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SUMMARY

Errors__in Precise Leve 1 ) irig

Regional and continental leve], networks not only 
form the basis' for altitude determinations for engineering 
and related, works, but also play an important part in 
recent scientific research into vertical crustal movements 
on the ear til's surface. For these purposes, especially the 
latter, a very high accuracy is required of the levelling.
The use of precise instruments and a suitable observing 
procedure can ensure that these requirements are met, by the 
use of "precise levelling".

The measurement of any physical quantity is 
affected by errors due to the measuring instruments and the 
physical conditions under which the measurement is made.
A description of the various errors which affect precise- 
levelling operations is presented, with an estimate of the 
magnitude of each error and the method whereby it can be 
eliminated or minimized. Particular attention is given to 
errors affecting automatic levels. Several instruments were 
tested to determine their suitability for use in precise 
levelling, and appropriate recommendations are made. Due to 
the lack of experienced personnel, the test programme was 
restricted to tests where an assistant was not required. 
Suggestions are given for further study while the appendices 
include information which may be useful to intending students
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!MTRODUCTt ON

Types of F.i ror

In many of the physical sciences, It is generally 
known that repeated measuraments of the same quantity by a 
particular observer, using the same equipment, under apparently 
the same conditions, will usually not give the same result.
Any one of the measurements' cannot really be considered to 
be exact. It is invariably affected by errors. These errors 
may be classed as: blunders, systematic errors, and accidental
(or random) errors.

Blunders are unavoidable mistakes due to carelessness, 
a temporary mental relapse or inexperience. Such errors are 
usually readily detected and corrected without much trouble.
They can be avoided by adopting a methodical procedure in 
observing and booking.

Systematic errors are those which have the same 
magnitude and sign in measurements made under the same 
circumstances. These errors may be eliminated by adopting 
a suitable observation procedure or by applying a computed 
correction to the observations.

Accidental errors are those errors which still 
remain after blunders arid systematic errors have been 
eliminated. They are due to irregular causes, occurring 
unpredictablv and randomly. They are just as likely to be 
positive as negative and may have any magnitude within 
reasonable limits.
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Hyd ros tat: i c !.e v ell in g

Although it is possible to transfer level between 
bench narks across wide water gaps to.the accuracy required 
for precise levelling (For example, see NWELL Pp. 20, 26.), 
this thesis deals only with precise levelling conducted using 
a precise level of automatic or spirit-level type. Hence 
wherever it is mentioned in the succeeding pages "precise 
levelling" presumes the use of a conventional precise level 
and precise levelling staves. For details of hydrostatic 
levelling the reader is referred to the various basic 
textbooks on surveying, the previous reference and (B31)
P. 241, and references therein.

Hethods of Automatic Compensation

The "V"--type compensator design, incorporated in 
the Zeiss Ny 2 level is implied in the diagrams included in the 
text, although the latter basically apply to all types of 
compensation. Schellens (16) describes the various types of 
compensator design, together with the historical background 
of the automatic level. Cooper (7) provides a very 
comprehensive table of most types of levels, automatic and 
non-automatic, in use up to 1971. The. table details the 
important aspects of each instrument.
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Theoret j ca 1 ropagat i on of F r ror

After a levelling network is completed, a 
statistical analysis should be made to determine the theoretical 
accuracy of the levelling. This analysis may be approached 
in several ways and has been thoroughly dealt with by several 
authors. See especially Thwaite (18) and V’assef (B32).
The analysis provides a means of establishing whether 
systematic errors exist in the observations, If they do 
exist their cause should be investigated for the benefit of 
future levelling operations. By following strict observing 
procedures, some of which are outlined in the pages to follow, 
an attempt is made to eliminate systematic errors by 
observation technique or by correction, and to minimize 
accidental errors.

Gene re 1

An attempt has been made to provide a comprehensive 
coverage of all the errors which may be encountered in a precise 
levelling run, rather than a detailed experimental investigation 
into each of these errors. Such investigation was restricted 
by lack of apparatus and availability of staff. It is 
expected that if further information is desired the bibliography 
at the end of the thesis will yield an adequate list of articles, 
in English, dealing with specific errors.
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NOTE ON DEFINITIONS

Accuracy - the closeness with which a measurement agrees with 
the true or accepted standard measurement.

Precision = the fineness to which a measurement is made.

Hence accuracy is really a measure of repeatability or 
comparison with another value whereas precision is a. measure of the 
"resolution" of the measuring device.

For example: A base-line whose true length is
152.711 m is measured with a new "supertape" as 151.85361 m, with 
the aid of a microscope. The measurement is very precise - 
resolves 0.01 mm - but it is very inaccurate - by 0.857 m.
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I. INS TRUK E N T JhlRO RS

(i) Level

(a) Co3.li.Tiiat.ion

The line of colligation of a level may be defined
as the imaginary straight line which passes through the
intersection point of the reticule crosswires' and the optical
centre of the objective lens. When the instrument, is
levelled the line of colli'mation should lie in a horizontal
plane passing through the optical axis of the instrument.
Any inclination of the line of collmation to this plane is
termed the "colligation error". This error may arise from
several causes such as movement or uneven heating of the
reticule,- movement of lenses or irregularities in the
focussing motion. Karron (13) states that the change in

oco3.limat.ion in old instruments was about .1 sec per 1 C 
change in temperature, but this should be much l.ess in 
newe r ins truments.

The collimation error is a systematic error, the 
magnitude of which should be determined for every instrument.
It should be checked regularly during levelling to ensure that 
it does not change significantly. Although the error is 
eliminated if backsight and foresight distances are equal at 
each instrument set-up, .it is advisable to adjust the level so 
that the collimation error is. small (about 3. mm or less per 
10 in). This adjustment may be carried out using the well—knew 
two-peg test or the three-peg test describee, in Appendix A.
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It should be noted that the method of adjustment 
is different for different types of levels. On a dumpy level, 
the crosswires are moved to the correct staff reading using 
the adjusting screws provided. On a tilting level, with 
few exceptions, the crosswires are not adjustable and must 
be assumed to be on the optical axis. The line of collimation 
is adjusted by tilting the instrument to the required staff 
reading and then levelling the tubular bubble using the adjusting 
screw at one end of the bubble tube. An automatic level has 
only a spot bubble for preliminary7 levelling. Hence the 
crosswires must be adjusted as i.n a dumpy level.. This adjustment 
was found to be a very delicate operation with the Zeiss Mg 1 level, 
due to both the compensator's vibrating badly and at the same time 
performing long-period oscillations- with reasonably light 
handling of tine instrument.

Experiment.

In the corridor of the Lower Ground floor of the 
University's Civil Engineering building, two wall brackets 
have been erected, one at each end of the corridor, separated 
by approximately 25 metres. Each bracket supports a glass 
scale having 1 mm divisions, with one of the graduations 
being further divided into tenths of a millimetre. One of 
the brackets also has provision for clamping a level 
immediately behind the glass scale.-



BRACKETS FOR CO LLIMATION TEST
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A third v?all bracket was installed midway between 
the other two brackets, consisting only of a flat metal plate, 
onto which a level may be clamped.

It was expected that the apparatus could be used 
by undergraduate students to test levels for collimaticn error 
before and after using them for practical exercises.

However the brackets were found to be unsatisfactory 
for precise observations by the method for which they were 
designed, due to considerable flexibility which was evident 
when simply touching them. Instead of clamping the level to the 
brackets E and C in turn (see Figure 1), a variation of the 
two-peg test was effected. The level was set on tripods at 
W, E' and C' (near W,E,C respectively). The tripod feet were 
pressed into the vinyl floor tiles.

VJhen the test line was first measured, it was found 
necessary to drill a second hole In the centre bracket 6.25 crn 
to the west of the existing hole. This was necessary so that 
the slight focussing error (due to unequal lengths CE and CW) 
could be eliminated.

As at 14 September 1972, the measurements on the 
test line were as shown in Figure 2.

The collimation error of the Zeiss N-j i level 
No. 7105C was determined as follows: (refer to Figure 2)
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(a) Set-up at C'

Scale Scale Graduation 
(mm)

Micrometer
Reading
(mm)

E 10 4.45 7.91
V,1 10 5.79 9.22

AhE-W + 1.34 +1.31

Mean Ah = + 1.32 mmE—W

(b) Set-up ^lt E* (3.378 m from E towards W)
Scale Scale Micrometer

Graduation Reading
(ram) (mm)

E 10 1.18 W expected
W 10 3.10 W observed

AHE—Vv +1.92 Error

(c) Set-up at W* (3.378 m from W towards E)
Scale Scale Micrometer

Graduation Reading
(ram) (mm)

E 10 2.90 W expected
W 10 3.62 W observed

ArlE-W

4.30 
5.60

1.30

2.50 
3. IQ

+0.60

4.22 
3. 62

+ 0. 72 Error -0.60
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The situation now is as shown in Figure 3.

Now:
e 1 20.68
e~ “ T. 38~

20.68p — —’— P1 3.38 2

e = 0.]63 e2 i

In case (b)

(S1 + ) - (S2 + e2)
Also: CSj ~ Sz)

+1.92 mm 
+1.32 MTl

.+].. 32 + e, - e? = +1.92
e2 (1 - 0.163) - +0.6G

. ’ . e ~ +0.60
57837'

ei = +0.717 ?nm over 20.68 m

e2 = +0.117 mm over 3. 38 m

Total Error e = +0.834 ran over 24.06 m

In case (c) the result is exactly the same.

Total Mean Col lima t ion Error -- +0.0345 mm/m
= • 7"

The instrument was consequently adjusted to hai 
a colliination error of less than 1".



I (i) (b) Centring Accuracy of the Spherical Bubble

If the level is centred from opposite directions a 
systematic difference will occur. This difference was found 
by Berthon Jones (4) to be about half the accidental error 
generally, and may be due to allowing insufficient time to 
elapse for the bubble to reach its equilibrium position, the 
effects of surface tension and possible irregularities in 
the curvature of the glass'vial.

This systematic error rnay be eliminated simply 
by always centring the bubble in the same direction.

Berthon Jones found that., provided that the observer 
looks squarely down onto the bubble (either directly or by means
of a prism-viewer), the accidental error of centring a spherical

jbubble is approximately ± mm or ± x /2 where the sensitivity 
of the level is x'/2 mm. Hence the accidental error of 
levelling up for a Zeiss Np 2 would be ± J.0"/2 - ±5", and for 
a Zeiss Nj 1 ±5"/2 - ±2 V , if sufficient care is taken.

Experirnent

''Accuracy of Levelling Spherical levels"

The relevelling accuracy of six spherical levels 
was examined. Each level was placed on a level tester and 
oriented along the tester arm. The spherical level was 
centred in the usual way. By tilting the level tester arm
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the instrument was dislevelled by 4' and then returned until 
the spherical level was recentred. The micrometer of the 
level tester was read. This was done ten times, the direction 
of return being towards the eyepiece ("e"). Ten readings 
were then made with the direction of return* being towards the 
objective ("0'’).

Since the systematic error is determined by taking 
the difference between the mean micrometer reading for the 
"forward" and "backward" bubble centrings, the calculated 
error would include any lost motion error in the screw thread 
of the level tester's micrometer dial. Therefore, to obtain 
a realistic systematic error for the spherical levels, the 
error due to lost motion was found for the position of the 
micrometer used in the previous tests. This was done as 
fo]lows:

The Wild N3 spirit level was placed on the level 
tester and sighted onto a collimator crosswire. The level 
tester was then tilted by 4', so that the 113 crosswire moved 
off the collimator crosswire. The tester was then returned 
until the instrument and collimator crosswires coincided again. 
The micrometer dial was then read (see Table Tl). This was 
repeated 3.0 times, with the return motion of the spherical bubbl- 
being towards the objective, and then 10 times with the return 
motion being towards the eyepiece. Means were calculated for 
each direction and subtracted, the difference being mainly due 
to lost motion in the screw thread of the micrometer dial.
This error was found to be approximately 2". (The dial is 
graduated direct to 1".) See Table T2.
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TABLE T1

ACCURACY OF SETTING SPHERICAL BUBBLES

Date: Mon. 9“7-73
Instruments: (i) Zeiss Ny 2 No. 149809 Location: Sydney university

(2) It II No. 16809 Optics Labors tory 
School of Civil

(3) 11 II No. 14S788 Engineering
(4) ll No. 149728
(5) Zeiss u.1 No. 71050
(6) Wild N3 No. 35580

LL (1) (1)
Direction
Time pm 4.22 - 4.26 4.26 °- 4.29

Bubble
Nominal

Very unstable

Sensitivity 15 1 /2rnm
; V vv i V w
It it l» »

I 58 -6.95 48.30+ 36.5 7.0 49.0
2 54 -2.95 8.70 45 -1. 5 2.25
3 66 -14.95 223.5 48.5 -5.0 25.0
4 48 3.05 9.3 29 14.5 210.25
5 44 7.05 49.7 48 -4.5 20.25
6 39 12.05 14 5.2 44 -0. 5 0.25
7 36 15 „ 05 226.5 39.5 4.0 16.0
8 63.5 -12.45 155.0 47l 49

-3.5 12.25
9 47 4.05 16.4 -5.5 30.25

10 55 -3.95 15.6 48.5 -5.0 25.0
E 510.5 0 898.225 ! 435.0 0 330.50 S
y 51.05 + - + | 43.5
o ±9.99 .0025

each
1
j ±6.59 _
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TABLE Tl (Coat'd.)

ACCURACY OF SETTLING SPHERICAL BUBBLES

Instr (2) j (2)
Direction e . o
Time pm 4.32 - 4.35 4.3(3 - 4.39
Bubble Fair ■ i
Nominal i

15' /2mmSensitivity
i V vv i V vv- i, - , " j V !

I 61 -1.6 2.56 57.5 10.3 106.09 I
2 65. 5 2.9 8.41 68 20.8 432.64 1
3 62.5 -0.1 0.01 46.5 -0.7 0.49 j
4 65.5 2.9 8.41 41 -6.2 38.44 j
5 67 4.4 19.36 46 -1.2 1.44 |
6 53 -4.6 21. 16 39.5 -7.7 59.29 1
7 57 -5.6 31. 36 39 -8.2 67.24 !
8 63. 5 0.9 0.81 49 1.8 3.24 j
9 71 8.4 70.56 ! 45.5 -1.7 2.89 |

10 55 -7.6 57.76 40 -7.2 51.34 j
E 626. 0 0 220.40 472.0 C 763.63 i
V 62.6 47.2 j
O' ±4.95

. J.
"±9.21 _ _ J
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TABLE T1 (Cont'd.)

ACCURACY OF SETTING SPHERICAL BUBBLES

Instr

J

Direction e o
Time pm 4.10 - 4.15 4.15 - 4.19
Bubble Good
Nominal
Sensitivity 15 /2mm

i V vv i V wII (1 1 I " II
1 57 3.1 9.61 i 66.5 -12.75 162.56
2 60.5 -0.4 0.16 60 -6.25 33.06
3 54 6.1 37.21 50 3. 75 14.06
4 61.5 -1.4 1.96 48 5.75 33.06
5 50.5 9.6 92,16 45 8.75 76.56
6 68 -7.9 62.41 41 12.75 162.56
7 62 -1.9 3.61 63 -9.25 85.56
8 64 -3.9 15.21 58 -4.25 18.06 !
S 63 -2.9 8.41 ' 57 -3.25 10.56

10 60. 5 -0. 4 0.16 1 49 4.75 22.66
T, 601 0 230.90

-j—'
537.5 0 624.625

V 60.1 53.75
_________ _G___ ±5.06 ±8.33 _...J
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TABLE Ti (Cont'd.)

ACCURACY OF SETTING SPHERICAL BUBBLES

7
Instr (4)
Direction e o
Time pm 4.42 - 4.45 4.45 - 4.48
Bubble Pair
Nominal
Sensitivity i V

15' /2rara
w i V vv

ir il " "
1 54 6.6 43.56 27.5 7.7 59.2S
2 4 3 -4.4 19.36 12 -7.8 60.84
3 51 3.6 12.96 8.5 -11.3 127.69
4 52. 5 5.1 26.01 24.5 4.7 22.09
5 42 -5.4 29.16 17.5 -2.3 5.29
6 38 -9.4 88.36 27 7.2 51.84
7 46. 5 -0.9 0.81 26 6.2 38.44
8 51. 5 4.1 16.81 21 1.2 1.44
9 54.5 7.1 50.41 21 1.2 1.44]

10 41 -6.4 40.96 3 3 -6.8 46.24
Z 474 0 328.40 j 198 0 414.60]
P 47.4 19.8
O' ±6.04 ±6.79



TABLE Tl (Cont'd.)

ACCURACY OF SETTING SPHERICAL BUBBLES

Instr (5)
Direction e . o

Time prn 4 00 - 4.04 3.50 - 3.56

Bubble Very Good
Nominal
Sensitivity y V vv i V vv

tl '* 1 1! H

1 1 3.0 9.0 66 -6.7 44.85
2 7 -3.0 9.0 57 2.3 5.29
3 3 1.0 1.0 61.5 -2.2 4 - 84]
4 4.5 -0.5 0.25 55 4.3 18.49
5 5 -1.0 1.0 57.5 1.8 3.24
6 4 0 o 58 1.3 1.69
7 2 2.0 4.0 59.5 -0.2 0.04
8 6. 5 -2.5 6.25 59 0.3 0.09:
9 4.5 -0.5 0.25 57 2.3 5.29j

10 2. 5 .1.5 2.25 62.5 -3.2 10.24]

E 40.0 0 33.0 593 0
1

94.10

y 4.0 59.3
tl

0 ±1.92 ±3.23
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TABLE T1 (Con I'd.)

ACCURACY OF SETTING SPHERICAL BUBBLES

Instr (6) I
Direction 
Time pm

e
4.53 - 4.57

o
4.57 - 5.02

Bubble
Nominal
Sensitivity i V

Good
4'/2mm
vv i V w

1 68. 5
IS

6.15 !37.7 5 "65 5.2 27.04
2 80. 5 -5.85 34.25 70 0.2 0.04
3 77 -2.35 5.51 72 -1.8 3.24
4 77 -2.35 5.51 72.5 -2.3 5.29
5 72.5 2.15 4.63 75 -4.8 2 3.04
6 75 -0.35 0.12 68 2.2 4.84
7 76 -1.35 1.82 69 1.2 1.44 |
8 7 3 1.65 2.72 71 -0.8 0.64
9 68 6.65 44.25 70.5 -0.3 0.09

10 79 -4.35 18.95 69 1.2 1.44 i
L 746. 5 0 155.51 702 0 67. 14
y
a

74.65
fi

±4. 16
70.2 !

"±2.73]



Instrument used: Wild N3
Levelled at approx.: 1° 20'

Direction e o
Time 3.15 - 3.20 3.10 ~ 3.15

It l f

1 61. 0 56.5
2 61.5 58.0
3 61. 0 58.0
4 61. 2 58.0
5 60. 5 60.0
6 60. 7 60.0
7 61.0 59.5
8 61. 5 59.0
9 60.0 60.0

10 61.0 60.0
E 609.4 £ 589.0:i II

Lost ^1 60-94 y 2 58.90
li

Motion = (h1 - y2) = 2. 34

The deviations from 
the mean in this case 
are due mainly to a 
combination of observer' 
pointing error and the 
internal repeatability 
of the level tester.

TABLE T2a

LOST MOTION IN MICROMETER DIAL OF LEVEL TESTER
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ACCIDENTAL ERROR OF CENTRING THE SPHERICAL BUBBLE

Instr a
n

(1) 9.99 
6. 59

(2) {

(3) {

(4) {

E =

4.95 
9. 21
5.06
8.33
6.04
6.79

56.93
U - ±7.1

(5) {
1. 92 
3.23

Accidental Error for Zeiss Nf 2
x" where x is the sensitivity of the 
2 bubble in minutes per 2 mm.

Z 5.15
y ±2.6 - Ziccidental Error for Zeiss Ny 1

= x"
4

(6) 4.16 
2.73

E 6.89
SI

h = ±3.5 - Accidental Error for Wild N3
= x II

TABLE T2b
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The systematic and accidental errors of centring
the spherical bubbles were calculated for each instrument
(see Tables Tl, T3). It was found that the accidental error
of centring is approximately ~ for tlie Zeiss Np 2 levels

x" 2(average of 4 levels), — for the Zeiss Np 1 and x" for the 
Wild N3 spirit level.

X-The systematic error was about — for the N3,
x11 ' ■1' 2
— for the N.- 1 and varied from •— to lh x" for the N, 2 4 x 3 x
automatic levels.



SYSTEMATIC ERROR CF CENTRING THE SPHERICAL BUBBLE

74.65
70.259.3

2.04 2.04

Instr. (1) (2) (3) .ML.
5 51.05 62.6 60. ]. 47.4
>5 43. 5 47.2 53.75 .
A 7.55 15.4 6.35 r 27.6
Lost
Motion 2.04 2.04 2.04

Systematic
Error 5.5 4.3

25-6-
~ x" . 1/3 i .1 1/3 1*5 !

Average x"

TABLE T3
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I (i) (c) Parallel Plate Micrometer

All modern precise levels are necessarily fitted 
with a parallel plate micrometer for interpolating between 
staff graduations * This consists of a thick glass plate 
having tv;o opposite sides perfectly parallel, which is mounted 
in front of the objective lens- of the level's telescope so 
that is can be rotated about a horizontal axis through, its 
centre and perpendicular to the line of sight- The plate 
is rotated by a micrometer drum which is connected to it 
by a short rod. Upon rotation of the plate, the image of the 
staff observed through the telescope will move vertically 
up or down, due to the refraction of light rays passing 
through the parallel plate. This vertical displacement 
6 is given by the expression: (6)

6 = t sin .i j 1 - (± - sin? i) (y - sir/ i) J

(See figure 4)

where t is the thickness of the glass plate
i is the inclination of the plate from vertical 
jJ is the refractive index of the glass.

If i is small, the expression reduces to:

6 =o t i (1 - --) h
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Since t and y are constants, the vertical 
displacement of the horizontal line of sight is directly 
proportional to the inclination of the plate from vertical. 
Hence the micrometer drum can be graduated linearly. If 
the line of sight appears to fall between two graduations 
on the staff, by a suitable rotation of the plate a full 
staff graduation can be made to fall on the intersection 
of the crosshairs. The micrometer drum reading will then 
give the vertical displacement from the zero position of the 
parallel plate. The drum is generally graduated so that, 
when the parallel plate is vertical, the reading is half 
the total micrometer range. For example, if the micrometer 
has a range of readings from 0 to 10 mm, the reading will be 
5 mm when the para].lei plate is vertical. Such a micrometer 
would be generally used with a staff having 1 cm intervals.

Actually i may be as large as 20°, so that i 
should be replaced by tan i = —
where x is the horizontal displacement of the rod mentioned 

above .
s is the distance from the horizontal plane containing 

the horizontal axis of rotation of the plate to 
the point of contact of the rod with the frame 
holding the glass plate.

Hence
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Since the rod moves horizontally/ s is constant.
Also t and y are constants. Hence is directly proportional
to x. By choosing glass with a suitable refractive index,
(6 - 6 ) can be made very small and hence 6 is directly o
proportional to x, within the range of rotation of the 
micrometer. The micrometer drum can then be evenly 
graduated for all values of 6 up to its maximum value.

Since the parallel plate micrometer is the 
means by which precise staff readings are made, it is 
important that the mechanical system between the micrometer 
drum and the glass plate be in good adjustment, with no 
"backlash" (or "lost motion") so that the linear relationship 
between 6 and x holds throughout the run of'the micrometer.
If this relationship is non-linear, then as different parts 
of the micrometer are read, for different staff positions, 
over numerous setups, errors of a random nature enter the 
observations. These errors may be eliminated by applying 
a correction to each observation, if the error at each 
micrometer graduation can be determined in a laboratory 
test.

Since this type of error is very important in 
determining precise levels, it is surprising that none of the 
available English speaking literature deals with it.
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Experiment

In order to ascertain the existence and magnitude 
of this error, two Zeiss Ni 2 parallel plate micrometer 
attachments and the Zeiss Nj_ 1 and Wild N3 parallel plate 
micrometers, each having a range of 10 mm, were tested.

The Ni 2 attachments were used with Ni 2 level 
No. 149728. It was later discovered that this instrument 
appeared to be faulty. (See I (i)(d)(vi) ). However this 
fault is considered to be associated with the operation 
of the compensator mechanism and hence should not affect 
the current experiment, since the instrument was not tilted.

The instruments were clamped and levelled on a 
firm pillar approximately 3.5 m from a glass scale, supported 
in front of a collimator which was used purely as a source 
of uniform illumination. The glass scale was a 1:10,000 
metric transparent glass scale used in a Wild A8 
photogrammetrie plotter. Hence the graduations of 0.1 mm 
could be expected to be precisely spaced to within a few 
micrometres.

The N^ 1 micrometer is graduated direct to 0.1 mm 
and can be easily interpolated to 0.01 mm. The same is the 
case with the N3. The micrometer in each case consists of an 
engraved glass scale housed inside the instrument and viewed 
through an eyepiece. The reading is indicated by a vertical 
wire.
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On the Nj_ 2 attachments the drum is engraved at 
0.5 mm intervals, the reading being taken at an engraved 
pointer line. In order to obtain finer readings a narrow 
paper strip was marked at every 0.1 mm and placed over the 
micrometer drum. Hence readings could easily be made to 
0.05 mm and to 0.02 mm with some care.

Each level was adjusted vertically before testing, 
so that the zero of the micrometer was as near as possible to 
an exact whole number on the glass scale. (See Figure 5).

It was noticed that the N3 precise bubble 
was evidently affected by breathing on the instrument over 
the duration of the test (about 30 minutes each time).

See also Schellens P162:- "Even the heat of the 
observer can cause such a disturbing deviation" as to cause 
"a temperature difference of 0.1 degree F at both ends of a 
4-inch long bubble, which results in a deviation of one angular 
second ........ ".

A handkerchief placed over the nose and mouth of 
the observer helped to reduce this effect. Due to the prolonged 
observations, which were made in a small air-conditioned room, 
in an attempt to eliminate the effect of residual temperature 
increases in the room, the observations were made first reading 
up the scale and then reading down the scale (or vice versa).
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The last motion of the micrometer drum was always 
clockwise. This was mainly to eliminate the effect of 
backlash. The Nj_ 1 and N3 had no observable backlash but the 
Nj_ 2 attachments both had slight backlash.

The graphs (fig. 6) indicate the behaviour of 
each parallel plate micrometer. The graph of the Np 2 
attachment No. 1 shows a distinct systematic error of 
appreciable size, a total of 0.4 mm over the full range of 
the micrometer. Although the graph for the N3 appears to 
show an enormous error, the scale of the graph is much larger 
than that for the Np 2 attachments. The error here is not 
quite systematic and has a maximum deviation of 0.05 mm.

The 1 was virtually perfect throughout its 
range, although only the 1 mm graduations were tested. Only 
two graduations deviated by 0.01 mm from the correct values.

While it is difficult to interpolate between the 
0.1 mm graduations to 0.005 mm, it was clearly seen that 
the position of the indicator wire was virtually the same 
distance from respective graduation lines for each reading.

The observations are shown in Table T4.

It was noticed that the wedge crosswire of the 
1 level gave readings approximately 0.005 mm higher than 

the horizontal wire. This error may be even larger on other 
instruments. Hence all staff readings made with this type of 
graticule should be made with either the wedge or the 
horizontal wire and not both.
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Date: 8th Feb 1972
Location: Collimator Room

Civil Engineering Bldg, UNSW.
Temp.: 20° C

PARALLEL PLATE MICROMETER CALIBRATION
N-^ 2 Attachment No. 1 (without screw on micrometer drum) attached 

to Zeiss Nj[ 2 No. 149728

Time
pm

Glass
Scale

Micro
meter 
(*)Rdg.

Time
pm

Glass
Scale

Micro
meter
(*)
Rdg.

Error in 
Mean (+) 
Micrometer 
Reading

(rnmxl0-, ) (mm) (mmxlO"’ ) (mm) (mm)
Start: Finish:
3.50 4.28

Check : 870 9.725
770 0.10 770 0.12 0
775 0.60 775 0.62 0
780 1.075 780 1.11 -.02
785 1.58 785 1.60 -.02
790 2.05 790 2.07 -.05
795 2.55 795 2.55 -.06
800 3.05 800 3.03 -.07
805 3.52 805 3.52 -.09
810 4.00 810 4.00 -.11
815 4.47 815 4.475 -.14
820 4.95 820 4.97 -.15
825 5.45 825 5.45 -.16
830 5.95 830 5.92 -.18
835 6.40 835 6.38 -.22
840 6. 875 840 6.85 -.25
845 7.35 845 7.35 -.26
850 7.825 850 7.82 -.29
855 8. 30 855 8.30 -.31
860 8. 80 860 8.77 -.325
865 9. 25 865 9.25 -.36
870 9.72 870 9.72 -.39
875 10.22 875 10.22 -.39
880 10. 70 880 10.67 -.425Choc& : 770 0.10

Finish: Start:
4.10 4. 10

(*) Mean of two "pointings"
(+) Reduced to zero at micrometer zero.

TABLE T4(i)
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Date: 9th Feb 1972
Location: Collimator Room

Civil Engineering Bldg.,UNSW.
Temp.: 19.5°C

PARALLEL PLATE MICROMETER CALIBRATION
N-j_ 2 Attachment No. 2 (with screw on micrometer drum) attached 

to Zeiss Ni 2 No. 149728

Time
am

Glass
Scale

Micro
meter
(*)
Rag.

Time
am

Glass
Scale

Micro
meter
(*)
Rdg.

Error in 
Mean (+) 
Micrometer 
Reading

jnmxlO”1) (ram) (mmxlO-1) (mm) (mm)
Start: Finish:
10.45 11.15

Check : 880 11.09
770 0.02 770 0.025 0
775 0.52 775 0.52 0
780 1.02 780 1.015 0
785 1.515 785 1.52 0
790 2.02 790 2.02 0
795 2.55 795 ' 2.545 + .03
800 3.05 800 3.05 + .03
805 3.55 805 3.55 + .03
810 4.05 810 4.05 + .03
815 4.52 815 4.52 0
820 5.05 820 5.07 + .04
825 5. 55 825 5.56 + .03
830 6.05 830 6.05 + .03
835 6.55 835 6.55 + .03
840 7.05 840 7.05 + .03
845 7.55 845 7.55 + .03
850 8.05 850 8.05 + .03
855 8.55 855 8.575 + .04
860 9.05 860 9.07 + .04
865 9.55 865 9.56 + .03
870 10.05 870 10.075 + .04
875 10.55 875 10.57 + .04
880 11.05 . 880 11.10 + .05

Che ck : 770 0.02
Finish: Start:
10.59 10.59

(*) Mean of two "pointings"
(+) Reduced to zero at micrometer zero.

TABLE T4 (ii)
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I. (l) (d) The Automatic Compensator 

In troduction

Despite the considerable advantages of modern 
automatic levels over the older spirit levels, it must be 
remembered that as the precision required increases so the 
number of errors which must be taken into account also 
increases.

Levelling has been made easier and faster and 
consequently more economical with the use of automatic levels 
but, while eliminating some errors characteristic of 
conventional spirit levels, new types of errors have been 
introduced. While these errors may not be significant in 
most normal levelling, they may become significant in 
automatic levels which are to be used for precise levelling.
In the automatic level, the purpose of the compensator is 
to redirect a horizontal line of sight onto the reticule 
crosswires, when the instrument's standing axis is not quite 
vertical. Therefore, it may be assumed that the most likely 
source of instrument error would be the compensating device 
which carries out this function.

The general principle of compensation will now 
be outlined and the behaviour of five Zeiss automatic levels 
will be examined with respect to the errors in the compensator 
systems.
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I (1) (d) (i) Basic Compensation Principle

The instrument is first levelled by the footscrews 
using a spherical bubble which is fixed to the body of the 
instrument. Since the spherical bubble has a low sensitivity# 
there will be a small rqsiaual tilt (a) of the standing axis 
of the level along the line of sight,after centring the 
spherical bubble. (See Figure 7). Thus the horizontal rays 
passing from the staff to the objective lens and at the same 
height as the anallactic point would normally be imaged on 
the reticule at the point R1. To enable these rays to focus 
on the intersection of the crosswires, R, and hence effectively 
maintain a horizontal line of sig’ht, a "compensating" device,
C, must be placed somewhere along the optical path to deflect 
the rays through an angle 3 so that they pass through R.

Since the amount of residual tilt, a will vary for 
different levellings of the instrument, the amount of 
compensation 3 must vary with a. To a first approximation 
3 = na where n is a constant, called the enlargement factor,

n = ~ approximately for small CX. b
However the following assumptions are implied above:
(1) the anallactic point is fixed for all focal 

distances; and
(2) the objective lens is treated as a "thin" 

lens with a fixed optical centre for all 
focal distances.
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These two ideal situations do not occur in practice 
for internal-focussing telescopes. They will be considered in 
the further development.

(ii) Over - and Under - Compensation
Most pendulum-type compensators consist basically 

of a suspended prism which acts as a mirror. The effect of 
this (multiple) mirror is to deviate the image-forming rays 
when the telescope is tilted. The reflected rays from the 
mirrors can be effectively replaced by their images so that 
the ray may be considered as one straight line, as long as 
the effect of rotations of the mirrors is taken into account. 
(See Berthon Jones (4) P. 280; Cooper (7) P. 83).

If we consider the equivalent optical system 
shown in Figure 8, where ka is the inclination of the line 
of collimation (assuming no collimation error is present), 
due to the dislevelment a of the standing axis, it can be 
showTn that:

k = ---—} with negligible error.
3.

For the line of collimation to remain horizontal 
we must have k = 0. However the practical difficulties in 
placing the compensator in exactly the desired position result 
in an unavoidable residual compensation error. If the 
compensator is set so that k > 0, the line of collimation is
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"over-compensated". If the compensator is set so that k < 0, 
the line of colliir.ation is "under-compensated". This can be 
seen in Figure 8 where k > 0. The three situations are shown 
in Figure 9 where positive a corresponds to raising the 
objective end of the telescope.

It should be noted that the inclination, ka, is 
not necessarily directly proportional to a. It can be shown that 
for some types of compensators, k is independent of a and 
for other types k is a function of a. It is shown later that 
for the Zeiss 2 and Np 1 compensators, k is a function of 
a. This occurs when the- compensator is designed so that when 
the level is tilted through an angle a, the effective point 
compensator C shown in Figure 8 undergoes a translation as well
as a rotation. Consequently the ratio n = — changes to• b

an = — = Cj + C2ot neglecting

second order terms. Hence k also changes and is a function 
of a.

(iii) The Effect of Sighting Distance on the Amount 
of Compensation

Berthon Jones derives an expression relating the 
error in staff reading (e) and the sighting distance (s):

since . a ks - Xj - X. (A)
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where ct is the inclination of the standing axis,
Aj is a constant which depends on the position chosen 

for the standing-axis
and A2 is a constant w7hich depends on the geometrical 

optics of the telescope.

As mentioned earlier (I Cl) (a) ) the line of
collimation and the optical axis should coincide and be
horizontal when the standing axis is vertical. Since the
error (e ) in staff reading due to the collimation error c, c
is a function of the distance (e = sc), it may be includedc
in expression A to give:

e = cs + ot | ks - A - ~2 | (B)

However it should be remembered that the effect 
of a collimation error can be effectively eliminated in 
practice by ensuring that backsight and foresight distances 
are equal at each instrument station. In the subsequent 
tests of "compensator characteristics", the effect of 
collimation error has no influence on the compensator 
characteristic curves, since for any given sighting distance, 
s, the collimation error, cs, is constant whatever tilt is 
applied to the level, and we are only concerned with 
differences of compensation.

|
V
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(iv) Compensator Characteristics
Equation (B) above can be re-written (Cooper (7); 

Berthon Jones (4) ) in the form :

— = k - A, (-) - A (~)2 (C)c:fV 1 c 2 c:

where (—) can be regarded as the amount of compensation for sot
a sighting distance s.

The factor k depends on the adjustment of each 
particular compensator. Following a procedure similar to 
that used by Berthon Jones, the characteristics of four Zeiss 
Np 2 levels and the new Zeiss Np 1 level were examined.

Experiment: Compensator Characteristics

The term "compensator characteristic" denotes 
"a graph of the apparent change in target elevation against 
the tilt of the standing axis for a level" (_(.4) P.313). The 
level whose characteristic was required was clamped onto a 
level tester (directly above its horizontal tilting axis) 
standing on a firm cement pillar at one end of a long 
corridor in the lower ground floor of the Civil Engineering 
Building, Sydney University. The temperature was felt to 
be constant for the duration of the tests but any possible 
small fluctuations would certainly have had negligible effect 
on the observations and equipment.
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FIG. 10a. SIGHTING TARGET
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FIG. 10c.

FIG. 10b. ZEISS Ni2 LEVEL

ZEISS Nil LEVEL
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The level was focussed on a Wild sighting target 
at a sighting distance of approximately "y" metres. The 
level-tester arm was then tilted through the level's full 
range of compensation. At various tilts, the height of 
the target was read on the level's parallel plate micrometer. 
Each booked reading was the mean of at least two readings 
which agreed to within 0.1 mm(less than 0.1 mm for distances 
up to 25 metres). With few exceptions, the observations 
v/ere well within these limits. The whole procedure was 
repeated at various sighting distances. The minimum focus 
of the 2 is a little more than 3 metres. So a minimum 
distance of 3.3 m was chosen. The target was clamped onto 
a firm mobile steel pillar which was wheeled to each 
required distance. Due to irregularities in the floor, the 
target had to be adjusted at each distance to an observable 
height. Hence the micrometer readings at one distance bear 
no relation to the readings at any other distance. A 
considerable depression in the floor at 27 m made it impossible 
to observe the target without undue trouble in raising the 
latter, so no observations were made at this distance. 
Photographs of the apparatus are shown in Figure 10. The 
observations are given in Table T5. The observed micrometer 
readings are plotted against tilt of the standing axis for 
each sighting distance for each of five levels, in Figure 11.
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FIG, n  COMPENSATOR CHARACTERISTICS
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FIG. 11 COMPENSATOR CHARACTERISTICS
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FIG, 11 COMPENSATOR CHARACTERISTICS
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Instrument; Nj_ 2 No. 149809 Date: 1st, 2nd Mar. 1973

Levelled at 1° 20*
Time Start 4.45 5.00 1.11 1.35 1.55 2.15

Finish 4.55 • 5.10 1.25 1.45 2.05 2.30
Dist. (ft.) 11 20 30 40 50 60
Tilt (*) + 1 4- +
(+) mm mm mm mm mm mm
1° 03' 2.2 4.15 3.62 4.7 6.1 2.45

04' 2.15 4.15 3.62 4.7 6.1 2.55
06' 2.12 4.16 3.63 4.7 6.1 2.55
08' 2.09 4.14 3.60 4.75 6.1 2.62
10' 2.04 4.13 3.63 4.78 6.15 2.65
12' 2.00 4.13 3.65 4.8 6.2 2.75
14' 1.96 4.15 3.68 4.88 6.25 2.85
16’ 1.88 4.15 3.70 4 095 6.35 2.9
18' 1.85 4.15 3.75 4.98 6.45 3.05

1° 20' 1.80 4.15 3.80 5.05 6.55 3.2
22' 1.77 4.17 3.85 5.14 6.6 3.35
24' 1.75 4.18 3.85 5.25 6.75 3.55
26* 1.72 4.18 3.92 5.35 6.9 3.7
28' 1.67 4.24 4.00 5.5 7.05 3.85
30' 1.66 4.29 4.10 5.58 7.25 4.15

1° 32' 1.65 4.30 4.15 5.7 7.4 (x) -

* The arrow 1 indicates downward tilt of objective
+ Increasing tilt 1° 03' -> 1° 321 = objective down 1
x Instrument was relevelled - compensator range not 

checked.
TABLE T5 (i)

Compensator Characteristics
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Instrument: N. 2 No. 149809 Date: 1st, 2nd Mar 1973-------------- i ------

Levelled at 1° 20'
Time Start 2.38 3.00 3.15 3.35 3.50 4.05 4.30

Finish 2.46 3.07 3.25 3.43 4.00 4.15 4.45
Dist. (ft.) 70 80 100 110 120 130 11(A) ★
Tilt 4 4 4 4 4 ^1 1-11A

mm mm mm mm mm mm mm mm
1° 03' 7.6 7.6 2.85 2.35 4.0 3.6 2.0 +0.20

04 7.6 7.65 2.95 2.3 4.05 3.65 2.0 +0.15
06 7.65 7.65 2.95 2.35 4.15 3.7 1.95 +0.17
08 7.75 7.7 3.05 2.45 4.15 3.75 1.88 +0.21
10 7.85 7.7 3.15 2.65 4.25 3.95 1.85 +0.19
12 7.85 7.85 3.3 2.8 4.37 4.1 1.82 +0.18
14 7.95 8.0 3.45 3.0 4.6 4.3 1.75 +0.21
16 8.08 8.15 3.6 3.15 4.8 4.5 1.72 +0.16
18 8.2 8.25 3.8 3.4 5.0 4.8 1.7 +0.15
20 3.35 8.5 4.0 3.6 5.25 5.05 1.67 +0.13
22 8.48 8.65 4.3 3.8 5.6 5.45 1.65 +0.12
24 8.68 8.8 4.6 4.18 5.95 5.8 1.62 +0.13
26 8.85 9.0 4.8 4.5 6.25 6.05 1.6 +0.12
28 9.1 9.3 5.08 4.8 6.7 6.5 1.6 +0.07
30 9.35 9.55 5.35 5.15 7.05 6.95 1.55 +0.11

1° 32' 9.6 9.85 5.8 5.63 7.50 7.4 1.55 +0.10

* Repeat set to check repeatability of test.

TABLE T5 (i) cont.

Compensator Characteristics



61

Instrument: 2 No, 16809 Date: 6th Mar. 1973

Levelled at: 1° 19' 10"
Time Start 12.09 12.25 12.45 1.00 1.19

Finish 12.16 12.35 12.54 1.09 1.27

Dist. (ft.) 11 20 30 40 50

Tilt + + + \

mm mm mm mm mm
1° 041 2.65 5.55 6.25 7.85 2.4

06 2.6 5.55 6.18 7.8 2.38

08 2.5 . 5.53 6.15 7.72 2.3

10 2.45 5.5 •6.13 7.7 2.28

12 2.35 5.45 6.05 7.65 2.28

14 2.32 5.4 6.02 7.65 2.25

16 2.25 5.35 6.0 7.65 2.23

18 2.2 5.35 5.98 7.58 2.22
o0

■ 2.15 5.32 5.95 7.58 2.23

22 2.1 5.3 5o95 7.58 2.25

24 2.05 5.25 5.95 7.58 2.25

26 2.0 5.22 5.92 7.6 2.27

28 1.95 5.2 5.95 7.65 2.28

30 1.85 5.18 5.98 7.65 2.32

32 1.83 5.2 5.97 7.65 2.38

34 1.75 5.17 6.0 7.75 2.45
1° 36 ' 1.75 5.17 6.0 7.73 2.5

TABLE T5 (ii)

Compensator Characteristics
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Instrument: N. 2 No. 16809-------------- l Date: 6th Mar. 1973

levelled at 1° 19’ 10"
Time Start 1.33 1.55 2.17 2.36 2.52

Finish 1.43 2.05 2.25 2.47 3.03
Dist. (ft.) 60 70 80 100 120
Tilt + 4- i

mm mm mm mm mm

H 0 O 3.9 9.5 8.88 2.2 3.5
06 3.85 9.45 8.83 2.1 3.4
08 3.78 9.35 8.7 1.95 3.25
10 3.77 9.3 8.68 1.9 3.2
12 3.75 9.28 8.63 1.85 3.2
14 3.7 9.28 8.6 1.85 3.15
16 3.65 9.25 8.53 1.82 3.1
18 3.65 9.25 8.5 1.75 3.05

1° 20' 3.68 9.28 8.55 1.9 3.2
22 3.7 9.27 8.6 1.95 3.2
24 3.72 9.25 8.64 2.07 3.28
26 3.77 9.29 8.65 2.05 3.3
28 3.8 9.4 8.7 2.15 3.5
30 3.81 9.5 8.76 2.25 3.65
32 3.89 9.55 8.82 2.33 3.75
34 3.98 9.6 9.0 2.5 3.9

1° 36' 4.1 9.7 9.05 2.7 4.15

TABLE T5 (ii) cont.

Compensator Characteristics
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instrument: 2 No. 149788 Date: 6th, 7th Mar. 1973

Levelled at: 1° 20' 00"
Time Start 3.50 4.12 4.32 4.50 1.02

Finish 4.05 - 4.22 4.40 4.59 1.10
Dist. (ft.) 120 100 80 70 60
Tilt • 1 + -V

mm mm mm mm mm
1° 00' 2.63 2.95 4.55 4.22 2.70

02 2.65 2.78 4.60 4.20 2.68
04 2.70 2.88 4.55 4.20 2.70
06 2.65 2.85 4.55 4.15 2.65
08 2.65 '2.95 4.55 4.15 2.65
10 2.80 2.98 4.60 4.20 2.65
12 2.75 3.05 4.55 4.28 2.67
14 2.95 3.00 4.70 4.25 2.70
16 3.00 3.18 4.80 4.28 2.82
18 3.20 3.20 4.80 4.40 2.85

, o1 20 ^3.35 3.30 4.80 4.50 2.90
22 3.55 3.40 4.95 4.60 3.00
24 3.60 3.70 5.10 4.68 3.05
26 3.85 3.85 5.25 4.75 3.15
28 4.15 4.00 5.45 4.95 3.25
30 4.30 4.22 5.55 5.05 3.40

, o1 32 4.65 4.50 5.75 5.25 3.47

TABLE T5 (iii)

Compensator Characteristics
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Instrument: N. 2 No. 149788-------------- l Date: 6th, 7th Mar. 1973

Levelled at: 1° 20' 00"
Time Start 1.17 1.36 1.49 2.28 2.40

Finish 1.25 1.44 1.57 2.35 2.48
Dist. (ft.) 50 40 30 20 11
Tilt Y + i

mm mm mm mm mm

0 o o 3.65 8.35 6.35 5.35 2.85
02 3.63 8.35 6. 30 5.35 2.IQ

04 3.55 8.33 6.27 5.30 2.75
06 3.60 8.34 6.27 5.25 2.67
08 3.60 8.32 6.25 5.25 2.65
10 3.60 8.33 6.23 5.25 2.60
12 3.64 8.33 6.25 5.20 2.55
14 3.66 8.33 6.25 5.18 2.50
16 3.68 8.35 6.25 5.18 2.45
18 3.68 8.38 6.28 5.15 2.40
20 3.75 8.40 6.30 5.15 2.35
22 3.80 8.48 6.30 5.15 2.32
24 3.85 8.50 6. 32 5.15 2.28
26 4.00 8.55 6.37 5.15 2.25
28 4.05 8.60 6.40 5.14 2.24
30 4.15 8.70 6.42 5.14 2.20

1° 32' 4.22 8.78 6.50 5.15 2.15

TABLE T5 (iii) cont.

Compensator Characteristics
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Instrument: 2 No. 149728 Date: 7th, 8th Mar. 1973

Levelled at: 1° 20' 00"
Time Start 4.05 4.30 4.54 5.06 10.14 10. 30

Finish 4.16 4.40 5.04 5.12 10.22 10.37
Dist. (ft.) 120 100 80 80(A) 70 60
Tilt 1 I

mm mm mm mm mm mm
1° 04* 4.00 5.65 4.75 4.90 5.67 3.10

06 3.95 5.65 4.75 4.75 5.55 3.02
08 3.90 5.65 4.75 4.80 5.50 2.95
10 3.95 5.68 4.72 4.80 5.38 2.95
12 3.90 5.70 4.62 4.78 5.38 2.89
14 3.95 5.68 4.70 4.80 5.40 2.82
16 3.95 5.68 4.75 4.80 5.37 2.83
18 4.15 5.73 4.78 4.90 5.35 2.85

1° 20' 4.20 5.75 4.87 5.00 5.33 2.83
22 4.35 5.90 5.00 5.05 5.43 2.85
24 4.45 6.05 5.08 5.05 5.48 2.93
26 4.70 6.30 5.20 5.20 5.52 3.00
28 4.90 6.45 5.35 5.35 5.58 3.05
30 5.25 6.62 5.50 5.40 5.67 3.15

1° 32' 5.40 6.75 5.73 5.68 5.83 3.25

TABLE T5 (iv)

Compensator Characteristics
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Instrument: N. 2 Noi 149728 Date: 8th Mar

Levelled at: 1° 20' 00”
Time Start 10.46 10.58 11.08 11.19 11.26

Finish 10.52 11.05 11.14 11.24 11.32
Dist. (ft.) 50 40 30 20 11
Tilt * i

mm mm mm mm mm

o0 iH 3.95 7.71 6.00 4.52 2.10
06 3.88 7.68 5.98 4.52 2.05
08 3.82 7.60 5.97 4.51 2.00
10 3.80 7.55 5.92 4.45 1.95
12 3.78 7.55 5.90 4.42 1.87
14 3.75 7.50 5.85 4.38 1.82
16 3.73 7.51 5.85 4.34 1.75
18 3.73 7.52 5.85 4.34 1.69

H-
1 0

NJ O 3.77 7.51 5.84 4.33 1.66
22 3.80 7.55 5.85 4.30 1.64
24 3.85 7.60 5.84 4.30 1.60
26 3.90 7.67 5.88 4.30 1.55
28 4.00 7. 70 5.95 4.30 1.53
30 4.05 7.74 5.98 4.29 1.49

1° 32' 4.12 7.84 6.00 4.29 1.43

TABLE T5 (iv) cont.

1973

Compensator Characteristics
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Instrument N. 1 No. 71050-------------- l Date: 8th Mar. 1973

Levelled at: o1 20' o o

Time Start 2.56 3.13 3.27 3.39 3.52
Finish 3.01 3.17 3.34 3.46 4.00

Dist. (ft.) 11 20 30 40 50
Tilt +

mm mm mm mm mm

00o0
r-\ 5.43 5.70 6.01 7.62 4.99

10 5.39 5.65 5.85 7.25 4.45
12 5.35 5.60 5.80 7.16 4.35
14 5.32 5.58 5.77 7.13 4.27
16 5.32 5.57 5.74 7.14 4.29
18 5.31 5.60 5.79 7.16 4.31
20 5.33 5.61 5.82 7.21 4.41
22 5.32 5.65 5.88 7.30 4.50
24 5.32 5.67 5.93 7.40 4.58
26 5.33 5.71 5.99 7.45 4.65
28 5.33 5.72 6.01 7.49 4.70

H-
* 0 U> o 5.32 5 o 72 6.05 7.50 4.75

TABLE T5 (v)

Compensator Characteristics
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Instrument: 1 No. 71050 Date: 8th Mar. 1973

Levelled at 1° 20' 00"
Time Start 4.07 4.24 4.40 5.00

Finish 4.15 4.34 4.52 5.13
Dist. (ft.) 60 70 80 100
Ti It

mm mm mm mm
1° 08' 6.00 6.07 9.40 5.99

10 5.31 5.11 8.21 4.61
12 5.12 4.99 7.99 4.41
14 5.04 4.88 7.94 4.30
16 5.10 4.87 7.9Q 4.18
18 5.12 4.95 7.99 4.30
20 5.21 5.08 8.06 4.43
22 5.30 5.17 8.15 4.52
24 5. 39 5.26 8.29 4.71
26 5.51 5.42 8.40 4.90
28 5.58 5.48 8.54 4.98

1° 30' 5.61 5.51 8.63 5.00

TABLE T5 (v) cont.

Compensator Characteristics
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Note on the curves of Figures 11, 13, ] 7> .Iff

Some of tiie curves on these figures, particularly 
for the Nj_ 1 level, appear to indicate very large errors in 
the compensation of the line of sight at points near the end 
of the compensator range. It should be pointed out that 
the practical working range of the compensator would never 
exceed ±1 arc minute about the true level position (for 
precise levelling). Hence only this portion of the curve 
is of importance for practical purposes-. These positions 
are marked with small vertical lines on the figures 11, 17, 19.

From figure 13 a Zeiss representative suggested 
that all instruments except the Np 2 No. 16809 should be 
ad j us ted.

yi
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For levels having curved compensation characteristics 
such as those in Figure 11, the characteristic can be 
approximated, for small dislevelinents, by the tangent at the 
origin of the characteristic (that is, at zero tilt). The slope 
of each characteristic is shown with its graph. The "adjustment 
characteristic" is obtained by plotting these tangents against 
the respective sighting distances (Figure 12).

From the best-fit curves in Figure 12, the values, 
e, in Table T6 are extracted, from which the amount- of over
compensation, x, as a percentage of tilt, is computed and
plotted against (—) for each level. (Figure 13). The s
percentage, x, is given byi -

x

x

e_ (mm/1' ) 
s (mm) x 100 (p1 3438)

e x 100 
s x icr3- x P' ^-e in mm/min. 

s in m.

where e is the error in millimetres per arc minute of tilt, 
obtained from the curves of Figure 12 and s is the sighting 
distance in metres.

Figure 12 shows that different instruments display 
different error curves according to the different compensator 
adjustments. However if (J^j is plotted against the reciprocal 
of the distance (—), as in Figure 13, the resulting curves 
should have the same form for levels of the same type, since
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INSTRUMENTS

N°
1. - 71050
2. - 149809
3. - 149788
4. - 149728
5. - 16809

DISTANCE

FIG. 13 ADJUSTMENT CHARACTERISTICS
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INSTR. No. 149809 16809 149788

S Vs e X e. X e X
(ft) (m l) (mm) (%) (mm) (%) (mm) (%)

11 0.298 + .020 -2.05 + .026 -2.67 + .020 -2.05
20 0.164 -.003 +0.17 + .013 -0.73 + .004 -0.23
30 0.109 -.020 +0.75 + .007 -0.26 - .008 +0.30
40 0.082 -.037 + 1.04 + .003 -0.08 -.018 +0.51
50 0.066 -.053 + 1.20 .000 0.00 -.028 +0.63
60 0.055 -.069 + 1.30 -.003 +0.06 -.037 +0.70
70 0.047 -.083 + 1. 34 -.006 +0.10 -.046 +0.74
80 0.041 -.098 + 1.38 -.008 +0.11 -.053 +0.75

100 0.033 -.124 + 1.40 -.013 +0.15 -.068 +0.77
110 0.030 -.137 + 1.40
120 0. 027 -.149 + 1.40 -.018 +0.17 -.083 +0.78
130 0.025 -.161 + 1.40

INSTR. No. 149728 71050
S Vs e X e X

(ft) (m l) (mm) (%) (mm) (%)

11 0.298 + .021 -2.15 .000 0.00
20 0.164 + .008 -0.45 -.013 +0.73
30 0.109 -.001 +0.04 - .026 +0.98
40 0.082 -.007 +0.20 -.037 + 1.04
50 0.066 , -.013 +0.29 -.044 +0.99
60 0.055 -.020 +0.38 -.050 +0.94
70 0.047 -.026 +0.42 -.055 +0.89
80 0.041 -.031 +0.44 -.057 +0.80

.100 0.033 -.043 +0.48 -.061 +0.69
110 0.030
120 0.027 -.053 +0.50

TABLE T6.

Extraction of e from Fig. 12 with subsequent 
computation of percentage over compensation, x, from

-(—)% 
SQL -<- ■ s 10
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a change in the value of k simply displaces the curve along 
the ordinate axis. In Figure 13 instruments 2, 2, 4, 5 are 
Nj_ 2 levels and have similar curves. Instrument 1 is the 
new 1 level and has a completely different adjustment 
characteristic curve. Unfortunately no other Nj_ 1 levels 
were available for comparison.

By extrapolating the observed portion of the curves 
to distances beyond 40 metres, the Nj_ 1 is found to have a 
compensator adjustment factor k = 0. Another point of interest 
is that the Nj_ 1 curve is quite different from the curves of 
all the other levels (including the 2's) in Berthon Jones' 
article (4) Pp 317, 318. It cannot be satisfactorily 
represented by the quadratic expression (C) above.

There seems to be no obvious reason why this 
characteristic should be so different from those of other 
levels. The observations, final curves and the relevant 
mathematical back-ground were taken to Zeiss in Oberkochen 
with a request for an explanation of the anomaly. They could 
not offer an immediate solution to the problem in the short 
time available to them. However they were not completely 
convinced of the validity of Berthon Jones' mathematical 
development and suggested that there may exist an implicit 
error here. On closer scrutiny of Berthon Jones' derivation, 
all seems quite sound and applicable to any automatic level.



75

The only major difference between the Nj_ 1 
compensator and other compensators is the very long effective 
pendulum length of 1.1 m.

The slope of the function:

—— - k - A (—) — A (--) 2 is obtained by sa 1 s 2 s
differentiation as:

slope = " (A2 + 2A2 (■—) ) (D)
In order to obtain the positive slope displayed 

on the left of the characteristic, the quantity in the brackets
in (D) must be negative. The quantity (~) is always positive.

1 S VThen (—) is large (D) is negative. This leads to the conclusion
that A2 is positive and Aj is negative.

The above argument would explain why the characteristic 
curve changes from positive to negative slope. However the curve 
does not appear to be a parabolic function. This may occur if 
Aj or A2 is a function of distance s. This would result if the 
anallactic behaviour of the telescope is not perfect. It is 
suggested therefore that tests of the anallactic properties of 
the level may quite possibly show abnormal behaviour. Time 
difficulties have prevented such tests from being made.

In order of increasing percentage over-compensation 
error, the levels may be listed as in Table T7.
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Level Max. Error (.%) 
(Approx.)

Worst 
S.D. (m)

Optimum 
S.D. (m)

Error (%) 
at S.D.--30m

N j_ 1 No. 71050 + 1 12 3 C*>;>40 (+) +0.7
Ni 2 No. 149738 -2.1 3 (*) 7 +0.8
N± 2 No. 149809 -2.1 3 (*) 5.5 + 1.4
N. 2 No. 149728l -2.2 3 (*) 9 +0.5
Nj_ 2 No. 16809 -2.7 3 (*) 15 +0.2

S.D.
*

+

sighting distance 
minimum focus 
maximum focus.

TABLE T7
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The optimum sighting distance for each instrument 
is given from Figure 13 by the point at which the over-compensation 
error is zero. This distance is shown for each level in 
Table T7 together with the distance at which the maximum 
over- or under- compensation occurs.

It can be seen that at the desirable sighting
distance of 30 in, all these levels unfortunately exhibit a
small cvercompensation of the line of sight. Taking the
worst case - Nj_ 2 No. 149309, if the accidental error of
levelling is ± 10" (Section I Cl) (b) ), the line of sight is

1.4 • 1" •horizontal to within ± 10" x t - 7* = 0.02 mm at 30 m.

By correct adjustment of the position of the 
compensator or by suitable choice of sighting distance, the 
amount of over-compensation should be less than ±^% (6). The 
accidental error of the compensator system was estimated by 
Berthon Jones as lying between ± and ± y" (by subtraction
of variances), if the standing axis is set twice for each 
sight.

(v) Lateral Tilts

In the development so far, only tilts of the 
standing axis along the line of sight have been considered.
It was shown earlier (Section 1(1) (b) ) that centring the 
spherical level generally ensures that the standing axis 
is vertical within about ±10". This residual dislevelment
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may occur in any direction from the vertical. Berthon Jones 
states: "The majority of compensators do not possess a
vertical axis of symmetry and hence the behaviour of the 
compensator when subjected to a tilt depends on the direction 
of the (vertical) plane in which the tilt occurs. From the 
point of view of lateral tilts, most compensators can be 
considered (effectively) as parallelogram linkages" as 
shown in Figure 14. PQ and RS are suspension wires of 
length Z holding the effective compensator reflecting mirror 
whose axis is QS. A is the anallactic point. When a lateral 
dislevelment, a, is applied to the level, the perpendicular 
AZ from A. to the mirror, now at Q' S' , is decreased by the 
amount ZZ' = Z (1 - cos a). Since a is very small and the 
length Z is also relatively short, then ZZ' is itself 
negligible. We have assumed here that the longitudinal mechanical 
axis of the compensator is in the vertical plane containing 
the line of collimation. However, due to the technical limits 
of construction, it is very likely that a small horizontal 
obliquity, 5, between the compensator's longitudinal axis 
and the line of collimation will exist. Hence if the standing 
axis is tilted through a small angle a laterally, the 
component of this tilt in the longitudinal section of the 
compensator is a sin 6. This causes a dislevelment of the 
line of collimation, the error, e, in the staff reading at 
a distance s being given by:
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e = (s - h.) .a. sin5
= (s - h).a.6 since 6 is generally small 

.'•!=(s - lt).6 (E)
where h is the distance .from the anallactic point to the 
exterior principal point of the objective lens of the 
telescope.

In the general case, if the direction of tilt 
is at 0 clockwise from the line of collimation, then the 
component of the tilt is a.cos (0-6) in the direction of 
the longitudinal axis and a sin (0-6) in the lateral 
direction.

We can put:

a cos (0-6) = a cos 0 for small a and 6 
and a sin (6-6) 4= a sin 0 for small a and 5.
Then from expressions (E) above and (A) (Section 1(1) (d) (iii) ) 
the total error in reading at a distance s is given by:

— = (ks - A, - .cos 0 + (s-h).6 sin 0 (F)a 1 s

Note: If 0 = 0, (F) reduces to equation (A)

Expression (F) may be written as:

— - A cos 0 + B sin 0 (G)a

only for levels in which k is independent of a.
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From tests on several levels of different makes, 
Berthon Jones concluded that the obliquity, 6 should not 
exceed 51 in a well adjusted level. Consequently, the 
dislevelment of the line of colliraation for a (large) 
lateral tilt of 1* should not exceed 0.1”, or 0.01 mm at 
30 m. Normally the lateral tilt would be about a sixth 
of that used in Section 1(1) (d) (iii), with a corresponding 
reduction in the dislevelment.
Experiment

Determination of Obliquity for 5 Automatic Levels.

In the 2 and Nj_ 1 levels k is a function of a. 
However if the tangent at zero tilt is considered, the 
expression (G) above still holds. To simplify the determination 
of the obliquity for the five automatic levels available, the 
following procedure was adopted.

By tilting the level at an oblique tilt 0 = 90°, 
cos 0=0, sin 0=1 and expression (F) becomes

= s.6 (for this purpose, since h << s)
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(A) Ni 2

FIG. 15 Pointing method in lateral tilt test

LO.C.

AXIS
OF

ROTATION

FIG. 16 Effect, of lateral tilt about 

an axis below the optic axis
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A sighting distance of 12.2 m (.40 ft) was selected as a 
suitable distance for good pointings. Then 6 becomes

06' 968 — where re is in mm(Y a is in minutes

The target used was a Wild Sighting Target/ shown in
*

the photograph (Figure 10) placed on a very sturdy mobile steel
pillar. The photograph shows the target set at the 42.4 m (139
ft) mark, indicated by the foot-square floor tiles. (The
white strip above the Wild target is a concrete pillar in the
background). The target, was illuminated from behind during
all observations. The other photographs show the level
tester with levels in position for observations in part

o(iv) of this Section. For the observations at 90 oblique 
tilt, the level tester (but not the level) was turned at 90° 
to that shown in the photographs.

If the level is tilted laterally through an 
appreciable angle, the reticule crosswire also tilts. This 
introduces an error,A, in the reading, unless the 
intersection of the crosswires is used at the same point on 
the target for each reading at the different tilts,a .
(See Figure 15 (a) ).



Instrument: N. 2 No. 149809---------- r Date: 9th Mar. 1973

Stops: 1° 01*; 1° 38'_______ U)____________________________ (b)
Lateral
Tilt

L
(mm)

R
(ram)

Mean
(mm)

Ar-l
(mmxlO 2)

L
(mm)

R
(mm)

Mean
(mm) ar-l ?(mmxlO 2)

1° 02' 5.65 5.58 5.615 - 7 5.61 5.67 5.64 + 6
08 5.62 5.64 5.63 + 2 5.65 5.65 5.65 0
14 5.62 5.63 5.625 + 1 5.63 5.63 5.63 0
20 5.65 5.64 5.645 - 1 5.65 5.63 5.64 - 2
26 5.68 5.65 5.665 - 3 5.70 5.58 5.69 -12
32 5.70 5.60 5.65 -10 5.72 5.58 5.65 -14

1° 38' 5.73 5.59 5.66 -14 5.75 5.61 5.68 -14

(C)
Lateral
Tilt

L R
(mm) (mm)

Mean
(mm)

Vl
(mmxlO 2)

1° 02' 5.63 5.70 5.665 + 7
08 5.65 5.65 5.65 0
14 5.67 5.61 5.64 - 6
20 5.68 5.64 5.66 - 4
26 5.70 5.64 5.67 - 6
32 5.73 5.61 5.67 -12

1° 38’ 5.80 5.61 5.705 -19

(a) Tilt applied without recentring of vertical wire
(b) " " with
<c> .............. " " " " and tiltingvery slowly.

TABLE T8

Oblique Tilt (90°)
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Instrument: N. 2 No. 149809------------- l Date: 9th Mar. 1973

Levelled at 1° 20' oStops: 1 01'; 1° 38’ (d)
Lateral L R Mean Ar-l Time
Tilt (mm) (ram) (mm) (mmxlO-2)
1° 02* 5.62 5.67 5.645 + 5 3.50

08 .65 .67 .66 + 2
14 .67 .65 * .66 - 2
20 .69 .64 .665 - 5
26 .71 .64 .675 - 7
32 .70 .57 .635 -13

o1 38’ .80 .59 .695 -21 3.58

Instrument: N. 2 No. 149728l

Levelled at 1° 18’ oStops: 0 58' 30"; 1° 35' 30" (e)
Lateral L R Mean A
Tilt (mm) (mm) (mm)

R-L, ,2, Time(mmxlO )

0
O o 4.80 4.87 4.835 +7 4.13

06 4.85 4.89 4.87 + 4
12 4.90 4.88 4.S9 - 2
18 4.95 4.87 4.91 - 8
24 4.99 4.89 4.94 -10
30 5.02 4.91 4.965 -11

H 0 O
J 5.03 4.91 4.97 -12 4.20

TABLE T8

Oblique Tilt (90°)



Instrument: N. 2 No. 149738-------------- i Date: 9th Mar. 1973

Levelled at 1° 20' Stops: 0° 50' ; 1° 38' (f)
Lateral L R Mean Vl
Tilt (mm) (mm) (mm) (mmxlO 2) Time

0° 52' 6.58 6.74 6.66 + 16 4.31
0 58 .60 .72 .66 + 12
1 04 .68 .74 .71 + 6

10 .70 .72 .71 + 2
16 .80 .75 .775 - 5
22 .81 .76 .785 - 5
28 .85 .75 .80 -10
34 .95 .80 .875 -15

1° 38' .96 .80 .88 -16 4.39

Instrument: N^ 2 No. 16809 Date: 9th Mar. 1973

Levelled at 1° 201 Stops: 1° 03' 10"; 1° 48' 40"______ (g)
.Lateral
Tilt

L R
(mm) (mm)

Mean
(mm)

Vl, o, Time(mmxlO )

o0rH 6.20 6.21 6.205 + 1 4.47
10 6.26 .24 .25 - 2
16 .30 .26 .28 - 4
22 .35 .27 .31 - 8
28 .40 .26 .33 -14
34 .43 .27 .375 -21
40 .54 .28 .41 -26

1° 46' .58 .30 .44 -28 4.54

TABLE T8

Obiique Tilt (90°)



Instrument: N. 1 No. 71050l Date: 9th Mar. 1973

Lateral Mean
TimeTilt

8.438.24 8.335 + 19 5.00
+ 18
+ 11

+ 11

1 40 5.10

TABLE T8

Oblique Tilt (90°)
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Instrument
Type S/N°

e/a (*)
(mm/min)

6 = 968.e/a
i ii

N. 2 149809i 0.044/36 1 11
N. 2 149728l 0.145/36 3 54
N 2 149788i 0.253/48 5 06

N. 2 16809r 0.220/42 5 04

N. 1 71050r 0.045/42 1 02

(*) Obtained from Figure 17

TABLE T8 (a)

Compensator Obliquity
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F ig . 17(a) Compensator O b liq u ity
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If the crosswire intersection is used repeatedly 
to point to the same spot, the eyes tend not only to become 
strained but also to subconsciously transfer concentration 
to "centring" the vertical wire, thus interfering with the 
centring of the horizontal wire. Also, since the axis of 
rotation of the level is not along the line of collimation 
but about 162 mm below it, as the tilt a is applied, the 
line of collimation is rotated as shown in Figure 16, 
causing a further vertical displacement AH of the line of 
collimation (LOC).

In this figure,
AH = (1.37 x a2 x 10“5) mm
where a is in minutes.

The maximum value of a used was ±23', in v/hich case:
AH = 1.37 x 529 x 10~5
AH = 0.007 mm.

This may be considered negligible relative to the 
accuracy required. (See the vertical scale of Figure 17).

To eliminate the effect shown in Figure 15, two 
readings were taken, L and R, after the vertical wire was 
placed in the centre of the target. After each tilt, a, 
the vertical wire moved off the centre of the target (See 
Figure 16) and was very carefully returned by using the 
horizontal tangent screw. The mean of the readings at L and 
R is then virtually free of error.
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FIG. 18 TILT OF INSTRUMENT HORIZONTAL WIRE
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The procedure had to be modified slightly for 
the 1 level which has a wedge-type graticule. The wedge 
was used for readings at both L and R, by placing it so that 
the wedge fitted snugly between the top and bottom of the 
illuminated area, first at L and then at R (See Figure 15(b) ). 
This method proved difficult and unsatisfactory in the final 
result and is the likely cause of the spread of readings 
indicated on Figure 17.

The observations and reductions are shown in 
Table T8. It was noticed that the differences, A, for each 
instrument appeared to follow a similar pattern. So they 
were plotted to verify this, mainly for interest, (Figure 18). 
A closer examination of these graphs reveals two interesting 
facts: firstly the point at which each graph cuts the
cx-axis indicates the position where the horizontal crosswire 
and the target's horizontal "axis" are parallel. Hence, 
if we assume that the horizontal crosswire is in fact 
horizontal, then the displacement of the graph along the 
x-axis from the point where the level was levelled is a 
measure of the tilt of the target sighted. Remember the 
residual dislevelment of the level is only about ±10".

Secondly, provided (i) that the target is not 
touched between observations from different levels and (ii) 
that all the levels are levelled at the same position on the 
level tester's micrometer dial, then the mean position along 
the a-axis of all the graphs may be presumed to represent
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the true horizontal position of the crosswire. The residual 
displacement of the individual graphs from the mean is a 
measure of the angle at which that instrument's "horizontal" 
crosswire is inclined to the horizontal.

Since the purpose of the observations was 
originally to determine the amount of compensator obliquity, 
the observations were not made to as great a precision as 
possible (for example, the observations were only made once 
and only in one direction), nor were the "level" micrometer 
positions noted carefully, as these were not required to be 
very precise. It was intended that all instruments were to 
be levelled at 1° 20' on the micrometer dial. Any 
unintentional small deviation from this figure would not 
be large enough to affect the obliquity calculations.
However such deviations may be critical in the present 
considerations.

Assuming that all levels were in fact levelled 
at 1° 20' the mean (and therefore horizontal) position of 
the level crosshairs is 1° 11* approximately. Therefore, 
the target is inclined to the horizontal by approximately 
9' - even though its precise bubble shows it to be correctly 
level. The target is evidently not level in its housing. 
Graph- (a) in Figure 18 represents a test run in which the 
method of observation was later considered unsuitable and it 
may be discarded. The residual dislevelment of the crosswire 
for each level, as deduced from the graph, is shown in 
Table T9.



Instrument
d = 0

at a = 1° + ....
(arc min.)

■ ■ —--- u , t

Residual Dislevelment
of the instrument's
Crosswire.

Nil included
(arc min)

Nil discarded
(arc min)

Ni 2 No. 149809 11 *

8 10 0.8 10 0.5
11

N± 2 No. 149728 10 0.8 10 0.5

Nj_ 2 No. 149788 12 1.2 12 2.5

Ni 2 No. 16809 6 4.8 6 3.5

Ni 1 No. 71050 16 5.2 - -

S 54 38
y 10.8 9.5

TABLE T9

NON-HORIZONTALITY OF THE CROSSWIRE
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For more reliable results, the observations 
should be repeated with greater precision. ' These results 
indicate that it is important that the same spot on the 
horizontal crosswire should be used to take all staff 
readings in a levelling run, to eliminate the error due 
to possible non-horizontality of the horizontal crosswire.

Note: It was stated above that the residual
dislevelment of the level is only about ±10". This is the 
centring accuracy of the spherical level and does not 
include the possible maladjustment error of this spherical 
level (See page 125). This maladjustment is not very critical 
for the obliquity calculations but may comprise a major 
component of the residual dislevelments in Table T9. It is 
believed that the levels may not have been sufficiently 
levelled in all directions to enable a conclusive evaluation 
of the lateral tilt of the crosswires as given in Table T9. 
Hence these values should be treated with some reserve until 
more precise observations are carried out. Obviously the 
technique involved here may be readily adapted to the 
determination of the systematic maladjustment error of the 
spherical bubble, if sufficient care is taken.
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(vl) Hysteresis

The compensator characteristics in part (d) (iv) 
may be used to compute the over-compensation error ka, for 
a given dislevelment. However the magnitude of this error 
will not necessarily be “exactly the same every time the given 
dislevelment is applied. This is due to the inherent 
systematic and accidental errors in the compensator system.
For the determination of these compensator characteristics 
the observations were made by tilting each level through the 
full operating range of the compensator, from stop A to stop B, 
in one direction only. If the level had also been tilted in 
the reverse direction from stop B to stop A, the resulting 
curve would most likely be the same shape as the first, but it 
would be displaced vertically as shown in Figure 19. This 
difference is due to the effects of hysteresis (or compensator- 
drag) in the suspension wires and the damping system. Thus the 
error in compensation of the line of sight depends on the stop 
against which the compensator last rested.

If the compensator is located between the standing 
axis and the eyepiece, as in the Zeiss Ni 1 and Nj_ 2 levels, then 
whenever the telescope is rotated about its standing axis, 
centrifugal force deflects the compensator towards the eyepiece. 
Thus for the second reading at each set-up, the compensator will 
always have come from the eyepiece stop last. Hence, in order 
to eliminate the effect of hysteresis, the compensator should 
come from the eyepiece stop before the first reading also.
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This can be achieved if, after levelling-up, the telescope 
is rotated at least 180° about its standing axis before the 
first reading is taken. (This method was originally proposed 
by Drodofskv). The possible disadvantage of this technique 
is that it is still not .known whether the compensator really 
comes from the eyepiece stop always or whether it overshoots 
the equilibrium position and reaches the objective stop. 
Berthon Jones (4) Pp. 346-349, noted that "some residual 
'memory' of the stop against which the compensator last
rested remains .....This then would suggest that the
procedure above will not’ result in the compensator's reaching 
the objective stop after rotation of the telescope. Hence 
it may be assumed that the compensator always leaves the 
eyepiece stop last, if the rotation is not too rapid.

A method of eliminating horizon obliquity by 
re-levelling between readings also reduces the hysteresis 
error to a random error (See section 1(1)(e) ).

From his tests on numerous instruments, Berthon 
Jones showed that the magnitude of the systematic error 
depends on:

(i) the stop against which the compensator 
last rested; and

(ii) the manner in which the compensator was 
moved from this stop to its final 
equilibrium position.
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Tests revealed that with rapid levelling-up, the 
systematic error is approximately half that obtained when the 
instrument is levelled—up slowly. For slow levelling up 
the systematic error did not exceed 17 5 for any instrument.
The accidental error was. of the order of ±071. Using 
Drcdofsky's method noted above, the systematic error reduced 
to 073 while the accidental error increased to ±075. In 
comparison, of the levels tested by the writer one showed 
a systematic hysteresis error of 174 but it was suspected 
that this instrument had been damaged in the past. The 
maximum error for the other levels was Q78. (See below).
These errors were obtained when levelling-up slowly. No 
tests were made using rapid levelling-up. '

Level No. Systematic Hysteresis
Error (when levelled) 

N-^2 16809 076
N± 2 149728 174
Ki 2 149788 078
Ni 2 1498Q9 072
N± 1 71050 072

Experiment
The five automatic levels above were tested in 

order to ascertain the hysteresis error for each.

Each level was clamped onto a level tester and 
sighted into a Watts autocollimator. (Figure 20). In order 
to understand the method of testing, the principle of operation 
of the autocollimator should be described first. The particular 
autocoilimator was normally used for optically testing flatness 
of benches, and related problems.
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Nj / x - w/re 
re //ec/fic/

'p’Callimator X.-wire 
re-flect&d

Fig. 21 Hysteresis test - field of view through 

collimator eyepiece
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The image of a thick black crosswire 'A1 is 
reflected by a 45° semi-silvered prism along the optic axis 
of the collimator. A special metal reflecting surface S, 
ground to a very high degree of flatness/ is placed on the 
bench whose flatness is being tested. This "mirror" reflects 
the crosswire image back to the autocollimator/ where it 
can be observed through the eyepiece (See Figure 21). Also 
in the field of view of the eyepiece is a second set of 
crosswires B, consisting of a single wire at right angles 
to a pair of wires, whose separation is about twice the 
thickness of crosswire A. By means of a micrometer dial, 
the twin crosswires can be moved up and down in the field 
of view, so that when they are placed exactly astride 
crosswire A, the micrometer indicates the angular "position" 
of A in the field of view to a precision cf 071 directly.
If the reflector S is tilted slightly by an angle a, then by 
recentring A within B, a second micrometer reading is 
obtained. The difference between the micrometer readings 
gives the angle a.

In order to eliminate the observer's "pointing 
error" when centring A within B, the diaphragm containing 
the crosswires B is coupled with a photocell which compares 
the intensity of light being received in the two gaps between 
the crosswire A and the two wires of B. When the light 
intensity is equal in each, gap, a null reading is indicated 
on a galvanometer. A slight difference in intensities will 
cause a deflection of the galvanometer needle.
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The main purpose for using this autocollimator to 
test the levels was that very small angular changes could be 
detected which, it was thought, could not be directly observed 
easily and quickly. The principle of autocollimation was 
not used for testing the levels. The collimator was used 
purely as a source of collimated light and as a measuring 
device. In this case, the light from the collimator, after 
passing through the level (focussed at 00), was reflected from 
a small plain mirror, behind the telescope, back through the 
telescope to the autocollimator. The field of view of the 
collimator eyepiece therefore contained four sets of 
crosswires: A, B, the direct image of the level crosswire,
which is simply using the reflected collimator light as 
background illumination, and the reflected image of the level 
crosswire.

The purpose of the apparatus was to measure, with 
the collimator, angular tilts of the level's horizontal wire 
when the level was tilted in the vertical plane containing 
the optic axis and the standing axis. The observed tilts 
obtained in this manner represented the angular over-compensation 
error of the level's compensator.

The crosswires B were used for measuring, leaving 
three sets of crosswires from which one had to be chosen to 
point to. The two reflected, crosswires traversed the field 
of view rapidly and hence were likely to cross other crosswires, 
thus causing interference to the null reading. Also it was 
uncertain whether or not these wires were being "compensated" 
twice on passing through the level twice. Therefore the direct 
level crosswire was selected for pointing. (See Figure 19).
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If the compensator of the level were perfect and 
if the autocollimator were levelled accurately and if the 
mirror M were exactly vertical/ then neglecting the measuring 
crosswires B, the other three sets of crosswires would coincide 
exactly when viewed through the autocollimator eyepiece. To 
separate them so that the direct wires were free from 
interference from the reflected images, the mirror was tilted 
slightly about a horizontal axis, thus deflecting the reflected 
images up or down in the field of view, leaving the direct 
crosswire image undisturbed.

Some difficulties were encountered with the 
apparatus. The main problem was that since the photocell 
depended on light intensity in two narrow gaps, any slight 
unevenness of the light intensity received in these gaps 
resulted in a false null reading. In normal use, with the 
special mirror, this effect does not arise since the 
collimator light is perfectly uniform. However in testing a 
level, the small aperture stop of the telescope greatly 
reduced the amount of light reaching the mirror M. Hence 
the positioning of M was critical for achieving maximum 
and uniform illumination. Also since the level was tilted 
through approximately 30 minutes and the range of the 
autocollimator micrometer was only 10 minutes, it is 
understandable that the extra tilt of the level caused severe 
reduction of illumination.
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Another disturbing aspect was that it was clearly 
evident that the photocell covered part of the area on either 
side of the twin crosswire. However the extent of the area 
thus- covered both horizontally and vertically was not known. 
This particularly affected the measurements on the N£ 1 
level crosswire, which has a V-shaped crosswire on one side of 
the vertical wire. To avoid possible interference of these 
wires with the single horizontal wire, the telescope was 
rotated slightly about the standing axis until the V-shaped 
wire was as far as possible to the side of the field of view.

The observations are given in Table T10 and the 
resultant curves showing the hysteresis error are given in 
Figure 19.

It is important to note that the collimator's 
micrometer dial is graduated to give directly the angle 
through which the reflecting mirror has been tilted. Since 
reflected light is normally used, this means that the angular 
displacement observed through the collimator eyepiece is 
double the displacement shown on the micrometer dial. Hence, 
since the deviation of ddvect light rays is being measured 
in the current experiment, all the readings made on the 
micrometer must be doubled to give the true displacements 
of the level's horizontal wire. This has been taken into 
account when plotting the curves, which have also been 
displaced vertically to a false "zero" for convenience of 
plotting.
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Instrument No. 149788 (Nj_ 2) Date: 26-2-1973
Location: Optics Laboratory/

Civil Engineering Building, 
Sydney University.

Levelled at: 1° 20' 00"
Time: 10.40 to 11.05am 11.10 to 11.30 am

Null Null Mean Null Null Mean
II It II II 11 II

*(sec) (sec) (sec) (sec) (sec) (sec)
Tilt (a) (b) (a+d)

2 (c) Cd) (b+c)
2

0° 59* 20" 23.3 21.5 23.3 22.1 23.3 21.8
59* 30" 16.2 15.4 16.5 15.6 16.8 15.5
59' 40" 12.4 12.2 13.05 12.4 13.7 12.3
59' 45" 10.9 11.0 11.25 11.3 11.6 11.15
59' 50" 9.4 9.7 9.3 9.65 9.2 9.7

1° 00' 00" 9.4 9.6 9.25 9.6 9.1 9.6
1° 04' 00" 8.6 9.0 8.5 9.0 8.4 9.0
1° 08' 00" 7.8 8.5 7.8 8.3 7.8 8.4
1° 12' 00" 7.0 7.9 7.0 7.7 7.0 7.8
1° 16' 00" 6.5 7.2 6.35 7.1 6.2 7.15
1° 20' 00" 5.9 6.7 5.85 6.5 5.8 6.6
1° 24' 00" 6.3 6.9 6.3 6.9 6.3 6.9
1° 28' 00" 7.4 7.8 7.3 7.8 7.2 7.8
1° 32' 00" 8.3 8. 5 8.2 8.4 8.1 8.45
1° 34' 00" 8.8 9.2 8.75 9.0 8.7 9.1
1° 34' 30" 9.1 9.5 9.15 9.2 9.2 9.35
1° 34' 35" 9.2 9.5 9.25 9.4 9.3 9.45
1° 34' 40" 7.9 8.0 7.4 8.1 6.9 8.05
1° 34* 50" 1.7 1.7 1.4 1.6 1.1 1.65

* The observations must be doubled to give 
full seconds - see text.

TABLE T10

HYSTERESIS
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Instrument No. 149809 (Nj_ 2) Date: 26-2-1973

Levelled at: 1° 20' 00"
Time: 12. 30 to 12 .50 12.50 to 1.10

Null Null Mean Null Null Mean
(sec) (sec) (sec) (sec) (sec) (sec)

Tilt (a) (b) <~)2 (c) (d) (b+c)
2

1° 01' 30" 32.5 32.4 32.JJ15 32.9 32.6 32.65
1 , 01 35 30.0 30.1 30.05 30.2 30.1 30.15
1 01 40 28.3 28.3 28.4 28.5 28.5 28.4
1 01 50 28. 3 28.7 28.35 28.5 28.4 28.6
1 02 00 28.5 28.5 28.6 28.7 28.7 28.6
1 04 00 28.9 29.4 29.0 29.2 29.1 29.3
1 08 00 29.9 0.1 29.9 0.1 29.9 30.1
1 12 00 0.7 1.1 30.8 1.1 0.9 31.1
1 16 00 2.6 2.9 32.7 2.9 2.8 32.9
1 20 00 4.3 4.6 34.3 4.4 4.3 34.5
1 24 00 5.9 6.1 35.9 6.0 5.9 36.05
1 28 00 7.6 7.7 37.65 7.5 7.7 37.6
1 31 00 9.0 9.3 39.15 9.1 9.3 39.2
1 31 40 9.5 9.5 39.6 9.4 9.7 39.45
1 31 50 9. 3 8.6 39.4 9.1 9.5 38.85
1 32 00 4.2 3.8 34.45 4.1 4.7 33.95
1 32 10 29.6 29.0 30.0 0.0 0.4 29.5

TABLE T10

HYSTERESIS



Instrument No. 16809 (Nj_ 2) Date: 26-2-1973

Levelled at: 1° 01* 30"
Time 3.35 to 3.55 3. 58 to 4 15

Null Null Mean Null Null Mean
(sec) (sec) (sec) (sec) (sec) (.sec)

Tilt (a) (b) a-HJ
2 1 (c) Cd) c~>V 2 ’

0° 45’ 40" 17.5 17.3 17.8 17.8 18.1 17.55
0 45 50 13.1 13.0 13.15 13.3 13.2 13.15
0 45 55 10.3 10.9 10.5 10.4 10.7 10.65
0 46 00 9.5 . 9.9 9.7 9.7 9.9 9.8
0 48 0Q 9.1 9.5 9.2 9.6 9.3 9.55
0 52 00 8.6 9.2 8.75 9.1 8.9 9.15
0 56 00 8.5 9.2 8.55 9.2 8.6 9.2
1 00 00 8.4 9.2 8.45 9.1 8.5 9.15
1 04 00 8.5 9. 2 8.6 9.2 8.7 9.2
1 08 00 8.9 9.5 8.8 9.5 8.7 9.5
1 12 00 9.4 9.9 9.4 9.7 9.4 9.8
1 16 00 9.9 1Q.2 9.9 10.2 9.9 10.2
1 18 00 10.4 10.6 10.4 10.6 10.4 10.6
1 18 40 10.7 10.7 10.6 10.6 10.5 10.65
1 18 50 10.8 10.8 10.7 10.8 10.6 10.8
1 19 00 7.0 6.7 6.9 6.5 6.8 6.6

TABLE T10

HYSTERESIS



Instrument No. 149728 (Nj_ 2) Date: 27-2-1973

Levelled at 1° 00' 00"
Time 4.20 to 4.45 4. 45 to 5. 07

Null Null Mean Null Null Mean
(sec) (sec) (sec) (sec) (sec) (sec)

Tilt (a) (b) (Si!)2 (c) Cd) cfei£,2
0 43 00 *10.3 *10.3 *10.3 *10.1 *10.3 *10.2
0 43 10 7.4 7.1 7.45 7.3 7.5 7.2
0 43 20 3.9 4.0 4.0 4.0 4.1 4.0
0 43 30 2.5 3.4 2.95 3.7 3.4 3.55
0 44 00 2.1 3.3 2.4 2.9 2.7 3.-1
0 48 00 2.3 3.3 2.4 3.3 2.5 3.3
0 52 00 2.5 3.2 • 2.65 3.6 2.8 3.4
0 56 00 1.6 3. Q 1.95 3.0 2.3 3.0
1 0Q 0Q 2.2 4.2 2.55 4.0 2.9 4.1
1 04 OQ 3.0 4.3 3.1 4.1 3.2 4.2
1 08 00 3.6 4.5 3.55 4.3 3.5 4.4
1 12 00 4.6 5.2 4.5 5.0 4.4 5.1
1 12 30 4.8 5.4 4.75 5.1 4.7 5.25
1 12 40 „ 4.9 5.5 5.05 5.0 5.2 5.25
1 12 50 4.1 5.0 4.1 4.7 4.1 4.85
1 13 00 3.8 *3.9 *3.65 *3.8 *3.5 *3.85
1 13 20 +26.4 + 26.1 + 26.4 +26.4 +26.4 +26.25

* +6'
+ +5' 30"

TABLE TlQ

HYSTERESIS



Instrument No. 71050 (N^ 1) Date: 28-2-1973

Levelled at: 1° 00’ 00"
Time 2.35 to 3.05 3.08 to 3.35

Null Null Mean Null Null Mean
(sec) (sec) (sec) (sec) (sec) (sec)

Tilt (a) (b) (a±2.)2 (c) Cd) b+c
2

0 47 50 — 21.4 21.8 *21.6 21.8 21.5
0 48 00 *17.0 16.3 16.85 16.6 16.7 16.45
0 48 10 *12.0 13.0 (12.9)11.9 13.15 (12.9)*11.8 13.1
0 48 20 * 7.6 13.0 (12.9) 7.6 13.0 (12.9)* 7.6 13.0
0 48 30 * 3.15 12.9 jzf 12.8 12.85 (12.8)* 2.9 S 12.9
0 48 40 + 28.6 12.7 12.55 12.7 (12.6) 12.5 IS 12.7
0 48 50 +23.4 12.5 12.45 12.6 (12.5) 12.4 12.55
0 49 00 +17.7S 12.6 12.4 12.5 12.4 12.55
0 52 00 *11.2S 11.5 11.05 11.3 10.9 11.4
0 56 00 10.7 10.9 10.6 10. 8 10.5 10.85
1 00 00 10.2 10.5 10.2 10.4 10.2 10.45
1 04 00 10.35 10.7 10.4 10.6 10.4 10.65
1 08 00 10.6 10.8 10.65 *10.8 10.7 10.8 S
1 10 00 10.5 a 5.2 10.5 a 5.3 10.5 □ 5.25S_
1 10 30 10.5 17. 8 10.6 *17-8}N 10.7 17.8 £
1 10 40 10.4 13.0 10.4 *13.0* 10.45 13.0
1 10 50 9.1 9.0 9.05 * 8*9)n 9.0 8.95
1 11 00 * 5.1 4.7 5.0 *4.4 >N 4.9 4.55

□ +6' 30"
* +6'

+ +5' 30"
0 (d) only selected.
S_ Compensator obviously "sticking"

( ) Observed after test completed.
}n Note inaccuracy of collimator: when instrument 

sticks, differences in null reading should be 
5" for tilt of 10".

TABLE T10
HYSTEPESIS
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The ideal situation in Figure 19 is that the two 
curves coincide, indicating that no hysteresis effect is 
present. Failing this however, the curves should be of the 
form displayed by level 2 No. 16809. The curves should be
symmetrical about the zero longitudinal tilt and at this 
position the tangent to the curve should be horizontal for 
a well adjusted level.

From these curves and from the results obtained 
by Berthon Jones it appears that for most automatic levels, 
including the Zeiss Nj_ 2 with V-type compensation and Nj_ 1 
with X-type compensation, the maximum hysteresis error 
occurs at the centre of the range of compensation.

In Table Til the mean slopes of the curves obtained 
from the hysteresis tests, using the autocollimator, are compared 
with the slopes of the characteristic curves of Figure 11, 
obtained by direct observation to a target, for a distance of 
100 ft. The slopes for each level should agree. While for 
three instruments the agreement is reasonably good, a large 
discrepancy is noticeable in the other two. In view of the 
relevant facts presented above, it must be concluded that these 
discrepancies are due to erroneous readings obtained with the 
autocollimator. It would be Interesting to investigate this 
further by measuring the hysteresis effect by direct 
observations on a target.
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Instrument
Slope at 
Origin 

sec/min mm/min

Slope of 
Characteristic 

mm/min

At
Distance
(ft)

1498Q9 -23.8 .. -25.38 
30 ~ 32

-3.75 -3.95 100

16809 -2.6 ... -1.95
40 “ 30

-Q. 29 -0.49 100

149788 +2.8 +2.8
30 30

+0.41 -2.05 100

149728 -8.15 -7.62
32 30

-1.13 -1.35 100

7105Q 0 0 0 -1.83 -1Q0

Comparison of Slopes of Characteristics from 
Hysteresis Test with those in Figure 11

TABLE Til
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An attempt to determine the magnitude of the error 
of the autocollimator readings indicated that the systematic 
error was quite variable and could amount to several seconds, 
but this depended greatly on the illumination present for each 
different setting-up of the level and/or mirror. The 
accidental error of a single reading was- very small — +Q"2 
(determined from 110 pointings: to the s?tme mark) . It should 
be emphasized that this is the error of the autocollimator 
and not a hysteresis error.

After consideration of the numerous problems 
associated with the use of the apparatus (seyeral have not 
been mentioned), and the apparent reliability of the readings 
(by comparison of the curves in Figure 11 with, those in 
Figure 19) it may be concluded that the autocollimator may 
be used effectively to measure hysteresis errors close to the 
position of zero tilt, although the absolute values of the 
individual pointings on one characteristic curve should be 
treated with suspicion, as they may include a (variable) 
systematic error. Although the observations, may be made 
much faster and more easily than direct observations on a staff 
or target, it is considered that the latter method is more 
reliable and is closer to the observing procedure used in 
practice. Also the latter method does not require the level 
to be focussed only at infinity. This method has therefore 
been used for the determination of the compensator characteristics 
in section (1)(d)(iv).
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The hysteresis test for level 2 No. 149728 
(see Figure 19) revealed that the compensator was acting 
abnormally. Although this was not so noticeable in the test 
for the compensator characteristic, it is believed that the 
abnormal curves in Figure 19 were not due to errors in the 
apparatus. For several months before these tests were made 
this level was suspected of giving erroneous results in 
undergraduate levelling exercises. When a two-peg test 
was carried out to determine the level's colliraation error, 
unsatisfactory agreement was obtained between several tests 
in good observing conditions, on the same day. It is evident 
that this level requires adjustment or repair and should be 
sent to the manufacturers for same.

(vii) "Sticking" of the Compensator

In early automatic levels the compensator 
sometimes exhibited a tendency to "stick" to one stop when 
the instrument was levelled. This was simply corrected by 
tapping the body of the level or the tripod to free the 
compensator. This practice of lightly tapping the 
instrument was later used by some observers in the belief 
that it would reduce the effects of hysteresis. Berthon Jones 
examined the effect of tapping the level. His tests showed 
that ".... while the method works, to some extent, It is a 
most inefficient.procedure. Sometimes tapping the telescope 
will reduce the amount of compensator drag, but on other 
occasions the amount of drag is unchanged or even increased. 
Generally, over a number of trials, a considerable proportion 
of the systematic error will remain ...."(4). P.349.
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The. compensators, of modern automatic leyels 
should not "slick." unless the instrument has been damaged.
If a level does display' a tendency to stick., it should be 
returned to the manufacturer for repair.

Of the five levels tested, the four Nj, 2's showed 
no signs of sticking. However, the latest precise instrument 
the N£ 1 No. 71G50, did stick at both stops, when the instrument 
was tilted very slowly from each. stop. It could not be shown 
to stick always and, upon tilting the Instrument further from 
the stops towards the level position, the compensator quickly 
freed itself anyway. (.See observations for Ni 1 in Table T1Q) . 
Following the recommendation above, the instrument should be 
returned to Zeiss for careful examination for defects in the 
suspension wires and the damping mechanism. (However, since 
these observations were made in February 1973, it would be 
advisable to re-test the level to find if the sticking still 
occurs).
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l* 01(e) Obliquity of the Horizon

It was pointed out in part (I (1) (b) ) that when 
the spherical bubble is levelled, the final position of the 
standing axis depends upon the direction from which- the 
spherical bubble was brought to its' central position. The 
systematic difference between levelling "from eyepiece" and 
"from objective" is generally of the order of 10". Consider 
for the moment that this error is not present. Then the 
standing axis will always be in the same position relative 
to the vertical. However for this position to be vertical, 
the principal tangent plane of the level vial must be 
perpendicular to the standing axis. If this plane is inclined 
to the standing axis by a small angle, 0, and the spherical 
bubble is centred, the standing axis will have a residual 
inclination a to the vertical.

It follows that, in a levelling run, if the
spherical bubble is centred with the telescope always pointing
towards the backstaff (or always towards the forestaff), the
residual inclination +0^ of the standing axis, in the direction
of the line of sight, will always be in the same direction
relative to the direction of levelling. Hence, if the level's
compensator does not compensate perfectly at the particular
residual tilt, +a but Csay) under-compensates by an amount
+5 (as in Figure 22), the staff reading will be in error by
e = +s.6 at the backstaff (see Figure 23) . If the level is

orotated through 18Q to saght the forestaff, the residual
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inclination becomes effectively —otj causing an error of -so 
in the reading. Hence the difference of height obtained is 
in error by 2s<5. This is repeated at each successive 
ins.trument set-up resulting in a systematic error. This error 
is generally referred to as the "obliquity of the horizon", 
since the staff readings are referred to a datum plane which is 
inclined at the angle 6 to the horizontal.

As seen from Figure 11 the error is generally quite 
small for small dislevelments a, (except for level No. .14980.91 
and can be neglected for low order levelling. However, for 
precise levelling, the error can accumulate over many set-ups 
to an intolerable amount and should be minimized. It can be 
reduced to a small random error over a pair of set-ups by 
centring the spherical bubble with the telescope always 
pointing to the same staff (See Figure 23). It should be noted 
that in order to properly reduce the random error to a minimum, 
the backsight and foresight distances should be equal for every 
pa'ir of set-ups. This observing technique is accredited to 
Forstner.

Berthon Jones (4) suggests a second technique (also 
cited by Cooper (7) ) of eliminating the horizon obliquity.
This involves setting the tripod such that the line joining 
(any) two footscrews is perpendicular to the direction of 
levelling. After the first staff is read, the level is pointed 
to the second staff and the spherical bubble recentred using 
the third footscrew, before the reading is taken. Thus the 
error due to horizon obliquity is randomized at each set-up.
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However this technique introduces a new systematic error: the
relevelling causes the anallactic point to change height 
between forestaff and backstaff readings. If the observing 
technique described earlier is used, this systematic error 
is reduced to a random one over a pair of set-ups. Hence, 
practically, it appears that not much is gained by this second 
technique, although, theoretically, it can be shewn (.4 P.352) that 
the error due to a change in height of the anallactic point is 
generally likely to be less than that arising from random horizon 
obliquity, (except for 'periscope' type levels such as the 
Filotecnica 5190 or VEB Zeiss Koni 0Q71. The relevelling 
technique also eliminates the effect of compensator-drag so 
long as (1) after the initial levelling of the instrument, 
the third footscrew is used to dislevel and recentre the 
spherical bubble before the first reading is taken and 
(2) the spherical bubble is recentred from the same end of 
the telescope every time.

It must be remembered that the effect of horizon 
obliquity is purely due to a (systematic) maladjustment of 
the spherical level. Hence it is obviously important, for 
precise levelling, that the spherical level should always be 
in good adjustment so that it is central whatever direction 
the telescope is; pointed in. This is clear when It is 
considered that the direction of levelling is not always a 
straight line, in which case the relevelling technique is 
not completely efficient.
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The relevelling technique also has the disadvantage 
that the extra time taken for observations is excessive. This 
allows more time during which- the instrument and staves can 
sink, while the systematic errors of the level and atmospheric 
refraction may change. Hence Forstner's technique remains 
the more suitable in order to maintain the advantages offered 
by automatic levels.

I.(1)Cf1 Focussing

In part CXCIJ (a) }, focussing was pointed out as 
one of the possible causes of collimation error. None of the 
available literature on errors in precise levels considers 
the possibility of faults in the optical system. If there is 
an error present arising from change of focus it may be 
assumed that it would simply occur as a change in collimation 
and hence would be eliminated if backsight and foresight 
distances were kept equal. Due to lack of evidence to the 
contrary, it must be assumed that modern precise levels are 
virtually perfect optically.

I. 0 Kg) Heating of the Level

A study in Moscow (9) from 1950 - 1952 revealed 
that the effect of temperature changes on a precise spirit 
level caused a dislevelment of the line of sight by 
approximately 0.5" per degree C. For automatic levels, it is 
difficult to determine the effect of temperature changes on 
the compensator. When such an instrument is subjected to 
artificial heating, it is not really known which parts of
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the level are and are not being directly affected. Cooper (7) 
cites two investigations into thermal effects on levels; one 
involving artificial heating and the other involving normal 
field conditions. The results of these investigations did 
not agree. However it seems probable that temperature 
changes have less effect on automatic levels than on spirit 
levels. C. Simonsen (B22) states that: "Both the Zeiss Np 2
and the Fiiotecnica Saimoiraghi Model 5190 have proved to be 
far less sensitive to temperature change than spirit-level 
instruments" but gives no foundation for this statement.
Scheliens (16) also points out that only a very small 
temperature change, 0.1°F, is required to displace a precise 
tubular bubble by one second. However, shading of an automatic 
level from direct sunlight is still advisable, especially 
since the tripod may be affected more than the level by 
direct sunlight.

1.(1)Ch) Inclined Parallel Plate Micrometer

If the standing axis is inclined to the vertical 
by a small angle a, after it is levelled-up, the parallel 
plate will also be inclined at an angle a to the vertical.
The staff reading will then be in error by an amount

A = ta (1 - -)y
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where t is. the thickness, of the glass plate, and 
p is the refractive index of the glass.

If the residual inclination is no greater than 2Q", then if 
t = 15 iran arid p = 1.5, the error A will be less than

15 x 2Q sin 1"

or A < 0.0005 min
When the telescope is rotated 18Q° to the other 

staff, the error will be equal and opposite: -A. Hence for 
one set-up the total error in reading is 0.001 mm. If the 
dislevelment a is due to an errof in the spherical level, the 
error will be systematic. Since it has. an effect similar to 
obliquity of the horizon, it will be reduced to a random 
nature over a pair of set-ups if the usual observing technique 
BFFB, FBBF is. used.
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1.(2) STAFF 
I ntroduct Ton

A precise levelling staff generally consists, of 
a length of hollowed timber with a hard flat metal base fitted 
onto the zero end to minimise wear from placing the staff on 
metallic base plates or spikes. Inside the timber is placed 
a thin invar strip,- having either engraved or painted graduations 
of intervals of IQ mm or 5 mm, or similar Intervals. This 
invar strip is clamped near the base of the staff so that 
the zero position of the invar scale is on the base of the 
staff. The strip is left free at the top end of the staff 
to allow for expansion of the strip due to temperature 
changes.

The invar strip generally contains only the 
graduations while the numbering is painted on the timber part 
of the staff beside the graduations.

Errors in the staff graduations will show up 
directly in the observations and should therefore be kept 
to an absolute minimum by careful calibration and use of the 
staff. The various sources of staff errors' will now be 
examined.
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L. (2)(a) Zero Error (or Index Error)

During manufacture every effort is made to place the 
invar strip in the wooden s.taff precisely so that its: zero 
position corresponds with the base of the shaft. However 
due to imperfect positioning or after many kilometres of 
levelling, the zero position of the invar strip may be 
slightly above or Below the base of the staff. Hence the 
staff reading will always be either too low or too high, 
respectively. The resultant error in reading is- called the 
zero Cor index) error. Such- an error should normally be quite 
small C< 1 ram). However whatever size the error is, it would 
have no effect on the difference between backsight and 
foresight so long as the same staff is used for both sights.

In precise levelling, two staves are normally 
used - one for backsight and another for foresight. Hence 
the zero error of one staff will not cancel itself unless 
the same staff is used on the starting and finishing bench 
marks. This procedure•eliminates the effect of zero error 
and hence avoids the necessity of determining the zero 
error for each staff.
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I* (_2) (b) Staff Calibration

To ensure that the staff graduations of, say,
1 centimetre interval are in fact exactly 1 cm apart, the 
staff must be compared with a more accurate standard tape 
in a laboratory. Such a standard normally is not fully 
graduated but has at least a centimetre graduated at each 
end of the tape. The staff is laid down flat beside the 
standard and the graduations compared with those on the 
standard by means of a pair of microscopes fitted with 
micrometers. To compare every" staff interval would take 
weeks. So generally a random sample of, say 50, intervals 
is. taken. After statistical analysis (for example Thwaite 
C18) ) the result of the test is given in a form such as:

1 staff metre = 1.0Q0Q376 standard metres.

Such a determination is. generally carried out at a National 
Standards Laboratory and is accurate to about 1 part in 
IQ6 (0.001 mm). The calibration test should only be 
required at about five year intervals although this depends 
on the amount of use the staff receives. In the NWELL 
Network, the Germans calibrated their staffs 2 to 3 times 
a year. (15) p.26.
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I.(2)Cc) Thermal Expansion

The coefficient of thermal expansion of invar tapes
is about 0.9 x 10 6/°C and for invar strips or bars it can be
up to 2 x 10“6/°C (10). The invar used in a precise levelling
staff could be considered as a thin strip of invar and could
be expected to have a coefficient of from 1 to 1.5 x 10~6/°C.
(The coefficient for the staffs used in the Geodetic Levelling
of England and Wales' was found to be 1.8 x 10 6/°C (10) p. 148,
while those for the staff-pairs for the German River Elbe
Valley levelling were 1.6 and 1.4 x 10 £/°C (17) p.175).
Hence the change in length for a change in temperature of
20°C would be 0.02 mm per metre. Hence for a line of
levelling having end points 1,000 m different in elevation,

othe error due to a steady change in temperature of 20 C would 
accumulate to 20 mm (13). However during the time taken to 
measure such a line (at least 14 hours*) diurnal changes in 
temperature and refraction would quite conceivably result in 
random expansion and contraction of the staff. Of course 
there is an anomaly in the original calculations: if the 
temperature change of 20°C occurs steadily and evenly over

* If AH = 1,000 m then using a 4m staff, assuming a 
maximum difference in elevation between backsight 
and foresight of 3.Sm (,4m - Q.5 m) the minimum 
number of set-ups required is 1000/3.5 = 280. With, 
a sight length, of 25 m (max.) 0-9) the total 
distance levelled would be 280 x 50 m or 14,000 m. 
At a rate of 1 km/hr O0) the levelling would take 
14 hours, or several days. This time may be 
shortened however, if sighting distances' are 
increased.
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1,QQQ ft the change at each set-up Is approximately 20/280 
or 0.07°C v/hich would cause an error of 0.07 x 10 6 x 3.5 =
0. 25 x 10”** m or 0..Q02 mm which is unobservable at 5 metres/ 
let alone 25 metres. Hence the amount of 20 mm never really

"accumulates" in the observations.
Although it is. impossible to apply a correction 

for thermal expansion to each staff reading, it may be 
advisable to apply a correction to heights along a considerable 
length of levelling, the correction being calculated from 
carefully recorded field temperatures (See also II (1) ).
It is important to note that if Forstner's levelling technique 
is followed (i.e. 3FFB) then the thermal expansion of the 
staff has no effect on levelling on relatively flat ground 
and will only affect observations in hilly or mountainous 
country.

1. (2) (d) Staff Verticality

The staff must be held exactly vertical to obtain 
a true reading. Verticality is usually maintained by means 
of a circular bubble attached to the staff. This bubble 
should be checked regularly.

I.(2)Ce) Compress ion due to own weight
The weight and dimensions of the staff's invar 

strip are so small that there is no compression of the strip. 
due to its own weight.
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I. (2) (f) Staff Warp

Although a great deal has been written about errors 
in levelling, the effect of staff warping is mentioned by few 
authors (7) P. 101. Staff warp is the bending of the staff 
due to continuous exposure to extremes of heat or cold and the 
staffman pivoting the staff on his shoulder when walking to 
the next change point. So long as the warp is small the 
resultant error will be negligible. Staves should be checked 
regularly for warp and the observations corrected if necessary.

Figure 24 shows the error that may be expected 
for different amounts of warp for 3 m,4 m and 5 m staves.
The warp is assumed to be maximum in the centre of the staff 
and causing a circular warp over the full length of the staff

It can be seen from the graphs that if warp 
is kept less than about 1C mm the error in the staff reading will 
be less than 0.01 mm.

Bomford (5) states that a staff intended to be 
used for precise levelling should be rejected if any part 
warps by mere than 1 cm.
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11. OBSERVATION ERRORS
(1) ERRORS IN READING THE STAFF

A single staff reading will be affected by several 
errors. These are errors in pointing and errors of reading 
the micrometer.

The systematic error of reading the micrometer 
is due to the observer's personal idiosyncracies in his 
observing routine. So long as the observer follows exactly 
the same procedure for each reading, this systematic error 
should be the same for both backsight and foresight pointings 
and hence the errors will be eliminated at each instrument 
set-up. The remaining accidental error of reading the 
micrometer depends on the type of micrometer used, whether 
vernier type (as with the Np 2 level attachment) or optical 
type (as. with the Np 1 and Wild N3 levels), and whether 
the last significant figure is interpolated or not.
Micrometer reading errors are theoretically independent 
of sighting distance or distance levelled. However, as the 
observer may gradually become tired towards the end of 
a day, and especially, after several weeks' continuous levelling 
his attitude towards reading will most likely deteriorate a 
little. Consequently his error in reading the micrometer, 
especially if interpolation is required, will increase.
Hence reading error may be assumed to increase slightly with 
the distance levelled. CSee Williams' comments (19) ).
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Other errors occur due to atmospheric influences 
on the staff, which, appear in the readings as "pointing 
errors". From an investigation into the causes of apparent 
systematic error in the Geodetic Levelling of England and 
Wales (GLEW) , it was found C14) that the use of staves 
on which, the graduations were etched led to a systematic 
error. It is believed that the sun reflected off the lower 
lip of the etching, causing the lip to appear white, the 
result being to lower the apparent centre-line of the etched 
graduation. In England, where most of the levelling lines 
run in a north-south, direction, this systematic error is 
suspected of causing a gradual rise in points on levelling 
from south to north. Indoor find outdoor experiments were 
conducted using staves having painted graduations and 
staves having etched graduations. The results indicated 
that a staff with painted graduations is visually unaffected 
by sunlight and that a staff with engraved graduations can 
definitely result dun erroneous pointings, depending on the 
direction at which, the light strikes the staff, and such 
staves should not be used for precise levelling.

A related problem was also investigated 
concerning the effect of direct sunlight on the heating of 
levelling staves. IC2) Pp.144, 153). Begg reported that the 
temperature of the invar strip in a levelling staff can 
vary considerably, according to the amount of sunlight 
shining on it. During a period of prolonged exposure to
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direct sunlight, the temperature of the invar rose to 16°C
above the ambient temperature in about 2Q minutes. Since
only the ambient temperature is normally taken in the field,
the above temperature difference is important. When
conducting precise levelling the staff would normally never
be held in the one position for more than about five minutes.
Begg found that over periods of five minutes the average
variation in temperature of the invar was about 4°C in

obright sunlight with a slight breeze, about 2 C when cloud 
was also present, and about 1°C when the breeze was strong 
(about force 2). The best conditions were found to be: 
cloudy with a "strong breeze blowing against the invar".

Virtually the same heating effects were 
observed by Rodel in Dresden ((17 P.175). Heinz Thurm used 
Rodel's results and observed meteorological data to derive 
corrections to staff temperatures in a levelling net in the 
River Elbe valley zone in Germany. However when the 
corrections were applied, the levelling error became worse 
instead of better. It was concluded that "the course of the 
rod (staff) temperature will be considerably more complicated 
due to the change of the direction of the invar rods during 
measurements and due to different irradiations even within
one distance......... It will, therefore, be necessary to
ascertain continuously the temperature of both rods during 
measurement in order to be able to calculate a more exact 
correction."
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In the majority of his experiments, Begg only 
used wooden staves. In one experiment a metal staff was 
also used. Although no comment is given by Begg, the graph 
of his results ((2) P.155) indicates that the invar of the 
metal staff rises in temperature to a small maximum in 
about three minutes and then remains at that temperature 
whereas the wooden staves continue to increase in temperature. 
Hence it seems that a metal staff may be less affected by 
heat than a wooden staff. However this requires further 
investigation before a definite conclusion could be reached.

Other useful aspects arising from Begg's 
experiments were: that it was not possible to show whether 
a correlation exists between the humidity of the atmosphere 
and the rate of heating and cooling of the invar; and 
thermistors attached to the staff did not give true 
temperatures of the invar, even when protected from direct 
sunlight.

These experiments clearly indicate the necessity 
for a more efficient means of determining the temperature 
during levelling and that the ambient temperature, as 
determined at present, is insufficient if a precise temperature 
correction is to be applied. The temperature of each staff 
should be measured as the pointing is made. For a single set
up the total temperature correction to the elevation difference 
would normally be too small (of the order 0.01 mm) to visibly 
affect the individual staff readings. However a correction 
should be applied to the elevation difference over a line or 
section of levelling.
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11.(2) IDEAL SIGHTING DISTANCE
As the distance from the level to the staff 

increases, errors due to pointing and variable refraction 
also increase. The longer this distance is the quicker and 
hence cheaper will be the levelling. However, in order to 
maintain the required accuracy for precise levelling, rules 
must be made which, among other things, stipulate that the 
difference between repeated staff readings on the same staff 
should not exceed a particular tolerable value at each 
instrument station. If sighting distances are made too 
long, the observational errors may be so large as to result 
in most observations having to be repeated due to non- 
compliance with tolerance limits. In such a case, the total 
level run may end up costing more than what it would have 
if the sighting distances had been reduced. Hence it is 
necessary to select an ideal sighting distance which satisfies 
the requirements of economy and accuracy. The required 
optimum distance is difficult to select and it must 
ultimately depend on the topographic and atmospheric 
conditions of each particular level run.

Experiments in the U.S.S.R. in 1947 ( (9)P.37) 
indicated that for bubble-type precise levels, the most 
accurate and rapid method of observation is that using a 
parallel plate micrometer and the "coincidence" method, 
where the ends of the precise bubble are brought into 
coincidence with a coincidence prism. Using this method, 
the accidental error of a staff sighting was found to be:
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"for sighting distance less than 20 m a = ±0'.'42 
" " " equal to 50 m 0 = ±0726 "

These figures give a false impression of greater 
accuracy at longer sighting distances. The errors are 
equivalent to ±0.042 mm and ±0.065 mm respectively. Hence 
there is very little difference between the errors at 
20 metres and 50 metres. Entin continues: "The mean square
error ( S accidental error) of determining the difference 
of elevation of a set-up with the distance to the staffs 
of 50 m while taking readings of two sides of the staff amounts 
to m = ±0.13 mm." However from the figures noted above, 
it is thought that this value should be ±0.09 mm, assuming 
that other errors due to atmospheric conditions etc. are 
neglected.

Williams (19) had earlier investigated a large 
number of observations from the 1912-1929 Precise Levelling 
of Ceylon to determine the effect of sighting distance on 
the accuracy of observation. At each instrument set-up, two 
"levelling hair" readings were taken on each staff. These 
readings had to agree to within 0.0015 ft (0.46 mm) to be 
accepted. It appeared to Williams, from his experience, 
that the optimum sighting distance for the conditions in 
the tropics was 75 feet (23 metres) using instruments having 
magnifications of 30 or 35 diameters. This distance was 
selected empirically on the basis that at this distance the 
staff graduations stand out clearly and there is "less 
eyestrain, backache and loss of temper, because one works 
quickly, easily and confidently".
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Williams attempted to show mathematical 
justification for his empirical determination/ by plotting 
the mean differences between the levelling hair readings for 
a large number of set-ups. It was expected that the 
discrepancy at 75 feet would be less than 60% of that at 
125 feet (the distance used from 1923 to 1929). This was 
not the case. Williams explained this by stating: "In view
of the rate at which surveyors are expected to work, i.e.
2 miles per day or anything from 48 to 80 instrument "set-ups"/ 
it is natural that they should work to stipulated standards 
rather than to a higher ideal standard; and there is no doubt 
that the readings booked at 125 feet are the result of extreme 
care, whilst those booked at distances of about 75 feet were 
observed not only with ease but also with abandon."
Consequently he suggested that a tightening up of the standard 
of tolerance proportional to the sighting distance would 
produce much better results.

Bomford gives the maximum sighting distances 
considered permissible in other countries: 150 m in the
U.S.C. & G.S.; 100 m in India and 40 to 50 m in Great 
Britain ( (5) P.233) - but no optimum distances are given.
In the North. West European Lowlands Levelling (NWELL) the 
Netherlands tried sighting distances of 40/ 60, 65 and 80 metres 
for two years (1950, 1951) from which it was decided that 
60 metre sights gave the "best compromise between the progress 
of the work and the accuracy." In the German part of the NWELL 
sighting distances of 45 to 50 metres were used. ( (15) Pp.
18, 26).



In Australia the extremes of heat and cold 
may be reached in different areas, with the central deserts 
always being very hot during the day. It is therefore 
virtually impossible to give a single ideal distance for 
levelling to cover the whole country. It is suggested 
that an ideal distance of 30 metres could be used as a 
guideline. If conditions permit it, this distance could 
be increased but to no more than 40 metres at any time.
It is the writer's opinion that at distances beyond 40 metres 
the divisions on a staff cannot be resolved clearly enough 
for a reliable pointing. If conditions become too shimmery 
the distance may be decreased to no less than fifteen metres. 
If the staff cannot be seen distinctly at 15 metres, the work 
should be suspended. Also the propagation of accidental 
errors would most likely exceed the savings gained by 
decreasing the sighting distance.
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11.(3) SINKING AND RISING OF TRIPOD AND STAFF

The majority of systematic errors can be 
eliminated or minimized by a suitable observation procedure 
and care in observing. However probably the most troublesome 
error in precise levelling is that due to the instrument 
tripod and change point (spike, peg or base-plate) sinking 
into the ground during observations. Entin (9) found in 
1949-50 that base-plates and spikes always settle when the 
staff is placed on them,the base-plates sinking from 3 to 5 
times deeper than the spikes. The sinking is most rapid 
during the first 20 seconds after setting the staff on them, 
then it slows down. Experiments indicated that base-plates were 
less stable than spikes and should not be used for precise 
levelling. Staff readings should not be taken earlier than 
30 seconds after placing the staff on the spike.

It was found that when spikes were placed in very 
hard firm or very soft ground, if the staff were removed, the 
spikes were frequently subjected to greater upheaval than the 
depression in placing the staff on them. Hence a spike used 
at the rear sinks far less than it did as the support for the 
forestaff (for the previous station). However this effect 
can be avoided if the staff is turned without lifting it off 
the spike. The amount of sinking and upheaval depends on the 
type of ground surface and it was apparent that ground of 
moderate hardness caused the least displacement.
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Similar experiments indicated that the instrument 
tripod was subjected to upheaval in 80% of cases in soft ground 
and 50% of cases in moderately hard ground. The displacement 
is of the same order as the displacement for spikes.

Further investigations by Belshaw in 1960 (3) 
carried out on different types of sotl only, revealed only 
upheaval of the tripod. Observations were made only at every 
minute for 8 minutes.

If we assume that the hardness of (dry) soil is 
midway between that of sandy and turfy ground, then the 
corresponding tripod displacement in "soil" from Entin's 
experiments is +0.096 mm after two minutes. This agrees 
very well with the mean, +0.11 mm of the dry soil displacements 
obtained by Belshaw. Belshaw's results also indicated that 
the upheaval was approximately halved when the soil was 
moistened, "after four inches of rain had fallen during the 
previous week".

To reduce the effect of the displacements of spikes 
and tripod, the levelling route should be chosen to pass over 
ground of moderate hardness, the routes of the forward and 
backward runs should coincide, the type of staff support 
should be the same for both forward and backward runs and the 
same staff should be observed first at each set-up. Also
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when using the observing routine BFFB, the readings at one 
station should be made with equal time intervals between 
them. On the backward run, the staff man should be changed 
over to eliminate possible errors due to unbalanced pressure 
being exerted on the forward and back staves or due to 
other idiosyncracies of the staffmen - for example: not
observing the staff bubble straight down, leaving slight 
residual parallax and hence a small leaning of the staff.

The rising or sinking of the staff while the 
level is being transported to the following station cannot 
be measured easily and economically. It can only be hoped 
that, by following the above procedures the error will 
virtually be eliminated from the mean of forward and backward 
runs. The backward run should be made as soon as possible 
after the forward run to avoid the possibility of 
meteorological conditions appreciably altering the ground 
surface conditions. Figure 25 shows the displacements 
measured by Belshaw on soils when dry and when wet. It is 
fairly clear that the displacements are smaller when the soil 
is wet.

Table T12 shows the magnitude of the displacements 
of spikes and base-plates measured by Entin ( (9) P. 39).
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Ground
Surface

In the course
of 20 sec.

In the course of 2 min
Average Maximum

-0.008 -0.010 -0.020Highway -0.038 -0.046 -0.064

-0.008 -0.010 -0.019Railroad -0.032 -0.041 -0.C94

-0.011 -0.016 -0.030Unpaved Highway -0.050 -0.068 -0.098
-0.020 -0.024 -0.061Sandy Ground -0.119 -0.135 -0.174

-0.130 -0.168 -0.233Turfy Ground -0.668 -0.840 -0.990

TABLE T12

Vertical Displacement of Spike (numerator) and 
Base-plate (denominator) in mm. (after (9) )
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III. ENVIRONMENTAL ERRORS
(1) ATMOSPHERIC REFRACTION

Although it is fairly widely believed that 
refraction causes systematic errors in precise levelling/ 
Entin concluded from various Russian experiments (9) that 
refraction was of an accidental nature for each observation/ 
and hence it could not be corrected by any formula. Thurm 
C (17) P. 172) attempted to apply refraction corrections/ 
computed from Kukkamaki's formulae/ to the adjustment of the 
River Elbe network. He points out that the refraction 
correction for an individual distance (approx. 0.6 km) is a 
systematic quantity/ but even in as few as 12 distances/ 
the signs of the corrections vary due to the dependence of 
the sign on the altitude difference. Also "the factors 
time of day, degree of clouding/ gradient of terrain and 
sighting distance varying for the distances and within one 
distance for the forward and backward measuring, cause a 
further variation of the amounts of correction". Thus 
the refraction correction for lines and loops assumes 
an accidental character. From this Thurm concluded that 
"large levelling nets are not essentially influenced by 
refraction".
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The physical behaviour of the layers of air 
close to the ground (up to 10 metres) is quite complicated 
and no satisfactory mathematical model has yet been 
formulated. Consequently although the effect of refraction 
on rays of light near the ground is fully realized, no fully 
reliable method of correction has yet been derived.

Refraction changes as a function of height 
above the ground and depends on the temperature gradient, 
amount of wind, cloud cover and vegetation cover. Various 
correction formulae have been derived which take account of 
some or all of these parameters, the most noted being 
Kukkamaki's correction formulae. (See (17) ). It is 
believed that the layers of the air tend to follow the slope 
of the ground (as illustrated in Figure 26). Consequently, 
when levelling uphill on gentle slopes, the amount of 
refraction is different for the forward and back sight lines, 
causing a systematic error. When going uphill the foresight 
is always closer to the ground than the back sight and passes 
through air where the vertical temperature gradient is 
numerically greater and refraction less. Hence the forestaff 
reading is too high and the higher B.M. receives too low a 
height. £ The effect is similar to the mirage effect observed 
when looking along a flat level road which has been heated by 
the sun. J Kukkamaki claims that the magnitude of this error 
with balanced sights of 50 metres, is 10 mm per 100 metres' 
elevation difference (13).
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Since this error will occur when levelling in 
both uphill and downhill directions/ it cannot be eliminated 
by meaning forward and back levellings. It should be 
minimized by shortening sights to less than 30 metres even 
though longer sights may be possible. The sights should also 
be kept at least 50 cm above the ground.

Consider now levelling over relatively flat 
terrain. As the sun heats the ground in the morning/ the 
temperature of the adjacent layers of air slowly rises. Thus 
the amount: of refraction also changes and may amount to a 
change of 1 mm between dawn and noon for a 100 m sight (5).
The temperature and hence refraction increases slightly during 
the time interval between observing backsight and foresight. 
Hence if the backsight is always observed before the foresight/ 
the foresight reading will always be too high, resulting in 
the end point receiving too low a height. This error is 
easily eliminated by always observing the same staff first; 
that is, by alternately observing backsight and foresight 
first. Even without this precaution, the error should be 
eliminated in the mean of double readings observed as BFFB 
or FBBF.
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111.(2) EARTH CURVATURE
Since the elevations of points are measured 

above mean sea level, a "level" line is not a straight line 
but a curved one running parallel to the earth's curved 
surface. At each instrument station the line of collimation 
of the level is a tangent to the level line. (See Figure 27). 
For long sights to a staff, the tangent may deviate appreciably 
from the level line. Hence a correction to the staff reading 
should be applied to reduce the reading to the level linec

This correction is given by the equation

c = 0.785 D2 x 10“4 mm Cl) P.76

where D is the sighting distance to the staff in metres.
The correction amounts to 0,07 mm over 3Q metres 

and nearly 0.20 mm at 50 metres. However the earth curvature 
effect is eliminated by ensuring that foresight and backsight 
distances are equal.
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III. (3) LUNISOLAR TIDES
As some of the literature appeared to be rather 

vague on the types of tides they were considering/ a brief 
description of the various tides which affect levelling is 
presented here:

(1) "Ocean Tides" - are the commonly known 
ocean tides/ caused mainly by the 
gravitational attraction of the sun and 
moon on the Earth's ocean masses.

(2) "Earth' Tides" - are the small tidal 
oscillations of the Earth's solid land 
masses due to:
(a) the gravitational attraction of the 

sun and moon on the land masses.
(b) the tilting of the land masses caused 

by the changing loadings between mean 
and extreme (oceanic) tidal states.

(c) the gravitational attraction of the 
ocean mass upon the land masses.

(d) tidal movements within the yielding 
earth, caused by tektonic forces 
(called the "body tide").

(The tidal component due to (a) is generally derived 
on the assumption that the Earth is solid. A small correction 
is then added for the fact that the Earth is not solid but 
elastic. )
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The oceanic tides affect levelling indirectly, if 
the levelling is connected to tidal observatories. Since "mean 
sea level" is the surface which all levelling is basically 
referred to, errors in the determination of the "elevation" 
of mean sea level, at tidal observatories at the ends of a 
levelling net, will appear as errors in the levelling itself. 
However the determination of "mean sea level" is complicated 
in itself and is beyond the scope of this work.

Unless otherwise specified, "tides" appearing 
in the text hereafter refer to "earth tides".

Earth tides due to the attraction of the sun and 
moon are often referred to as "lunisolar tides" and the 
corresponding tidal correction is sometimes referred to as 
"the astronomical correction" to precise levelling. The
general formula for this correction is: (12)

Ah = (CM + cs) mm/km
where CM = 0.085 sin 2Z cos M C*M - A)

cs = 0.039 sin 2ZS cos (Ag - A)
in which CM, Cs are the corrections for the influence of the 
moon and sun respectively.

ZM' Zs= zenith distance of the moon and sun 
respectively.

A^, As= azimuth of the moon and sun respectively. 
A = azimuth of the levelling line.
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It can be seen that the moon contributes about 
twice as much as the sun towards the lunisolar tide. The 
tidal effect is greatest on lines oriented north-south 
resulting in a systematic levelling error in this direction. 
However on lines running east-west the effect assumes an 
accidental distribution. This is demonstrated schematically 
in Figure 28. It is apparent from this figure that the 
tidal error in the north-south direction cannot be eliminated 
by field procedure. On east-west lines, the error may be 
eliminated in the mean of forward and back levellings if the 
levellings are run on different days, with the starting time 
during the day being the same for each direction. The 
procedure may be varied to comply with the observing 
procedures adopted by different countries. For example in 
the NWELL, general practice in the Netherlands was to 
measure a complete line (20 to 50 km) in one direction and 
then do the back measurement. ( (15) P.18). However this 
procedure is not advisable for other reasons - see II (3) .

In the G.L.E.W., the required lunisolar tide 
correction to the levelling between Newlyn and Dunbar could 
amount to about 40 mm assuming a solid earth. For a 
yielding earth the correction is reduced to about 30 mm 
( (10) P.146). This correction applies over a distance 
of about 65Q km in the northerly direction. Hence the 
correction amounts to approximately 0.055 mm/km.
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It is difficult to give an average expected value 
of the tidal correction because it depends to a large extent 
on the latitude and the time of year during which observations 
are made. Suffice it to say that the correction is only 
significant in levelling networks which run mainly in a 
north-south direction, and that the maximum correction is 
0.124 mm/krn. This occurs when ZM = Zg = 45° and A^ = As =
A ±180° (or = A). in discussing the feasibility of spending 
the time to calculate the tidal correction ( and others ), 
Thurin points out that (1) the correction is not necessary 
when studying local crustal movements since repeated 
levellings are equally affected by the tides (provided 
the levellings are made during the same part of the year) 
and (2) the correction together with corrections for 
refraction and corrections for the difference between the 
invar and ambient temperatures, makes no significant 
improvement to the final accuracy of the levelling (for the 
River Elbe valley net at least). In this north-oriented 
network the correction in the northerly direction was about 
+0.035 mm/km.

The feasibility of applying the tidal correction 
should be decided separately for each particular case.

Of the other three causes of earth tides, that 
due to oceanic loading is greater than the lunisolar tide 
effect and is greatest in coastal areas. The attraction 
due to tidal mass is third largest and would be expected to
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affect larger land masses more than small islands where the 
distribution of ocean mass is uniform all around. The body 
tide causes least disturbance on islands but may be larger 
than the previous effects on inland continental areas.
The effects of the body tide and attraction of tidal mass 
may be computed on the basis of theoretical considerations 
but the great difficulties involved in accurately determining 
the magnitude of all three effects make it impossible to 
apply meaningful corrections. Observations in Britain during 
the IGY 1957-1958 indicated that three effects combined 
resulted in a deflection of the vertical of 0'.'07 3 at Bidston.
(10). This corresponds to a correction to levelling of
0.03 mm between staves set-up 76 m apart. However it is doubtful
whether this figure could be safely applied to protracted
levelling operations. Such application could be effected
if tidal observations were made at several locations along
the levelling route during levelling operations. However
the excessive cost may outweigh the advantages gained.
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III. (4) ORTHOMETRIC CORRECTION

The datum for levelling must be permanent, easily 
determined and have some physical significance so that it may 
be redetermined easily and accurately if necessary. For these 
reasons mean sea level is the surface chosen as datum. Tide 
gauges are placed at suitable locations around the world, 
whereby the height of mean sea level above the geoid is 
determined. Hence the levelling is really referred tothe 
geoid, linear heights above this surface being called 
"orthometric heights". However if we level between two 
points, the observed height difference does not correspond 
exactly to the difference in the orthometric heights. This 
is due to the fact that the levelling is actually carried out 
on equipotential surfaces above the geoid, which are not 
parallel to the geoid at all points on the Earth.

in Figure 29 if we level from A to A', to B' to 
B to A then, assuming the observations are perfect, we will 
still obtain a misclose. This misclose must be corrected 
as we proceed from A' to B' along the equipotential surface, 
so that the final height obtained for B is its correct 
orthometric height BB". This correction is called the orthometric 
correction and is given (11) by the expression:

c = - 23 £h sin 2$ Acf>
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(assuming the geoid coincides with the spheroid)

where 3 is a constant.
£.H is the total observed height difference.

The correction is generally computed for the 
elevation differences between successive Bench Marks and 
summed to give a total correction for the section or 
distance. The magnitude of the correction can be quite 
large and must be applied where precise levels are required.

There are three other minor corrections which 
may be considered negligible for all practical purposes. 
These are for: non-parallelism of equipotentials between the 
level and the foot of the staff; difference of curvature 
of equipotentials under the foresight and backsight staves; 
curvature of the normal (which is always perpendicular to 
the equipotentials).
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111.(5) THE EFFECT OF GRAVITY ANOMALIES
The orthometric correction is calculated using a 

value for normal gravity as computed from the International 
Gravity Formula. This formula defines an ideal uniform gravity 
field over the earth. However topographical changes and 
density variations within the earth give rise to small 
deviations of the gravitational potential from the "normal" 
value. The only way to correct for these "anomalies" is to 
observe gravity values at various points along the levelling 
route - about every kilometre - and use these values instead 
of standard gravity in the above formula, or apply a small 
correction for the difference between standard and observed 
gravity.

From a comparison of numerous circuit closures 
computed using standard and observed gravity it appears that 
some circuits yield better closures using normal gravity while 
others yield better closures using observed gravity. Hence 
it is recommended (5) that the orthometric correction should 
be computed using normal gravity. Then if there is any 
evidence to suggest that 'g' may vary appreciably from the 
normal (for example: a sudden large rise in elevation and then 
a corresponding large descent some kilometres later) the 
necessary correction could be included as a special case.
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APPEND IX A 

Three-Peg Test for co llimation and refraction 

In the well-known two- peg test for collimation error 

of an instrument , the error thus obtained is actually a combination 

of the real collimation error and the effects of refraction. 

A three-peg test, devi sed by Professor Angus - Leppan , 

separates these two errors, as follows: 

I n Figure 30 

PA (a - b) 

PB= b 

PC= (a+ b) 

QA = b 

QB = (a - b) 

QC = (2a - b) 

· The expression for the h eight difference between 

A and B from observations at P is: 

where c = colli.lnation error i.n radians. 

K = (1-k) where k = radius of earth 
2R radius of line of s.igh.t 

Similarly: 

From observations at Q: 

= <1c -

(2b-a) c + [b 2
- (a -b} 2] K 

(2b-2a) c + [b2
- (2a-bl 2] K 

(3 ) 

(.41 
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These four equations can then be sol ved for the two 

unknowns, C and K: 

C = 

K = 

(pA - 2PB + Pc) - (qA - 2qB + qc) 

2(a - 2b) 

(pB - Pc> - (qB - qc ) 

2a (a - 2b) 

and since b << a usu a lly , 
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APPENDIX B

Inherent Errors in Experimental Procedure

In section 1(1) a method of testing the calibration 
errors of a parallel plate micrometer was described. Another 
means of testing the calibration was provided by the Watts 
auto-collimator, described in I (1) (d) (vi).

The following test was made:
The Zeiss Nj_ 1 level was focussed to infinity and 

levelled, pointing into the collimator as in the hysteresis 
tests. The level was not tilted, but the micrometer dial was 
turned through its full range (11 mm) in 1 mm increments. For 
each plate micrometer position the collimator micrometer reading 
of the line of collimation of the level was recorded to O'.'l.

When the test was completed and the results plotted, 
as shown in Figure 31, they indicated a surprisingly large 
error particularly for a new instrument! The micrometer appeared 
to have an error amounting to 1 second of arc between the zero 
and 8 rnm positions, which is intolerable for precise levelling.

On closer examination of the test procedure and its 
results, it was realized that the whole test was preposterous and 
could not work. Since the level is focussed to infinity, rotation 
of the parallel plate should not change the line of collimation 
at all. Hence no deviation should be measured by the collimator. 
However deflections were measured and were attributed to:
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(1) random reflections of the room's fluorescent 
lights on the parallel plate and lenses, and

(2) similar reflections of the collimator's light 
source.

Such reflections caused "erroneous" observations with the auto
collimator. Hence the reliability of the results of the hysteresis 
tests is questionable, as noted in the relevant section.

The 1 parallel plate micrometer was subsequently 
tested by direct observation, the result of which is given in 
Id) (c) .

The test did not help to inspire much confidence 
in the use of the autocollimator for testing levels. It is 
suggested that methods of testing' instruments by direct 
observation should be employed, where practicable, in preference 
to the "easy way out". The latter may provide very precise 
results but they may be quite inaccurate. (See Definitions).
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APPENDIX C

Calibration of Metal Scale Rules

Two very old scale rules were loaned by Mr. Werner 
in the hope that they may be of some use in instrument tests.
In order to use them for such, it was necessary to calibrate 
them. This calibration was done with a Cambridge stereocomparator, 
normally used for Photogrammetry. The two scales were of brass 
and silver respectively and measured 23 cm and 30 cm respectively. 
They were both graduated in mm.

The brass scale was placed across the plate "carriage" 
of the comparator, in the x-direction. When the machine Is used 
with aerial photograph diapositives, these are illuminated from 
underneath. As this was not possible with the metal scale, the 
latter was illuminated from above with a fluorescent desk lamp.

The carriage was traversed in the x-direction until 
the centre of a scale graduation aligned with the cross-hair of 
the comparator's binocular viewer. Only one side of the 
binoculars was used and hence was effectively a microscope.
The x-coordinate of the comparator was read (Column (b) in 
Table T13). The carriage was then moved to the next scale mra 
graduation and its x-coordinate was read. This process was 
repeated for each mm graduation for the first 30 mm. Thereafter 
readings were only made on every fifths millimetre graduation.
See Table T13.
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appendix C
BRASS SCALE CALIBRATION Date: 15th Karch 1972

Location: Photogrammetrie
Laboratory, Civil Eng'g.

UNSW

Com- Trans-Com- Trans-
ScaleScale paratorparator

Value Value
(mm x (mm x(mm x(mm x(mm x

TABLE T13
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Due to the mechanical limitations of the comparator, 
only three centimetres could be measured in succession. The 
comparator carriage was then returned to the first graduation 
read and the scale was shifted manually by 3 cm, so that 
graduation No. 3 was now where No. 0 was. It was very 
difficult to place the new graduation in exactly the same 
position as the previous one. Hence a reading was taken again 
on the first graduation. This reading appears in column (c)
(at each 5 mm graduation, two pointings were made and the mean 
adopted). All readings were reduced to the common "zero" value 
at the zero graduation (column (d) ).

The value for each 5 mm graduation is plotted 
against its respective graduation in Figure 32. The values 
seem to follow a cyclic pattern, which may be due to a cyclic 
error in the engraving machine.

As far as levelling is concerned, a smooth, best-fit 
curve passing through these points is meaningless. Hence only 
the discrete values are plotted.

The scales were not used for tests because the 
graduations were not sufficiently distinct to allow confidence 
in observations.

The test was quite similar to a staff calibration 
test and certainly resulted in an appreciation of the tiring 
observations that would be involved if every graduation on a 
levelling staff were calibrated. The tiring effort made for 
this test dampened euthusiasm for calibrating the silver scale. 
Hence the latter calibration was not fully recorded. However
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it may be stated that the errors in this scale were of the 
order of 0.01 mm, compared with errors of the order of 
0.03 mm in the brass scale.
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FIG.

Level
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level run
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APPENDIX D

Calibration of Invar Strips

A section of an invar strip from an old precise 
levelling staff was cut into three shorter sections of equal 
length (approximately 45 cm). As the painted graduations were 
no longer very distinct/ centimetre graduations were etched on 
the back of the invar. It was intended to affix two of the 
scales to suitable walls so that they may be observed as 
"staves" in a simulated level run. The third scale was to be 
placed at the same sighting distance as the others/ but 
perpendicular to the line of levelling. See Fig. 33.

A simulated level run was to be carried out, without 
the need for staff men, in a similar manner to that described 
by Hauf(B12) P.167. It was of particular interest to examine 
the effects of errors on lines running perpendicular to the 
level run.

A suitable location had to be found, preferably on 
the University of New South Wales campus. It was considered 
that the following conditions must be met to obtain good results;

(1) The tripod to be set up on concrete or a 
similar very firm base.

(2) Ability also to set tripod on bare or 
grassy ground.
Sighting distances to all three scales to be 
equal.

(3)
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(4) Sighting distance to be at least 20 metres.,
(5) The observing area to be reasonably open to 

the weather,,
(6) The scales to be affixed firmly to stable 

structures.
(7) The main levelling line to be oriented north-south
(8) A second site available where the line is 

oriented east-west.
(9) The site to be reasonably clear of students 

between lectures and at lunch time.
(10) To avoid confusion of the scale readings

when booking, the scales were graduated as:
0-45; 20-65; 40-85 respectively.

The most suitable site to be found, which satisfied
most of the above conditions was the small quadrangle adjoining
the main "Arts-Maths quadrangle", U.N.SoW. The scales were to
be secured to brick walls. The temperatures of the walls were
measured with a mercury thermometer. On one of them the

otemperature of the brick changed by 20 C between 9 a.m and 
3.30 p.m on a fine day. The sun shone directly on the wall from 
midday till late afternoon. In the light of the results obtained 
by Begg, noted in Section II (i) it was considered that to apply 
accurate temperature corrections to the observations, more 
sophisticated equipment was required. Since this equipment was 
not available, and due to other reasons, the project was 
abandoned unfortunately.
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APPENDIX D

Calibration of Invar Scales using Stereocomparator 15th Mar 1972
Edges Edges Edges

Centre L R Width Centre L R Width Centre L R Width

0
1
2
3
4
5
6
7
8 
9

10
1
2
3
4
5
6
7
8 
9

20
1
2
3
4
5
6 
7

A
1

84

A
0

A
2

3

A
1

A
1

2V

3v

10J
14 90 39 49 20 A 94 61 27 66 40 0 80 20 40
8 77 39 62 1 99 6 78 31 53 1 A 92 77 6 29

73 34 11 77 2 3 71 36 65 2 1 6 86 23 37
84 44 24 80 3 A 86 54 16 62 3 3 86 21 35
77 38 15 77 4 5 6 72 37 65 4 A 9 91 26 35
97 55 38 83 5 1 55 45 90 5 3 99 81 17 36
98 54 42 88 6 A 7 67 42 75 6 97 77 15 38
95 56 28 72 7 99 3 70 37 67 7 A 2 83 21 38
4 66 37 71 8 9 80 36 56 8 1 4 84 23 39

96 61 26 65 9 A 2 79 26 47 9 2 81 23 42
4 73 34 61 30 4 5 85 26 41 50 A 5 82 25 43
0 72 27 55 1 8 86 29 43 1 2 9 88 31 43

6^ 81 30 49 2 A 3 81 24 43 2 16 95 39 44
1*5 79 23 44 3 3 99 77 25 48 3 A 6 86 25 39
96 76 16 40 4 98 71 20 49 4 1 88 65 11 46
94 74 13 39 5 A 96 74 18 44 5 95 74 14 40
1 83 19 36 6 1 0 78 24 46 6 4 85 23 38

91 71 11 40 7 1 80 24 44 7 1 2 84 19 35
82 62 2 40 8 84 63 7 44 8 V 14 98 30 32
95 74 15 41 9 0 13 92 34 42 9 98 80 13 33
15 92 36 44 40 10 88 32 44 60 2 98 81 15 34
91 70 12 42 1 A 16 94 36 42 1 V 4 88 19 31
2 82 21 39 2 7 2 83 23 40 2 3 89 16 27
2 81 23 42 3 0 76 23 47 3 3 6 94 19 25
5 86 24 38 4 98 75 23 48 4 V 14 0 25 25
6 87 26 39 5 1 91 66 16 50 5 7 95 20 25

12 95 29 34 6 V 16 93 40 47 6 2 2 90 15 25
84 68 1 33 7 99 77 20 43 7 V 2 90 13 23
91 75 6 31 8 2 3 83 22 *39 8 5 91 17 26
91 78 5 27 9 93 78 11 33 9 1 93 79 5 26
4 93 17 24 50 93 78 10 32 70 V 4 92 15 23
2 79 25 46 1 3 5 88 22 34 1 15 95 38 43
0 74 27 53 2 V 0 81 18 37 2 3 16 93 38 45

97 69 26 57 3 8 90 26 36 3 8 85 32 47
12 81 41 60 4 2 3 85 20 35 4 0 78 22 44
18 90 46 56 5 V 97 78 14 36 5 99 98 77 16 39
94 67 19 52 6 99 79 13 34 6 V 95 75 13 38
89 60 17 57 7 3 3 85 21 36 7 0 83 17 34
98 73 25 52 8 V 92 75 11 36 8 0 99 77 20 43
5 83 27 44 9 2 84 18 34 9 V 5 82 32 50

85 60 10 50 60 2 90 68 9 41 80 1 75 24 49
86 61 12 51 1 V 7 88 24 36 1 2 8 86 30 44
10 86 34 48 2 5 86 21 35 2 V 90 74 6 32
11 86 37 51 3 98 15 98 30 32 3 98 85 12 27
4 80 27 47 4 V 85 67 0 33 4 10 85 67 3 36

95 74 : 17 43 5 90 71 8 37 5 V 20 7 36 29

TABLE T 14
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TABLE T14 (Cont’d.)

Calibration of Invar Scales using Stereocomparator

Dimensions are: mm x 10“2
* Very bad etching.
A V Arrows indicating direction in which "transfer" is 

continued. - see text.
___ Total scale reversed to fit onto comparator for readings

on second half of scale.
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Scale 1 Scale 2
Scale Centre Scale Centre Scale Centre Scale Centre
Rdg. Rdg. Rdg. Rdg.
(cm) (mmxlO-z) (cm) (mmxlO-2) (cm) (mroxlO-2) (cm) (mmxlO-2)

0 98 23 2 20 16 43 6
1 92 24 5 21 21 44 4
2 85 25 6 22 18 45 97
3 96 26 12 23 1 46 12
4 89 27 .93 24 20 47 95
5 96 28 0 25 15 48 99
6 97 29 0 26 21 49 90
7 94 30 2 27 13 50 90
8 99 31 0 28 19 51 2
9 91 32 98 29 12 52 99

10 99 33 93 30 14 53 7
11 97 34 8 31 17 54 2
12 3 35 14 32 12 55 97
13 98 36 ‘ 8 33 12 56 99
14 0 37 3 •34 11 57 3
15 98 38 12 35 9 58 92
16 5 39 16 36 14 59 2
17 5 40 96 37 15 60 90
18 96 41 97 38 98 61 95
19 9 42 4 39 14 62 93
20 15 43 5 40 11 63 3
21 91 44 98 41 17 64 90
22 2 45 89 42 8 65 95

TABLE Tl4 A

Reduced Observations to Graduation Centres
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Scale 3
Scale Centre Scale Centre
Rdg. Rdg.
(cm) (miuxlO- 2) (cm) (mmxlO-2)
40 97 63 2
41 89 64 13
42 98 65 6
43 95 66 1
44 1 67 1
45 95 68 4
46 93 69 92
47 98 70 95
48 97 71 6
49 95 72 7
50 98 73 12
51 95 74 4
52 2 75 2
53 92 76 98
54 87 77 3
55 94 78 2
56 3 79 7
57 1 80 3
58 14 81 10
59 98 82 98
60 98 83 6
61 0 84 93
62 99 85 3

TABLE T 14 A CCont' d.)

Reduced Observations to Graduation Centres
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The strips were calibrated using the method 
described in Appendix C. In this calibration, every 
centimetre graduation was calibrated on each scale, see 
Table T14 and Figure 34. During the calibration the width 
of each graduation was measured. These widths are plotted 
in Figure 35. It can be seen that the widths of some 
graduations were found to be excessive. Also the engravings 
were sometimes rough and need considerable touching-up 
before using them for precise observations0
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Summary of Recommendations arising from 

thesis uF.rrors in Precise Levelling11

(1) Instruments following require adjustment of 
the compensator to give a smaller over
compensation error at long sighting distances 
(> 10 m) (See Fig. 13).

Instr. No.
Nq 2 149809
Nq 2 149788
N± 2 149728
Nq 1 71050

(2) Test the anallactic behaviour of the Nq 2. level 
at least over the range 5 ~ 25 m. (See end 
1(1) (d) (iv) ).

(3) (a) Suggest that further tests be made on
Nq 2 No. 149728 to find the cause of its incorrect 
functioning near zero residual tilt. (See Fig. 19) 
Note: error does not appear on Fig. 17 - Oblique
Tilt,which may suggest a- loose lens.
OR (b) Send it to Zeiss for examining.

C.W. JEREMY
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