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PREFACE

TO THE FIRST EDITION.

—

THE following pages were drawn up for the use of the
junior officers of the Royal Engineers, and those of the
Honourable East India Company’s Service, in their course
of instruction in Trigonometrical Surveying and Practical
Astronomy at this establishment, of which branch of their

studies I have for some time had the superintendence.

My original intention was to have had them lithographed
for distribution among the officers ; but I have been since
led to the resolution of publishing them in their present
form, from their having swelled to a size beyond what I at
first contemplated; and also from the total want experi-
enced, during the period occupied in compiling them, of any
practical English work on Geodesical Opérations, extending
beyond the mere elementary steps of Land Surveying. Of.
this class there are several very useful publications, contain-
ing instruction in all the necessary detail, to some of which
references are made for information respecting the prelimi-
nary knowledge of the construction and use of the instru-
ments most generally employed, as well as to the French
authors on Geodesy, whose works I have consulted.
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Of the extensive and scientific Geodesical Operations de-
scribed in these latter works, the present Treatise professes
to give nothing beyond a brief outline, as their detailed
account would be far too voluminous'to be condensed in so

small a compass.

The cadets at Woolwich and Addiscombe are taught
the use of the Chain and Theodolite, and to calculate the
contents of the different portions into which the ground is
divided by natural and artificial boundaries ; they are also
rendered conversant with Plane Trigonometry and Mensu-
ration, and with sufficient Spherical Trigonometry for the
solution of the ordinary cases of Spherical Triangles. Such
preliminary knowledge is consequently assumed as being
already acquired. It is, however, in the power of any indi-
vidual to make himself master of the necessary theoretical
part of this knowledge, by the study of one or other of the -
numerous excellent works on Trigonometry and Mensura-
tion; and the practice of Land Surveying can be acquired
in a few weeks in the Field, under any competent Instructor,
or even without this assistance, by the careful study of some
elementary work on the subject.

Rovar ENGINEER ESTABLISHMENT, CHATHAM,
1839.



PREFACE

TO THE FOURTH EDITION.

—

A rourtH edition of this work having been suggested
(the former one being out of print), Captain Charles Warren,
R.E,, has kindly undertaken to revise it; and to make such
additions as appear necessary to bring every portion of the

contents up to the present date.
ED. FROME.

GuERrNSEY, 1873.
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TRIGONOMETRICAL SURVEY,

ETC. CE e

CHAPTER L

GENERAL OUTLINE OF THE SYSTEM OF CARRYING ON A
TRIGONOMETRICAL SURVEY.

THE basis of an accurate survey undertaken for any extensive
geodesical operation such as the measurement of an arc of the
meridian or of a parallel, or for the formation of a geographical or
territorial map showing the positions of towns, villages, &c., and
the boundaries of provinces and counties, or a topographical plan
for military or statistical purposes, must necessarily be an extended
system of Triangulation, the preliminary step in which is the
careful measurement of a base line on some level plain:—at
each extremity of this base, the angles are observed between
several surroundibg objects previously fixed upon as trigono-
metrical stations, and also, when practicable, those subtended at
each of these points by the base itself. The distances of these
stations from the ends of the base line and from each other are
then calculated and laid down upon paper, forming so many fresh
bases from whence other trigonometrical points are determined,
until the entire tract of country to be surveyed is covered over
with a network of triangles of as large a size as is proportioned
to the contemplated extent of the survey, and the quality and
power of the instruments employed. Within this principal tri-
angulation secondary triangles are formed and laid down in like
manner by calculation, and if necessary a series of minor tertiary
triangles between them, and the interior detail is filled up between
these points, either entirely by measurement with the chain and

. .
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theodolite, or by partial measurement (principally of the roads),
and by sketching the remainder with the assistance of some port-
able instrument. The degree of accuracy and minuteness to be
observed in this detail, and the scale upon which the work is to be
laid down, will of course determine which of these methods is to
be adopted—the latter was practised on the Ordnance Survey of
the South of England, which was plotted on the scale of 2 inches
fo,'L ﬁalle ahdfedueeﬂ for publication to that of 1 inch; but on

_the Survey of. Irelard, ‘aid that of Scotland and the six Northern
“Counties ‘of England sketching has been almost entirely super-

seded by chain measurement, even in the most minute particulars,
and the undulations of the surface of the ground represented with
mathematical accuracy by. horizontal contour lines, traced by
actual levelling at equidistant vertical intervals,* the whole
survey being laid down to the scale of 6 inches to 1 mile. In the
survey of only a limited extent of country there does not exist the
same absolute necessity for an instrumental triangulation} even
though a considerable degree of accuracy should be required ; this
will appear evident from the consideration that in every practical
operation some amount of error (independent of the errors of
observation) is to be expected—sometimes a definite quantity
dependent upon the meahs employed ; sometimes a quantity
varying in amount with the extent of the opetation.

In all angular measurements, the errors to be expected evi-
dently depend upon the power and quality of the instruments
made use of, and are altogether irrespective of the spdce over
which the work extends. In limear measurements, on the con-
trary, the probable eérror is some proportional part (dependent
upon the circumstances and the means employed) of the distancés
measured. So long, then, as the extent of the survey, and thé
scale upon whieh it is to be laid down, are such that the probable
error attendant upon ordinary chain measurement of the largest
figures would be ¢mperceptible on. the plam; no triangulation is

* Sketching, in place of tracing contour lines, has been sagain lately resorted to on
the Ordnanoe Survey for the features of the ground, on account of the greater cost
of the latter more accurate system. ’

+ It is, however, imperative, even in a limited or land survey, that the chained

lines should themselves form a triangulation, or be so arranged that they may secure
a complete check against any large error creeping in.
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nécessary on the scofe of accuracy alone, though in many cases
even of this nature it would be found in the end a saving of both
time and expense.

In a new and unsettled country, particularly if flat and thickly
wooded, the outlay that would be required, and the time that
would be oocupied by an acourate triangulation, would probably
prevent its being attempted, at all events in the first instance. If
only a general map upon a very small scale is required, the lati-
tude and longitude of a number of the most conspicuous stations
can be determined by astronomical observations, and the distances
between them calculated, to allow of their positions being laid
down as correctly us this method will admit of, within which, as
within a triangulation, the interior detail can be filled up. In
sutrveying an extended line of coast where the interior is not
triangulated, no other method presents itself, and a knowledge of
practical astronomy therefore becomes indispensable in this, as
in all extensive geodesical operations. A topographical survey
further requires that some of the party employed upon it should
be practically versed in the general outlines of geology, as a
correct description of the soil and mineral resources of the diffe-
rent parts of every country forms one of its most important
features. The heights of the principal hills, and of marked points
along the ridges, plains, valleys, and watercourses above the level
of the sea, should also be determined, which in a survey of no
great pretensions to correctness in minute detail, may be ascer-
tained with tolerable accuracy by means of the mountain baro-
meter, or aneroid, or even approximately by observing the
temperature at which water boils at different stations.

A sketch of a certain tract of country, on a far larger scale than
that of most general maps, is constantly required on service for
the purpose of showing the military features of the ground, the
relative positions of towns and villages, and the direction and
nature of the roads and rivers comprised within its limits. This
species of sketch, termed a “ Military Reconnaissance,” approaches
in accuracy to a regular survey in proportion to the time and
labour that is bestowed upon it. Having thus adverted briefly to
the progressive steps in the different species of surveying, they

‘will each be treated of more in detail in their proper order.
B 2
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The system of forming the “network of triangles” alluded to,
of as large a size as is consistent with the circumstances under
which the survey is undertaken, within and dependent upon which
the secondary and tertiary triangulation and all the interior details
are included, is to be considered as the working out of a general
principle to be borne in mind in all topographical and geodesical
operations, the spirit of which is as much as possible to work from
whole to part, and not from part to whole.

By the former method errors are subdivided, and time and
lahour economised ; by the latter, the errors inseparable from
even the most careful observations are constantly accumulating,
and the work drags on at a slower rate and an increasing ex-
penditure.

If the country to be surveyed is comparatively unknown, or has
no rough maps, it is necessary to make a preliminary recon-
naissance to ascertain the most advantageous positions for the

stations of the principal triangles, to determine on the base line,
and other matters. '



CHAPTER IL
MEASUREMENT OF A BASE LINE.

THE exact measurement of a base line is perhaps the most diffi-
cult and important part of the operations in connection with the
carrying out of a trigonometrical survey ; upon its accuracy depends
that of every subsequent proceeding.

Although it is not necessary that the measurement of a base
line should precede the angular observations, it is desirable that it
should be undertaken as early as practicable, in order that in the
minor triangles the lengths of sides may be calculated in time to
act as checks upon the measured distances.

A BASE OF VERIFICATION is necessary to render a survey coms
plete and safe i.e, a second base measured on a side of a triangle
at some remote portion of the survey which may check the
accuracy both of the original base and of the calculation of the
triangles : this is the severest test to which a geodetic operation
can be subjected, and is absolutely indispensable.

THE LENGTH OF A BASE must depend in a great measure upon
the nature of the ground selected, the facilities afforded for
accurate measurement, and the time available.

It is obvious that a short base measured with extreme accuracy
prolonged and verified by triangulation, is of far greater value
than a long base hurriedly measured over rough ground.

The six bases in the United Kingdom vary from five to seven
miles in length ; the survey from north to south extending over
upwards of 750 miles in length.

At the Cape a base of eight miles was measured by the
Astronomer Royal when conducting a geodetic survey for the
measurement of an arc of the meridian; the survey extending
north and south about 820 miles, and east and west 600 miles.
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The base of verification measured by Capt. Bailey, R.E, was five
and a half miles in length.

Lieut. Symonds, R.E,, in 1842, when commencing the survey
of Syria, measured two bases of about two miles each ; the extent
of the survey from north to south being about 200 miles.

No hard and fast line can be drawn for the length of a base in

the survey of detached portions of ground of limited extent, as
so much depends upon the circumstances under which the surveys
are made: they are often from one to three thousand feet in
length.
. THE DEGREE OF ACCURACY required in a base line is deter-
mined by the ratio its length bears to the extent of the survey,
and by the least amount of error which is acceptable in the extent
of that survey.

‘THE UNits OF MEASUREMENT, when extreme accuracy has
been required, have consisted of steel chains, glass, deal and pla-
tinum rods, or compound bars, used in various manners. Deal
rods were used in the first accurate measurement of Hounslow
Heath, in 1784, by General Roy,—sometimes laid horizontally and
sometimes following the general slope of the ground, the incli-
nation of each rod being measured and gllowance made in the
calculation of the length of base. It was supposed that the
length of these deal rods was affected by moisture, and glass rods
were substituted. Eventually a steel chain 100 feet in length
(called Ramsden’s steel chain), wag taken into use, until it was
superseded in 1827 by the compound or compensation bars
(described below), invented by General Colby, by which the errors
in connection with the ascertaining the actual temperature of
steel chains and glass rods at the time of measuring was avoided.

The Lough Foyle and Salisbury Plain bases were measured by
means of these compensation bars, and the chief reliance in the
computation of the triangulation was placed upon the results,
the difference between the measured length of the one base and its
length as computed from the other being about five inches.

The Hounslow Heath, Belhelvie, and Misterton Car bases were
measured with Ramsden’s steel chain, and the difference between
the measured and computed lengths of these three bases is not
. greater than the difference between the measured and computed
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lengths of the Lough Foyle and Salisbury Plain bases, measured
with the compensation bars, from which Sir H. James considers it
may be ipferred that bases measured with steel chaine ars deserv-
ing of the greatest confidence. Their simplicity, portability, and
cheapness, as compared with the heavy and expensive apparatus of
the compensation bars, render them desirable ip countries where
economy in the transport, of heavy articles is an object.

In confirmatian of this, the resylt of Capt. Bailey’s measurement
of the base of verification at the Cape may be cited. He was
unable tq obtain Ramsden’s steel chain, and used the 100ft.
steel standard of the colonial observatory (formed of 40 links of
}-inch round steel rods). The measurement and reductions being
completed, the length of the base line was found to differ thirteen
inches from the length computed by the geodetic calculation in
the triangles carried through from the original base (measured by
compensation bars).

THE DESCRIPTION OF THE MEASUREMENTS of a base line is
given in detail in the Government account of the Ordnance
Survey. There is not space here for more than a few words.

In measuring a base for the topographical survey of any small
detached portion of ground, it will be sufficient for ordinary pur-
Pposes to measure its length carefully two or three times backwards
and forwards with a chain which has been compared with a
standard,* and if rendered necessary by the irregularity of the
ground, to take an accurate section along the line (which should
be laid out with a theodolite between marks at each extremity),
for the purpose of reducing this measurement by calculation to its
true horizontal value. The length of a base, which has subse-
quently to be determined with the most minute accuracy by
means of glass rods, compensation bars, or other contrivance, is
generally first measured two or three times in this manner.

Capt. Bailey, in using the standard steel chain at the Cape on
his base of verification, followed generally the method adopted by

* A spiral spring, something like that used in weighing-machines, is attached to
the end of a chain used for purposes requiring much accuracy; this indicates the
power of tension exerted, which should always be the same as when compared with
the standard. The surveyors under the Tithe Commission Act are furnished with
this contrivance,
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General Mudge in the measurement of base Hounslow Heath
with Ramsden’s chain. The line was measured in hypotheneuses
of variable length, according to the surface of the ground, and
was also divided into three sections for mutual comparison by
triangulation. The chain (three thermometers lying alongside)
was supported in five open coffers, resting on tripod trestles,

brought to - coincide with the line of inclination of the boning \

vanes. The front end of the chain was dragged forward at a
uniform tension by means of a weight of 43 lbs, attached to the
front handle of the chain, and running over a pulley. When the
measurements were completed, the chain was sent down to the
Royal Observatory to be compared with the Cape standard bar ;
the length of the base line was then computed, the hypotheneuses
being reduced to horizontal distances, by dividing the square of
the difference of height by twice the length to find the correction.
The base was then reduced to sea level. The mean reading
of the thermometers were taken, allowing an expansion or con-
traction of 000763 inches to th(ze 100 feet for each degree of

Fahrenheit. ,4(. -

Loch Foyle Base.

A detailed account was in 1847* drawn up by Colonel Yolland,
RE, of the mode adopted by General Colby to obtain the
accurate value of the base measured on the Ordnance Survey of
Ireland at Loch Foyle, in the County of Londonderry, in which
work will also be found a quantity of scientific information con-
nected with the principal triangulation. The principles of the
contrivance, in which it differs from all other methods that have
preceded it, consist in always preserving by a mechanical com-
pensation obtained by the use of two metals having- different
powers of expansion and contraction, exactly the same distance
between two points at the extremities of the compensation bars,
instead of allowing, as had been hitherto done, for this expansion
or contraction according to the temperature at which each rod
was laid, and also in obtaining a wvisual instead of an actual

* Many years after the first edition of this work, the short popular description of
the process of using the bars is, however, retained. Colonel Yolland has likewise

given a description of these bars, with the method of using them, in the third
volume of the Woolwich Mathematical Course, under the head of ¢ Geodesy.”
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MEASUREMENT OF A BASE LINE. 9

contact of the rods. This will be explained by the following
short description of the compensation bars and the method of
using them.

Two bars, one of iron and the other of brass, 10 feet long,
placed parallel to each other 1} inches apart, were riveted together
at their centres, it having been previously ascertained by numerous
experiments, that they expanded and contracted in their tran-
sitions from cold to heat, and the reverse, in the proportion of
three to five. The latter was coated with some non-conducting
substance to equalise the susceptibility of the two metals to
change of temperature, and across each extremity of these com-
bined bars was fixed a tongue of iron, with a minute dot of
platinum almost “invisible to the naked eye, and so situated on
this tongue, that under every degree of expansion or contraction
of the rods the dots at each end always remained at the constant
distance of 10 feet. This will be better understood by reference
to the sketch below.

A .
4 G —IA
E ~ B e

s

A is the iron bar (about five-eighths of an inch wide and one
and a half deep (the expansion of which is represented by three ;
B the brass bar (of the same size), the expansion of which is five,
the two being riveted together at the centre C; D E and d e ‘are
the iron tongues pinned on to the bars so as to admit of their
expansion, with the platinum dots at D and d. The tongues are by
construction made perpendicular to the rods at a mean tempe-
rature of 60° Fahrenheit, and the expansion taking place from
their common centre, when A expands any quantity which may be
expressed by three, B expands'at the same time a quantity equal
to five, and the position of the tongues is changed to D F, d f, the
dots D and d remaining unalterably fiwed at the exact distance of
ten feet. It is evident from this construction, that the dots at the
extremities of these bars could not, if desired, be brought either
into actual contact or coincidence ; but a more correct plan was
adopted, which consisted in laying each rod so that the dot at its
extremity should always be at a fixed distance from that at the
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end of the next rod. This was effected by means of powerful
microscopes, attached to the end of similar short compaund bars,*
6 inches long, and mounted on a stand, by which means they
could be laid perfectly horizontal by a spirit level, the microscapes
in these bars occupying the position of the dots on the longer
rods. These dots, after the rods had all been carefully levelled,
were brought exactly under the microscope by means of three
micrometer screws attached to the box in which each rod was laid,
80 that it could be moved to either side, backwards gr forwards,
elevated or depressed, as required, the rods being laid on supports
equidistant from the centre of the box, that they might always
have the same bearing. The point of starting was a stone pillar,
with a platinum dot let into its centre, and a transit instrument was
placed over it by which the line was laid out with the greatest
precision with the assistance of sights at each end of the bars, an
average of about 250 feet being completed in one day, and five
boxes, giving a length of 52 feet, being levelled. and laid
together. ' '
About 400 feet of this measured base was across the river Roe,
and clumps of pickets were driven at intervals of about 5 feet
3 inches apart from centre to centre by a small pile engine, on the
heads of which the boxes containing the compound rods rested.
At the end of each day’s work a triangular stone was sunk at the
end of the last bar laid with a cast-iron block fitting over it,
having a brass plate with a silver disk let into the middle of the
brass, which was adjustable by means of screws. This disk was
brought exactly under the focus of the extreme microscope, and
served as a starting poipt the following day, a sentinel' being
always left in charge of this stone which was further secured by a
wooden cover screwed over it, '
The total length of the measurement of this base amounted to
about 8 miles; 2 miles were subsequently added by a method

* This was the usual distance between the foci of the microscopes ; but to meet
cases where the uneven surface rendered it difficult to bring the short bars to a level
at this distance, it was sometimes diminished to one-half. Microscopes of different
lengths were used where the inclination of the ground rendered it necessary to lay the
boxes on different levels, so that the platina dots might be brought in the focus to
each microscope. The old base of verification on Salisbury Plain was afterwards
remeasured with these compensation bars.
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described in page 13, making the entire distance between the two
extremities rather more than 10 miles,

Detailed deseriptions of the various methods that have been at
different times adopted to insure the correct measurement of base
lines on the Continent, may be found in all standard works on
geodesical operations* A populsr account of the mode of
conducting these measurements, and of the nature of the
rods, &c., used, is also given in Mr. Airy's “Figure of the
Earth,” in the “Encyclopeedia Metropolitana,” commencing at
page 206.

REDUCTION TO THE LEVEL OF THE SEA.—A base measured on
any elevated plain is thus reduced to its proper measure at the
level of the sea:

Call A B, the base megsured at any elevation B A B

A a above the level of the sea

a b its value at this level ., . . . b

C b the radius of the earth . R

And the altitude above the sea A a . . h,

as ascertained by levelling, or by the baro-

meter. '

Then R+h : R::B: b. &b_Ilj_

And B — b the difference of the measured and
B. R B. &
R¥2 = R+k a

L

reduced base = B —

* ¢¢ Recueil des Observations Géodesiques, par Biot et Arago”—*‘ Puissant, Traité
de Géodesie "—** Base du Systéme Métrique décimal ;” and the works of Cassini,
Franceeur, Colonel Lampton, &c.

The bases of the original are of Mechain and Delambre, described in the ¢* Base du
Systéme Métrique,” were measured with rods of platinum two toises long; to each
bar was attached at one end a rod of brass. The proportion of the expansion of brass
and platinum being known, the expansion of the platinum rod was inferred from the
observed difference of expansion of the two rods. The rods were laid in boxes, and
placed on trestles ; and their ends not brought into contact, but measured with a
slider. The temperature was reduced to thirteen degrees of Réaumur. The length of
the base of Perpignan was 600628 toises ; and that of Melun 60759 toises. The
calculation of Perpignan base of verification from that of Melun differed only eleven
inches from its actual measurement on the ground.

These platinum bars are described in page 203, vol. i. Puissant’s *‘ Géodesie.”
Few bases have ever been measured solely for the determination of the value of an
arc of the meridian, or of a parallel, but have formed at the same time the foundations
of the survey of a country.
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The radius of the earth may be considered = 21008000 feet ;
if, then, the log. of the base in feet be added to the log. of the
altitude, and the log. of the sum of the radius and altitude be
subtracted therefrom, the remainder will be the log. of a number
to be deducted from the measured base to reduce it to its value at
the level of the sea. This correction, though generally trifling, is
not to be neglected when the base is measured upon ground of
any considerable elevation. '

Mr. Airy, in page 198 of the “ Figure of the Earth,” in the
“ Encyclopaedia Metropolitana,” gives this formula :—* If  be the
earth’s radius, or the radius of the surface of the sea (which is known
nearly enough), and A the eleva-
tion, the measured lengths must

be multiplied by the fraction ;%}-‘

or 11:, or they must be diminished

by the part % of the whole. If the
surface slopes uniformly, the mean
height may be taken; if it is very
irregular, it may be divided into
several parts.” |

The reduced length a b of the
base A B is thus found, and if the
length of the chord* is required,

it is found by subtracting ;—ﬁ.

THE SELECTION OF A SITE for the base is a matter for considera-
tion. A perfect level, in an advantageous situation, is not in
most cases attainable, and is not an absolute necessity.

A nearly level plain, without undulations, should be selected
where both ends of the base would be visible from the nearest
trigonometrical points.

In the Salisbury Plain base line there is a difference of level of
428 feet between its extreme points.

PROLONGATION OF A BASE LINE BY TRIANGULATION.—Beside
the marks at the extremities of a base line—which if the base is

* In ordinary surveying the surface of the earth may be considered a plane, a
degree of 693 English miles not exceeding its chord by more than 25 feet.
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to form the groundwork of a survey of considerable extent, should
be constructed so as to be permanent, as well as minute—inter-
mediate points should be carefully determined and marked during
the progress of the measurement, by driving strong pickets, or
sinking stones, into the ground, with dots upon a plate of metal,
or some other indication of the exact termination of the chain
clearly defined upon them. These marks serve for testing the
accuracy of the different portions, and reciprocally comparing them
with each other. It has been already remarked, that the length of
the base on the Ordnance Survey of Ireland was not obtained en-
tirely by measurement, an addition of two miles having been made
to its measured length by calculation. This calculation was also
contrived to answer the purpose of verifying the measurement of
intermediate portions of the base between marks left for the
purpose, as previously alluded to, and explained by reference to
the figure on next page, in which A B represents the portion of
the base actually measured, and B C that to be added by calcula-
tion for the purpose of extending the base to C, to obtain a more
eligible termination.

The points E and D have been marked during the measure-
ment, and are thus made use of : —

The stations F and G are selected so that the angles at E may
be nearly right angles, and the points themselves nearly equi-
distant from the line, and about equal to A E. Similar conditions
determine the positions of H, I, K, and L. At A the whole of
the objects visible are most accurately observed with a large
theodolite, which is then taken to the other points on the line, as
well as those selected on either side of it, where all the angles are
measured. From A E and the three observed angles, G E and
E F are determined, from each of which in the triangles G E D and
D EF the side E D is obtained, the distances thus found forming
two checks on its measured length; I D and D H are in like
manner calculated from A D and also from E D as bases, and each
of these again furnish data for the determination of D B. Lastly,
B L and B K are found from A B, and also from E B; from the
mean results of which B C, the required addition to the measured
base, is obtained.

Even if the entire base had been measured, the above is an
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excellent method of verifying the accuracy of the intermediate
component parts, and is also a test of the instrument used for
measuring the angles. The stations, H, K, L, &c., will also answer
for minor trigonometrical points, and will be found useful in the
coutse of the work.

K

STANDARD MEASURE—In all surveys there must be some
standard to which the units of measurements can be constantly
referred. And it is most important that this standard should be
rigidly accurate.

On the Ordnance Survey ten and twenty feet iron standard bars
were used.

For small surveys a standard chain should be kept for checking
the chains in use. Captain Newsome, R.E., suggests a standard
chain for this purpose, of flat crinoline steel 4 an inch in width,
and 4% to 5% of an inch in thickness, formed in foot-lengths turn-
ing on a rivet. Estimated cost five shillings. It should never be
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used but under the eye of a superior, and then simply stretched on
level ground to give the exact distance for marks to be cut on
stones, let Into the earth previously at either end of an approxi-
mately correct line.

The next process is the Triangulation, which (combined with
the measurement of a base line just described) forms the pre-
liminary step not only in a correct trigonometrical survey, but in
the more delicate operations of the determination of the difference
of longitudes between two meridians such as those of the ob-
servatories of Greenwich and Paris, and the measurement of an
arc of the meridian to obtain the length of a degree in different
latitudes, from whence to deduce the figure and magnitude of the
earth.




CHAPTER IIL

TRIANGULATION.

THE SELECTION OF STATIONS is a matter which requires con-
siderable experience and judgment, and must be governed by the
nature of the survey and the features of the ground to be mapped
out.

The most conspicuous stations are selected as trigonometrical
points, and are chosen with reference to their relative positions,
as the nearer these triangles approach to being equilateral, the
less will be the error in the calculation of the sides resulting from
any slight inaccuracy in the observed angles. A well-conditioned
triangle should not have an angle of more than 75° and less than
30° Great care should be taken to avoid the use of very acute
angles, as slight errors in their measurement may cause great
errors in the lengths of the sides obtained from them.

The base being generally of trifling length compared with the
distances between the points of the principal triangles to be ulti-
mately deduced from it, the sides of these triangles must be from
the first gradually increased as rapidly as is consistent with the
remark in the previous paragraph, till they arrive at their greatest
limit,* determined in an extensive survey by the distance at which
these points can be rendered clearly visible.

* ¢ Laplace a demontré par le calcul des probabilités qu'il ne faut employer que le
moins grand nombre possible de triangles du premier ordre couvrant 1’étendue entidre
du pays, en leur donnant les plus grandes dimensions permises par les localités, et
par la puissance des lunettes des instruments.”—Franceeur, *‘ Géodesie,” page 110.

The distances between some of the trigonometrical points on the Ordnance Survey
of Ireland exceed 100 miles (the average being about 60), and have been deduced from
the original base of about 10 miles. Observations may be made on a station which
would be hid by intervening high ground were it not elevated above its real place by
refraction ; but periods should always be chosen for observing angles when extraordi-
nary refraction is not remarkable, on account of its yery irregular action.
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DISTANT STATIONS RENDERED VISIBLE.—AS early as 1822,
the reflection of the sun from a plane mirror was employed in
Hanover for the purpose of rendering distant stations visible, and
this method was adopted by General Colby and Captain Kater in
verifying General Roy’s triangulation for connecting the meridians
of Paris and Greenwich. The station on Hanger Hill tower could
not be seen from Shooter’s Hill (only 10 miles distant), owing to
the dense smoke of London, but was rendered clearly visible by tin
plates attached to the signal post, so as to reflect the sun towards
the station at stated times on a certain day. The same plan was
tried the fo].l(')wing year at the station on Leith Hill, near Dor-
king, rendering the station visible at the distance of 45 miles,
though the hill itself was never once seen. The utility of thus
employing the sun’s reflected rays being established by these
results, an instrument was invented by the late Captain Drum-
mond, Royal Engineers, in lieu of the former temporary expe-
dients for directing the rays upon the station to be illuminated,
the description of which will be found in his Paper on the means
of facilitating the observations of distant stations, published in
the “ Philosophical Transactions ” for 1826, and from whence the
above remarks have been taken. In using this “ Heliostat” it is
only necessary for the assistant to keep the mirror adjusted so as
to always reflect the rays upon the station from which the obser-
vation is being made* But a contrivance was still wanting to
produce a light sufficiently brilliant to answer for distant stations
at night. Bengal lights had been used by General Roy, which
were succeeded by argand lamps and parabolic reflectors, and
these again, by a large plano-convex lens prepared by MM.
Fresnel and Arago, and used by the latter gentleman conjointly
with General Colby and Captain Kater, by the light of which a
station distant 48 miles was observed. The light invented by
Captain Drummond, described in the volume of “the “Philo-
sophical Transactions” alluded to, far surpassed all previous

* This was effected by means of a small brass ring placed 50 or 60 feet in front of
the mirror, adjusted to the proper elevation and in the line of direction of the station
previously approximately determined. As long as this ring was kept illuminated it
was certain that the Heliostat was properly adjusted. For a distance of 40 or 50
miles a mirror of 4 or 5 inches diameter was found sufficient ; for 100 miles, one of 8
or 10 inches would be required.

0
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contrivances in intensity. A ball of lime, about a quarter of an
inch in diameter, placed in the focus of a parabolic reflector and
raised to an intense heat by a stream of oxygen gas directed
through a flame of alcohol, produced a light eighty times as
intense as that given by an argand burner. A station on the
hill in the barony of Ennishowen, of great importance, could not
be seen from Devis Mountaim, near Belfast, and this instrument
was consequently sent there by General Colby; and in spite of
boisterous and hazy weather, the light was brilliantly visible at
the distance of 67 miles, and would have been so at a much
greater distance. Drummond’s light might be aldo made avail-
able in determining the difference of longitudes by signals which
will be explained hereafter * ; but difficulties connected with its
management, as well as the cost of the apparatus, prevented its
being brought into general use on the Ordnance Survey.
METHOD OF INCREASING THE LENGTH OF THE SIDES OF THE
FIRST TRIANGLES DIRECTLY FROM THE MEASURED BASE.—It has been
¢ already stated
77 that the sides
of the principal
triangles should
increase as ra-
pidly as possi-
ble from the
measured base.
Theaccompany-
ing sketch will
show how this
is to be ma-
naged without
admitting any
AN ill-conditioned
triangles.

A B is sup-
posed to be the
measured base

K of 3miles or any

* 1t is also eminently calculated for those lighthouses where powerful illumination
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other length, and C and D the nearest trigonometrical points. All
the angles being observed, the distances of C and D from the
extremities of the base are calculated with the greatest accuracy.
In each of the triangles DA C and D B C, we have then the two
sides and the contained angles to find D C, one calculation acting
as a check upon the correctness of the other. This line, D C, is
again made the base from which the distances of the trigono-
metrical stations E and F are computed from D and C; and the
length of E F is afterwards obtained in the two triangles D E F
and F EC. In like manner the relative positions of the points
H G K, &c., are obtained, and this system can be pursued until
the trigonometrical stations arrive at the required distance apart.
‘When this is once effected, the large or primary triangles are piled
one on another throughout the extent of the survey: arrange-
ments being so made (either by a double chain of triangles side by
side, or by overlapping, or in any other way), that independent
values may be obtained for the lengths of the sides of each triangle
80 a8 to guard against and nullify all error. The principal triangu-
lation being now complete, it is necessary to break it up into
smaller, or, as they are generally termed, secondary triangles.
SECONDARY AND TERTIARY TRIANGLES.—On the Ordnance Sur-
veys, both of England and Ireland, the largest sized instruments,
3 feet in diameter, were used for fixing the principal stations.*
The angles at the. vertices of the secondary triangles were
observed with the second-class theodolites. The sides of these
triangles were on an average about 8 or 10 miles long, and
the intervals between them were divided into small tertiary
triangles, with sides of from 1 to 3 miles in length, smaller
theodolites of 7, 9, and 10 inches diameter being used for
measuring the angles. All points of the secondary order of

is required. In the * Philosophical Transactions” for 1830 is a paper of Captain
Drummond’s on this subject, containing the results of a course of experiments carried
on by order of the Trinity Board. The lime in these experiments was exposed to
streams of oxygen and hydrogen gas from separate gasometers, instead of passing the
oxygen gas through a flame of alcohol, which was done on the survey for the con-
venience of carrjage, though at an increased expense. The oxyhydrogen and oxy-
" calcium lights are now in common use for flashing night signals, magic lanterns, &ec.
* The large class of theodolites used upon an accurate triangulation require some
protection from the weather. Light portable frame-work erections, covered with
canvas or boarding, are used on the Ordnance Survey.—See the article ¢ Observatory,

Portable” in the Aide Mémoire.

c2
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triangles, which were fixed upon during the progress of the
principal triangulation, were observed with the largest imstrument;
and a number of the mimor stations, mills, churches, &c., were
observed with the second-class theodolites from different stations:
M~ ' thus the connection be-
tween the three classes of
triangles was established,
and the positions of many
of the minor stations,
which had been deter-
mined by calculation from
a series of small triangles,
were checked by being
made the vertices of larger
triangles, based upon sides
of those of the second
order.

Thus the .point E in
the figure is determined
from the base B C; and
O from both D C and
A D, forming a connec-
tion between the larger and smaller order of triangles, and
constituting a series of checks upon the latter.

The length of the sides of the smallest triangles must depend
upon the intended method of filling up the interior. If the con-
tents within the boundaries of parishes, estates, &c., are to be
calculated, the distances between these points must be diminished
to one or two miles for an inclosed country, and two. or three,
* perhaps, for one more open. If no contents are required, and the
object of the triangulation is solely to ensure the accuracy of a
topographical survey, the distances may be augmented according
to the degree of minutie required and the scale upon which the
work is to be laid down. On the Ordnance Survey maps 6 inches
to a mile (;5l4g), two points per square mile have been fixed
during the triangulation, while on the scale 5 feet to a mile (%)
eight times that number have been used. The reason is obvious.
Under circumstances the most favourable to a chain-man, a dis-
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tance obtained by measurement is likely to have twenty times the
amount of error it would have were it obtained by triangulation ;
the chain error being not less than 1 in 1000. Hence the larger
the scale the closer should be the trigonometrical points in order
to avoid any perceptible error in the maps resulting from chaining
over long lines.

The direction of one or more of the sides of the principal
triangles must also be determined with regard to the meridian.
The methods of ascertaining this angle, termed its azimuth, will
be described hereafter.

AssUMED BASE—If for any cause it has been found advisable
to commence the triangulation before the base has been measured,
the sides of the triangles may be calculated from an assumed base,
and corrected afterwards for the difference between this imaginary
quantity and the real length of the base line; or if the length of
the base is subsequently found to have been incorrectly ascer-
tained, the triangulation may be corrected in a similar manner.

Thus, suppose C B the assumed, E
and A B the real length of the base D
—also EB and A E the real distances \
to the trigonometrical point E, and .
DB and DC those calculated from 4 ° B
the assumed base, then A E evidently = CD. 5, and EB =
BD. 32

INSTRUMENTS USED FOR OBSERVING ANGLES.—On the Conti-
nent, the instrument that has been generally used for measuring
the angles of the principal and secondary triangles is Borda’s
repeating circle *; but the theodolite is universally preferred in

* For a detailed account of this instrument, which is so seldom met with ine
England, see pages 89 to 99, ‘‘Géodesie, par Francceur;”" also page 142, vol. i.
‘‘ Puissant, Géodesie.”” There is also a very able paper upon the nature of the
repeating circle by Mr. Troughton in the first volume of the Memoirs of the Astrono-
mical Society.

The portability of this instrument is one of its great recommendations ; but it seems
to be always liable to some constant error, which cannot be removed by any number
of repetitions, and the causes of which are still unknown. With all the skill of the
most careful and scientific observers, the repeating circle has never been found to give
the accurate results expected from it, though in theory the principle of repetition
appears calculated to prevent almost the possibility of error; its accuracy is also
Lmited by the small size of the telescopes.
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England, and those of the larger description, in their present
improved state, are in fact portable Altitude and Azimuth
instruments. The theodolite possesses the great advantage of
reducing, instrumentally, the angles taken between objects
situated in a plane oblique to the horizon, to their horizontal
values, which reduction, in any instrument measuring the exact
angular distance between two objects having different zenith
distances, is a matter of calculation depending upon the zenith
distances or co-altitudes of the objects observed* The formula
given by Dr. Pearson for this correction when ‘the obliquity is
inconsiderable, which must always be the case in angles observed
between distant objects on the horizon, is as follows :—

A being the angle of position observed, H and h the altitudes
of the two objects, and n = sin.® (} H + k). tan. $ A — sin.?
(4 H—R). cot. 3 A . then z (the correction) = m. sec. H. sec. k.
The value of n is given in tables computed for the purpose of
facilitating this calculation, for every minute of H and A, and
for every ten minutes of A. When the altitude differs more
than 2° or 3° from zero, the following formula is to be used in
preference:—

vSin 3Z | _+/ (sin. %—S—-a) sm.(%S—&'

the reduced angle | — sin. 8, sin. &’

* This will be evident from the figure below, taken from page 220 of Woodhouse's
Trigonometry.

Z Let O be the station of the observer, A
and B the two objects whose altitudes above
the horizon are not equal ; then the angle
subtended by them at O is A O B measured
by A B; but if Z a, Z b, are each — 90°,

: then @ b, and not A B, measures the angle

A a Z b, which is the horizontal angle re-
quired. The difference, then, between the
observed angle A O B and a Z b, is the
correction to be applied as the reduction
to the horizon. The horizontal distances
between these stations of different eleva-
tions may be found from having the reci-
procal angles of elevation and depression,
and the measured or calculated distances,
which being consxdered as -the hypotenuse of the ¢riungle, the distances sought are
the bases. From these the horizontal angles may be calculated if required.
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S being the sum of the angle observed and the two zenmith dis-
tances; and 3 and & the respective zenith distances of the
objects.*

SPHERICAL EXCESS.

All observed horizontal angles are however essentially spherical
angles; and in every triangle measured on the surface of the earth,
the sum of the three angles must thevefore, if taken correctly, be
more than 180°. The lines containing the observed angles are
in fact tangents to the sphere (supposing the earth to be one),
whereas to obtain the three points considered as vertices of a plane
triangle, the angles must be reduced to the value of those con-
tained between the chords of the arcs constituting the sides of
the spherical triangle. The correction for this spherical excess,
though too minute to be applied to angles observed with mode-
rate-sized instruments (being completely lost in the unavoidably
greater errors of observation) should however be calculated in
the principal triangles, which is easily done on the supposition
that the area of a spherical triangle whose sides are immeasurably
small compared with the whole sphere, may be considered iden-
tical with that of a plane triangle whose sides are of the same
length as those of the spherical, and whose angles are each dimi-
nished by one-third of the spherical excess ; from which theorem,
demonstrated by Legendre, and known by his name, is deduced

the form A+B+C—180°= % ; or for the excess in seconds,

TET Sisn o where S denotes the area of the triangle, and r the
radius of the earth.t

Phe earth being considered a perfect sphere whose radius is
21,008,000 feet, one second of space = 10143 feet, and (10143)?
= the square feet in a square second—R the radius =

area in feet

(101-43)* x (206264°8)*

* For the investigation and application of these formule, see vol. i. *‘Puissant,
Traité de Géodesie,” page 174 ; *“ Géodesie, par Francceur,” pages 128 and 435 ; and
Dr. Pearson’s “‘ Practical Astronomy,” vol. ii. page 505. Hutton’s formula is the
same, except that it is expressed in terms of the altitude instead of the zenith

distances. Sece also Woodhouse’s * Trigonometry,” page 220, and the corrections to
the observed angles in the first volume of the *‘ Base Métrique.”

2062648, and the expression becomes

+ R" may be considered identical with See ‘“ Puissant,” vol. i. page 100,

sin. 1"
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x 20626478 ; or,in logarithms, Log. area—4:0123486—5-3144251
= Log. area — 9'3267737 for the spherical excess in seconds.*

On the Trigonometrical Survey of England, the spherical ex-
cess was constantly calculated, not solely for the purpose of
diminishing the observed angles by the amount, but fo correct
the observations. Thus in one of the large triangles in Dorsetshire
the sum of the three angles was 0”5 less than 180°, the calculated
spherical excess amounted to 17:29, showing an error of 1”°79 in the
observation, and in many of the triangles this error was more con-
siderable. One-third of the error thus found added to each of the
angles, corrects them as amgles of a spherical triangle, and one-
third of the spherical excess deducted from each of these corrected
spherical angles converts them into the angles of a plane triangle
ready for calculation, the sum of whose angles is = 180° as is
seen in the example below.

One-third One-third [Rectilinear Angles
Observed Angles. of Corrz;telti sSph. of corrected for
Error. gles. Sph. Excess| calculation.
Motonts| 467 54 87" | + 897 | 45°54' 87 507| — 43 | 45° 54/ 37" 167
Bolt head 48 39 245/ + 597 | 48 39 25 -097| — -43 | 48 39 24 ‘667
Butterton 85 25 58 | + °597 | 85 25 58 *597| — ‘43 | 85 25 58 167
179 59 595 180 0 1 -29 180 0 0

One-third of the splierical excess has here been deducted from
each angle, but it might have been calculated for each separately,
by reducing the angles of the spherical triangles to the angles
formed by the chords. (Woodhouse, page 239 ; Base du Sysigme
Métrique, &c.) Thus there are three modes of solving the large
triangles of a survey, first, by calculating them as spherical tri-
angles with the corrected spherical angles ; secondly, by computing
them as rectilinear triangles with the angles of the chords; and -
thirdly, by Legendre’s more expeditious method of reducing each
angle by one third of the spherical excess. In the “Base du
Systéme Métrique,” the sides of the triangles were computed by
all three methods. On the Ordnance Survey they were formerly

* Woodhouse arrives at the same result at the termination of a long investigation
of this correction. — ¢ Trigonometry,” page 229.
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mostly calculated by the second, and checked by the third, but
latterly the last of these modes, that by Legendre’s formula, was
the only one used.

This subject is treated at length in Puissant, vol. i. pages 100,
117, and 223, and also in the account of the Trigonometrical
Survey, in Professor Young’s and Woodhouse’s Spherical Trigo-
nometry ; and in various other works.

REDUCTION TO THE CENTRE is a term applied to the
correction for the eccentricity which - arises when the theodolite
cannot be exactly placed over the station.*

In the triangle A BC, suppose C the station where the instru-
ment cannot be set up. If at any convenient point D, the angles
A DB and AD C are taken, and the distance C D measured, the
angle A C B can be thus determined.
AEB=ACB+ CAD.
and AEB=ADB+ DBC.
**ACB+CAD=ADB+DBC,
and ACB=(ADB+ DBOC) —
CAD. Butsin DBC =sin. BDC

x oo andsin. CAD =sin. ADC
cD
AC
ceedingly minute, the sines may be
substituted for the arcs, and we have

ACB:ADB+%%§&BDO—
CcD

X and as these angles are ex-

ic sin, AD C+ or in seconds
ACB=ADB+9— sm.BDC_
sin.1" BC
sin.AD C
AC

The necessity for the above correction is not of common occur-

* Where mills, churches, and other marked objects are selected as trigonometrical
points, which are otherwise peculiarly well adapted, but on which the theodolite

+ Instead of deducing the angle at the station on which the instrument cannot be
set up from that observed at any spot convenient to it, it is often found more expe-
ditious, particularly if there are many observations made, to correct the other angles
of the triangles; this latter method is generally now practised on the Ordnance
Survey.
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rence, as in the principal triangles, stations are generally selected
from whence observations can be made; and in those of the
secondary order, the measurement of the third angle is not con-
sidered imperative. '
ADJUSTMENTS OF A THEODOLITE.—In observing the
angles for triangulation, too much care cannot be bestowed upon
the adjustments of the instrument. These are briefly as follows
for the 5 or 7-inch theodolites used in fixing points in the interior,
and for traversing. The large theodolite, 3 feet in diameter, known
by the name of its maker, Ramsden,* and liberally lent by the
Royal Society to the Ordnance, is fully described in the “Trigono-
metrical Survey;” and the peculiarities in the construction and
management of the other large instruments with which the angles
of the principal and secondary triangles were observed, are soon
understood by any officer conversant with the adjustment of the
smaller class, which he most generally has to work ‘with, and
which is therefore the one selected for description. :
The first adjustment is for the line of collimation,t and consists

cannot be set up, this reduction becomes neces-
sary if angles are required to be taken from
them. Temporary trigonometrical stations are
easily formed of three or four pieces of scantling,
10 or 12 feet long, framed together as in the
sketch, with a short pole projecting vertically
upward from the apex of the pyramid. A plum-
met suspended from this gives the exact spot on
which to set up the theodolite. Long poles, which
can be removed when it is required to adjust the
theodolite over the station, answer the same pur-
pose. Two circular discs of iron or other metal
on the top of a pole, placed at right angles to each other, form very good marks for
observation.

* An instrument of the same size has since been made by Messrs. Troughton and
Simms for the survey of India, as also another for the Ordnance Survey. A theodo-
lite of 18 inches diameter upon a repeating stand was constructed by General Mudge,
with an idea of its superseding the larger theodolite, the weight and size of which
rendered its carriage an affair of difficulty ; but the advantage of repetition (so
desirable in single observations) possessed by moderate-sized instruments does not
appear to compensate for the diminished size of the circumference of the horizontal
circle. Theodolites of 24, 18, 12, 10, 9, and 8 inches diameter are also used on the
Ordnance Survey, as well as those of smaller dimensions, of 7 and 5 inches.

+ The instrumental parallax should first be removed, see note to page 33.
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in making the cross wires* in the diaphragm of the telescope
coincide with the axis of the supports in which the telescope
rests ; the proof of which is their intersection remaining con-
stantly fixed upon some minute, well-defined, distant point,
during an entire revolution of the telescope upon its own axis in
the Ys, which are left open for the purpose. When this inter-
section on the contrary forms a circle round the object, the wires
require adjusting. They are generally placed crossing each other
at an angle inclined to the horizon of about 45°} and the operation
is facilitated by first turning the telescope partly round, till they
appear horizontal and vertical ; half the divergence of each of
these lines from the point is then corrected by the screws near
the eye-piece working in the diaphragm, loosening one screw as
that opposite to it is tightened. One or two trials will perhaps
be required, the diaphragm being moved in the contrary direction
to that which in the inverting eye-piece it appears to require.

The second adjustment is for the purpose of setting the level
attached to the telescope parallel to the optical axis, and to the
surface of the cylindrical rings on which it is supported; this is
done by simply levelling the telescope by means of the tangent
screw to the vertical arc, and then reversing it end for end in the

* Platinum wire is the best adapted for the purpose, though cobwebs are generally
used by surveyors ; and as they are liable to break from the slightest touch, it is
necessary that every person using a theodolite should be able to replace them himself.
They must be stretched tight across the diaphragm, and confined in their places
(indicated by faint notches on the metal) by gum, or varnish, the latter of which is
to be preferred on account of its not being affected by the humidity of the atmosphere,
The following simple and ingenious mode of fixing these cobwebs, which to a novice
is often a difficult and tedious operation, was mentioned to me by Mr. Simms, who
constructs all the mathematical and astronomical instruments for the Ordnance
Survey. A piece of wire is bent into a shape something like a fork, the opening a b
being rather larger than the diameter of the diaphragm. "
A cobweb being selected, at the extremity of which a _—Cm »
spider is suspended, it is wound round the fork in the
manner represented in the sketch, the weight of the
insect keeping it constantly tight. The web is thus A
kept stretched ready for use ; and when it is required to fix on a new hair, it is
merely necessary to put a little gum or varnish over the notches on the diaphragm,
and adjust oue of the threads to its proper position.

4+ A horizontal wire is often added, in order that the theodolite may, on an
emergency, be used as a spirit level with facility.
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Ys. If the air-bubble does not remain in the centre of the tube
after this reversion, it must be corrected, one half of the error by
the screw attached to one end of the level, and the remainder by
the vertical arc. A few trials will be necessary to obtain this ad-
justment perfectly; and the level should be at the same time
adjusted laterally, so as to be in the same vertical plane as the
line of collimation, if it should be found, on moving the telescope
slightly on either side, that the bubble becomes deranged from its
central position.

The object of the third adjustment is to ensure the verticality
of the axis of the instrument, and consequently the horizontal posi-
tion of the azimuth circle, which is instrumentally at right angles
toit. The level of the telescope already adjusted furnishes the
means of effecting this. The instrument being placed approxi-
mately level, and the lower plate clamped, the upper plate is
moved till the axis of the telescope is nearly over two of the
opposite plate screws; the bubble of the telescope level is then
adjusted by the vertical arc, and the upper plate turned round
180°; if the level is not in adjustment, half the error is to be
corrected by the plate screws, and half by the tangent screw of the
vertical arc. The same operation must be repeated with the
telescope over the other pair of plate screws; and when, after
several trials, the air-bubble of the level attached to the telescope
remains constantly in the centre of the tube in whatever position
it is turned, it is only necessary to adjust the two small levels on the
wpper plate to correspond, and they will serve to indicate when the
axis of the instrument is vertical, care being taken to verify their
adjustment from time to time. .

The vernier of the vertical arc is the last adjustment ; it should
indicate zero when all the above corrections have been made. If
it differs from this point, it can be set to zero by releasing the
screws by which the arc is held; but if the difference is small, it
is better to note it as an index error +,or —, than to make the
alteration. The difference between the index error and correction
for index error should not be overlooked ; a — index error being
a + correction ; errors have sometimes crept into calculations
through inattention to this on the part of the observer.

A better plan of obtaining the index error of the vertical arc

- : i
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with accuracy is by observing reciprocal angles of depression and
elevation from two stations about four hundred or five hundred
yards distant. If none exists the angles will correspond; other-
wise the errors will be equal, but in an opposite direction ; and
balf their difference is the index error.

If the distance selected be too long, it becomes necessary to
take into account the corrections for refraction and the curvature
of the earth, depending upon the arc of distance, which subjects
will be explained hereafter: but for the purpose of ascertaining
the index error of the vertical arc of a theodolite, the distance
named is quite sufficient.

The mean of all the verniers should invariably be taken,* and
each angle repeated six or eight times. The errors of eccentricity
and graduation of the instrument are thus almost annihilated,
and those of observation of course much diminished. The
repetition of angles is also the only means by which they can be
measured with any degree of mimuteness by small imstruments :
the large 2-feet theodolites used on the Ordnance Survey are in
fact portable altitude and azimuth instruments, and a short de-
scription of their construction and adjustments will be found at
the end of Chapter XII,, after the Problems.

The “ Vernier ” above alluded to is a subsidiary contrivance for
measuring minute spaces between the graduated divisions of an
arc of any instrument (or of any scale, such as that of the
barometer), and consists of a slide moving with the index easily
along the arc or scale with which it is in close contact. The

* On the azimuth circle of the large theodolite used on the triangulation of the
Ordnance Survey, the original verniers were only at the two
opposite points A and B, the mean of the readings at which
were, of course, always taken. Subsequently, the verniers at
C and D were added, each of them equidistant 120° from A, and
also from each other. It has since been sometimes the custom,
first to take the mean of A and B, and afterwards the mean of C b
A C and D, and to consider the mean between these two valua-
tions as the true reading of the angle; this method has, B-
however, been objected to as being incorrect in principle, an undue importance being
given to the reading of the vernier A, and also in a smaller degree toB. The influence
assigned to each vernier is, in fact, as follows:—A . 5; B.8; C and D, 2 each.
A theodolite of the same size and construction has been since made with four equi-
distant verniers.
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space occupied by a certain number of the divisions on the limb
of the instrument is equally divided in the vernier into either one
more or one less than this number, generally the former, and the
value of the intermediate space between any divisions on the limb
is obtained by noting the coincidence of any division on the
vernier with some other on the limb, which gives the difference
between one of each of these two divisions multiplied by the
number, as in each coincidence the zero of the vernier has to be
moved through a space equal to the difference between one
division of the instrument and one of the vernier. Call L the
length of one division of the limb, and V that of one division of
the vernier, and » the number of equal parts into which the
vernier is divided— ' '

thenL(n—-1)=Vn

orLn—-L=Vn

whence Ln — Vn =L

L
and L —=V =
that is, the difference between each of the divisions on the
respective scales is equal to % of one of the divisions on the limb.

As the number of divisions on the limb is limited by the size of
the arc, the subdivisions of the intermediate space between each
division by means of the vernier is also limited, and for very
minute readings the micrometer microscope is substituted for it.
Where the zero of the vernier corresponds with any division on
the limb of the instrument, of course the observed angle is read
without the assistance of the vernier. On a 9-inch sextant
the arc is generally divided to 20 minutes, and 59 of such
equal parts are made equal to 60 divisions of the vernier. In
this case L — V = :—gl = 20”, which is the limit of the power of
the vernier, the total length of which must be at least equal to
19° 40",

The micrometer microscope consists of a system of lenses
similar to those of an ordinary microscope, having across it a
rectangular box (whose plane is perpendicular to the optical axis
of the microscope) in which is placed the diaphragm, consisting of
two parts, one moving over the other. One of these parts, con-
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taining the cross wires, is made to move freely with its accom-
panying index by means of a finely cut screw, the circumference
of whose outer head is divided into 60 equal parts (or more if
required), acting against the fixed part of the box and turned by a
mill head, and the other part of a small comb or set of teeth used
for noting the number of revolutions of the milled head, and
capable of adjustment to secure the agreement of the zeros of the
micrometer and the comb. The micrometer head can also be
turned round on the screw, to be made to read zero when the
cross wires bisect any division on a graduated scale or arc. The
teeth of the comb agree with the divisions on the arc, whether
they may be 5, 10, or 15 minutes. The micrometer head when
divided into 60 parts represents by each division one second, and
5 revolutions of the micrometer are equal to a space of five
minutes on the divided limb. In place of the theodolite now
described, Everest’s theodolite has been much used in India; its
merits, however, appear to be more than counterbalanced by its dis-
advantages. The horizontal limb, being supported on three screws
only, is capable of being levelled very rapidly, and the three-
legged stand can be used with great facility on top of a wall: on
the other hand, three screws are not sufficient to steady the
instrument. In the ordinary instrument, with four screws, each
opposite pair bear against each other between tlie parallel plates
and render the instrument perfectly steady. The adjustments,
also, in the Everest’s theodolite cannot be properly tested ; for the
telescope cannot be turned round, nor end for end, nor over on to
opposite bearing, neither can it be reversed, and it can only be
elevated or depressed a few degrees.

MeTHOD OF DIiscovErING Lost StATiONS.—It is frequently
necessary to refer to trigonometrical stations long after the angles
have been observed ; either for the purpose of fixing intermediate
points, or of rectifying errors that may have crept into the work.
Large marked stones should therefore be always buried under the
principal stations which are not otherwise identified by permanent
erections, and a clear description of the relative position of these
marks with reference to objects in their vicinity should be always
recorded. If, however, any station should be lost, and its site
required to be ascertained for ulterior observations, the following
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method, which was adopted by General Colby, will be found to
answer the purpose with very little trouble and with perfect
accuracy.

Let D be the lost station, the position of which is required.
Assume T as near as possible to the supposed site of the point in
question (in the figure the distance is much exaggerated to render
the process intelligible), and take the angles ATB, BTC; A, B,
and C being corresponding stations which have been previously
fixed, and the distances of which from D are known. If the angle
AT B be less than the original angle A D B, the point T is
evidently without the circle in the segment of which the stations
A and B are situated; if the angle be greater, it is of course
within the segment. The same holds good Wlth respect to the
angles BT Cand BD C.

e T
Recompute the triangle A BD, assuming the angle at D to have
been so altered as to have become equal to the angle at T, and
that the angle at A is the one affected thereby.
Again, recompute the triangle, supposing the angle at B the one
affected. In like manner, in the triangle BD C recompute the
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triangle, supposing the angles at B and C to be alternately
affected by the change in BD C. These computations will give
the triangles ABE, ABE, BCF, BCF calculated with the
values of T, as observed at the first trial station (in both the
present cases greater than those originally taken at D), and the
angles at A, B, and C, alternately increased and diminished in
proportion. Produce A T and B T, making T 1 and T 1’ equal
respectively to E D and E'D, the differences between the distances
just found and the original distances to the point D ; and through
the points 11’, which fall nearly, though not exactly, in the
circumference of the circle passing through A B D, draw the line
00". A repetition of the same process in the triangle B C D gives
the points 2 2/, through which draw the line N N, the intersection
of which with 0 0’ gives the point T", which is approzimately the
lost station required. Only two triangles are shown in the
diagram, to prevent confusion, but three at least ought to be
employed to verify the intersection at the point T if the original
observations afford the means for doing so; and where the three
lines are found not to meet, but form a small triangle, the centre
of this is to be considered the second trial station, from whence
the real point D is to be found by repeating the process described
above, unless the observations taken from it prove the identity of
the spot by their agreeing exactly with the original angles taken
during the triangulation.

If the observed angle T’ be less than the original angle, the dis-
tances T1, T1’, T2, and T 2, must be set off towards the stations
A, B, and C, for the point T’; and these stations should be
selected not far removed from D, and forming triangles approach-
ing as near as possible to being equilateral, as the smallest errors
in the angles thus become more apparent. If the observations

“have been made carefully and with due attention to these points,
the first intersection will probably give very near the exact site of
the original station, or at all events a third trial will not be
necessary. -

To save computation on the ground, it is advisable to calculate
previously the difference in the number of feet that an alteration
of ome minute in the angles at A, B, C, &c., would cause respec-
tively in the sides AD, DB, DC, &. The quantities thus

D
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obtained, being multiplied by the errors of the angle at T, will
give the distances to be laid off from T in the direction AT, BT.
And in order also to avoid as much as possible any operations of
measurement to obtain the position of the point T, the distances
from the trial station T should be laid down on paper on a large
scale in the directions T A, T B, &c. (or on their prolongation), to
obtain the intersection T’ of the lines 11" and 22’ and from this
diagram the angle formed at T with this point T', and the line
drawn in the direction of any of the stations A, B, or C, can be
taken, as also the distance T'T’; the measurement of one angle
and one short line is all that is required on the ground.

The triangulation should never be laid down on paper until its
accuracy has been tested by the actual measurement of one or
more of the distant sides of the triangles as a base of verification,
and by the calculation of others from different triangles to prove
the identity of the results. Beam compasses, of a length propor-
tioned to the distance between the stations and the scale upon
which the survey is to be plotted are necessary for this operation ;
but if the survey when plotted will extend more than six feet in
length, or be on more than one sheet of paper, it will not be
desirable or indeed practicable to score the points with beam
compasses. The lines of the triangles must be referred to the
meridian, and the points where they cut the sheet edges deter-
mined by general geometry.

THE LATITUDE AND LONGITUDE of each of the trigonometrical
stations were obtained with the most minute exactness on the
Ordnance Survey, both by astronomical observations and by com-
putation. For the latitude a zenith sector was used, which was
constructed under the directions of the Astronomer Royal, and for
which a portable wooden observatory was contrived. The instru-
ment is placed in the plane of the meridian, and the axis, which -
has three levels attached, made vertical. In observing, the
telescope is set nearly for a star, reading the micrometer micro-
scope to the sector, and the observation is completed by the wire
micrometer attached to the eye end of the telescope, the level
readings and the time being also noted. The instrument is then
turned half round, and the observation repeated, completing the
bisection on this side by the tangent screw, again noting the levels
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and times, and, lastly, the readings of the micrometer microscopes.
The double zenith distance is thus obtained, from whence the
latitude is determined, as explained in the Astronomical Problems.
The latitudes and longitudes have been adapted to the Ordnance
Maps published on the enormous scale of 6 inches to 1 mile, to
seconds of latitude and longitude, with a very trifling maximum
error, a triumph of practical science that some years since would
have been deemed impossible.

OBSERVING.*—Place the instrument precisely over the centre of
the station. Choose or set up a referring object (called in field-
book R. O.) about a mile or two away from the station, and in such
a position that it can be seen at all times when observations can
be made. - In hot climates it is desirable there should be a valley
between the station and R. O.in order that the motion of the
air over the heated ground may not influence the observations.
The observation of the R. O. begins and ends each series of
observations, and any difference between the readings will show
whether the instrument is in good adjustment, or whether any
slight shift has taken place. All observations, remarks, &c.,
should be entered in the field-book on the ground, at the time of
observing, in ink ; and additions of any kind made in the book in
the office should be entered in a different-coloured ink, so that no
possible mistake can arise as to what has actually been entered in
the field.

A record should be kept of all trigonometrical stations, giving a
sketch of the position of each, and measurements from it to any
permanent ‘objects near, and any other data from which the station
may be recovered should it be required in after-years.

* Captain Bailey’s instructions. to his observers in the triangulation of Cape Colony
were, ‘‘ to be careful that the instrument was in good order and adjustment ; to move
the lower plate in azimuth in one arc, and to reverse the instrument every alternate
arc ; to book all observations in ink, and add nothing afterwards to the entry made
on the spot; to take no observations in unfavourable weather; to pay primary at-
tention to observing the principal stations ; to observe these not less than twenty
times, and other objects not less than five times, if possible ; to prefer poles or piles
to heliostats ; to observe all permanent objects in sight, especially such as could be
identified and fixed by observations from some other stations, such as churches,
prominent hills bearing distinctive names ; to keep a constant look-out, in the hope
of picking up any newly erected beacons ; to take vertical observations four to six
times.”

D2
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THE FIXATION OF A POINT FROM OBSERVATIONS AT ITSELF is
much made use of in maritime surveys, but it is also frequently
requisite in the streets of a large town where the chaining of the
sides of the minor triangles would be impracticable, and where it
is necessary either to traverse the streets or (what is far better) to
fix in them a considerable number of interpolated bolts or stations,
by means of which the town may be divided off into blocks or
rectangles. A bolt may often have not been observed from any
other station, but provided three or more stations (whose positions
can be computed) can be observed from it, its position may be as-
certained either by construction, calculation, or adjustment.

The following is the mode of obtaining the position of the
observer by construction in the case that most commonly occurs,
viz. when the three points form a triangle, without which the
place of observation lies :—O, P, and Q represent the three points

on shore whose positions have been determined by interior tri-
angulation, and S a rock or anchorage whose place is to be
determined with relation to the stations above mentioned. Suppose
the angle QS P is observed 35° and P8 O=40°, describe a circle
passing through Q, S, and P, which is thus done :—Double the
angle QSP which=70°; subtract this from 180, leaving 110°;
lay off half of this, or 55° at PQ R, and QP R, and the angle at R
is evidently='70°, or double Q S P; now the angle at the centre
being double that at the circumference, a circle described from R
as a centre with the radius RQ, or R P, will pass through the point
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S. In like manner a circle described from V, with the radius
V P, will also pass through S, and their intersection gives the spot
required.

The position of the point is found by adjustment by means of a
thin piece of tracing paper on which the observed angles are
plotted ; this can be shifted about until the point falls on to the
only spot from whence the lines containing the observed angles
will pass through the three fixed stations. An instrument, called a
station-pointer, is also sometimes used for this purpose.

The formula for calculation is cot. BA O=cot. S (g sin. BOC

cosec. AOB. Sec. S + 1). Where a and b represent the sides BC
and A C respectively, and S represents 360°—A O C—ABC.

This method of fixing a point will also be found very useful
when travelling in a country where only a few of the leading
features are known, especially should one of the lines observed
be referred to the magnetic north, or, better still, to the true
meridian ; in the latter case the position of O can be immediately
obtained by construction or calculation with facility.

PosITION FOUND BY LATITUDE AND AZIMUTH ANGLES.— Re-
quired to find the position of O, the point A being fixed and visible.

From the point O ascertain the true me-
ridian N O, and measure the azimuth angle
NOA. Observe for latitnde at O, and com-
pute the side A O or AN in the right-angled
triangle A N O, the angles being known
and also the base N O, which equals the
difference in latitude between A and O.

It is of course desirable that more than one
fixed point should be observed to from O.

This system may be the nearest approach to a trigonometrical
survey practicable in a wild or hostile country, and is susceptible
of considerable comparative accuracy, if carried on with judgment ;
it is, however, after all, but a makeshift compared with a triangula-
tion, and should, perhaps, have been mentioned under the head of
a Military Reconnaissance.

q:-_-_-....--_-
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CHAPTER 1V.

INTERIOR FILLING-IN OF SURVEY, EITHER ENTIRELY OR
PARTIALLY, BY MEASUREMENT.

THE more carefully the triangulation has been carried on, the
easier and the more correct will be the interior filling up, whether
entirely by measurement with the chain and theodolite, or only
partially so, the remainder being completed by sketching; the
former of these methods will be first explained.—

MiNoR TRIANGLES.—On the Ordnance Survey the sides of the
tertiary or minor triangles (whose true lengths have been com-
puted from the triangulation) are actually measured with the
chain from trigonometrical point to point, the directions of the
lines forming their sides (one to three miles in length) having
been partially selected with reference to the ultimate objects, viz.,
the delineation of the natural and artificial objects on the surface
of the ground and the boundaries of woods, estates, parishes, &c.
Where it is practicable, these lines should connect conspicuous
permanent objects, such as churches, mills, &c. ; and in all cases
the old vicious system of measuring field after field, and patching
these separate little pieces together, should be most carefully
avoided.* The method of keeping the field-book in measuring
the interior with the chain, and plotting from its contents, is of
course similar to the usual mode of surveying estates, parishes, &c. ;
and, as stated in the Preface, this preliminary knowledge is sup-

™ Very excellent instructions for the guidance of surveyors employed in forming

plans of estates and parishes are to be found in the report from the late Colonel
Dawson, Royal Engineers, to the Tithe Commissioners of England and Wales,
November, 1836, from which report Mr. Bruff, in his *‘ Engineering Field-book,”
has extracted a number of valuable directions.
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posed to have been already acquired. But on an extensive
survey one general system must of mecessity be rigorously
enforced, to insure uniformity in all the detached portions of
detail, and on this account an outline of the system adopted in the
Ordnance Survey is given.

THE CHAIN AND 118 UsE.—In surveys which have reference to
the superficial measurement of land in acres, Gunter's chain is
always used on account of its enabling the contents of triangles,
parishes, &c., to be computed by means of the decimal system.
It is 66 feet (=4 poles) in length, and is divided into 100 links
of 7°92 inches each. A square chain equals 484 square yards, and
therefore 10 square chains equal 4840 square yards, or one acre,
hence the area when computed and expressed in square chains
and decimals is converted into acres by merely dividing the
amount by 10; if any decimals remain, they are reduced to
roods and perches by multiplying first by four and then by
40, thus :—

669146 square chains=669146 acres.
4

3:6584 roods.
40

Giving 66 a. 3 r. 26°336 p. 263360 perches.

For lineal measurement, for the survey of towns or fortifications,
or for ascertaining the content in square yards or feet, a chain of
200 or 50 feet is often used ; but the former is inconveniently
long and too unwieldy, and the latter, though handy, is very liable
to cause confusion either in taking the measurement or in booking
it, because in each hundred feet the chain has to be twice laid;
for example, a point at 275 feet on line would read 25 on chain,
and it is only by the exercise of great vigilance that errors of 50
feet both in the detail and in the total length can be prevented
creeping in. These chains are divided into links of one foot
each.

The chain is constructed of lengths of stout iron wire, with eyes
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at each end, connected together by means of two or three elliptical
bends or rings, each of these lengths, with a portion of the adjoin-
ing bends, is called a link; the chain is caused to coincide with
the standard length by adding or removing one or more of these
bends, but care must be taken that this adjustment should not be
effected at one point in the chain, but should be distributed over
its length, so that it may not only be correct as a whole, but that
also the distances from any one point to any other in the chain
may be nearly exact.

At every tenth link in the chain a piece of brass is hung on, cut
to a shape denoting the number of tens counted from ends to
centre ; these numbers being generally indicated by means of deep
notches separating the end of the brass into fingers. In a chain of
100 links these brasses would show respectively 1, 2, 8, 4, 5,
4, 3, 2, 1, so that the chain may be used from either end; the
brass at 5, instead of having five fingers, is generally round or
oblong, so as to be easily observable at a short distance. It is most
necessary that the marks on these brasses should be distinct; other-
wise, when chaining in muddy roads, mistakes of 10 links will occur.

As the chain is apt to alter considerably in length from
day to day when in use, it is necessary to test and correct it at
the commencement and return from work with an accurate chain’s
length marked on the ground near the office or house where it
is kept ; at this time care should be taken to straighten all the
lengths of iron wire that have become bent ; if this is not carefully
attended to, considerable errors may occur in the length of lines
chained, on account of the wires gradually straightening by the
tension they are subjected to during the day, and thus causing an
increase in the length of chain. It is also to be remembered that
it is not sufficient merely to lay the chain along the standard
length in testing, but that the same power of tension should
be exerted as is exercised in the field ; at the same time it must
not be forgotten that the sag of a chain when pulled taut and
suspended above the ground somewhat lessens its horizontal
length as compared with what it would measure were the same
tension exerted while it lay on a smooth surface. The exact
amount of tension required is therefore not constant, and can only
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be ascertained by practice; it is a subject to which the young
chainman must pay particular attention.

Each chain is provided with ten arrows of iron wire, each
12 inches long, pointed at one end and bent into a ring at the
other, to which is attached a piece of red cloth to render it conspi-
cuous when chaining over grass lands. The offset staff, ten links
in length, should be made of stout wood (ash or red pine) painted
black, about 1 inch square at centre, shod at one end with an iron
point for sticking into the ground, and at the other with a hook
for dragging or lifting up the chain by the handle through a
hedge or among underwood. The links should be marked by
white rings run round the staff, the centre being made con-
spicuous by a double ring.

The station poles should be about 12 feet long, pointed and shod
with iron, and surmounted by a flag; they are used in taking up
alignments, and for marking the stations.

On the 6 inches to a mile scale offsets should not exceed a
hundred links (66 feet) in length as a rule, but on smaller scales a
greater latitude may be allowed, especially where the object to be
fixed is not very clearly defined. The cross staff is often used in
setting off perpendicular lines, but it is not to be compared to the
optical square; this is a little instrument by which objects per-
pendicular to the line at the point where the observer stands are
reflected in a mirror so as to coincide with objects in the line
chained ; by means of it long offsets may be taken.

The measuring tape may often have to be used for working
round a building, or in a town ; but it is very inconvenient in wet
weather, unless a superior article is used; the cheaper tapes soon
fray out and become bundles of rags : those covered with a water-
proof coating are recommended. In some tapes three or four
fine wires of copper are interwoven, and appear to increase their
durability. '

It is a matter of opinion as to whether the surveyor should have
two chainmen, or whether he should add the chaining to his other
duties. The first system is recommended as tending to economy
in the long run, if the surveyor understands how to keep his men
constantly and advantageously employed.
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The method of using the chain must be studied in some work
devoted to land-surveying ; in Haskoll’s surveying there is a very
full and excellent account ; some of the principal precautions to be
taken can only here be noted. The leading chainman must place
the arrow in the ground exactly at the end of the chain, and be
careful to thurst it in perpendicularly ; in chaining horizontally
down a slope, he must be very careful how he drops the pointed
plummet ; for, if one of the fingers should give it a twiteh in letting
go, it may be thrown some inches away from the point it should
strike. After the offsets have been taken, the leader, in moving
forward, should give the chain a cast to the right, in order that it
may not be drawn against the arrow. The lines chained must be
perfectly straight.

In chaining down steep slopes an entire chain’s length cannot be
measured at once; but a portion of the chain may be held heri-
zontally, the plummet being dropped from the end of it, then
another portion of the chain is measured from the point where the
plummet falls. It is desirable to avoid chaining in horizontal
portions up steep slopes, as the chances of error in such cases are
considerable : it is sometimes preferable to chain a line in two
parts ; for example, a side of a minor triangle extends from hill top
to top across a deep valley, it may be advantageous to chain from
each trigonometrical point to some centre point, say on the right
bank of the stream, instead of chaining down one hill-side and up
the other.

Chaining by horizontal distances is the usual system practised in
the Ordnance Survey, and it merits being adopted generally, both
because it is found that it is attended with good results and that
by it all reductions and subsequent caleulations are avoided; but
when this system is not adopted, it is necessary to measure along
the surface of the ground, and observe the angles of elevation or
depression : when the theodolite is used for this purpose, the num-~
ber of links to be deducted from each chain can be obtained by
reference to the reverse of the vertical arc where it is marked ;
and the reduction can be made in the field by drawing the chain
forward the stated number of links.

When the reflecting level, or the clinometer, is used for measuring:-
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the slope roughly, a table is generally kept in the field-book for
reference, showing the reduction on 100 links for every half-degree
of inclination, from 2° to 21°.

o ]
Angle of In- [ Reduction [ Angle of In-| Reduction |/ Angle of In-| Reduction
clination. in Links, clination. in Links. clination. in Links,

o ! , o I3

30 006 8 30 110 150 341
230 0°10 90 123 15 30 3-64
30 016 9 30 1:37 16 0 3-87
3 30 019 100 1563 16 30 412
40 024 10 30 167 170 437
430 0-31 110 1-84 17 30 4°63
50 0-38 11 30 201 18 0 489
530 0-46 120 219 18 30 517
60 0-55 12 30 2-37 19 0 545
6 30 064 130 2-56 19 30 574
70 075 13 30 276 200 6-03
730 0-86 140 297 20 30 6-33
80 0-97 14 30 319 210 664

FIELD-LEVELLING BoOK: ANGLES OF ELEVATION AND DE-
PRESSION.—Previous to commencing any measurement, the ground
should be carefully walked over for the purpose of laying out the
work, and marks set up at the average height of a theodolite on
the highest parts of the different hills, on the necks of the ridges
jutting out from them, and at the level of lakes and rivers in
various parts of their course, as well as on the site of permanent
objects, such as churches, &c. These levelling marks should be
all numbered and entered in a separate book, termed a field-
levelling book, which also contains reciprocal angles of elevation
and depression afterwards taken between them for the calculation
of the horizontal values of the measured lines and of their com-
parative altitudes; these quantities are subsequently reduced to
their actual heights above the level of the sea.* It is to be recol-
lected, however, that the altitudes ascertained in this manner are

* Among the advantages of connecting a well-arranged series of levels with the
plan of any portion of country, is that of rendering it at once available to the
engineer in selecting the best trial lines for roads, railroads, or canals. The system
of tracing horizontal contour lines at short vertical intervals, instead of sketching the
features of the ground, affords not only the means of deciding upon the best trial
.lines, but actually furnishes data for constructing accurate sections across the country
jin any direction.
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only approximate, and are of no use where minute accuracy is
required ; the only rigidly accurate method of obtaining the alti-
tude of a point is by tracing horizonal lines with a spirit-level up
to it from some point whose height is known (see Chapter V. on
Levelling) ; in this case the levelling is a totally independent
operation, quite separate from the survey, and may be performed
even before the survey has been commenced.

However, the comparative heights obtained by levelling with
the theodolite during the survey present so many moderately
certain points of reference as to the relative command of the
ground, and are of course of the greatest assistance in the sub-
sequent delineation of the features upon the outline plan in hill-
sketching, &c., or even for showing the general lie of the contour
lines.

The following is the form kept in the field-levelling book for
obtaining the data for the calculation of these values :—

Horizontal | Apparent Elevation

From To Reading. or Depression.

Remarks.

The third column, headed “horizontal reading,” is the reading
of the vertical arc when the telescope is levelled, and is, in fact, the
index error, which is however best determined by reciprocal angles
of elevation and depression as before explained; and under the
head of remarks are kept horizontal angles’ to surrounding objects
and other collateral details. From the angles thus observed, and.
the known distances between the places of observation, is made
out the following table i—
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FORM OF REGISTER OF HORIZONTAL AND VERTICAL DISTANCES.

Q .
o . = o
o S g 28| e 3 2
2| 4 54 |g=¢ |SE| 2 |E |28
- g2 S88 |35 | 2 b o
Sl B3 | F1 | 535 |53 Sqf |24 (83| 4
] 28 > ] . S a 23 | &
3 g s 5 b R BELRE g
n| 58 | B8 | 4238 |28|3%2 |2:|3E| &
Obtuined
B 355 b
levellving.
A2 e —_—
_ N , 9,8195439
B1254C|4° 15’ 0" Ele.|9,9988041 8,8698680
8,0982975!1251,5|3,0982075| 61,33 416,83
3,0971016 1,7877094
9,8195439
C 984D (3° 20’ 30" De.|9,9992609 8,7655943/ |
2,9929951 982,25/ 2,9920951| 37,88 378,45
12,9922560 1,5781333 /

This form almost explains itself: the first column refers to the
plot or plan in which the points or lines are contained; the
second shows the measured length of the line written between the
letters marking its extremities ; the third gives the mean elevation
or depression of the second object deduced from the reciprocal
angles in the levelling field-book after applying the correction for
the index error in the third column of the same book, and also
those for curvature and refraction when very long distances render
their effect.sensible ; the fourth column contains the log. cosine
of the angle in the preceding one, and the logarithm of the
distance, the natural number answering to the sum of which is
entered in the fifth column. The sixth contains the logarithm of
66=9-8195439 (the proportion of one link to one foot), the log.
sine of the angle, and the log. of the distance; and the number
answering to the sum of these three logarithms gives the relative
altitude in feet, which is entered in the seventh column. The
eighth column shows absolute altitudes above low-water mark,
those that have been previously determined by levelling being
entered in red : the others are obtained by the addition or sub-
traction of the altitudes in the preceding column,
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FieLD-BooK AND METHOD OF SURVEYING IN A TRIANGLE.—
When the sides of the triangle are long, or are to be traced over undu-
lating ground, it is necessary to mark out the exact alignment with
a theodolite, as it is quite impossible to set it out accurately with
the eye: should this precaution be neglected, the sides of the
triangles will probably be traced crooked, and the interior lines
will, on the ground, be either too long or too short.

During the laying out of these sides, points in them are selected
and recorded (and pickets and nails driven in the ground), from
whence other lines are traced for cutting up the interior of the
triangle in the most advantageous manner for the survey of roads,
rivers, hedges, &c., and also with a view to the determination of the
natural and artificial boundaries ; so that, by means of the measured
lines running near them, the whole of the interior content may be
computed from the “ Content Register” (see page 54), made out
darectly from the field-book, the calculation from the plot or plan
being afterwards made simply as a check upon the other.

In commencing a field-book, the first pages after the inder are
devoted to the diagrams of the triangles. These usually consist of
a general diagram showing the principal cutting-up lines, and dia-
grams of a large size showing the positions of all the lines measured
within these cutting-up lines. For example, in Plate 1 the triangle
A B C may be considered as a general diagram showing only the
principal lines, and on the following pages in the field-book would
be given the whole of the lines measured in the triangles B I E,
EIF, &c., which cannot be shown in the first diagram for want of
space. It is to be noted that it is not necessary to use the dis-
tinguishing letters A, B, C, excepting when the survey is connected.
with the computation of the contents of parishes, &c. ; in all other
cases the lines are simply distinguished by their measured length
and the page to which they are referenced.

In the diagram is shown only the length of each line written in
the direction it was measured, the distance along the line from
which any other line may be chained or may terminate, and the
page in the field-book where the details of the chaining may be
found ; the length of the line is written over it, and the number of
the page underneath it. All this is penned in with ordinary black
ink as neatly as the surveyor is able to do it with a steel pen and
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SPECIMEN OF DETAIL SURVEYING IN A TRIANGLE
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rule: the diagrams are not drawn to any scale, but are to give a
general idea of the position of each line. When the field-book is
forwarded to the head-quarter office, the correct length of each of
the long lines is computed from the triangulation, and their correct
readings, together with the corrected figures of the cuttings, are
entered in red ink close to the original figures: the book is then
turned over to the plotter, who, from these diagrams alone, lays
out all the measured lines, and has no occasion to refer to the
detail measurements for this purpose.

The surveyor must recollect that, however well he may understand
his own field-book, it is of no avail unless it is equally intelligible
to the plotter; and he must therefore strictly adhere to the rule
laid down for the particular survey on which he may be employed,
and must always book his measurements with a view to their mean-
ing being readily comprehended in the office. A few references or
measurements forgotten to be booked may cause hours of extra
work in the office and considerable additional expense in the re-
admeasurement of lines.

For the booking of the measurements of the sides and other
lines three lines are drawn up the centre of the field-book, about
three-quarters of an inch apart, in order to allow of the entry of
the number of links at which the cuttings take place; the narrow
space to the left is for the chained measurements; that to the
right is for the corrected measurements, which are entered in red
ink ; the offsets are written to the right and left of these lines:
where lines are too short to require correction, say under 2000
links, the second space is omitted. The probable amount of error
in chaining is 1 in 1000 ; but a greater amount is often allowed
when surveying for small scales, according to the nature of the
ground passed over.

The system of booking the measurements or offsets is shown on
Plate 3; the lines drawn round certain figures denote points from
which other lines have been measured.

Sometimes with short lines it is found advantageous to survey
several lines on one page in the position they bear to one another ;
the connection of hedges is often rendered much more apparent to
the plotter by this system (see Plate 34). Every line is booked
in the direction it is rum, that is, from bottom to top of page.
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Every surveyor dates his day’s work in the field-book, and at some
convenient spot on each page collects the total length of lines and
offsets contained in it. The amount is carried over and added to
that of the next page, and so on, to the end of the day’s work : the
names of all the men employed each day should also be entered.

The field-book should be kept in ink in the field, and have a
distinctive letter marked upon it as a reference: no work should
be entered in pencil, and all erasures with a knife should be for-
bidden ; if mistakes are made, the figures should be crossed out
and the corrections entered alongside, with the initials of the
surveyor.

The average daily progress of a good surveyor in England,
surveying for the six inch to a mile scale, is—

With one chainman.

Close large village: . . . . about 5 acres.
Villages and surrounding fields, &e. . » 14,
Close country, gentlemen’s houses,

demesnes, &c. . » 20,
Medium country, ordinary ﬁelds, and

scattered farms . . . ,»30t032,,
Open moorland, with roads, streams

boundaries, cart-tracks, . (no

fields) . . . . . . . 95

The offsets should be numerous and minute in proportion to the
scale upon which the survey is made; but they must als® be
governed by the nature of the work : thus it is evident that it is
not necessary to take offsets to more points in a straight line than
the two extremities, however long it may be.

It is impossible in a work-of this nature to call attention to all
the important points connected with detail surveying, which, be it
remembered, is a profession or calling only learned thoroughly by
years of practice ; and it is now necessary to pass on to the next
process—

Plotting, which is described in Chapter VII.

Examining.—Portions of the work as plotted from the field-
book are then transferred to cardboard or drawing-paper, or traced
off on thin bank-post paper, which latter has this advantage, that
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it is capable of being folded over a piece of Bristol board fitting
into the portfolio, and from its large size, it will contain on the
same sheet distant trigonometrical points which will constantly be
of use in the field. It can be folded over the pasteboard, so as to
expose any portion that may be required, and when the work is
drawing near to the edge it is only necessary to alter its position.
In moist weather prepared paper, commonly termed asses’ skin, is
the only thing that can be used, as the rain runs off it immediately
without producing any effect on the sketch.

The examination, though indispensable, introduces an evil which
cannot be too carefully guarded against ; for if it compels a dishonest
workman to do good work, it at the same time may induce an honest
workman to become negligent, from the knowledge that if he does
make a mistake it will be rectified by the examiner : every effort
should be made to cause the surveyors to consider that their work
is the only basis for the laying out of the detail, that the examiner’s
work is for the purpose of testing its accuracy, and not for correct-
ing it ; and deductions of pay or fines should be inflicted on sur-
veyors who have done bad work, to compensate for the time lost by
the examiner in rectifying it. The examiner should have a chain
and offset staff with him. His duties, besides correcting, are to
show the nature of the buildings, whether wood or stone, &c.; to
insert the fire-plugs, hydrants, cesspits, surface gutters, and other
small details left out by the surveyor ; to show everything in such
a manner that it can be clearly understood by the draughtsman,
and to insert the names for the lettering : in the open country he
is often also a hill sketcher; but on extensive surveys many of
these duties become distinct specialities performed by men who
take them up as their constant employment.

Final examination—When the plan is penned in by the
draughtsman and ornamented, it is taken out into the field by the
superintending officer and subjected to a rigid final examination :
the trial of the comparison of the intersection of lines drawn
through points over the ground with those on the plan is a severe
test.

TRAVERSING.—The survey of the roads (though for the sake of
saving unnecessary labour it is as much connected with them as

possible) is sometimes quite independent of the measured triangles
E
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connecting churches or other permanent objects and the minor
trigonometrical points, which lines mutually constitute a check
upon each other. The term traversing is generally applied to
this, and indeed to all irregular surveying by the chain and
theodolite. On starting from any point in road surveying, the
instrument being adjusted and set to zero, the telescope is directed
upon one of the most conspicuous stations, and after taking two or
three angles to other fixed points, the forward angle is read off in
the direction it is intended to pursue, and the upper plate firmly
clamped ; the magnetic bearing of this meridian should also be
read and booked. On arriving at the end of this line the theo-
dolite is set on the flag-staff or picket left at the back station, the
plates remaining still clamped to the last angle; and the reading
on the graduated limb when the telescope is pointed to the néxt
forward station is not the number of degrees contained between
these two lines, but the angle that this second line forms with the
Jirst meridian, or the line upon which the theodolite was first set.
The eye at each round should glance at the magnetic bearing,
which should read as at starting, otherwise the plates have slipped,
and it will be necessary to retraverse a portion of the work. This
method, now in general use among surveyo