selection or analytical treatment.

During all observations the field conditions were very unfavourable
and therefore bigger variations in the r,m, s. errors of single
pointings may not be expected than were deduced from the
observational material obtained,

From the diagram can be derived that the accuracy in timing

stellar transits is superior to the accuracy of estimating space
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fractions when fast moving stars are concerned; obviously with slew
moving stars the accuracy in estimating is increasing with the
decrease in velocity; this would lead to the extreme case employing a
stationary target; - the transit of which would be impossible to time,
and its distance to the grid lines could -be estimated with great care.

For slow moving stars it is therefore advisable to time the
obscrvations at the instant the star is ~midway between two parallel
wires, and to estimate the distance to the wire of the other family,
One more pointing, if necessary, can make up for the reduction from
5 to 4 individual observations.

Polaris and adjacent stars are conveniently sighted in the centre
of the small squares formed by the grid lines,

It is interesting to note that the accuracy of timing transits is
equivalent tc the accuracy of estimating space fractions for stars
having 50° to 60° declination.

The "timing=accuracy' curve has «its minimum around cos =
= 7%—, corresponding to a total time of about 114 seconds, Apparently
this could mean that the highest accuracy in timing line crossings
could be achieved with stars of 40° declination, and also with stars
intersecting the grid lines at 45°,

In practice the slight differences between the two curves are of
no importance in routine field work. Stars selected at random or
adopted because of the presence of clouds will seldom belong only to
the fast or only to the slow moving category., On the whole, practical
field work adopting this method will produce angular measurements from
timing star transits of equivalent accuracy to the angle obtained from
estimating the grid distances; obviously disregarding atmospheric
refraction dislevelment and errors of the instrument,

The tenth estimation of the angular subtense cf grid lines is easily

achieved, as the analyses indicate, and is therefore quite legitimate,
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Unless stars are purposely selected in the immediate vicinity of
the meridian, the altitudes of the five consccutive observations
recorded with the aid of the grid reticule may require corrections for
differences in atmospheric refraction.
Accepting a spherically stratified index of refracticn, it follows that
refraction will depend on clevation only and not on azimuth,
Usually, in field astronomy stars are observed at altitudes from 20°
to 700, in which range the accuracy of Bessel's formula is generally .
accepted to about 0,0l second of arc, The application of Bessells
formula requires a ~knowledge of the field termnperature and -air
pressure, Humidity and wind direction which undoubtedly have an
effect on refraction are not considered.
Ifs
ho is the observed altitude when the heavenly body is on the middle
horizontal wire, given by the reading of the vertical circle,
h:-l' hoz the observed altitudes of the lst and 2nd parallel
horizontal wire respectively,
T the refraction corresponding to the altitude hO

(3] 3] 11
Tor' To2 hol' hoz

(ro, Top T2 etc, are the angular changes in the apparent positions
of the star due to atmospheric refraction),
o(l the anrular distance in seconds of arc of the lst horizcntal
wire from the middle wire,
A 2 the angular distance of the 2nd horizontal wire from the
middle wire,
then the corrected altitude for the middle - wire iss
h=correctedaltitude=ho+ro cr ¢ e & ee s e o o we (1)

and the corrected altitude for the 1lst horizontal wire:

h1=h01+r01l.ll.‘.‘.ll.l.l.l..ll“'..(z)
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for the 2nd horizontal wire:

h2 =h02 * roZ

i, e, the corrected altitude for the 1st horizontal wire is equal to the
corrected altitude for the middle wire plus a corrective term,

depending on the angular distance and refraction, thus$

hl = h +/\_h1

the corrective term A h, is obtained by subtracting (1) from (2):

1

h L] - = - -
1 h Ahl (hol ho) + (:r:o1 ro)

or:

Ah, = o + (-1
3600

L T L B L DL LT L R T L X 1 1
--------- " an s Sy 2P U AN SN G5 W S5 T AR WB U UG W a8 UG 48 B9

and in the same way:

A h2 is the correction to be applied to the corrected altitude
of the middle wire to cbtain the corrected altitude of the 2nd

parallel wire,

= X
Ah, 2 + (ro2 - ro)
3600

The term: (rol - ro) represents the difference cf the refraction for

different observed altitudes.

If & r is the change of refraction in seconds of arc, per degree of

altitude, obtainable from tables, then the difference in refraction iss

R A r.o(l . L
3600

This term can be plus or minus as the altitude of the upper or lower

parallel horzontal wire is -used,
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The corrective term A h in seconds of arc becomes:
1

g VAN SL
[ S 1] P —
&h otl.(\1+ 3600>

(Where: A r is given in seconds of arc per degree,)

Ar varies with altitude,

at 20° altitude A r is about 9" per P ’

at 400 1" " 1 2%11 r

at 600 " 1 1 1,41 n,

The effect of different refractions for ~different horizontal wires is
1]

negligible as longas A", %ﬁ'a- does not -~reach the size of

observational errors. (i.e. unavoidable or accidental errors),

The smallest angular error in observing with the grid reticule is

about 0, 2", (tables 5.5.6-4 and -5, column 5,)

VANE S
] . e .
If then: L < minimum observational error

3600 (in seconds of arc)

the observed altitude 20° , and consequently
Ar = 9" per 10,
it follows tilat the condition of maximal angular subtense from the

horizontal wire is:

" " "
gn

The angular subtense frorm the middle wire was spesified to be 30" and

60". This was done not only to render errors arising from off-centre
observations consequent on  using the grid reticule insignificant in
relation to observational-errors, but also to allow a wide range of
applications of the grid reticule, should future higher magnification of
the optics increase the accuracy in timing and estimating, and also for

the possibility of using stars at very low altitudes,
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The theoretical consideration, for deriving the maximum angular
subtense of 60", aimed at keeping the observational errors in the order

of , 1 , times the least reading of the most advanced engineer!s

Vs

theodolite. Obviously it is presumed that the pointing accuracy of
the telescope matches the reading accuracy of the circle,
The data on which the specification for the grid reticule is based,

are!

The reading and pointing accuracy of Hilger and Watts

liicroptic theodolite No., 2, (Section 5.8.),

the readings of the horizontal circle of the Geodetic

Tavistock (Messrs., Cooke, Troughton and Simms),

and the readings of both circles of the DKM 3 (Xern).

The following accuracy figures shown in Table 5.5.7, «b are
derived from observations executed in 1961 and 1963 at the Field
Station, Tywarnhale Mine, Cornwall,

The results achieved are comparable in accuracy with those
obtained from more elaborate methods and instruments, and approach
the accuracy of timing star transits with the impersonal micrometer,

Timing with the grid reticule and marker pulse dces not fully
utilize the smallest subdivision of time intervals accessible via the
crystal chronometer. Higher precision in timed simultaneous
measurements of horizontal and vertical angles of star pointings can
only be achieved with very different methods; with those impersonal
methods employing electronic or photograp hic registration,

The basic idea of having a grid projected through the telescope
on to the celestial sphere, the definite amount of angular subtense
and the specific number of grid lines provide an easy way of measuring
arc distances from a moving target to a reference line, which is

comparable in efficiency with the timing arrangement,
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Accurscy
of
Timing Star Transits end Estimating Space Intervals.
Instrument: Hilger end Watts,
Microptic Theodolite
Fo.2 No.3
Telescope 1 2
fitted with j>Magnification' 23x 30x
Diagonal eye-piece
seconds arc geconds| &arc
of distance of distance
time n time "
Average of r.m.s. errors of
Timing + 0.13 + 1.35 +0.077| + 0.64
stellar crossings with one
rointing of the telecscope,
(i.e. arithmetic meaon of
five observations)
arc distance: along hor.,
or vert. grid lines.
Average of r.m.s. errors of space arc space arce
fraction | distance| fractionjdistance
Istimating " i
fractions of space between + 0.04, + 1.35 + 0.024] % 0.95
grid lines,with one
pointing of the telescope,
(i.e. arithmetic mean of
five observations)
arc distence: aliong hor.,
or vert. grid lines.
Table 5.5.7. - 6
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Also the grid reticule and marker pulse provide adequate and
uncomplicated means of testing the observer?s ability to time line
crossings and estimate fractions between grid lines,

The agreement between r, m, s, errors of angular measurements
derived from timing star crossings and fr oﬁx estimating space
intervals constitutes an excellent empirical check on the validity of

the theoretical assumption,

Summary cf the advantages of the grid reticule in combination with

the marker pulse, in field astronomy.

(1) The stop~watch is made redundant,

(2) Grid reticule and marker pulse are cheaper than a stop-watch,

(3) Easier to handle than a stop-watch,

(4) Permits simultaneous measurements of both horizontal and vertical
angles with an observation for time.

{5) Hence the possibility of star identification,

(6) Enables five combined observations with time to be performed
within 8 to 20 seconds, instead of one observation only.

(7) The arithmetic mean of five observations gives one observation of
both angles of improved accuracy, which is achieved with one
pointing of the telescope.

(8) The observations for the measurement of - an angle are about
evenly balanced with respect to weight, i, e,

R. O, = stationary target;
star =moving target.
The sequence of observations in each circle position is:
R.O,  star -« R, O ., and the weight distribution is therefore
= 6,5, (Stationary target: 3x the weight of moving target).
(9) The actual setting on the star and touching the slow motion screw

when the time is noted is done away with, The star is only
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observed in the field of view within the area occupied by the grid
square and the transit times are marked without touching any
parts of the instrument,

(10) The error of the personal equation of an observer, i.e, hig
ability to time transits and estimate space intervals can be
determined.

(11) No corrections for errors dye to observing off centre are
required, (except corrections from Table 5,5, 7.4. ).

(12) The booker is redundant, because timed crossings (= pulses),
estimations of grid intervals and relevant data (= voice
announcement) are recorded on tape, .

(13) The grid reticule constitutes no special attachment to the
telescope, and can be used instead of an ordinary cross wire,
and

(14) It provides reference lines for the measurementof x and y
distances when evaluating photographically registered star

observations,
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5.6, Eye's Share in Optical Perception

The observer!s eye, unless replaced by an electric eye, forms an
essential part of the optical instrument.

The visual acuity of the human eye sets a barrier to the perception
of linear and angular separation, and governs the tolerances of any
visual instrurnent.

Due to the wave nature of light, there is a limit to the forming of
clear images of s 2%  detail with an optical system,

Perfect imagery is unachievablg- the image of point objects is a
diffraction pattern of measurable size. It depends a great deal on the
quality of the eye of the observer to locate the centre point of the
diffraction rings and to distinguish the proximity of the centre point to
lines, as it is required for timing of transits. When observing,the
eye has tc look always straight and must be kept complet ely motionless,
Slight maovements of the observer!s eye are unavoidable and are
caused by muscular response to stimuli, produced by varying light
conditions of the illuminated ficld of view, reflections on may wascr
drops on the objective, stray light from the sky, etc. Movements of
the head of the observer and the tendency of the eye to scan the field of*
view contribute to unstcadiness of the eye. A light ray which comes
from the image point and passes through the centre of the pupil of the
eye will pass, in the presence of ocular unrest, through outer zones of
the pupil, On reaching the fovea centralis, different stimulation of
the seeing sense is produced from rays passing through various zones
of the pupil.

The visual ac uity depends on the response of cones and rods in the
retina, and the response depends to a major extent on the amount of
light reaching the eye. Hence, the visual acuity is related to the
brightness of the image. This relation is a constant over a wide
range, bectuse of the constuuction of the human eye, the adaptability

of the cye=lens, chemical reactions in the retina, etc,
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The image of a point-object (star) covers only a tiny part of the
retina, the image of a line~object {e. g. R.O.) occupies -more area,
Hence the pointing accuracy of the telescope depends on the target,
the quality of the target image, the eye cf the observer and its

ability to draw reasonable inferences from sense impressions)
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5.7. Personal Equation and Error of the Personal Equation,

It is a biological fact that the responses to the impressions on the
various senses are not equally fast, There are observers who proceed
from hearing to seeing and others whose seeing perception comes before
hearingi Further{ there is also a time difference between scnse
impression and muscular reaction,

The impression of an event, on the seeing sense of an observer,
produces a perception response which is either anticipated, simultaneous
or delayed; the exact reason is as yet unknown,

The psychological phenomenon of placing an event mentally ahead, or
too late, is the observer's peculiarity and can be measured. The
reaction time-interval between event and response during which one or
more senses, or one or more muscular actions are engaged, is
commonly called the personal equation, and its deviations are termed
the errors of the personal equation, The amount of the personal
equation can be larger or smaller than the absolyte value of its error,

The eye-ahd=-car method . employs impressions on the hearing and
on the seeing sense, and ~-muscular reaction,

The timing of optical observations with the grid reticule and
microswitch requires the concentration of the seeing sense only, and
immediate muscular reaction,

Obviously, the personal equation peculiar to the latter timing method
will not be identical to the personal equation of the eye~and-ear method,
Generally, the personal equation depends upon the observational
methods; further, the personal equation is a function of properties of
the observer, instrument and target, and of instantancous conditions
of the observer and of observing, Observing conditions pertain to the
instrument and to the field. Habits are liable to produce a particular
personal equation, e, g. a personal slowness, which may be considered

as the property of the observer, The personal error of the observer

is greatly affected by the head position and freedom from bodily strain;
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tiredness will influence the sensual and muscular reactions.
Mangification and optical quality are properties of the instrument and
cannot be changed, but they can influence the personal equation;
likewise the amount of illumination of the field of view and the proper
focussing which can be altered, The type and size of the target, its
brightness, the amount and direction of its movement, briefly its
properties, and the instantaneous atmospheric conditions affecting
the visibility will all contribute to a certain quality of the image,

This is of significance to the irpression produced on the retina and
to the perception response,

Various forms of the personal equation result from the methods
employed and conditions enccuntered.

The "polar equation' expressing the different reaction between
sighting polar stars and equatorial stars has been studied since the
end of the last century,

The "light equation' is based on the impressions that faint and
bright stars create on the senses,

Unfamiliar direction of stellar motion and image distortions
produce special personal equations.

The personal equation in tirning stellar crossings of vertical grid
lines can be considercd to produce 2 collimation axis error, but of
the same sign in both positions of the telescope, so that it is not
eliminated with transitic

The personal equation in timing stellar crossings of horizontal
grid lines can be considcred as an index error of the vertical circle,
but again of the same sign in both positions of the telescope, so
that it is not eliminated with transitin;

The anticipated or delayed sensation of an event influences the
estimation of fractions of space between grid lines., This results in
a personal equation which produces an equal ccllimation axis error or

index error of the vertical circle, as mentioned above,
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Another form of the personal equation is the peculiarity of some
observers to wrongly estimate some particular fractions of space,
This "scaling equation'' can be detected from a sufficient number of
obsgervations, the analysis of which will show an unequal frequency
of the decimal fractions. Assuming that all decimal fractions are
equally likely to occur, the wrongly estimated fractions will appear
at a higher or lower frequency than can be expected at equal
distribution,

The personal equation is of no consequence when only time
differences of stellar transits arc required.

A knowledge of the personal equation and of its error is
desirable for estimating its effect on the astronornical fixation of
survey stations.

A practical way to determine the personal equation of an observer,
in timing the instant of - stellar crossings, which is mentioned in
various publications, consists of making observations for longitude
at a station, the position of which is well established, (e, g. primary
beacon) and comparing the result.

Although undetected instrumental and observational errors may
distort tbe result, the discrepancy obtained between observed and
known longitudinal position, may be due to the personal equation alone;
in which case the personal equation is deduced from observations
which can be suspected to shape the personal equation according to
the instrumental and ficld conditions encountered and stars sighted.
One determination of longitude resulting from perhaps cnly one night's
observations is not sufficient to derive a true picture of the personal
equation, The result obtained for the longitude from one nightts work
fluctuates within groups of observations and results from successive
nights fluctuate even more, The amount of fluctuation in one night
of 2 longitudinal result obtained with a Watts 1" theodolite, grid

reticule, marker pulse, crystal chronometer and tape recorder, is
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not less than one to two seconds of arc, and values obtained on
successive nights fluctuate double this amount,

Diverse opinions exist with respect to the size of the personal
equation of the average type of observer, ranging from 0,1t0 0,3
seconds. There are Observers with exceptional reaction times as
high as 13 seconds either way; slow or fast,

Consequently, fluctuations of the results of longitude observations
executed with the instruments mentioned above, cannot be attributed
to the personal equation alone, andtherefore the latter cannot be
determined in this way with sufficient - accuracy to justify its

application,

F or the measurement of reactions to a sense impression a
personal equation machine can be «used. This is an instrument which.
records both the observer!s reaction to and event and the occurrence
of the event to which the observer reacts,

The personal equation can be derived from measured time intervals
between audible mcchanical chronometer clicks and marker pulses
released at definite time readings indicated by the second hand of the
mechanical chronometer,

The chronometer clicks and marker pulses can be recorded on tape,
and the time intervals can be measured with a stop~watch during slow
replay. The tape can be developed and the time intervals measured
with a scale. Any eccentricity of the second hand and parallax are
eliminated by taking a series of -readings at several intervals with a
simple sighting device and magnifying glass., It is important that the
clicks of the chronometer are in exact synchronization with the time
indication of the second hand, This has to be arranged by the makers.
If there is any consistent discrepancy between the audible - clicks and
the position of the second hand, then this method can be used only to
de t ermine the error of the personal equation,

In the course of testing mechanical chronometers, the clicks from



- 265 ~
5.7, cont,

the second hand have been recorded on tape and made visible. This
method is therefore feasible, but the number of escapement beats per
second of the second hand governs the precision with which the person-
al equation can be determined, Further, since the subdivision of time
obtained with 2 mechanical chronometer is of rather low accuracy
(Section 3. 8.), personal equations of observers ranging only from %
to 1 second or more can be ascertained with certainty, and obviously
the error of the personal equation has to be at least comparable in
size with the accuracy of the mechanical chronometer to be detectable,
The accuracy of timing stellar crossings with the grid reticule and
marker pulse gives an indication of the error of the personal equation,
The error of the personal equation can be identified as the r,m. s.
error of a single pointing of the telescope, which consists of five line
crossings; its average size (for the observer concerned) is about
i 1.3_ sec. arc, or .-!- 0.1

5
(Table 5.5, 7. =6).

3 seconds of time, as already quoted,

A device for measuring the personal equation and its error, suited
to meet the requirements for accuracy combined with simplicity of
manipulation, is shown in Fig, 5.7, =1,

Four equally spacecd tiny holes @ in a transparent, slowly
rotating, dark disc @ permit, when reaching a definite position in
front of a slit C?D in a transparent, amber screen @ , the light
of a2 lamp @ to recach via 2 collecting lens @ a photocell @ .
The output of the photocell in the form of audio bleeps is recorded on
magnetic tape. The exact spacing of the holes will be seen as exact
spacing of the irnpulses after tape development, The disc, driven by
a -motor @ s Can run at various speeds in both directions, The
personal equation is tested by an obscrver, who is watching through

-

the peep sight | Eﬂ s and activates the lamp "\’5) with a

microswitch @ at the instant the first hole crosses the slit, After
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the 4th hole has passed the slit, the lamp can be switched off, and the
process can be repeated. The personal equation and its error are
then determined from scaled distances on tape,

The equal spacing of the four holes, cr the known distances between
them, eliminates errors in the determination of the personal equation
arising frorn changes in the rotational speed of the disc,

In the field of view of the peep sight the 1st hole (being observed)
and the slit, both illuminated by dim-light lamps @ createc the
impression of a2 star and illuminated cross wire respectively. The
screen can be shifted snd the light intensity of each lamp can be varied
by a rheostat in the circuit, so that ""stard? of different magnitude and
brightness can be produced, and balanced against the illurination of
the''cross wire', In this way "stars' can be kept brighter than the
""cross wire'", or vice versa,

Diametrically in line with the first hole, not visible through the
peep sight, is the "tirning hole" @ s & larger opening, The
purpose of the timing hole is to eliminate distorted results, The timing
hole is covered when the arrangement is being calibrated,

To obtain further detailed information about the personal equation,
the peep sight, the screen with the slit, the collecting lens and the
lamps can be shifted in their positions and lined up, so that it would -be
possible to produce in the field cf view of the peep sight, the impression
of any stellar movement likely to be encountered, The timing hole has
to be replaced by a "timing bulb", situated between screen and
collecting lens, for the purpose of giving a flash the instant the
observer presses the key. After the lst hole has passed by, the lamp

@ has to be illuminated to produce the three pulses to follow.

The scale error can be determined fror estimation of space

fractions. For this purpose two parallel lines @ are drawn with

a pencil on the screen, at right angles to the slit, These give the
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impression of horizontal lines of the grid reticule, The correct space
interval can be measured with an ordinary scale placed over the "star"
against the two parallel lines when the disc is at rest.

For further investigation into the scale error, the width or position
of the two parallel lines can easily be altered; or the disc raised or
lowered. In this way the "star' is placed in all possible space fractions,
that may occur during field observations,

The personal ecquation is a function of a variety of variables, For
correcting an observation for the personal equation properly, it should
be determined immediately before or after each pointing of the
telescope, and it has to be assumed that the value obtained is a measure
of the personal equation at the time of observation, This is of course
impracticable because of the amount of time and work involved,
Obviously the personal equation cannot be determined at actual field
conditions, On the other hand, observing conditions in field
astronorny cannot be imitated, and therefore every method of testing
the personal equation and every personal equation machine will give.
inadequate information,

The value of the personal equation is rather uncertain, Consequently
a figure based on practical experience which should be -sufficiently
accurate, is assumed,

As a rule, a skilled observer has some knowledge of his reaction
time, Hence, the personal equation and its error, when recording
the instant of an optical observation, can be estimated,

When the ear is not employed, stellar transits are timed with a
manually operated key, A competent observer may be capable of
estimating his personal equation by amounts accurate to the nearcst tenth
of a second, or perhaps even better,

The application of the impersonal micrometer does not completely

eliminate, but reduces the size of the personal equation to a few
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hundredths of 2 second.

Timing stellar crossings with the grid reticule and manually
operatcd key, or with the impersonal micrometer, does not fully utilize
the precision with which U, T. is made accessible in the field with the
crystal chronometer by the method described.

The development of improved timing methods from which the effect
of the personal equation cannot be eliminated has to be considered to
have reached a certain degree of perfection, when observational results
obtrined with these methods approach an accuracy which is comparable
in size with the uncertainty of the results caused by the presence of
errors which can neither be detected nor eliminated with adequate
precision,

It becomes evident that - further improvements on the instrument
side, especially higher magnifying power of the telescope, will not
improve the final result of the observations,

The advantage which can be derived by a replacernent of the grid
reticule and marker key with an impersonal micrometer consists mainly
in reducing the personal equation, The higher reliability of the final
result will be a minor point compared with the cost of 2 special piece of
equipment,

For utilizing effectively the full precision of U. T., which is now
available in the field, the method of timing stellar transits employing
grid reticule and marker key can only be superceded by a method which
replaces the eye of the observer with impersonal means of

registration of stellar transits,

The device for testing the personal equation and its error, given

in Fig. 5.7.«l, is believed to be original,
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If, in combined observations of altitude and azimuth, the crossing
of successiye grid lines by slow and, fast rpovi;n;._r, stars can be timed
to the high o:lder of precision. quoted in Section 5. 5.7., then any
weakness in obtaining a position line must lie in the measurement of the
other quantities; these consist of reading the vertical circle, where
refraction is problematic, and of reading the horizontal circle which
mostly requires a correction for its dislevelment,

Vertical and horizontal circle readings of micrometer theodolites
contain errors of setting and reading the micrometers, Further, the
accuracy of circle readings on which the precision of angular
measurement depends, are affected by errors in the graduation of the
circles, of the eccentricity of the circle, index errors, errors of
collimation, transit axis error, errors due to dislevelment of the
vertical axis, errors of the bubbles and the graduation errors of the
bubbles, crrors due to refraction, and errors caused by the personal
equation and its error, (The last error is already dealt with in
Section 5, 7.)

A single measurcment of an angle formed by 2 moving and a
stationary target 'contains all the errors mentioned above, regardless
of whether the single measurement is compensated or not, except in
special cases.

A knowledge or elimination of these errors will contribute to the
accuracy in angular measurements.

It is not possible to discover or to eliminate all the errorsj certain
errors can be determined and applied to angular measurements in form

of correctionsy these are the instrument constants, which, it is

supposed, do not alter over a considerable length of time, Instrument
constants are due to the fact that a theodolite can never be in perfect

adjustment nor can the graduation of the circles or bubbles be perfect,

- Za

The instrurnent constants have been deterrnined several days
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before and also after the employment of the thecdolites in the field.
This was done becausec it was considered a necessity to collect accessible
information on adjustments which can affect high precision observations,

A knowledge of the magnitude of these errors is essential for the
application of a correction to individual circle readings, and also to
make certain that their absolute amounts are so small that corrections
can be calculated and ecrrors eliminated separately.

The theodolites used were: Hilger and Watts No, 2, (single second),
Hilger and Watts No, 3 (one fifth of 2 second), (Prototype), and Cooke,
Troughton and Simms, "Tavistock' (single second).

The collimation axis error, transit axis error, index error of the
vertical circle, and also the bubble error werc found, as in most modecrn

glass circle theodolites, to be very small, and constant over a long time.

The calibration values of the bubble graduations werc obtained

with the ingenious method invented by J. 8. Sheppard, which is now
widely adopted not only by field engineers, but also in optical workshops,
Regrettably, J.S.S.'s method is not mentioned in the most recent
editions of standard text books; the method is not contained in Bomiford!s
Geodesy, although valucs of division of the bubble-scale -in seconds of
arc enter -into corrections given for local time computation on p, 291,
and a general description of obtaining scale values and references arc
submitted on p. 20, 2nd edition, 1962; it is undoubtedly a serious
cmission that this rnethod is alsc not described in D, Clark -

J. Clendinning: '""Plane and Geodetic Surveying'.

The measuring accuracy achieved vwith the micrometers depends

on their adjustment and on the setting and reading accuracy.
In the course of testing the -micrometers for their measuring

accuracies, information can be readily obtained of the quality of the
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of the circle graduation.

The source of the errors of the circle graduation can often be
traced to the subdividing process, for which the makers are
responsible.

The total interval represented on the micrometer can be uscd to
measure the angular distance subtended between circle - divisions,

The procedure adopted to investigate the accuracy of the
micrometers of the single second Hilger and Watts Microptic No, 2,
is the following:

The relevant micrometer knob and slow motion screw are turned
until the double lines straddle the single line, in the top aperture,
This setting is repeated ten times in the immediate vicinity of 00* 00"
and 10' 00" readings, i.e. the left-end of the micrometer and the
right-end are set by operating the micrometer knob, The successive
circle divisions brought forward with the slow -motion screw show up
alternatively as one pair of double and single lines, and as two pairs of
double and single lines, in the top window, The setting of both ends
of the micrometer is performed on each circle division; if two pairs
of double and single lines are visible, these settings can be performed
on both pairs,

A refinement of setting the micrometer consists in bringing the
single line to coincidence with each of the double lines by turning
the micrometer screw,

A complete turning of the micrometer screw between each
setting eliminates bias and possible minor accidental errors.

The readings are taken at the rnicromecter scale, with natural
and artificial illumination,

In this way the space between circle divisions is measured with

the interval contained by the micrometer} i.e. the intervals between



5.8, cont.,

circle divisions are expressed in terms of units of the micrometer,
neglecting errors arising from mechanical defects of the rotating
mechanism.

The interval between 00! 00" and 10! 00" subtended on the
micrometer is a constant,

The difference of the readings taken at both ends of the micrometer,
when set at consecutive circle divisions, will reveal the micrometer
adjustment and the quality of the circle graduation,

The micrometer interval { = constant) can be larger, equal or
smaller than the interval betwcen the image of two circle divisions;
this depends on the adjustraent,

The variation of the difference between micrometer interval and
interval of circle divisions depends on the precision of the circle
graduation,

The magnitude of the r, m. s. error of setting the micrometer, and
consequently of measuring the interval between circle divisions,and the
amount of variation of the values obtained for the individual circle
divisions in terms of micrometer units confirm the adjustment of the
micrometer and the graduation accuracy of the circle, respectively.

Table 5,8, -1 contains some of the measurements taken to
determine the accuracy of the reading micrometer and its adjustment,

It is unnecessary to measure all 2160 circle divisions, unless as a
matter of interest; the systematic errors of circle graduation are
mostly periodici their influence on the final result is reduced by 2
large number of field obseevations.

Readings of a few circle divisions distributed over 360° are quite
adequate to expose the mean accidental uncertainty of the correct
positioning of the micrometer and of .its adjustment,

From Table 5. 8#1 it can be derived that the micrometer interval
is larger than the circle divisions., The difference between micrometer

interval and circle division is approximately 5 times the r.m, s, error
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Measuring Accuracy and Adjustment of the Horizontal Circle Micrometer.

Instrument: Hilger and Watts Microptic Theodolite No.2

Date: 19.11.19€1, Instrument Hoom,R.S.M., London.
Circle Resdings: 00°00' 00%10' [00°10' 0020t | 10°00! 109107 | 200001 20010t | 2Z0000! 30010;——
1| 00.0" 5.0t [+00.1M  S8.1v | -C2.0"  57.8" | -01.1"  57.8"| CO.00  5g.on
Vi1 orome ber 2 | 00.0 59.6 0.0 58.0 | -02.3 56.1 | -C1.0 57.8 | -00.1 59.1
foacings: 2z |-00.3 59.2 [|+00.8 59.7 | -02.5 56.8 | -01.1  57.3 | -00.1  59.0
(iinutes 4| co.0 58.2 |-00.8 59.7 {-01.9 57.1 |-01.1 57.4 | +00.2  59.2
Micrgieter 51-00.8  59.1 |{+00.2  58.9 |-02.1  56.9 |-01.1  57.9 [-00.3  59.0
Heaiiigs 6|-c0.1  €0.1 |-01.0 58.0 |-01.9 %6.4 |-01.3 8.0 | -00.1  59.0
ouitted. ) +00.1  59.2 |[-01.1 8.9 |-02.0 57.1 |-01.3 S8.8 | ©3.8 59.6
8 |+00.9 59.2 {-00.3 53.9 | -02.6 56.5 | -01.1 58.6 00.0 58.9
9 | 00.0 58.3 |-00.0 59.1 | -0".0 56.8 | -00.9 57.9 | -00.2 5¢. 8
10 | -00.4 58.8 |-C1.0 59.6 | -£2.0 56.8 | -01.% 57.2 0C.0 59.G
Qﬁ; -00.0g  59.07 1-00.3; 58.89 -02.13 56.83 -01.1% 57.85] -00.1; 59.17
r.m.s.error of
si?§}§h26§852§€§nt £0.6g" 0.9 *0.4qm t0.54" 0,451
Micrometer interv.  6€0-59.1#0.2p| 60-55.370.2 €0-59.0%0.13 | 60-55.0%0.1g | 60-59.%0.1
+ larger, — smaller +0. 87 +0.74" +1.04" +0. 99" +0. 69

than circle aivisions

-+]Z:Z'"
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cf the measurerments., Consequently, it may be considered that a
systematic error is not likely to be present, The adjustment of the
micrometer is nearly as good as its measuring accuracy. The
difference between micrometer interval and circle divisions is too
large to be ignored; it rnay be identified as an "irregular errcr! of the
circle graduations.,

Because of the precision of the adjustment of the micrometer, no
ccrrection tables need to be prepared for reduction of micrometer
readings, and the initial and final micrometer reading will not influence
the size of the measured angle.

The information obtained about the micronteter accuracy is derived
from tests under laboratory conditions; results of equivalent
accuracy cannot be expected under adverse field conditions.

The graduations subdividing the total micrometer interval cannot

be tested without additional equipment.

The graduation errors of the micrometer eater, of course, into
the errcrs of angular measurements.

The pointing accuracy which reveals itself from analyses of angular

measurements was deterrrined under laboratory conditions, by
measuring a 360° angle, clockwise and anticlockwise,

The target to define the 360° angle consisted of an eclectrically
illurcinated spider diaphrag:: of a collimator on tripod; the instrument,
Hilger and Watts Microptic No, 2, was set up on an iron pillar..

The peointing tests for Zilger and Watts Microptic No. 3, prototype,
were carried out as above and in addition to it the autoccllimator
arrangement, incorporated in the long diagonal eye-piece, was used to
mweasure an additional angle of 360°; the target this time consisted of
the mirror image of the thecdolite's diaphragm., The mirror was set
up on a tripoed.

Beth vertical and horizontal readings were recorded. Great care

was taken in levelling the instrument; constant femperature was
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maintained throughout the tesi; refocussing was not necessary; circle
readings were discarded whenever a dislevelment of the vertical

axis (indicated by the plate bubble) roccurred between back-sight 0°
and fore=-sight 3600. When rotating the instrument care was taken

to prevent unequal forces acting on the standards and to avoid torque
affecting the instrument axis and its bearings, The slow -motion
screw was turned in one direction only,

With these precautions, it is believed that the pointing accuracy can
be determined from the amount the measurement falls short of 360°
00' 00'"; further that the measurement of the 360° angle is exposed to
errors of setting and reading the micrometer, to errors in sighting the
target, errors due to manipulation of the instrument, together with
errors caused by the clamping arrangements which are perhaps
systematic, and to personal errors; to a minor extent (almost
negligible) the 360o angle is also affected by errors of the adjustment
of the micrometer, graduation of the plate and graduation of the
micrometer., This is equivalent to saying that the pointing accuracy
is affected by the above errors only, and that errors due to instrument
constants, atmospheric conditions and dislevelment are prevented,

The r.m, s, errors of a single pointing, (i, e. resighting the
target after a full rotation cf the instrurent) are given in Table 5, 8, =2,
as a surnmary of the tests. The accunacy of setting and reading the
micrometers is obtained as a by~product of the tests this and the
scatter of measurements about the rmean are alsoc given,

The results obtained for the uncertainty in pointing with the aid of
the autocollimator are somewhat unexpected, The horizontal circle
of the prototype No, 3 is about 100 mm in diameter, subdivided to 5¢,
and the horizontal micrometer reads directly to 1/5”—, whereas the
vertical circle of about 75 mm diameter is subdivided to 10! and its
micrometer reads to single seconds, From the above it could be

presumed that higher accuracy in pointing could be achieved in azimuth
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Pointing Accuracy of Theodolite,

Accuracy of Setting and Reading of

Horizontal and Vertical Micrometers,

Scatter of Measurements about the Mesan.

Instrument: Hilger and Watts Microptic No.3

(Prototype)

Date: April 1963,Tywarhale,Cornwall.

Vertical | Horizontal
Targoetb: Circle Circle
My = PaMeSe &Tror of
P o8 o,z
gingle pointing Spider
Scatter of Measurements Cross
about the Mean Hairs 5 Qe 5
My = P.ll. Se orror of
p Auto-' -"'- 101 t 1.7
single pointing colli-
Scatter of Measgsurements mator
about the Mean 1.5 2
Mg = Pr.M.s. orror of
single setting
t 0.4 ¥ 0.3
and
reoading of m. rometer
Scatter of Msasurements
0.7 047

about the Mean

The figures are quoted in seconds of arc,

Table

5.8. hd

2
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than in altitude. T he tests have shown that the direction of turning
the instrurnent has no effect on the size of the 360O angle.

It has to be considered that the tests were carried out by one
observer only; further, the prototype instrument is mounted on a
three~tripod~base; which adds tc height, and consequently to the effect
of elasticity about the vertical axis, The spring of the slow moticn
screw was found tc be rather weak, but no evidence could be traced
that this contributed to detrimental effects.

The r.pm, s, error of one single pointing with the autocollimator
is deduced fromn ten measured anglesj this is regarded as sufficient
for obtaining data on which tc base an estirmate of the limitation of
the instrument in conjunction with the human eye.

Laboratory tests of theodolites provide information which do net
always conform with those gained from field experience.

On the whole, the peinting accuracy, in the neighbourhood of l-é-
second of arc (with the autocellimator) can be regarded as remarkably
high, in view of the setting accuracy of the micrometer which is nearly
-;: second of arc,

The accuracy of aliznment of the telescope can be deduced from the

figures quoted in Table 5, 8, -2,
Let:

g
]

= r,m, 8, error of pointing, deduced from angular measurement,

H
it

r.m, s, error of setting and reading the rnicrometer,
m, = r, m, s, error of alignment of the telescope (sighting the target),

m__ =r,m,s, error due to manipulating the instrument and due to
mechanical defects,

= r.r, s, error cf the personal equation,

3
]

If: m and m_are disregarded, then:

mp depends only on m_ and Xiys

because mp is obtained from angular measurement, therefore m and
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l'n1 enter twice into the relation?
I8 T

m = + VZmz + Zmz
P - s 1

with the relevant figures taken from Table 5, 8, -2,

the average r. m, s, error of* sighting, or the accuracy in alignment
of the telescope in altitude and azirnuth (with the autocollimator) is

about T 0. 9%,

The accuracy of the subdivisions of the micrometer can be

examined by the following procedurce: A standard angle of a size not
less than four times the uncertainty of pointing with the theodolite, is
measured over the total range of the micrometer,

This small angle is formed by two targets, rigidly connected to
one another, rnounted on a head which can be moved by a mechanical
micrometer. The angle is measured alternatively with the theodolite
and with the mechanical micrometer, by moving the twin-target
forward on the micrometer head. The scatter of results of a series
of repeated observations can be used to evaluate random errors of
pointing with the theodolite, setting and reading the optical and
mechanical micrometer and to study angular measurements performed
on various parts of the optical micrometer, by comparing their

variations with the values obtained from the mechanical micrometer.

The readings of the vertical circle contain the error of cclestial
refraction. The influence of refraction on the observations taken in
the field was corrected with the usc of Besselts refraction tables,
according to air pressure and temperature, The air pressure was
measured with an aneroid baromecter and with a barograph., The
readings were verified by the R, A, ¥, Station St. Eval (Newquay),

and reduced to the height above sea level of the observation station,
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The temperatures were measured with two mercury
thermometers graduated in degrees F.; the readings were
estimated to a decimal fraction of the scale,

Air pressure and temperature were recorded in the immediate
vicinity of the instrument. To conform with standard field
practice, wind direction and wind velocity were not taken into
account,

Obviocusly, the uncertainty of the value for refraction is caused
by the unknown rate of change of the density of air with height,

Generally, refraction depends on the observer's position;
presumably it does not affect the azimuth but reduces the zenith
distance. Refraction causes a major problem, which will not be
adequatcly solved until optical observations are possible from

satellites outside the earth!s atmosphere or from the moon.
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6. Recording and Storing of Data,

6.1. General,

There are several possibilities of recording and storing of surnvey
data. The most common way of keeping a record is by means of a
field book with an up=~to-date index; to facilitate access to the field
returns.

The time of optical observation extracted from the stopwatch and
chronometer is booked with all other data by the observer or his
assistant.

The recording of chronometer and observation. signals can be
performed by the employment of a chronograph as an attachment to the
chronometer, Both types of signals can be recorded with the
chronograph either on the same or on different paper strips.,

The record can be inscribed with an ordinary pencil or fountain
pen, with a sharp pin, or by electrical methods, e. g. high tension
discharge that punch holes into the sheet, or by continuous circuits
from the chronometer with breaks in it, or circuits to be established
by the chronomecter,

Crdinary paper will suffice for pen or pencil recordings, and will
be quite adequate for storage over a certain length of time; wax
coated paper, pressure sensitive material, abrasive coatings may be
more satisfactory. The record can also be registered by photographic

process,

6. 2. Chronograph.

The chronograph has the possibility of converting the intervals
between audible signals into visible distances,

The main advantage of a chronograph consists of replacing the
stopwatch and the ear of the observer, Consequently, the personal

equation resulting from the reaction to irnpressions on the senses,
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when comparing the stopwatch with the chronometer, is eliminated,

The measurements of time intervals with the stopwatch are
replapsdl by the more accurate procedure of scaling distances on the
paper strip, The timing accuracy achieved by depressing a. marker
Rey which effectuates the automatic inscription on the chronograph strip
is superior to the accuracy obtainable with thec eye=amd~ear method;
but there is a scale difference between the time indicated by the
chronometer and the instant the chronometer time is recorded on the
chronograph strip., Th is results from delays in the chronometer
mechanism and in the mechanism cf the chronograph. The break-
circuit wheel incorporated in the chronometer operates the release of
a spring every even second which causes the closed circuit o be broken
The break in the circuit suspends thc action of the electromagnet of the
chronograph wheraipon the recording stylus, which is pressed against
the rotating chronograph drum, produces the wrecord of the circuit
break. In some chronometers electric contacts are arranged so that
the break circuit wheel breaks the closed circuit every second.

The running specd of most of the chronographs is 10 mm/sec, and
can be altered to 20 mm/see, A scaling accuracy of 0,1 mm would
correspond to a mcasuring accuracy cf 0.01 second, This scaling
accuracy can hardly be achieved, because the inscriptions or the
punched holes on the recording strip are not fine enough; consequently
the precision of exttacting the time of observation pulces will be about
several hundredths of a second.

If the chronograph is driven by a falling weight, the speed between
successive chronometer breaks can not be uniform, and the interval
between breaks marked on the strip is not suited for linear subdivision,
Further, the rnarks on the chronograph strip, if produced by
mechanical means, appx ach a line wi:dth of 7 mm, and thercfore are
inadequate to define 2 distance to the nearest 1/ 10 mm,

The mechanical device of inscribing the record on the paper strip
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causes a '"drag error', which affects the observation breaks and also
the time breaks; allowance for the drag error has to be made,

Interference may occur between observation breaks and chronometer
breaks, in which case the instant of timing has to be interpolated over
an interval of four seconds. Overlapping breaks produce a2 record
from which no high scaling accuracy can be achieved nearer than one
millimetre.

The chronometer breaks show up in a "line up', if the lengths of the
time intervals are registered uniformly, This serves only for
distinguishing chronometer breaks from obsexvation breaks,

Headings and refercences have to be added to the chronograph record,
if practicable, in the field; this constitutes additional work, All other

data have to be entered into the field book in the ordinary way.

6.3, Jape recorder

Careful recording and handling of the amount of data associated with
timing of optical observations, as in field astronomy, are effectively
made by using a special or an ordinary tape recorder; thus, the tape
recorder becomes a chronograph and field book simultaneously, replacing
the conyzntional rnethods of booking by the observer or an assistant.

The crystal chronometer signals, the observation signals, and the
radio time signals, as required, may be fed directly into thec tape
recorder, or alternatively, -2y be recorded over a loudspeaker via
the microphone,

All relevant data, instrument readings ctc,, are spoken on to the
tape; thereby considerably reducing the time required to put them down
in writing. Both methods of recording can be used simultaneously on
one tape track, i,e. direct feeding in of signals and recording the
data through the microphone. Consequently, the check reading as well
as the calling and repeating of figures, when another person does the

booking, are eliminated. Special indicator words or description of the
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data that follow, are not necessary.

Computations on field record sheets are seldom required;
therefore, the magnetic tape, substituting the field book, is intended
only for recording and for easy access to stored data,

The information contained on magnetic tape is approximately in the
sequence in which they will be used during evaluation, as is the case
with entries in the field bock, Therefore, the magnetic tape is a
satisfactory, but not a random storage mediura, as the data have to be
read in their consecutive order, regardless of whether all of them are
required or not,

Access times, when using the tape as output device, are kept to a
minimum by marking the tape at appropriate places with distinctive tags
or paint, Chinese white diluted in water or in methylated spirit is
conveniently applied with a brush and does not come off when running
the tape through the instrument, The paint marks are easily removed
with a dry cloth, if the tape is wanted for re-use. Indelible ink and
grease pencil should be avoided, because they can contaminate the record
head, or may cause a dropout on the tape,

Waste of time and tape is efficiently reduced if the recording
instrument is capable of being stopped and started quickly, and regains
operating speed readily, so that the maximum amount of data can be
recorded on a given length of tape,

Ma, uetic tapes consist of a plastic base upon which is deposited a
thin film of magnetic material, and are . usually 0, 25 to 1 inch wide,
with normally 2 to 16 recording tracks which can be used separately or
simultaneously, The recording of radio time pulses, chronometer
pulses and - bservation pulses separately on different tracks has the
disadvantage that it calls for a special tape recorder.

For the survey work described an ordinary tape recorder with a
single record head is sufficient; there is no purpose in having more

than one track engaged at one timej thc necessity of inserting fresh
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material in an existing recorded programme, composed of timed
observations, is unlikely to be encountered.

The recording of all data on one single track simplifies also the
procedure of calibrating the chronometer and the abstracting of time
of optical observations. This also demands no extremely high
accuracy in the performance of the recorder.

The standard running speeds of ordinary recording instruments are:

1 7/8, 32, 73 and 15 in./sec,

When used as a chronograph the standard running speed of at least
32 in, /sec. (or more) has to be used, to meet the quoted precision of
time rneasurement, achieved with the crystal chronometer,

Cne millisecond at the running speed of 32 in, /sec, corresponds to
the linear ¢ -facee of 0.1 mn , which can be scaled easily on the
developed tape. (Secoion 7.3).

For synchronization of the crystal chronometer with standard
frequency transmissions as well as for recording of optical observations
in the field, it is more convenient to make use of a speed of 7% in, [/ sec.,
for reasons to be outlined further on., Voice announcements can be
recorded at any speed; for economy purposes the lowest speed
provided on the recorder can be made use of,

The residual elongation of less than 1% of nearly all tapes when
stretched, presumably uniformly distributed over a minimum length
corresponding to one second of time, is of no consequence, as only
ratios of measured or scaled tape distances are required; the same
applies to variations in running speed, which are bound to occur with
battery operated recorders out of doors,

A lightwewxeight, portable battery operated tape recorder with speeds
of 7% and 1 7/8 in. /sec. is most serviceable in the ficld, and can also
serve to test the performance of the crystal chronometer, The lower
speed is used for 4 times magnification of the time intervals at play

back. The length of tape available to accommodate sufficient
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observations on one track at high speed, is naturally restricted to
the size of the recording instrument,

For the cntire field research programme the Fi~Tord tape recorder
weighing 43 lbs, was exclusively used and met well with the require-
ments, The recording time per track at 73 in./» ec speed is about
9 minutes.

Up to 12 star observations could be recorded on one single track,
The Fi»-b5rd motor was controlled by the stop-start switch situated
ot the microphone which was clipped to the surveyor!s outfit, leaving
the hands free to operate the theodolite., Most of the time the running
speed mmained within To. 1%. (Derived from evaluated data), In
adversc conditions a steady drift in speed was ecncountered not
exceeding the negligible amount of 0, 65% during any one period of
operation,

Irregularities of the running speed are easily detected from tape
measurements; with the Fi~(brd tape rccorder irregularities were
seldom encountered, and, if present, hardly distorted the timing
results or calibration vc 'ues of the crystal chronometer,

The precision of the running spced of the tape recorder wes
determined under various sets of conditions likely to be encountered
during astronomical observations,

Tests were made with magnetic tapes of various qualities:

Scotch Brand P, E, Base and Scotch Brand 111 Acetate,

Irish Tape Mylar (T), Irish Tape Mylar (A), Irish Tape
Cellulose Acctate, EMI Tape 77, 88 and 99,
The batteries were recharged at regular intervals and the recorder
operated at different temperatures and in various positions.

Precise time intervals over the total length of one track are
required for the tests. For this purpose the standard frequency
transmissions available through the national broadcasting service are

made use of, Because there is no adequate reception of continuous
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transmissions over 36 minutes (to cover the total running time per
track at 1 7/8 in. /sec. ), the recordings of frequencies at high speed
are used for marking time intervals at slow re~play, The relative
accuracy of the measurement of time intervals with a stopwatch during
slow re=-play is thereby also increased,

Results of some of these tests are shown in Tables 6, 3, -1,

6.3. -2, and 6, 3, -3.

The figures quoted in the first colurnn of each group are the times
of M. S. F. pulses, (originally recorded at 7% in./sec.) measured
during re-play at 1 7/8 in, /sec. The time interval, enlarged four
times, was measured with a stopwatch; this was sufficiently accurate
to determine any fluctuations of the running speed.

It is only necessary that the recorder maintains a uniform running
speed during intervals of seconds; the absolute amount of the running
speed may vary from one interval to the other by a few percent; this
depends on the temperature of the surroundings and on battery
conditions.

For each listed group the average stability of the running speed
atl 7/8 in. /sec. ( coefficient of variation) during the interval of
onec minute is given in psrcentages.

A slow play=~back of the same tape and record with various
batteries reveals their influence on the running speed., It can be
seen clearly that variations in the running speed depend mainly on
battery conditions,

The running speed of the recorder is not affected by the quality of
the tape used. The measurements expose the relation between the
tape speed and the length of the tape, as well as between the tape speed
and the decrease of the charge of the battery,

The recording instrumment shows only few instances of erratic
behaviour which can be attributed perhaps to the personal error of the

observer in time measurement at slow replay; personal errors and
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Running Stability of Recording Instrument.

Tape Recorder:

Magnetic Tape:

Fi-Cord No.83%21

Scotch Brand P.E. base.

Stopwatch: Zenith 1/5 sec.

Minute interval of MSF pulses recorded at 7% in./sec.

Time measured during re-play

at 1% in./sec.

Average Stability at 1% in./sec., during one minute.
Observer: I,

Batteryllo.l, S0°F Battery No.3, S0°F Battery No.5, S0°F
Time jInterval| v Time |Interval] v Time (Interval] v
iin secimin sec |sec, .ii: ..cimin sec | secl| min sec|min sec | sec

5-24.8 2-232.0 5-12.9
4-13.2 |+.7 4-1%.G | +.7 4-14.3 | +.1
9-38.0 €-36.9 9-34.2
1%.8 |+.1 14.3 | +.3 15.1 |-.7
13-15.8 10-51.2 12-49.73
14.2 |-.3 14.8 | -.2 15.1 V-7
18-0.€0 15-06.0 18-04.4
14,0 {-.1 14. -.3 14.1 | +.3
22-20.0 15-20.9 22-18.5
14.0 {-.1 14.6 G 14.1 | +.3
26-34.0 23-35.5 26-32.6
14.0 | -.1 14.5 1 +.1 13.9 {+.5
20-48.0 27-50.0 20-46.5
14.0 |-.1 14.¢ | -.3 14.0 | +.4
25-02.0 22-04.9 “5-00.5
14.2 |-.% 14.9 | ~-.3 14,2 | +.2
29-16.2 56-19.3 29-14.7
av. 4x
interv.: 4-13.9 4-14.6 4-14.4
r'.m,S.error= +.% .24 1.48
av. stability
during
one minute = .13% 145 207

Table

6.3. -1
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Running Stability of Recording Instrument.

Tape Recorder:

Fi-Cord Fo. 5321

Magnetic Tape: Scotch Brand P.E. base.

Stopwatch: Zenith 1/5 sec.,

Minute interval of MSF pulses recorded at 75 in./sec.,

Time measured during re-play at 1% in./sec.

Average Stability at 1% in./sec., during one minute.

QObserver: II,
Battery: No.4, 6O°F,

Battery No.2, 60°F,

Battery No.5, €0°F,

Time Intervall v Time Interval] v Time Interval v
min sec |min sec l!sec }imin sec {min sec | sec|| min sec| min sec!| sec
2-02.4 4-12.1 5-21.0
4-14.0 |+.2 4-12.8 | +.5 4-13.5| -.5
6-16.4 8-24.9 9-24.5
13.5 [+.3 1%.0 { +.3 12.3| -.3
10-30.3 12-37.9 13-47.8
14-3 (-.1 12,1} +.2 12.7] +.3
14-44.6 16-51.0 18-00.5
14.2 0 17,2 +.1 12.71 +.3
18-58.8 21-04.2 22-1%3.2
14.1 |+.1 13.6 | -.3 12.2| +.8
2%-12.9 25-17.8 26-25.4
14.4 |-.2 13.4 { -.1 12.6( +.4
27-27.3 29-21.2 30-38.0
14.5 |-.3 13.51-.2 i%.5| -.5
21-41.6 33147 24-51.5
14.2 0] 13.6 | ~.3 13.51 -.5
35-56.0 37-58.3 39-05.0
av. 4x
interv.: 4-14.2 4-13.3 4-172.0
r.Mm.s,error= +.20 .30 .51
av. stability
during
one minute = 08% 135 234

Table 6.%. - 1 cont.
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Running Stability of Recording Instrument.

Tape Recorder :

Fi-Cord No.8321

Mzgnetic Tape: Scotch Brand P.E. base

Stopwatch: Zenith 1/5 sec.,

Hinute interval of MSF pulses recorded at 7% in./sec.,
Time measured during re-play at 1% in./sec.,
Average Stability at 1% in./sec., during one minute.
Observer I
Battery: No. 5, 72°F, Battery Lo.l, 7OCF, Battery No.4, 70OF,
Time Interval| v Time Intervall v Time Intervel v
min sec |min sec | sec ||min sec |min sec | sec|| min sec | min sec; sec
0-16.0 0-38.8 0-29.8
4-10.5 | -.3 4- 8.7 .0 4- 8.2| +.3
4-26.5 4-47.5 4-48.0
10.¢ | -.6 8.91-.2 8.5 .0
8-37.3 8-56.4 8-56.5
11.0 ¢ -.8 8.9}-.2 g.51 .0
12-48.73 13-05.3 13-05.0
10.81 .6 8.1 +.6 9.0{ -.5
16-59.1 17-13.4 17-14.0
17,5 -.% 8.3 +.4 8.6] -.1
21-09.6 21-21.7 21-22.6
9.4 | +.8 g.51+.2 8.6 -.1
25-19.0 25-30.2 25-31.2
9.9 | +.3 9.1 }-.4 ) 8.41 +.1
29-28.9 29-39.3 29-39.6
9.2 #1.0 8.7 .0 8.2 +.3
33-38.1 33-48.0 33-47.8
0.5 +.4 9.0 {-.3 8.5 0
37-47.9 37-57.0 37-56.%
av. 4x
interv.: 4 -10.2 4-b.7 4-8.5
r.m.s.error =  £.65 +.33 t.oa
av. stability
during
one minute = 27% .13% L0
Teble 6.3.-1 cont.
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Running Stability of Recording Instrument.

Tepe Hecorder:

Magnetic Tape:

Fi-Cord No. 8321,
Irish Tape Mylar,

Stopwatch: Zenith 1/5 sec.,

Minute Interval of MSF pulses recorded at 7% in./sec.,
Time measured during re-play at 1% in./sec.,
Average Stability at 1% in./sec., during one minute.
Otserver:I
Battery: No.1 (charged), 70° F,
Time jInterval| v Time Interval] v || Time Interval| v
min sec |{min sec |sec ljmin sec | nin Coce | cee|lzin sec | min sec | sec
0-14.4 0-%1.8 0-21.9
4~ 8.¢ |+.6 4- 9.4 | +.7 4— 9.7 {+.9
4-27%.3 4-41.2 4-31.2
G.& |-.3 9.1 #D 9.t [+.4
8-33.1 8-50.% 8-41.0
9.9 |-.4 10.1 .0 10.0 | +.2
12-43.0 1%-00.4 12-51.0
9.0 |+.5 10.4 | -.3 .. ]-.2
16-52.0 17-10.8 17-01.0
3.5 0 1.2 | -.1 10.5 }-.3
21-01.5 21-21.0 21-11.5
9.6 |-.1 10.0 | +.1 10.5 |-.3
25-11.1 25-31.0 25-22.0
9.9 |-.4 10.4 | -.3 10.5 |-.3
29-21.0 26-41.4 20-22.5
3.3 |-.3 10.4 | -.3 10.9 {-.7
33-%0.8 33-51.8 33-43.4
9.5 0 1.5]~.2 10.7 |-.5
37-40.73 38-02.3 37-54.1
av. 4x
interv.: 4-G.5 4-10.1 4--10.2
+
T.m.S.error = f.38 _.47 .5
av. stability
during
one minute = L1654 .19% 21k
Table 6.3. - 2
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Running Stability of Recording Instrument.

Tape Recorder:

Hagnetic Tape

Stopwatch: Zenith 1/5 sec.,

Fi-Cord, No.B8321

Irish Tape lylar,

Minute Interval of MSF pulses recorded at 73 in./sec.,

Time measured during re-play at 1Z in./scc.
play 2} / ’

Aversge Stability during one minute at 1f in./sec.,
QObserver: I,
Batterv: No.5 (charged), 70°F,
Time Interval| v Time Intervall v Time Intervall v
min sec |[min sec |sec|min sec |min sec | sec|| min sec |:.in sec| sec
0-10.1 0-19.8 0-18.6
4- 8.9 |+.6 4~ 9,1 L4 4-10.71 +.5
4-19.0 4-28.¢ 4-29.7%
8.7 142 10,1 | +.4 11.6| -
8-27.3 8-39.0 £-40.9
9.2 |+.3 10.2 | +.3 10.8| +.4
12-36.5 12-42.2 12-51.7
8.8 |+.7 10.4 | +.1 10.9( +.5
16-45.3 16-52.6 17-0z2.6
5.5 | +.2 10.8 | -.3 16.4{ +.8
20-54.6 21-10 21-1%.0
9.6 |-.1 10.4 | +.1 12.2|-1.0
25-04.2 25-20.8 25-25.2
10.7 |L2 1c.6 -1 11.1|+.1
29-14.9 29-31.4 29-36.3
10.3 |-.8 10.6|-.1 11.71-.5
33-25.2 23-42.0 23-48.0
10.8 |43 12.0 { 4.5 11.5| -.3
37-26.0 27-54.0 37-59.5
av. 4x
interv.: 4-9.5 4-10.5 £..11.2
o , .
T.0.S.erTOr = *.88 1,77 .57
av. stability
during
one minute = 36 J314 .23
Table 6.%3. - 2 cont.
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Running Stability of Recording Instrument.

Tape Recorder: Fi-Cord,No 3321,

Magnetic Tepe: Irish Tape Mylar,
Stopwatch: Zenith 1/5 sec,

Minute Interval of MSF pulses recorded at 7% in./sec.,

Time measured during re-play at 1% in./sec.,

Average Stability during one minute at 1% in./sec.
Observer: I,
Battery No. 3 (charged),
Time Intervall| v Time Interval| v Time |Interval| v
min sec |min sec [sec |[min sec |{min sec | sec i min scc|min sec | sec
0-52.8 1-20.9 0-42.8
4-10.3 {-.1 4- 9.8 | +.6 4-10.5 | +.2
5-03.1 5-30.7 4-53.3
10.2 0 10.1 | +.3 10.8 | -.1
9-1%3.3 9-40.8 0-04.1
10.5 |{-.3 10.3 | +.1 0.9 | -.2
12-23.8 123-51.1 13-15.0
9.6 |+.6 10.6 | -.2 10.1 | +.6
17-33.4 18-01.7 17-25.1 -
9.6 |+.6 10.3 | +.1 0.2 | +.5
21-43.0 22-12.0 21-35.3
10.2 0 1.0 | -.6 10.7 0
25-53.2 26-23.0 25-46.0
10.6 |-.4 10.5 | -.1 10.8 | -.1
20-03.8 30-33.5 29-56.8
10.3 |-.1 10.6 | -.2 1.4 | -
34-14.1 34-44.1 74-08.2
10.4 i-.2 0.5 | -.1 i1.2 | -.5
28-24.5 38-54.6 38-20.0
av. 4x
interv.: 4-10.2 4-10.4 4-10.7
r.m.s.error = *.36 +,%4 t.42
av. stability
during
one minute .15% .14% L17%
Table 6.3. - 2 cont.




~ 29% -
6.3. cont.

stopwatch errors have a minor effect on the measurement of time
intervals of four minutes duration,

The running~in time of the recorder is about six to seven seconds,
The first reading was taken after the tape had acquired average running
speed. In some of the tests, the batteries were used up to 60% and
more of their life time before re~charging, The running speed is
still fairly consistent towards the end of the life time of the batteries,
In the field changes in temperature and humidity will have some effect.

The r.rn. s. errors quoted in the tables show the quality of the
running stability at 1 7/8 in, [/ sec, over 4 times the enlarged interval
of one minute recording, Ithas to be noted that the r.m, s, error is
the error of one single measurement of one enlarged minute interval,
containing errors due to variation in the running speed at the instant of
recording and at play back, and errors from the measurement with
the stopwatch,

The r.m, s. error of the arithmretic mean derived from 8 or 9
enlarged rinute intervals is insignificant with respect to testing the
running stability of the Fi-Cord for its intended employment,

The mean square error of one minute interval in seconds can be
obtained approxina tely by taking one quarter of the mean square error
of its four times enlarged value, This is 2 measure of the precision
of the running speed during one minute and is quoted in percentages;
its average can tc taken to be between 0,1% and 0,3%, The percentage
error indicates a ''second interval stability" of the recorder of a few
milliseconds,

Tables 6.3. =3 and 6.3, =3 cont. contain some of the tests to
determine the change in tape velocity at 7%; in. / sec, running speed of
the Fi-“ord tape recorder operated on batteries and of the Vortexion
tape recorder operated on mains supply. The time intervals between
M.S. F. pulses, recorded at 15 in, /sec., measured with a stopwatch

during re-play at 7% in. /sec., are shown in the first column, For
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Running Stabllity of Recording Instrument.

Tape recorder: Fi-CGord No.,8321

Stopwatch: Zenith

1/5 sec.,

Minute interval of MSF pulses recorded at 15 in./sec.

Time measured during re-play at 7% in./sec.

Average stability at 7%

in./sec.,during one minute in % .

Battery No.l1l, 70° F.,

Time
min sec min sec v min sec min sgec v
00-32.4 00~22,5
02« 02,5] +.3 02«02¢7 | +.17
2"54.9 ’ 2"‘25.2
5.2 "o4: 5'2 -.55
4-38,1 4-28,4
2.‘7 +.l 2.9 -005
6-40,8 6=31.3
2,8 0 2.7 | +¢17
8-43,6 8~34,0
ave 2X
interval 02~ 02.8 02~02.,8
Pelle Se 8TTOY
single +.29 +e24
interval _
av. stability 4% « 20%]
00=~07, 6 01-19.3 :
02~ 02.6 +,22 02=02e¢4 | =405
2-10,.2 3=21.7
29| ~,08 264 | 4,056
4:"15.1 5"‘24.0
5'0 ~a 18 205 ™) 15
6=~16.1 7=264¢5 :
2.8 | +.,02 2462 | #4115
8-18.9 9=28.7
av. 2x interval | 02- 02,8 02-02,4 |
Pelle S« B8PTOT i.l? t.22
av. stability .14%; .18%
Table Gede = 3
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Running Stability of Recording Instrument.

Tape recorder: Vortexion,
Stopwawtch: Zenith 1/6 sec.,
Minute interval of MSF pulses recorded at 15 in./sec.,

Time measured during re-play at 7% in./sec.,

Average stability at 74 in./sec., during one minute In % .
Power: Mainsg,70° F.,
Time
min sec min sec v min sec min sec v
01-13.,0 : 00=3745
02-0002 +. 07 02"0001 +012
5"'1502 2"37.6
ed [~a03 4 | -, 18
5-13,5 4~38,0 '
03 -e 03 .2 +.02
7=13.8 6=38.2
.3 +. 05 .2 "'402
9=-13,.8 8-38,4
aV. 2X ™
intervel 02=00,27 02=00e2%
Tl Se OTTOT
single t1s 13
interval
av. stability o129 0119
00~=0b,6 ‘ 02=114,4
02=00,2 « 0 02~00s1 | +¢15
2~05,8 4-11.5
oL 4,1 «2 | +405
4-05,9 6=11,7
01 +01 04 e 15
6=06.0 8-12.1
e -ol 2 +.,050
8=06,3 10-12,3
ave 2X
intel"val 02"000 2 02 0003
T'.Ne 3. OYror + +
single interval - 10 .13
av. stability «08% 119
Table Bade = 3 Contc
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case in comparing results of the two recorders, the re~play was
measured over nine minutes, to conform with the total playing time per
track when using the Fi-@brd at 73 in./sec., with a tape of standard
thickness. The average stability of the running speed at 74 in, /sec.,
during the interval of one minute, is given again in percentages; the
r.m.s. error refers to the single measurerment of one interval, i.e,
the twice enlarged interval of one minute, Theoretically, the r.m. s.
error of a single observation determined from a group of four
observations only, does not give a reliable picture of the quality of the
observation; but the nurnber of observations which can be taken during
one re-play is restricted by the capacity of the tape recorder.

The Fi-ford recorder displays a coefficient of variation, change
in tape velocity at 7% in, /sec., which is very similar to the running
stability at 1 7/8 in, /sec. The decreasing charge of the batteries causes
a progressive increase of the length of the enlarged minute intervals,

From data presented in Tables 6, 3, =3 and 6, 3, -3 cont., it can be
seen that the stability of the running speed meaintained by the Fi-Cord is
not very inferior to the stability of the Vor texion, The percentage erroxr
clearly points out that the Fi-€ird is capable of a "second interval
stability" of a few milliseconds at the running speed of 72 in./sec.

Higher precision of the running speed of the tape is not required,
More detailed information about the per formance of the tape recorder
can be derived from scaled distances between pulses, after tape develop~
ment (Section 7,3.); such information can be obtained as a by~product
of the calibration of the crystal chroncmeter,

The graphs in Fig, 6, 3. -1 show variations in the lengths of time
intervals marked by consecutive M. S. F, seconds pulses recorded at
7% in, /sec. on two tape recorders simultaneously,

The lengths of the time intervals, obtained from scaled distances
after tape development, are represented in the form of a diagram, and

reveal the precision of the stability of the running speed of both, the
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battery operated tapc recorder and the tape recorder driven on mains
power supply.

The variations of the time lengths about the arithmetic mean of the
total time interval dealt with are plotted at a scale of 1 millisecond =
10 millimetres; for plotting purposes and for comparing the stability
of the running speed of both recorders the arithmetic mean is set equal
to one second U, T., in each case,

In Fig. 6.3. -1, the variations in the time lengths between successive
pulses are all within ! one millisecond or better., Variations up to 5
milliseconds, which can be attributed to the running speed, have been
enrcountered in adverse ficld conditions, The running stability is quite
adequate for the employrnent of the tape recorder in field astronomy.
Therefore, further investigations into the behaviour of the running
stability during the intervals of one secend of time are not considered,

Obviously, scaling errors and all other errors affecting reception,
recording and evaluaticnzll ccntribute to the variations of the
time lengths shown in the diagrams, and arce attributed to the running
speed. Irregularities inflicted upon the transmission of standard
frequencies during their path through the travel medium, and reception
errors, would show up in similar shaped diagrams, if these errors
were greater than the scaling errors and greater than the fluctuations
of the running speed.,

Scaling errors can bec presumed to be random errors and of the
same magnitude when scaling distances between pulses of identical
receptions separately rccorded on two tape recorders. Hence, from
inspection of the diagrams, the variations in time intervals about the
arithmetic mean can be attributed mainly to changes in tape speed.

The order of accuracy of the stability of the running speed,which can
be read off the diagrams, is in agreement with the accuracy derived
from measured time intervals at re-play given in Tables 6, 3, -1, =2,

and -3.
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The isochronism curves of the crystal chronometer shownin
Fig. 6.3.-2 are devived from independent tape development, and
independent recording cf the same sequence of frequency pulses,
on two tape recorders, GSubmitted are twe separate sets of
observations. The recorders have been stopped and started between
both series of frequency reception. Tatle 6.3, -4 contains the evaluation
of the scaled distances for some of the plotted values. It will be
noticed that the small fluctuations of the running speed ( denominators
in columns 3 and 4) have little or no effect on the calibration of the
crystal chronometer (column 5 and 6).

The two average isochronism curves derived from recordings on
Fi-Cord and on Vortexion differ a negligible amount, about 7 x 10-'5
seconds of time, in each case. (Fig. 6.3.=2).

Information about the performance of the crystal chronometer,
derived from independent recordings and tape development, reveal
not only the precision with which the synchronization with frequency
pulses can be executed, but also assist in recognizing the time keeping
property of the crystal chronometer itself, and help to distinguish
scaling errors from irregularities of received transmissions.

Reference to #ig, 6,3. =2 shows that the ermployment of a tape
recorder as chronograph enablesoc to detect the crystal chronometer
stability during seconds intervals in the order of fractions of

milliseconds.
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7. Evaluation of Recorded Data.

7.1, General,

The data recorded by voice announcement are extracted by aural
reception during re-play at recording speed, and are entered on
calculation sheets., During the same re=-play the start of a series of
observation signals, or of a sequence of seconds pulses to be used for
synchronization of the chronometer, can be marked with paint,

The information concerning time differences between recorded seconds
pulses of standard frequency transmissions, radio time signals,
chronometer seconds pulses and marker signals, or whichever it may be,
are obtained with methods described in Section 3.5,3,; the most
instructive of which is rmethod No. 8, Section 3.5.3., enlarged upon
in the following section.

Fig. 7.L -i shows the whole arrangement adopted for the extraction
of the recorded data:

The section of tape between the winding reels has been just
"developed'" and the recorded pulses show up clearly. All the items used
can be seen on the photograph: containers with various fluids and
developing material, pestle and mortar, applicator next to the open flask
(containing the fluid), magnifying glass, glass scale, a fine brush for
marking the tape with white paint, and the tape recorder with spare

batteries.

7.2. Tape Development

The purpose of ‘'"developing' the tape is to render the magnetic
impulses recorded on the tape visible and thus to convert time intervals
between audible pulses into linear distances between visible pulses.

The magnetized impulses recorded on the coated side of the tape are
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made temporarily visible with metallic powder and suitable liquid.

The tiny metal particles are kept in suspension in a volatile fluid and
arrange themselves according to the pattern of the magnetized coating
of the tape.

The shape of the pulses, defined by the metal particles which adhere
to the tape, becomes visible to the unassisted eye, while the suspending
medium evaporates.

The procedure of devel oping the tape consists of applying with a light
touch the readily evaporable liquid saturated with powder, with a felt
brush or cotton applicator to the track containing the recorded pulses, on
the coated side of the tape.

Fig. 7.2.-1 shows a portion of developed % inch recording tape,
slightly enlarged (1: 1,1), The upper track contains a crystal
chronometer pulse followed by a seconds pulse of M. S, F, standard
frequency transmission, during atmospheric interference. (Radio noise).
I ndividual cycles of the pulses can be recognized even on the photograph.
(The tape reading is frora left to right).

During development interference by rmagnetic objects in the vicinity
should be prevented.

The tape is conveniently moved through two hand-type rewinds,
spaced about four to five feet apart; the distance in between is subdivided
into approximaiely 74 inches for locating the area of consecutive pulses,

The kind cf metallic powder and its size to be used as developer
varies with the type of suspending liquid. Both are chosen with the aim
of achieving a specific result from recordings of definite frequencies and
volumes, under a variety of conditions of reception, on tapes of different
qualities.

The metallic material should not be strongly magnetized before
coming into contact with the coating. Metallic powder with strong
magnetic properties, or powder which has been strongly magnetized by

contact with magnetic objects, can disturb the magnetic impulses on the
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tape. The powder is required to possess only the properties of
being readily attracted by the magnetic field of the tpae, and to adhere
to its magnetized areas during the time the measurements between
vigible pulses are taken.

The suspending medium has tc evaporatie in a certain length of
time during wilrich the metal particles are attracted and set in
position by the magnetic field, The fluid is supposed not to possess
solvent properties, due to which the bended iron oxide could be
removed from the plastic base.

There are several metal powdexrs which meet with the physical
requirements; sorr.c are particularly suited to developing a tape
containing only reccrded crystal chrenomieter seconds pulses and
observations siznals in the absence of radio noise.

Carbonyl iron powder in a suspending :medium has the advantage
of its bright colour, which makes the rnagnetic pattern stand out
clearly on the brcwn background cf the coating, to which it sticks
strongly. The powder, prepared from ircn carbonyl, is
commercially available. The size of the m:etal pa rticles is sub-
micron, but the effective size is about two to three microns, as the
particles tend tc azzlomerate. The mnagnetic behaviour of iron
carbonyl produces clear visible cycles, but renders a rather low
contrast between individual pulses. It can be used to advantage for
the developrient of vecorded signals at :nedium amplitude with little
atmospheric interierence.

Fig. 7.2.=¢ represents a crystal chronometer seconds pulse
recorded at 75 in. [szc., made visible with carbonyl iron powder.
The 5x magnification enables one to distinguish every cycle, The
photograph has bzen taken through 2 low power optical trail, A
perfectly flat picture could not be achizved, and therefore some parts
of the photozraph are slightly out of focus. The fine metallic

powder, applied thinly, adheres even to wealk magnetic impulses.
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Fig. 7.2.-3 is a photograph taken through a mmicrcscope of 48x
reagnification, showing parts of the crystal chronometer seconds pulse,
recorded at 73 in. /scc, The metallic powder assembles itself in
almost straight lines, following the cycle patiern, and even tiny
irregularities of consecutive cycles, within fractions of a millisecond,
can be noticed. Before being re-used, the rortion of the tape treated
with metallic powder has to be cleaned carefully, as its abrasive
quality may cause considerable wear of the coating and can damage the
reccrd head,

Chromium flake in powder form has t o be used with care; it is hard
and brittley therefore any pressure on the tape, during application of
the powder, has to be avoided,

A suitable suspending medium for the metallic powders mentioned
above is xylene C6H4-(CH3)Z’ a colourless hydrocarbon, which is
ccramercially available,

A coarse pattern of magnetized spots is preferably treated with
unannealed electrolytic iron powder of 300 mesh, Temporary good
results are achieved when it is brushed on to ths tape with xylene,

The powder can be administered to the tape equally well in a
suspension of diluted trichlorcethylene C CIZ: CHCI1, which is also
cormmercially available., The metallic powder can be left on the tape,
so that the visible pulses zaay be used later, whenever required, and
the tape may be wound on, Trichloroethylene applied in an overdose
takes off the coated layer cof the tape. After use, the metallic particles
are removed easily with a brush or with coticon wool,

Almost any tape can be developed with iron filings, ground in a
mortar to 300 niesh or finex. Iron powder is not very abrasive and is
only slightly inferior tc the micron-sized carbonyl iron powder as
regards the responsc tc the magnetic field of the tape.

Fig., 7.2, -4 shows parts of a crystal chronometer seconds pulse
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recorded at 73 in. / seq, ghotegraphed taroush o snicroscope of 48
rzagnification. The developing material consists of iron powder (applied
rather generously) suspended in toluene 66H5CH3.

The cycles are visiblie and their shape stands out well. The leading
edge is easily recognizable in spite of radic noise to which metal
particles adhere (left edge of the photograph). The iron powder can be
suspended cqually well in xylene, or alsc in methylated spirit CZHSOH'
which has to be diluted. Cverlapping signals can be distinguished
without effort when developed with an overdose of iron powder in the
fluid.

The magnetic property of nickel makes nicxel powder suitable for
developing recordings in the presence of continuous atmospheric noises,
as long as these are not of excessive volume.

In Fig. 7.2.-5 the portion of the tane shown contains atmospheric
noise to which the nickel powder clings 4n a2 icose manner, and a well
defined .. 3. F. pulse cin 5 M:cfs.

The weakly magnetized impulses produced by the radio noise failed
to arrange the nickel particles. The . S8.F. pulse can be undoubtedly
identified by the number of cycles and by its duration. Nickel powder is
very brillliant and not toc abrasive, 32cth qualities make it a very
suitable developing agent., It requires properly magnetized areas of the
tape to be attracted. The tape speed is azain 7% in./sec. The
photograph is taken at incident light through a microscope of about 17x
magnification. Very fine nickel powder (micron-sized) produces equally
good results as collcidal iron powder.

Undefined pattern of pulses associated with white noise can be
treated also with cobait powder suspended in tcluene, which has to be
mixed with alcohol and water to avoid the cellulose acetate base of the
tape becoiming toc brittle,

Fig, 7.2.-6 shows a .. 5. F, pulse develcped with cobalt powder.

The arrangernent of the metal particles is quite distinct, and the cyclses
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of the . S. F. pulse can be recognized. Strong radio noise suceeded
in attracting some mnetallic pcwder., The photograph is taken as in
Tig., 7.2.-5. The cobalt pcwder used for the experiments is produced
by Sheritt-Gordon Mines, Canada; it is cf non~uniform size from ca.
100 to 300 mesh; pulverized finer, it would give similar results tc
nickel spongs.

Fig. 7.2.-7 represents the 49x magnification of a M., 5. F, pulse
w.ade visible with cobalt powder; individual atiraction of the metal
particles according to their sizes can be noticed. The strong magnetic
iznpulses effected a classification of the small particles in the drop of
liouid before evaporation. Vcry fine particles cluster in globules and
accurrulate according to the strength of the magnetic field, It can be
clearly seen that the rraxirnurn strength of the signal is not concentrated
in its leading edge, and is gradually declining after the maxirmum peak
is reached.

Records of faint recepticns of signals fail to attract coarse metal
powder. These pulses can be made visible with metallurgical fume in
surplus of fluid. The fu.:2 iz guited for tape development if it consists

of very small solid particles which are as a rule a mixture of particles
of elemonts and metallic cornpounds. In Fig, 7.2, -8, overlapping
signals of .standard frequency transmissions prcduced weak magnetic
recordings. Parts of clear tape can be seen between the cycles,

which are developed with iron oxide fume. The iron oxide fume is
forined by condensation of vapour in the presence of carbon in the
ozygen stea making process. The similar cclours of the coating and
develcping material yicld low contrast for the plotograph, taken through
a maicroscope of 17x magnification. When still wet, the iron fumes are
alniost black and produce distinct visible pulses, A suitable volatile
fluid for the iron oxide particles is toluene, but alcchel CH3CHZOH

can also be used., Saturated with trichloroethylence, the oxidized iron
vapour can be glued to the tape; the fumes can be removed by washing

the tape with trichloroethylene mixed with water and alcohol,
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The plastic base of most of the tapes resists the treatizent with
hydrocarbons. Acetone affects the mylar base and has toc be applied
carefully., Methylated spirit, or any alcohol, causes wrinkling of
scrze tape qualities; to prevent this, the fluid should be diluted with
waiter or mixed with xylene, tolueae, etc.

Ready rmade mixtures of metellic powders and fluids are
cozzmnercially available and are used mainly for tape splicing, editing
purposes, etc., A developing agent consisting of a mixture of metal
powder and a lacquer diluent is prcduced by the Ampex Corporation,
and is available under the trade name "Edivue'. =Zdivue is best
suited for the development of well defined rnagnetic ircpulses in the
absence of strong radioc noises, '"Vulture", obtainable from Crow Co,
Ltd., is well suited for making the magnetic impulses visible, and
can be used on any tape., The fluid is nom inflamzcable and the
metallic dust particles are of uniform fine grain,

The "Scotch Brand Magnetic Tape Viewer' coniains colloidal iron
pcwder enclosed in a transparent circular container of about one inch
dizrceter, ‘When placed on the magnetic tape the pcwder arranges
itself according to the recorded rnagnetic impulses. The viewer can be
used for studying the pulse pattern, but it is not suited focr scaling
distances longer than cone inch.

The ragnetic layer material, e, g. bonded gamuia FeZO3, is
freguently removed from the plastic base by the diluent. This can be
noticed during development by the dccolouring effect, and damage to
the tape can be prevented in tire,

Re=-development after wiping off the metal powder can be repeated
any aumber of times, i.e, as long as the tape material resists the
trcaiment, and obviously as lonz as the tape has not been cancelied.

Developing the tape does not affect the quality of the recording and

neither deterioration nor differencec can be noticedon back play. When
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carefully cleaned, nc stains remain on the tape except when
Permanent rmarks arce produced.

The study of the pulse patterns confirined the theoretical
assurmption that receiving and recording instruments do ccntribute
to the final pattern of the magnetic impulses, visible after tape
development, but the basic characteristics of the various pulses

(frequency, amplitude, wave form etc.) are not affected.
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7.3. Scaling Distances on Magnetic Tape.

The commencement of the crystal chronometer pulse is chosen as
the reference point of time measurement, The tape travel of most of
the tape recorders is from right to left; dcpending on the position of
the recording head;" therefore. the top track, when viewed from the
coated side, is read from left to right and the left end of the pulse
becomes its leading edge.

The Royal Greenwich Observatory defines the time at which the
seconds dot of GBR 16 kc/s reaches about 40% of its peak amplitude as
the reference point for measurement of the reception time: The
average time interval from the start of the signal to this reference point
of time measurement is about four milliseconds, The length of the
time interval depends on the type of transmitter, and can amount to 12
or even 15 -milliseconds, The reference point of the measured time
of reception of the seconds pulse superposed on standard frequency
transmissions is the commmencement of the signal.

There is an advantage in having the leading edge as the reference
point for time measurement: viz., there is a distinct line for scaling
the distance between pulses and a general zero mark when dealing with
a variety of signals,

The photograph (Fig. 7.3.-1) shows the crystal chronometer
seconds pulse enlarged 16,5 x; the leading edge of the pulse is a clear
fine line which represents a distinct index mark for scaling distances;
the "strength'" of the pulse is rapidly increasing and its regular
structure can be seen to start after about 23 milliseconds.,

The commencement of nearly all time pulses of standard frequency
transmissions, when made visible, shows up in a sharp leading edge,
which can be recognized also in the presence of strong radio noise,

From the photograph (Fig., 7.3.-2) of the HBN seconds pulse of
16. 5 x magnification, it can be noticed that its leading edge is as well
defined as its individual cycles, The transverse lines are only brush

marks which remained after development.
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A clear distinction is possible between the leading edge of the
M.S. F, second pulse (Fig, 7.3.-3) and the persistent radio noise
throughout the reception,

Distances between visible pulses are measured with an ordinary bax
wood rule subdivided to § mm, or to 1/50 inch, A scaling accuracy of
one millisecond of time can easily be achieved at a running speed of
71 in, / sec., with tenth estimation of the scale interval.

The calibration of the subdivisions of the scale is not necessary,
since only ratios of distances are required,

The precision with which distances between visible pulses can be
scaled is verified by repetition of the developing processs and by
scaling the pulse distances again. Results of repeated measurements
with a box wood rule subdivided into $ mm are submitted in Fig.
7.3.-4, Ratios of scaled distances between visible pulses correspond-
ing to frequency deviations of the crystal chronometer are plotted
against U. T. of frequency reception, The distances were scaled four
times; each time the tape has been cleaned and re-developed, Thus,
four independent scaling results are obtained for the time difference
between the crystal chronometer pulses and standard frequency reception
at consecutive crystal chronometer beats,

From the diagram, the precision of extracting data from tape
development is quite conspicuous, and it will be noticed that the scatter
of the results is well within one millisecond, Hence the scaling error
alone will hardly shape the crystal chronometer isochronism curve on
which is based the time interpolation for astronomical observations.

From the tests it can be concluded that scaling tape distances to one
tenth of a millimefre is quite justified; to avoid rounding off errors it
is customary to estimate the smallest scale interval to half or to
quarter ¢ f its value,

The measurements required for the calibration of the crystal

chronometer and for extraction of field data described, were taken with



o
i

MILLISECONDS

3

1

3

XL
o8

([
N
X

}
!
|

MILL{METER |
S MuLiscconds.

§
§ '

. a«‘l’ . .
-~

!
t
1
‘
|
|

S

PPROA.

=Bl =

SCALED I'ITME DIFFERENCE = FREQRUENCY DEVIATION.

=En SETmET

563 5 f 3 .;-85
DATE: APRIL 8, 196/

UT. INDICATED BY SECONDS PULSES SUPERPOSED ON STANDARD FREQUENCY TRANSMISSION @ M.5.F, 5 Mcfs , AT THE INSTANT OF

RECORDING ON MAGNETIC TAPE) RECORDED ON F/-CORD.

TIME DIFFERENCE BETWEEN VISIBLE PULSES OF CRYSTAL CHRONOMETER AND OF STANDARD

FREQUENCY TRANSMISSION OBTAINED FROM :
SCALED DISTANCES ON MAGNETIC TAPE
wW/TH BOXWOOD SCALE SUBDIVIDED TO O'5MM o 2°6 MILLISEC,

DISTANCES SCALED INDEPENDENTLY FOUR TIMES,
FOUR RESULTS PLOTTED FOR EACH CHRONOMETER PULSE.

Ky

35 pls
SECONDS

Fig. 7.3.—4




- 320 -
7.3, cont,

a glass scale made by Wild, Switzerland, The transparent scale of
220 mm length with deeply engraved lines, subdivided to 0.1 mm
throughout, enabled readings to be taken which were almost free from
parallax, since the side containing the divisions came into direct
contact with the object.

Relative merits of the glass and box wood scales can be derived
from Fig, 7.3.-5. Distances between developed pulses measured
with the glass scale produced results which show slightly less
deviation from the mean rate than those obtained with the box wood
rule .

A lens of five to ten magnificatiorsis quite adequate for reading
the scale, since the unassisted eye can comfortably distinguish t
.15 mm at an observing distance of 250 mm. Scaled -distances
between pulses (norrmally taken from leading edge to leading edge) can
be checked by measuring the distances between the ends: of the
pulses and adding their known lengths., The r,m,s, error of
extracted time .differences between chronometer and time reception
is appraxinctely - 0,2 milliseconds ., subject to a scaling and
reading accuracy of 0, 01 tom; this r,m, s, ccror is in agreement
with thc precision of the crystal chronometer.

The scaling accuracy surpasses the precision with which the time
is represented by the reccived seconds pulses in the field,

Time measurcments between individual pulses may be in error
by more than 10 milliseconds, since the travel time of the H, F.
transmission is very uncertain over longer distances, owing to back
scatter, (Section 3,5,3.)

An effective velocity, of 285 000 km/sec. can be used for the
computation of the propagation time, for -distances up to 5 000 miles,
with an average uncertainty of I 0.5 milliseconds,

Howéver, receptions of seconds pulses of standard frequency

transmissions which appeared to be in error of more than 2
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milliseconds, which happened rarely, were discarded when
calibrating the crystal chronometer,

According to the statement of the Smithsonian Astrophysical
Institution, time intervals in the order of one millisecond are
sufficient for optical tracking of satellites, Likewise an overall
accuracy of : 2 milliseconds is required for the minitrack programme
of the National Aeronautics and Space Administration,

The great precision of extracting time intervals between pulses
from magnetic tapes, after development, enables one to achieve high
accuracy in timing optical observations, in testing and synchronizing
the crystal chronometer and in the.detesrwiination of the stahiliey df:the
speed of tape recorders. These items are dealt with in previous
sections.

Scaled pulse distances may be distorted by random errors,
particularly by the personal error in scaling,

Iscchronism curves of chronometers based on simultaneous
receptions of several standard frequency transmissions should have
similar shape, if there are adequate reception conditions and if the
transmitted frequencies are of equal quality, The scaling errors
which enter with the scaled- distances into the time error -contribute
little to the general shape of the isochronism curve,

Irregularities of the tape velocity of recorders 'can be detected
from scaled distances between visible pulses of standard frequency
transmissions received simultaneously,

Fig. 7.3.=6 illustrates the fluctuations of the scaled lengths of the
time intervals between consecutive pulses. The two standard
frequency transmissions are H,B,N, and R, W, M, on 5 Mc/ sec.,
received at the same time and scaled independently, Both
diagrarmdc indicate some similarity, Scaling errors may be
responsible for the unequal appearance of some parts of the

diagrar.s , but from their general ¢rznd the behaviour of the tape
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rec¢order is clearly interpreted.
Errors caused by atmospheric interference are certainly present,
but, because buth 1liagrams are similarlyshaped, it is unlikely

that the fluctuations are due solely to atmospheric influence; the

directions and distances from transmitters to receiver are totally

different.
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7.4, Characteristics of Pulses and Advantages of Tape Developraent.

Significant properties of frequency pulses, their total length which
depends on pulse duration, and the number of cycles per second, can
be used for identifying the transmitting station.

The reception of a station!s broadcast announcement oxr call sign
preceding 2 standard frequency transmission is not a sufficient safeguard
for accepting the audible superposed seconds pulses as originating from
the same source,

Due to reception conditions, the seconds pulses may be completely
covered by those of another station transmitting standard frequencies
corrrrencing -vithout any announce:r: ent,

Definite frequencies are allocated to standard frequency
transmissions which have usually the same type of time signal,
constituted of 5 cycles of 1000¢c/ s modulation, (Scction 4. 3).

In 1960 and 1961 there were two five minutes periods during each
hour (Fig. 4.3, -1) when e, g. H,B.N, transmissions were not
overlapping M, S, F, transmissionsy; and four periocds of five minutes
of M. S, F, transmissions not coinciding with H, B, N,

This schedule gave ample opportunity for selective reception, if
wanted, of either of the two transmissions, and was therefore very
convenient for -aural and visual identification of pulses, especially at
field stations where sirnultaneous receptions occurred, Due to
changes in trancmission pattern of H,B,N, (Fig. 4.3, -2), 211l H,B. N,
seconds dots were radiated during M, S.F, transmissions, so that only
three periods of five minutes of "M, S, F, transmissions did not
coincide with H,B., N, transrnissions., rurther changes of time service
have established an alternative five minutes pattern between M, S, F. and
H.B. N, (Fig. 4.3,~3) Both stations are now co~ordinated; their time
pulses can be interchanged at the rcceiving station with proper allowance
for travel delay,

The times of emission of radio time signals from stations which are

now co-ordinated arc kept at the same instant to within one millisecond



- 326 -
7.4, cont,

and with respect to U, T, 2 within limits of & 50 milliseconds, for
reasons of the interchan;cabiliyof time and for frequency reference,

The propagation time of the time signals makes it impossible to
synchronize them at every point,

The proposed unification and co=-ordination of transmission of
conventional time signals and of the signals superposed on standard
frequency t ransmission will no doubt establish a world coverage of
signals of the kind appropriate for field requirements.

For full use of the high accuracy of the crystal chronometer and of
the standard frequency transmissions the reliable identification of
transmitted frequency pulses is of the utmost importance.

A transmission pattern of co-ordinated stations, which would
provide for overlapping transmissions and alsc for periods of one
transmission only, would enable identification of the various
transmitting stations with the greatest of ease. Such a programme
would also take care of reception conditions, and would be feasible
since the number of participating authorities of the cowordinated time
and frequency transmission service is not excessive,

The time signal reception would be reasonably free of uncertainties
if the times of emission could be kept constant and the pulses of the
various transmitters would have distinct audible differences,

Particular characteristics of pulses are undetectable by the human
ecar, but are easily recognizable by visual inspection of the pattern of
magnetized areas after tape development.

These characteristics consist, besides duration and frequency, of
tiny irregularities of successive cycles, seen 2s unequal spacing and
width; commencement and end of the pulse have also a peculiar shape,

The particular properties of the pulses depend on the transmission
system and are therefore ever present, regardless of the developing
material used and of the quaatity with which the metal powder is

administered,
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In Fig. 7.4. =l the five cycles can be seen which constitute the MSF
seconds pulse; very small differences between the cycles are revealed;
these are quite distinct in spite of interference by radio noi se.

The structure of the pulse and of the characteristic leading edge
stand out clearly at 47 x magnification, shown in Fig, 7.4.=2. The
pulse is audible as a tone of 1000 cycles per second; Owing to the short
duraticon of the pulse the sound is rather hollow,

A recorded MSF seconds pulse made visible with metal powder
applied sparingly can be seen in Fig, 7.4.=3. The identical form and
the same peculiarities of the pulse, especially the unequal gaps between
successive cycles, can be recognized without excessive magnification,

The elongated MSF minute pulse is audible as a whistle; it sounds
entirely different frcm the MSF seconds pulse, although both pulees
have an equal number of cycles per second. The developed minute
pulse, illustrated in Fig. 7.4. -4 shows the same structure as the MSF
seconds pulse and has also the identical amaplitude. The reason for the
apparent difference in sound is the resolving ability of the human ear,
Owing to the short duration of the five cycles seconds pulse its
components can not be recognized by the ear,

The HBN seconds pulse is audible as a tone of 1000 cycles per second
and its sound can be distinguished frora the MSF seconds pulse by the ear,
subjectt o good reception of both transmissions, practical experience
and training,

Fig, 7.4. -5 shows a seconds pulse of HBN transmission on the upper
track of the tape, magnified 5 x. The properties stand out
conspicuously, especially its leading edge followed by the individual cycles,

In Fig. 7.4.-6 the HBN pulse is presented at 17 x magnification and
is somewhat deformed by radio noises. Nevertheless its structure can
be seen to be entirely different from the preceding crystal chronometer
seconds pulse, and from the MSF pulse when comparing Fig, 7.4. =6

with the MSF pulse in Fig. 7.4, -1
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The HBN seconds pulse consists of five interruptions of one
millisecond each transmitted at intervals of one millisecond, The
audible pulse is therefore ten milliseconds long, On the photograph
the five complete cycles are seen as clean cut lines, as is always
the case when a train of waves is interrupted by the transmitter, or
the frequency is altered.

OMA standard frequency transmissions are based on the English
pattern, and their various pulses can hardly be distinguished aurally
from other frequency pulses transmitted on the same system,

Fig, 7.4.-7 represents a part of - an CMA seconds pulse, as
tran s mitted during the last five minutes of each third year. The
photograph, taken through a microscope of 17 x magnification, shows
the characteristic pattern of the pulse. The imposed scale
disarranged some of the metallic powder., The differences in the
structure of the CMA and HBN pulses are quite obvious. The
lengthened OMA rminute pulse is shown in Fig. 7.4.-8, The
underlying English pulse shape is unmistakable; slight irregularities
©f the width of the cycles nearer the leading edge constitute distinct
marks, The CMA pulse can be casily distinguished from the typical
English signal illustrated in Fig. 7.4. «9.

The unifcrm structure of the B, B, C. seconds dot and its clear
commencement, which show up after tape development, prove the
superior quality of the English time pulsm

The fariliar six B, B, C. pips are sent on continuous waves of
which the successive cacillations are identicall "he jtveksn of the
Lelepi . - time service have the identical Ystructure'.

Fig, 7.4.10 shows the pulse transmitted by WWV every second,
The accurate five millisecond duration of the 1000c¢/ s pulse and the
"fading away' end are the permanent characteristics by which WWV
can be rccognized, The sharp cut lines indicate 2 pulse produced by

interruption of a continuous wave. The drawback of a tick of short
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duration is that if the reception is very faint the pulse can be covered
completely by heavy atmospheric interference, which makes the pulse
inaudible and its cycles cannot be detected on tape.

The photograph of a RWM pulse (Fig. 7.4. -1l) discloses the adopted
English pulse typej the second pulses are 0,1 second long; at each
minute the pulse is lengthened. The pulse (measured on the photograph)
is transmitted at 1000 ¢/s, The leading edge consists of a fine line
which is followed by 2 gap. Enlarged at slow re-play the leading edge
lacks clearness for accurate ear comparison, Charecteristic
alternating pulse strengths will be noticed at intervals of five
railliseconds; these produce fluctuating magnetic impulses on the tape.

Spark signals, now nearly obsolete for use as time signals
or as pulses superpcsed on standard frequency transmissions are still
locally employed by electrical time transmitters, Such time
transmitters or master clocks vperate seconds impulse dials by
transmitting electrical impulses every second; thc pulses can be used
also for synchronization of chronographs etc. The spark signal
eonsists of waves which are made up of successive trains,

The photograph of a developed spark signal released by the Imperial
College of Science and Tt chnology's master clock (Shortt) is shown in
Fig, 7.4,-12, The amplitude of the oscillations rcaches a maximum
whereupon it decreases gradually, No regular pattern of cycles can
be noticed as would be the case with continuous waves. The
commencement has an undefined leading edge which in the presence of
any atmospherics would be unrecognizable, The pulse is unsuited for
time indication where higher accuracy is required, The duration of the
College pulse is about 0.1 second. An open azerial nearr the College
buildings or a wireless set operating cn the College mains redeive

such ° signals. The developed I. C.S, T. pulse shown on the
photograph is recorded via a tuned aerial on the roof of the R, S, M,

building; the wireless set is operated on a 12 v car battery,
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The intensity cf reception of spark signals depends on the location of
the receiver and its aerial, Selectivity in rececption is required if spark
signals are in exact synchronization with frequency time pulses.

The crystal chronometer second, minute and marker pulses have
been specified (Section 3.3) to possess easi-ly recognizable differences
between therm; further, to be distinguishable from 2ll other transmitted
time pulses. The duration of the crystal chronometer seconds pulse and
the specified number of cycles per second constitute distinct properties
whi ch can be noticed with the unassistedcrye. The crystal chronometer
seconds pulse is shown in Fig, 7.4.-13, at small magnification, about
5 x; the pulse is contained in the lower track, which appears on the
photograph inverted, and has to be read from right to left., The
photograph cf the devecloped secondpulse, and also Fig, 7.2, =2, clearly
demonstrate the characteristic structure by which the pulse can be
distinguished from 1000 ¢/ s pulses, (c.g. Fig. 7.4.-9, or Fig, 7.4, -11),
and from radio ncise on account of its uniform cycle pattern of
considerable duration,

Fig, 7.4.~13 includes also a crystal chronometer marker pulse, of
1/25 second duration, which is visible on the upper track (track A),

It has a similar characteristic leading cdge +¢. the seconds pulse, but
its tone is an octave lower and consists of 520 ¢/fs.

The crystal chronometer minute pulse (Fig. 7.4. ~14) is photographed
at the same magnification as the other crystal chronometer pulses.

The sharp leading edge of the minute pul se permits accurate scaling,
The arrangement in successive intervals ofc ctaves of all crystal
chronometer pulses, one above and one below the marker pulsey
enables the overlapping part of pulses to unite. (Section 7.5.)

The tape veclocity of 73 in../sec, has been adopted as the most
convenient to achieve the scaling accuracy rcquired and for the ease
of visual identification of developed signals.

The space intervals between cycles of a2 1000 ¢/s pulse can be
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distinguished without a magnifying glass when recorded at the above

tapc speeé. The next lower standard speed of 3‘-;"; in./sc;c. would
produce cycle intervals less than 1/10 mm wide; consequently
individual cycles would be hardly recognizable and particular
characteristics of the pulses would not show up; especially if coarse
ranetal powder wereused, Clear appearance of cycles is required
particularly in the presence of radio noise. Atmospherics fail to
produce regular or uniform magnetic pattern. (Fig. 7.3, -3, or also
Fig. 7.4.-1). If any regularity of radio noise shows up after
development, e, g. left end of photograph Fig. 7.4. -4, then such
apparent regularity is of short duration, at the most a few milliseconds,

Machinery noise originating from vibration of solid bodies, e.g.
ticks of mechanical chronometers, are recorded as '"'sound waves'' on
magnetic tape,

Fig., 7.4.-15 shows two consecutive beats of the .half second
beat Dwerrihouse chronometer, The irregular pattern of cycles is
different for every tick., There is no well defined leading edge and
the end of the beat disappears gradually in "'silence", which is nearly
as long as the beat itself, No radio noise is present; the paint marks
on the tape are scattered metal particles,

Developed tape recordings of mechanical chronometer beats enable
one to analyze chronometer behaviour within intervals of half seconds
and seconds, independently from the human ecar,

Changes of pulse characteristics are expected to occur, following
alterations or improvements of the transmitting system; e.g., to
overcome power limitation,

(Fig. 7.4.-16) The photograph taken through a microscope of 48 x
magnification represents the MSF seconds pulse as transmitted in
January 1961, The photograph may be campared with Fig. 7.4. -2,
which shows the MSF seconds pulse trancraitted in 1964,

It is quite obvious that raodifications of the multivitbrator
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contributed to higher regularity of the cycles. The more uniform
structure of the pulse can be noticed especially at the 2nd and 3rd
cycles. The accuracy of the intervals marked by consecutive cycles
is now approaching 1/10 microsecond. The powerful leading edge
defining the epoch, the accuracy of which depends on the inertia of
the transmitter, stands out more clearly now (Fig. 7i4, =2) than with
the previous transmitting system,

Modifications of the transmitters are not likely to be the cause of
confusion in visual interpretation of pulses. The various pulses
retain their conspicuous structure, shaped by the prominent
properties which are 2 function of the transmitters,

Fig, 7.4.-17 shows the HBN minute pulse transmitted in February
1964. The photograph is taken at the same magnification as the
previous one. The gaps between the cycles have less magnetic
attraction; the resulting structure of the lengthened minute pulse is
identical to the HBN seconds pulse (Fig., 7.4. -6 or Fig, 7.3.+2), and
supplies enough characteristic marks for the pulse to be distinguished
from the MSF or cther pulses.

Visual interoretation of developed signals is facilitated with
artificial illumination at a low angle; if necessary the pulsc relief
produced by the me tal powder is made more evident when viewed
through a stereoscopic microscope.

A crystal chronometer can be synchronized with seconds pulses
on standard frequency transmissions with an electromechanical
phase shifter. In all practical circurmnstances, during such
synchronization, the standard frequency pulses greatly overlap the
crystal chroncmeter seconds pulses, The subsequent deterrmination
of the drift of the crystal chronometer will be somewhat problematic
in view of the doubtful aural identification of the time signals and
their transmitters,

The tests, as far as completed, indicate that tape development
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cffers the advantage of reliable identification of the various time signals
Recording via loudspeaker and microphone does not change the nature
of the various types of signals,

In conjunction with tape development a time vernier consisting of
59 or 61 chronometer signals in the time interval of one minute
attributes a definite distance between pulses, and therefore a number
to each signal. These distances, arising from the time vernier, when
scaled, are reasonably free of the personal error in scaling which
error is analogous to the error of ""reading' the clock, The time
vernier also limits the number of overlapping pulses. This is
convenient because a special tape recorder with more than one track,
for recording chronometer and standard frequency signals separately,
can be dispensed with.,

Further, visibility of pulses has the great advantage over
audibility that the reception of ill-defined or mutilated signals can
still be used; their point of commencement can be established with
great accuracy from the number of cycles and from their uniform
and characteristic spacing.

The selection of particular pulses from a group of simultaneously
received frequency transmissions is greatly facilitated when the
cycles aof the pulses arc made visible,

Confusion in aural interpretation of sirmltaneous receptions of time
signals of various sources, caused by marginal differences in
reception time, is eliminatcd by tape development. (Fig. 7.2.-8). A .
Small time gap between start of two consecutive signals as seen in Fig.
7.5. -5, is - not perceptible by the human ecar, As previously stated,
the minimum time interval which is aurally detectable is about 0,02
second, Tape development enables over a hundred times smaller
time intervals to be measured, Furthermore, interference between
transmissions are rend ered insignificant and ambiguities resulting

from coverlapping pulscs can be eliminated.
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T ape development does not require great care, special skill,
excessive length of time or expensive apparatus, Visibility of
pulses is achieved rapidly and can be executed anywhere, at any
time, and has no detrimental effect to the recordings.

No publications are known to exist on the application of tape
development to field astronomy and of visual identification of time

pulses, The subject treated is believed to be new.
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7.5. Overlapping Pulses

Signals following each other in close proximity may have a time

interval in common, The length of the time interval belonging
equally to two pulses depends on the differecnce of the reception times
and on the duration of the signals,

Fig. 7.5.-1 shows the crystal chronometer seconds pulse lying
over a part of a RWM frequency pulse. The RWM pulse is recorded
via the radio loudspeaker and the chronometer pulse via the clock
loudspeaker. The pulses are received at different tone volume,

This produces enough contrast on the tape for the overlapping part to
be distinguished, The fluctuating volume of the RWM pulse,

varying at regular intervals of about five milliseconds, can be traced
even on the overlapping part where it causes some disturbance to

the structure of the chronometer pulse, The definition of the
leading edge of the crystal chronometer signal is by no means
reduced, and the scaling accuracy can be accepted as unaltered,

Signals received at different volume and recorded on tape produce
magnetic fields of different strength, which attract metal powder
accordingly.

The visible record of a MSF pulse on top of a crystal chronometer
seconds signal is illustrated in Fig, 7.5.~2. Both pulses, MSF
and chronometer, are received at nearly equal volume, The MSF
pulse succeeds in cutting out some cf the chronometer cycles and
produces well defined lines permitting the desired scaling accuracy,
The fine film of metallic dust leaves blank tape areas between the
cycles.

An overdose of mectal powder produces a plastic appearance cf the
overlapping part, which can be made more prorminent with oblique
illumination, In Fig., 7.5. -3 are shown MSF pulses lying on crystal
chronometer seconds signals. The thick layer of metal powder on

the magnetized impulses results from the oversaturated liquid,
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Every cycle and the leading edges stand out perfectly clear,

Fig, 7.5, =4 represents the crystal chronometer minute pulse
overlapping two standard frequency pulses: MSF and HBN, The
strong magnetized areas, produced by the pulses, and the wide
spacing of the cycles of the chronometer rrinute pulse need only a
small amount of metallic powder to become visibles, The recording
volume between 2 and 3 (on the Fi«Cprd tape recorder) allows for
easy cancellation of both the chronometer and the frequency pulses,
of which the latter were received with higher volume., The leading
edges of the two frequency pulses are very clear and the scaled time
interval between thern amounts to 0O, 031~1~7 seconds., The corresponding
figures derived from the R, G. Q Bulletin and from the Bulletin
Horaire are 0..0320 and 0. 0356 seconds respectively. The
characteristic structure of 21l the three signals can be recognized
without 2 maynifying glass.

In Fig. 7.5.«5 the OMA seconds pulsc is received during the
crystal chronometer minute pulse, There is very little difference
in the tone volume of the two signals., The structure of the
chronometer signal can be noticed throughout the OMA seconds pulse.
The same distinct appcarance of the leading edge of the standard
frequency pulse can again be noticed,

Fig, 7.5.-6 illustrates the visibility of the HBN seconds pulse
when overlapping thc erystal chronometer minute pulse in the
presence of radio noise. The white noise has filled the wide spaces
between the cycles of the minute marker, Nevertheless the cycles
of both pulses are remarkably clear and neither the identification of
the type of f requency pulse nor the definition of its start have
suffered from the interference.

From the above it can be stated that in the absence of radio ncise
the exact start and end of the overlapping part can be seen and
measurements can be taken from them with the same precision as

from separate pulses. In the presence of radio noise or of other
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interferences, e.g. morse signals transmitted on the same frequency as
the frequency pulses; noise from electrical machines connected to the
same mains,etc.;, properly magnetized areas on tape can be obtained
if the signals are received at higher volume than the background noise.
Consequently the irnpulses on tape resulting from the time signals will
attract a sufficient quantity of metal powder to stand out conspicucusly.

The identification of overlapping pulses as shown in the above
photographs is of great use when calibrating the crystal chronometer. ;
Furthermore it is essential to recognize overlapping pulses when the
observation marker pulse is involved} otherwise the timing of that
particular observation may be lost.

Electromapnetic waves of the same frequency nay unite
as one wave. The common time interval of overlapping signals,
belonging to the same or to multiples of a basic frequency, has a
definite number of cycles per second which corresponds to the
frequencies of the signals, Consequently visible overlapping audio
signals of the same basic frequency have a different pattern over the
common time interval,

Fig, 7.5, -7 illustrates the overlap of the observation marker on a
chronometer seconds pulse., Fig. 7.5.~8 shows the structure of both
pulses and the common time interval. The three different structures
stand out very clear, The start is well defined by the gap which the
leading edge produces.

Fig, 7.5.-9 is the reverse case of Fig. 7.5.~8" This time the
seconds pulse comes in later; its leading edge is quite clear, so is
the common time interval and the end of the marker pulse.

The photographs demonstrate the validity of the theoretical
assumption regarding the employment of chronometer ¢+ signals
chosen at a ratio of their basic frequency in order to be distinguishable

over a possible common time interval, Different tone volumes for the
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crystal chronometer signals are therefore not required,

Tape recorders offer a great advantage, namely that cverlapping
pulses can be distinguished after tape development, and thus
definitely score over paper strip chronographs, unless the latter
have more than one stylus, in which case the mechanical arrangement

must be of the utmost precision,
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8. Computation of Chservations,

8.1, General,

Cbservations for astronomical latitude, longitude and
azimuth were carried out at the Imperial College Field Station,
Tywarnhale Mine, Porthtowan, Cornwall, to provide data on which
to base 2 judgement of the practical application of the crystal
chronometer, tape recorder, single second theodolite and timing
outfit, Furthermore, the observations were intended to determine
the accuracy of position fixing with field instruments when the
subdivision of time intervals and U. T. were available to a high
order of precision at the survey station., Position fixing is the
determination of the co~ordinates of the observer's zenith;
these are: sidereal time and zenith distance.

The area where the field tests took place is shown in Fig,
8.1,-1. Access to primary and secondary C,S. triangulation
staticas and a2 local mine triangulation frame tied to the
National Grid were of great assistance.

The irstruments used were:

(1) crystal chronometer and marker key,

(2) Fi-Jord tape recorder,

(3) short wave frequency receiver,

(2) Watts Microptic theodolite No. 2,
fitted with long diagonal eyepiece, lighting equipment,grid
reticule, 25'" plate bubble (one division = 2 mm),

(5) aneroid barometer,

(6) thermometcr,

The observations consisted of timed combined measurements

of both the horizontal and the vertical angles to heavenly bodies,
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and comparison of crystal chronometer time with U, T. at the
observer's station,

The limiting factors of the precision of an astronomical fix
are the personal equation, the rotation of the earth, the
verticality of the vertical axis of the thecodolite and the refraction,
Therefore, differences in positional co-ordinates must be expected
if these are determined from observations to stars employing
accurate time based on standard frequency transmissions and
stellar co-ordinates tabulated in A, P,; the differences can be
attributed to variations in the length of the day, observational errors,
instrumental imperfection, topography, and to' the application of the
incomplete theory of refraction.

The accuracy (r.m.s. error) of the determination of the
astronomical azimuth at Laplace stations with lst order instruments
is accepted to be about t 0. 5", the longitude ' 0.03 sec = 0,45",
and the latitude I 0.3"; obviously disregarding the deviation of
the plumb line,

The accuracies of the astronomical azimuths in the main net of
Central Europe are about t 0.35", Ivieasurements at the turn of the
century are quoted with the following r,m., s, errors:

Bavaria: t 0.51", Switzerland: t 0.23", Austria; ! 0.47", recent
measurements achieved the following accuracies: Czechoslovakia:
* 0.54", Bavarias T 0.44", Austria: - 0.30".

Any star listed in A, P,, or Epher:cris, at altitudes from
30° to 75° was regarded as suitable for observation,

Sp ecial methods of observing, e.g. prime vertical methed,
fixed altitude method etec., the selection of stars at special
positions, e.,g, at clongation, culmination etc,, or methods of

observing two stars simultaneously were not considered,
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The selection of suitahle pairs of stars oxr groups
of stars is rather laborious and much time~consuming effort in
preparing a star programme might be wasted by the sudden
appearance of clouds,

The computations in astronomy consist in solving the
astronomic triangle,

The sclection of a method of computation depends on the known
elements of the celestial triangle, and on the equipment,
calculating machines, tables etc,, available; furthermore, the
number of stars observed influences the choice of the computation
method for reasons of economy,

The declinations of celestial bodies are given in Apparent
Places, Ephemeris, Nautical Almanac, etc,; the latitude and
longitude of the survey stations are always sufficiently known; the
altitude, azimuth, and the hour angle can be observed,

If there is an approximate knowledge of the final result {position
of the observer's station) a method of successive
approximations is conveniently used, instead of any of the various
general methods. The approximate knowledge of the astronomic
co~ordinates of the survey station is then expressed as "Trial Point'.
The final adjusted position is obtained by applying corrcctions to the
co-ordinates of the trial point, The corrections can be evaluated
analytically or semi=-graphically,

Direct methods of computing the observer's position in
exploratory surveys are considered to be outdated. Therefore,
co-ordinates of the field stations in Cornwall are assumed and
corrective terms are deduced from the ficld returas.

The final co-ordinates of thc cbservation stations are obtained

by the fol lowing methods:
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8.1, cont,

(a) Method of Position Lines from Zenith Distances,

(b) Method of Position Lines from Horizontal Directions,

(¢) Method of Least Squares, Astronomical Fixation from
Horizontal Directions,

(d) Method of Position Planes from Horizontal Directions,

The method of position lines from zenith distances,

with its semi~graphic solution, is most adequate; the

computations involved are sim;le and rapid. Further, this
method has the advantage of the possibility of utilizing any condition
of observation., Identification of stars is possible, because with
the grid reticule both circles are read. Normally, the precision
of simultaneous sights (azimuth and altitude) of 2 moving target,

i, e, sighting with vertical and horizontal wires simultaneously
cannot be guaranteced; but with the use of the grid reticule both
circles can be employed for accurate measurements at any one
single pointing to a star,

The .method of position lines from horizontal directions requires

the identical and very little additional coraputations as are required
by the position line iethod from zenith distances, Results of
computation, deduced fror observational data consisting of
simultaneous recording of zenith distances and horizontal directions
at noted instants of time, can be used in the graphical part of the
solution of both types of position lines.

The superiority of semi-graphic methods over algebraic
methods, or over conventional spherical trigonometrical methods,
consists, on the analytical part, in the short cut of the calculation
provided by uncorsplicated forraulae, in its checks on the graphical
part and in the overall clearness of presentation of the whole solution,

In field astronoray, it is usually the case that more than two stars
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are observed, especially where a position fix is sought., Hence, the

final adjusted position can be determined by the rigorous least square

method, This method is rather lengthy and causes some waste of
effort, because the accuracies of the observed quantities are
obviously of different quality, depending on atraospheric uncertainties,
on the size of the star, its path and its velocity of movement in the
field of view of the telescope, each of which is causing systematic
errors,

A least square solution can be advocated when a large number of
stars is observed, A position {fix from timed horizontal directions
is worked out by least squares mainly for the geometrical
interpretation of the method, ( Section 8.4,)

Astronomical fixation from horizontal directions can be regarded
as a problem in three dimensional geometry; therefore its solution,
the determination of the final position, can be found semi-graphically

by the method of position planes.

So far as the writer is aware no worked out example of an
astronomical fix using the submitted position line method from
horizontal directions to stars at any altitude and azimuth, is to be
found in any literature. Furthermore, no previous attempt has
been made to work out a solution for an astronomical fix by the position
plane method and with the use of the concept of duality in space.

This method has been developed by the author mainly as an aid

for illustrating the problem invclved in position fix from
horizontal directions. The application of the latter method entails
2 larger amount of analytical treatment than a2 golution by the other

gemi~graphical methods mentioned above would require,
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8.2. Position Lines from Zenith Distances.

The position line method frora measured zenith distances is
described in various textbooks, and is therefore here omitted.

The vertical circle readings giving the altitude of the heavenly
bodies are preferred quantities for obscervation] and easily
accessible, b ecause one direction, the plumb line, can be
establi shed without great effort.

The equations to be adopted for solving the celestial triangle
link together the observed quantities and approxirnate values for the
unknowns: latitude and longitude of the trial point,

Thus, the altitude h is expressed as a function of the

latitude: ¢ . +dp , and of the longitude: ) op * A

h=h(d__+db, A +d>\)—h +() 2 4 +& 3d/\ A 61
r TP i TP

\ 'J f
’l ’\\ 3 . - - -
Drpr A pp 2TC the latitude and longitude of the trial point,
so chosen that second order terms can be neglected, dgb and dA

are the corrections.

hc is the calculated altitude for the trial points

sin hC =sm¢) TP sinc/ + cos qS Tp..cos(f. oSt a v o o o o o(2)

t = the hour angle, is made up of the observed time (U, T., or G.S. T.),
a tabulated terra (right ascension), and the longitude of the trial

point,

The declination .’f and the right ascension arc tabulated, and

accepted as being free of errors,

The aximuth, Ac, is calculated from the relation:

sm¢TP.cost- coséTP. tan(f See el (3)

cot A =
C .
sin t
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- cos(S. sin t
;- . . . (3a)

and a check is obtained froms: sin Ac=

Apparently, the azimuth is independent from the altitude of the
star; but this is not so;' because in the above relation the azimuth

is again a function of ((D »#), in the same sense as the altitude,

\\
pay = - cos A_ and 9—}-‘-=-sinAc. cos P
vp At

Equations (2) ~and (3) are solved analytically, cquation (1) is
solved graphically,

Fig. 8.2. -1 shows the two unknowns d ¢ and d A , the
measured altitude hO from the observer's station and the
calculated altitude hc for the trial point,

The difference between the observed and calculated altitude
of the star is equal to the great circle distance between the two
position circles through the trial point and through the observer's
station respectively,

The position line substitutes the position circle by its

tangent in the vicinity of the trial point and observer!s station,

Influence of errors of time and latitude measurement on

positional co-ordinates,

The time error /. t, which is the precision with which time is
known, and the error of measuring the altitude, can be combined
in one error and assigned to the altitude alone: 4 h.
If then, the zenith distance (90o - h) contains the uncertainty
Ah, the longitude, to be deduced, will be in error, (Fig. 8.2.-2,)
The error of the longitude caused by £ h is a rninimum when

the circle (radius = 90° -h, center = star) intersects the circle
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(radius = 90° - ¢, center = pole) at right angles.
The same answer is obtained by differentiating the altitude
h with respect to time t (= longitude), in the equation}
sinh = sin ¢ . sind +cos¢. cosd., cost

dh=cosci) . 5in A, dt = sin q. cos o . dt,

This means that the maximum influence the time error has on the
altitude is when stars at or near the prime vertical are "observed;
the time error does not enter in full into the altitude error but is
reduced by the factor cos (f) . (Except on the equator), The
time error has the minimum influence on the altitude for stars
near the meridian of the observer, (q = oc) ana of course for the
pole star. ( ¢/ =89°).

Further, the above differential relation:

dh dh

dt = =
cos¢ . sinA sin q. cos¢/

shows that the longitude obtained from altitude measurerents is
least affected by an altitude error when stars at or near the prime
vertical are observed. A =90°, (2700); and longitude
determination at the pole is impossible, since cos¢ is in the
denominator; the denominator sin q. cos ¢/ means that the pole
star and stars at or near the meridian of the observer are
unsuited for Ibngitude determination from measured altitudes,

An uncertainty of the 'latitude & ¢) s the latitude may have been
determined previously, can also be assigned to the altitude error
A h., If so, the precision of longitude determination depends on
the azimuth of the star observed. (Fig.: 8.2, =3)

For A = 90°, (2700), the uncertainty of the latitude 249 has

the least influence on longitude determination, The same answer
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can be arrived at, when differentiating the altitude h with respect torﬁ :
dh=d¢., cosA

i, e. the azimuth for stars at or near the prime vertical is

approaching 900 (2700) and will therefore reduce the influence

of the latitude error on the altitude, presuming the time is correct;

the resulting altitude error & h will therefore hardly influence the

longitude determination,

From the above it follows that for accurate longitude determination
from timed altitude measurements, stars at or near the prime vertical
have to be selected; -in which case also an error of a previously
determined latitude is negligible,

The time error A t which is contained in the altitude error 4 h
causes also an uncertainty of the latitude determination, Fig,: 8. 2. -4.

The influence of h on latitude determination is a minimum for
A =180° or 0°, or -for q = 0°, i.e. when the circle (radius = 90° -h,
centre = star) cuts the observerts meridian at right angles,

The differential relation of the altitude h with respect to the
latitude ¢ can be written:

ap = -2
cos A

which means that the altitude error dh, caused by the uncertainty
of the known time, has least influence on the latitude determination
when the azimuth is oo or 1800; nevertheless, the altitude error is
introduced at least in full into the latitude determination,

It follows, that for accurate latitude determination from observed
altitudes, stars near the meridian of the observer have to be selected.
Any error in dislevelment of the theodolite distorts the result of
position fixing, It is not possible to devise a method of eliminating

dislevelment errors without the knowledge of the amount of

dislevelment,
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For altitude measurement the cornponent of dislevelment
of the vertical axis perpendicular to the transit axis is
eliminated by levelling the alt-alidade bubble; it rernains the
other component in the direction of the transit axis, which is
read on the pilate bubble, (Section 5, 8)

When observing movable targets, a knowledge of the central
position of the plate bubble has some advantage for correcting the
horizontal circle readings, for which the vertical circle readings
are required.

The index error of the vertical circle can be assumed to be
constant and of the same sign for cbservations taken during the

same night,



- 365 -
8.2.1. Results obtained from Field Work

Agtronomical Fixation from Vertical Angles, and Astronomical

Azimuth of Terrestrial Line,

A specimen of the field record is shown in Table 8, 2,1, -1, the
data required in the heading can be entered before or after the field
observations; the data concerned are:; the instrument used; important
instrument constants which can changej and the number of the
recording tape, All other field data are filled in during re=-play of
the recording tape., (Lower part of Table 8, 2,1, =1)

The majority of the star observations consisted of two pointings
in each face position before re-sighitng the R . C. Two sights on
each face give mot only an additional position line but constitute also
a check on the field data, viz.: estimations of grid reticule intervals,
circle readings, and recorded times of transits have to be in relative
agreement,

The times of ohserved stellar transits are obtained from tape
development, (Table 8.3,1. -2.) The amount the crystal chronometer is
slow or fast at the instant the marker signal is released,is determined
graphically; the graphical interpolation is based on time differences
between the crystal chronometer and time signal reception: Fig,

8.2.1. -1, U, T,O, of marker pulses are calculated using reception
times at Herstmonceux published in Royal Cbservatory Bulletins,

The corrections applied to field measurements are shown in
Table8, 2,1, -3, Conversions of grid reticule intervals into angular
subtense are taken from Table 5.5, 7. -1,

The horizontal circle reading is not corrected for the influence of
the collimation axis error, because this error is considered to remain
constant ~during one night and is obviously eliminated by C. L, and C. R,
observations, even to movable targets, if sights are taken in quick

succession,
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Time Difference between Crystal Chronometer Puise and

observed: S, star_Arefures ¢,

of preceding C.C. Pulse

Distance betw.Marker Pulse & C.C. Pulse 60 _
" " two relevant CC. Pulses 61
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8, 2.1, cont,

Strictly, the altitude correction should not be obtained from the
arithmetic mean of five estimations of reticule intervals, because the
vertical reticule lines are not evenly spaced; - the error introduced is
negligible and beyond the accuracy of estimating gridline intervals, The
altitude correction can be neglected when altitude marker pulses are
released! this introduces an index error of the vertical circle which is
eliminated when combining C. L, and C.R. cbservations.

The "Azimuth Correction x sec. Vertical Angle" is made up of the
arithmetic mean of the angular subtense cf the five reticule lines
multiplied by the secant of the vertical angle. This correction can be
neglected if azimuth marker pulses are released; in which case the
azimuth correction coantributes to the increcase or decrease of the
collimation axis error, and is eliminated by C, L, and C, R, observations,

I altitude marker pulses are released the slight unequal spacing of
the horizontal reticule lines introduces an error to the azimuth
correction; this error is so small that it is here neglected,

The corrected measurements enter into the calculation given in
Table 8, 2,1, =4, The layout of this table is arranged to be labour
saving and is intended for the use of natural values of trigonometrical
functions and a desk calculator, (Sectiong, ) In the heading
are given the formulae adopted for computing the altitude and the
azimuth which are requircd for plotting the position line,

Where stars are concerned, their declination and right ascension
will not alter appreciably during the coursc of ocbservation, because C, L,
and C, R. pointings are only a few minutes of tirme apart. The
numetrical values of terms involving data which do not change during
C. L, and C,R. observations are included in the heading, for easy access.

More decimal places are carried in the computation than are normally
required, second order terms are included, and sinall adjustraents are
also applied, to avoid rounding off errors and inaccuracies from omitted

correcticons.



CORRECTIONS

AT Jawes 4

oare May l&12 1961

STAR ,SUN Qrcurus No. 4/] AP, MARKER PULSE Qpimuth . -7 TIME 004’, BT
o ! "

Ro. M.Qqnes C.L.-351 |o 25§
APPROX. AZIMUTH t /3 09 000 | VERT.CIRCLE S8 13 I3

of R.O. (FIELD RECORD)
HOR.CIRCLE ALTITUDE
(FIELD RECORD) 173 28 59 (uncorrected) aq.
AZIMUTH ro 577" | auTiTuoe 30 00"\ w10 23" 50" 43795
estimated 20 __27 6 estimated 3/ . 06 of . 4553p \.g"
grid interval grid interval rid 1

and 30 00 and 32 — 05 g 476éé
correction to 4.0 + 28/ correction to 33 — 1 reticule 4?/07
¢ of reticule 50 + 570 ¢ of reticule 3 4 /3 crossings 5-/642
i= Inclination of T.A. — 400 REFRACTION
ixtan VERT. ANGLE - x \
991 = Pressure < cot VERT. ANGLE - 362

c=COLL.AXIS ERROR Mm-q. / 460 +Temp, " —
cxsec VERT. ANGLE

~-04
Azimuth Corr. x sec VERT.ANGLE - 007 ALTITUDE Correction - 076 T2

o 7 Vi ° V4

observed AZIMUTH . corrected ALTITUDE / . mean h 15 s

C.L. or C.R. Cl. 195 26 526 ( observed ) 56 22 292 ur.o 23 50 475884

TABLE 8.21.-3
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ASTRONOMIC POSITION LINES

hs Altitude A s Azimuth Check:
sinh_ *sin §.sind + cos §.cosd.cos t sin§.cos t-cosd.tand | -cosd.sin t
. ] L 114] B ———
tsind.sind = * 255 293 51 sint A cos h,
tcosd.cosd= T éo1 804 75 *cos §.tand = + 224 440 51
TR o= 50°16'50" sind *+ 769 /8273
A= 05‘ 13' 35' I 4 COS° + 639 028 89
uT.9 ot obs. 213" 50" 477589 ho 58 22" 2972 ho— he
appG.sT.at ohutd I5 14 09211 - £152
hrs.,min., 03 5493 "e 58 22 140 —
sec, T30 |ann, 851 AST 47
e - o 524 423 54
h g
app. G.S.T. of obs. /5 08 5/ 8§37 % e
appb(Right ascension 14 I3 54.474
n-A'..L- '5‘07“;'8 + 004
D= —,5‘9 + "004 v , "
dw,.os‘dg 1020 - 001 A 175 26 3/
Aberration +0of5 i:':.:: _ 266 243 20
_ah.m's Ib 13 54.496
sinA, -~ 266 263 23
65T - hms 00 54 57341
G.HA. O 13 44 2015
CE Ao o5 /13 35 cotA, & 3620 104 41
GST-ae A 0 3
app. Declination t .
g o + 19 22 é2s5 cost? + 988 983 5/
nlA'*- 50%!"‘ + '84
Ds $+04 - sindt + 33/ 902 29
d+a"‘33 dg:".-f; "'00‘
Aberration 707 |cosd: + 943 3377
J o 1 + 19 23 0340 tand ? + 351 B47 /8
¢ stands for calculated DATE W‘y- nall, 196/ = 11993606
o " " observed sTAR & Batrs (Arcturus)
obs. ” " observation C L.,
app. " " apparent

TABLE 8.2.1.—-4
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Star data are extracted from "Apparent Places of Fundamental
Stars", (Section: 9.)
A numerical check of the calculated Azimuth (Ac) is included in
the computations shown in Table 8, 2.1, -4, viz, : the azimuth (Ac) from
the trial point is obtained twice from relations involving identical

quantities each time; declination ¢f right ascension

¢ TP A TP’
A, and observed time,

Less computational work is required to obtain altitude and azimuth
from subsequent pointings to the same star in the same face position
and from pointings aftertransitirz~. because the co~-ordinates of -the
trial point, the dcclination and right ascension remain unchanged,
Altitude and azimuth calculations for the same star from C, R,
observation are submitted in Table 8. 2.1, -5, Computations to aid
assumption of the co~ordinates of the trial point are not quoted
because these are regarded irrevelant for the presentation of results
from field experiments.

The precision of the obsexrvations governs the plotting scale.

It has been found that results from observations taken with the Watts
Microptic No. 2 (single second theodolite) are conveniently plotted at
a scale - 13 inches = 10 seconds of arc, Sso tha.t% second of arc can be
scaled from the graph. Results obtained with the Watts Microptic

No. 3 (prototype, 1 second theodolite) are plotted at a scale twice as

/5
large, viz.: 23 inches = 10 seconds of arc,

In Fig, 8.2.1, -2 are shown the position lines obtained from
observations taken at "James" mine triangulation station in 1961,
Table 8,2.1. -6 contains the relevant data from obs ervations and
computational results. From various possibilities of plotting position
lines the plotting method using computed zenith distances and
computed azimuths has been adopted for all observations,

It is evident from the plot and accompanying data -that each

position line is based on one pointing to the star, consisting of five
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ASTRONOMIC POSITION LINES

h= Altitude Aax Azimuth. Check :
sinh. = sin ¢.sind + cos $.cosd.cos t ot A sin¢.cos t-cos¢.tand sin Ace -cosd.sin t
¢ sind.sind = sin t cos he
tcos §.cosd = *cos $.tan( =
T.P ¢ - sin ¢
As . cos ¢
U.T.90t obs. 23' 57" [5"5'73 he 58 ’ 03' 54-'3 ho— e
appGST.atoMut 0 15 14 of21l . . -5
hrs.,min., ) 03 56063 < 58 o4 117 - -
sec., Ok 3 sin h, 848 694 68
e — 006 528 883 Il
h
app. G.S.T. of abs. 5 15 20884 | c
appdmght ascension
n-A'_l,-
D= . o ’ ”
dva: dts Ac 198 " 17" 21
Check
Aberration sln.:c -3/3 8l 88
-\ h,m,s
sina.  -3/38/2 02
6ST - nms 0/ ol 26388
GHA. O 15 21 3582
W xor cota. 5 3025 65077
GST-as A -
S0t n /o 08 o042 sint: +175 943 37
app. Declination
'd'°' ~ cost: + 984 40029
n-A*-
Da sin J 2
d+- de = _ .
Aberration cosd?
J o+ tand ®
c stands for calculated DATE -‘lﬂ«ﬂﬁll 1961 = /1'9980969
o " " observed STAR ol Bootls (Arcturvs) N22/7 AP
obs. " observation C.R.
app. "' " apparent

TABLE 821~5
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TRIAL POINT

¢TP. f"-ao 16'5'0'

DATE M’z//,/l, 19¢/

N 1TP"50/?’3;’N
I
ut. @ ho hohe :
Mean of five corrected obs. calculated ‘x Remarks
STAR ctL Marker Puises observed A9 inus Azimuth 1
CR . h m s caic. from
Alt. Trial Point
Polarss CL.| 23 3/ 16096 49 22 286 |+170| 00 12
CR| 23 38 54979 49 22 16 |-173 oo /5
o Bootis oL | 23 S0 47589 | 58 22 292 |t/52 /95 27
CR| 23 57 /5873 | 58 03 563 |-/56| 98 17
alyrae |cL| 00 11 43°349| 52 /3 564 |two| PT 23
CR| o0 16 354926 $3 00 /o |~157 £e 17
Usaemaf. CR| 00 29 0/'837 5/ 22 253 |-/72 | 305 54
CL| 00 33 27-064!| 50 48 424 |+208| 306 /4
NUrsae maj |cL| 00 42 24891 | 55 46 o064 [+29| 298 37
CR.| 00 48 47959 | S$4 51 45/ |-154| 299 08
o Ophivch/ |CL| OI Of #4951 AT 4/ 475 |+208| /44 40
o R. recorded
T TaBLE 8.27-¢ |
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timed gridline crossings and of one vertical circle reading.

The mean position line for each star is obtained graphically.
The final position is selected by inspection and "weighting up'' the
plotted position lines,

CA Cphiuchi was observed through a small hole in the clouds and
was not recognized. It had to be identified from measurements taken
in C. L. position; C,R. observations were prevented by clouds and
the field work had to be discontinued, because the sky was completely
overcast,

The co-ordinates of the trial point, observed time and altitude,
and approximate azimuth derived from horizontal circle readings and
observations to recognised stars were used for the identification. The

formulae linking the necessary quantities are:
sin d =sin$ . sinh+cos¢ . cosh, cosA

sind) , COS A = cos<f) . tanh
sin A '

cot (GST =& +A ) =

star's declination

g
o

star's right ascension

(f) » A = lati*ude and longitude of the trial point
h = observed altitude

GST is obtained from observed U, T.

A = approximate azimuth,

The simultaneous me? surements of stellar altitude and azimuth
with the aid of the grid reticule made the identification easy.
Furthermore the reading of both circles enables the determination
of the astronomical azimuth of any terrcstrial line of sight

simultaneously with an astronomical fixation,
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The astronomical azimuth (AA) of the reference line

is derived from the horizontal circle readings to the R.O. and star,

and from the relation:
siniﬁ A* €08 (GST -A + A A) - cos¢A. tand

COth.A =
sin (GST - v + 1 ,)

where:

’PA( astronomical latitude) and A A(astronomical longitude)

are the final co-ordinates of the station obtained from the graphical
solution, GCT ., is already derived from the observed time, ©
and ¢ are the extracted tabulated values.

The resulting values of the astronomical azimuth from James
mine triangulation station to St, Agnes C, S, pillar station are listed
in Table 8,2.1. -7.

Whereas the azimuth (Ac) calculated frora the trial point is
checked numerically, with formulae containing basically the same
quantities, the astronomical azimuth (AA)
the 2id of the observed altitude. The astronomical azimuth derived

is effectively checked with

with the above cotun zorn® f~rmila 45 = fuusition of

AA =f(q5A, %A' & ,d , observed time)
for checking, the sine or cosine formula can be adopted:

cosdJ . sin(GST -+ >\A)
SineA S - .'.'!'.(1)
A cos ho
s5in cf - 5in (f) . sinh
A o
COSA: oooo-oo(z)
A cos (}’ . cos h
A e}

formula (1) is the quickest to use; any error of the observed height will
enter into the azimu*l. multiplied by the product of tangent of the
azimuth and tangent of the observed height, Formula (2) is employed

whenever the azimuth is approaching 90° (2700). This check is not
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AT 7 James " (Mine Trig. S¥n.) DATE '1("‘1' v ger
FINAL POSITION ¢, = +50°16' 507" N Aa® iii_/é,"ﬂé W
ASTRONOMICAL AZIMUTH N -
star | o | FROM James twnemp. 10 5%.Agres 0.5 Beacon
_ R MEAN ME AN REMARKS
) C B Y -
Polaris _|CL.| 13 08 230 | 13 08 263 . 00"
eR| 296 S R S
- - - —_——— - = — ; — - JU—
xBootis | CL| 13 08 308 | /3 08 28¢ | _ JI{ - 007
L 1CR 265 R S J[‘ -
alyrae (el 13 08 245| 13 o8 253, B E‘ ~002
26/ . B
L Ursae may', CL. 1308 ,7 /73 ',ﬂ’ 3 08 180 7 _A_*_“__"_’EG _
o L CR /187 o
- i ) _ L i B S
lUrsae moj, CL| 13 08 242 13 08 229 - 02§
%Q&L, . -2/'5'% e L b
-t e ——
A phivche | OL| /3 08 245 B
B CR. )
leferapce:
- Ay < Ast- Aumitl
= - f —+ —aeFIVEX
_ P , _ rom:
_ < L sin A== S Lpnl
‘L ori
- - TR S =g
L | | T AT e
— - "o = Obserived herght
‘ duaw - | 13° 08" 247 |
. ~ N R T
. J._l . [ S |
TABLE a.2.1-7
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entirely independent because the final selected position (4)A, A A)
is a function of the observed zenith distances.

The differences between values of the azimuth derived from the
cotangent ¢ quation and from the sine or cosine equation, as applicable,
for each individual star are given in the remarks column, Table 8,2.1, ~7

Atmospheric interference necessitated speed of obser vation, i, e,
one single pointing in each face position, and stars could not be selected
to suit optimal conditions for an astronomical fixation,

The accuracy of astronomical co=ordinates -and of astronomical
azimuths can not be judged from results of only one night!'s observations,
regardless of the number of stars cbserved.

The personal equation and the constantly changing atmospherics,

e, g, humidity, pressure, temperature, wind direction, etc., and also
tide conditions influence the final result, Obviously, the method of
positien fixing discussed here is essentially based on the reception of
electromagnetic waves; the reception is in the form of optical
observation of light rays and in the form of the recording of t ransmitted
time signals; light rays and time signal transmission are both equally
affected by the properties and instantanecous conditions of their common
travel medium,

Field data and results of observations for position fix and azimuth
on three nights at the same survey station, viz,: '"Cottage", mine
triangulation station, in 1961, with the same instruments are given in
Tables 8, 2.1, -8 to =13, The graphical evaluations are sh own in
Figs, 8.2.1, -3, -4, and -5, It was endeavoured to observe the same
stars each night,

For better interpretation of observational results each position line
has been clculated and plotted separately, and the mean position line
resulting from C, L. and C.R, observations constructed graphically.

The little arrow attached perpendicularly to each mean position line
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AT " loMtage " oate  Hag 1%, 194/
TRIAL POINT ¢TP = 150' 16 45" N ATp * -5% /355" w
utT. o ho ho~he
Mean of five corrected obs. calculated Remarks
STAR CL|  Marker Puises |observed Alt1tUde! s Azimuth
CR h m s cak. from
Alt. Trial Point
a Bootls Cl) 22 55 /5870 | 56 42 356 |t12-5s] 53 o
Polaris oL 23 o4 3737 | A9 22 117 | t164| 359 48
95Leoni's |C.L| 23 15 0961} | S0 12 490 |ri}3| 2/2 o2 (donbfied
alsae maj.| oL 23 23 47762 | 65 2/ 496 |r206] 3/3 32
Polaris | CR| 23 29 1329/ | 49 2/ 2/ |-129] 359 57
oL Bootss |CR| 23 35 08379 58 48 580 -200 /70 22
) " v| 23 38 424620 58 54 /69 /52 17/ 59
95 Leon/s | C-R. odoud,
AUrsqe maj|C:R.| 23 44 47012 62 54 o4¢l-12/| 3/12 50
& Lyrae |eR] 23 50 o5 18P, 42 33 444|-/87 77 o2 dontifred
" el CM

TABLE g4.21_0
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POSITION LINES

from
ZENITH DISTANCES

Latifude |

10 sec, arc

nch

ly .
% i

/
012345678910

I3
.

Scale

20”

15

Final Position:' Cottage'

9 =+50°16'46-5"

A

.
.

scaled

A¢= + 15"

Trial Point:
+ 50°16'45"

g =

_.__50 ,‘l oo.gll

. 5.9"

AY _
cos §

Aya-38", o)

A=— 5°13' 55"

.2.1.—3

.
.

Fig.

1.5.1961

Date
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AT ! Cottage’ DATE Jla,, ", 1961
FINAL POSITION QA = *5-00 ,‘I “,’-'N XA- _50 /41 00.9' ”

ASTRONOMICAL AZIMUTH

cL FROM " lottege’ 10 Porthlowen R.O.
CR _ MEAN ME AN REMARKS

. ] " Y ' " .

STAR

é Bootis |cl.| 305 32 402 305 31 303
c R /97

» 2/°%

Polaris  |C.L. | 305 32 466 | 305 32 332
C-R. - "7

aUrsaemaj.|cl.| 305 32 534 | 305 32 343

C.R. /52
95leonis |cL | 305 32 387 dant/fresl
CR clouds
A Lyrae  |cL. clovds
C-R.| 305 32 215 cdomtifred

Meae: | 305°32" 322"

TABLE 98.2.7—-9
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indicates the direction to the star.

The majority of the mean position lines are within one second
of arc from the final selected position, which is supposed to be the
astronomical zenith; The distance of the position line from the final
sclected position is equal to the unknown errors affecting the observed
quantities., If these errors are equal for all observations then all
position lines are missing the final position at the same distance,
cither towards or away from the stars, Furthermore the position
lines are then tangent to a circle with the astronormical zenith as

centre and the errors as sermidiarneter.

In practice this is never the case; because as can be expected,
observational errors are not equal for all stars, for reasons
mentioned in Section 8,1, In addition, the causes originating the
errors undoubtedly alter with time; different atmospheric
displacement of a heavenly body, when re-observed after a time
interval has clapsed, has been encountered in the presence of clouds
or haze, during the field experiments.

Refraction does not only change with time, but it can hardly be
assumed to remain at any time equal in all azimuths.

Exarmination of the graphical evaluations shown in Figs.

8.2.1 -3, -4, and -5 reveals regularity of the position lines
pertaining to one star and also some regularity of the mean position
lines in missing the final position, on any one night, The final
position selected and scaled from the graphs varies slightly for
each night,

Regularity of errors points towards the presence of systematic
errors,

The first mentioned regularity which exhibits nearly equal

distances between C. L. and C, R, ps.ition lines during one night,



8.2,1, cont,

is obviously due to an index error of the vertical circle and is accepted
for convenience of plotting the individual lines,

The graphs also indicate that the index error fluctuates an amount
of about 2 to 3 seconds of arc, Atmospherics could be the reason
for these small fluctuations, Nevertheless, considering that the
theodolite has been used by students and for sun observations in
between its employment in field experiments, the results show good
stability of the plumb line of the altalidade bubble.

Regularity of the mean position lines with respect to the final
position is partly caused by its selection, but can be also attributed
to instrumental error which is not eliminate d by change of face or to
errors due to physical conditions and anomalies of the environment,
or also to the perscnal equation,

It is believed that the working out and plotting of each position line
separate ly provides a criterion of the precision of the observation,
The range of differences between single pointings and the agreement of
the means provide a guide for acceptance of results or of rejection of
doubtful observations and reasons for doing so, The adequate
judgement of .field results can not be clearly effected when taking the
mean of observations of both circle positions and may be lost altogether
if mean measurements are derived from pairs of -stars,

Combining pairs of suitable stars, balanced in azimuth and
altitude, for the purpose of producing mean position lines inevitably
gives the illusion of "well established' results, which in fact may be
distorted by one faulty observation.

In most textbooks it is recommended for latitude determaination
from altitudes of stars at any hour angle and specially at culmination
"'to pair north and south stars' and not to change face position, In
this way the instrumental errors are eliminated or at least their

effects minimized, This is equally true for position lines from
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Coronae . . inadeguare]
oL S | G4l 23 49 41912 | 63 0] 4ro |+06'S| /43 48 | medolite |
B, CR| 00 14 44°572| 65 02 412 |-164| 155 46  MUyminati
- . L.

TABLE 8.2.0-10




POSITIAN LINES

from
ZENITH DISTANCES

S TS SRE I

oo

DO S AN

T e
b
Lisss
RS

,HT -t
A S8

Latitudg:

+50°16'45""::

[RODE 3
ot

TR

Tt
iy

b+ oot

I}

Scale; ///4 inch = 10 sec. arc
012345678910 15
ottt —+— t

Trial Point scaled :
¢ =4+ 50°16' 4511 A¢ =+2°4"
A= — 5°13'557 A =-42/8)= AY . 66"
cos

Date: 5.5 196/

S ——————————

20”

Final Peosition : ""Cottage"

¢ -3 500,6[ 47.411

A=- 5°14’ 016"

Fig.: 8.2.1. -4




AT

'qlt eI

..387..

oate  Mag 5% 196/

FINAL POSITION &, = +50° 16 474" N \a"~ -5°/4'ol6 " W
ASTRONOMICAL AZIMUTH
cL FROM 't,'otm’e,' 1o Porthlowan R-O.
STAR
CR MEAN MEAN REMARKS
£ leonss |CL.| 305 32 s52:1 | 305 32 325
” 4715
R %5
¥ /38
Polaris  |CL.| 305 32 S26 | 305 32 352
. v 495
C-R. 22°4
B . 16/
o Bootrs | CL| 305 32 456 | 305 32 157
o ’ 409
- |E-R. 27
R 040
%Umemqi' CL.| 305 32 5b4 3os 32 35¢
. 534
CR 198
" /129
Aursae min.| 0L | 305 32 513 | 305 32 314 |) Mmeth referredi oo
. 524 inrligl RO g
) |eR 7 poor visibility lof
" 142 R0 beacon Light.
B S
A Boreges |CL.| 305 32 S45 | 305 33 352
£-R. 159
CLL [ deon of 4 : [ 305°32" 223%|

TArarLiEi I;.] -17




- 388 -

AT "lottage’ DATE J(a,?",./%/
TRIAL POINT ¢TP' fm'/" 45' N 7\TP' _5-'/;' 5-5-' W
utr. O ho ho-he !
Mean of five corrected obs. calculated | pemarks
STAR cL Marker Puises observed Altitude minus Azimuth '
CR | h m s calc. from 3
| .
j Alt. Trial Point
a Bootis |c.L.| 22 40 44°557| 5] 53 167 |#ot| 160 10 -
w | 42 48810, 58 oo 006 |+/18| l61 o4 | .
CR | 45 39-90P 08 000|~198 /62 /9
" 47 40175 13 440 <186 /63 I
A Ursae moj| CL| 22 53 23674 | &5 14 230 |+/63 3/3 29
" 56 05’758 | 6% 553/0 |+/158| 3/3 22 |
- &R 23 o0 /0888 26 3/'4 | -P6 3/3 /2
| " 02 5P 1P3 o6 40| -PP| 3/3 07
alyrae o] 23 16 53744| 42 17 573 [#109] 76 46 | |
‘ " /8 49-7374 36 oo |+I1I'Y 772 o4 #
C-R. 43 s8°/90 | 43 23 3/0 |-/69 77 53
” 33 o427 44 49 371 \-20°7 79 22 ]
- . . T T T —+ T Widénts a
fBleon's |CL| 23 5/ 2/ P9P| 4o 12 195 |#3)S| 240 24 1 _W'_
| " 55 49-053| 39 35 ap9 |+538) 24/ 33 a:lfa_t_L
CR 59 44275 00 $47|-57| 242 32 | discarded |
" 00 o1 16341 | 38 471 s510|-37 242 5%
. ’ ) A . R
Sursaemag|ci| oo 20 09:571| 53 34 248|+178] 304 41 _F}}ze -
" 212 47'586 /3 363|149 304 52 elovls
CR. 25 5/'542 | 52 48 586|-/39| 305 05 “F
" 28 52:229 25 27'0| ~0b'l| 305 /8 B
Alyrae  |CL.| 00 34 1467 54 34 0SS |+IF7, 90 08
. " 36 00567 . 5/ 350 | +/12¢ 90 29
2 39 53611 55 28 2/3 -209) 91 /5
B n | 4z 53616 57 rs -/58] 9 5 !
B - o S T - o T TABLE 8.2.1—12




.....

......

POSITION LINES
from

ZENITH DISTANCES

-~ 389 -

::E:\.':‘

SRV B

03 PESES S5, § SOSE4 s
Clafftude

" +50°/6"45"/

yrae leglii

i By g5¥cd EERN
Cle e
Val

1 ddys

.....

¢
A

Trial Point:

=+ 50°16745"

=~ 50137 55"

Date: 95,1961

scaled:

A¢=+16"

AY =-38" 2\ =

Scale: I% inch = 10 sec. arc

012345676910 15 20"
b '

Final Position: '"Cottage"

i
—

¢=+50°16/ 466"

Ay

cos

=—59" A=-5°14"009"

Fig.: 8.21-5




- 390 -

ar _ " Cottage” pate  Magy 9%, 1941
FINAL POSITION OAI +”.l‘ ’“."N XA- _’-' lllao.y' W

ASTRONOMICAL AZIMUTH

cL FROM " tottage ' 1o Porthtowan R-O,
CR

STAR

MEAN MEAN REMARKS

K Deolls [l 305 32 43/ 305 32 292

’ 4‘ °/
C-R /12°8
) 146

o Ursae may.| c.i.| 305 32 547 305 82 364

. 505
C.R ¢S5
" 038

d Lyrae CL| 305 32 442 305 32 357

’ 496
c-R. 252
” 239
Aleonis | CL| 305 32 484 | 305 32 359 cdentified
" 56/ Positionli
C-R 203 discarded
n 2P
fursae mag| cL{ 305 32 475 | 305 32 29% P2 Loves
. 471
CR. 145
. 091 B
a Llyrae Cl| 305 32 493 305 32 329 o "uc'ﬁ,ud,
" 441
CR 16-¢
" 2I'7

. e B ) [] R
o Meow. : | 305° 3 2333,
TABLE 08.2.1—13




- 391 -
8.2.1. cont,

observed altitudes. Although this method is superior because it

is quicker not to change face, nevertheless other errors, resulting from
e. g. the difference in refraction due to direction and elapsed time, the
different velocitiecs and directions of the paths of stars, their
magnitudes, etc,, are not eliminated and hence obscure the final

result, Instrumental errors of up-to-date theodolites are sufficiently
constant during one period of operation; these errors are also easy to
detect and can be corrccted:'. .. .Pairing of stars of similar
altitude in opposite azimuth can be advocated where instrumental errors
are liable to change during the course of observation, The method of
pairing is suitable for an astronomical fix when instrumental errors

are expected to be larger than errors due to refraction, personal error
etc.

The field observations on May 1st, 1961 were completed to all
stars including to the R.O., first C. L., and thereafter C. R,
Interference of clouds prevented starsbeing taken in the same sequence
in both face positions, and obstructed the observations in changed face
position to 95 Leonis and & Lyrae., The position lines obtained from
these two stars (Fig, 8.2,1, =3) are not used for defining the final
position, but their appearance on the plot contributes to the
reliability of the final result,

The stability of instrumental constants mentioned above and the
sudden interference in stellar seceing by clouds, justified the procedure
of completing C, L. and C,R. observations to each star in succession.

The observations to Polaris and ﬁ Ursae minoris on May 5, 1961,
were carried out through haze which covered fairly uniformly the area
around the north celestial pole; the other parts of the sky were
reasonably clear, The resulting position lines shown in Fig. 8,2,1, -4
are displaced; the reason for which is undoubtedly atmospheric

distortion,
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Cn May 9, 1961 slight mist obstructed the sight to /£ Leonis,
which had to be identified because it was the only star visible in that
area. The second observation on ¢t Lyrae, during the same period
of observation, was executed through a break in the clouds, The
position lines from [? Leonis, shown dotted in Fig. 8,2.1 =5, are
displaced in the direction towards the star, which indicates that the
observed altitude was too high,

The reason for the increment in altitude can be sought in the
increased bending of the light ray ccuaccquent on the presence
of water vapour in the air, During star observations, imevitably
at night, there is no problematic heat source which could influence the
refraction, Unlike the terrestrial refraction which causes the light
ray to bend up or down according to the thermal conditions of the
lower air layers in proximity to the earth's surface, the astronomical
refractive index, as far as night observations are concerned, maintains
the curvature of the ray in one direction i, e. the concave side of the |
light ray is directed towards the substellar point, No contrary
evidence has been encountered; and can be hardly expected, unless
the theodolite~-set-up is so low that air layers immediately above the
ground affect the observations,

It follows that alteration of the refractive index of the air in the
presence of haze will shift the position line towards the star;
intervening clouds can contribute to reflection of rays and hence to
distortions in either direction, tius cruting displacement of
position lines towards or away from the star.

The difficult problem of applying an adequate correction for
refraction when disturbances due to clouds, wind, haze, fine snow,
are likely to occur, is solved by the rejection of observations which
produce position lines that miss the final selected position,

If observations in C, L, and C.R. position follow in quick succession

during which time diffused mist or haze does not drift away, the
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position lines from all pointings in C, L. and C,R. to the star sighted,
will be displaced uniformly; or alternatively a gradual displacement
of position lines will result, where steady drifting water vapour
partly affects the sights to stars.

Slight uniform displacement due to fine haze may pass unrecognised,
in which case instrumental or personal errors are presumed, This
is also true for distortions of sun altitudes during white outj these
distortions are difficult to detect owing to the lack of balancing
between opposite azimuths.,

The small amount by which the mean position lines miss the final
position, indicates that Besscl's formula gives adequate correction
for refraction to observations in that particular part of the world,

Tests for astronomical positions from zenith distances were
continued in 1963 in Cornwall. Results obtained from field experiments
with a Hilger and Watts geodetic theodolite (prototype) are plotted in
Fig, 8.2,1, -6, Relevant data are given in Table 8, 2,1, =14,

The spread of individual position lines from repeated pointings in
the same face position to the same star is much smaller than in
previous plots; in Fig. 6,2,1-7 are given, ata larger scale, the
position lines from seven pointings to the same star in the same face
position; the spread is about two seconds of arc. The position lines
are numbered in the sequence in which the pointings to the star were
taken, The higher precision achieved can be attributed mainly to the
higher magnifying power of the telescope and hence to its increased
accuracy in pointing. The tests in 1963 did not require additional
equipment; as in previous field experiments only equipment to which
an average field engineer has easy access was employed.

Table 8. 2, 1. =15 contains the astronomical azimuth from the final
position of "Cottage" to "Porthtowan'" R, O,, derived from
observations in 1963. Included in the table are the checks on the

astronomical azimuths derived from the observed and corrected
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altitudes,

Equivalent field procedure was adopted for all cbservations
in 1961 as well as in 1963. Altitude and azimuth observations were
executed simultaneously; an error in timing, instrumental and
personal errors would affect both measurements in a similar manner,
In all the tables are also included the azimuths obtained from those
cbservations which were rejected because the measured altitudes
gave doubtful position lines. The azimuths from all obs ervations
show a remarkable constancy for each night, (Tables: 8.2.1,-9, -11,
-13) Thus the agreement of results obtained in any one period of
cbservation supports the presumption that the unpredictable refraction
affects measurements mainly in the vertical plane, The differences
between the observed azimuth derived from horizontal circle readings
and the calculated azimuth are nearly equal for all stars, for each
period of observation. The above indicates that the final position
of the observer's station is selected and scaled from the graph with
sufficient precision. Small differences between the calculated and
observed azimuth can be attributed to quadrantal direction to stars and
may be disregarded since they are not larger than allowable errors in
pointing upon objects, The final scaled positions based on
observations in 1961 and 1963 differ very little. The fluctuations in
latitude and longitude are about one second of arc.

The discrepancy between the azimuth cbtained in 1961 and in 1963
is attribut ed to the replacement of a wooden peg by a steel pipe,
marking the observation station., The reconstruction of the survey
station together with the rather short distance to the "Porthtowan'" R, O, ,
810 feet, is detrimental to the comparison of the results.

The accuracy of the longitude determination hitherto depended on
the problematic transfer of time. The employment of a crystal

chronometer in conjunction with transmitted time signals and tape
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recorder cleminated the time problem and reduced the longitude
determination solely to an optical observation problem in the same
sense as the latitude determination.

The employment of a striding level could not have achieved a
result of higher accuracy., Speed in observation of moving objects is
believed to be essential with field equipment, The time srequired for
reversing the striding level and the time wasted in waiting until the
bubble comes to rest has detrimental effects on observational results, ;

Furthermore a considerable part of the objective is covered by the
supporting frame of the striding level vial when elevated sights are
taken, and with some instruments sights over 60° are impossible
with the striding level in position, The alternative, namely
removing the striding level when steep sights are taken, thereafter
lowering the telescope and replacing the stride, may introduce errors
which would be too interwoven and complicated to be detected or

compensated.
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8.3. DPosition Lines from Horizontal Directions,

The co-ordinates of a survey station (® , A ) can be obtained from
readings of the horizontal circle pertaining to sights to heavenly bodies,
taken at noted instants of time. In addition to sights to heavenly bodies,
horizontal circle readings to a terrestrial target give the azimuth of
the terrestrial line.

Horizontal circle readings used for the establishment of the
meridian or azimuth have an awkward disadvantage as compared with
readings of the vertical circle; the former cannot be oriented to a
reference point or zero direction, which is readily available, or which
can be established, physically, at any time.

The direction of the astronomic nadir and zenith to which zenith
distances are referred, is governed by gravity.

The direction of the me ridian, or of the azimuth is a function of
the locality (¢ , A ) and is obtained from observations to stars (&X ,</).

A=f (D, ,A,d)
A = azimuth
P
oy

Since the advent of radic direction finding, used mainly at sea, the

latitude and longitude of the observer's station,

right ascension and declination of the heavenly body.

position fix from measured azimuths has undergone a considerable
amount of treatment,

The position fix from timed horizontal directions to stars in field
astronomy is analogous to the geodetic problem of resection. Its
solution with the aid of Collins? point is well known, Before Collins,
Snellius and later Pothenot treated the same problem: of resecting a
survey station from angles measured to points of known position,

A description of radiogoniometry and azimuth position lines is
given by M., F, da Costa, In his work: Radionavigation, Curves and

Azimuth lines, published in 1927, he uses azimuth position lines
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in place of altitude position lines. His azimuth position lines are
linear equations derived by differentiating the cotangent-equation of the
azimuth, and contain horizontal circle readings to stars, R.O., and an
approximate value for the azimuth, The unknowns in his equations are
the corrections to the assumed latitude and longitude of the place, and
a correction for the approximate azimuth of the R, O,

Later in 1935 F, Marguet describes the position fix by azimuth,

mainly based on previous work done by M. Lecogq,

Basically, a position line is plotted at a distance from an assumed
position, and perpendicularly to a straight line drawn through the
agsumed position, The straight line through the assumed position
represents a great circle, and is drawn at its true azimuth., The
distance along the straight line is plotted at its true scale.

The above constitutes the exact conditions for an azimuthal
equidistant projection,

Any solution of the problem of locating a point on a2 sphere, where
true distances and true azimuths from a given or chosen point (trial
point) are used, leads to the azimuthal equidistant projection,

Asg far back as 1581, when Postel used this projection, to its
discovery by Lambert in 1772, to its re-discovery by Cagnoli in 1799,
the application of true azimuths and true distances from a point has been
an attractive method for position fix, and has prcved to be easily
accessible for the reduction of field data,

The chief difficulty in a position fix from horizontal circle readings
in field astronomy is to maintain the vertical axis of the theodolite
consistently in the direction of the plumb line throughout the operation,
A further disadvantage is the influence of the collimation axis error,

Automatic levelling of the instrument, i.e, the problem of keeping
the vertical axis truly vertical during observations, is a present day
ficld of instruraental research with various optical firms. V.E.B,

Carl Zeiss, Jena, will produce a Geodetic=Astronomic Universal
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Theodolite reading to 0, 2", A compensator placed into the path of
rays of its broken telescope will eliminate automatically the influence
of dislevelment of the trunnion axis, regardless of whether this

is causedby irregularities of the pivots or dislevelment of the vertical
axis, With modern instrumental perf:ctions, the position fix from
horizontal directions will, no doubt, come into prominent use in the
future, '

For the field work under discussion, corrections for the dislevelment
of the vertical axis were calculated from rcecadings takenon the plate
bubble. (See: References: "Precise Azimuths from Steep Sights',
by J. S. Sheppard).

At the field station, horizontal circle readings are actually
observed directions, rather than azimuths} because the zero
orientation of the horizontal circle and the co-ordinates of the field
station arec at first unknown,

The equations to be adopted for solving the celestial triangle link
together the approximate values for the unknowns: latitude and
longitude of the trial point, and azimuth of the reference line; the
observed quantities: horizontal circle reading and time of the optical
observation; and tabulated quantitiess the co=ordinates of the heavenly
body.

Latitude and longitude of the trial point are so chosen that second
order terms can be neglected. This is achicved by successive
approximation. The tabulated quantities are accepted as being free
of errors,

The unknown azirmuth of the reference line (A ) is equal to

unknown
plus a corrective term

the sum of the assumed azimuth (A )
assumed
( dA) to make up for the deficiency of the assumption, for random
er rors, errors in sighting, and errors in reading the horizontal circle,
The assumed azimuth can be an approxiratioy or can be obtained

from observed and from calculated directions, Admittedly, there is
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a wide range of interpretation of the Y"assurned azimuth" and for its
"corrective term!, If necessary a suitable value for the assumed
azimuth is derived by means of an adequate trial point, successively
deduced by approximations.

or: The unknown azimuth of the reference line (A ) is also

unknown
equal to the sum of the azirnuth calculated from the ti al point (A

-
derived from measured time of astronomical observations, plus
horizontal circle readings (c.r.), if necessary oorrected for curvature
of the star's path, ccllimation and transit axis crror etc., plus a
corrective term to take up for the small difference of the co~ordinates
between the trial point and the final position,

The corrective term is a differential of the computed azimuth with

respect to the assumed latitude ( ¢ P) and assumed longitude ( )

TP
of the trial point,
The above is rewritten in the following forms:
= dA
(2) Aunknown Aassumed * corrective term
or:
= + Ch i ted
(b) Aunknown ATP, cormputed, & h,c.r., etc. ange n compute
A
TP
The left sides of (a) and (b) are equaly comparing (a) and (b),
- A_ + Ch i i .
assumed * dAcorr. TP, comp., X h.c.r., etc. angeAm comp
TP
rearranged:

Change in comp.ATP - dAcorr. + (ATP, comp., & h,c,r., etc. —~

- A )=O,

assumed

(-%——;-\—-dP\+a¢d¢) -dA + (A -A

¢ TP, comp.,& h.c.r,, etc., assumed)’

Z0. 4w v e e e e e e e e e e e e e e e Y
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ors
Azimuth measured ard computed + correction = Azimuth assumed.
The azimuth from the trial point is calculated from the relation:

cot ATp - sm(}s Tpe €08 (GST ~A+ %TP) - cos¢TP. tand .. (2)
)

. - G\
sin (GST + A TP

GST =0k + A rp = t = hour angle of the heavenly body with respect to
the meridian of the trial point,

and: d()\ = dt

The change of the azimuth with respect to A s obtained by a

differentiation of (2):

JA :
TP - sm¢TP"COS¢TP. COSA-TP- tanh..--.....(3)
J A
The change cf the azimuth with respect to ¢ :
DA'I‘P

SF - SRAgprBRR e (8

The altitude h can be observed, which is easily accomplished with
the grid reticule, or can be calculated fromn the relation:

sin h = sin(p T . sind + cos ¢ o .cosJ . cos (GST -« + >\TP)

L - . L 4 L] L . L L4 L] (5)
and checked conveniently from the reclation:

-cosd . sin(GST -X+ A )

cosh = B CEY)

sin A'I‘P

The equations (2), (3), (4), (5) and (52) can be found in slightly
different notation and form in "Spherical and Practiaal Astronomy' by
Chauvenet, and in various publicaticns dealing with azimuth

observations,
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Substituting (3) and (4) in (1)

(sin 4)TP - cos ¢ rp* €08 Aop.tan h),dA + sin Aqppe tanh, dgﬁ - dA 4

A =A = ¢ e v o o . o e
+( TP, comp.f h.c.r.etc,, assumed) 0 (6)
divided by tan h and rearranged:

. -1
+d¢d . sin Aco +{~d A . cos ¢ TP)' cos Ao = ‘ATP
tan h

o .
etc. -Aassumed) = — h‘dA - sm¢TP. d?() v oo o {7)

s comp.g h. c. Toy

(6) and (7) are equations of the lst degree in three variables, viz.:

dp,dr , da,

b o

with: d (]5

n

-d A . cos’,b TP =z vy

-1
A
tanh ° comp. g h.c.r,, etc,, assumed

) = 4

1 .
annlds = sin @ ppe d2)

n
s

ATP

m

o

equation (7) corresponds to the forrs

X.Sina'i' chosd"'d:nco'o.o-o-lc(s)

Considering co~ordinate geormetry in two dimensions: the left side
of the equation (8) is the normal forra of the equation of a straight line
in a Cartesian system of co-ordinates, with (x =0, y = 0) as origin,
The perpendicular d, drawn from the origin to the straight line, is
oriented in the direction A - 900 clockwise frorm the x-a.xis;-' n is the

distance to a point (x, y) from the line: x,sind +y. cos( -d =0,
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It follows that the left side of the cquation (7) can be represented as
a straight line in 2 system of plane rectangular co=ordinates:
dp and =d'A, cosf .

Each such straight line represents a "position line'" from time d
horizontal direction, The term position line from horizontal direction
is therefore preferred to the terms azimuill position line or
horizontal angle position line.

The perpendicular distance from the origin to the position line =

-1 (

B ———

A -A )
oy TP, comp. & h.c.r,, etc. assumed

has to be drawn in the direction AT - 90O clockwise from the de-

»
~ axis,

Arn is derived from equation (2),

The origin of the system has the cceordinates of the trial point
( d’ TR’ A TP)'

The right side of the equation {7) represcnts the distance to the
cbserver!s station from the position line,

Each observation, consisting of timed horizontal direction to a
heavenly body and horizontal direction to a reference line, yields a
rclation of the form (1) and consequently one equation of the form (7).

From the above, it follows that the equation (7) defines the locus
of an observer's position as a point at a2 distance from a straight line.
(Obviously in a system of receangular co-ordinates, )

In the two-dimensional case, the locus so defined is a plane.

Unfortanately, in plane geometry a second term is missing to
denote the basic element "plane'!,

It is evident that all points (d¢ , 4 A. cos 95 ) of the plane satisfy
the equation (7), as long as dA is unknown,

dA, caused by the unknown circle orientation, establishas a variable
point (dq?, dx. cos¢’ )s which occupies all points of the plane,

The left=hand members of two equations of the form (7), resulting
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from timed horizontal directions to two heavenly bodies, establish

two position linesj~- in this case the locus of the observer!s station
consists of all those points to which the distances from the two position
lines are proportional to the tangents of the zenith distances of the
two observed heavenly bodies.

A locus of points, whose co-ordinates satisfy the condition of a fixed
ratio of distances from two straight lines, is known to be an equation in
two variables, In the above case, such an equation denotes a straight
line passing through the intersection of the two position lines,

It follows that thrce position lines from timed horizontal directions
to three heavenly bodies are required to obtain the final position of the
observer'!s station, i.e, the point so chosen that its distances from the
position lines correspond to the ratioc of the tangents of the zenith
distances of the observed stars.

The zero orientation of the horizontal circle is derived after the
final position of the station is obtained.,

Obviously for the method to be feasible three different heavenly bodies
at different azimuths, or the same star at different azimuths, have to be
observed, A solution becomes more complex when more than three
stars are observed, because, strictly, each star observation produces
a different set of corrective terms, 46, d A , dA; hence, mean or
weighted mean corrective terms have to be derived for the most probable
answer,

Advantage can be gainced from observations to stars, when
in the same alrnucantar,and executed in one face position; but this
may require a star programme.

The unknown distances to the final position from the posdition lines are
the same for all stars in the same almucantar, and the influence of
instrumental errors on the horizontal directions may be neglected.

The suggested procedure ofor treating the problem when timed
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horizontal directions to at least three stars are available is as follows:

Equations (2), (5) and (52) are solved analytically and are identical
to the equations (2), (3) and (3a) Section 8,2., respectively, The
latter are used in Section 8, 2, for position lines from zenith distances.

Equation (1), in its re-a rranged form (7), is solved semi=

graphically,

Influence of errors of time and direction measurement on positional

co=ordinates,

The accuracy of final position and azimuth depends on the precision
of timing optical observations, and of measurement of horizontal
directions.

Timing accuracies are dealt with in previous sections, Sources
of errors in measurement of horizontal directions are mainly
dislevelment of the vertical axis, instrumental errors, phase, and
horizontal refraction,

The equation:

sin¢ . CO8t = cosz . tand

cot A = -

sin t
shows the relation between the measured quantities, the star’s
co=-ordinates and the unknown observer!s position.
A, (f) » t are regarded as variableg the latitude of the star can be
obtained from equation (5) or (5a).
Differentiating the above equation withrespect to the measured
quantities t, A, shows the effect of errors on the result ¢

sd
dcﬁ _ coth dA 4 Se8.9. <O

dt

sin A sin h, sin A
The above differential relation shows that meridian stars will not give
the latitude of the place by the horizontal direction method., The time

error has little influenceupon = stars at or near elongation,
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Observations to stars at zenith distances of less than 45o ig advocated
for latitude determination by the direction method.

The accuracy of the result A » ©Xpressed as dt, depends ong

dt = sinh, sin A dd’ + cos h dA

cos q. cosd cos q,. cos
i, e. the precision of the previously determined latitude and measured
azimuth,

The differential equation shows that the longitude of the station is
preferably obtained from observations to stars at or near the
meridian, where: cos q Z1. and sin A ¥ 0; further, equatorial stars
have the least sinfluence on errors of previously obtained latitude and
azimuth,

And finally, the differential relation for the azimuthg

cosq. cosd ., dt-sinA, tanh, d¢
cos h

dA =

shows that for the azimuth derived from stars nearer the meridian, an
error of the previously determined latitude is negligible, Further, an
error of the derived azimuth due to inaccurate time or timing is
minimized for . tbservations to stars at or near the prime vertical, or
at or near elongation, These requirements are satisfied by stars close
to the pole, i.e, north stars,

Stars at low altitude reduce the errors effecting the precision of
the azimuth determination,

If latitude and longitude are known or determined from the horizontal
direction method, higher precision of azimuth determination, if required,
is achieved with additional observations to stars cloge to the horizon.

Considering the first term in the last differential equation, it would
appear that a dependence of the azimuth dA, from the locality, 95 .
does not exist, DBut actually it does exist, because thealtitude, h, and

the parallactic angle, q., for a given star, declination ¢ , depend on
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the latitude.

Some textbocks advocate azimuth determination from one star
only, Azimwuth determination especially from Polaris:is.” proposed,
and examples are given where results are quoted to seconds of arc,
Such results are doubtful because they are derived from measurements
which are influenced by sighting conditions prevailing in one direction
only,

Methods of obtaining astronomical positions (¢ , A ) from
measurements of horizontal directions should be superior to methods
employing measurements of vertical angles, because of the
uncertainty of astronomical refraction in the vertical plane,

Generally, the horizontal direction method derives latitude,
longitude and azimuth as a function of the same timed horizontal
circle readings; consequently the accuracy of the individual results,
viz, latitude, longitude and azimuth, rests with the heavenly body
selected for observation4 i.,e. on the position of the star and hence on

its influenae in shaping the celestial triangle.
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Astronomical Fixation from Horizontal Dire ctions, and

Astronomical Azimuth of Terrestrial Line,

For greater simplicity the indirect method of observing horizontal
directions has been applied throughout the field experiments. Thus,
special equipment, e.g. micrometer eyepiece, additional terrestrial
targets, and the working out of a star programme have been dispensed
with,

The direct method of observing horizontal directions requires that
both targets, the terrestrial R, O. and the heavenly body should be
visible in the field of view of the telescope simultancously$ the arc
distance between them is obtained with a special measuring device.

The indirect method as adopted here makes use of horizontal circle
readings from each sight, taken separately.

The data of the same observations from which zenith position lines
were deduced previously, are now evalueted by the method of position
lines from horizontal directions.

Obviously this method requires observations linked to reliable R, G,
readings; or an undisturbed zero of the horizontal circle.

Cbservations on May 5, 1961 to:

[} Leonis,
Polaris,

¢\ Bootis,

¢\ Ursae majoris,

and on May 9, 1961 to:

¢ Bootis,

A Ursae majoris

O Lyrac

(S Leonis,

ﬂ Ursae majoris,

o Lyrae
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which are referred to the same R, C., are suited for computation and
plot by the method cf position lines from horizontal directions.

Field record and reduction of observations as shown in Tables 8,2,1
-1 to 8,2.1 -5 and in Fig, 8, 2,1, -1 are equally applicable for the method
of position lines based on horizontal directions,

A fresh calculation of the hour angle, or of the azimuth from the
trial point, is not necessary; Only the computation of the
perpendicular distance "d" to the position line from the trial point is
required in addition for plotting purposes,

The position line plot is used to derive the final corrections to the
approximate co=ordinates chosen as trial point, The corrective term
required for the astronomical azimuth of the reference line (cbserver!s
station to R, C.) is obtained from scaled distances to the position lines
from the final position,

To simplify the plot by reducing the number of position lines, the
arithmetic mean of the tirmes of all observations in both face positions
to each star is used, DBut the value so obtained does not correspond to
the arithmetic mean of the horizontal circle readings., This would be
correct only if the azimuth of a2 star were to change linearly with the
transit time,

The rate of change of the azimuth with respect to time: depends on
the curvature of the path of the star. The effect of the curvature is
compensated with 2 correction either to the mean of the observed
transit times or to the mean of the readings of the horizontal circle,

The following formula for -curvature correction given in Clark Vol,
II, 1951, p. 108, has been used for correcting the mean horizontal

circle readings

AAM = - 0.137 i gsin A, COS,?S (cos h, sind « 2 cosA, cosiﬁ ),[

1000 coszh 9
[at]
J PAY
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The constant has been modified to take care of the average of four time
measurements in solar seconds,

The azimuth and the altitude required in the above formulaare
already obtained from: computation, and refer to the trial point whose
latitude is also substituted for the latitude of the station,

The calculated azimuth from the trial point based on the mean U, T, C.
of two observations in both circle positior,oj minus the observed azimuth
of the star, based on approximate azimuth of reference line and
horizontal circle readings, corrected for curvature, instrumental errors,

etc., plus the approximate azimuth, give the "computed and observed"
azimuth of the reference line, Its residual from the arithmetic mean,
of from any assumed approximation, multiplied by the tangent of the
zenith distance, is the directed distance from the trial point to the
position line., A specimen of the above compuation is given in

Table 8. 3,1, -1,

In routine work, the difference of computed and observed azimuth,
for each sight, is obtained from the computations shown in Tables
8.2, -1 -3 and 8,2,1, «4 or -5

Any value can be taken for the approximate azimuth of the reference
line, because it cancels out in the coraputation,

The plot is made in 2 system of Cartcsian co~ordinates,

d(j? , and d A , cos¢ respectively, with the co-ordinates of the trial
point ( gf) Tp* A TP) as origin.

The directcd distance ( + or » d) is plotted from the trial point
clockwise from the 4@ - axis in the direction (A - 90°); the rule
of sign, obviously, is the same as in analytic gcometry.

Position lines froin horizontal directions and plotting data are
presented in Fig, §,3.1. =1, and in Table 8,3,1, -2, The arrow of the
position line indicates the direction to the star,

Equation (7), Scction 8.3., clearly points out how to find the final

position from the plot,
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The ratio of the distances to the final position from the position
lines is equal to the ratio of the tangents of the zenith distances.

A rigid constructional prccedure to obtain the final position is
justified if the plot consists of three position lines only, Random
errors may amount to about the same magnitude as the final
corrections to the approximations, and may tend to prevent a clear
issue by geormetrical methods whenever more than three stars are
observed.

From Fig, 8.3.1 -1 it will be noticed that the final position is
obtained by geometrical construction and judgement.

The corrcctions to latitude and longitude are scaled from the plot.
These corrections, obtained graphically, are mean values; because to
each position line there belongs a definite set of cor rections, df) R
aA, dA.

The distances "n'" from the final position to the position lines are
scaled on the graph; equal distances can be expected only for stars in
the sarne alraucantar,

The correction dA, for the azimuth, cannot be obtained from an
average of the scaled distances 'n'" if stars are observed at different
altitudes.

A simple calculation on the slide rule solves the right hand term of
equation (7) Section 8, 3., for dAs

di = i n.tan h + singﬁ . dA ’ for each position line.

The sign of n depends on the relative position of the final position

and the position line,

+ . . ‘os .
n is = if the final positicn is from the position line, as seen

left
right
in the direction to the star,

A check on the scaled distances n can be obtained by substituting
the scaled values for dqg and d') in the left hand terms of equation

(7) Section 8,3,
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Fig, 8.3.,1, -2 shows the plot from the identical original observations
but with the position lines based on a different assumed azimuth,

(A ).

The assumed azimuth appearing in the last term of the left-hand side

assumed

of equation (7) Section 8, 3., is left to the discretion of the computer,
A most convenient value is the arithmetic rnean of all computed and
observed azimuths of the reference line, derived from each star
observed. But any other value of the assumed azimuth substituted for
its arithmetic mean will yield a plot from which an equally reliable
result for the final position ard scaled values can be obtained without
difficulties, as long as the selection of the stars is fairly well
distributed in azirauth,

In Fig. 8.3.1. »2 are shown the construction lines for deriving the
final position. The diagram in the top left hand corner of Fig, 8,3.1 =1
illustrates the distribution in azimuth of the stars observed.

A different assumption for the azimuth will reduce or enlarge all
directed distances from the trial point to the position lines, by an
amount proportional to the tangents cf the zenith distances, This means
that each position line is shifted parallel and in the same direction with
respect to the star,

The values of '"'n'"", scaled from the position lines to the final position
are now dif ferent from those scaled a the previcus plot. Obviously.
because the corrective term dA, added to the new assumption, is
expected to produce again the most probable answer, The negligible
difference between the co~ordinates of the final position obtained from
Fig. 8.3,1. -1 and Fig. 8.3, 1. -2 respectively, is attributed to the
limited accuracy cof plotting and scaling, and to the judgement of the
engincor ‘e As already stated, the scale bas been chosen to permit
plotting of ¢ seccond of arc, Taking the unfavourable field conditions
into account, the co=ordinates of the final position and the final azimuth

of the reference line, as obtained by this method, are in satisfactory



419 -

CALCULATED | ScALED POSITION LINES
DISTANCE *d”| DISTAME 'n* FROM
STAR FROM FROM
o | TRIAL POINT | FINL PoSITION HORIZONTAL DIRECTIONS
= 7o 7
POSI TION LINE | POSITION LINE
J _0_221 -7 .4 [
2 *+l')o -07
3 r1'5y +02
4 - 435 +2:
5 +5°20 -5
[ +324 ~-1'9
75 ;;:‘; t‘[).; scale : lYin.= 10sec. arc.
4 232, -47 5 10 sec arc
0 *I'OO -0-4 [ | él 1

........ S LATTVOE AV
-

+50° /6 ':45"

AN S R RIHF S 4

5
:f§
% S
:i %
N Ll 13 Toei L wfm20”
3 ? B 3
YRIAL POJNT: Scaled: calcuvlated: FINAL POSITION: COTTAGE”
$ = +50°6'45" A= +15"  A=n.tanhrsing.ad  $=+50°16" 465
7,
A= —35°3 55" AAcosda-22" mean: A= -5°%3' 584
A= 305°32'39%s AA=-34"  AA=z=-47 A= 305°32°35%7
DATE: S™& 97" may 196/ Fig: 8.3.1=2




- 420 -
8. 3.1. cont.

agreement with results obtained from position lines based on zenith
distances. The plot, presented in Figs, 8,3.1l. -lor -2, clearly
indicates that none of the position lines are to be rejected, It follows
that observations of timed horizontal directions give reliable results.

Observations taken in 1963 with the prototype geodetic theodolite
(Watts 1/5" microptic) were also reduced by the method of position lines
from horizontal directions. The field work on Apyril 25, 1963, consisted
of ocbservations to three stars. Results are given in Fig, 8,3.1, -3,
Data for pleiting the position lines and the azimuth correction obtained
from scaled distances are submitted in Table 8, 3,1, =3,

Differences between directed distances belonging to position lines
from C, L. and C, X, observations respectively, are caused by
collimation axis error, imperfect adjustment of the plate bubble, and
random errors.

The mean position lines are again deduced by geometrical
construction,

The evaluation of the final position is also obtained by construction
which is shown on the diagram. The final position can be roughly
estimated by observing the rules of graphical methods of resecticon, e.g.
rules from plane tabling, When the thrce stars observed are evenly
spaced over 360o in azimuth, the situation corresponds in plane tabling

to: ''the station inside the triangle formed by the points observed".

The 1st Rule: In plane tabling

The final point is on the sarae side of all rays.

In ficld astronomys

The final position is on the same side of all mean

position lines.

The second rule is also identical, if stars are thought of as targets at
finite distances, but it needs a modification to cope with infinite

distances in astronomy:



- 421 -

POSITION LINES
from Horizontal Directions

scate: 2V in. =0 sec.arc.

012315’5«-%
A#A

pl N
v N N
L7 \ "
// \\\ \\ R \& #10
4 NNAEWE j\
\
4 NN R,
AR x N A $ %
< N A
. X /
)
E " N
_ | G/l ) . NG
- \
\ q \\\ J / "!
oo‘-é‘ A ,F%frlon 5
~ r— ) e O
Latitude -4--- )‘é' AY &— A')‘;-
+50°16' 457 /RN TRAL
K ' | ‘\\
g i
/, AN 0
\ N
X Xo8p @
padlt v, \
\\ ar(""" ’”/mn{ﬂ: // \
\\ t y, k\
~. / \\ /
a %T,\ { D Ve /
T/ N0 <
[))
\\ \\ d\/,// -
\\\ - //// =10
T~ / s
% T~ TR
) Sl
Trial Point: scaled: \ § E“ Final Position : ‘Cottage’
I - <la
¢ = +50°16 45 Ad=+06" ' @ =+50°/6'456"
A=-5°/3 55" AY=-39% sA= fo:‘; s_ 64" A=-5°4"011"

Instrument: Watts ’/5' Optical Micrometer Theodolite.(Prolotype)
Date: April 25, 1963, Fig:8.3.1-3




AT : "loltage pare: Ml 25, 1963
o ’ ” I ’ ” 0 o ’ .l/
TRIAL POINT @, +50°16'45 Arp 5°13° 55 AgimyrH 305" 31° 3478
MEAN AZIMUTH AZIMUTH OF FROM OR DISTANCE | DISTANCE |4p) tanbnl'nfl)
.l or FROM or IREFERENCE LINE | pssUMED aise'nvso d n =il
A, TRIAL LTITUDE
7, FIVE PQA/NT STAR APPROX. AZ/MuTH | AZIMUTH T FROM FROM o o)) scaled
STAR o® h TRIAL POINT |FINAL POSITH
CR H;Z“;‘: Arp OF REF. LINE = |(RESIDUAL) o ro Fig.:8.3.4~3
N LSES > MEAN "
305° 32" 30°0 POSITION LINE  posiTION LINE sind.dde-47
h ms o 7 o s n o ’ ” Sec. asc. o /7 sec.ase. sSec.are. Sec.ac.
& BoOTIS | C:-R. 305 32 448 | #1062 < -13-54 *0%6 -4 /s
" ™ © 421 * 792 5‘ - 94
cL 3 3 282 | - 596 < + 626
" N v 239 | -s028 v #1025
N 3 3
POLARIS |cL. S by 251 - 908 - + 89 + 04 — 422
" ® h 224| -1178 3 +10°6;
e.p. 3 N 379 + 372 X - 3/g
. N - X ~ 364| +222 [N =205
= LEEA [ <3
s | s § ¢ 3
aleonts [cR| N ° M - 482| + 1402 |, S - 149, +0%6 - 448
N Iz ) 468| r/362 |+ % - 1486
] e g N o ~ 486| #1442 | 2 - 162
¢ L3 o . . S 3
P N ° 9 = 479 #1372 [. % - /565
N w I 3 487 #1452 |3 >‘~E - 1779,
‘B X 8 ~ 4r0| +/282 |} & - /560
TR - 8 N 2r1| -708 |- © * 93
W o - o -
v 8 2 8§ 9 4 267 -748 |4 § + 99,
[% a =42
MEAN AZIMUTH OF REF. LINE : "COTTAGE" 10 PORTHTOWAN R.Q. : 305° 32' 3070

TABLE: 8.3./1-3

-22h -




8.3.1. cont.

2nd Rule: In plane tabling

The perpendicular distance of the final point from each ray
is directly proportional to the distance: final point to
point sighted,

In field astronomy?

The perpendicular distance of the final position from each
mean position line is directly proportional to the tangent of
the zenith distances.

The spread of individual position lines obtained from repeated
pointings in the same face position to the same star is illustrated in
Fig. 8.3.1. -4, at a three times larger scale. Data are supplied in
Table 8,.3.1, -4, The observations were taken on April 12, 1963,

Figs. 8,3.1, -3 and -4 may be compared with Figs. 8,2.L -6 and
-7 respectively, From the diagraras it can be stated that practically
equal pointing accuracy in altitude and azimuth is achieved with the
equipment under discussion,

It is believed that it is perfectly admissible to use position lines,
derived from observations at different days, on the same plot, for
defining the final position, The observations may or may not have
necessitated a new instrument set-up, Errors are introduced by
alteration of the reference direction, The only direction which
matters for position lines from zenith distances is the direction of the
force of gravity; known to vary at regular and irregular intervals, its
changes can be discovered from the result, but cannot be detected
during observation or after a re-setup. Instrumental errors which
can change from one setup to the next, are eliminated by change of
face. This applies equally well for position lines from horizontal
directions,

Time d horizontal directions are linked to a2 reference direction
established by a terrestrial target, This terrestrial reference line

creates a setup problem and a pointing problem; both are sclved, to
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a large extent, by the ability of the observer,

The rmethod described in this section, consisting of computation and
plot, is the easiest for making use of observations of timed
horizontal directions for position fix and azimuth; and in conjunction
with a position line plot from zenith distances it adds to the
reliability of the regult.

The simplicity of computation is based on the grid reticule,
because it enables simultaneous measurements of vertical and
horizontal angles of sights to moving targets,

The accurate subdivision of tirne and the possibility of referring
optical cbservations to an adopted national time system is perforrned
by the crystal chronometer; evidence of the efficiency of its
perforrnance is the consistency of results from field observations

in 1961 and in 1963, exhibited in the graphs,
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8.4. Least SquaresSclution of Astronomical Fixation from

Horizontal Directions,

The problern of position fix frorm timed horizontal directions to stars,
as explained in Section 8.3, and presented in equation (6), contains
three unknowns: d¢ ,dA, and dA,

A solution by algebraic methods is always possible if three stars
are observed, If more than three stars are observed, as is usually
endeavoured in field astronomy, 2 solution can be found by the method
of lecast squares,

Eachk observation, or each mcan of C. L,and C, R, cbservations,
as may be, produccs one equation of form (6), which reads:

. - { y 3 "
(s1n('b Tp™COS /5 rp* €O8A o tan h),dA+ sinA . tan h, dg=- dA +

+ (ATP' comp, & h,c.r. etc,, .Aassumed) =0,

and is therefore one observation equation,

From all observation equations the normal equations can be formed
and solved for the unknowns by any of the existing methods,

withs

nt

(sin P L ¢ rpr €08 Ao tan h) ®a (coefficient of d A )

b (coefficient of d¢h)
¢ (coefficient of dA)

sin ATP' tan h

L

-1

A ps cOmP, Ah.oc,r. etc, -A 21 (absolute term) (residual)

T assumed

the observation equation of form (6) Section 8,3, becomes?

a,dA +b.dd + codh 1 2O0. . wuut ... (1)

and the ncrmal equations:

[aa] d>\+ [ab] dgf) +[acJ dA 4  al

1
o
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which are solved for the unknowns:
+ [ cl, 2]

{:cc. 2]
d¢= ML [ be.1] dA

[bb.1] [ bb.1]

dA =

A = 42 [a__c]dA - [f_‘i] ad
[aa] [aa] [.aa-}

The r. m.s. errors are obtained from:

113 |
11,3
M:f [ -
rae X J o}

and from the weights:

P, = [aa.z:l . By = [bb.Z] ., B, = [cc.z-l

The precision of the values of the unknowns expressed as r.m, s, error
will indicate whether a further approximation of the co-ordinates of the
trial point is required or not.

A numerical answer obtained for the accuracy of a result constitutes
an apparent advantage of least squares over semiw~graphical methods,
With some experience thc precision of field results can be read from a
plot just as well, Furthermore, the interprctation of errors and the
detection of their origin is greatly facilitated by a solution obtained
graphically, A diagrar represents certain aspects of the work
performed; in this sense it is an iconic model of the field work and

permits analysation of individual cbservations,
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8.4,1. Results obtained from Field Work.

Least Squares Solution of Astronomaical Fixation from

Bbrizontal Directions, and Astronoiical Azimuth of Terresirial

Lihe.

The data of the same observations in 1961, shown in Table 8/3,1, =2/
from which position lines from horizontal directions were deduced in
Section 8,3.1, are, in this section, evaluated by the method of least
squares.

The ccefficients 2, b, c and the absolute terms 1 of the observation
equations have been computelas explained in Section 8.4., from values
quoted in Table 8, 3,1, =2,

Table 8, 4.1, -1 contains the coefficients of the obscrvation equations
and of the normal equations. In Tables 8.4,1,~2 and -3 are given the
solution cf the normal equations, the precision of the unknowns, the
co-ordinates of the final position and the final azimuth of the terrestrial
line, Not all checks applied are shown in the tables.

To reduce calculation time, the arithmetic mean of ten azimuths
listed was chosen as the assurned azimuth,

The r.m.s. errors of the unknowns are in about the same order
of magnitude as the evaluated corrective terms for the co~ordinates
and azimuth, which indicates that a further approximation to the
co~ordinates of the trial point is not necessary.

The result cbtained by least squares agrees well with results derived
from position lines, It is interesting to note the little difference
between the results obtained with each method, because the position line
method is suspected by orthodox geodesists to be liable to create errors
which are larger than observational errors,

The absclute term 1 {(Table 8.4. 1, ~l,coluran 5) is based on the
assumed azimuth of the reference line, It is evident from the nature

of the least squares method that a different assumption of the azimuth
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will produce different numerical values of 1, a different corrective
term dA, an identical final result for the azimuth, and identical
corrective terms for the co-ordinates of the trial poin{ and

consequently an identical final positicn.
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8.5. Position Planes from Horizontal Directions and Results

obtained from Field Work

The problem of position fix from timed horizontal directions is

accessible to semigraphical treatment in two- and in threc~dimensional

geometry.,
The relation of the unknowns in form (7) Section 8, 3. is interpreted

as an equation of a variable point with reference to a straight line;

this interpretation enables the problem to be treated in two dimensional

geometry.
In three dimensional geometry an equation in one or more unknowns

represents in general a surface or a system of surfaces, A linear

equation in three unknowns is a plane or a point.

The relation of the three unknowns in form (6) Secticn 8, 3,, which
reads?

(s1n¢TP - cos¢ p* 054 1p .tan h,dp=dA +

.tan h}a A + sinf

& hex.-A___ )=0.

iy
+( ass.

TP'

constitutes an equation of the 1st degree, involving threc co-ordinates

of a variable point,

In three dimensional geometry the above equation represents a plane

or a system of planes which is the locus of the variable point,

Withs
(smc# Tp - €O f’b Tp- €08 A . tan h) 2A
(sin App . tan h) B
-1 zC
(ATP' & h.c.r., etc., - Aassumed) =D

equation (6) Section 8.3, can be writtens

P ¢

it
o

A dh +Bd¢ + C dA + D
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substituting in the above equation:
aA
d¢

dA

(]

X

H

¥
z

m

equation (6) Section 8, 3. beccmes:

Ax +B y +4C z + D =10,

This is the general form of the equation of a plane in geometry of
three dimensions,

The above equation (1) is the tangent plane on the surface ™
2 (;\, $,A, 4 ) =0; the point of contact (A4, dd , dA) is the final
position of the observer.

The surface is represented by the cylinder which is generated by
the observation ray to the (given) star, as generatrix, and the line of
equal azimuth on the earth!s surface as directrix.

Each observation, consisting of timed horizontal direction to a
heavenly body and horizontal direction to a reference line yields a
relation of form (1) Section 8,3.. an d consequently one equaticn
of forrm (6).

Geometrically, each such observation produces one '"Posgition
Plane's

Adh + Bd¢ + CdA + D, = 0
1 1 1 1

in a systern of three mutually perpendicular co~ordinate axes:
@i, d¢ , dA). The origin of the systern has the co-ordinates
of the trial point: ()TP' ¢ TP)'

Two such equations, or position planes, tocgether represent a lines
namely a position line in space, or two position planes passing
through a common line.

Cbservations to three stars produce three position planes, These

will intersect in a point which is the final position of the observer's
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station. The co=-ordinates of the point of intersection ares d A ’ dqﬁ .
dA, which are the corrective terms required for the co-crdinates of
the final position and for the final aziruth,

It would be erroneous to believe that the answer obtained from the
intersection of the three planes is true, and gives the correct values
for the unknowns,

The rigid solutiion from the trisection of three position planes
represents at most an approximation to the corrective terms. The
three stars concerned contribute each in a different way to the
determination of the three unknownsj it could be said that cach star
has a preference for one particular corrective term and establishes
its order of rank, Ia practice, whether position planes are seen to
meet in 2 point or -not will alsodepend on the size of the plotting
scale in relation to the accuracy expected from observational
results,

The nature of intersection of a set of position planes, if more than
three stars areo.bserved, depends on the quality of the observations
and mainly on the position of the stars cbserved,

If all position planes intersect in one common point, then all
sights taken are affected by errors of equal magnitude, and equal
corrective terms arc obtained from observations to all stars, regardless
of their az.irnuth and altitude. In the discussion of errors, Secticm 8, 3.,
it is shown that this is not possible,

Variation in obscrvational results must be expected because,
basically, the taking of 2 measurement is a statistical process
associated with uncertainty, errors, ctc.

Generally, n position planes will producc a polyhedron, consisting
of the maxirnum of (;) edges, and of the maximum of ( 13: ) corners, of
which four will not lie in one plane, A corner is formed by the
intersection of threc or more position planes, In practice, the body

bounded by all position planes will be a rather intricate golid, or
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"complex" .

The spatial geometric relation of position planes obtained from
observations on May 5th and 9th, 1961, is shown in Fig. 8.5.~1, Data
for constructing the isometric view of the position planes are contained
in Table 8.4,1. =1, The coefficients A, B, C, and the absolute term D
of equation (1) above, are identical to the coefficients a, b, ¢, and the
absolute term ] of the observation equation, respectively. The
intercepts of the position plane on the At =, d¢ -, and dA = axis are:

- % s = Ell’ and - %3 these are used for constructing the diagram,

For the sake of clarity constructional lines are not included in the
diagram, The co~ordinate axes are chosen as shown in the general
arrangement, Consequently the trace of the position plane on the
(d A ’ dd)) - plane, which depends on the azimuth and zenith distance
of - the star, and on the latitude of the observer, is seen to be in
conformity with the aziruth of the star as shown in the diagram insert~”
in Fig. 8.3.1, =l in the top left corner, The intersection of -the
position planes with the (dA , d¢ ) =plane, or "the line of strike" is
positioned exactly in the star's azimuth for observations performed on
the equator only.

The diagram emphasizes the properties of Polaris as a suitable
azimuth star. Furthermore, the diagram clearly shows that the
relative inclination of position planes correspcnds to the zenith
distances of the quadrantal stars observed,

Generally, the algebraic relations resulting from a geometric figure
are solved with forrnulae linking measured with unknown quantities,

The problem of position fix consists in solving a space geometrical
figure, The problern can be treated analytically. The analytical
treatment by the method of least squares and th; result can be identified
geometrically, A change over from analytical to geometrical treatment .
and a geometrical interpretation of an analytical method is effected with

the aid of co~ordinates, The space problem of position fix, described
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SPATIAL RELATION OF POSITION PLANES IN ISOMETRIC PROJECTION.
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above, deals with position planes:
A, x+B.y +C,z + D, =20
1 1 1 1
Theoretically, the position planes have a common point (xl, yl)
of intersection. Therefore its co~ordinates must satisfy the condition:

Aix + Biy1 + Ci z1 + Di

1

= 0 ., . . . (2

2
z ]/ a? + B+ &
i i i
If the point sought does not lie on the planes, as explained previously,

the above condition is not zero, but represents the distance to the

point (xl, yl) from the plane i.

The method of least squares requires that the position of the point
satisfies the condition that the sum of the squares of the distances from
the planes is a minimum,

The observation equations are identical to the general equations
of the position planes.

The normal equations deduced from the observation equations
(= position planes) by squaring, adding and differentiation, fulfil the
geometric condition of the sum of the squares of the distances, and the
condition of minimum. The least squares method neglects the square
root term in the above equation (2)., This affects only the absolute
term in the equation system of the least squares method. As already
mentioned in a foregoing section, any alteration of the absolute term of
the observation equations has no influence on the final result,

Fig. 8.5, -2 shows the geometric interpretation of the least squares
result obtained from observations in May 1961, The scale is greatly
exaggerated to enhance the illustration.

The upper part of the isometric diagram shows the final position
of the observer's station and its distances to the position planes in

space. The lower part is the projection of the space relation on to
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the (d A, d¢ ) -plane. The variations of the corrective terms, d ) |
d(f) , dA, as obtained from the individual position planes, can be scaled
from the projections presented.

The minimum requirement as stipulated by the method of least
squares means that the point sought is the centre of gravity of the body
bounded by all position planes.

Therefore, the final position can be interpreted as the centre of a
system of parallel forces which attract mass particles of equal weight,

The mass particles, forming a system, are the corners of the
complex body and are obtained from all possible trisections of the
position planes, The co-ordinates of the centroid of the system can be
obtained by rules derived from the mechanics of points and rigid bodies,

The isometric diagram submitted in Fig. 8.5, -3 shows 18 out of
120 = ( 131 ), for: n =10, tiisections of position planes, from
observations taken in M.ay 1961, The diagram conforms with the
representation of the position planes in Fig. 8.5.~1, For simplicity,
only a few intersection lines of the position planes (dash-dotted) are
included in the diagram, and the position planes are cut and shown in
the vicinity of their trisections only,

The selection of position planes which are liable to give adequate
trisections is governed by the skill of the surveyor, and is assisted by
the azimuth diagram of the stars observed,

Not all position planes produce trisections which could lead to
an acceptable solution,

The trisections of position planes from horizontal directions have
to be treated in analogy to the intersections of position lines from
zenith distances,

Fig, 8.5, -4 contains in isometric projection 34 trisections of
position planes obtained from cbservations in May 1961, The numbers
of the points of trisection refer to the numbers of the planes. Data

are given in Table 8.4, -1. -1, The position planes, expected to produce
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feasible trisections, are selected with the aid of Fig, 8.5. -1 and of the
diagram of the star azirauths in Fig. 8.3,1, =1,

34 trisections constitute about 1 of the total possible trisections;
Statistically, this amount is adequate to produce a reliable result,

The trisections arc considered as fixed points on which parallel
forces are acting, The resultant will act through the centre of the
system. As known, thc forces can be rotated about the points at which
they are acting; keeping the forces parallel during rotation, their
resultant also rotates about a point which is the centre of the parallel
forces, or the centroid of the system of the elements of mass,

A graphical solution can be obtained by means of force and string
polygons. For this purpose the points in space are projected on to the
planes formed by the co-ordinate axes, For a complete solution any two
of the three planes formed by the axes can be chosen,

Fig. 8.5, -5 shows the trisection~points of the previous diagram
(Fig. 8.5.-4) in orthographic projection on the (a7, d¢) -plane, and
Fig. 8.5.-6 on the (dP, dA) -plane,

The action lines are taken in two arbitrary directions; for
convenience the directions are chosen at right angles to one another, as
shown in the force diagram and indicated by the arrows attached to the
trisection points.

In Fig, 8.5, =5 the distribution of the points causes a rather intricate
string polygon belonging to the action lines drawn in horizontal direction,
This can be avoided by alteration of the sequence of the forces in the
force diagram, as shown in Fig., 8.5, =6.

The corrective terms can be scaled from the intersection of the
resul*~~*3 to the co~ordinate axes,

In Fig. 8.5. =6 the recsultant of the forces parallel to the dA-axis
produces a check on the value for d’f} obtained in Fig, 8,5, -5,

The final result is in agreement with the result obtained from least

squares (Section 8,4.1) or from position lines (Sections 8, 2.1 and 8.3, 1)
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8.5. COnt.

In Section 8. 3. and in the present Section, the problem of position
fix is regarded as a problem in two- and in three=dimensional geometry
respectively., Mean values for the three unknowns, i.e, corrections
ar, d¢» , and dA, are derived in each case simultaneously from
graphs.

Each plotted position line, in plane geometry, e, g. Fig. 8.3.1. ~1
and each plotted trisection in space geometry, e.g. Fig. 8.5, -5 and -6,
reflect the interdependence of the three unknowns, as a set, which is
obtained from each star observation,

The plot containing all position lines (Fig. 8.3, L ~1) shows their
grouping around the final position, which is thereby indicated., The
plot of trisections (Figs. 8.5. =5 and -6) reveals by the cluster of
points where to select the most probable result,

An attempt could be - made to solve the space problem
sermigraphically with the aid of only one plot in plane geometry., For
this purpose linear equations in two unknowns are required, which
represent the conditions for position fix,

Cne linear equation in two unknowns,derived by eliminating cne of
the three unknowns contained in a given pair of linear equations,
represents in space geometry the projecting plane, passing through
the intersection line of the given planes. Thus the projecting planes
are found by eliminating, in turn, one of the threec unknowns from the
given pair of equations. The projecting planes are perpendicular to the
co~ordinate plane.,s} in particular, their equations in two unknowns
each represent the trace of the projecting plane on the co~ordinate
plane. The refore, the trace is also the projection on the co-ordim te
plane of the line of intersection of the given pair of planes,

The lines of intersection of position planes produce the edges of
the complex, Their projections on to the co-ordinate planes can be
used to derive the centroid of the complex, which is supposed to be

the final position of the observer?s station,
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8.5, cont.

Fig. 8,5.=7 contains intersection lines projected on to the (d ), dgﬁ )
co=ordinate plane., The intersection lines are derived from
observations in May 1961, and are constructed graphically from data
given in Table 8.4,1. =1, The numbers attached to the lines refer to
the number of the position planes,

Briefly, the plot is a two=dimensional representation of the
space problem,

The intersection lines shown belong to those position planes whose
trisections are plotted in Figs. 8.5, =5 and =6, Incidentally, Fig.

8.5, «7 1is the plot from which the above trisections are deduced.

The intersections projected on to the (d?\,d(?) ) =plane do not give
a clear indication where the final position could be expected, or how it
could be derived, although pairs of planes are chosen with the aid of
the azimuth diagram (Fig. 8.3.1. ~1).

In the absence of the plotted results obtained by the least squares
method and/or by the force and string polygons, it would hardly be
possible to define the final position to more then t 5 sec. arc, at the
scale chosen,

The apparent difficulty of interpreting the line plot and of finding the
final position is due to the confusion caused by the distribution of the
projected intersection lines,

A sharp solution from a plot can be derived if projected intersection
lines are deduced from stars which influence strongly the determination
of either the longitude, latitude, or azimuth. The co-ordinate plane
o n which the intersection lines are to be projected has to be chosen
accordingly,

Field data evaluated for Fig. 8.5, -7 contain also
results from obsgervations +o Polaris, which influences the determination
of azimuth, Intersections of the Polaris position plane, with position
planes derived from south stars, will yiéld a clear picture as regards

position of intersection lines projected on any of the two co~ordinate
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8.5. cont,

planes containing the azimuth axis, i,e., on the (¢ A, dA) or (qu , dA)
~-plane,

The same intersections which are shown in Fig, 8.5, =7 in
orthographic projection on the (dr/\ R dcf«’ } =plane, are plotted in
identical way in Figs. 8,5. -8 and 8,5, ~9 on the (d«/, » dA) and on the
(d')\ . dA) ~plane respectively, These last two diagrams reveal the
influence of Polaris as an azirnuth star; the azimuth correction dA can
be scaled from both diagrams to an accuracy of 3 second of arc,
Further, it can be recognized that the stars observed produce a reliable
answer for the latitude-,, mainly stars in the N-E and N-W quadrants,
The latitude correction, in combination with the azimuh correction
(Fig. 8.5.-8) is defined by the intersecticn of the bundle of lines, and
~zn be scaled to one second of arc, or even better, The longitude
correction is the weakest result obtained, with a total spread of about
6 seconds of arc, (Fig. 8.5.=9).

The field work does not contain observations to stars balanced in
180° azimuth; nor any pair of stars which could be chosen for proncunced
longitude or latitude determination, For these reascons the plot of
intersection lines on the (d A, dcf) ) =plane fails to produce an answer,

These investigations into graphical treatment disclose that
confinement to one plot in one specific co=ordinate plane should be
avoided in the absence of a prominent pair of latitude, longitude=, or
azimuth- stars, Furthermore, a better interpretation of the result is
achieved from project ions on to more than one co-ordinate plane,

Generally, position planes, considered as tangent planes, are
presumed to miss the point of tangency (= final position) by a distance
which is in proportion to permissibke errors,

The intersection line of two position planes can miss the final
position by the same cor greater amount, as it is missed by the two
planes. The projection of the intersection line on to any of the

co-ordinate planes may give a distorted view of the relation between
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final position and intersection line, Thus, the information derived
from the graphical representation of the intersection lines on onc
particular co-ordinate plane only, is not sufficient to form an opinion
about the quality of the observations,

e. g. ¢ The projection of the intersection line of the planes 5 and 9
is seen to miss the final position in Figs, 8,5, 8 and 8, 5. -9, and
passes almost through it in Fig, 8,5,«7, F or better interpretation
the projections of the intcrsection line 5~9 are drawn three times as
thick as the others. Similarly, the intersection line 2~4 (the number
is encircled) passes through the final position in Fig. 8.5. =8 and
not in the other two projections.,

The projections of the intersection line 1~2, and of other planes,
are seen to go through the final position in all three co-ordinate
planes. This means that plane 1 and plane 2, and other planes,
establish the final position with great accuracy, and equal values for
the corrective terms are obtained from those planes.

The meeting point of several interscction lincs appearing on all
three co~ordinate planes may be adopted to advantage for defining the
final position.

The interpretaticn of relative position of the intersection line and
final result on all three diagrams simultaneously, and the comparison
of it with Fig, 8.5, «1 show the conformity of the results obtained by
tlke position plane ~method and by the analytical method of least
squares.

Projections of a few intersection lines are shown in Fig. 8.5,10,
These are selected from Figs, 8.5.-7, =8, amd «9, in such a way as
to belong to stars balanced as close as possible to 180° in azimuth,

Although the three diagrams do not give as -clear an indication of
the final result as Fig., 8.5.«5 or -6, nevertheless the final
position can be derived from them and corrective terms can be

scaled to the nearest second of arc.
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In conclusion it can be stated that a plot of intersection lines
projected on to one co~ordinate plane only (e.g. Fig., 8.5, =7) is
almost meaningless, But even such a plot alone can be used for
finding two of the corrective terms, The procedure to be adopted is
to identify trisections of position planes} these are found from the
intersections of intersection lines, Thercafter the corrective terms

are derived with the aid of force and string polygons,

The solution of the problem of position fix from horizontal direction,
if considered as a problem in space geometry, can be found by the

application of the concept of duality ,

Plane and point are reciprocal concepts in space. The eguation
of a position plane is, in its dual form, the equation of a point. The
position of the point is given by its position vector; its distance and
direction are equal to the distance and direction of the normal from
the origin to the position plane,

The particular case in which the problem of the position fix is
made up by only three position  planes is presented in its dual form
by three points, generating a :dirccted trihedral, The plane tangent
at the sphere circumscribed about the trihedral is the reciprocal to
the point of trisection of the three position planes. The normal to
the tangent plane is the diameter of the sphere drawn through the
origin of the co=ordinate system., Itis evident that the locus of the
final position is identical to the apex of the supplementary trihedral.

The soluticn of the problem of position fix, presented by a set of
n position planes can be obtained from the most probable length and
direction of the diameter of the sphere which is circumscribed about
all trihedrals, formed by the set of points which represent the dual
to the position planes. Distance and direction of the diameter
corresponds to distance and length of the centre line of gravity of the
system of points,

Fig. 8.57v1l, shows the tangent plane, the circumscribed sphere

and points numbered according to the position planes to which they
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constitute the reciprocal. The pcints are obtained from observations
in May 1961, The data for construction are given in Table 8,4.1, -1,
Obviously, since the circumscribed sphere is the best fitting
approximation, it passes through some points and misses others,

The centre of the sphere is derived from the approximate intersection
of symmetry«lines which are drawn perpendicularly from the centres
of circumscribed circles defined by three points,

An approximation for the centre and diameter of the sphere can be
obtained by constructing the circumscribed circle about the
direction~cosines of the points,

The final corrections can be scaled on the isometric diagram

from the point of tangency to the co=cndinate axes.
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8.6, Azimuth Position Lines

As already mentioned in Section 8. 3., azimuth position lines are
based upon timed horizontal circle readings. The linear equations,
linking together horizontal circle readings, observed time, tabulated
values of star co-ordinates, approximate values for the co-ordinates and
azimuth of the station, and their unknown corrections, were originally
called by M, F. da Costa (Settion 8,3.): ''rectas de azimute" = azimuth
position lines, This name has been used ever since for linear equations
defining the position of an observer from readings of the horizontal
circle in combination with known and unknown parts of the celestial
triangle,

The application of azimuth position lines for deriving astronomical
latitude, longitude and azimuth in the field is also dealt with by Dr, T. L.
Thomas, in his University of London Ph, D, thesis. Permission was
obtained from the University of Loondon Library to quote from his
thesis, and Dr., Thomas graciously agreed.

The following is a brief account of his work, but it does not cover
the whole subject of his thesis.

Essentially, the differential relation of the cotangent-equation of
the azimuth, timed horizontal circle readings to a star and to a
terrestrial R, O,, approximate azimuth, and a correction for the
unknown circle orientation, are the basic components of a linear
equation, containing three unknowns: viz. d A, d <f3 . B .

These unknowns are designated as the corrections for the longitude
and latitude of the trial point, and for the truc bearing of the
terrestrial R, O,, respectively, The unknown circle orientation é ,
is eliminated by combining two linear equations, The resulting
equation in two unknowns, termed Azimuth Position Line, is here

given in Dr, Thomas's notations

(4 B'- AB) = (K -K)AN + (K - X)af
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wheres

A B = approximate observed minus approx. computed bearing for

star No, 1,
Py Bl= t " t " " 1]
star No, 2.
K1 = (singb - cos-q‘) . cos A, tanH)' ., .. for star No. L
KL' =(sin¢ - cos(,b . cos A', tan I—f) «. + for star No. 2,
KZ =sin A, tan H e« + +« « + « o for star No. L

= sin A', tan H! ¢« s+ o » 4« « o+ for star No. 2.

latitude of the trial point

longitude of the trial point
= altitude

PomoY e (A
n

computed azimuth from the trial point.

Each azimuth position line is obtained from two observations; the two
stars chosen are at approximately equal altitude, and the azi muth
difference is within the range (180° % 20°),

The azimuth position line is identified as a straight linec.

Therefore the problem of finding the corrections dd? andd A is
allocated to plane geometry.

The graphical solution is expected to be found in the intersection of
the azimuth position lines, plotted in a Cartesian system of
co-ordinates; d$, and d} ; the origin of the system has the
co~ordinates of the trial point,

The plotted position lines should all meet in one point, The
corrections d A and d¢ have to be scaled from the point of
intersection to the co-ordinate axes. Reductions of observational
results are included, and the graphs show the agreement of the final
position obtained from azimuth position lines as well as from zenith
position lines,

Thereafter the correction & for the circle orientation is evaluated

from each pair of observations and mean values of all the & s
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give the correct mean result,

8,7. Astronomical Azimuth of 2 Terrestrial Line from timed

Observations on the Sun at any Hour Angle,

The astronomical azimuth of 2 direction is obtained from the
computation of;

(1) the azimuth of the sun at the instant of observation,

(2) the horizontal angle between the sun and the reference object,
and from

(3) the combination of (1) and (2) by addition or subtraction,

Azimuth observations consisting of measuring the hour angle of
the sun were carried out at two Ordnance Survey pillar stations and at
two stations of the survey scheme of Tywarnhale Mine, on different
days in 1961,

Stations of known geodetic positions were chosen for the purpose of
comparing the observed astronomical azimuths with calculated geodetic
azimuths, Furthermore, the ficldwork aimed at the determination of
the accuracy of 2 sun azimuth, which could be obtained when time
control with the crystal chronometer was available, The timing
accuracy of the sun's transit across the grid reticule with the marker
pulse incorporated in the crystal chronometer was determined at the
same time.

The O.S. pillar stations and one station of the mine triangulation
scheme enabled the observation of reciprocal sun azimuths.

It was expected that reciprocal azimuths would prove the

reliability of azimuth determination from sun observations,
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Furthermore, errors due to lateral refraction should also be reduced
or detected from azimuth observations at both ends.

The national grid co-ordinates of the mine survey stations were
obtained from the connection of the mine triangulation scheme to the
Ordnance Survey system. The necessary observations had been
carried out in previous years.

The geodetic latitudes and longitudes of the O, S, pillar stations
and mine survey stations were calculated from the corresponding
national grid co-ordinates and reconverted to national grid co=-ordinates.
For these and the following calculations, projection tables for the
Transverse Mercator Projection, published by the Ordnance Survey,
were used, At each station the convergence of the N=-S line of the
national grid with the geodetic meridian was calculated from both
rectangular grid co~ordinates and from gecdetic latitude and longitude,

A geodetic azimuth is a2 computed azimuth referred to the surface
of reference and to the initial station of the survey system.

The geodetic azimuth and the reverse azimuth were obtained by
combining the plane rectangular grid bearing, convergence and
correction for the difference of geodetic and plane direction,

Results of the computations of geodetic azimuths are given in
Table 8, 7. -3, column 4, The difference of the reciprocal geodetic
azimuth is listed in column 6.

Theoretically, in the computation of the observed sun azimuth, the
astroncmical latitude and the astronomical longitude should be used,
At a station where the astronomical azimuth of a line is cbserved,
simultatneous observations for astronomical longitude enable one to
obtain the quantities required for the Laplace correction. Therefore,
at stations selected for Laplace azimuth or when first order accuracy
is required, the astronomical latitude and longitude are observed, but
normally chrervations tc sters and not to the sun will be taken.

Because the sun was cbserved, results of extremely high precision
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were not expected, and therefore the astronomical longitude was not
determined. Consequently, in the calculations for the sun azimuth,
the astronomical longitude and latitude were replaced Dby the geodetic
longitude and latitude respectively.

The differencesof reciprocal astror fraical azimuths between the
stations concerned vary about three secondsof arc if geodetic latitude
and longitude are used instead of astronomical latitude and longitude,

At each station the field work consisted of three sets of observations.
One set was made up of two pointings on the sun in each face position
and of sights being taken to the reference object before and after each
pointing. The first pointing on the sun, in each face position,
contained five timed grid line crossings of the leading edge; at the
second pointing the crossing of the other edge was timed. The total
time taken by one edge of the sun to cross the grid reticule is about
nine seconds. Care was taken that the main horizontal wire bisected
the sun at the instant its leading edge touched the main vertical wire,
The vertical circle readings therefore referred to the main horizontal
wire,

The observations followed in a quick succession, and it was not
necessary to apply a correction for the collimation axis error,

The mean of the C. L. and C, R, pointings practically eliminates
the influence of the collimation axis error in azimuth, neglecting small
amounts (one or two tenths of 2 second of arc) resulting from the
changed altitude of the sun,

Corrections to the sun observations, which can amount to one second
of arc in azimuth, were not considered. The reduction to the mean
pole would amount to about 0.2!", The theodolite used was a Watts
Microptic No, 2. No special targets were used; O.S., survey pillars
were sighted on both sides,

A specimen of the field record is shown in Table 8,7, -1, Results

of field work are -quoted in Tables 8,7, =2 and 8 7. -3.
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The azimuth from each pointing was worked out separately;
corrections for dislevtlment of the transit axis and reduction to the
centre of the sun were applied, Sun data were extracted from the
Astronomical Epherneris. Results, given in the Tables, revezled
that there was a collimation axis error and the plate bubble,which
was adopted to determine the inclination of the transit axis, was
undoubtedly affected by the sun's rays, The arithnictic mean of four
pointings (2 C. L. and 2 C,R.) called one set, bracketed within two
R, C . sightings, constitute one single azimuth observation. Results
of individual sets and their means are given in Table 8,7, =3, column
2 and 3 respectively, The third set, observed at St. Agnes O. S,
station, is made up of a total of only three pointings., The difference
of reciprocal astronomical azimuths is listed in column 5, The
difference between astronomical and geodetic azimuth (data in column
4 minus column 3) are shown in cohmn 7, and reveal the accuracy
which can be obtained from sun ohservations, and also the quality of
angular measurement at the various stations,

It is quite obvious that an angular error of about 10" can be
suspected at Carn Marth O, S, station. The scurce of the error may
be sought either in the measurement of the angle or in its calculation
from O.S. co-ordinates. The accuracy of the co~ordinates of Carn
Marth, a third order pillar station, is about I one metre.

Results quoted in column 6, minus those in column 5, are given in
column 8; these are the differences between geodetic and astronomical
azimuths. The average difference is slightly less than ten seconds
of arc.

From the results it is obvious that the plu:rbline deviates to the
West and North,

If the astronomical latitude and longitude had been used in the
reduction of the sun observations, then the figures quoted in coluran 7

would have assumed larger values, and the differences shown in
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column 8 would have been smaller,

The figures listed in column 7 and 8 are due not only to the
different positions of the geodetic and astronomic zeniths, but also to
the unequal elevation of the survey stations above sea level, to lateral
refraction, motion of the pole, contraction of the horizontal semi-
diarneter of the sun, to the aberration of the sun, to instrumental and
personal errors,

The evaluated field measurements indicate that a sun azimuth,
accurate to 1/20 000 or better, can be obtained from the mean of three
sets comprising a total of 12 pointings to the sun,

The twelve observations, each of five timed grid line or ossings,
can be taken in about 30 to 40 minutes, when it is possible to observe
the sun, The ob servations are not restricted to specific times.

The value of this method is the cbservational speed and accuracy
in obtaining a sun azimuth when observations to stars cannot be taken,
The method can also be used whe re azimuth only is sought, as a check,
and latitude and longitude are deriwed from ground survey work or
scaled from a map,in which case only the geodetic position will be
available,

Results of the azimuth observations {(column 2) are not far off the
specification of the U,S. Coast and Gecdetic Survey for a Laplace
azimuth, which demands that no observation should be accepted which
gives a residual of 5" or greater from the mean,

The quality, or order of accuracy, of a sun azimuth obtained with
ordinary engineering theodolites is generally believed to be in the
neighbourhocd cof one minute of arc, None of the above field
observations had to be rejected, and they are cogparable in accuracy
with results frorm observations made with larger instruments and even
with those executed with stationary equipment installed in small
observatories,

The accuracy in timing the sun's transit across the grid reticule

was obtained in the same manner as for star transits (described in
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Section 5,5.7). Sun observations at Carn Marth and at St. Agnes O, S.
pillar stations proved that an average timing accuracy of : 0.084
seconds of time corresponding to .-': 1. 25 seconds of arc along the main
horizontal cross wire, was achieved at any one pointing on the sun,
The above figure is the average r,m, s, error of five timed grid line
crossings of the sun's left or right limb,

It would be misleading to endeavour to determine alsc the co~ordine
ates of the station simultaneously with the azimuth from the above
observations, which were taken within 2 short period of time,

A pcsition fix from timed horizontal directions to the sun requires
the observations to be taken at least two hours apart, The possibility
of the simultaneous measurement of vertical angles permits zenith
position lines tc be added on the plot. The procedure for a position
fix from horizontal directions would be to use the superfluous
observations and approximate values of the co~ordinates and azimuth,
The three corrections required for the final value of latitude, longitude
and azimuth expressed as differential changes of co-ordinates, and
difference between observed and approximate azimuth, could be
obtained graphically or analytically,

" The above field observations for azimuth can be represented by a
mathematical niodel made up by three normal equations, should a
least ~squares solution be adopted, The mocdel would contain in each
independent equaticnmcearly identical ratios of the coefficients of the
unknowns, In other words, there would be weak linear indcpendence
of the equations, and a possible solution would give an unreliable
answer,

In a graphical representation of the solution the three unknowns
constitute the axes of a three dimensional system. The three equations
in the thrce unknowns, made liwar, show up as three independent
planes. Their intersection lianes, projected cn to the co-ordinate
planes of the system, would have nearly identical sloping positions in

the same direction, Consequently, the linearized equations in the
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three unknowns would fail to intersect in a definite point.

8.8. laplace Equation; Computation of the Deviation of the

5

Plurb Line

Results of observations in field astronomy can be used for the
assessment of geodetic - measurerments,

Geodetic measurements, linear and angular, aim at the relative
fixation of points on the earth's surface,

Nowadays, distances up to 50 miles can be measured to an
accuracy of * 2 inches, with the application of electronic methods.
An angular measurement to an accuracy of ' 0.1 second of arc over
this distance would produce an uncertainty of 13 inches in position,

Field astronomy deals with angular measurements onlyy these are
referred to the plumbline, and hence to the centre of the earth.

An astronomical position fix derived from angular measurements,
executed to : 0.1 second of arc, and presuming the earth's radius =
3 959 miles, ccntains an uncertainty of about 10 feet; this is
approximately 80 times less accurate compared to a geodetic fix,

Consequently, results of astronomical observations cannot be used
for comparing positions, but astronomical observations produce
absolute orientations which cannot be obtained with geodetic methods,

The ast ronomically defined absolute orientation is used for
comparing the propagated orientation in a geodetic system of
triangulation or traverses, The element of comparison is the
deviation of the plumbline, which is the angle formed by the direction
of the pluimbline at the observer!s station, and the normal to the

sphercid of reference in the corresponding point,
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The correct term would be "deviation cf the normal to the spheroid
of reference',

The deviaticn of the plumb line is dealt with in Section 5. 3, In
practice; the relative deviation of the plumb line is expressed by its
cornponents; these are formed by the difference between
the astroncoraical longitude, latitude and azimuth, reduced to the geoid,
and the geodetic longitude, latitude and azimuth, reduced to the
sphercid of reference, respectively,

The component of the relative deviation of the plumbline along the
meridian is the difference between the latitudes, and the east-west
component can be determined from the difference of the longitudes or
azimuths., The possibility of a twofold determination of the east-west
component establishes a restriction or condition, as far as
observations are concerned,

The sine equation of the spherical triangle formed by the pole, the

astronomical and geodetic zeniths, is known as the Laplace eguation:

2a - (A, =Ny sing =0

}A = astronomical longitude

?\'G = geodetic longitude

A A = angle between geodetic and astronomical meridian,
AA = astronomical, azimuth
AG = geodetic azimuth,

Ll) = geodetic latitude.

A A can be substituted by the difference between astronomical and
geodetic azirnuth, Theoretically, this is permissible if both
projections of the R.O. on to the gecid and on to the spheroid of
reference are contained in the same vertical plane of the spheroid of

. & .
reference. Furthermore, the above forrmula requires a 90 zenith
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distance of the direction whose azimuth enters into the calculation.

The general Laplace equations

Ay =85 =N, = D) sing f0
expresses the discrepancy which is due tc the azimuth-component of
the deviation of the plumbline.

The theoretical expression for the azimuth-component requires
astronomical and geodetic measurements to be free from errors and
reduced to the geoid and spheroid of reference respectively. The
evaluation of the answer obtained frorn the Laplace € quation meets the
task of distinguishing between errors of stellar observations and
errors of angular measurements, The importance of the Laplace
equation lies in its application as azimuth condition equation.
Furthermore, all geometric solutions to the problem of defining the
figure of the earth are effected be comparing astronomic and geodetic
values, which are expressed as thc deviation of the plumbline,

The Laplace azimuth = geodetic .azimuth, derived from the
observed astronomical azimuths

AG= A-(7\A -()\G). sin ¢
resulting from field observations in Cornwall, is given in Table
8.8. -1, column G.

Discrepancies between Laplace azirmauths and geodetic azimuths are
listed in column 10. The consistency of the values in column 10
indicates that there is an error of about 13 seconds of arc; this error
is most likely to be sought in the geodetic azimuth listed in column 8,
which is obtaire d from mine triangulation observations and frer: O, S.
co-ordinates, The discrepancy betwceen the Laplace azimuth and the
geodetic azimuth at St. Agnes pillar station is not excessive,
considering that the astronomical azimuth is derived from sun
observations, The deviation of the plumbline, or better, the deviation
of the normal to the spheroid of reference, is generally accepted to be

a fictitious value, because the spheroid of reference is an assumed
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surface,

The sphercid of reference may be considered as a surface of
revolution which approximates the whole earth, with its main axes
coinciding with the axes of the geoid, If so, the deviation of the
plumbline represents the deviation of the gecid (its undulation) from
the reference surface.

The new tendency aiming at the replacement of the geoid by the
physical surface of the earth will in due course lead to the universal
adoption of a world spheroid of reference, in consequence of which
the deviation of the plumbline will have to be regarded as the
undulation of the earth!s surface, and will lose the odium of a
geodetic fiction,

Fig. 8.8, ~1 shows the .direction of the astronomically deterrnined
deviation of the plumb line, not reduced to the spheroid of reference,
obtained from field cbservations in Cornwall, Data are contained
in Table 8, 8. =1,

The component of the deviation along the meridian isg

=

and the component in the prime vertical is:

m = A'%. cosSb

In the diagram, the amount of the deviation is plotted twice as
large, for better presentation,

The values quoted for the deviation of the plumb line can, to a
certain extent, be verified by gravity measurements, It can be
anticipated that gravity mcasurements will prove that the general
direction of the deviation of the plumbline (shown in Fig., 8.8, -l) is

ccrrect. Gravity measurements were outside the scope of this thesis.
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DEVIATION OF THE PLUMB LINE
DERIVED FROM ASTRONOMICAL OBSERVATIONS

SCALE : ONE& INCH = ONE STATUTE MILE




- 475 -

8.9, Corrections for Polar Motion.

Variations of the observer!s meridian and parallel of latitude
result from polar motion. Astronomical observations refer to the
instantaneous axis of rotation and to the instantaneous equator,

Astronomical co~ordinates obtained from precise observations
which are taken in time intervals of one or more years, canbe reduced
to & mean position. This is useful for permanent records and for
better compariscn of observational results spread over several years,

Corrections for variations in longitude and latitude of the place of
observation are calculated from its co-ordinates and from the
co=ordinates of the instantaneous pole,

Provisional values of the rectangular co-ordinates of the
instantaneous pole are published in the Time Service Circulars cf the
Royal Greenwich Cbservatory, and final values are given in R oyal
Observatory Bulletins. The co~ordinates arcrefcrred to the mean
pole, which is represented by zero co-ordinates in the Chart of the
International Latitude Scrvice. The positive direction ¢f x is reckoned
fromm: the mean pole towards Greenwich and the positive direction of y
is 900 west of Greenwich,

Fig. 8.9. «1 shows the position of the instantaneous pole in relation
to the mean pole. The required correction for the latitude obtained

from astronomical observations can be read off the gm= phs

A<P=x. cos A -~ Y. sin A
¢rﬂean = Cbinst. -A¢,

where; x, y = co-ordinates of the instantancous pole

~,

A = longitude of the observer'!s staticn measured positively
eastward,

¢) mean = latitude of the observer!s station referred to the mean
pole
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(j)inst.
N

The correction for the longitude is:

latitude of the observer's

station referred to the
instantaneous pole,

1

correction.

A>\= (x. sin A\ + - Y. cos?\). tanqﬁ :

the correction for the azimuths

AA= (x sin>\+y. cos?\ ). sec ¢

The correcticn to be applied to the co-ordinates and azimuths

determined in 1961 and 1963, and their differences in seconds

of arc, are given below:

Correction 1651 1963 Difference
Latitude +0,03" - 0, 01" 0, 04"
Longitude - 0,121 + 0, 16" 0. 28"
Azimuth ~-0,15" + 0, 21" 0. 36"
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8.10, Corrections for Aberration.

The "Apparent Places of Fundamental Stars' contain the geocentric

co~crdinates of the main stars, which are right ascension and
declination expressed as functions of time. These co=ordinates are
corrected for

(2) the precession of the wle of the ecliptic

(b) proper motion of stars.

(¢) annual parallax, because the centre point of the star's sphere

is shifted from the sun and placed in the centre point of the

moving earth, and

(d) annual aberration, which is caused by the velocity of light,

Since the tabulated interval is about 10 days, the short period nutation
cannot be taken care cf and has to be worked out;) Ag mentioned, the
origin of the tabulated star co=ordinates is the centre of the earth; it
follows that corrections have to be applied to co-ordinates which can be
observed from, or deduced for, observation staticns situated on the
surface of the earth, These ares

(2) Diurnal parallax, = angle subtended at the heavenly body between

observer and centre of the earth;
for stars: negligible;
for the sun and planetss the earth can be accepted as spherical.

for the moont the earth!s spheroidal forrn has to be taken care
of,

(b) Diurnal aberration = the amount of stellar displacement at the

instant of cbservaticn, which is caused by the relative movement
of the observer!s position with respect to the centre of the earth,

and J¢;ends funlozicntally on the finite velocity of light,

During the time the light takes to travel from the star to the observer,
the system of reference - the observer's position ~ can bep'resumed to

be in uniform rectilinear motion; consequently the Galilei - Newton
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theory of mechanics can be applied,
As will be seen on the diagram (Fig., 8.10, -1), the displacement
AHE of the apparent position of a star can be calculated by solving the
triangle which it forms with the velocity vectors. The ratio of the

vectors is proportional to the sincof the angles:

vt  sin a6
c. t. sin (O -A8)

where:
v = velocity of the observer relative to the centre of the earth,
= velocity of light,

t = light time (time requirced by the light to travel from the star
to the observer.

¢ = angle formed by the velocity vector of light and the velocity
vector of the raoving observer at the instant of observation.

A& = angular displacement during light time t.

The direction of raoveiment of the observer is from west to east.

The apex of motion is therecfore the east point on the observer'!s horizon,
where the direction of the displacement A8 s pointing. The east
point can thus be regarded as the vanishing point of the instantaneous
displacement arcs. (= part of great circles passing throupgh each star
and east point at the instant of observation.) The right ascension of

the apex of motion is equal to the instantanecus local sidereal time +
90°,

The effect of the displacement on azimuth and altitude, or on hcur
angle and declination, depends on the location of the observer and the
position of the star, It can be calculated by solving the triangle formed
by the displacement arc and zenith or pole respectively.. With
approximation for small angles and replacing the geocentric latitude

by the geodetic, the following formulae for corrections are obtaineds:
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For topocentric co~crdinatess

Corrections to observativns:

Displacement in azimuth: <& A

0."32 cossb . cos A. sech . . (1)
0."32 cos® , sin A, sinh , . (2)

" ' altitudes A h

For equatorial co-ordinatess

Corrections to star places, or to observed time:

Correcticn tc hour angle
ort observed tiric ¢ A t=0."32cos¢ , cost. secd . . (3)

or to right ascension <
(with opposite sign) ¢ A G =0. 0213 cos¢¢. .cos tosecd .. (3)

Gorrection to declination; A</ = ~0.132 cos¢ . sint. sind . . (4)

These corrections are applicable where the azimuth is reckoned
from N to E to S to W from 0° to 3600, and the hour angle from S to W

to N to E also from 0° to 3600, ox 0775 and 24 hrs.

From the diagram, Fig, 8.10. -1, it can be seen that:

The correction in Azir.uth for stars north of the zenith is negative.

" 1" 1 ] ] " gouth " © 1" " positive.

There is no correction in Azimuth for stars on the prime vertical,

The correction in altitude for stars cast of the meridian is positive,

1" " 1" [} n " west 1n n 1" 1" negative.

There is no correction in altitude for stars on the meridian,

¥ h ‘ps
The correction for the hour angle between 18]‘l and 6 is positive.

1" ] "o 1 " 1 6h "18" " negative.

" n " " ripht ascension has opposite sign,

h.m

Therc is no correction for the hour angle at 670 0% and 18h

0™0®

1" " 1t t 1" right ascenSiOl’l 1] m n " LR I
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The correction for the declination for east stars is positive.
" 1 1" " 1" 1l West 1] " negative.

There is noc correction for declination for stars on the meridian,

Although these are small corrections, it has been considered useful
to include this scmewhat detailed description, because the majority of
text books on surveying and gecdesy give little explanation of aberration,
Most publications quote only formulae (1) and (3), the latter adapted for
meridian transits, consequently omitting the correction for the
declination, (See: footmote).

The brief treatment of the aberration in the literature, where mostly
corrections for meridian transits are given, is due to the fact that the
amount of correction required is always small, Furthermore, precise
observations toc heavenly bodies outisde the meridian, i.e. in any

position, are as yet scldom adopted by field engineers.

Fcitnotes
Even advanced text books do not give 2 full account:

Clark, Vol, II, 3rd ed., p. 73,86 gives formulae (1) and (3) for
meridian transits;

Clark, Vol, II, 4th ed,, p. 101, 86, as above;

Ingram, Geodetic Surveying, quotes formula (3) only;

Chauvenet, Spherical and Practical Astronomys formulae (3) and (4)
for star places;,

Bomford, Geodesy, quotes (3) and (4) for star places and (1) for azimuth;

Jordan, 8th ed., quotes (3) and (4) for star places, and (3) adapted for
meridian transits}

In the Apparent Places of Fundamental Stars, table VII "Diurnal

Aberration" gives the time correction (correction to right ascension)

only for meridian transits, with arguments latitude and declination,
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The procedure adoptc. to eliminate the influence of aberration to

the observations taken, relevant to this thesis, is to correct:

(i) the hour angle (t), i, e. the time of observation. This is
done by applying the correction from formula (3), with
opposite sign, to the right ascension (@),

and

(if) the declination ( </ ) with formula (4).

This is important for comparing each individual field measurement
of altitude and azimuth with calculations. By reducing the star
positicn, only two corrections have to be worked out; otherwise all
measurced quantities, time, altitude and azimuth would require a
correetion, which would necessitate additional work,

This procedure should also be adopted where the altitude has not
been observed, or calculated, When lay-out work in the fiecld is not
immediately wanted, one final correction for the field station can be

calculated for the mean result, if required,

Effect of aberration on the determination of

azimuth and position of the observer,

The influence of aberration cn the hour angle ( & t) is equivalent to
a timing errcr. For Polaris observations the timing error resulting
frorn aberration can amount to 10" at latitudes 60° (depending on
azimuth) increasing for lower latitudes, and approaching 20" nearer
the equator.

This error for Polaris and for a dozen cother stars listed in A, P,
with ¢ > 86° will be reduced by its sixtieth part (roultiplied by the
cosine of declination) when entering into the azimuth,

The azirmuth error due to timing is obtained from: differentiating the

expression for azimuth as function of latitude, parallactic angle and
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declination, with respect to time.

.
coSs ¢

dA = cos h ° c°sa. dt

It follows that the aberrational effect in azimuth (for all azirauths)

for Polaris observations in all latitudes is about 0.32", (Except near
the pole where the error is rather indeterminate. )

In practical field work the maximum aberrational azimuth error
will approach 1" only nearer the equator (5O to 10° latitude) in the range
of 60o altitude for stars nearer the meridian, Equatorial stars at
meridian transits in low latitudes are normally avoided,

For all other latitudes the maXimum azimuth error resulting from
aberration, as can be seen when substituting A t (timing error due to
aberration) in the above formula, occurring at meridian transits,

q = OO, is practically be tween the values 0. 2" and 0. 3",

Effect of Aberration on Latitude:

The aberraticnal timing error, as any timing error, will enter as
a reduced amount into the error of the calculated altitudes:
dh = cos¢ . sin A, dt
and this in turn will enter the latitude crror according to the star's
position in azimuth:
dQS = cos(/‘ﬁ . tan A, dt,
which means that east and west stars arc u.nsuited for latitude
ob servations.
From the above differential relation is seen that for quadrantal
stars at higher latitudes the resulting latitude error will not reach

0.3", and will be negligible for north and south stars,
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Effect of aberration on Longitude:

Since longitude is time, the aberraticnal timing error will enter
the longitude error with its full amount, which is for all practical
observations 0.1" to 0, 3",

Hence, for azimuth and position fixing aiming at an accuracy
of one second of arc, the correction for aberration has to be

applied,
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9. Field Work, Instruments, Office Equipment.

The photograph (Fig. 9, =1) shows the arrangement in the early field
experiments in Cornwall in 1961; the theodolite, Watts No, 2, is set up
at ""Cottage' mine survey station, for star observations. The crystal
chronometer is mounted on the battery container to which the charging
unit is attached. Audible chronometer and observation pulses are
recorded via the loudspeaker {on the right) on to the Fi-Cord tape
recorder. The microphone is placed near the loudspeaker. The voice
can carry so far, for theodolite readings, announcements, etc., to be
recorded at the same time, The rest of the field outfit, thermometer,
barometer, are placed on the table, carrying cases stored nearby.

Apart from the usual care in setting up and levelling the instrument,
starting the chronometer, recording transmitted time signals for the
necessary time link, no preparations for the observations, such as star
list or star programme, were necessary. No special arrangeme nts were
made in positioning or securing the telescopic triped legs.

The observation stations, which belong to the mine triangulation
scheme, are marked with iron rods concreted in, and are not likely to
be destroyed or to move in the years tc come,

The following sequence of recording or storing of field data on
magnetic tape was adopted when observing for astronomical fixes:

1. Subject heading of observation,

2. Place of observation (triangulation beacon, survey station, etc.)
+ Instrument used, bubble value, etc.
. Name of observer
. Remarks on weather conditions,

. Date of observation: day, month, year.

. Face position,

3

4

5

6

7. Name of reference object (R.C.)

8

9. Horizontal circle readings to R.C.
9

.(a) Vertical circle readings to R.O. and readings of the plate bubble,
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10,
11,
12,
13.

14,
15,
16.

17.

18.

19,
20.
21
22,
23
24,

25,

in case of a steep sight to R, O,

Data for each star observed:
Narne of star (if identified) and position east, west, etc.
Face position.
Type of marker signals, direction of star raovement,
Readings of: thermometer
" " barometer
" " plate bubtle
Date: hour and minutes, as indicatcd on the erystal clock face.
Signals from crystal chronometer (must contain the minute pulse
and are recorded during 18).
Marker signals of star's crossings
and;
Readings of wire crossings,
Readings of: plate bubble
" " vertical circle
It " alt. alidade bubble (if necessary)
" "' horizontal circle
(15) to (23) are repeated in the above scquence.
Readings of horizontal circle to R.C.
After transiting:

(8) to (25) in the above order,

Star observations were performed with the Watts No., 2 Optical

Micrometer theodolite, and Watts No. 3 Geodetic theodolite. The

horizontal angles in the triangulation scheme of the mine were measured

with 2 C, T. S. Tavistock theodolite reading to one second of arc, the

directions of the O, S, triangulation net were observed with the Watts

No. 2.

The instrument conctants,where required, were determined with a

micrometer head built by Hilger and Watts, with a C, T. S. collimator,
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and with an autocollimator at Messrs, Hilger and Watts! work shop.

Izuch time was wasted in early field experiments lining in the stars
with the ordinary telescope sights provided by the makers, Great skill
was required to point the telescope to stars, even at moderate angles of
30° o ¢5° because, invariably, the open telescope sights are too close
to the telescope tube and too large in diameter, and no provision is made
for their illumination,

The field procedure adopted for the experiments called for speed in
observation; shortest time intervals between observations in changed
face position are essential to the method of position fix, for reasons
outlined in previous sections,

Efficiency in lining up the stars and improvement in operating speed

was achieved with open sights of transparent synthetic resin, illuminated

by the telescope lamp.

The idea of replacing the metallic telescope sight by light conducting
rods, to cope with the requirement of illumination, originated from the
well known application of translucent material in medicine for
illurcinating areas which are difficult of access, In solid rods, light -
electromagnetic waves -is transmitted in the same way as electricity
through cables,

Basically, the light from the telescope lamp, intended to illuminate
mainly the cross wires, is alsc conducted by total reflection through
flexible transparent media to four points of emergence, The rods are
attached to the telescope from outside with steel clips, The material,;
synthetic resin, has a higher refractive index than the surrounding air;
this rnakes "ideal total reflection" theoretically possible. The light
conducting quality is therefore affected mainly by absorption by the
material and by reflection losses on the resin-air surface,

Built-in light conductors which could illuminate the telescope sight,
diaphragm, readers, bubbles etc., from a central light source, would

have to be protected by a sheath of lower refractive index,
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Fig, 9, ~2 shows the illuminated star sight attached to the Watts
Microptic No., 2 theodolite, as were used in the ficld, The plastic
rods are positioned closely to the telescope lamp to provide for wide
angular aperture on the entry end.,

Field experiments decided adequate rod diameter, length of base
subtended between fore and back sight; and height of the sights, A rod
diarneter of 0. 2 inches is sufficiently wide to permit a clear sight of the
night sky through the curved cylindrical surface; the rod forming a
column of reflected dots of dim stray light, Very thin rods (diameter
of few rrillimeters) are not rcbust enough, form an obstructing light=
line against the sky, and should be avoided for safety reasons also,

Theoretically it should be possible to transmit light through a rod of
any width, as long as its diameter is larger than the length of the light
wave transmitted, Shiny and opnque rods and various shapes of the
exit ends were tested, Polished rods with unpolished ends proved to
be very adequate in the field,

The "exit cones' which can be recognised on the photograph are
different for back and fore sight, for easier alignment, and form ideal
pointers in the dark, when their unpolished surfaces are filled with
"eold" lizht,

Provision for altering the light intensity to suit sighting conditions
is usually provided by a rheostat built in the circuit., An advantage of
the illuminated star sight is that at an elevated telescope position,
enough light is thrown on to the plate bubble to enable the ficld enginesr
to read it, No puhlications are known to exist describing star sights of
synthetic resins which can be illuminated by the telescope lamp, The
application is believed to be new,

Temperatures were measured with two mercury thermometers.

At the mine office the air pressure was recorded on a barograph

requiring interpolationbetween 5 millibars; at the field station the air

pressurc was registered on an anercid barometer,
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The reception of time signal transmission was obtained on a

wireless receiver, U,S. Array Signal Corps Laboratories , Fort
Monmouth, N,J., in the frequency range of 1500 tc 18 000 k¢/s,
adapted to be operated from the mains,or from a 12 volt car battery.

The aerial for the wireless receiving set; 46 feet long, was
stretched between mine buildings,

The tape recorders used are dealt with in previcus secticns,

The reference object, "Porthtowan" R, O,, is a cowordinated survey

station of the mine survey scheme, and was illuminated by a kerosene
beacen lamp

Field :rials included also sights to 2 reference mirror, built by

Hilger and Watts, The sights were taken with the aid of an
autocollimmator in the diagonal eye picce of the telescope,

In the absence of an illuminated reference object, or for replacing
a referecnce ohject situated at 2 short distance, or requiring a steep
sight, the mirror has, no doubt, some advantage, but it necessitates
an additional angle to be measured, Further advantages of the mirror
are that its height and position can be chosen to suit the theodolite set
up and cnvironmental conditions, e.g. wind direction. When si ghting
the mirroy, the telescope can be kept focussed at infinity} no
provision for the R, C. illumination is required, The mirror can be
placed conveniently near the theodolite (maximum distance 50 feet) to
eliminate the effect of ground haze at night,

If the mnirror set up is disturbed during the night observations, the
R. Q. is lost, and the circle orientation has to be re-established.

The sorrections considered in the corp utations were mostly
calculated and eliminated separately, provided that each corrcction was
so srnall that second order terras were negligible. Some cf the
corrections were calculated on a 12" slide rule.

In astronomical computations the number of digits involved is

somewhat excessive. Slide rules and numerical tables are inadequate
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to meet the required accuracy, " Furthermore, calculating aids such
as slide rules, logarithmic tables, numcrical calculating tables etc.,
are far surpassed by calculating rnachines,

The mental work of addition, subtraction, multiplication and division,
which produces fatigue in the long run, can be greatly assisted by the use

of a desk calculator; a considerable amount of time is also saved.

Division and multiplication with 2 modern calculating machine are
autornatically performed after the registeré, the multiplier or the
divisor, are sct. The majority of the calculations were performed on
a Monroe, Model 66 N, automatic desk calculator,

The formulae used throughout the computation are adapted for
machine computing; natural values of trigonometrical functions were

taken from Peter's eight figure tables, Interpolation where necessary,

was performed on the desk calculator.

Co-ordinates of star places and their corrections were extracted

from Apparent Places of Fundamental Stars, sun data from Ephemeris.
Delays and corrections concerning transmiticd tirme signals were
obtained from Royal Greenwich Time Service Circulars, from the Royal
CGreenwich Bulletins, and feony the Bulletin International de 1'Heure,
Calculations, outlined in the various computation forms illustrated
in this thesis, are easily set out on 2 prograrame for an electronic
computer, The extraction of data from Apparent Places and of the time
from tape development cannot yet be done by an eclectronic computer,
The amount of time and work iavolved in the rest of the calculations,
consiating of additions, subtractions, multiplication s and divisions, does

not necessarily require a computer programrae,
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10, Astronomical ‘' Fixations: Applications,

Astronomically determined latitudes and longitudes are extensively
used in Geodesy for obtaining adequate Laplace control for a rigid
survey frame which may or may not be connected to a national grid.

Electronic methods of distance measurement are replacing
triangulation schemes and the work of angular measurement involved in
it. Trilateration, where no angles are measured, requires information
as regards initial position and initial direction, and control surveys for
the deviation from the initial direction. Both can be provided
adequately by the methods developed in this thesis,

M.ost tellurometer travorses, or other traverses adopting electronic
survey equipment, still require the employment of a theodolite for the
measurement of vertical angles, The astroncinical orientation of such
traverses and the astronomical co-ordinates of the initial station would
require additional equipment at only a fraction of the cost of the
initial expenditure.

Astronomical methods are also most econornical for establishing the
essential orientation in difficult terrain, where stations may not be
intervisible, and their connection to an existing survey system may not
be feasible with ground survey methods, for reasons of time and costs.

The task of staking out a parallel of latitude, for boundaries and
other purposes, is essentially a problem of def ining position and
azimuth astronomically,

The deterrnination of azimuth and of the absolute location is
important in unexplored territory for protecting mining claims from
encroachment when maps are not available. For reasons of
sompetition, for adequate protection of future mining rights etc., long
term ground survey prograrames are in most cases not undertaken,

In the absence of geodetic control and with lack of maps, air photographs
bcecoyne important and often constitute the only inforrnation available,

Without control, the photo scale is rather unreliable, and the
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orientation and the station error remain unknown,

It has become standard practice during the last decades to stake
newly discovered mineral deposits by flying in surveying crews,
Their task consists in defining the location and orientation of groups of
claims. Accurate position fix has undoubtedly a great advantage to
ensure the best location and maximum protection of future mining
concessions with the minimum number of claims necessary to cover
the prospective area,

In the dawn of the age of artificial members of the solar system
with an expected permanent life time, precise and rapid astronomical
methods for position fixing will be applied for the determination of
the orbit of satellites from known positions on the earth's surface,
should optical observation be feasible, And conversely, satellites,
obviously outside the influence of the earth!s atrnosphere, can then be
used, once their ephemerides are determined, for position fixing by
astronomical methods,

The satisfactory results obtained in position fixing,with the
application of the m:ethods developed in this thesis,clearly indicate
that the outcome of the research undertaken can also be usefully
adopted wherever precise measurerment of small time intervals,and
the reference of an instant of time in terms of U, T., are required,

The application of the measurement cf precise time intervals and
precise timing is continuously increasing in the field of rock
mechanics,

Geodetic astronoray is not only the science of surveying and
portrayal of the earth!s surface, as it used to be in the last century,
but nowadays it deals also with the gravity pctential of the earth's
field for which accurate location of the observer's position is

required.
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11, Conclusions and Future Cutlook.

Important results from theoretical investigations, laboratory
experiments, field trials and observations are given in their relevant
sections, with conclusions and new findings which appear to be original,

All observations, tests, calculations, drawings and diagrams
carried out for this thesis were undertaken by the author unless
otherwise stated,

The intenticn cof this research, to approach the "lowest limit" of
timme subdivisicen and tc make it .available for precise work in the
field, as well as its correlation to U. T, as determined by an
observatory, has undcubtedly been achieved.

Results frornfield cbservations clearly indicate that the application
of the method of tirming, recording and evaluating, developed in this
thesis, produced preciss astronomical position and azimuth (within
seconds of arc), in less time and with less effoert than by
conventional methcds.

The crystal chronom.eter, built to specification, performs
sufficiently well to be used as a secondary tirae standard in small
cbservatories. The precision with which U, T. and the subdivision of
time intervals are rnade available at the observer's station
surpasses even the requirements of present day field astronomy, and
can be utilized also fcr astronomical work cf the first order, and for
precision measuren:ents of magnitudes related to time and epoch.

Standard methods c¢f reduction of observations are analysed and the
method of positicn plarnes, believed to be criginal, provides a
satisfactory and reliable solution of pcsiticn fixes; these contribute,
due to their precision, tc the knowledge cf the geoid, as practical
results indicate. The necessary cerrecticns required in the -

reduction of observaticns are discussed, and a raethod of approach
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to investigate the personal error is given. A more efficient use of
accurate time in field astronomy will be pcssible when the star
co~ordinates are fully corrected in the Apparent Flaces of
Fundamental Stars, which can be anticipated by 1968;

The ultimate limitation of the method developed is governed by
the personal equation. A link in the chain of instrumentation is the
observer's eye, which cannot be dispensed with, if the high degree of
precigion in measurement is to be achieved. At present, results
obtained by the use of the visual acuity of the eye, and the reaction to
sense impressions,cannot be improved with irnpersonal methods
suited to field astronomy.

Automatic recording cf star transits (photomultiplier ete.) fail to
produce a distinct and sharp record of the cvent, unless used with
stationary equipment in an observatory.

The method of synchronizing the crystal chronometer,and of
extracting the time of stellar transits by the process of tape
development, is also ultimately restricted by the eye of the observer
in identifying visible time pulses and in scaling their distances on tape,
and cannot be replaced by automatic methods withcut curtailing the
accuracy. Admittcdy, automatic comparing of the time indicated by
the portable crystal chronometer with time signal reception in the
field can be done with electrcnic equipment, in various ways, some of
which are outlined in Secticn 3.5.3. Electronic methods are most
inadequate, mainly due to the interference of radic noise.
Furthermore, overlapping pulses may be hard tc identify or to
distinguish by the electronic equipment and serious errors are liable
tc be introduced. If automatic time comparison in the field were
feasible its adequate use cculd be made only with a portable
chronometer indicating U. T., which lacks the advantage of the time

vernier. The comparison of a U. T. chronometer by means of an



11 cont.

acoustical measurement with head phones can be effected only at a
rather low order of accuracy; a rmaasurement of tirne phase difference,
with digital read-out, produces very problematic results!

Specificaticns published by instrument makers claim accuracies
of signal extinction and vernier coincidences of 0. 008 seconds of time,
using head phones. Such figures are unrealistic and their quotation
reveals disregard to the subjective limitations of the human senses
in cbservations and measurements.

Zhe research work was intended as a service to the mining
indusiry, to assist the pioneering spirit in exploring the earth's
crust in uncultivated regions, until such time as the entire material
supply is obtained cut of the air or from the sea.

It is hcped that the advances achieved and presented in this thesis
will cornmend themselves alsc tc cther workers in field astronomy,

The methods presented are a high precision tecl also for carrying
out dctailod studies in astronomic refraction, and fcr research
into frequency receptions, prcopagation anomalies, icnospheric
disturbances, etc.

All raeasurements taken frorm the earth's surface are referred to
and are valid in this particular inertial system. Units of time and
length arc not independent; nevertheless their dimensions are usually
def ined and applied separately.

It can be anticipated that in the near future it will be possible for
agstronornical observations to be taken from outside the effect of the
earth's atmosphere or even frcin cutside the earth!s gravitational
field. Already, time compariscn of a portable crystal chronometer
with tirne pulses from transmitters placed in satellites is feasible.
Hence, it will become necessary tc consider precise measurements of
physical quantities as not being restricted to the envircnmental

conditions of the earth's surface, which to date are regarded as



- 498 -
11 cont.

indispensable realities.

Basically, field astrcnomy is concerned with the reduction of
relative positions of heavenly bodies intc a pair of co-ordinates on
the surface cf the earth, The process by which this is done
consists of timed observations of irrevccable events taken under
definite conditions, Zach astronomical cbservation and its
reduction is therefore an irreplaceable unit with its predecessors
and successcrs.

Consequently, any observational work carried cut in field
astronomy is unlikely t¢ beccme obsolzste, and, provided precise
timned observations of star transits and frequency receptions from
varicus sources were talken and reccrded on magnetic tape, which
makes them easily accessible at a later date, their re-evaluaticn
under a different aspect and their relatica tc different physical
concepts of time and space, might perhaps constitute a wealth

of information which hitherto has passed unnoticed.
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