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FOREWORD 

The purpose of this manual is to summarize the mothoda prevailing 
at  present in the United States Coast and Geodetic Survey in es- 
ecuting first-order triangulation and base measurement. Little or 
no attention has been paid to historical developments or to theo- 
retical discussions. 

The credit for the material contained herein is due primarily to 
the geodesists and physicists in this survey who for a century or 
more have gradually improved the instruments and methods of 
geodetic surveying. The last two decades especially have seen 
remarkable progress toward standardization of methods nnd in- 
creased speed and economy of execution in geodetic work. I t  lies 
beyond the scope of this publication to  pay the tribute of individual 
mention to those who have made special contributions to  the science 
and art of geodesy in the United States. 

Many of the engineers and mathematicians working in the divi- 
sion of geodesy have helped materially in the preparation of this 
manuscript by suggesting changes or additions, and by preparing 
tables and type forms, and their willing assistance is gratefully 
acknowledged. In particular, credit is due Dr. William Bowie, 
chief of the division of geodesy, for his careful review of the manu- 
script and for his many valuable suggestions. 
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MANUAL OF FIRST-ORDER TRIAlVCULATION 

By C. V. HODQBON, Assistant Chief, Division of Geodesy, United Slates Coast 
and Geodetic Survey 

GENERAL STATEMENT 

For some years the need has been apparent in the Coast ant1 
Geodetic Survey for a more complete description of the methods 
employed in its first and second order triangulation because of the 
great development in speed and economy during the past 20 years. 
This publication is designed to metit this need as far as possible. 
The aim has been to provide a manual of approved practices rather 
than to discuss in detail the ttheoretical principles of triangulation 
and base measurement. Only a sufficient amount of discussion of 
principles is given as will enable an engineer, either in or out of tlie 
survey, who may be engaged on this class of work, to cxecutcl trian- 
gulation of the class desired. The sources of error inlierent in the 
various operations are pointed out and means suggested by wliicli 
their relative magnitudes may be estimated. With that doria tho 
engineer can modify the metliods given lierein for first-order trian- 
gulation in order to meet the requirements for any less accurate 
class. 

Since this publication is written primarily for tlic guidance of 
officers of the Coast and Geodetic Survey, where a party may extend 
triangulation several hundred miles in a single season, the tlescrip- 
tion of party organization and of observing routine will be given in 
considerable detail. Sections of the text treating of those subjects 
will naturally not be of especial value or interest to an engineer who 
may be working in a limited area. 

DEFINITIONS OF FIRST AND SECOND ORDER TRIANGULATION 

Until very recently much confusion was caused by tlie conflicting 
terms used by different Federal organizations in describing the vari- 
ous classes of triangulation which they execute. Usually the morc 
accurate class of work was called I ‘  primary ” triangulation, irrespec- 
tive of the degree of accuracy actually obtained, wliilc the term 
‘ I  secondary ” was applied to subsidiary schemes. In  ortlcr to secure 
more uniform specifications antl nomenrlaturc, rcprcsentrttives of 
the various Federal mapmaking antl map-using organizations in 
Waqllington agreed in 1921 upon 8 uniform clwdication. Under 
this agreement triangulation of the liigliest accuracy ~ t t s  termed 
“precise,” the next lower “primary,” and the third grade wt~s called 
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( I  secondary,” corresponding respectively to  what had been previously 
known in the Coast and Geodetic Survey as primary, secondary, and 
tertiary. 

This terminology did not find wide favor or acceptance, and in 
May, 1925, the Federal Board of Surveys and Maps, after referring 
the matter to the various Federal mapmaking bureaus rcprcsented 
on the board, recommended that the four grades of vertical antl 
horizontal control ordinarily used be designated as first ordcr, sec- 
ond order, third order, and fourth order, respectively, the first named 
being the most accurate. These terms have been authorized by the 
Director of the Coast and Geodetic Survey and made applicable to 
the various grades of control executed by this organi7 ,a t’ ion. 

The criteria adopted for tlie various grades of triangulation were 
first the closure of the triangle and second the agreement in length 
obtained by carrying the length from a measured basc tlirougli tho 
triangulation to the next measured base. First-order triangulation 
must have an average triangle closure of about I second or less and 
a maximum closure of not to exceed 3 seconds, wliile the closure in 
length upon a measured base or a line of adjusted triangulation must 
not exceed that represented by an error of 1/25000 after the nnple 
and side equations have been satisfied in tlie adjustment. Similarly, 
second-order triangulation must have an average triangle closure of 
not to exceed 3 seconds, with a maximum of 6 soconds, antl ti closnre 
in length represented by an error of not more than l / l O O O O  after the 
angle and side equations in thc adjustment have bccn satisfied. 

Under certain conditions the proportionate error in tlie length of a 
line as specified above may bo found to be cxcoetletl in either class 
of triangulation. Where two points are comparatively close together, 
as comparctl with the size of the triangulation scheme, the distance 
between those points may be in error in excess of that indicated by 
the class of triangulation of the scheme. The ticcuratcby of the com- 
puted length of any line can be estimated by computing tlie ZR, in 
accordance with the formula for tlie strength of figures as given 011 
page 4. I n  any class of triangulation the su1)skiiary stations will 
be located with a less degree of accuracy tlian the main-scheme 
stations. 

The specifications for the various grades of horizontal control now 
in use by the Federal mapmaking organizations are given in tabulated 
form below: 

Specifications for horazontal control 
~- - _ _  ___ -~ - - __ - - -- __- ._ - - - 1 Third orclrr 1 Forrrth order 

I 1 First ortirr I Hocond order 
I - -  - ______ - 

transit and 
tnpo or wheel. 

I , 
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According to the plan adopted by the Federal Board of Surveys 

and Maps for the completion of the 1-inch-to-the-mile standard 
topographic map of the United States, first-order triangulation or 
traverse would be executed in belts about 100 miles apart. Second- 
order triangulation or travcrse would subdivide the intervening areas 
until no considerable area would be fartlier than 25 miles from 8 

horizontal-control point of the first or second order. Horizontal 
control of tlie third order would then be established, with a density 
of distribution of points depending upon the requirements of the 
topography. 

The result of tlie adoption of this nomenclature and the correspond- 
ing specifications will be very beneficial, for the reason that any piece 
of triangulation will be classified in accordance with tlie accuracy 
obtainotl, irrespective of what the instructions for executing the 
work may have been, and much confusion will be avoided. 

It should, liowever, be pointed out that these two standards, 
that of triangle closure and of closure in length, are not necessarily 
the oqly ones which should be applied. It is possible by a lucky 
balancing of errors to secure small triangle closures in a short scheme 
of triangulution even when a small theodolite is used. It is also 
possible by clirninating outstanding values to greatly reduce triangle 
closures. I t  may also happen that a similar balancing of errors in 
computing a cliain of triangles will result in a very small discrepancy 
in length on the next fixed line. The accuracy of triangulation is 
perhaps best indicated by the probable error of a direction, but 
since this gauge of tlie work is not available until after the adjustment 
is made, tlie triangle closure and the closure in ICbngth, as given by 
the prcliminary computations, are tlie best available field criteria. 

To insure that the requisite accuracy is maintained tllroughout 
the triangulation, it is essential to give great consideration to the 
instruments and methods in ordcr that both systematic and acci- 
dental errors may be made as small as possible, and that no part of 
tho triangulation will exhibit undue weakness. 



Chapter 1.-RECONNAISSANCE 
SPECIFICATIONS FOR RECONNAISSANCE FOR FIRST-ORDER TRI- 

ANGULATION 1 

The reconnaissance specifications given below are practically the 
same as those in Coast and Geodetic Survey Special Publication 
No. 93, Reconnaissance and Signal Building. A detailed discussion 
of reconnaissance methods and descriptions of various types of signal 
towers are given in that publication. 

1. Character of figures.-The chain of triangulation between base nets shall 
be made up of completed quadrilaterals and of central-point figures, with all 
stations occupied. It must not be allowed to degenerate even for a single figure 
to single triangles, except by specific permission by the Director. There must 
be two ways of computing the lengths through each figure. On the other hand, 
there must be no overlapping of figures and no excess of observed lines beyond 
those necessary to secure a double determination of every length, except as fol- 
lows: I n  a four-sided central-point figure one of the diagonals may be observed; 
n figure used in expanding from a base often requires the observation of addi- 
tional lines; and a network of triangulation over a city or other wide area may 
very properly contain a few overlapping figures to  meet special conditions. 

2 .  Strength of flgtmes.--In the chain of triangulation between base nets the 

value of the quantity R= ( - ~ C ) ~ [ b 2  + *A*B + W] for any one figure must not in 
the selected best chain (call it  R1) exceed 25, nor in the second best (call i t  R2) exceed 
80, in units of the sixth place of logarithms. These are extreme limits never to be 
exceeded. Keep the quantities R1 and Ra down to the limits 15 and 50 for the 
best and second-best chains, respectively, whenever the estimated total cost does 
not exceed that for a chain barely within the extreme limits by more than 25 per 
cent. The values of R may be readily obtained by the use of the “Table for 
determining relative strength of figures in triangulation,’’ on page 6. 

In the above formula the two terms  and 2 [ 6 ~ ~ + 8 & + 6 ~ ~ ]  depend entirely 

upon the figures chosen and are independent of the accuracy with which the angles 
are measured. The product of these two terms is therefore a measure Of the 
strength of the figures with respect to length, in so far as the strength depends 
upon the Relection of stations and of lines to be observed over. The method of 
computing the strength of figure is explained on page 5. 
3. Lengths  o f  lines.-It is best that no line of the first-order triangulation 

outside of the baRe nets be less than 5 kilometers in length, if i t  is to be used 
directly in carrying the length forward through the scheme; that is, if it  is 
opposite a distance angle used in computing R .  So far as accuracy of observa- 
tions is concerned, there is little advantage in having the lines longer than this. 

1 Detailed instructions for second and third order triangulation are given in C’oast and Oeodetic Survey 

D --C 

---_____ 

Special Publication No. 26, and for Brst snd second order traverse in Special Publication No. 68. 

4 



CHAPTER I.--RE,CON NAISSANCE 5 

Above this minimum length two main considerations affect the size of the scheme: 
First, the  combined cost per mile of progress of reconnaissancc, liiiilding, and 
observing; and second, the number and accessibility of the points determined. 
When these two factors are opposed, the compromise schcnic selcctcd shoiiltl 
have the stallons close enough together to  he used by engineers without special 
instruinents and signal lamps. In  general, lines of the main scheme in first-order 
triangulation should not exceed 50 miles in length. 

4. Frequency  of bases.-If the character of the country is such that  a bnse 
site can be found near any desired location, Z R l  t)ct\vccn base lines hh0111d be 
made about 80. This will 1)c found to  corrcspoiit! to  R rliain of froin 1 0  to  25 
triangles, according to  the strength of tho figiircs hwiirrd. M'ith stroiig figiirrs 
but  few hasc lines will I)c iieedcti, and a corrcsponding saving n i l 1  I x  niade on 
this par t  of the work. If topographic contiitions ninhc it difficult t o  scciirc a 
base site at the desire(! location, EXl may be allo\vcti to  n1q)ro:tc.h 1)ii t  not c\cced 
110.' There will bc danger when this larger liiriit, is used that an ititcrvcning 
base may be necessary, for if in any rase thc dihcrepancy l~etivecn adjaecnt 
bases is found t o  exceed 1 part  in 23,000 an iiitervcning base m i s t  bc nicasrircd. 
5. Base sites and base nets.-In selectiiig linac sites kccp iit mind tha t  n 

base can he measured with the required degree of accuracy on any  site ivhcrc 
the  grade on any 50-meter tape length does not exrccrl 10 p r  rent, niid that  
narrow valleys or ravincs lcss than 50 meters widc in the dire(-tion of thc \)ase 
are not insuperable obstacles t o  measurement. Thc length of cach I)ttsc ir, to 
be not less than 4 kilometers. I n  each base net great carc s!iould be tnkcn to  
secure as good geometric conditions as possible. There shorild tic no iiesitanc-y 
in placing the base on rough ground, provided the roiighncss is not grcrttcr than 
that  indicated above, if hy doing so the geometric conditions i n  thc 1)aw iirt are 
improved. Each base net Rhould not be longer than two ordinary figures of the 
main chain between bases. The base net may also be strengthened by observing 
over as many lines between stations of the net as can be niade intervisible without 
excessive cost for building or cutting. Caution is nercssary in thus strengthcning 
a base net by observing extra lines t o  avoid niaking the figure so complicntcd as 
t o  be excessively difficult arid costly to  adjust. 

COMPUTATION OF STRENGTH OF FIGURE 

In  the following table the values tabulated tire [6,' + 6*6, + 6,.1. 
The unit is one in the sixth place of logarithms. Tho two arguments 
of the table are the distance angles in degrees, the smallcr disttince 
angle being given a t  the top of the tthlc. The distance anglcs awe 
the angles in each t r i t q l e  opposite the known side and the side 
required. 6, and 6, are the logarithmic dilrrrcnces corresponding to 
1 second for tho distance angles A tinct U of tt triiulfilc. 

No. 93 and in other publications Issued proviouv to that one. 

- .  _____-. ___ - -- __--- 
1 T b w  ltmits supersede the former limits of IM) and 130, respectively, as given in Special Publication 
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I I  
10 

9 
8 
7 
7 

fi 

6 
fi 
5 
5 

5 
5 
5 
5 

5 
6 

10 AA' 

1 

0 

7 
6 

n 

, 
4 
4 
3 

6 

1 
3 
2 
2 

2 
2 
1 
3 

4 
4 

3 
1 
2 
2 

1 

1 
1 
1 
1 

1 
1 

i' 

t 
1 

2 
2 
1 
1 

1 

1 
1 
1 
1 

1 

.__ 

7.5 
I -  

HOW TO USE THE TABLE 

To compare with each other two alternativo figures, oitl1t.r qiisdri- 
laterds or central-point figures, in so far as tlio strcngth with which 
the length is carried is concerned, proceed as follows: 

(a) For each figure take out the distance angles, to the ncarrst 
degree if possible, for the best and second-best chains of triangles 
through the figure. These chains are to be selected at  first 1)y 
estimation, and the estimate is to be checked later by the results 
of comparison. 

( b )  For each triangle in each chain enter the table with the dis- 
tance angles as the two arguments and take out the tubular value. 
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(c )  For each chain, the best and second best, through each figure, 

(d) Multiply each sum by the factor - ' for that figure, where 

V is the number of directions observed and Cis  the number of con- 
ditions to bc satisfied in the figure. The quantities so obtained, 

namely, S [6Aa+6A6,+6,2], will for convenience be called 111 
and Rz for the best and second-best chains, respectirely. 

(c) The strength of the figure is dependent mainly upon the 
strength of the best chain through it, hence the smnllrr the I?, the 
greater the strength of the figure. The second-best chain con- 
tributes somewhat to the total strength. a ~ l d  the other wealter and 
progressively less independent chains contribute still sm~l le r  amounts. 
In  deciding between figures they should be classed acw)rding to their 
best chains, iinlrss mid best chains are very nctLrly of equal strength 
and their second-best chains differ greatly. 

take the sum of the tabular values. 

D 

SOME VALUES OF THE QUANTITY 

The starting line is supposed to be completely fixed. 

For a single triangle, - - =0.75. 4-1 

For a completed quadrilateral, , - = 0.60. 

For a quadrilateral with one station on the fixed line unowiipird, 
8 - 2  --_ - 0.75. 

8 
For a quadrilateral with one station not on the fixed linc Unoccupied, 

7 - 2 -  1- -0.71. 
10-4 

For a three-sided, central-point figure, 

For a three-sided, central-point figurc with one station on tho f i s d  

lo- = 0.60. 

8 - 2 -  line unoccupied, - -0.75. 8 
For a three-sided, central-point figure with one station not on tllc 

7 - 2  fixed line unoccupied, -F =0.71. 

14-6 For a four-sided, central-point figure, -14-- - - 0.64. 

For a four-sided, central-point figure with one corner station on the 
1 2 - 3 -  

fixcd line unoccupied, 12 - -0.75. 

For a four-sided, central-point figur.1: with one corner station not 

0.73. - 1 1 - 3 -  
on the k e d  line unoccupied, 
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For a four-sided, central-point figure with the central station not, 
10-2  on' the fvred line unoccupied , - - - 0.80. 10 

For a four-sided, central-point figure with one diaqnonal also 

observed, s-7=o.56.  16 
For a four-sidcd, central-point figure with the central station not on 

the fixed line unoccupied and one diagonal observed, -12-- =0.67. 
12-4  

18-6 
18 For a five-sided, central-point figure, -- - 0.67. 

For a five-sided, central-point figure with a station on a fixed out- 
1 6 - 4 -  side line unoccupied, - --0.75. 16 

For a five-sided, ccntral-point figure with an outside station not 
15-4  

on the fixed line unoccupied, =0.73. 

For a five-sided, central-point figure with the central station not 
13-2  

on the fixed line unoccupied, __- - 0.85. 13 
22-7  For a six-sided, central-point figure, -3y-- - - 0.68. 

For a six-sided, central-point figure with one outside station on 
20-5  the fixed line unoccupied, --20-- = 0.75. 

For a sis-sided, central-point figure with one outside station not 
19-5  

19 on the fixed line unoccupied, -- - 0.74. 

For a six-sided, central-point figure with thc central station not 

on the fixed line unoccupied, ~ 16 - = 0.88. 

To illustrate the application of the preceding strength table the 
R, and R, for Figure 14, page 13, will be considered. Let it be 
awumed that the direction of progress is from the bottom line toward 
thc top line. It will be found that the smallest R,  called R,, for t,his 
figure will be obtained by computing through the three best-shaped 
triangles around the central point. The next best 12, called li2, will 
be obtained by computing through the two triangles formed by the 
diagonal. The R, is easily computed as follows: From the known 
side to the diagonal the distance angles arc 89O and 27'. Using 
these angles as arguments in the preceding strength table, the factor 
17.5 is obtained. Similarly, from the diagonal to the top line the 
distance angles are 91' and 26' and the corresponding factor is 18.8. 
The sum of the two factors is 36.3. If the central point of the figure 

is an occupied station, ~ - 0 . 5 6 ( s e e a b o v e ) a n d R 2 = 3 6 . 3  D - C -  X 0.56-20. 
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If the central point is unoccupied, as shown in Figure 14, ",-'=0.67 

(scc p. 8) and 12, = 36.3 x 0.67 = 24, as given oppositc the figure. 
The R, may bo computed in a similar manner by using the (lis- 

tance anglcs in the three best-shaped triangles around the central 
point. 

EXAMPLES OF VARIOUS TRIANGULATION FIGURES 

Tho following 14 figures are given to illustrate some of the prin- 
ciples involved in tho selection of strong figures and to illustratch the 
use of the prcccding strength table: 

pq 45 45 

Fro. 2.-All statione occt~pid. Ri-1 
Rep1 
Ih-2 
&-2 

same, any one statlon not occufled 

Rp-22 

Same one station on R1-27 
fixed line not occupied 
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P 

Fro. &-All 6tatime occupied. &-lo 
RX-U 

s 
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m 
R1- 2 
Rp-12 

RI- 3 
&-15 

FIG. &-All atatlone 
pied. 

OCCII- Ik-18 
Rn-13 

Bame one corner Rl-31B 
Litation. 'not occupied. Ik-16 

same. central ~ta- Rz-ir 
tion nut occupied. -11. 

11 
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FIU. %--AN strtIono R1-10 
occupied. R-15 

Same, any one R ~ = l l .  
outside station Ib===lC 
not occupied. 

Same, central h-13 
station not W- b-10 
cupled. 
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IO. 12.--UnnrmpiPn utptinn 
at intersection of flxed 
line and line to be de- 
tarmind. 

no. ~l.--c’entra~ station not Rg=18 R1-24 occupied. 
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In  every figure the line which is supposed to be fixed in length 
and the line of which the length is required are repr,esented by 
heavy lines. Either of these two heavy lines may be considered to 
be the fixed line and the other the required line. Opposite each 
figure R, and Rz, as given by the table on page 6, arc shown. The 
smaller the value of R, the greater the strength of the figure. Rz 
need not be considered in comparing two figures unless the two 
values of R1 are equal, or nearly so. 

Figure 1 is a square quadrilateral; 
Figure 2 is a rectangular qui~dri1:~tcral which is one-half as long in 
the direction of progress as it is wide; Figure 3 is a rectangular 
quadrilateral twice as long in the direction of progress as it is wide. 
The comparison of the d u e s  of Rt in Figures 1 and 2 shows that 
shortening a rectangular quadrilateral in the direction of progress 
increases its strength. A comptirison of Figures 1 and 3 shows 
that extending a rectangular qutdrilateral in the direction of progress 
weakens it. 

Such 
short quadrilaterals are in general very strong, even though badly 
distorted irom the rectangular shape, but they arc not economical, 
as progress with them is slow. 

Figure 5 is badly tlistortcd from n rcctungular shape, but is still a 
moderately strong figure. The best pair of triangles for carrying 
the length through this figure arc I )  9 R and R S P. As a rule, one 
diagonal of the quadrilatcral is common to tlic two triangles forming 
the best pair, and the other diagonal is common to the second-best 
pair. I n  the unusual case illustrated in Figure 5 a side line of the 
quadrilateral is common to the second-best pair of triangles. 

Figure 6 is an example of a quatlrilateral so much elongated, and 
therefore so weak, that i t  is not allowable in any class of triangula- 
tion. 

Figure 7 is the regular three-sided, central-point figure. It is 
extremely strong. 

Figure 8 is the regular four-sided, central-point figure. It is 
very much weaker than Figurc 1 , the corresponding quadrilateral. 

Figure 9 is the rcgultir fivc-sicictl, central-point figure. Note 
that it is much weaker than any of the quadrilatcrals shown in 
Figures 1, 2, or 4. 

Figure 10 is a good example of a strong, quick expansion from 
a base. 

Figures 11 and 12 are given as a suggestion of the manner in 
which, in second and third order triangulation, R point (A), difficult 
or impossible to occupy, mav be used as a concluded Doint common to 
several figures. 

Compare Figures 1, 2, and 3. 

Figure 4, like Figure 2,  is short in the direction of progress. 

The expansion is in the ratio of 1 to 2. 
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Many of the figures given on the preceding pages are too weak 

to be used on first-order triangulation, but for convenience of ref- 
erence and to  illustrate the principles involved they are included 
with the figures which it is permissible to use. 

Modifications.-To interpret correctly the foregoing recon- 
naissance specifications it must be borne in mind that they were 
drawn to meet particularly one single requirement, viz, to enable the 
triangulator to determine the lengths of successivs lines of the tri- 
angulntion as economically as possible consistent with the m&- 
tennncc of a specified accuracy. I n  other words, they meet the 
requirements for long belts of triangulation better than those for the 
development of an area. It is very easy, however, to modify the 
specifications to meet other conditions. For instance, on short 
arcs it will be permissible to use a chain of triangles instead of figures 
which afford two or more ways of computing lengths through the 
scheme. If a more intensive development of an area is desired, 
instead of being cmcerned with distance angles only, and the XR, 
and ZR2 through the scheme, the observer should give attention to 
leaving lines of proper strength so located RS to be of greatest value 
to  topographers and other engineers. 

CONNECTIONS TO EXISTING TRIANGULATION 

I n  starting from or connecting with either first or second order 
triangulation, it is essential that the connection be made to tt line of 
proper strength, and also that observations be made from the two 
ends of that line upon a third point of the existing triangulation. 
If tlie new and old angles agree closely the exact recovery of the old 
stntions is assured. Even when connecting with triangulation of 
the third order it is better t o  connect with ~1 line rather than a point, 
for the comparison of the lengths of the line common to the two 
systems of triangulation may give information of great value in 
adjusting the weaker scheme. Connection in position alone, namely, 
to a single point, or in position and azimuth, namely, to a single point 
tlut with a direction observed from that point to another old station, 
i n ~ ~ y  sometimes be advantageously made a t  intervals between the 
connections in length jnade on lines of the old triangulation. 
line joined onto is opposite a weak angle in the old triangulation tho 
comparison in lcngth will have little value. 

If 
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GENERAL INSTRUCTIONS FOR FIRST-ORDER TRIANGULATION 

The condensed instructions for first-order triangulation given 
below were approved by the Director of the Coast and Geodetic 
Survey on September 21, 1925, although they differ but little in 
general principles from those approved by the superintendent of the 
survey in 1905, as first printed on pages 170-174 of Appendix 4 of 
the annual report for 1911. 

The following instructions for first-order trianguletioti supersede all previous 
instructions for work of this character. 

1. Instruments.-In general, direction iristruments of the highest grade 
should be used in triangulation of this class. Repeating theodolite8 are  to  be 
used only when the  statiori to he occupied is in such a position aH to  be difficirlt 
of occupation with a direction instriiment or when there is doubt tha t  the in- 
strument support is of such a character as to insure tha t  the movement of the 
observer about  t h e  instruinerit does not disturb it in azimuth. Such stations 
usually occur on lighthouses and bidclings. 

2. Posi t ion  aettingr, d i rec t ion  theodolite.-One measure of the hori- 
zontal direction t o  each station, from somc OIIC selected initial nttttion, conclists 
of a reading with telewope direct and a reading with telcscope reversed with 
the graduated circle oriented t o  givc a reatlitig 011 t h e  iiiitial station correspontl- 
ing approximately t o  one of the  settings given in one o f  the tables below, the 
choice of tahle depending upon the nunil)er of nieasures to  be taken and the 
number of reading microscopes on the  theodolite. These initial settinge are so 
chosen as t o  rspace the micronieter readi~tgs urlifornily around the graduated 
circle for a complete set of observations. 

Theodolite settings uhen 16 posilaons of the czrclc are uved 

1 
2 
3 

h 
fi 
7 
8 

9 
10 
11 
12 

4 

~~ ~ 

With a 3-micromoter 
t heorlol ito 

With H 2-micromeler 
theodolite !I 

0 nu 40 (I 1 0 00 40 
1.5 n i  M , 2 I I  ni 50 
;jo o:j in 3 P n:( 10 
4 6 0 4 2 0 1  4 33 04 20 

~4 CY) 40 I 5  4,s 00 40 
79 01 M 0 ni M 
94 a? 10 7 e7 N3 10 

l o g o 4 2 0  8 (8 04 20 

9 90 00 40 
101 01 60 

I,% 03 10 11 112 03 10 
173 04 20 12 123 04 20 

E E : 1 10 

135 00 40 
146 01 60 

222 03 10 1 167 03 10 

16 
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0 0 0 4 0  
15 01 50 
30 03 10 
45 04 20 

52 00 40 
67 01 50 
82 03 I O  
97 04 20 

17 

1 
2 
3 
4 

5 
6 
7 
8 

Theodolite settings when 8 pogitions of the circle are used 

With a 3-mirromctor 1 With a 2-micromotor 
theodolite 1 ,  theodolite 

Position 
No. Betting 

22 01 50 
45 03 10 
67 0 m 4 0 1  04 20 

90 00 40 
112 01 60 
135 03 10 
157 04 20 

3. When a broken set is observed the missing stations are t o  be observed 
upon later in connection with the chosen initial or with some other one, and only 
one, of the stations already observed in that  set. With this fiystem of observing 
no local adjustment is necessary. Little time should be spent in waiting for a 
station light t o  show. If i t  is not showing within, say, one minute of when 
wanted, turn t o  the next station. A saving of time results from observing 
upon many or all of the stations in one set, provided there are no long waits 
for signals t o  show, but  not otherwise. 

4. When a new initial is used for observations upon one or more stations in all 
of the positions of the circle the settings given in one of the tables above may be 
used, but when a new initial is used t o  complete a set on a station the angle 
between the  old and the new initial should be added t o  the  setting for each position 
given in the  table, in order tha t  the readings of the  directions t o  each station 
may be properly distributed about the circle. 

6. The settings given in the  table are those actually made with the  finder 
microscope in a 3-micrometer theodolite, or with the  A-microscope of a 2-micro- 
meter instrument. Since the telescope is reversed between the  settings for any 
two positions, the given settings require the changing of the circle almost 180° 
in orientation for each new position, and this tends to  maintain the circle at a 
uniform temperature, even though temperature conditions may not be the same 
on all sides of the  instrument. 

6. Number of observations, main scheme; direction instrument.- 
Sixteen measures (usually called “positions,” because of the different positions 
of the circle with reference t o  the  initial station) will, in general, be made of each 
direction in the main scheme, though the number may be reduced t o  12 on one 
or more directions at a station if the triangle closures have been satisfactory and 
i t  is necessary t o  d o  so t o  avoid a delay of a day or more at the station t o  obtain 
the  missing measurements. 

7. Number of observations on second-order stations, direction in- 
strument.-On stations t o  be  located with second-order accuracy from four 
t o  eight positions only need be used. When four positions are used the settings 
should be the first four given in the table for the  type of instrument employed. 
Second-order accuracy should be obtained in ronnections to  lines of third-order 
triangulation or in locating stations to  be used as starting points for schemes of 
third-order triangulation, also in connerting t o  State boundary monument,s. 

8. Number of observations on intersection stations, direction in- 
atrument.-An intersection station is one located by observations from two 
or more stations but  is not occupied. In  these instructions the term is used 
in a restricted sense and means an unoccupied point determined with third-order 
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accuracy. The  direction t o  a n  intersection station will be measured in any two 
positions of the  circle, using a station of the  main scheme as  the initial. It is 
important t o  have three lines t o  each intersection station in order t o  scciire a 
check upon its position, but  a possible intersection station should not he ignored 
because only two lines t o  i t  can be secured. 

9. Observing conditions.-In selecting t h e  conditions under which t o  observe 
when executing triangulation, proceed upon the assumption tha t  what is desired 
is the  maximum progress consistent with the  requirements for triangle closure. 
The standard of accuracy prescribed by the  allowable triangle closures, used in 
connection with other portions of these instructions defining the necessary 
strength of figures and frequency of bases, will in general insure t h a t  the  probable 
error of any base line, as computed through the triangulation from a n  adjacent 
base, is less than 1 part  in 100,000 on first-order triangulation, and that  the  actual 
discrepancy between the  true and the  adjusted length of any line between bases 
is always less than 1 part  in 25,000. 

10. Marking of stations.-Every triangulation station which is not in itself 
a permanent mark, such as a lighthouse, church spire, or building, shall lw 
marked in accordance with the specifications on pages 20-24. The chief of par ty  
shall satisfy himself tha t  the stations are being marked in accordance with those 
specifications. 

11. M e t h o d  of observing, repeating theodolite.-When i t  is neceHsary 
to use a repeating theodolite on triangulation of first-order accuracy the obscr- 
vations should be made in sets, each consisting of six repetitions with the telescope 
direct (or reversed) upon the  angle, followed immediately by six repetitions with 
the  telescope reversed (or direct) upon its explement. The iiiitial reading for 
each set should be on a different part of the circle. The angle betwcen the  
initial settings should be obtained by dividing 180” by the  number of sets t o  be 
observed for each angle, since a 2-vernier or a 2-micrometer instrunierit will 
usually be used. With a vernier instrument an increment represented hy the 
value of one division of t h e  circle divided by  the  number of sets t o  he observed 
should be added t o  the  difference in  degrees between settings in order t o  clirninate 
the error of graduation of the  verniers. Thus with a circlc graduated to  5 
minutes and five sets observed on a n  angle the  scttings would be 0” 00’ OO”, 
36” 01’ 00”, 72” 02’ OO”, 108” 03’ OO”, and 144’ 04’ 00”. Measure only the 
single angle between adjacent lines of the  main scheme and the angle necessary 
t o  close the horizon. With this scheme of observing no local adjustment is 
necessary except t o  distribute the  horizon closing error uniformly among t tie 
angles measured. If i t  is necessary t o  measure double angles, due t o  the failure 
of one or more signals t o  show at the time of measurement of the othcr angles, 
the  abstract of directions should be made out as  described on pagcs 89-93. 

Angles between stations t o  be located with second-order accuracy shoiild be 
measured in the  same way as t h a t  indicated above and should be connected 
with some one, and only one, line of the main scheme. No measures intro- 
ducing station conditions other than closure of horizon should be made on or 
at stations located with second-order accuracy. 

12. N u m b e r  of observat ions,  repeating theodolite.-Because of t h e  va- 
riability in accuracy obtained by using different types of repeating theodolites, 
i t  is not possible t o  specify in general instructions the number of sets t o  be 
observed t o  secure first or second order accuracy. When such an instrument 
is t o  be used special instructions will be given regarding the number of sets 
to  be observed with the  particular type and size of theodolite, arid the  rejection 
limit will also be stated. 

13. Reject ions,  direction instrument.-The limit of rejection for a direc- 
tion measured with a direction instrument in one position ordinarily shall be 
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4 seconds from the mean. (Directions for combining two or more measures 
of a direction are given on pages 89 to 92.) 

14. Value of intersection stations.-In selecting intersertion stations it 
should be kept in mind that the geographic value of a scheme of triangulation 
depends upon the number of points determined, their distribution over the area, 
and their permanency. The geographic value of triangulation in any region 
is lost to a very great extent when points c m  not be recovered within the area. 
The possibility of recovering points is increased by increasing the number of 
points as well as by thorough marking. These considerations should lead to 
the determination by intersection methods of many artificial objects of a per- 
manent character, such as lighthouses, church spires, cupolas, towers, and large 
chimneys, and should also lead to the determination of additional specially 
marked stations, where such are necessary to insure that a sufficient number 
of control points are provided for the ordinary needs of engineers, During 
unfavorable weather conditions it may be necessary to make special efforts 
to secure these intersection points by taking advantage of times of greatest 
visibility, such as thc early morning or late afternoon. The distribution of 
points in an area should be sufficiently dense that engineers will not find i t  
necessary to use special instruments in order to connect their surveys to control 
points. Where the scheme of triangulation is large it may. be necessary to use 
supplemental points which map be occupied in order to locate the proper niimber 
of intersection points. It is especially desirable t o  increase the mea effectively 
covered by triangulation by selecting intersection stations which are outside 
the area covered by the main scheme as well as inside. 

15. Land-section corners and o the r  survey marks.-It is desirable to 
make frequent connections to section corners of the General Land Office and to  
triangulation inarks of other surveys, both Federal and private. These con- 
nections should be made with third-order accuracy, and where possible with a 
check. Special arrangements will sometimes be made for the recovery and 
identification by cadastral engineers from the General Land Office of land- 
sertion corners to be connected, but where that is not done, as much care as 
possible should bc takcn to make sure of the recovery of the section mark. 
The description of station should state the exact condition of the mark as found. 
Connections to such survey rnarks may be made either by triangulation or by 
a measrircd distance and direction. 

16. Trigonometric leveling.-The principal purpose of measuring zenith 
distances in our triangulation is to provide data to be used in the reduction to 
sea level of the directions of the main-scheme lines of the triangulation, or to 
rorripute from the published sea-level length of a line its length a t  the mean 
elevation of its extrcmities, 1 since the mapping of the country has progressed 
to such an extent that the approximate elevations obtained by trigononletric 
levcling are usually of little geographic value. For this reason only such measures 
of zenith distances will be made as will fulfill the purposes indicated above. 

It is desirable to  have the zenith distances measured with an ixi8trument 
having a vertical circle at least 6 inches in diameter which can be read to 10 
scconds, although if such an instrument is not available one of less accuracy 
may be iiscd. With an inferior instrument an increased number of observations 
ovcr that  prescribed below dioiild be made. A t  least two measurements, each 
consistitig of at1 observation with the circle right and an observation with the 
c!rrlp left, shorll(l be made on each of two days on all stations of the niaiti srhcnie, 
provictcd the party is at the station that length of time. If the two measures 
on a sirlgle day do not agree within 15 seconds after the level corrcctiori has been 
applied, OIIC atlditional measure should be made. Observatioiis upon stations 
-___ 

1 Bee p. 146. 



20 U. S. COAST AND GEODETIC SURVEY 

not in the main scheme need be made only on a single day, but the same agree- 
ment between observations should be secured as on main-scheme stations. 

It is desirable that the observations be made between 12 noon and 4 p. m., 
since the refraction is smaller and is more constant during that part of the day. 
If necessary to  avoid delay to the party, however, observations may be made a t  
any time during the day, or even on lights a t  night; provided, however, that  if 
zenith distances are measured on lamps, night observations should also be made 
on one, or preferably two, stations which have been observed during the day. 
This procedure will make it possible to form a fair estimate of the difference in 
refraction, which difference would be applied to the night observations as a correc- 
tion. Jf the ground at a distant etation is sufficiently visible to be observed upon 
during the hours of relatively constant refraction, i t  is much more accurate to  
observe upon the ground then than to  make observations at night, since the 
refraction at night is very erratic. 

Observations for zenith distances may be omitted over one line in each figure, 
provided it is possible to obtain a check from the remaining lines upon the de- 
terminations of elevation carried through the figure. A line observed over in 
only one direction is of little value. Because of the rather large arcumiilation 
of errors in trigonometric leveling, connections to bench marks should be provided 
at intervals of from 150 to 300 miles along the axis of the scheme. 

MARKS FOR HORIZONTAL CONTROL STATIONS 

The essential parts of the specifications for station and reference 
marks now in use are given below: 

Metal tablets.-Each station which has been located with first, second, or 
third order accuracy (see page 2), should be marked by a standard tablet of copper 
alloy, so fastened in the rock or concrete as to effectively resist extraction, change 
of elevation, or rotation. The name of the statio11 and 
the year established should be stamped upon the mark, preferably before i t  is 
set in the rock or concrete. 

Setting of tablets.-Stations for horizontal control must often be located 
where the permanent marking of them is difficult, and for that reason a great 
variety of settings for the tablets must be permitted. The location of the station, 
depth of soil, or presence of rock ledgcs, and the availability of materials will 
usually control the choice of the mark to be used. The precautions to  be taken 
in establishing each kind of mark are briefly stated below. 

(1) I n  rock outcrop.-Care should be taken that the rock in which a mark is 
set is hard and is part of the main ledge, not a detached fragment. The tablet 
should be countersunk and well cemented in. 

(2)  I n  bowlders.-When a tablet is set in a bowlder, the latter should he of 
durable material and of cross section, area, and depth below the surface not less 
than the standard concrete mark as described below. 

(3) In rock ledges below surjoce.-When the ledge is only slightly below the 
surface, a tablet set in the iisual manner in the ledge will be sufficient, provided 
two reference marks are established. Where the ledge is so far below the surface 
that a surface mark is reqriired, a tablet or copper bolt should be set in the ledge, 
the ledge carefully briished or washed off for a space a t  least 18 inches in diam- 
eter, and a concrete mrfacae murk placed above the suhRlirfacc mark. A tablet 
should he set in  the surface mark directly over the  hllb~llrfaCC tablet or bolt. 
If the rock ledge in whidi the subsrirfacw mark is set is vcry sniooth, it  should he 
furrowed with a chiwl to afford better anchorage for the concrete. 

(4) In concrete.-(a) Shape.-The mark Rhonld be either a frustum of a cone or of 
a pyramid, or have the form of a post with an enlarged base. If of pyramidal or 

(See figs. 15 and 16.) 
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22 
conical form, thc  sides shoiild have a batter of at least 1 inch to  1 fool. When npost 
with a n  enlarged base is used the  bottom of the Rase should lie 4 iiiclics Iamrr 
in  lcnst horizontal dimension than the post proper a n d  shoiilrl hnvc n vcrlical 
thiclcness of at least 6 inches. If t h r  concrete is cast  i n  plnrc the riil:Lrgcd Iinse 
can easily be provided for by enlarging the bottom of the  Iiolc at tlir sitlcs with 
the  digger. ISutreme care should he iised to avoid making thc mark with a 
mushroom top or with projecting corners near the siirfac-c, which would provide 
leverage points for frost action and would make easier the malicious chtruct ion 
of the mark. 

( h )  S ~ z e  und depth.-The concrete post should cxtend t o  n depth of from XI t o  
36 inches, dcprnding upon the kind of soil. It should h r  not less than 14 inches 
in diameter, except tha t  the  upper 12 inches may he in thr shapc of n frustum of 
a cone or pyramid with the upper surface not le53 than 12 iiwhrs in  di:imrtrr. 
Where the mark is not in the  path of traffic or in soil sribjcct to cultiv:ition, i t  
shoiiltl eytend from 2 to 4 inchrs above the  snrfacr. Whrn loc*ntrrl whcre traffic 
pncscs over it the  top of the  mark should he slightly I~clow t h r  wrfnrc. 

U. S. COAST AND GEODETJC SURT‘ES 

I 

I 

b 11, If1 ‘l’riimwlation stiition 111 i f  k 

The cleft shank IS spread before the tahlrt IS 4 ~n \tone or concrc~t(~ 

The procedure in making the  standard concrrte mark is a\ follows: A hole is 
diig to n tlcpth of 314 feet or morc. It shoiild Iir 16 inrhrs i i i  t1i:mrtrr for I h c  
top 2% fcct, and 10 inches in diameter at the  lower r r i t l .  Corrrrctc mntlr of  
good ccmrrit, sand, and  gravel or broken rock is placctl in the lower pnrt of the  
h(Jle to R tlcpth o f  6 inches. A standard tahlct \tation mark (fig. 1 6 )  i \  th?n  \rt in 

Thi\ romp1rtc.s the 
underground mark. A layer of from 4 to 8 inches of saritl or dirt i q  thcn piit into 
the  hole. The hole is thcn enlarged about 2 irrclics i i i  rarliiis ncnr the I)ottorn i n  
ortl(br tha t  thc lowrr m d  of thc block of conrrctc for thcl siirfnrr mnrk will 1)c 
miishroomcd, and then the  hole is filled with conrrcte to within 9 irrrhcs of Ihr 
surfare of the  ground. Ncxt a mold or frame 12 iiirhcs on a 4 d c  :Lt flic fop,  13 
inches at the bottom, and 12 iricht-8 in drpth is wt in thc. holr 011 top of t h r  ron- 
crctc : m r l  fillcrl in around t h r  outsidr with dir t  tampcd firmly. ‘l‘hc frnmc is 
then filled with concrcte level with i ts  top and n stantlnrtl I n1)lvt station mark (fig. 
16) is set in l h c  centcr of the ronrrctc, with thc top of thr tal)lct slightlv rlc- 
prcswrl. The 
top o f  t h r  concrete should he smoothed with a trowel and thr fr:Lmc \houltl \>e left 
in place to  protect the concrete until i t  becomcs firmly sct. 

, with thc top of the  tablct, 4ightlv dvprc\\rtl. 

Thc tnhlct milst bc cmtrrrtl runrtly over thr iiridrrgroiinrl mark. 
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Care must be taken not to disturb the position of the tablet in the underground 

mark when placing the layer of sand or dirt and when pouring the concrete for the 
surface mark. A piece of thin board should be placed over the lower mark or 
other suitable means used to insure against any horizontal movement of the 
tablet due to  the impact or pressure of the material above. 

SPECIAL CONDITIONS 

Under certain conditions special marks will often be required, and these should 
conform in size and durability to  the marks described above. 

(1) Sand.-In sand, which if used as a mold would spoil the concrete by ab- 
sorbing the water from it, sewer tiles 8 inches in diameter and 30 inches long may 
be used, set with the bell end down, filled with concrete and with the base end set 
in concrete. A sheet-iron mold of the same dimensions filled with concrete may 
also be used. 

(2) Marsh.-Where the surface of the ground is too soft to hold a mark of the 
usual type, a post of durable wood should be forced down vertically as far as it 
will go, its top cut off flush with the surface, and a sewer tile a t  least 6 inches in 
diameter set into the marsh around the top of the post, The tile should then be 
filled with concrete and a tablet set in the top. Where the marsh is very soft but 
dries out at certain seasons of the year, successive tiles can be forced down 
around the post, the post then can be withdrawn and the mud worked out from 
within the tiles, and the tiles then filled with a hydraulic cement mixture. 

(3) Land subjec t  t o  cultivation.-The subsurface or lower mark should 
be a tablet in a block of concreto 10 inches square or 10 inches in diameter and 
6 inches thick, set with its top 3 feet below the surface. The upper mark shou!d 
be a tablet set in a block of concrete 15 inches in least horizorital cross-section 
dimension and 20 inches high, with its top 12 inches below the surface of the 
ground. About 3 inches of dirt should be placed between the concrete blocks 
bearing the upper and lower marks. 

All stations so marked should be referenced by two standard reference marks 
placed on property boundary lines, preferably along a well-established highway 
or quarter-section line, in a location where there is little likelihood of their being 
disturbed. The directions to  the reference marks should be such as to give a good 
angle of intersection at the station. The reference marks may be as much as a 
half mile from the station, if necessary, provided they can be seen from the 
station. The distance to each reference mark should be carefully measured. 
Other distances, such as those to the center of a highway, the corner of a build- 
ing, or the center of a well, should be measured if feasible. Two or more such 
measurements will intersect so near the station that the concrete block will be 
easily found with a small prodding rod. When nieasuremcrlts arc made to build- 
ings or other objects the directions must he also givetl. If measurements of this 
kind are made the station may usually be easily recovered though the reference 
marks may both be destroyed. The measurements to a road should always be 
to  the center of the road and riot to the fence line. All distances must be care- 
fully measured and not estimated. Care should be taken in placing reference 
marks dong highways, for nearly all States are widerlillg the highways. 

A metal tablet should be set in the center of the top. 

REFERENCE MARKS 

Each reference mark should consist of a metal tablet similar in material and 
shape to the station mark, but bearing an arrow which points to the station. A 
reference mark should be stamped with the same designatiotl as its station mark, 
and where there is more than one reference mark they should be numbered 
serially in a clockwise direction, the number to be stamped upon each one. Each 
should be set under the same conditions as specified for the station mark, except 
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that the concrete post in which it is set may be 2 inches smaller in diameter and 
0 inches shorter than for the station mark. 

Each station mark must have a t  least one reference mark and should pref- 
erably have two. If the station mark, due to surface conditioiis, is entirely 
beneath the surface there should be two reference marks, unless there are per- 
manent witness marks. such as road crossings, etc., which will serve to locate the 
station without an excessive amount of digging. If the station mark is on ground 
liable to be disturbed or washed away two reference marks should invariably be 
established. These should be so located as to avoid the probability of both 
being disturbed by the same cause. They should also preferably be so located 
as to give a good angle of intersection at  the station, or else be placed in range 
with the station. 

Material.-The main considerations in making concrete are to have clean 
materials, mix them well before adding water, have the mixture not too wet, and 
tamp well into the form. Each streak of dirt in concrete means a line of cleav- 
age. Where rough aggregate is available the proportions may very well vary 
from 1-2-4 tp 1-3-5, but the top 12 inches of the mark should be of considerably 
richer mixture. Where only cement and sand are available the lower part of 
the mark should be proportioned 1 part of cemedt to 3 parts of sand, and the 
upper part should be 1 part of cement to 2 parts of sand. With a mark of the 
proper size it will not be necessary to reinforce the concrete with metal rods or 
wire. To.avoid cracking of the concrete, due to rapid drying, it should be 
covered with paper or cloth and then with earth or other material for a period 
of at least 48 hours. 

INSTRUMENTS 

THEODOLITES 

Observations for both first and second order triangulation are 
usually made with direction theodolites of the highest class, al- 
though repeating theodolites may be used where the support for the 
instrument is so unstable that the proper accuracy can not be secured 
with a direction instrument. 

The direction method of measuring angles consists of measuring 
the direction to each station from some one station taken as an 
initial. The directions are the angles measured from the initial 
station to each other station reckoned clockwise. The angle at a 
station between any two other stations is the difference of their 
directions. . 

I n  observing, a reading is taken upon the initial station and then 
upon each station around the horizon in a clockwise direction; the 
telescope is then reversed and the readings made back in a reverse 
direction. A direction theodolite does not usually have a slow- 
motion screw for the lower motion, though the direction method of 
observing may be used with a theodolite arranged for repetitions by 
keeping the lower motion clamped. 

With the method of repetitions some multiple of' the angle between 
any two stations is accumulated on the graduated circle between 
successive readings by recording the circle reading, pointing on the 
left-hand obiect with the lower slow-motion screw, which does not 
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change the reading, then loosening the upper motion and pointing 
upon the right-hand object, perfecting the pointing with the upper 
slow-motion screw. The lower motion is then freed and the oper- 
ation repeated until a number of measures of the angle, usually six, 
are accumulated on tho circle, when the circle is read and recorded, 
the telescope reversed, and the same number of measures made on 
the explement of the angle. 

Both classcs of instruments should be read by micrometers for 
either first or second order work. Micrometer theodolites are pre- 
ferred to vernier theodolites for the reason hhat the former may be 
read accurately to 1 or 2 seconds, and it is thus possible to secure with 
a single measure such rtn accurate value for an angle that the observer 
can detect changes in atmospheric refraotion and also be better 
able to recognize and evaluate any instrumental errors. He is also 
able to locate intersection stations with sufficient accuracy by observ- 
ing in only one or two positions of the circle. Moreover, with the 
direction instrument a prescribed accuracy can be obtained more 
quickly than with a repeating instrument of the same class. Fjnally, 
the program of observing used in the survey with a direction instru- 
ment avoids the necessity for making a station adjustment of the 
observations, which is usually required when a repeating instrument 
is used. 

The repeating theodolite also ha8 distinctive advantages, but is 
bctter adapted to trianqlation of a lower grade than first or second 
order. Where the support is unstable, however, a repeating instru- 
mcnt can be used, for two observers can so place themselves as to 
make the pointings and read the circle of a repeating instrument with- 
out shifting their weight or disturbing the instrument in lcvel or in 
azimuth. 

Theoretically the method of repetitions is a very accurate one, 
since by accumulating several measures of an angle on the circle 
between successive readings tho value of the single angle may be 
determined very accurately, even though the circle can be read to 
only the nearest 5 or 10 seconds. Experience has proved, however, 
that there are certain sources of error in the instrument which pre- 
vent the securing of extreme accuracy, due largely to the necessary 
play in the arrangement of the movable members around the vertical 
axis. 

In tho Coast and Geodetic Survey the micrometer direction theo- 
dolite, with a graduated circle 12 inches in diameter, has been asso- 
ciated many years with first-order triangulation. A theodolite of 
thtit size is not necessary, however, to secure the acc.umcy requirrd 
on first-ordc~r work. 1’hcodolites with circles only 8 k i  inchs in 
diameter have given first-order accuracy with the u s ~ a l  number of 
ob8ervations, while inferior instruments can be used if the observa- 
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Fro. 1'7.-Micromrt.er thcntlolilr 

This instrumrnt has a 9-inrh c+-rlc, rr:d by ~ a r h  of two micmmrtrrs t,o sinRle srconds. When 
unrd <as a dirrttirrn instrummi, thr spring (11111n::it~ thr lowrr tzngrnt screw is rrpliicorf by a metal 
block in nrtlrr that tho nzi1niit.h wntrr iririy lit! hrld firmly. 
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tions are increased in number. The highest class of instruments are 
ordinarily used on the more accurate grades of triangulation, as it is 
not economical to use inferior instruments, since the time required 
for the observing is much greater. 

In selecting a theodolite for observing first-order triangulation 
economy demands that it be of the highest grade of workmanship. 
For the theodolites a t  present obtainable a circle less than 8 inches 
in diameter should preferably not be used, nor is it necessary to use 
one with a diameter larger than 12 inches. It is believed that with 
the present excellence in mechanical construction a 9-inch or 10-inch 
direction theodolite will give first-order accuracy with from 12 to 
16 positions of the circle, and that the difference in weight between 
the 9 or 10 inch and the 12-inch theodolites warrants the use of the 
former on most of our work. 

Eight-inch direction theodolites usually read to 2 seconds by means 
of micrometers, and many 10-inch theodolites also read to the same 
limit. Other 10-inch and all 12-inch theodolites of recent manufac- 
ture read to single seconds. I t  should again be stated that the work- 
manship is of more importance than the size of tho instrument, as 
shown particularly in the accuracy with which the circle is graduated 
and the centers fitted together, and also in the construction of all 
inicrometer and tangent screws. The proper adaptation of the 
magnification in the reading micrometers to the pitch of the microm- 
rtcr screw is also an important factor. The micrometer head on 
my large micrometer theodolite may be read by interpolation to 
tenths of seconds, but the range of readings secured does not usually 
warrant such interpolation. 

A theodolite is frequently supplied with two or more eyepieces of 
varying magnifications. On first-order work it is usually better to 
use the highest-power eyepiece available, even though it increases 
the apparent unsteadiness of the light. The higher magnification 
permits the observer to detect better any asymmetry of tho light 
nnd to make an allowance therefor in the pointing. The lower- 
power eyepieces should be used in pointing upon objects to be located 
by intersections, which in a hazy atmosphere would not be clearly 
visible when a high-power eyepiece is used. 

Whether or not a precise theodolite should have a verticttl circle 
for the observing of zenith distances is a matter largely to be decided 
by tho use to  which it is to  be put. A theodolite to be used on certain 
classes of triangulation might preferably be without a vertical circle, 
hut for the general use of the Coast arid Gootietic Surveg it is a decided 
advantage to have in a single instrument the means of observing 
zenith distances as well as horizontal angles, for the problem of trans- 
portation of the instrumental outfit is thereby greatly simplified. 
The objection to having a vertical circle as a part of a precision h o d -  
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olite is that it requires a higher mounting of the horizontal axis of 
the telescope above the graduated circle, especially if the telescope 
is to transit through the standards. Theoretically this is an objec- 
tion, but in actual practice the observing of late years is made at  
such a rapid rate that there is little error due to the uncorrectctl tliffer- 
entinl change in the position of the wyes during the mensuremcnt of a 
single position. 

On work in mountainous regions the weight of tlie theodolite is an 
important factor, yet if the instrument is made too light it is not suffi- 
ciently stable in azimuth. To increase the pressure upon the support 
a system of springs is sometimes usod, together with an aluminu1n 
base which is screwed fast to the top of the stand supporting tlie 
instrument. 

Many other factors enter into the design of ti theodolite t o  mnke it 
acceptable to the engineer using it, such as simplicity of constructioil, 
convenience in manipulation, compactness, and ease of ucljustmcnt ; 
but the observer must usuttlly direct his energies to making tlie best 
use of the instrument furnished him, instcad of deciding upon the 
theoreticully best instrument for his particular purpose. 'I'liis slioultl 
riot deter liim, Iiowcvcr, from informing himself as fully as possitdc 
regurding tlie priiiciples underlying the dcsigri arid constructiun of 
theodolites, for such linowledge will enable liim to better estimate the 
capabilities and weaknesses of any instrument supplied to liim. 

Such an arrangement is shown in Figure 36, page 78. 

THEODOLITE ADJUST MRNTS 

When measuring angles with the accuracy required on first and 
second ordcr triangulation it is best to keep tho theodolite in good 
djustment,  oven though the program of observing tends to clirninato 
most of tlie errors due to lack of perfect adjustment. Tho mechanical 
devices provided for making the adjustments vary somewhat on tiif- 
fercnt instruments, but an inspection will usually quickly discloso 
the method of operation. A general knowledge of thc structurd 
features of a thcotiolite is assumed in the description of adjustments 
which follows. If a new type of theodolite is to bo used, and the 
mechanical means of adjusting it are not readily seen, procecd carp- 
fully, for a strained and weakened joint or a stripped scrow tlirrtid 
may necessitate the return of the instrument to the shop. 

Plate-level adjustment.-The purpose of this adjustment is to 
make vertical the line passing through the center of the spindle, which 
is tiesigned to be the vertical axis of rotation, and incidentally to 
make the plane of the graduatotl circle horizontal, since it is necessary 
to assume that the circle is mounted perpendicular to tlio vortical 
axis. If this assumption is truP, then leveling the theotlolito with u 
properly adjusted plate bubble will achieve both results. 



30 U. S. COAST AND GEODETIC SURVEY 

With the upper motion loose, bring a plate level parallel to the 
line joining two of the leveling screws, and bring the bubble to 
center with the leveling screws. Turn the alidade bearing the level 
1809, checking the angle by sighting over the wyes or telescope or 
by reading the circle. Correct half the bubble error by the leveling 
screws and half by the adjusting screws on the bubble. If the 
theodolite is considerably out of level turn the alidade 90" and bring 
the bubble to center by the third leveling screw. Then place the 
bubble in its original position and repeat the operation until the 
bubble is in adjustment within less than one division, always check- 
ing the final movement of the adjusting screws by an additional 
testing of the bubble by reversal. After the instrument is properly 
leveled the bubble of the second plate level can at  once be brought tjo 
the center by the adjusting screws. 

Lack of verticality of the vertical axis introduces an error in the 
measured angle which can not be eliminated by the method of ohserv- 
ing, and it is therefore advisable to test this adjustment and relevrl 
the instrument at comparatively frequent intervals. Since on an 
inclined circle one diarrie tra1 line can be drawn which is horizontal, 
it follows that the directions otmrvcd will he u n ~ q ~ ~ u l l y  affected. 
The error on any pointing is givcn by the formula 

error = i  tan h, 

where i is the angle of inclination in ,seconds as given by the bubble 
a t  right angles to the line of sight, and 1~ is the angle above or below 
the horizon of the object sighted upon. The error of any angle is 
obtained by combining the mean errors of the two directions 
involved. The magnitude of the errors clue to an inclined circlc is 
indicated by the following table: 

Errors in liorizontal directions due to inclination of vertical axis of instrument 
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Striding-level adjustment.-In describing the adjustments of 
the level the term ‘‘bubble axis” denotes that horizontal line, tan- 
gent to the surface of the centered bubble, which lies in the vertical 
plane through the axis of the bubble tube. 

The purpose of the striding-level adjustment is to make the bubble 
axis parallel to the horizontal axis of the telescope. Strictly speak- 
ing, the bubble asis is brought into parallelism with a line which 
approximates more closely the true horizontal axis the more nearly 
the telescope pivots assume the form of true cylinders having equal 
diameters and with their major axes in alignment. 

To make the adjustment place the level in position on the pivots 
of the horizontal axis of the telescope. Bring the bubble to the 
center with the leveling screws. Test for wind by rocking the level 
slowly forward and back on its supports. If the bubble does not 
remain centered then the bubble axis and the horizontal asis of the 
telescope lie at  an angle to each other when projected upon a 
horizontal plane, and the level is said to have wind. Correct the 
defect by the screws at one end of the tube, which permit a lateral 
adjustment. 

After the adjustment for wind is perfected bring the bubble to the 
center again by the leveling screws and then reverse the level. If 
the bubble does not return to the center adjust half the discrepancy 
by the foot screws and half by the adjusting screws on the level. 
Kepeat the test and adjustment until the lack of adjustment does 
not exceed one or two divisions of the level. 

Adjustment  of standard.-The purpose of this adjustment is 
to make the horizontal axis of the telescope perpendicular to the 
vertical axis of rotation of the alidade. 

If the plate lcvel is but little inferior in sensitivenrss to the striding 
1cv01, as is usuully the case with the larger direction tlirodolites, the 
adjustment is most easily made by first adjusting the plate and strid- 
ing levels, as previously described. Next make the alidade axis 
truly vertical by means of the plate level. Place the striding level 
in position; if the bubble of the striding level is not centered, adjust 
the whole discrepancy by the device provided for raising or lowering 
one of the standards. In  a few instruments no mechanical arrange- 
ment is made for the standard adjustment, and the only way it can 
be made is by carefully filing down and polishing the higher standard. 
This should be done in the field only when the lack of adjustment is 
large, and will usually not be necessary unless one of the standards 
has been knocked out of true position. If the pivots of the telescope 
are appreciably unequal in diameter, allowance must be made for 
that inequality in adjusting the standard. 

If the vertical axis of the alidade has not been made truly vertical 
by the plate level, then the amount by which the striding-level 
bubble is displaced by rotating the alidade 180’ will have to be COP 
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rected, half by the standard adjustment and half by theleveling screws 
of the instrument, the testing and the adjusting being continued 
until the bubble shows no displacement upon rotation through 180'. 

When the axis of rotation of the alidade is vertical the error in- 
troduced in the measured horizontal angles by the horizontal axis of 
the telescope not being at right angles to the vertical axis of the alidade 
is completely corrected for by the reversing of the instrument in the 
middle of the observation. 

Inequality of pivots.-If the pivots are unequal in diameter the 
defect can be detected and the amount of the inequality determined 
by placing a carefully adjusted striding level on the pivots, bringing 
the bubble to center, reversing the telescope in the wyes so that each 
pivot lies in a different wye than at  first, and then reading the level. 
With the method of observing in use in the Coast and Geodetic Survey, 
whereby there is no change of the pivots in the wyes during even a 
season's work, no error in the angle measures results from the pivots 
being unequal in diameter. 

Irregularity of pivots.-Ordinarily if the pivots are not truly 
cylindrical n striding level placed in position on the pivots will change 
its reading as the telescope is slowly rotated on its horizontal axis. 
This irregularity will cause errors in the measured liorizontrtl angles 
if it  is of any considerable size. 

If either irregularity or inequality of pivots exists that fact should 
be called to the attention of the office when the instrument is rc- 
turned at the end of the season, in order that the pivots may he 
reground. 

Focusing adjustment.-The error due to change of focus is climi- 
nated by the nsunl method of reversal o f  the tcblewope (luring the 
ohserva tions. 

Adjustment  for parallax.-Point the telescope toward a light 
surface, such as the sky. Screw the eyepiece of the telescope in or 
out until the wires show the sharpest and blackest. Next focus the 
telescope on a distant object, and then test the adjustment by moving 
the eye slowly across the front of the eyepiece. If the wires appear 
to move over the image of the object sighted upon, parallax is present. 
The focus of the object glass of the telescope should be changed until 
the objective is at the proper distance to cause the image of the 
object sighted upon to fall exactly on the plane of the cross wires; 
in this position no movement of the wires over the field of view will 
be apparent when the eye is moved across the eyepiece. The adjust- 
ment for parallax must be closely watched, for the error duo to lack 
of proper adjustment is not eliminated by the method of observing. 
I t  is especially noticeable if the eye of the observer, because of a 
strained position, is not in front of the exact center of the eyepiece. 

The adjustment of the eyepiece must also be tested frequently, 
for as the eyes of the observer tire the focal distance of the lenses of 
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the eye changes, causing a blurring of the wires and an increased effort 
in the centering of the image of tRe light between the sighting wires. 

Adjustment for verticality of sighting wires.-To test if this 
adjustment is necessary, point upon a well-defined object. Swing the 
telescope slowly in elevation while watching the position of the object 
in the field of view. If the object changes its position with relation 
to the vertical wires as the telescope changes in elevation, the dia- 
phragm must be rotated around the longitudinal axis of the telescope. 
An examination of the telescope will usually quickly disclose the 
mechanical means for accomplishing this purpose. 

Collimation adjustment.-The purpose of this adjustment is 
to make the line of collimation of the telescope perpendicular to  its 
horilpntal axis. To make the adjustment point the telescope upon 
some sharply defined object, and with the alidade clamped lift the 
telescope from tho wpes, rotate i t  180' around its longitudinal axis, 
and replace it in the wyes, the pivots being in different wyes than 
in the original position. If the object is not bisected after reversal 
correct half of discrepancy by shifting the reticule by means of tho 
screws provided, and again bisect the object by using the tangent 
screw. 

If the, instrument can not be reversed in the wyes set a stake, A ,  
several hundred Ieet distant and bisect it with the wires. Plunge 
the telescope with the alidade clamped and set a second stake, B, in 
the opposite direction at  almost the same distance to avoid having 
to change the focus. Both points should be as noarly as possible in 
the plane of the horizon of the instrument to prevent errors duo 
to imperfect leveling. Rotate the alidade about its vertical axis 
and then bisect the stake A .  Plunge the telescope with the alidade 
cl&mped, apd if tho wires do not bisoct stake B set another stake, 
LYl in the line of sight close to B. Set a fourth stake, D, one-fourth 
the distance from C toward B and adjust the wires by means of the 
reticule screws to bisect D. 

A procedure which will give an approximately correct adjustment 
for collimation is to point on some sharply defined distant object 
with both motions clamped, read both micrometers, plunge or re- 
verse the telescope, loosen upper motion and set the, micrometers 
YO the mean reading will he sxttctlp 180' from the mean of the first 
readings. If object is not bisected correct half the discrepancy by 
the reticule screws and half by the tangent screw. Repeat the test 
as R check. 

If the collimation adjustment is perfect the line of sight defined by 
the center point of the sighting wires describes a plane perpendicular 
to the horizontal axis when the telescope is rotated on the horizontal 
axis. When the adjustment is not perfect the line of sight doscribes 
a cone. The correction for the error of collimation is equd to c sec h, 

Repeat the test to check the adjustment, 

Check the adjustment. 



34 U. S. COAST AND GEODETIC SURVEY 

where c is the angle of error in the horizon and h is the altitude of 
the object sighted upon. The error of collimation is eliminated 
from the result by taking the mean of the direct and reversed readings. 

Adjustment  of centers.-In precision theodolites so little tol- 
erance is permitted in the fit of the centers that an adjustment is 
often necessary to regulate the variations of friction caused by wear 
and by changes of temperature. This usually takes the form of n 
nut or screw a t  the lower end of the vertical axis which, by pressing 
upward upon the lower end of the spindle, lessens the weight of the 
alidade and telescope upon the conical bearing surfaces. This 
adjustment must be made with caution, for if too much of the weight 
is removed from the bearing surfaces there is play in the centers, 
with a resultant loss of accuracy. To make the adjustment, raise 
the vertical axis with the adjusting screw until the alidade appears 
to move just freely enough on its vertical axis. Test for play in the 
conical bearings by pointing on an object and noticing if a slight 
pressure on the alidade will move the telescope off its pointing. A 
better test is to point the telescope on some well-defined object, 
read the circle, swing the telescope around clockwise, and again 
point and read. Repeat the process, except that the alidade is swung 
in the opposite direction. If a series of three or four sets of such 
alternating pointings shows the effect of drag, the pressure of the 
screw upward on the vertical axis should be increased; if the readings 
are erratic and cover a considerable range, the pressure should be 
lessened. 

Adjustment  of level on vertical circle.-Such theodolites of 
this survey as are equipped with vertical circles have that circle 
rigidly attached to the horizontal axis of the telescope, with the 
level bubble mounted on the vernier frame, the verniers not being 
adjustable. Since the method of observing entails the reversal of 
the level during each measure of a vertical angle, thus eliminating 
the error of the level, i t  is customary to leave the level bubble on 
the vertical circle unadjusted. 

Micrometer adj uatment.-The micrometer microscope is a most 
satisfactory device for measuring accurately the angular value of any 
part of the interval between adjacent marks of a graduated circle. 
It consists essentially of a compound microscope with a micrometer 
box mounted between the objective and eyepiece, at  such a distance 
from each that the movable wires in the micrometer box can be 
brought into the focal plane of each lens system. The principle of 
operation will be more readily understood after the mechanical 
details of the micrometer box have been described. 

The mechanical arrangements of the box vary somewhat on 
different instruments, but R typical arrangement illustrated in 
Figures 19, 20, and 21, will be described. An outer case, c, into 
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which nre screwed from opposite sides the ohjcctioc tiibr nnd the 
eycpiccc, cont~~inq n slide. d, carrying t,ho comb, P ,  thc center notch 
of wdiicli, tdicn in conjunction with the zero of the rnicronictw 
hcntl, f, furnishes :t fiducinl point for all rcndings. The slitlc for the 
comb is ndjustnblc transversely by the screw, g, acting ngninst the 
spring, h ,  movement in other directions being prcventccl 11.~7 the 
mnchincd surfaces of tlie slot in which the slide moves. 

A moveable slide, i, bearing two wires, is fnstened rigitllv to n finely 
innchined screw, k ,  on which the microniet8er h c d ,  f, t ~ i i d  tlic nttnclictl 

I 
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thus maintaining a pressure of the slide and its screws against the 
threaded bearing in the head, preventing slackness and play. 

With this construction the theory of operation is rcadily seen. 
The objective forms a magnified image of a small portion of the 
graduated circle in the plane of the parallel wires. This image in 

e td  
FIG. 20.-Field of view of micrometer box 

This diagram shows the appearance in the Reld of view of tba micro- 
scope, comb, wires, and circle grnduntions. 

turn is magnified by the eyepiece. The angular value of the por- 
tion of the circle between the zero point and the next preceding 
graduation of the circle can then be measured in terms of whole 
turns and fractional turns of the micrometer screw. The magnifying 
power of the objective and the pitch of the micrometer screw are so 
related that the adjustment can make one full turn of the micrometcr 
screw equal to a minute of arc, or on some instruments to 2 minutes 

m, 

mJ 

FIG. 21.-Structural details of micrometer box 

of arc. The micrometer drum is graduated to single seconds, or t6 
some integral multiple thereof. The whole turns or minutes are 
read off from the comb, each notch of which corresponds usually to 
1 minute of arc, while the fractional part of a minute is read from 
the micrometer drum in seconds. 
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A single micrometer microscope is in correct adjustment when the 

following conditions are fulfilled : First, when the micrometer lines 
and image of the graduated circle are so closely in the same plane 
that no parallactic movement can be detected by shifting laterally 
the position of the eye; second, when five revolutions of the screw 
will exactly traverse a 5-minute space on the circle (the adjacent 
graduations of the circle being usually 5 minutes apart on theodolites 
of precision); and third, when the micrometer reads zero seconds 
with the pair of parallel wires coinciding with the zero point on the 
comb. After these three conditions are fulfilled the micrometers 
must be spaced around the circle at  equal intervals. 

Eyepiece adjustment.-Adjust the eyepiece by sliding or 
screwing it in or out until the parallel wires are in the most distinct 
focus. When this is accomplished the comb will be sufficiently 
visible. 

Adjustment  for focus.-Loosen the screws which hold the 
microscope tube in the bracket clamps and move the tube up or 
down until the fine scratches on the circle due to polishing are as 
distinct as possible, then tighten the screws. 

Radial ad jus tment  of microscope.-There is usually some 
sort of hinged joint provided for adjusting the objective of tho 
microscope radially. This adjustment should be made so as to 
bring the outer edge of the graduations near the center of the field 
of view, yet still leave the degree numerals visible. 

Adjustment  for parallelism.-If the parallel wires of the 
diaphragm are not parallel to the graduation marks on the circle, 
either turn the micrometer box slightly on the tube or loosen the 
binding screws and turn the tube slightly in its supports. 

Adjustment  of comb.-If the zero notch of the comb, usually 
marked by a deeper cut than the other notches or by a hole beneath 
it, is not in the center of the field of view adjust i t  by the screw 9. 

Adjustment  of graduated drum.-Center the pair of parallel 
wires on the zero notch of the comb, then hold the spindle of the 
micrometer firmly and turn the graduated drum on its friction 
inounting until the zero of the drum coincides with the index line, p ,  
lllounted on the micrometer case adjacent to the drum. Check to 
spe that the parallel wires have not moved off the zero of the comb. 
If tho drum is held in position by a screw as well as by a friction 
mounting, the screw must, of course, be loosened before making the 
adjustment . 

If the micrometer screw is threaded to have one revolution equal to 
2 minutes of arc, then the graduated drum will have two graduations 
on it marked zero seconds, the numerals of the second minute usually 
having some distinguishing characteristic. Care must be taken 
always to adjust and read to the proper zero mark. 
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Adjustment for run.-By “run” of the micrometer is meant 
the difference in seconds of arc between the intended value of one 
turn of the micrometer screw and its actual value as determined by 
measuring with the micrometer the space between two adjacent 
graduation marks of the circle. This quantity has sometimes been 
called the “ error of run, ” but the former term seems preferable and 
is more generally used. 

Assuming that adjacent graduations of the circle are 6 minutes 
apart and that one revolution of the micrometer screw will cause 
the parallel wires to traverse approximately one-fifth of the interval 
between adjacent graduations, the purpose of the adjustment for 
run is to bring about, as closely as may be, the condition that exactly 
five revolutions of the screw will move the parallel wires from one 
graduation to the next. The theory of the adjustment may be seen 
from the fact that the portion of the graduated circle and its magnified 
image are a t  conjugate foci of the objective, and that the magnification 
of the image is represented byf’fA where f andf’ are the distances of 
the circle and its image, respectively, from the center of the objective. 
The magnification of the image may be increased by decreasing the 
distance of the objective from the circle, and decreased by moving 
it in the opposite direction. Therefore, if fewer than five complete 
turns of the micrometer screw are necessary to movo the parallel 
wires from one graduation to the next the image needs to ham its 
magnification increased, and the objective should be moved nearer 
the circle by protruding it from the tube by its screw adjustment. 

When the objective is protruded from the tube to correct for run 
the image is thrown farther up in the tube. Without changing the 
relation of the eyepiece to the micrometer wires, move the whole 
micrometer tube upward to bring the image of the circle into the 
plane of the micrometer wires. This process may have to be repeated 
several times to get the run down to the required limit. 

If more than five complete turns of the screw are required to make 
the parallel wires traverse the space between adjacent graduations 
the adjustment should be made in the direction opposite to that 
described above. 

In actual practice the preliminary tests for run should be made on 
five or six equidistant parts of the circle, since the error of run will 
vary somewhat due to eccentricity of the circle, and the adjustment 
should be made on a portion of the circle where the error is near the 
mean, Also, the h a 1  adjustment should bo tested by taking the 
mean of a t  least 10 readings of the screw value of the space between 
graduations, and these readings should be made a part of the record of 
horizontal directions. 

The mean run of a single micrometer should not exceed 2 seconds, 
and the algebraic sum of the runs of all micrometers should not 
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exceed 1 second. If the magnification of the micromrter is small 
and the required correction is very slight, the adjustment may be 
made by raising or lowering the entire tube instead of changing the 
objective in the tube, since the change in distance affects the run a t  
a much more rapid rate than it does the parallax or distinctness of 
vision. 

The accuracy of micrometric readings depends largely upon the 
proper mounting of the pairs of wires used for reading. They should 
be at  such distance apart tliat a narrow strip of the bright surface of 
tlie arc is visible on either sitlo of the graduation when the wires are 
accurately centered astride it. They should be parallel as closely as 
the eye can judge and should be adjusted to bo parallel to the 
gratluations. If the wires are not parallel or are slack they should 
bo remounted, as drscribeti on page 42. They should also be heavy, 
black, and smooth. 

The formula for the correction for run muy bo found in various 
tests in different forms. That given below from (’randall’s Geodesy 
is perliaps as convenient as any. 

With a single pair of wires: 

Let a = backwnrtl reading of micrometer. 
b =- forwnrtl rrlttling of micrometer. 
r - avcrngo run of micrometer, plus when a > b. 

- r  
Correction to a = 300” a* 

r 
Correction to 6 = 3oo,, (300”- 6 ) .  

a+b The mean, m= -- * 2 

T 800” - ( ( I  -t b)  
Correction to wi= ----E 300 2 

For convenience and speed in making tlie readings it is iisurtl in 
tlljs survey to  liavc two pairs of wires mounted npproximrttrly 4 
minutes apart. The reading on tlio grrtclutttion ncxt prccwling the 
zero of tho comb, called tlie forward reading, is matlo with tho 
(apparent) left-hand pair of wires, and the reading on the mark 
next following the zero of tlie comb, called the backward reading, 
with tho right4 1 an (1 pair. 

A consideration of formula (1) above shows the following: 
(a) When reading a single pair of wires on tlie two graduation 

marks adjacent to tlie fiducial point of the micrometer, tho total 
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correction for run is the same whcther applied separately to the two 
readings or to their mean. 

( 6 )  m e r e  two pairs of wires are used mounted at an arbitrary 
distance apart (less than 5 minutes), the correction for run can be 
applied to the reading of each pair of wires separately, as when a 
single pair of wires is read on one graduation only at a setting. 

(c) With either one or two pairs of wires the correction for run 
may be disregarded, provided (1) the run for any one micrometer is 
leas than 2 seconds and the algebraic mean of all is less than 1 second, 
and (2) that the initial settings are distributed approximately uni- 
formly tliroughout the space between adj acent divisions. 

Adjustment  for equidistance of microscopes.-Af ter the indi- 
vidual adjustments have been made, set microscope A exactly on an 
even tlegrce graduation mark with micrometer comb and drum 
reading zero. To set microscope B at  120' or 180' distance around 
the circle, depending on whether i t  is a three-micrometer or a two- 
micrometer theodolite, proceed as follows: Note if the zero of the 
comb on B, when near the center of the field of view, is very distant 
from the proper degree mark. If it is move microscope B in the 
proper direction by whatever mechanical means for such adjustment 
is provided until the proper degree mark is near the zero of thc 
comb. (Microscope A is not usually adjustable circumferentially.) 
'hen  move the comb by the screw 9 until the zero mark coincides 
with the proper degree mark, and adjust the graduated drum to relit1 
zero when the parallel wires read zero on the comb, as already de- 
scribed. If the theodolite has a third micrometer microscope it 
should be adjusted to microscope A in the same way. 

Because of eccentricity of the circle, the micrometers will not 
maintain a constant difference when read on different portions of 
the circle. A sufficient number of readings should be taken around 
the circle to determine the approximate amount of this eccentricity 
and the adjustment for equidistance should be made at a point where 
the eccentricity can be closely estimated. It facilitates the taking 
of means of micrometer readings if microscope B is set sufficiently 
ahead of microscope A that B will seldom read less than A. 

Adjustment  of reading microscope.-On three-micromrtcr 
theodolites it is usual to have a small reading microscope with a 
single wire on its diaphragm by which the degrees and the next pre- 
ceding 5-minute graduation of the circle is read. Such a microscope 
should be adjusted to read minutes and seconds with micrometer 
microscope A by whatever means are provided for such adjustment. 

I l luminat ion of circle.-When the circle is illuminated by arti- 
ficial light for making micrometer readings it is important that the 
circle be evenly illuminated from above, or else that the light be 
held normal to the circle directly opposite the graduation to be read; 
otherwise there will be an appreciable error due to phase. 
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CARE OF THE THEODOLITE 

The most important rules to observe in caring for a delicate sur- 
veying instrument are to handle i t  carefully and keel) it clean. When 
an instrument is received from the office unpack i t  carefully and 
slowly, noting the exact manner in which i t  is fitted into its packing 
case, and when replacing i t  in its cwe always tivoid forcing any part 
into place. Avoid knocks and jars as far as possible, for many of 
the parts of the instrument are delicate and easily damaged. When 
handling a theodolite lift it entirely by the tribarch or by the lifting 
ring, and never by the standards or micrometer arms. Avoid setting 
up screws too tightly, especially capstan screws operated by adjusting 
pins, for the fine threads are easily stripped. 

A necessary antecedent to caring for, adjusting, and repairing an 
instrument is for the observer to familiarize himself with the prin- 
ciples and details of its construction. This does not necessarily 
mean that before observing with a new instrument i t  should be dis- 
mantled ind  reassembled, but the observer should seize the first 
opportunity to  see any part with which he is not familiar dismantled 
in the instrument shop of the survey, or by a more experienced 
observer. He should also study out any detail of construction which 
is not a t  once evident, in order to recognize more quickly the cause 
of any trouble which might develop with the instrument. 

When moving by truck, a large sack containing excelsior or similar 
material, or a pad made of blankets placed under the theodolite box, 
will lessen the effect of vibration and jars. Always make sure thst  
the theodolite is securely fastened in its case. When packing for 
a long shipment fill vacant spaces around the instrument with paper, 
as this will prevent any object which may become loose from injuring 
the jnstrument; but do not use loose excelsior for that purpose, for 
tile (lust from it  is very penetrating and is injurious to  the working 
surfaces of the instrument. 

The  
atmospheric conclitions met with in field work are very severe on 
metal surfaces, which will rust if not oiled but will collect dust ant1 
grit if an excess of oil is used. The best thing to do is to go over all 
exposed surfaces each time the instrument is used, allowing time for 
this and for the adjustments before it is time to begin observing. 
YJhen the instrument is first set up brush off the dust from the 
enameled or painted surfaces first, then go over the working surfaces, 
sur11 rn wyes, pivots, and exposed screws, with a soft rag veiy lightly 
oilecl with a light oil. Next rub a soft dry rag over the surfaces which 
have been oiled to remove all oil except the film adhering to the 
metal. If the air is dusty during the observing clean the pivots and 
the wyes frequently to  avoid error and wear. A clean finger will 
clean the wyes of dust and will usually leave the right amount of 

A good observer almost invariably keeps a clean instrument. 
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oil on the metal. Moving the telescope through a small arc on 
either side of its horizontd position u t  intervals during the observ- 
ing may also improve the seating of the pivots in the wycs when 
the atmosphere is very dusty. When packing an instrument for a 
long shipment, especially by sea, all polished surfaces should be 
coated with a fairly heavy oil to  prevent rusting. 

The centers and the micrometer slides require special treatment. 
It frequently happens that a large amount of friction develops in 
them when low temperatures are encountered. This often intli- 
cates that there is an excess of oil on the bearing surfaces, which are 
fitted together with a very small tolerance. The parts affected 
should be taken down, all the old oil wiped off, porpoise oil applied 
and again wiped off with a dry, soft rag free from lint, and the parts 
again assembled. The film of oil left on the metal surfaces will 
afford sufficient lubrication. On some theodolites there is an adjust- 
ment provided for the centers for change of temperature, but even 
in such cases there should be no excess of oil in cold weather, for if 
it  exists there is either excessive friction or undue play. 

The outer surfaces of the lenses require frequent cleaning, but 
should be rubbed as little as possible. First brush off the dust with 
a camel’s-hair brush, then take soft paper or an old linen rug and 
lightly flick the surface to remove what dirt may rcmuin. If further 
cleaning is necessary soft paper free from silicious particles, which are 
found in most paper, mny be moistened and rubbed very lightly over 
tho surface. A greasy film may hc rcmoved with paper or rag mois- 
tened in alcohol, but if an excess of alcohol is used it may penetrate 
betwem tho component parts of tho lens and affect the balsam which 
is sometimes used to cement the lenses together. A lens which still 
remains cloudy after the above treatment can not be cleared by field 
methods. 

The component parts of a compound lens should not be taken 
apart in ’the field except in an emergency. When it is necessary to 
take apart a compound lens the component lenses must be so marked 
that they can be reassembled exactly in their fornier relative positions 

Emergency repairs.-Even though extreme care be observed, 
the conditions of transportation incident to fcld work frequently 
make necessary a certain amount of repairs to instruments during 
the field season. The delay to the party which would result from 
awaiting a relief theodolite makcs i t  advisable for the observer to 
make emergency repairs where possible. 

The repair job most frequently encountered in the field is replacing 
one or more sighting “wires,” either in tho tolrscopa or the reading 
microscopos. This requires care and patienco, but is riot difficult if 
the proper materials and ltpplitirices are a t  hand. In  itnticipntiori of 
such a contingency Pitch chief of  party shoultl obtrrin from tho office 
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a spider’s co(~)oii, II solution of puro shellac in alcohol, and a small 
piece of broswtix. A w:itcIim:tkar’s magnifying glass is tt convoniencc, 
though an ordiriiiry intLgiiifying glass may bo mod, or a binocular 
objcctivc, or thc rouding glnss for the verniers of N theodolite may be 
mounted in a position to answer tho purpose very well. A descrip- 
tion of the method of installing tht wires follows: 

Take the micrometer apart carefully, in order not to break any 
wires which do not need replacing. Clean off with alcohol all dirt 
and shellac from the slide wliere the wires are to be mountod. If 
only one wire of a pair is broken it is often impossible to properly 
clean tho slide without removing the other wire; but if this is necessary 
i t  is of little consequence, for a pair of wires can be installed almost 
as easily as one. 

After cleaning the slide place it in a stable position on a good 
reflecting surface so the wircs will be easily seen. Attach a bit of 
becswax to each of tho points of a pair of dividers, or to each end of a 
piece of wiro bent into the form of a V with the points turned down, 
and to one point attach o m  end of a thread of the cocoon. With the 
cocoon suspended from tho point wrap the thread two or three times 
around tho point and then catch the thread on the other point, wrap- 
ping i t  two or three times mound that point before cutting it. 
Stretch tho thread until tho kinks disappear, then hold it for a few 
se,conds in wiirm (not hot) water; stretch it a bit more, again immerse 
it in wuter, and repeat the opertition until two or three threads are 
brokw arid you can judge when to stop the stretching just short of 
the breaking point. Then with a thread fully stretched bt4,wocn 
tho points of the dividers, placo the points astride the slide so the 
thread will bo in approximately the correct position, as shown by 
the scratchers on the slide. Block up the points of tho dividers so 
the thread will not bo stretched too much. 

If a pair of wires is to be mounted use another pair of dividers and 
place the second thread in position also, the points of one pair of 
dividers falling outside the points of the other pair. With the aid 
of a magnifying glass adjust the threads with a needle until they are 
exactly parallel and properly spaced, as shown by the srratches on 
the slide. Finally, with thc eye end of a needle place a very small 
drop of shellac on each end of each wire to cement it to the slide, and 
after allowing it to dry for n f w  minutes the dividers may be cut 
loose. The shellac must be of such quality that it will spread im- 
mediately upon application into a thin film over the metal surface, 
otherwise the thread will not be held taut. A web so mounted will 
rarely slacken in wet weather. The observing wires in the telescope 
should be mountad from 25 to  35 seconds apart to secure tho best 
results on lights of avcrage size. This call bo tested by computing a 
30-second intcrccyt st somo conv(?nior~ t mctttsurcd distunce. 

00723 ‘ - 2 B t 4  
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Instead of cocoon threads, fine tungsten wire may be used for 
diaphragm wires, but the tungsten must be thoroughly cleaned with 
alcohol, stretched in place under considarable tension, and fastened 
by sevcral coats of a very thin solution of collodion. The cocoon 
threads are much easier to mount in the field than the tungsten wire. 

The repair of broken parts is largely a matter of ingenuity, com- 
bined with a knowledge of what is essential to the proper working 
of an instrument. Stripped threads on screws may sometimes be 
made to hold temporarily with gum or sealing wax, provided they are 
not such as require moving in adjusting, or a pin of hardwood may 
be used in place of the broken screw. Broken plttto-level mount- 
ings have been temporarily replaced with sealing wax, and even a 
broken micrometer microscope bracket has been made sufficiently 
rigid with properly shaped pieces of wood wrapped with cord or wire 
which was then stretched with wedges. Resourcefulness is a neces- 
sary quality for a triangulator in unfrequented regions. 

If erratic results are being obtained in the observations which can not 
be otherwise accounted for, the entire structure of the theodolite 
should be scrutinized in detail. See that the lenses of the objective 
are tight in the case, and tighten the inner screw ring if they are not. 
Next examine the eyepiece end of the telescope to see that the eye- 
piece tube fits tightly into the telescope barrel and that no screws 
are loose. Examine the foot screws to see that the clamping screws 
hold them firmly. Inspect the horizontal axis, standards, tangent- 
screw assembly, and microscope brackets for fractures, and see that 
the graduated circle is screwed firmly to its seat. Also test the 
junction of the barrel of the telescope and its horizontal axis, and the 
junction of the seating of the object glass and the telescope. 

If the agreement of the separate measures of a direction is satis- 
factory but the closing errors of triangles large, the cause is probably 
not in the instrument but in those atmospheric conditions which 
cause lateral refraction, or else is due to instability in the stand or in 
the mounting of the theodolite. The trouble may also be due to the 
eccentricity of the lamps or other objects sighted on. There is 
always a reason for poor results, and the observer should not rest 
satisfied until he has found it. 

HOW TO ESTIMATE THE QUALITY OF A THEODOLITE 

In  deciding what observing program will give most economically 
the accuracy desired for any class of work i t  is necessary to know the 
quality of the instrument, which, however, is not measured by its 
size or by the minuteness of the least reading of the micrometers. 
The best measure of the excellence of a theodolite is its performance in 
actual field work, but if a new theodolite is being used it is necessary 
to apply other tests. 
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A preliminary examination will show a great deal about the work- 

inanship and accuracy of the instrument. The four structural 
features which must be scrutinized to form an estimate of the accuracy 
of a theodolite are: The graduation of the circle; the design of the 
micrometers and the workmanship on them; the fit of the centers 
and tangent screws; and lastly, the optical properties of the telescope. 
Although the accuracy of the graduation of the circle is tho most 
important one, each of these features must be entirely satisfactory 
in order to secure the best results. 

Before testing an instrument place it in as good adjustment as 
possible by methods which are explained on pages 29 to 40. Test 
the centers for fit and play by pointing the micrometer on grnduations 
on different, parts of the circle, and yith the micrometer wires cen- 
tered on a graduation and the circle clamped test the movernent 
of the wires resulting from gentle pressure upon different parts of the 
graduated circle and upon the alidade. The friction in the centers 
can be judged by unclamping the alidade and applying a gradually 
increasing tangential force to the alidade until motion about its ver- 
tical axis occurs. 

The relation between the greatest magnification obtainahle by 
the telescopc and the pitch of the tangent screw should be such that 
a barely perceptible movement of the tangent screw should (8aus0 a 
barely peiwptihlc movcinent of an object across the tclescopc wires. 
A similar rclat ion should exist between the magnification of the 
inicrornetcr telcscopes and the pitch of the micrometer screws. 

The tangent screw assembly should be tested for friction by notingin 
the telescope if any lag is apparent in the motion of the telescope when 
the tangent screw is moved slightly away from the spring. ‘rho 
micbrometer screws should be tested in the same way. Theorrticallp 
the final motion of a tangent screw or a micrometer screw should 
always be against the spring. As a matter of practice i t  has been 
found bay extensive tests that if micrometers and tangent scwws are 
properly niade and kept clean there are no appreciable errors resulting 
from making the final pointing by moving the screw indiscriminatcly 
against or away from the spring. If it  is found, however, that with 
the s(’rcw properly cleaned and oiled there is a lag when the screw is 
moved away froin the spring, then either the spring must be strength- 
ened cir the final movement of the screw must always be against the 
spring. 

The design and construction of tha micrometers can best be tested 
by clamping the alidade and taking a series of readings, about 20 
in number, upon some one graduation. The total range of the read- 
ings should not exceed two divisions on the micrometer drum. 

There is no method available to the engineer in the field to determine 
accurately the errors of graduation of the horizontal circle, but the 
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following process will give a very good measure of the combined 
excellence of the graduation and the micrometers. Careful readings 
are taken on each of two micrometers at equal intervals around the 
circle, say 10’ apart, and from those readings a curve similar to  that 
shown in Figure 22 is drawn as a mean of the plotted differences of 
the readings. 

Such a curve will show three things: First, the algebraic mean of 
the differences (A-micrometer reading minus B-micrometer reading) 
represents the failure of the &micrometer to be exactly 180’ from A, 
and also indicates the amount the horizontal reference line would 
have to be moved to  make the sum of the plus ordinates equal to the 
sum of the minus ordinates; second, the amplitude of the mean 
curve drawn through the points represents the eccentricity of the 
graduated circle with reference to  the axis of rotation of the microm- 
eters, combined with the accidental and short-period errors a t  the 
rnaximum and minimum points, the eccentricity curve being a sine 
curve; and third, the variation of the plotted differences from the 
mean curve is a measure of the local and accidental errors of gradua- 
tion, combined with those resulting from reading the micrometers. 
With a 10 or 12 inch circle this variation from the mean curve should 
seldom exceed 1 second and should never exceed 2 seconds. Errors 
due to eccentricity arc entirely eliminated by reading two or more 
micrometers spaced a t  equidistant intervals around tho circle. 

With some theodolites a tendency is noticed for certain positions 
of the circle to give values for all directions either higher or lower 
than the mean, jrrcspective of the size of the angle between tlie 
initial station and the object sighted upon. Such a condition can 
be caused only by the graduation a t  the setting for the initial station 
being in error in its angular position with reference to the mean of 
the other graduations of the circle. After a number of stations have 
been occupied, inspection will often disclose the existence of this 
defect. It can be verified by tabulating for each setting the varia- 
tions from the mean value of a direction, taking a sufficient number 
of directions to insure that the effect of the errors in position of the 
graduations read when the object 0 t h  than tho initial is sighted 
upon will approach zero in value. Figure 22a shows a curve con- 
structed to show the results of such a tabulation. It indicates that  
position No. 7, corresponding to a sctting of 67’ 03’ lo”, is con- 
sistently too low, and that position No. 14, corresponding to a setting 
of 146’ 01’ 50”, is too high. When such a condition is found to 
exist the initial settings affected should bo changed an even degree, 
either higher or lower. If the error of graduation is accidental in 
character, or is one of short period, the tendency €or that position 
to give directions higher or lower than the mean may be corrected 
by the change in the initial setting. Such a small deviation in the 





FIG. 22a.-Relative errors of graduations of theodolite circle at different position settings 
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settings from the theoretical best distribution for correcting errclg 
of graduation will have a negligible effect upon the final accuracy. 

A similar change in the setting of the circle may often be used 
to advantage when it is necessary to reobserve a position because of 
a rejected value for a direction, even though the initial setting is not 
suspected of being subject to unusual error, for a micrometer may 
read upon a faulty portion of the circle when the telescope is pointed 
upon a station other than the initial. 

VERTICAL CIRCLE 

Many direction instruments have no vertical circle attached, and 
it is then necessary to have a separate instrument with which to 
measure vertical angles. Such accessory instruments have become 
known in the Coast and Geodetic Survey as vertical circles. Some 
of them are universal instruments with the vertical circle the primary 
one. The horizontal circle is used only for laying off an angle roughly. 
Scarcely any two instruments in this class owned by the survey have 
the same mechanical arrangement, and therefore the adjustments 
can not be definitely described, but must be made in accordance 
with the general principles found to apply in the adjustments for 
the theodolite. 

Some of these instruments have double centers for the vertical 
graduated circle in order that the instrument may, if desired, be 
operated by the method of repetitions. That method of observing 
vertical angles is seldom used in the survey, however, for single 
determinations of the zenith distance give better results than the 
same number of observations by the repetition method. On most 
of these instruments the graduated circle is either fixed or else 
movable for adjustment purposes only. 

VERTICALCIRCLE ADJUSTMENTS 

Adjustment  of optical parts.-The telescopic adjustments for 
focus and parallax are the same as for the theodolite. (See p. 32.) 
The error of collimation is eliminated by the method of observing. 
The vernier microscopes must be adjusted to eliminate parallax. 

Horiz-ontal-axis adjustment.-The vertical circle is made 
truly vertical by leveling the horizontal axis, to which it is rigidly 
attached. This is accomplished by means of a striding level in the 
usual manner. Where no striding level is provided 
the vertical axis is made vertical by means of the level attached to 
;he graduated circle or by means of whatever leveling arrangement is 
provided on the instrument, and the horizontal axis is assumed to be 
noma1 to the vertical axis. 

Adjustment  of graduated-circle level.-This level is some- 
times attached to the back of the graduated circle, sometimes i3 

(See p. 31.) 
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moiintrd on the rcrnicr frnmr, tint1 in rcpcnting circlcs iq nttiwlicd 
to tho frnmo surrounding tlic 1iorixont;~l axis. JYhcn f i t  tnchcd to  
tlic ocrnirr  frnmo tlic hnt)l)lc innst) either lw hroiiglit t o  thc center 
hy n 4ow-motion scrcw nftrr cacli pointing and  hrforr tlir circle iq 
r e d ,  or clsc tho ends of tlir 1)iil)hlc must bc rcntl on tlic tuho gmtlun- 
tions nntl corrcctions mntlc ltxtcr for 1:wk of liorizontnlity. Tf  thc  
lcvcl tnhc is nttnchrrl to  thc frninc or to thr grntluntctl cirrlc it must 
hc ntljiistcd so tlic lmhhlc mill remikin ncnr tlir ccntcr aft r r  rcrcrsnl 
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METHODS OF OBSERVING VERTICAL ANGLES 

The observing program is designed to give an angle which on all 
repeating vertical circles and on most others is twice the zenith dis- 
tance of the object sighted upon. With certain instruments the angle 
obtained is twice the altitude of the object. The observations are 
made as follows: 

(a) Single measures of an angle, repeating circle.-The 
outer clamp is tho one which binds the vernier arc to the graduated 
circle, and thc inncr clamp is the one which clamps the graduated 
circle to the frnmo of the instrument. Each clamp is provided with 
a slow-motion tangent screw. 

To observe, first level the instrument; then with the outer clamp 
tight and the inner clamp loose read and record the circle, no matter 
at what setting it maybe. Next,point approximatelyupon the object 
with circle right, set up tho inner clamp and perfect the pointing with 
the inner tangent screw. Itead and record the level which is mounted 
parallel to tho plane of the graduated vertical circle. Release the 
outer clamp, rotate the instrument 180' on its vertical axis, point 
upon the object with circle left, set up the outer clamp, and perfect 
the pointing with the outer tangent screw. Read the level and the 
circle. This completes a single measure of the double-zenith dis- 
tance. The next measure should be begun with circle left and en(! 
with circle right, but before beginning it the reading of the circle 
should be changed ut least IL degree in order that the effect of an error 
in reading the circle may be confined to a single measure of an angle. 

( b )  Fixed circle.-With the instrument leveled and circle right. 
point upon the ohject; either read tho level or bring the bubble to the 
center by the vernier tangent screw rind read the circle. Next point 
upon the object with circle left and road the level and the verniers. 
The bubble may be brouvht to its center, if preferred to reading it, 
by the foot screws of tho instrument before the final pointing or by 
the tangent screw after the pointing. For the second measure of 
the double-zenith distance begin with the circle left and finish with 
circle right. 

With the type of instrument having a fixed circle and with a tele- 
scope which will not plunge through the standards but must be lifted 
out for reversing, time will be saved in measuring vertical angles on 
more than one object by making pointings and readings on all of them 
with circle right (or left) and then reversing the telescope and read- 
ing back on them in reverse order with circle left (or right). Theo- 
retically this method is not so accurate as the usual one, since tho 
elapsed time between the two pointings of u single measure of an angle 
gives an opportunity for instrumental changes, but if not more than 
10 or 15 minutes are consumed in making a single measure of the 
zenith &stances of a number of objects the errors due to such in- 

a. 
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strumental changes will usunlly be much smaller than those due to 
refraction. 

The method of computing the double-zenith distance will vary with 
the system of graduation of the circle. A description of the methods 
to be used with different kinds of graduated circles is given on 
page 101, under Field Computations. In any event a statement de- 
scribing the system of graduation on the circle should be made in the 
record book where the first observations with the instrument are 
entered. 

When observing upon an object a t  a considerable elevation, using 
a straight eyepiece, care should be taken to eliminate the parallax 
as completely ns possible, for otherwise a constant error may enter 
into the observations. When observing upon stars near the prime 
vertical for the determination of local time the error due to parallax 
is of opposite sign for east and west stars. 

Formulas for the application of the level correction may be found 
on page 104. 

VERTICAL COLLIMATOR 

This instrument, shown in Figure 24, is used to center the theo- 
dolite, lamp, or heliotrope on an observing tower over the center of 
a station mark or to set a station mark directly under a definite 
point on the tower. 

In principle the instrument consists of a telescope fitted with a 
diaphragm bearing cross wires, a tribrach with three leveling screws 
and a long vertical collar, into which the telescope is placed with 
the eye end uppermost. Near the eye end of the telescope and 
eccentrically placed is a level at right angles to the axis of the tele- 
scope. 

To adjust the collimator place the cross wires in the focus of the 
eyepiece by pulling out or pushing in the eyepiece until the wires 
are as sharply defined as possible, then focus the telescope on the 
object beneath so that there is no shifting of the intersection of tho 
wires over the object as the eye is moved across the eyepiece. 
Next the level is adjusted in the usual manner until there is no 
movement of the bubble when the telescope is rotated. Finally 
the cross wires arc adjusted by means of the diaphragm screws until 
the intersection of the wires remains on a point in the field of view 
when the telescope is rotated. When so adjusted the point covered 
by the intersection of the cross hairs in the field of view is in the 
vertical line passing through tho ccnter of the telescope. 

If the collimator is slightly out of atijustmrnt a vertical line can 
be established by marking the four points in the field of view covered 
successively by the intersection of the wires when the telescope is 
rotated to four different positions approximately 90' apart. The 



$3 

intersection of the linrs joining the tli,zgonnllp opposite points mill 
be the point sought. 

After the instrument lins h e m  adjustrd and it, is (Tcsircd to mark 
n point on the tower dirrctlg or r r  thc stntion mark, t1ir n s i s  of 
collimation of thc trlescopr is brought# directly over the center of 
the mark. If thc center strip of the cnp blocli has been rcinoved 
to  permit free vision with tlic collimator tlw point can he rilarked 
by two threads intorsrcting hcnc:itil tlw point of the plunger. It 
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is the iisunl practice, however, t o  1)cn.c. a srnnll hole tlirongh thc cap 
block of such size that the vcrtictil collimntor telescope may he 
sighted through it, and pet small enough to hold the scrrw \vliic1i 
fastens the lamp or Jicliotropr t o  tlir tripod Iiend. 7Yhm the sigiinl 
is being builtn it is best to  ccntcr tlic in~t r i imwt  ovrr the hole in the 
loose cnp ?)loclc nnd  then slitlc t l ic rnp into n position w l i w ~  the 1 1 0 1 ~  
will he (Ijrcv-tly over thc station murk. The cap can then he nuiIetl 
securely to  the tower. 
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After a tower has been built for R few days or meeke the center of 
its cap block is likely to  have been disturbed by the drying out] nnd 
warping of the lumber. In such R case as this i t  is frequently best 
to find the point on the station mark directly beneath the center of 
the hole in the cap block, measure on tho station innrlc the eccentric 
distance and direction of the projected point, and then trnnqfer 
these dimensions to the cap, thus obtaining easily the point on the 
cap directly ahovc the center of the station mark. 

LIGHT-KEEPING INSTRUMENTS AND APPARATUS 

Before a light keeper is plncctl done on n station the chief of 
party should he surc that the light keeper untlcrstrrntls thorouglily 
the use and ntljustnimt of cnch instruinrnt to be i ircd. Dctnilcd 

PIC .!r1 l l ~ l l , i t l f l ~ , l ,  I,O\ I \ l W  

T h e  ~llnstrati~in show\ lh(, nrr:ingrnrriit of 1 he slctitinx ring\, ,riirili Lry mirror. and trlwropr 

instructions should d s o  he given c w h  liKht k c ~ p r  for tlic (*tire of thc 
instruments t o  prevent t h e  metal pnrts riisting nntl thr lcnthcr c:iscs 
from shrinking. If n light kccper tlioroiiglilp untlcrst :~nt1s l i i q  

nppnrntuq ho will he able to make many of tho cmcrgcnry rcpnirc; 
which 1)ecomc necessary from time to time. 
Compass.-Tho compnrq furriislicd each light keeper sllould 

either be compared with othchr compasses or else tcstetl on n line 
whose azimuth is known. The clfcct of mngnctic objccts shoultl 1)o 
cxplninecl to him, ant1 he  shoiild be cnutioncd ngtiinst carrying thc, 
compnss with thc ncctlle rwi ing upon tlrc. pivot point. '1 '11~ princbiplec; 
underlying the oricniation of rnnps nntl  slirtclics nnd tlic ripplw~ , I  t '  ion 
of the mngnctic dcclinrttion should be fully cxplnincvl, with nc.iiin1 
tests in them, before the  light keeper takes his first, stzition. 

Heliotrope.-An uncl am ngrcl heliotrope n ret1 s n o  :i (1 jii st in cn t . 
The only possible luck of adjustment occurs whcn on(' of t lw \igIitiiig 
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devices is bcnt. Shoiiltl this hnvc occurred the linc joining the 
sighting points i q  not ptmllcl to the linc pnwing through the centers 
of the alignment, rings. To teqt, point the lreliotropc nt, some ncnrby 
ol)jcct, such n s  n rock or tent,  nnd center the reflected IiKht so 
the shadow of the ring nes t  the mirror fnl ls  fair on the fonvnrtl ring. 
The sights should point to  n spot, exactly nhovc thc center of tlie 
illuminntcd surface nntl jurt, frw nborc RS the line of the sights is 
nhovc the line passing tliroiigh the  centers of tho rings. If sucll is 
not the cnsc the nfl‘cctctl pnrt# shonld he rcinovrd from t h o  box, 
s t rniglitcn et1 , nnd re pl nc ed . 

Encli  light liccpcr qliould he slion-n how to make nn cmcrgcncy 
helio, shown in Pignrc 25n, 1)p tlriving two nnils vcrticnlly nhout 3 
feet npnrt, into n honrtl, t h c  I r r n d s  of the. nails to be used n s  siglrting 
points for t he  l)(vini of rcflcctctl sunlight. Plncc the board on the 
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Signal  Lamp.-The electric signal lamp supplied with current by 
dry ht ter ics  has almost entirely superseded the ncetyleric lamp 
which was in use many yearn. The 1924 model of the electric lamp 
is shown in Figure 26. It was designed cspecinlly for regions whcrc 
the lines of sight are not greatly in excess of 25 miles anti u-liere i t  is 
important to have the outfit RS lightj ns possible. A larger ~ R I I I ~ ,  

sliown in Figure 28, is used where n more brilliant light is ntwlrtl on 
nccwmt of long lines or hazy ntmosphcre. 

Aside from the electric connections only two ndjustmcntq nro 
neotlctl for either lamp, one for focus ant1 the other for the sighting 
devires, ant1 these should be tested frrquently 

‘I‘1.i~ focusing adjustment is matlr by the screw socket into wliich 
tlie bnlh fits. Since it frequently tliffrrs for diflermt 1 ) 1 i I h  of tlic 

~ _ _ _ -  
F I(, 20 -Small wmnl lamp, with .iutornstii~ I1nhtt.r 

Tht, e i g h t 4  iy  dork  qhown In the h t t e r y  hox on !Air left mn lie wt to tilrn thc liptit on h r  n 
Minit is I i i m i I w r  111 hour\ riic ti niptit 

s:irn(> apparent size, it slio~ltl be mntlo cnrli time a new 1)uIl) iq usrtl. 
It is bestr done by directing the light upon n f l n t  surfaw, such n s  n 
tarpaulin about 100 fret or more away, and varying the :Ltljiistmcmt, 
until the brightest part  of the disk is but little larger than tlic lens of 
the Limp. After this has been done the sighting device slioultl 1)e 
ntljiisted to point exactly above the center of the brightest part of 
the ilhminated surfaco and ns far nbovc it as tho sighting tubc is 
nhove the center of the lens of the lamp. As the transportation of 
the Inmp from station to station is apt  to disturb both of these adjust- 
mcmts, they should be tested before the lamp is posted nt, n new s t n -  
1 im. If t,he lamp is to he operated nutomaticrdlp ant1 is to 1)c posted 
tliiring the dny and immediately left, the ntl,jiistmrn t q  shodd  l ~ o  
tcstrtl the night preceding. It is just,  ns sntisfnctorv to mnke tlin 
atljiistmcnt in tlnylight, by changing the foaiiq lint il tlw rc4lwtor as 
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viewed from a point two or three hundred feet away is evenly illumi- 
nated. A stake can also be set with its top at a point where the 
light is the brightest and the sighting tube adjusted to the proper 
distance above that point. 

ORGANIZATION OF PARTY 
SELECTION OF PLAN OF OPERATION 

Before deciding upon a general plan of procedure for field worK on 
a contemplated project the chief of party should become as fully 
informed as possible concerning the conditions to be encountered, 
especially with regard to railroads and highways, weather, accessi- 
bility of stations, availability of supplies, and the kind of transporta- 
tion best adapted to that particular region. If detailed reconnaissance 
for the selection of triangulation stations has been made in advance, 
the reconnaissance report and the detailed descriptions of stations 
will in general give all the information needed when studied in con- 
junction with the best maps available. It is sometimes helpful to 
make for each station in the scheme a tabulation of the distances to 
the nenrcst point of supply, to the nearest point approachable by 
truck, to the nearest water, and also the distance it will be necessary 
to horse pack or back pack the instrumental outfit. 

If a detailed reconnaissance report is not available, reliance must 
be placed upon maps, weather reports, and upon such information 
m can he obtained from persons familiar with the region. If time 
permits, valuable information regarding roads and trails in morn- 
tninous regions can ofton be obtained by writing to postmasters and 
forest rangers who live in the country through which the work is 
to be carried. 

After the chief of party has obtained a general knowledge of tho 
average conditions to be met it is usually easy to choose the means 
of transportation which will be most economical. The next step 
is to decide upon the number of transportation units and the number 
of cmployees needed. This step is a most important one, as it has a 
grcat offect upon the unit costs of the work and warrants a close study 
of all factors affecting it. 

The observing party proper usually consists of from three to five 
mpn, including tho chief of party. If trucks are to be used a good 
organization is to have the chief of party as chief observer, a junior 
officer as assistant observer, a recorder who can drive a truck as a 
part of his duties, and a machinist truck driver. Local conditions 
may make it necessary to modify somewhat this plan of organization. 
IJncfer the conditions ordinarily encountered two trucks of the three- 
quarter-ton or 1-ton type will be sufficient to move the observing 
party arid even to post occasional lights. 

The light keepers on a first-order triangulation party will vary from 
two to eight in number, The most economical number can only be 
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Haystack. _ _ _ _  
Coleman. ~ _ _ _ _  
Notch ..______ 
Chugwater. ~ 

Whitsker. .___ 
Ragged.- - 

determined by carefully making out two or three schedules of moves, 
using different combinations of light keepers and methods of moving 
them. By estimating the time required for moving each element of 
the party, and assuming for purposes of estimation that one night 
is sufficient for the observer to finish a station if all light keepers have 
had time to reach their stations, the relative cost of each combination 
can be approximated. The plan selected should be the one which 
will give the lowest cost per station occupied rather than the lowest 
cost per month or the greatest number of stations occupied per 
month. 

An example of a schedule of moves is shown in the diagram below. 
It is adapted to a region where it is advisable to have a light keeper on 
each station all the time and where the automatic feature of the mod- 
ern electric signal lamp would be used only as an auxiliary, if a t  all. 

Schedule of moves for observer and light keepers 

Rawhide.. Hohbs .... Willow _._. Coleman.. Notch ___.. Chu ater - -_- 
Haystack -. .do.. . . . ~ - --.do .-.- - ~. . . .do. _ _ _  . . . -. .do. ___. - - - -. - -g-. -. 1::: ::::::I:-. _ _  
... do ___.._ Whitaker . Ragged--. ... do- - ___. ... do. - .... . _ _ _ _ d o .  - _ _  _ _ _ _  _ _ _ _ _  ~ _ _ _ _ _ _  
... do.. _ _  - - -..do - -. . - - __.do- - ._. . ...do.. . . . . . - .do_ - - _ _ _  .__-.do _ _ _ _ _  -. . _ _ _  _ _  _ _ _ _ _ _  
Wndhill L.. ... do _ _ _ _  _ _  ... do _____. (Ireentop. ... do .__._. - . . . .do __._. _ _ _  ~ _ _ _ _  _ _ _ _ _ _ _  
. - .do -. - -. . . .do - -. . -. . - .do. - - - -. . . .do - - -. . . . . .do - -. . . . . . . -.do. - -. -. -. ~ 

Each light keeper will be assigned a letter so chosen as not to be 
identical with or similar to any of the code signals. The stations 
which each light keeper is to occupy in succession are shown in the 
vertical column under his letter, while the horizontal lines show the 
location of the observer and the various light keepers a t  any time. 

Thus when the observing party was a t  Haystack, light keeper 
“B”  was at Rawhide, “ D ”  a t  Hobbs, etc., and were showing their 
lights to Haystack; then the observer moved to Coleman, ‘‘ B ” moved 
to Haystack, and the other light keepers kept their stations, changing 
the pointing of their lights so as to show them to the observer a t  
Coleman. 

The column in the schedule headed “light keeper, extra,” is to 
cover cases where more lights must be observed on from a station 
than there are light keepers. In such cases the light is shown either 
by a truck driver or by a local man hired temporarily. If there are 
frequently more stations than can be taken care of by the regular 
light keepers and by truck drivers temporarily detached from the 
observing party, it may be more economical to have an additional 
regular light keeper to avoid delays to the party. 

Different methods of planning the moves of light keepers may be 
wed, and the advantages of each can best be shown by using typical 
CaSeS. 
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iblc, with few cxtrn stations, five light keepers can be used to ndvnn- 
tngc, provided two of them are supplied with a truck npiecc. Two 
light l~eepers, one with n truck and one without, kecp nhend of the 
observing party nll the time, nnd another pair with n truck tnlie cnrc 
of the rcnr stations. The fifth light keeper shows a light from the 
stntion in t,hc schcmc which is 0pJ)oSitc the ohserving party. IT'hcn 
the ohscrving pnrtly mows nhcnd to n new line thc forward liglit 

Where the schcmr of triangulation is small nnd the stations nc 

I?rc,. 27 --Smiill \ l p n d  Innip, with tnrart irnttwvl i h n  I -  

i n  nlilminiim riip-'hnped plnto 19 mark for thls type of lamp, 
whwh m.tv he nttnrheil to thr top of thr lamo nnd mhwh nntomnti- 
rrbll~ rrntrr? thr hmo of the tnrwt over thr rrntor of thr roflrrtor of 
tho Inmy, 

k q c r  with thc truck picks np tho other forward light keeper, t d w s  
him to hj, ncxt station, and then moves to his own new stntion. 
The two renr light keepers move ahead one linc in the same manner, 
while n truck from the observing party usunlly picks up thc light 
keeper worliing opposito and posls him at, I l k  new stntion nhrntl. 

JYIicn the  niltomat ic lights nrr used undcr tlw samc conditions one 
truc-li tlriver cnn post tlio lights in front ant1 ilnotlirr in t,lic renr, n 
trurlc froin the olwrring party posting thc light nt  tllc station across 
tho lwlt of trinngilntion from where the olxwrving is bcing donc. If 

m:723 "-2(:+-5 
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sufficient lamps are avrtilahle, the amount of travel to post lamps 
may bo reduced hy posting two lamps a t  each fortvard ant1 mar strt- 
tion not watched over by a truck driver or light keeper, the lamps 
pointing to  different stations. 

Where the tliqtanceq between stations are long, or whew many of 
the stations a rc  on mountains, it may he more economical to h a r e  a 
larger numhcr of light keepers and for the rear light keppers to move 
nhcatl of all the  othcrs in the direction of progrcsc, when dircctrd to 
mow by signals from the observer. Whcre therc is only a singlc 
truck to  move light keepers, this is the plan which will usunlly have 
to he followed. It mny also lw followcd in principle when mitomntic 
l a m p  nre usctl. A tnhulntion of the relative totnl mileage required 

I 

J I (  28 --Sipn 11 lampc,  hark T iew 

Thr rnmprrst i \c  ' 1 7 ~ 7  of thr Iirpe and  cmnll lamps nrr shown In this Illwtr?tion Both h w o  
thc simp grnrril v i i n p r m r n t  m i l  i re  iiserl with the hattrrv hnx snd clork f n r ~ n t o m l t i c  control 
shown in Pipurr  26 A tiulh with n lecs concrntr?tion of fllzrnrnl m i l  grrztrr amperage 1s used 
with tlir I i r w r  l s m p  

b y  each of thc systems under consideration, and the probable delays 
to  tlic otwrving party under each plan, will oftcn bo of mntcrial 
assistance in deciding upon the best plan. 

The schemes of organization siiggested above will indicate the 
numerous combinations which can be effcrtcd. Often diffrrent 
systems will have to he used during a single smson to  snit the chnng- 
ing conditionq, but a close study of available data will iisiinlly dis- 
close what trnnqportation should be used and tho most tconomicnl 
numhcr of employees. Too much transportation is nlmost n s  fntal 
t o  low unit, co.;ts ns too little, for thc extra milrngo nin, the rcpnirs 
rcqiiiretl hv tho cvtra trucks, and depreciation will cnuso tho costs 
of the party to mount rapidly. 
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SELECTION OF PERSONNEL 

The excessively long hours of work and the arduous labor involved 
on most triangulation parties make it necessary for the chief of party 
to use the utmost care in selecting the men on his party. They must 
be industrious, dependable, and self-reliant to a high degree, apart 
from their special qualifications for the work they are to do. An 
inexperienced man can be taught, but a lazy or indifferent worker is 
difficult to change. Moreover, unless a man has a distinct liking for 
tho nomadic life required he is not apt to last through the season. 
As a rule only young men of sufficient age to have held down jobs 
involving hard manual labor and some responsibility wdl have 
acquired the ability to give satisfactory service on a triangulation 
party. The chief of party will have little enough time to  teach a 
man his duties without having to teach him how to work also. 

For the men on the observing party one other requirement must be 
borne in mind. Under the stress of observing at  night, traveling 
between stations, or doing camp work and computing during the day, 
good humor becomes a great asset. A fault-finding person can ruin 
the spirit of an observing party, and no one, from the chief of party 
down, should be on the work unless he can smile and joke when he 
is dead tired. The pleasure of the party in the work and its progress 
can be entirely spoiled by one of its members being a grumbler. 

Truck mechanics and drivers.-The position of mechanic or 
chief truck driver is the hardest to fill, because the men with adequate 
skill and experience to be satsifactory do not as a rule relish the 
exposure and long hours incident to the work. There may be three 
or four truck drivers on the party, but the head driver or mechanic 
must not only know how to make all adjustments in the mechanism 
of the truck, but also must be skilled at  diagnosing quickly the 
source of any trouble and be able to make emergency repairs under 
field conditions. In  addition to  his work on the trucks lie must do 
his share in making and breaking camp and in other routine work. 

The other truck drivers should a t  least have sufficient skill to  make 
simple adjustments to the truck mechanism and to be good and 
careful drivers. Since it is necessary for them to go frequently on 
detached duty, they must be so reliable that the chief of party may 
feel satisfied that they will do !heir utmost to carry out his orders. 
The rate of progress of the party depends so much upon the proper 
care and use of trucks that a careless or reckless driver should not 
be kept. 

Recorder.-For selfish reasons, if for no other, the chief of party 
should select a competent recorder. The recorder should be very 
rapid and accurate in mental calculations, otherwise the observer 
must spend time, after the night’s observing program is finished, 
in checking over the abstract of directions to see if additional ob- 
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servations are needed before signaling instructions to the light 
keepers. The recorder must be industrious and self-reliant, else 
the chief of party must take it upon himself to see that all record 
books and abstracts are properly made out and checked. He must 
be rugged physically, where there is much back packing of the 
instrumental outfit, if the observer desires to  avoid carrying most of 
it himself. All these points should be considered in selecting an 
unkried man, for too many student applicants for summer jobs have 
the idea that being a recorder in a surveying party is just a means 
of having their expenses paid while on an outing. Where the other 
qualifications are present the young man who has partly worked his 
way through college or who has successfully held a job involving 
hard manual labor has far the best chance of being satisfactory as 
a recorder. 

Light keepers.-A light keeper’s dutiw require him to be alone 
on a station for days or even weeks at a time, showing a helio to  the 
observer in the afternoon for two or three hours and watching by 
the signal lamp at night. If he is on a mountain station there will 
be plenty of climbing and back packing. He must cook his own food, 
and often arrange for his supplies and for his transportation from 
station to station. If he camps on top of the mountain he must 
carry his food and often all the water he uses, while if he camps at 
the foot of the mountain near water and supplies he must go down 
in the darkness after each night’s work. 

Under such working conditions two qualities stand out as being 
essential in a light keeper. The first is faithfulness and a will to be 
always on the job and to show a light under all conditions, even when 
the chances are small that the observer can see the light. The second 
is a liking for the loneliness of his work, or at least the ability to 
ignore it, though usually the light keeper who does not learn to  
like the isolation will leave the job after a short time. I t  is no job 
for a young boy, especially one who has been raised in a city. 
Youngsters will often protest that it is just the work they adore, 
and then leave at their first station. If a new light keeper is not 
experienced in being alone and doing for himself, only an unusual 
amount of grit and determination will carry him through. 

One thing which each chief of a triangulation party soon learns by 
experience is to discharge a man just as soon as he demonstrates 
that he is unfit for the work. After having done his utmost to 
select the right man, the chief of party will usually find it best to 
let a man go without recriminations if he wishes to leave and to 
discharge him just as quickly if he does not measure up to the 
standard. I t  is usually possible to have one or two prospects in 
readiness for a summons to fill vacancies occurring on the party 
during the season. 
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OUTFIT 

In  deciding upon the outfit to he cnrricd by the observing party 
nnd 1)y each liglit keeper two conflicting consiclerntions must 1)e 
reconciled. Sinco the work is usunlly in unfrequentccl places, the 
outfit mint hc ndequntc to meet the conrlitions of working and liring. 
On the other hnntl, each article must be hnndlcd, pnclrcd, nnd 1111- 

packed many times during the senson, each operation requiring tiinn 
nritl Inbor. With the conditions of transportation constant Ip in 
niintl the chief of pnrtv should consider cnrcfdly t he ncctl for ( ~ 1 1  

article of equipment, nntl tliscard or place in tcmpornry storngr :Lrip 
surplus outfit or supplies. The snme rule must be applied to the 
clothing nntl personal effects of the mcmhcrs of the parcg. The most 
successful chicf of pnrty is nlniost jnvnrin1)l.v the one who ]ins IcarnctI 
how to  work comfortably with the lcnst equipment. 

Trucks.-'l'hcsc will, ns n rule, hnve h e n  overhnulctl n t  the cntl of 
the previous senson, hut n t  the first opportunity rncli onr slioiild be 

tIioronghIy inspected nnd tested by the best mechanic on the pn,rtF. 
A list of the tools nnd accessories which must, be purchnscd slioultl 
also be mntlc ns enrlp tis possible, in order that  each truck imp be fully 
equipped and its inventory mntle orit ant1 c.ficcIrctI Morc th4 prirtv 
takes the  ficltl. I3csitlcs the ~ s u n l  t u  ories, each triiclc should 
carry n t  1~11 times n S ~ I L ~ P ,  axe, and towing rope. Onr truck on tlir 
o1)serving party should also he supplicd with extm nppli:inc(w for. 
mtLking cmergcncy repairs, such as n Idowtorch, brcnst, drill, soltlcrin!: 
iron, small vise, emery wheel, and special wrenches. 

Tents.-If tents nre ohtnined from storage each one shonltl he 
cnrcfullg inspcctcd nnd nccdcd repairs mndr. All ~vcalc roprs shoiil(l 
bp replnced. If the tents nre old it is often ndvisnl~lo to furnish C ~ L C I ~  
light keeper with n piece of C ~ ~ I V I L S ,  stti1 ~icctlle, thrml, anti scqviilc 
pnl1n. 

If' ~ i e w  tents are to 110 purchnsctl they sllould be of tho stnntjartl 
tvpp ot (yqitpr-poIc tent, spocificntions for wliich cnn br obtninccl froin 
tile office. 7'110 standard tents are of two sizes, 9 by 9 feet nnd 7 by 
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7 feet. The smaller size is for the use of light keepers, while the 
larger size will comfortably house two men, or three in an emergency. 
The standard tents are more strongly reinforced than ordinary stock 
tents. A center-pole tent can be pitched by one man even in very 
windy weather, and will stand in a strong wind better than a ridge pole 
tent. The center pole itself is usually made in two or three sections, 
held together by ferrules of brass tubing, thus making it easy to pack. 

Other equipment.-In order to secure an outfit sufficiently uni- 
form to make it easily transportable, cots, bed tarps, and packing 
boxes are usually furnished to all temporary employees. In regions 
such as Alaska, where pack trains are used extensively and weight 
must be reduced to the utmost degree, sleeping bags and aluminum 
mess kits are also furnished, but ordinarily each temporary employee 
furnishes his own bedding, mess outfit, and food, being paid a flat rate 
for his services. This saves the chief of party a great deal of account- 
ing, and besides it has been found impossible to provide satisfactory 
subsistence in kind for the men under the conditions encountered in 
triangulation. 

Purchase of equipment.-If time permits, bids on all equipment 
needed should be secured sufficiently far in advance to have it delivered 
at the point of outfitting by the date on which the party is to be as- 
sembled. If part of the outfit is to be obtained from storage such 
articles should be examined as soon as possible and any supplemental 
outfit purchased at once. I t  is essential to the success of the training 
period which usually precedes the beginning of field work that the 
entire outfit be on hand when the party is assembled. 

Packing boxes and apparatus.-The ease and speed with which 
the party can make and break camp and prepare the instrumental 
outfit for tranpsortation by truck, pack animals, or by man packing 
will depend upon the thoroughness with which the packing details are 
thought out and proper equipment provided. Packing boxes of 
convenient size, with rope handles, should be provided for the observ- 
ing party and light keepers. In these boxes all small articles, includ- 
ing mess outfit and food supplies, should be kept packed. The boxes 
should be of such dimension that they can be loaded into the truck 
bodies without wasting space. 

The instrumental outfit requires the greatest care and considera- 
tion. If trucks can be driven to each station the instruments may 
be transported in their regular packing cases, but if horse packing 
and man packing must be resorted to frequently a special crate, 
obtained by requisition from the office, should be used for the theo- 
dolite. If transportatim is partly by truck and partly by packing, 
an outer box must be provided for the theodolite ha t e  while it is 
being carried by truck, the theodolite being always carried in its 
crate. The instrumental outfit must be so packed that within a 
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few minutes Rfter the t8rueks stop the instruments cnn he nindc 
ready for the pack up the mountnin. Tf there is to be considerable 
back pncking by the members of the pnrty ndrquntc pncking np- 
pnrn tus must he provided, 
such RS pack ho:irds, pack 
sacks, or special nppnratus. 

Either ropes of convenient, 
length or webbing strnps 
should be provided for fnsten- 
ing all hundles, such n s  bed 
rolls nnd tents. It, is n wnstc 
of time and energy to  put an 
elaborate lashing on n bed 
roll or tent when by using 
cnre in its nrmngement, n 
couple of strnps  ill be nde- 
qunte to make i t  compact, 
and secure. Lenther strap4 
should not be used twcausr 
they arc wry cxpensire, rc- 
quire clcnning nnd oiling frr- 
qiiently, nnd arc! much nppre- 
cintetl as food by all classes 
of rodents. 

TRAINING OF LIGHT KEEPERS 

If there arc more than one 
or two inesperienccd light 
l~ccpcrs on tlic p:irty a period 
of from four to  sis days cnn 
usunlly he spent to  good nd- 
vnntngc in irnining them in 
the work heforr h g h n i n g  
field operations. This cnn he 
done best by c~t,nhIisliing 
camp, prcfcrnhlj- n t  the cdgc 
of some tjown, whew the out- 
fit cnn he gono over in detail 
under npprosimntrly field 
conditions. 

After all the tents :ire 
pitlclicti nnd nssignctl, cncli 
light keeper stiould bo givcn t!lic nccrssiiry instruments rind ccliiip- 
rncnt. A receipt sho~:tl h ttllicn for t1w nrticlcq iswctl t o  cncIijnnn 
on detached duty and 110 should be held responsible for their crire 
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and safety. 
ing articles as the minimum equipment: 

Each light keeper should be furnished with the follow- 

Equipment of light keepers 

Ax. 
Batteries. 
Binoculars. 
Book, instruction. 
Boxes, packing, 2. 
Canvas. 
Compass, azimuth. 
cot.  
Hammer, claw. 
Heliotrope. 

Lamp, signal. 
Maps and descriptions of stations. 
Nails, screws, etc. 
Plummet. 
Screw driver. 
Spade. 
Stationery and accounts forms. 
Tarp, bed. 
Tarp, extra, small. 
Tent, complete. 

Previous to the assembling of the party a copy of the publication, 
Instructions to Light Keepers, should be sent to each inexperienced 
member of the party who might be called upon to show a light and 
he should be instructed to learn the Morse code thoroughly before 
reporting. The first actual instruction should be a demonskration 
by the chief of party or by some experienced employee on how to 
set up, adjust, and point a signal lamp and a heliotrope. Next, 
instructions should be given in signaling with the lights, paying 
particular attention to the spacing between the elements of the let- 
ters and between words and to the relative length of the dots and 
dashes. The best way, even for experienced men, is to count all 
the time while sending in order to maintain uniformity in speed and 
spacing. If the count is made at  the rate of 2 per second a dash 
should have a count of 6 ,  the space between letters a count of 6, 
and the space between words a count of 20, while the dots and the 
spaces between the elements of letters should each have a duration 
of about 1 second. 

After some experience has been obtained in group signaling the 
men should be divided off in pairs and placed about a half mile 
apart, and at  least three hours a day should be spent in sending and 
receiving messages. The same two men should not practice to- 
gether all the time. One man alone can obtain good practice in 
both sending and receiving by directing his light on a wall or rock 
about 50 meters away. By concentrating his attention on the illu- 
minated object while he is signaling he can judge as to how the light 
would appear if seen from a distance and whether or not thespacing 
is regular. 

Each day some instruction should be given in the use of the com- 
pass in orienting a map, for that may be the only method the light 
keeper can use in pointing his light correctly toward the observer’s 
station. The light keeper should be warned that the compass orien- 
tation should not be made by placing the  compass on tbe light stand, 



CHAPTER 2.-FIRST-ORDER TRIANGULATION 67 
since the nails in the head of the stand will often deflect the compass 
needle appreciably. The light keeper should also be taught to per- 
fect his orientation after the f h t  compass orientation is made by the 
use of peaks or towns which are marked on his map and which can be 
identified from his station. After a preliminary demonstration by 
some experienced member of the party tho light keeper himself 
should perform all operations, both in orientation problems and in 
adjusting his lamps and helio, with such supervision and correction as 
may be necessary. 

The most important part of the instructions to light keepers relates 
to the proper pointing of the lamp, and the most experienced officer 
or employee on the party should have that part of the training in 
charge. The reconnaissance sketch showing the scheme of triangula- 
tion is usually not accurate, and the direction to a station as shown on 
the sketch may be in error several degrees. Where an automatic 
lamp is to be set it  may, on a short line or in clear weather, be thrown 
slightly out of focus in order that the beam may cover a wider angle. 
This expedient should be used with caution on any except short lines, 
for the brightness of the light is inversely proportional to the cross- 
sectional area of the beam. 

When either the observer or a light keeper is trying to communi- 
cate with a station whose direction is not exactly known, the light 
should be shifted every minute or so by abouthalf thewidth of the 
beam until the horizon has been swept for several degrees on either side 
of the most probable direction. To sweep the beam rapidly around 
the horizon does little good, for that procedure produces no more than 
a flicker of light as viewed from the distant station and is usually not 
noticed. 

A couple of evenings during the training period can be spent 
profitably by assembling the entire party and talking over the pros- 
pective season’s work. This will afford a good opportunity to expl& 
in detail the accounting expected of light keepers and mcty mve the 
chief of party a large amount of correspondence on that subject. It 
will also give each one of the party a chance to ask questions regarding 
signaling and tho general plan of the work. 

A by-product of these meetings, the value of which must not be 
overlooked, is the building up of a team spirit due to a greater interest 
in the plans for the season and in the other members of the party. It 
gives 8 chance for the chief of party and his experienced men to imbue 
in the new men a spirit which will make the work of all easier during 
the season, for with each one alert and doing his utmost the observ- 
ing hours a t  night will be materially shortened. The failure of one 
light keeper to show his light on time or to answer a calling signal 
promptly will usually require all to remain later at their posts, and 
may delay by a day or even a week in the event of bad weather the 
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completion of a station. The presence of one or two good, experi- 
enced light keepers on the party will do much to set a high standard 
of performance, for the talk always turns to past feats of endurance 
and hardship which enabled the observing party to complete a sta- 
tion earlier than it otherwise could have done. The unwritten story 
of the faithful vigils of the light keeper on his lonely mountain station, 
chilled by storms and often short of rations, constitutes as fine a 
record of devotion to duty as can be found in civil life, and the knowl- 
edge of such a background is an inspiration to the whole party. 

Part of the time of the evening conferences should be devoted to 
talks on camp routine, for a neat, clean camp induces contentment. 
Camp sanitation should be discussed, and the necessity for “policing 
up” when leaving a camping place. I t  takes only a few minutes to 
dig a trench for garbage and tin cans and to fill it up when leaving, and 
the camp fire will dispose of papers. No matter how remote the 
camp site this procedure should be invariably followed, and the good 
repute of the entire party will be enhanced thereby. 

Cleanliness and orderliness are just as important in the daily rou- 
tine, for an experienced camper can be recognized at once by clean 
dishes and the neat arrangement of all camp appurtenances. Only 
a tenderfoot will leave dishes dirty from one meal to the next, except 
under the stress of a real emergency. Where rocks or trees are a t  
hand the construction of ovens, benches, and tables will do much to 
add to the interest and convenience of a light keeper’s existence. 

A man not accustomed to cooking for himself will often rely too 
much on canned goods, to the detriment of his health and pocket- 
book. The chief of party should see to it that all who need it are 
given instructions in the simpler forms of camp cooking, including 
the baking of camp bread; otherwise he is apt to have vacancies on 
the party when he least desires it. Assistance should also be given 
the inexperienced men in making a list of food supplies for their first 
stations. 

Another topic which should be emphasized is the care of instru- 
ments. Binoculars may be ruined by being left out in the rain and 
dew or by exposing the objective for long periods to the direct rays 
of the sun. Leather goods after being wet should be dried in the 
shade and oiled immediately. The silvered backing of heliotrope 
mirrors will be loosened by being wet. Instruments left at  the sta- 
tion may be stolen or broken, and carelessness in handling them, 
especially on high towers, will often result in their destruction. The 
sum total of the instruments used by a party represents a large invest- 
ment, and proper methods of handling them must be taught each 
member of the party. 

No process of inductive reasoning is needed to show that the time 
of the chief of party is apt to be fully taken up during this training 
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period. In  addition to supervising the outfitting and training of the 
party, his position as disbursing officer makes heavy demands upon 
his time. This emphasizes the importance of purchasing outfit 
previous to the assembling of the party, for by personally looking 
after the outfitting and training of the men he secures a knowledge of 
them which will be of much benefit and will enable him to estimate 
their capabilities better when the party actually takes the field. 

ROUTINE OF OBSERVING PARTY 

The duties devolving upon the members of the observing party are 
so many and varied that it is necessary for the chief of party to 
establish a camp routine as quickly as possible, with certain duties 
and responsibilities assigned each man. Particularly the procedure 
of making and breaking camp must be so systematized that it can 
be done quickly and easily. 

Camp routine.-Assuming, for example, that the observing 
party has to break camp, make a short move by truck to the next 
station and there prepare for observing, the usual program would be 
about as follows: If the observing the preceding night had not been 
finished until late, one man may have been sent to bed early in order 
that he might prepare breakfast before calling the others, in which 
case two of the party after the meal would wash dishes and pack mess 
outfits while the others struck the tents and loaded the trucks as 
rapidly as the outfit was packed. If all had lost the same amount of 
sleep all would turn out at  the same time, but much of the packing . 
could be done while breakfast was being made ready, and all could 
work on the mess outfit afterwards. In either case a trained party 
can be ready to leave camp with the outfit an hour after the general 
reveille is sounded. The man who requires several minutes to wake 
up or 15 minutes to dress does not belong on the observing party. 

When the next camp site is reached the chief of party designates 
where the tents will be pitched and the outfit is unloaded at  a place 
as convenient to the tent sites as possible. The tents are pitched, 
cots and bed rolls made ready for the night, mess outfit put in place, 
the obsercing outfit placed to one side ready to be taken to the sta- 
tion, and surplus outfit placed under a tarpaulin. This should not 
require more than 30 minutes, after which ono man can start cooking, 
the truck driver work on the trucks, and the others work on records 
or accounts until time to start to the station. To keep tho truck in 
good order and the record books nnd abstracts checked up to date 
requires constant forethought and application. 

The ease with which all camp work is done will be gretttly increased 
by training the members of the party to return each article to its 
proper place after being used. This applies especially to the mess 
outfit, for with each member of the party liable to be assigned to the 
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rcilc of cook milch time will be lost in searching for nrtivles if there is 
not n stnntlrirtlixcd method of packing. The Inbeling of bags and 
h x e s  containing food supplies is also helpful. 

To mnintnin n clean, orderly, and sanitary enmp is n mnttcr of 
prime importance, for the good repute of the pnrty with its neighhors 
will tlcpcnd in n large mcasure iipon it. Stray pnpers should he 
kept, picked up, tin cans and garbage clisposect of in n trench, and R 
final “policing up” mndo when leaving n camp site. 

Observing routine.-Tho process of trrinsporting the observing 
oiitfit from the camp to the station need not he dwelt upon, though 
often i t  is the most laborious work of all. If hnck packing for any 
considerable clktnnw is necessary the most, that can be done is to 
h n r c  the pack harness as well adapted to the loads n s  possible, nnd 
then let strong backs and stout hearts d o  the rest8. M2~i.v obsrrvrrs 

I 1 

Fin. :{I .-lIorsc-parking outfi t  of triangulation party in A l m k a  
(‘roscing the swift Almka strrams with park trains is oftrn R dangerous prorrdurr. 

prefer not t20 tmst  the theodolite to mother, hut cn,rrying n, 70-pound 
pn,ck for scvcrd miles up a, mountain prolmhly dors not mnte,rinlly 
assist the observer in securing smnll trin.ngle closurcs. 

I,Tpon reaching tho st,n,tion the ohserver should first examine the 
smnll wooden stand nscd as n support for thc signal lights n.nd tho 
thcotlolito ILS shown in Figure 27. Tho first test is tJo scc if the small 
hole in tlic top of the stand, into which tho signal lights are fastened 
and by which they are centered, is diroctly over the stn,tion mark. 
If it is not nnd tho stnt,ion lins been obsorvcd upon from nnp othcr 

ntric distn,ncc n,nd nngle miist 1)c mcnsurcd with nn 
ncci1rnc.y snch that the rrsiiltrtnt correction to  directions will ncvcr 
he in error by more than three or four hiinrlredt,hs of n second. The 
propcr method of recording the eccentricity fartors is shown on 
pngc 94. 



$1 

On tall t80wcrs the vertical collimator, dcscrihcd on page 5 2  and 
shown in Figure 24, is iiscd in determining trhc rcrtirnl line to  the 
sht ion mark. If tho tlower has a superstructure from which the 
signal ljglits arc shown it is het8ter first to rstnhlish n point on t,hc 
tripod liead direct'lv over the station mnrk, next pliimh down from 
the hole in the light stand a t  the top of the siipcrstriicturc t o  R point 
which cnn he mnrkcd on the tripod head in order t o  mcnsiirc the 
eccentricity, and then tho hok in the light, stnnd shonld be plnmhcd 
directly over the station mark tm nroid eccentric reductions on the 
other lines. 

On ccrtnin theodolites, such RS the Const nnd Orodetic Snrwy 
type> which is shown in Figiire 18, tjhe verticnl r i s k  cs!cmtls lwlow the 
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ground as  near the tripod legs as the observer would stand, to mnke 
swe that there is no movement of the stand. Where the tripod lcgs 
nre placed in broken rock i t  is very difficult to avoid having the 
weight of the observer transmit thrusts to the tripod legs which will 
prex-ent accurate measurements, and in tundra or in swampy soil 
the same trouble will occur. 

The condition may he rcmediccl by haring three 1-inch plnnks, 
8 or 10 inches wide, of such length as to  fit nround the tripod stand 
a t  x distance of about 6 inches from the legs, so supported upon 
picccs of 2 by 4 inch timbers thnt no pressure is put, upon the surface 
of tlic pound near the tripod legs by the observer wnlking about the 
stand on thest. hoards. If boards arc not available tlic rondition 

1 ~ ‘ ~ ; .  : ~ : ~ . - l ~ : i ~ l ~ - i i : i i ~ ~ i n ~  t I I C  cint,fit, i,ri:mwlntion Iiiir1 y 

Thr l n i +  :ire m:iiIr lip of ohsrrvina instriirnmts, hrilding, and foorl. ‘ 1 ’ 0  ~ i ~ ! l c  s w h  l o w s  for 
hnnrs  ttirnnLrh n n ~ l i ~ h r n c h  nnii s h a m s ,  nver swamps, gI:iriim, iind ruonnlnins, often i n  rnin:or 
snow, rrqiiirrs tletcrrninntion :IS wrll as strrnath :ind rniltir:incc. 

map usiirilly he remedied by digging the dirt or rocks away .from the 
tripod lcgs for a depth of a foot or more, trusting t,o rocks pilcd tight,l;y 
insidc! tlic strmtl upon ho:irds resting upon t)ho lowcr horizont,nl 
bmms to givo it the propcr rigidity. JCvcn whcrc tho ground is firin 
there should bo R hole 3 or 4 inches clocp a,round tho  tripod legs. 
Errors in anglo mcasurcmcnts caused by prcssiiro agninst the tripod 
lcgs arc cspwi:illy hard to  detect, bccnuso tho observer st;i,nds in 
pr:i,ctic:Llly thc s:imc spot when making tho sovcral obwrv:i,t,ions upon 
any otic ohjcct and cw.h position will he in error by :i.lmost thc same 
amoiin t,. 

Whether or not the stand or t,owcr is newly hiiilt, it, shonld he gone 
over a n d  each nail set up, n,ddit,ional nails bcing tlriven i f  the. old 
holes seem to  he enlarged and if the wood will permit it  without; 
splitting. When tall towers are used upon which to mount the 
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thoodolitc it, is necessary that thc tomcr ns n wvholo bc clastic, in ordcr 
tJiat it may iinmctliatelp rcgnin its normal position Hftrr c:irii rc- 
current thrust by the mind. 

OBSERVING TENT 

Whcn ohscrving from towcrs it, is mrll t o  h a w  n tarpn111in nhont 
5 f c c t  lrigli fit,tcd with ties and of n proprr length to  f:istcn aro~lnd 
the ohsrrving platform. This can Iw supplcmciit ctl in rninj- w ~ a t  Iicr 
by :L c:iiiv:is c:inopy suspended from an  ovcrlicnd t imbrr, u-itli sitlc 
wills w.)iic*li c:ln thither 1 ) ~  tjcd up to pcrniit, o1)wrvinC or I‘:istclrcd 
down hy tirs to  k w p  out thc wind. 
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guys, passing alternately behind a peg and then in a hitch over the 
top of the next pole. 

In  windy regions it will be advisable to carry as a part of the 
observing outfit, usually as a wrapping for the poles of the tent, 
a piece of canvas about 6 by 16 feet, which can be used as a wind- 
break. When the soil 
around the stand is soft and dry the dust is often bothersome, and a 
piece of light canvas used as a floor in the observing tent will prove 
helpful. Another light canvas laid outside the tent to windward, 
close to the bottom of the wall, will also decrease the annoyance from 
dust. 

If wind of considerable strength is permitted to strike the theod- 
olite, it  delays the observing and may also cause errors by de- 
flecting the telescope from its proper position in the wyes. For that 
reason the flaps of the observing tent are usually kept tied down on 
the windward side when the wind is strong, except for small openings 
on line to the stations to be observed. If the wind is especially 
constant and bothersome, a strip of muslin of the proper size to cover 
the windward openings of the observing tent may be tied or pinned in 
place and holes 4 or 5 inches in diameter cut on line to the stations 
through which the stations may be observed. 

The method of using it is shown in Figure 34. 

OBSERVING PROGRAM 

Observations of vertical angles for trigonometric leveling should 
be made at the first opportunity. If the party does not arrive 
at the station until near the end of the period during which it is 
permissible to observe verticals (see Instructions, p. 20), the tent 
may be hastilyput up and the verticals measured before the stand 
is tested. Verticals on both occupied and intersection stations should 
be made on two different days if the party is held that long at the 
station by failure to finish the horizontal measures the first night. 

When verticals must be observed at  night and there are available 
two observers and an instrument for observing vertical angles 
besides the one used for the horizontal directions, the instrument for 
observing vertical angles may be mounted on a tripod or other support 
outside the tent and the observations of horizontal directions and 
vertical angles carried on simultaneously, one man recording for boih 
observers. 

After the vertical angles have been observed the measurements 
necessary to reduce the elevations to the station mark should be made 
and recorded in the record book for vertical angles, commonly called 
the D. 2. D. (double-zenith distance) book. I n  order that no essential 
item may be forgotten, the recorder upon reaching a new station 
should write in his record book the following tabulation and later see 
that the measurements are recorded in the proper place: 
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Metem 
Height of tripod head above atation mark _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ ^ _ _ _ _  

Height of vertical circle above station mark _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Height of helio above station mark _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Height of lamp above station mark _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ^ _ _ _ _  

above station mark _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
below statio11 mark _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ^ _ _ _ _  

Reference mark No. 1 { 

Horizontal directions to the intersection stations and the reference 
marks are usually observed immediately after the completion of the 
vertical-angle measurements. The distance to the reference marks 
should be determined a t  the same time and the description of the 
station written up. The description should invariably be written 
while a t  the station, to avoid the vagueness and errors which will 
otherwise be present. 

Immediately upon reaching the station, if during the hours when 
light keepers are supposed to be on their stations, begin “calling” 
them with the signal light in order to give them a correct line to the 
observer’s station. It is only after signals have been satisfitctorily 
exchanged with each light keeper who is to show to the observer’s 
station that there is any certainty of finishing the station that night. 
It is often of great assistance in calling the various stations t o  take 
a round of directions in the afternoon upon either the helios or upon 
the approximate positions of the stations as shown by the map, 
recording the directions on a flyleaf of the horizontal-direction record. 
Even an approximate direction will be of value in pointing a light 
after dark upon a station which is not showing a light. 

A good rocorder will do much to reduce the time spent in observing 
at a station. He will compute and tabulate the directions, and 
within five minutes after the observing program is finished he should 
be able to show the observer the mean direction t o  each station and 
also the means of each group of four positions on each station. The 
obsemer can then judge what positions must be rejected and reob- 
served. If the direction to any station shows a progressive change 
during the observing period, as revealed by the averages of the four- 
position groups, additional directions may have to be observed even 
though the observations already made are within the rejection limit. 

Before the night’s observing begins the recorder or observer will 
also have computed the angles which will exactly close such triangles 
as are to be closed at  the station, so that an inspection of the recorder’s 
abstract of directions will show at once if the closures are satisfactory. 

Even before the observer finishes his program the recorder should 
be able to judge from the average directions given by the first 12 
positions whether or not there will be many rejections and whethar 

887!23”-26t---8 
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the values obtained will close the triangles satisfactorily. If every- 
thing is favorable the light keeper a t  the observer’s station, about 
half an hour before the time when the observing will be entirely 
completed, can call all stations and give the light keepers “ A  A,” 
signifying that they are to  keep a constant watch for further signals. 
With all light keepers watching closely 10 or 15 minutes will often 
suffice for all signaling after the completion of the station. 

I n  the preceding pages on the routine of party operation mention 
has been made of the need for systematic planning and for efficient 
speed. Only by keeping these two factors constantly in mind can 
the chief of party make rapid progress with the work and at the same 
time secure a proper amount of‘ rest for his party. There is an 
exhilaration attendant upon swift and well-directed muscular move- 
ments which is lacking in leisurely motions. If there is an hour’s 
work to  do and two hours in which to do it, finish the work in an 
hour and then rest rather than prolong the work throughout the 
greater part of the two hours. In  that way the entire party will 
keep keyed up and become trained to perform a complex operation 
like pitching camp in almost a constant period of time, even under 
very divergent conditions. 

PRINCIPAL SOURCES OF ERRORS IN HORIZONTAL-ANGLE 
MEASUREMENTS 

The experience of observers in the past has shown that practically 
all large errors in the measurement of horizontal angles, and many 
of the errors of smaller magnitude, are avoidable by the exercise of 
good judgment and care in the manipulation of the instrument and 
in the selection of observing conditions. The term “ observing con- 
ditions” as here used does not mean atmospheric conditions alone 
but includes the requirements imposed by proper reconnaissance and 
the observance of adequate precautions against the various classes of 
systematic errors. A good observer is one who can consistently 
secure results commensurate with the possibilities of the instrumcnt 
which he is using, or if the dictates of economy prescribe that rougher 
observations shall bo made he must then be able to estimate the 
approximate magnitudes of the errors introduced by the less accurate 
methods employed. Such proficiency can be obtained only by care- 
ful study of the instrument and by constant exercise of good judg- 
ment. Experience is also a large factor, and it is to assist in the 
acquisition of this experience that the following suggestions are made. 

It must be borne constantly in mind that it is futile to eliminate 
the factors which will cause minute errors and neglect at the same 
time gross errors which may be simply the result of haste and care- 
lessness. Due regard must be had for the relative importance of the 
different classes of errors. Too often the distance to a reference 
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mark is measured to millimeters but the record fails to state whether 
it is a horizontal distance or one measured along the slope; or a very 
precise estimate of the phase of a signal may be made and the ob- 
server may forget to tighten the screws which clamp the leveling 
screws firmly to the tribrach. 

The actual pointing of an instrument on an object is a simple 
operation; it is a mistake to try to perfect the pointing after the 
perceptions are once satisfied that the object has been centered on 
the wires. The most satisfactory observations are usually those 
which are made quickly. Speed can be attained by the observer by 
training himself in deftness of movement in manipulating the instru- 
ment and in studying how he can perform the manipulations with 
the fewest movements. 

There are four principal causes of error in the measurement of 
horizontal angles aside from blunders, such as reading a vernier in- 
correctly, and the allowable errors of pointing upon the object. 
These four causes, arranged in the order of the usual relative im- 
portance, are: Instrumental errors, phase, eccentricity, and hori- 
zontal refraction. 

INSTRUMENTAL ERRORS 

The adjustments of the theodolite and the effects of the errors re- 
sulting from lack of perfect adjustment have been described on 
pages 29 to 40. These errors may be summarized as belonging to 
two classes: First, those which may be practically eliminated by a 
proper observing program; and second, those which can not be so 
eliminated. To the first class belong: (1) The errors due to lack 
of proper collimation adjustment; (2) the unequal spacing of reading 
microscopes; (3) the eccentricity of the graduated circle with refer- 
ence to the vertical axis of rotation of the reading micrometers; (4) 
the lack of horizontality of the horizontal axis of the telescope; and 
( 5 )  the orrors of graduation of the instrument, though the last error 
is only partly eradicated by the distribution of the readings about 
the circle. The methods by which these errors are eliminated are 
stated in the section referred to above. 

Among the instrumental errors which can not be eliminated are 
those due to parallax and to lack of horizontality of the graduated 
circle. Tho effects of these errors are describod in the section relating 
to the adjustments of the theodolite, page 29. There are other 
errors, however, which although real are much harder to evaluate. 

Certain theodolites, because of excessive friction in the centers, or 
because of undue tolerance in the fit of the centers or instability in 
thc s11pport of the theodolite, exhibit a “drag” which may be mani- 
fested in either of two ways. If friction in tho contors is causing 
emom they can usually be detected by reading upon the initial 
four times for each position, that is, at the beginning and end of 
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each half-position, instead of onlv twice, as with the usual method. 
If the movement of thc tclescnpc nlitlncte has dragged the graduated 
circlc around with i t  slightly, r2 series of such rcndings will indicate it. 
If the drag is due to slight movements of tho theodolite upon i t s  
supporting surface, tho dcvico shown in Figure 35 will correct the 
fault. 

If there is R lack of fit in the crntcrs or n pirlding in tjhc support of 
the theodolite it, can  oftm hc dctcrted hp  t h e  snmc method of ob- 

I’ii, j i  - I ) I ~ \ K P  fir I i r i l d r i i ~  light I l i r i~r ln l i t r  firnily to 51 inil 

Thr spring5 h IVP thi. rlfwl of iniiklnl! 1 hphl  throilolitr, whirli c.ln ho r m l y  trnncportrd, rest 89 

Armly upon i t s  \upport ,IS wniilil i twrvv l l ~ i ~ i i d i ~ l i l ~ ~  

serving. Its cffcrt can he lessened by s l o ~ l y  swinging the tcle- 
scope through rather n w d e  nrc in n clockwise direction up to the 
initid to hegin it position, in order to force all yiyiclding parts to their 
extreme limit of motion in that direction. The same procyicdure is 
followed in pointing iipon thc other stntions. After reversing, the 
ttlcscope is broiight up to each pointing by swinging in the opposite 
direction. If tho telescope is swung past a station i t  is brought back 
and brought up to it again in tho proper direction. It is R good plan 
to sight hack upon the initial on two or three positions at  each sta- 
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tion in order to obtain information regarding the presence of drag. 
These verification readings to close the horizon should not be used 
in computing directions. 

The changes in an instrument due to changes.of temperature are 
such that even a small theodolite should be protected at  all time 
from direct sunlight if good results are to be obtained. The effects 
of these temperature changes are manifested in various ways. A 
graduated circle will expand on the side next the sun and there will 
be a differential change in the eccentricity of the circle which will 
not be eliminated. Standards will change in their relative elevation, 
the collar of the diaphragm will change its adjustnient, and since 
all of these are changing in amount from moment to moment no 
system of observing will cradicate them. This is one of the principal 
roasons why rapid pointings upon the object give more accurate 
redults than slow pointings. 

Another element which is often not appreciated is the manner of 
manipulation of the instrument. I n  an endeavor to make rapid 
pointings instrumental errors are sometimes introduced which are 
larger than those the observer iR seeking to avoid. Tho hand should 
not rest heavily upon the instrument a t  any time. Slow-motion 
screws and the graduated heads on the screws of reading mic*roscopes 
should he turned with a true rotary motion without lateral thrust. 
Slow-motion screws should always be tested to see if there is any 
dragging when the screw is turned in the direction which decreases 
the tonsion of the spring. If there is any appreciable dragging and 
the cause can not be found and corrected, then the final motion of 
the screw must always be made against the spring. I n  this connec- 
tion it should be noted that many books on geodesy state that the 
observer should invariably make the last motion of the micrometer 
and slow-motion tangent screws against the spring. Extensive 
comparative tests and the experience of many observers on first- 
order triangulation over many years have shown, however, that 
with well machined, and clean, well-oiled screws acting against 
springs of tho proper tension the errors introduced by making the 
final pointing in a direction away from the spring are, a t  least, no 
greater than those resulting in pointing or reading with the final 
movement always in one direction, since the latter method is liable 
to cause larger errors of estimation than the former. 

The cause of large errors frequently lies in the support of the 
theodolite head. The leveling screws should always fit tightly into 
the arms of the theodolite base, and if a tripod is used the legs must 
be clamped firmly to the tripod head. The observer must school 
himself to step wide around the points of support of the tripod or 
stand upon which the instrument rests and to be careful that no 
lateral thrust from the weight of his body shall be transmitted through 
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loose rocks or other means to the tripod legs. When observing 
from towers which have stood for some time, in which nail holes 
have become large and worn and the wood has lost its springiness, 
it  is very difficult to secure good results. 

PHASE 

The errors in horizontal-angle measures due to phase, or to the 
unequal illumination of a target, are often of considerable magnitude. 
In effect it is an eccentricity which could be corrected for if its exact 
amount were known. The difficulty lies in the inability of the 
observer to estimate its amount accurately, for it depends upon 
factors which change rapidly. The angle of the sun with the line 
of sight, the opacity of the signal, the shape of the object sighted 
upon, the intensity of the sunlight, will each have its effect on the 
appearance of the signal. 

Many textbooks give trigonometric formulas for the correction of 
phase which are based upon the direction of the sun. These are 
usually not practicable to apply because other factors enter in. The 
apparent penumbral zone lying between the surface having a full 
illumination and that having no direct sunlight upon it will vary in 
width with the intensity of the light. The formula would also apply 
only to cylindrical or spherical objects, whereas many of our obser- 
vations are made upon squared timbers. A target made of signal 
cloth will show a different phase from one made of lumber of the 
same shape and dimensions. For these reasons the best rule, when 
the outlines of the signal can be seen, is for the observer to make a 
close examination of the signal through the best telescope available 
and decide upon what part of the illuminated surface it is necessary 
to observe in order to eliminate errors due to phase. If the outlines 
of the target can not be seen, a can or other object placed a t  some 
distance away in the direction of the signal will show what part of 
it is illuminated and will give a rough idea as to how to point upon 
the object, if it  is remembered that most of our telescopes are 
inverting. 

Squared timbers should be used for signal poles on short lines and 
one side should be exactly faced toward the observer. On first-order 
traverse a vertical pole with a T cross section has been used to ad- 
vantage. The stem of the T is  a 2 by 2 or 2 by 4 inch piece, while 
the bar of the T is a thin board, which is faced toward the observer. 
The thin edges of the board prevent any errors of phase, and the 
square timber, hidden from the observer’s view, gives the necessary 
rigidity to the pole. 

ECCENTRICITY 

A target or instrument is said to be eccentric when its center is not 
in the vertical line passing through the point to which the observa- 
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tions are referred. The proper correction can always be made for 
eccentricity if the distance and direction to the true station are 
recorded. Often, however, the obsorver desires to make an estimate 
of the error which would be introduced by an approximate amount of 
eccentricity due to phase or to some other causes. This can easily 
be made by remembering that “a  second is a foot at 40 miles,” or 
that an inch represents about 3% seconds at  a distance of 1 mile. 
On short lines the improper centering of either the theodolite or the 
target will introduce large errors. Warped or crooked signals must 
be observed upon with care, and an equal amount of care used in 
testing them for  eccentricity. The safest plan is to point always at 
some certain part of the signal, say at the bottom of the target, and 
to plumb that particular point over the station. Upon reaching a 
signal which has been observed upon it should be tested for eccen- 
tricity before its position is changed and the amount of its eccen- 
tricity recorded in such a manner that the computer can make no 
mistake when correcting the observations for it. 

When using lamps on short lines care must be taken to point the 
lamps directly toward the observer, because the glass in front of the 
light is sufficiently illuminated to be visible to the observer and if 
not centered directly on the line will affect the accuracy of the obser- 
vation. 

(See p. 94.) 

HORIZONTAL REFRACTION 

The horizontal component of the curved path of the rays of light 
which pass from the object observed upon to the theodolite of the 
observer constitutes an error which can not be corrected for. It can, 
however, be avoided in large measure by carefulness in the recon- 
naissance and in the selection of observing conditions. The existence 
of this horizontal refraction can not always be foreseen, but certain 
atmospheric and topographic conditions operate strongly to cause 
such errors, and these will be briefly pointed out. 

Under ordinary conditions the air strata are of greater density near 
the ground and lie roughly parallel to it. Over a sloping terrain these 
strata of different densities are not horizontal, and a ray of light 
passing through them will be bent horizontally as well tgs vertically. 
The greater the difference in density in the air strata passed through, 
and the more they are inclined to the horizontal, the greater will be 
the horizontal bending of the light rays. 

The most potent cause of this variation of density is the unequal 
heating of the air. The force and direction of the wind are also 
determining factors, for with a strong wind the differences in the 
temperatures and densities of adjacent air strata are less marked. 
A very usual condition met with on triangulation is that which is 
encountered when the line of sight passes alongside a bluff or mountain 
slope. Under these conditions it may be necessary to make observa- 
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tions in overcast weather or when the wind is blowing toward the 
bluff, if the first set of observations give indications of horizontaI 
refraction. If the wind blows down a slope and across the line of 
sight the heated air from the slope will often cause trouble. A line 
passing near a building or stone wall will suffer a like change in 
direction. The nearer the cause of the disturbance to the observer 
the greater will be the angular distortion. 

A line of sight passing over a level country may also be refracted 
horizontally by the influence of variations in the vegetation condi- 
tions under the line of sight. I ts  influence can be understood by 
considering an extreme case in which the line of sight passes over a 
region covered with forest, except at  one place where there is a 
V-shaped plowed field, with its apex beneath the line of sight. With 
a gentle breeze blowing across the field toward the line of sight the 
light rays will be bent horizontally, because the heated air from the 
field will have a different density from the atmosphere adjacent to 
i t  on the sides and will form a vertical triangular prism. 

Because of all of these factors night observations are more accurate 
than those made by daylight, although other errors due to similar 
causes may be introduced by night observations. Care must be 
taken in placing the lantern used by the recorder if of a type which 
gives out considerable heat, for if the observer is sighting through a 
column of heated air in the immediate vicinity of the instrument 
refraction errors must be expected. Trucks or tents under or near 
the line of sight may also cause appreciable errors, due to bending of 
the line of sight. 

It must not be thought that errors caused by horizontal refraction 
are always of small magnitude. On first-order triangulation, where the 
probable error of a direction may average about one-half second, 
cases are not infrequent where horizontal refraction has caused an 
error of from 3 to 6 seconds. At times with such errors present a 
single night’s observations will exhibit a very small range in the 
observed directions and there is nothing in the results of the observa- 
tions to indicate that the line is in error. The triangle closures alone 
furnish a guide to the source of trouble. 

One effect of the changes in density of the air is seen in the unsteadi- 
ness of signals and of signal lights when enlarged by the telescope. 
L <  Looming,’’ “waving,” unsteady,)’ etc., are the usual terms applied 
to targets to denote their appearance, while “flickering,” “flaring,” 
and “walking” are descriptive terms applied to lights. In  general, 
it may be said that looming and unsteady targets and flickering 
iights need cause no hesitation or uneasiness on the part of the 
observer, but that waving targets and flaring lights should be exam- 
ines closely to see if there is a semipermanent displacement of the 
center of the image. Set the cross wires of the telescope as precisely 
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as possible on the mark and examine its behavior for a minute or 
two, when the axtent and character of its motion will be evident. 
The term “walking” is applied to a signal or light when i t  suffers a 
semipermanent angular displacement. This displacement has been 
observed to be as much as 10 or 15 seconds with a period of 2 or 3 
minutes; such a large angular displacement is very rare, but when 
it occurs there is little chance of obtaining satisfactory observations. 

OTHER CONDITIONS m E C T I N G  THE ACCURACY OF OBSERVATIONS 

Effect of brightness and size of light.-In laboratory experi- 
ments the size of an object sighted upon has a considerable effect 
upon the accuracy with which it can be bisected by a line. Like- 
wise on triangulation the size of the light may affect somewhat the 
accuracy of the observed direction, but agencies for controlling the 
apparent size of the light are not always available on field work, 
and it has been found that the errors of observation due to pointing 
upon large lights are not large compared to those from other sources. 
Formulae are sometimes found in books on geodesy for determining 
the size of aperture of signal lights for different distances, but such 
formulae are not closely applicable to field conditions whero the 
lines of sight are more than 10 miles long and whero the apparent 
size of a distant light depends almost entirely upon the steadiness 
of the atmosphere. The light from an electric signal lamp may 
appear as a point of light one night and the next will subtend an 
angle of 40 seconds or more; in fact, an hour’s time may cause that 
much chango in tho apparent size of a light. The use of diaphragm 
rings on a light when the atmosphere is unsteady will, onlines 
more than 5 or 10 miles long, reduce the intensity of the light and 
may even make it appear somewhat tenuous, but will not materially 
reduce its apparent size. On lines less than 2 or 3 miles long, how- 
ever, it is usually advisable to use diaphragm rings, or else to use 
a lamp with a small reflector like a flashlight. 

Another factor affecting the accuracy is the apparent brightness 
of the light pointed upon. Without doubt the greatest accuracy 
can be obtained when pointing upon lights of about equal brilliancy, 
for then the illumination of the diaphragm wires can be kept con- 
stant. On the other hand, many years of observing have shown 
it to be possible to obtain the accuracy required on first-order 
triangulation when the signal light is so faint that the proper settings 
must be made on both the horizontal and vertical circles before it 
can be picked up. When the light is very dim the pointing must 
be mado by cutting down the illumination of the wires to the point 
when they are barely visible, then switching !,he illumination off 
until the signal light is picked up and brought toward the center 
of tho wires. By succossivs approximations, since the signal light 
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is not visible when the wires can be seen, a pointing is obtained 
where the position of the signal light as retained by the eye in the 
field of view after the light is obliterated by the illumination seems 
to be in the middle of the parallel diaphragm wires as they become 
visible. It is to secure pointings upon such faint lights that the 
switch controlling the illumination of the diaphragm wires is always 
made in the form of a pressure contact lever, placed where i t  can 
be operated by the hand which is on the tangent screw. 

When the lights are large and flaring it seems almost as difficult 
to secure accurate pointings as when the lights are dim. With the 
parallel diaphragm wires including an angle of from 25 to 35 seconds, 
as is usually the case in large modern theodolites, and with a flaring 
light more than a minute of arc in diameter as a target, it seems 
hopeless to a novice to expect to measure the angle with the accuracy 
prescribed for first-order triangulation. Yet the experience of many 
field seasons shows that it can be done, and that the eye can bisect a 
wide target with a very small error, or a t  least with an error which is 
very consistent and which is largely eliminated by tho method of 
observing. 

When the light is very large and flaring there is a temptation to 
use a lower-power eyepiece in the theodolite, since this seems to 
make the outline of the light more regular by making less prominent 
the flaring fringes of the light. This is a mistake, for the greater 
magnification enables the observer to judge better what part of the 
light to sight upon. Usually thc proper pointing is ncither upon 
the most solid part of the light nor the center of the entire light 
area, but upon a point somewhere between the two. I t  is only by 
experience that the observer can learn to choose this point with any 
certainty. 

Where the light is very intense there is a tendency for the dia- 
phragm wires to “burn out,” that is, to become less visible. Eithdr 
one or both of two remedies may be used to correct this. A signal 
may be sent the light keeper to reduce the number of batteries on 
the light or to substitute old ones, or the observer may increase 
the illumination of the diaphragm wires. Another effective means 
of reducing the injurious effect of bright lights is to have the dia- 
phragm wires heavy and black rather than fine and partly trans- 
lucent. Heavy wires are also an advantage when the lights to be 
observed upon are very faint and the illumination is necessarily 
dimmed. Where two parallel wires are used as a sight it is only 
necessary that they be smooth and a uniform distance apart. Even 
on small instruments parallel vortical wires, if they are mounted 
sufficientlv far apart, are better than the usual intersecting lines, 
since there is no chance for the parallel wires to blot out the target. 
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Par t ly  obstructed light.-If part of a light, when large in diameter 

m viewed through the telescope, should be obstructed, the measured 
angle would be in error and that error would be revealed only by the 
triangle closures. In one instance an error of approximately 7 
seconds was caused by tho light from a station 23 miles away being 
partly obstructed by a tree about 8 miles from the observer. It 
sometimes happens on traverse that a line of sight passing under an 
obstruction is entirely clear by day when the reconnaissance is made, 
but at  night the greater refraction will cause the light to be wholly 
or partly obstructed. 

Rapidity of observing.-In the discussion of instrumciital errors 
it was pointed out that speed in observing was an aid to accuracy 
as well as to economy. Since speed is a relative term an attempt 
will be made to give it a more exact, meaning, for rapid observing 
does not require hurried movements nor does it imply careless work. 
Except in the rare cases where the pointing is being made upon a 
light which has a slow vibrating movement, not more than a second 
or two at  the most should be spent in pointing tho telescope upon 
the light after the observer's perceptions are satisjied that the 
tion is good. It is better to quit the telescope the instant the per- 
ceptions are satisfied with the pointing. The micrometer should 
be read with even less hesitation. When all lights are visible to  the 
naked eye and no time is lost in setting the circle for faint lights, a 
trained observer will average almost a pointing to the minute through- 
out the evening, reading all the micrometers of a three-micrometer 
instrument himself. This means that with a five-light station each 
position will take 10 minutes, including the settings for the initial. 
With a two-micrometer instrument, or when the observer has 
assistance in reading the micrometers, the time will be reduced. 

ACCORDANCE OF OBSERVATIONS 

The fact that the directions to a certain light given by the different 
positions or settings on the circle exhibit a considerable range does 
not necessarily mean that their average value will be far from the true 
one, nor does a small range of values indicate the absenceof some 
constant error. The methods and instruments prescribed will 
usually give the results sought. If they do not the observer must 
locate the source of the trouble as quickly as possible and correct it. 
If the error is due to horizontal refraction it may suffice to elevate 
the instrument or some of the lights. If the refraction error is due 
to seasonal winds it may be advisable to proceed to other stations 
and reoccupy the station affected when the wind conditions have 
changed, though that is usually expensive. Above all, the observer 
must not try to force the observations by sighting on a different 
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part of the light from that which his judgment says is the proper 
point. He must cultivate an impersonal attitude toward his results and 
read the angles as they are, for an angle forced to give a good triangle 
closure will often result in a large correction to a direction when the 
least-squares adjustment is made. The best results are secured 
by treating the readings as true observed quantities until the observa- 
tions are completed. 

DETERMINATION OF VALUE OF ONE DIVISION OF A LEVEL BUBBLE 

I t  is frequently necessary to determine in the field, where a level 
trier is not available, the value of one division of a level bubble. 
This is readily done by the method described below. The principle 
of this method consists in measuring an intercept whose length is 
known, at a known distance, in terms of divisions of the bubble. 
The angular value of the intercept is then calculated and the value 
of one division thus obtained. 

Fasten the level to be tested, by adhesive tape or otherwise, 
longitudinally along the top of the telescope of a theodolite having 
a clamp and slow-motion screw for moving the telescope in a vertical 
plane. Suspend vertically an accurately graduatcd tape at a known 
distance from tho theodolite, say 50 or 100 feet, or else plumb an 
accurately graduated rod at  that distance. If the bubble has a 
chambered vial adjust the length of the bubble so it will extend 
under about one-third to one-half the graduated portion of the vial. 

Point upon some division of the tape or rod so selected that the 
bubble will be near the end of the vial toward the eye end of the 
telescope. Read and record both ends of the bubble, and repeat 
the pointing and readings until about 10 readings are obtained, 
bringing the cross wire of the telescope upon the mark half the time 
from above the mark and half the time from below, to neutralize the 
effect of any friction of the bubble against the vial. The mean of 
all the bubble readings will be the mean position of the center of 
the bubble. 

Next point upon some mark on the tape or rod which will bring 
the bubble near the end of the vial toward the objective end of the 
telescope, take readings &s before, and obtain the mean position of 
the center of the bubble. Measure carefully the distance from the 
rod to the horizontal axis of the instrument, compute the angular 
value of the intercept at that distance, and divide by the number of 
divisions of the bubble between the two mean positions. The value of 
one division of the bubble obtained by this method will be as accurate 
as that obtained on the average level trier. 



CHAPTER 2.-FIRST-ORDER TaIANOULAnON 87 
DETERMINATION OF HEIGHT OF STATION BY OBSERVING SEA 

HORIZON 

At times it may be difficult to connect a triangulation scheme to 
a bench mark. If some of the stations are within sight of the ocean 
the elevations of the stations, as determined by the vertical-angle 
measuremenb carried through the chain of triangles, can be checked 
and made more exact by observations upon the sea horizon, Eleva- 
tions determined in this manner are not as accurate as when frequent 
connections can be made to bench marks, for the observations are 
nonreciprocal and an arbitrary value must be used for the coefficient 
of refraction, m, which may vary for daytime observatioiis on the 
sea horizon from 0.078 to 0.130. The formula for computing the 
height of station from the observed angle of depression is: 

where h = elevation of station above sea level. 
p = radius of curvature of the earth (in the same unit of length 

as h) .  
m = coefficient of refraction. 
8 =observed angle of depression in seconds. 

For ordinary purposes, and where 0 does not exceed 120 seconds, 
the second term of the above formula may he disregarded, as well 
11s powers of m above the first and the formula hecomes,' 

sin2 1". 
1 e a  

h = 2  (1-2m) 

The time of the observations may be noted and a correction for 
height of tide applied if the accuracy of the work warrants it. 

FIELD COMPUTATIONS 

Only such computations need be matic in the field as arc required 
to inform the observer as to the accuracy which is being attained and 
to reduce the observations to such form as will make them readily 
available for office computation. If there is immediate need of the 
geographic positions of the stations on some portion of the line arid 
it is necessary to compute tlie positions in the field, mention will be 
made of it in the instructions to tlie chief of party. All computations 
should be made in a neat and orderly manner, on the forms provided 
for the purpose, and should be kept up to date. The last require- 
ment is the one which demands constant effort and watchfulness on 
the part of the chief of party. 

1 Assuming a mmcient of refraction of 0 130, the error introduced by disregardins the second term is 
0 1 meter (0.3 leet) when 8-60 seconds, 2.1 meters (6.0 feet) when B==lzO secoude, aud 10.2 meters (39.5 
leet) when @-le0 seconds. 
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The record and computation forms used in the field are listed below 
and a brief description of the proper preparation of each form will 
follow. 
Record, horizontal directions. List of geographic positions (if needed). 
Abstract of horizontal directions. Record, double-zenith distances. 
List of horizontal directions. Abstract of zenith distances. 
Reduction to center. Description of station (new stations). 
Triangle-side computation. Description of station, recovery note 
Position computation (if needed). 

Illustrations are given (figs. 36 to 47) for the purpose of showing 
how each form is filled out. 

(old stations). 
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FIG. %.--Sample record of horizontal directions and azimuth observations 

RECORD, HORIZONTAL DIRECTIONS 

A doubIe page of the record book is shown in Rigure 36. The 
means should be checked before the abstract of directions is made 
out, preferably by some one other than the original computer. Each 
page checked should be so indicated by a check mark at  the bottom 
of the page, with the initials of the person checking. There is also 
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shown in Figure 36 one observation on Polaris for azimuth, showing 
how the time and level readings are recorded. The final seconds 
of the direction are not taken out for Polaris, since the mean angles 
for both Polaris and the mark are entered on the computation form. 

ABSTRACT OF HORIZONTAL DIRECTIONS 

It is important that this form be made out carefully, because the 
mean directions derived from the abstract of horizontal directions 
constitute the basis for all the later computations. Every position 
observed at a station, except observations on objects where only one 
or two positions are taken, should appear on the abstract, the rejected 
readings being indicated by the letter R. Sample forms are shown 
in Figures 37 and 37a. 

Where more than one station is used as an initial there will fre- 
quertly be different ways in which the observations can be combined 
to  give the directions from some one initial station. Figures 37 and 
37a will illustrate the proper way to form the combined direction in 
a number of typical cases. 

At station Granite both South Base and Westedge were used as 
initials in the Observations, but South Base was chosen as the initial 
for the list of directions. A supplemental abstract of directions, 
Figure 37a, was first made out for the observations in which Westedge 
was used as initial, and the abstract, shown in Figure 37, was then 
made out for such observations as had South Base for initial. I t  was 
then necessary to transfer the observations made with Westedge 
m initial to equivalent values with South Base as initial, marking such 
transferred directions with the letter T on the abstract to show their 
origin. For example, in Figure 37a the direction of Floyd from West- 
edge, position 1, is 271" 11' 4410, while the direction of Westedge 
from South Base, position 1, is 17' 17' 49N5, and the sum of the two 
directions, 288" 29' 33!'5, is the direction from South Base to Floyd, 
as shown for position 1, Figure 37. Similarly, the values for the other 
positions for Floyd and Williams are transferred from the supple- 
mental abstract to the combined one, using for each position the 
corresponding value of the angle between South Base and Westedge. 

It is not necessary to transfer Frisco from the supplemental abstract 
shown in Figure 37a to the combined abstract for tho reason that a 
complete set was observed on that station from each initial. The mean 
of the directions on Frisco, with Westedge as initial, viz, 326" 55' 
07!57, plus 17" 17' 50!76, the mean of the directions on Westedge 
with South Ruse as initial, gives 344' 12' 58133. The mean of this 
value of the direction to Frisco and that obtained with South Base 

initial, 344" 12' 57169, is used in the list of directions shown in 
Figure 38. If more than 10 or 12 acceptable positions are obtained 
on any one night for a direction, that night should be given unit 
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weight with any other night in determining the mean direction. In  
general, where 10 or more positions of a direction have been measured 
on each of two or more nights no one night's observations should be 
rejected unless it is more than one-half second from the mean of all 
the values for that direction. If the divergence from the mean is 
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greater than one-half second. that night 'R observations should be 
sclected which will best close the triangles, provided that at least 12 
acceptable positions are available for the retained direction. 

I t  will be noted that since the angles were measured from South 
Base to Westedge, from Westedge to Frisco, and from South Base 
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to Frisco, the proper value of the direction from South Base to the 
other two points could be secured most accurately by a least-squares 
adjustment (see Station Adjustment , pp. 8-1 3, Special Publication 
No. 28). In most cases, however, the results obtained by this sta- 
tion adjustment do not justify the time required to make the com- 
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putation, but a mean value for the sum angles can usually be obtained 
by arbitrary methods which will meet sufficiently woll the final 
demands for accuracy. When a number of sum angles are measured, 
however, and especially when the means obtained by different com- 
binations vary considerably, a station adjustment may be made. 

66723 -2Bt-7 
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The direction to triangulation station Floyd, Figure 37, has two 
acceptable values for position 6 .  In  such cases the mean is taken 
of all values for a position and that mean given unit weight in the 
final mean, on the theory that a symmetrical distribution of the 
readings around the circle is essential to accuracy. With an accu- 
rately graduated circle it is probable that the variation due to the 
graduation is not quite so large as that due to errors in reading, but 
the rule of unit weight for each position is the safest to follow as a 
uniform procedure. 

Rejection of observations.-The chief difficulty in making out 
the form lies in deciding what observations to reject. The usual 
formulse for the rejection of observational quantities are too cumber- 
some to apply, and are not satisfactorily applicable to a short series 
of observations. It is, therefore, customary to apply an arbitrary 
limit of rejection, determined empirically from previous experience 
with the instrument used or with one of similar qualities. For obser- 
vations with the type of theodolite usually used on first-order triangu- 
lation the rejection limit for the angular value of a direction on any 
one position of the circle may ordinarily be taken as 4 seconds from 
the mean. Specific ways in which the rejection limit is to be applied 
are indicated below. If it is found that with such a rejection limit 
the number of rejections is averaging much in excess of 10 per cent 
of the entire number of observations, application may be made to 
the director to increase the rejection limit, though before that is 
done every effort should be made to determine the cause of the large 
range. 

The following rules will be a sufficient guide to the rejection of 
observed directions : 

1. No reading should be rejected if it falls within the limit of 
retention (in the sample this limit is *4!0 from the mean) unless 
rejected at the time of taking the observation. The observer’s 
reason for rejection should then appear in the original record. This 
rule will not apply to the case where one set of observations of a 
direction is rejected in favor of another set of 12 or more positions, 
as provided for on page 90. 

2. If two or more readings have been taken for a single position the 
mean should be used if all readings come within the limit of retention. 

3. If one reading falls without the limit and one within the limit, 
do not use a mean even though the mean be within the limit. Use 
instead the single reading within the limit. 
4. If both readings fall without the limit, one being abnormally 

high and the other abnormally low, and the mean falls within the 
limit, reject both readings and try the position again. If a reading 
is not obtained within the required limit reject the position entirely, 
using the remaining po~itions to compute the mean direction. 
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5. In  casc the 16 readings seem to fall in two groups, the mean of 

one group differing from the other by two or more seconds, extreme 
care is necessary on the part of the observer. The mcan of the 16 
values is evidently an erroneous value for the direction in this case. 
The safest plan, and the one which should be followed if the average 
closing error is more than 1 second, is to observe the entire 16 positions 
a second time and use the new data to determine the valuo of the 
direction. 

6. Before computing a trial mean any observations so far from the 
approximate mean as to be very evidently the result of blunders 
should be rejected. After a trial mean is obtained and the rejection 
limit applied, the observations so rejected should not be again in- 
cluded even though the new mean would bring them within the limit 
of rejection. 

7. The results obtained by applying rigorously the limit of rejec- 
tion, even though the quantities rejected are just outside the limit, 
will probably be but little different from those derived after long 
consideration, and much time can be saved the field party by a strict 
application of the rule. 

LIST OF DIRECTIONS 

On the list of directions, Figure 38, the mean directions of all 
unrejected observations are arranged in order of azimuth from some 
one selected initial. It includes not only the mean directions to the 
principal stations as listed and computed on the abstract of directions, 
but also the directions to intersection points and reference markE. 

The data on this form constitute the material upon which the 
office computations are based, and these data should be so completely 
checked that there will be no need in the office to resort to the record 
book or the abstract of directions. The only exception to this rule 
is where there is not sufficient time in the field to make all the eccen- 
tric reductions without delay to the progress of the party, and this 
contingency is provided for in later paragraphs. 

On the back of the form for the list of directions are instructions 
for its preparation. ’ Only two points covered by those instructions 
need be mentioned here, viz, the number of decimal places to be shown 
in the mean angle and the treatment of eccentric directions. As 
regards the first, on first-order triangulation the directions to main- 
scheme stations should be carried to hundredths of a second, direc- 
tions to second-order stations and to sharply defined permanently 
marked intersection stations to tenths of seconds, and directions to 
other points, such as mountain peaks, to seconds. Directions to 
near-by objects, such as witness or reference marks, need be taken to 
the nearest 10 seconds only. In general two uncertain figures should 
be given; that is, the third digit from the right in the number denoting 
the seconds should not be in error by more than one unit. 
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The second point to be emphasized in the preparation of the list 
of directions is the recording of the eccentricity and the reduction 
of the observed directions to center. If a direction has not been 
reduced to center the seconds pertaining to that direction should not 
be written on the form in ink, but in pencil. This rule should be 
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BIG. 38.-Snrnple list of directions 

invarittbly followed, for otherwise an unreducea direction may be 
used for a reduced one. 

On the list of directions the main-scheme stations should be easily 
distinguishable from the other points listed. This can be achieved 
by printing in heavy letters the names of the main-scheme stations, 
while the names of the other points are written in with ordinary 
width of line. The sample list of directions shows the appearance 
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produced by such a system. The distinction between the main- 
scheme points and others can be further accentuated by the use of 
asterisks if desired. 

Whether the directions shown on the form have been reduced for 
eccentricity or not, any eccentricity of lights or instrument at  a 
station should be recorded on the list of directions in a form that is 
entirely free from any possibility of misinterpretation. The form 
of record shown on the sample in Figure 38 should always be used 
when the light was in an eccentric position and the instrument was 
centered. 

Wherever it is possible to mount the theodolite directly over the 
mark it should be done, even though the light has been shown from 
an eccentric point. To have an instrument, mounted eccentrically 
when it can be avoided simply causes unnecessary computation. 
Directions to eccentric lights can be easily corrected by the nomo- 
gram shown in Figure 39, or by tables computed decimally for lines 
of various lengths and for eccentric distances of different amounts. 

When the theodolite must be mounted eccentrically to the station, 
for the purposes of field computation all directions may be reduced 
to the eccentric station and the station should be so nanied-as, 
“Itoundtop Eccentric.” In  this case the angle and distance to the 
marked station should be recorded in the manner shown in Figure 
38, making sure that the points on the sketch representing the eccen- 
tric station and the marked station are distinctively marked. 

When at  any station the theodolite is eccentric and the light a t  
that station has occupied a different eccentric position the measure- 
ments to the eccentric light may be made and recorded in either of 
two ways. When the light is not farther from the marked station 
than a decimeter, one edge of a straightedge of some kind can be 
placed in the vertical line through the marked point and sighted 
successively at  all stations to which the eccentric light was shown, 
the noma1 distance from the eccentric light to the true lines being 
measured and recorded as “Light at Granite when showing to Union 
0.011 meters to the west of line to Union.” When recorded in this 
manner there is no chance for ambiguity. 

When the instrument is eccentric and the light is shown from a 
different eccentric point which is more than a decimeter from the 
vertical line through the marked station, it is better to measure the 
distance to the eccentric light from the point occupied by the theodo- 
lite and the angle &t the theodolite point from the eccentric light to 
some main-scheme station. The distance and direction from the 
marked point to the eccentric light can then be found by solving the 
small triangle shown in Figure 38. 

The importance of the proper recording of the eccentricity of lights 
and theodolites has been emphasized for the reason that more mis- 

The sketch should always be included. 
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I 
FIQ. 30.-Nomogram for reduction t o  center 

Copies of this nomogram on heavy paper can be obtained on requisition. 
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takes and ambiguities in triangulation records are traceable to that 
source than to any other. 

REDUCTION TO CENTER 

When observations are made upon an object which is not in the 
vertical line through the point to which the observations nre to be 
referred, the object sighted upon is termed an eccentric object rlnd 
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whlch they are to be a p p h  M d e d  on FOtm Za. 

Carr o to mlnuted only m d  .U bgUlthm0 to five deelmal places onl 

REDUCTIONS FOB AN ECCENTRIC INSTRUMENT 

If the Instrument Is eecentrJc the fint WlUmn Of t hh  form rhould c o n a n  the nmes of the itatloas obeervad from that 
eccentrlc posltlon of the Instrument. 

Tho valusa in the Uth COlumn are derived by auhtractlng thoae In the fourth column from thoee In the thlrd. The 
values in the fourth column may need to he derlvod by ruccedve approxlmatlonr from the t r h g l e  old8 computations U the 
eccentric reduction8 am large. The V d U W  h the sixth column are obWnad from thoae In the 5fth by addlng log 

- - 11111 1" 
derlied M lndlcated In the heading Of tho form If d I# ex m o d  In meten. If d In e x p d  In feet to  the other two 
logarithm# add also 9.48402 to  Convert to meten: To ob& a diraetlon u ahawn on Form 14 A, s u b d c t  the reductlon e 
for the statloo whlch la the lnltbl on Form 24 A from the reduction c for the requlred directlon and ap I the dlllerence to  
the observed dlrectlon. B l d h l Y  the OOrrWtiOn $0 any *n&h b tbe dllsrsdce of the reductlons on &i form to the two 
dlreotlona involved In that angle.' 

REDUCTIONS FOR AN ECCENTRIC OBJECT OBSERVED 

If the object obsery?d Is eccentrk the hwllne "hcentrlc h t l o n  -" sbould be changd to "Eccentric Observed 
Object a t  Station - the 8nt column should O O n W n  the namw Qf the mtatlons from which thls eccentrle object ww 
observed, and In each'c.as a la the directlon from the eccentrlc object to the dhtant statlon Involvd 
clockwise directlon .a usual but referred to the dirwtlon from the wcentrlc object to the true 8btlOn or ~b~~~~~~~~~~ 
Lgro. ( N ~  dhtinctlon needbe made hetween the dwctlon from the eccantrlc ob eet to the diatant mtation and thd direorion 
from the true station to the distant station except when the eccentric redUCtlOa 18 more than one mlnute ) The rem&lndsr 
of the utstion on this form I s  made In the manner Indicated above d t h  reference to an eccentria'lnstrument. 
reductlono !a directlons are however to he applled to obaerved directlom at  the StatioM nuned in the Rrst column to::: 
eccentric object a t  the stailon na&d In the headlng. The directiolu wblch theno reductlons are to be applied are 
therefo(e found In varlolu of the Ustd of dhctlons on Form 14 A, not dl in O M  b t  u Ir the cane when the lnitrument 
eccenmc 

Compare the fcllowlng example with that Jven on Form 24 A. 

REDUCTION TO CENTER 

Eccsn(ric Slatian: ChMe. 

d - la 887 don. 

Lo d -  1.04088 
&lo# sin!'' - 6. 31443 

Sum e 7  

FIQ. 40.--Sample form for reduction to center 

the computation necessary to correct the angles to make them refer 
to the true object is called the reduction to center. The same pro- 
cess is nscd to rrduce to the true station the observations mado a t  
nn ccccntric station. 

Tht~ cortiputrttion for the reduction to center is inost easily made 
on Forin 382. The instructions given on that form, wliic*h include it 

numericctl example of a reduction to center, are rcproduccd in Figure 
40 and givo amplo information for making tho computation. 
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TRIANGLE-SIDE COMPUTATION 

The usual arrangement of this computation is shown in Figure 
42. The sketch of the quadrilateral, Figure 41, shows the relative 
positions of the stations, the known line being Cosmos-Camp. 

The ob- 
served angles are taken from the list of directions previously compiled 
and the closure of the triangle obtained without regard to spherical 
excess. As a check on taking out the angles it may be noted that the 
sum of the closures of the two triangles formed by one diagonal is 
equal to the sum of the closures of the two triangles folined by the 
other diagonal. Thus, - On08 + 1!W = + 0?52 + 1PO9. 

Having checked the taking out of the observed angles in this 
manner, the angles are then used to compute preliminary lengths for 
use in the computation of spherical excess. Five places of decimals are 
sufficient for this computation in all caaes, and four places will usually 
give the required accuracy. 

The spherical excess is computed by the formula e=u b sin C x m ,  
where e is the spherical excess, a, 6 ,  and C are two sides and the 
included angle, respectively, of the corresponding triangle, and m a 
factor depending upon the latitude of the triangle and the dimensions 
of the spheroid. Values of log m for the different latitudes, repro- 
duced from page 16 of Special Publication No. 8, Formula and Tables 
for the Computation of Geodetic Positions, are given on page 165. 
The quadrilateral of the sample computation has a mean latitude of 
5 7 O  00’. 

The computation of the spherical excess of triangle 1 is given below: 

Every triangle should be incIuded in this computation. 

log distance Cosmos to Camp=3.92493 
log distance Cosmos to Creek=4.11975 
log sin 6 6 O  08’ 32” .02 
log m (57’ 00’) 

-9.96121-10 
=: 1.40280- 10 

log e 
e 

= 9.40869 - 10 
= 0.26 

This computation may be made in small figures directly upon the 
triangle computation form. The same check prevails in the compu- 
tation of spherical excess as was noted in the taking out of the 
observed angles. 

The spherical excess is distributed among the threo angles of the 
triangle as shown in the form, viz, onsthird to each angle. 

The closing errors of the triangles with the spherical excess con- 
sidered are next obtained, being checked in the example by the equa- 
tion, .f 0.18 + 1.82 = + 0.66 + 1.34. 

This closing error is now distributed among the three angles of the 
triangle, one-third to each angle, and the spherical angles obtained. 
By subtracting one-third the spherical excess from each spherical 

Thus, 0.26 +0.13 = 0.14 + 0.25. 
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ir 
a 

Fia. 4l.-Quadrilateral 
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angle the corresponding plane angles of the triangle are obtained. 
These plane angles are used only for the computation of the sides of 
the triangle. 

The computation of the sides of the triangle is by the well-known 
lcw of sines. In  triangle 1 of the sample 3.9249253 is the log of 
the distance in meters from Camp to Cosmos. This distance is 
known from previous computations. 0.2086029 is the log cosecant 
of 38’ 12’ 45”.50. 9.9862246 and 9.9612085 are logs of the sines of 
75’ 38’ 42”.51 and 66’ 08’ 31”.99, respectively. The sum of the first, 
second, and third of these logs gives 4.1197528, the log distance Creek 
to Cosmos, while the sum of the first, second, and fourth gives 
4.0947367, the log distance Creek to Camp. Other triangles of the 
quadrilateral are computed in like manner, an approximate check 
being obtained upon the logarithmic work by the two values obtained 
for each of the three lines, Bluff 3-Camp, Bluff 3-Creek. and Bluff 3- 
Cosmos. 

The line Bluff 3-Creek in tne example is used to carry the triangu- 
lation forward to other quadrilaterals. The length obtained from 
the strongest chain of triangles through the figure should be used, and 
not the mean of the two or more values obtainable by using various 
combinations of triangles. The strongest chain of triangles should 
likewise be used in computing positions. By the strongest chain is 
meant the chain with the smallest L: R, and not necessarily the one 
with the smallest triangle closures. 

In  triangle 1 ,  Figure 42, the lengths of the lines Creek-Camp and 
Creek-Cosmos are obtained. Either of those lines could have been 
used in triangle 3 to obtain the length Bluff 3 to Creek, but the line 
Camp-Creek was chosen because it gave a stronger determination 
of the line from which the lengths would be carried ahead through 
the scheme. Similarly, to go from the line Camp-Cosmos to the 
line Bluff 3-Cosmos and thence to the line Bluff %Creek is much 
stronger, as measured by the R’s of the individual triangles, than to 
go by way of the line Bluff &Camp. 
A word of caution.-Reference has been made repeatedly to the 

errors in closure of the triangles. This has been chosen as the crite- 
rion by which the observer must judge the aocuracy of his work, 
because it is the test which can be most easily and quickly applied in 
the field. 

I t  should be remembered, however, that this is but one of the tests 
that the season’s work must pass. The lengths of the various lines 
of the triangulation when computed through the various chains of 
triangles must check to a degree of accuracy comparable to the 
triangle closure. When the triangles have been closed by applying 
one-third of the error of closure to each angIe, and the triangle sides 
computed, the logarithms of the length of a side, as computed through 

- 
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the various chains, should differ by not more than one and one-half 
or two times the tabular difference for 1 second of the smallest angle 
entering into the computation .of that logarithm side. 

Finally, there must be satisfactory agreements between the azi- 
muth as computed through the scheme and the corrected observed 
azimuth at  each Laplace station, and also between t'he length of a 
base as computed through the triangulation from the last base and 
its measured length. If the observer bears in mind these additional 
tests which his work must meet he will not unduly force an angle in 
a certain direction in order to make a better triangle closure, 

POSITION COMPUTATION 

In Special Publication No. 8, Formulx and Tables for the Compu- 
tation of Geodetic Positions, is found all the information needed for 
computing the geodetic positions of points or of computing the dis- 
tance and azimuth between the two points when their geodetic posi- 
tions are known. Since these computations can not be made con- 
veniently without the use of factors tabulated in Special Publica- 
tion No. 8, the computation form is not reproduced here. 

LIST OF GEOGRAPHIC POSITIONS 

This form, infrequently used in the field on first-order triangulation, 
is little more than a tabulation of data from the position-computation 
sheet, arranged as shown in Figure 43. The equivalent in meters of 
the final seconds of lntitude and longitude is computed in third-order 
triangulation from tables given in Special Publication No. 5 ,  Poly- 
conic Projection Tables, and tnbulated for convenience in plotting 
the points on projections. This column need not be filled out for 
first and second order triangulation points. 

To save time and space any one line of the triangulation is tabu- 
lated only once. For instance, the azimuth and length of the line 
Sari Jum-Handy is found only under San Juan. 

RECORD, DOUBLE-ZENITH DISTANCES 

The arrangement of the record book and a specimen computation 
of the zenith distance from observations with a vertical circle are 
shown in Figure 44. The mechanical arrangements of vertical 
circles are so varied that no one general rule will suffice for computing 
the zenith distance, Of the circles which are graduated from 0' to 
360' some are repeating and others fixed, some are graduated clock- 
wise and others counterclockwise, while the level bubble may be 
mounted on either the frame or the vernier circle. 

When the circle is graduated clockwise from 0' to 360' twice the 
zenith distance ia equal to the reading with the circle right minus 
the reading with the circle left. When the graduation is ccunter- 
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GEOGRAPHIC POSITIONS 

STATION, WNOITVDE. ynur BACK aZIYITrE. TO JTATION. LATITUDE UD 0-XP m ).z,yvTB 

. , I, . , I, 

Nand/, /9 /7  26 05 3669 215 16 06./ 35 I7 30.2 Donna 
d m  98 05 56.31 276 / z  m.5 98 I6 060 R i o  

Sun Juan, 1917 26 / f  1852 295 07 340 115 09 1-59 Donnu 
d m  98 06 3651 353 55 49.4 173 56 072 Handy 

Mc A//en, 1917 26 /4 0195 291 10 582  /// 14 247 Sun Juan 
d m  96 14 2387 317 45 454 /37 49 292 Handy 

N i c k l c F  1917 26 08 4805 197 43 I32 / I  44 023 Mc A//cn 

I. I C r  43 -3 Lluple ll>t of geogr.3phlc po>ltloIh, field iomputdtlon 

dR?. 96 I6 /508 288 51 10010g 5s 424 Hundy 

3.962926  9 / 8 / . 8  30124 
4.189998 /5468.1 50614 

9 8 5 0 5 8 5  7089.0 23258 
4023 922 10566.3 34666 

4 1.63554 /39/ 7.3 45660 
&Sa861 20982.7 68141 

4.006096 /0/4/.4 33272 
4.253351 f8169.8 59612 
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clockwise the subtraction is made in the reverse order. If the circle 
reads altitudes or zenith distances direct the computation consists 
merely in taking means. 

If the level bubble is mounted on the vernier circle the bubble is 
usually brought to the center of the tube before the circle is read and 
no level correction is made. If the bubble is read the level correction 
is computed by the following formulas: 

With the level graduations increasing numerically from the middle 
toward both ends, 

c= % { ( E + E , ) - -  (O+O,}d. 

c= %{(E,--  4) - (0- 0,) }d, 

With the graduations numbered continuously from one end, 

in which 0 and E are the readings of the ends of the bubble toward 
the objective and eyepiece, respectively, when the larger numbers 
are toward the objective, and d is the value in seconds of one division 
of the level vial. 

The value of one division of the level should be entered at  the begin- 
ning of each volume of obsemations. If the value is not known it 
can be determined by the method described on page 86. 

The observations of double-zenith distances, shown in Figure 44, 
were made upon a star, but the form would be the same for observa- 
tions upon a triangulation station except that the time shown in the 
Remarks column would not be recorded, nor would the thermometer 
and barometer readings be given. In connection with each object 
observed upon, however, it should be noted whether the ground, tripod 
head, helio, or lamp was being pointed upon, in order that the observa- 
tions may be properly referred to the station mark. In  the Remarks 
column on the first page of observations at a station, a record should 
be made of the heights above the station mark of the tripod head of 
the tower or stand, the telescope of tJhe vertical-angle instrument, the 
helio, and the lamp. 

In the record shown in Figure 44 some of the vernier readings 
have bars over them. One bar indicates that the seconds recorded 
refer to a minute on the graduated circle one less than the minute 
recorded for the A-vernier. For example, in the first measure of 
the zenith distance of Aldebaran the readings of the minutes and 
seconds of verniers A, B, C, and D with circle left (L) are, respec- 
tively, 8' OO", 6' 50", 7' 30", and 7' 40". 

(See page 75.) 

ABSTRACT OF ZENITH DISTANCES 

A sample of this form completely made out is shown in Figure 45. 
Little difficulty should -be encountered in the preparation of this 
abstract. Column 7, headed " Reduction to Line Joining Stations," 
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is essentially a vertical eccentric reduction. 
computation is 

The formula for its 

t - 0  .).= 
s sin I" 

where r is the reduction in seconds, t - o  the difference in heights 

m u  m . 0  x.rr * . * "  
6/21 2:30 Ba// /.Os5 1.370 tam -0.7 go 39 3 5  

3!OS 

8 /22  3:37 Ho/mw>,Jn! 
hou-, c row 

on windrone 

90 39 323 
90 39 342 
90 39 32.7 

90 39 33.3 
90 39 35.5 

90 39 35.9 
90 3938.5 

356 90 39 34.9 

0 L370 tI.370-70-3 93 42 30.4 
93 42 30.Y 

93 42 2 3  
29.6 93 4 1  19.3 

0 1.370 +/.370 -12.7 92 49 25.0 

92 49 23.6 

92 49 a 
25.6 92 49 12.9 

Pro. Ib.-Sttmple abstract of ztmth distances 

from the preceding column, and s the distance in meters between 
the stations involved. This reduction need be made only when the 
observations are reciprocal, and also may be omitted if it' will delay 
the party. All other parts of the form should be completely made 
out and checked in the field. 
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DESCRIPTION OF STATIONS 

Specifications for the marking of stations are given on page 20. 
It is very desirable that the mark for the station be permanent. Of 
equal importance to the future recovery o€ the station is the descrip- 
tion of the station, which should he clear, concise, and complete. 
The first part of the description should enable one to go with cer- 
tainty to the immediate vicinity of the station, while the latter part, 
the detailed description, by its measured distances to reference marks 
and its description of the station marks must inform the scarclirr of 
the exact location of the station and make its identification certain. 

The original description should be written in the horixontal- 
direction record book or in a separate notebook carried by the re- 
corder for that purpose. While at  the station, or as soon as possible 
after leaving it, while the topography of the vicinity is fresh in 
mind, the written notes should be transferred to Form 525, on a 
typewriter if practicable. A single copy only is required to be sent 
to the office, but it is a good plan hlways to make one carbon copy 
to be retained in the field for reference until the end of the season, 
when the duplicates can be transmitted to the office for issue to field 
parties as needed. The form, after being completely filled out, 
should be read over carefully to see that there are no reversed tlirec- 
tions and that no part of the description is vague, ambiguous, or 
erroneous. 

The specimen description of triangulation station in Figure 46 
illustrates the progressive localization referred to above, for, begin- 
ning with the naming of the State and county, the description gives 
the distance and direction of the station from the nearest town, its 
location in a particular quarter-section, and finally the distances 
from reference marks and near-by topographic features. As a guide 
the engineer should keep in his mind the thought, “What facts should 
be available to engineers in order that they may recover this station 
25 years hence?” In particular, measurements should be made and 
recorded to section lines, road centers, wells, etc., and the location of 
reference marks with reference to such permanent features should 
also be noted. 

Notes la, Tu, etc., on the specimen form refer to particular kinds 
of marks, as described below. The use of such a notation decreases 
the time required for writing the description, and also appreciably 
reduces the cost of printing the triangulation data. These notes 
describe the marks in general terms only, and any essential divergence 
from these types should be mentioned in the description. 

If a tower was required at the station described, the description 
should state the height of the tower. Since it frequently happens 
that a tall tower is required to render one or two of the adjoining 
stations visible while others may be visible from the ground, the 
description should also state the approximate heights above the 



DEPARTMENT OF COMMERCE 

Porm 655 U. I. C O U ?  AND C E W € l l C  SUWlT  DESCRIPTION OF TRIANGULATION STATION 

Pldorado 
Referenoe mark No.1 
Reference mark M0.2 

NAME OF STATION: Gould 
CHIEF OF PAR-: E. 0. Heaton 
Surface-station mark, Note,* lo 
Underground-station mark, Note,* 7a 
Reference mark, EO. 1 Note,* l2a 
Reference mark, NO. 2 Note,* lla 
Witness mark, Note,* 
Witness mark, Note,* 
Height of signal above station mark 
Height of telescope above station mark 
Detailed description: 

meten. 
meterr 

meters ' ,, 0 . 0  

0 00 00 
35.15 36 48 31 
6 7 . u  151 14 01 

STATE: O k l s h o r n  COUNTY: Harrmn 
YEAR: 1923 LCCALITY: GOUld 

DISTANCES AND DIRECTIONS TO REFERENCE MARKS AND PROMINENT OBJECTS I 
OSJECT I DISTANCE 1 D IRECTION 1 A Z I Y U T U  I 

About 1/2 mile northeast of  the town of Could, i n  the 1/4 sec. 6, 1. 2 N,, 
R. 24 P., aboGt 1/2 mile east  o f  the residence o f  J.E. W i l l i n g h a m ,  which is  the 
first house north of the railroad track &nd about 100 meters eas t  of  the hi@way, 
The s t a t ion  is on the highest point of the extreme southern end of  a ridge, wlth 
bluf f  on south and eas t  s ides ,  and is 54 meters e a s t  of  the north and south fen- 
l i ne ,  where this fence l ine  turns southwest. 

northwest of the station. 
Reference mark Uo.1 is south o f  the  s t a t ion  and No.2 is in the fence l i n e  

Described by 2.0. fieaton. Markedby J.s- dilbU- 

Nm.--Tbe imtlsl dustion must be I o  a ~DLII scheme stption. 11-L701 

'Seep. 108. 
PIG. &.-Sample description of triangulation station. 
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ground at  which the various stations observed upon become visible. 
Such information is of great value in deciding from what points new 
work should start. 

Surjace marks 

Note i.-A standard disk station mark set in the top of (a)  a square block or 
past of concrete, (b) a concrete cylinder, (c) an irregular mass of concrete. 

Note-&-A standard disk station mark wedged in a drill hole in outcropping 
bedrock (a )  and surrounded by a triangle chiseled in the rock, (b) and surrounded 
by a circle chiseled in the rock, (c )  at the intersection of two lines chiseled in the 
rock. 

Note $.-A standard disk station mark set in concrete in a depression in out- 
cropping bedrock. 

Note &.-A standard disk station mark wedged in a drill hole in a bowlder. 
Note 6.-A standard disk station mark set in concrete in a depression in a 

bowlder. 
Note 6.-A standard disk station mark set in concrete a t  the center of the top 

of a tile (a) which is embedded in the ground, (b) which is surrounded by a mass 
of concrete, (c) which is fastened by means of concrete to the upper end of a long 
wooden pile driven into the marsh, ( d )  which is set in a block of concrete and 
projects from 12 to 20 inches above the block. 

Underground marks 

Note 7.-A block of concrete 3 feet below the ground containing at the center of 
its upper surface (a) a standard disk station mark, (b) a copper bolt projecting 
slightly above the concrete, (c) an iron nail with the point projecting above the 
concrete, (d) a glass bottle with the neck projecting a little above the concrete, 
(e) an earthenware jug with the mouth projecting a little above the concrete. 

Note 8.--In bedrock (a) a standard disk station mark wedged in a drill hole, 
(b)  a standard disk station mark set in concrete in a depression, (c )  a copper bolt 
set in cement in a drill hole or depression, (d)  an iron spike set point up in cement 
in a drill hole or depression. 

Note 9.--In a bowlder 3 feet below the ground (a)  a standard disk station mark 
wedged in a drill hole, (b) a standard disk station mark set in concrete in a depres- 
sion, (c) a copper bolt set with cement in a drill hole or depression, ( d )  an iron 
spike set with cement in a drill hole or depression. 

Note 10.-Embedded in earth 3 feet below the surface of the ground (a) a 
bottle in an upright position, (b) an earthenware jug in an upright position, (c) 
a brick in a horizontal position with a drill hole in its upper surface. 

Reference marks; 

Note 11 .-A standard disk reference mark with the arrow pointing toward the 
station set at the center of the top of (a)  a square block or post of concrete, (b) 
a concrete cylinder, (c) an irregular mass of concrete. 

Note 1,9.-,4 standard disk reference mark with the arrow pointing toward the 
station ( a )  wedged in a drill hole in outcropping bedrock, (b) set in concrete in a 
depression in outcropping bedrock, (c) wedged in a drill hole in a bowlder, (d) set 
in concrete in a depression in a bowlder. 

Note 13.-A standard disk reference mark with the arrow pointing toward the 
station, set in concrete at the center of the top of a tile (a )  which is embedded in 
the ground, (b) which is surrounded by a mas8 of concrete, ( c )  which is fastened by 
means of cgncrete to the upper end of a long wooden pile driven into the marsh, 
(d )  whicb ia set in a block of concrete and projecte from 12 to 20 inches above the 
block. 
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Witness marks 

Note l4.-A conical mound of earth surrounded by a circular trench. 
Note 16.-A tree marked with (a)  a triangular blaze with a nail at the center 

and each apex of the triangle, ( b )  a square blaze with a nail a t  the center and each 
corner of the square, (e )  a blaze with a standard disk reference mark set at its 
center into the tree. 

Recovery note, triangulation station.-Whenever a station 
established during some previous semon is recovered or searched for, 
Form 526, Recovery Note, Figure 47, must be made out and trans- 
mitted to the office. Any deficiency or lack of accuracy in the orig- 
inal description, any change in the character of the marks or of the 
topography near the station, or any information which will make the 
station more readily recovered in the future, should be recorded on the 
recovery note. If the station is looked for and not found, the recov- 
ery note should describe in some detail the completeness of the search 
in order that the office may know whether or not to mark the station 
in the records as “lost.” If the evidence seems conclusive that the 
station is lost a definite recommendation should be made on the 
recovery form by the officer in the field that the station be listed as 
such in the office records. 

SEASON’S REPORT 

Although not properly a part of the records, the season’s report is 
such a valuable adjunct to them that it is worth while to indicate its 
gencral form and characteristics. Considered as an administrative 
and professional report on a completed project, it should cover in 
more or less detail the following points: 

1. Purpose and scope of work, as shown by excerpts from instructions or by 
a condensed statement. 

2. Locality, with description of such topographic and climatic and transporta- 
tion conditions as affected organization or progress of party. 
3. Organization of party-personnel, equipment, transportation, subparties, 

etc. 
4. Chronology of progress of work. 
5. Discussion of results, supported by pmgr0~8 sketch and statistics of field 

6. Statement of costs. 
7, Recommendations, or special features. 

The report should be clearly written, logically arranged, and con- 
cise. I t  may vary in length from a 2-page report covering a routine 
piece of work to a 15 or 20 page report with photographs illustrating 
phases of the season’s activities, when those activities me diversified. 
Even a short report, however, will necessarily embrace the features 
listed in the outline above, even though the text relating to  some one 
or more of them might be condensed to  a single paragraph or sentence. 

Ea& season’s report must be accompanied by statistics of field 
work on the form provided, and also by a progress sketch on rvhich 

work. 



R RECOVERY NOTE, TRIANGULATION STATION. 

NnmE OF Sinow:  ...................................................... ~ A ~ :  .................................... C o n ~ r ~ :  ........................................ 
&TABZJmZD BY: ...... W E  ?--> ...................... Grarnrrll YEAR:.. 1857 .......... h A l J T Y :  

OEPARTYENT OF COYYERCE. 
u. L OW. 1.0 .Coo€,* .UI"S*. 

Form ISM. Caliroraia Venturn 
Cemarillo or Huenenm ...................................................................................... 

b4XJPEUXD BT: ..... F>W*--H-@!& ......... YEAR: .................................................................................................................. 1923 

Detailed sistemcnt .LI to the fitness of the o r y d  derniption: The station is on top ~ - ~ ~ ~ . - * ~ - ~ - ~ - ~ . ~ ~ ~ ~ ~ ~ ~  of the ai@ p e a  .- ................................................. ........ - ................. ns~est . fbd--Oa~cm-l!  .... tw.*$m3~~E-w. -a!?uth.. of. .Hue.*,.-. ................................................ 

................. .le.~r..ts..tbs..8~~~~Q~ .... ~6-.848tioP.V8..-f.?U.~...aS.-de.S-O.ri-~~-a~i-n-.~ell?.nt ............. 

................ ..Q Qmf&&lr ... .&ll---a!l. .Qlr?..re~@.BIQW--K@W!V!. .?We. ..?fO.Q.%.&.*-.. -.&-!.%?!?&%?% ..!.?&%!!@- .......... 

.................. k f i ~ ~ n  . . ~ e . ) s . . a r . .  nsf .. in. ..#e..s?dL3.-h.ola..ia.t.~..oenter-.?i-th.e.~p~o~~t.,..~~.~~.re- ........... _ _ _  

................. mar.lcing.. P a .  .Q0 altar. 4 i.. -aa -- e4attLQL.. A. ?Jew. s.t.m.w.. rMex.@.~.~.e~~!!!e.& ,. ~ .no $9. -12a,- ~ _ _ _ _ _ _  

.................. .cPaa..asfahliahed, .................................................................................................................................. 

.................. i iebls. .~. .~-.-~step~st-.W-;.-C-t lro. .mile. . tr .~l  .~rom-the_-~~-r.Br~-!:Renoh ......... 

................................................................................................................................................................................... ..s.*ta .!?!!%a 06 00' 00" ................................................................................... ....................................................................... 
New referenae mark 34.16 metere 179 58 30 ................................................................................................................................................................................... 

..................................................................................................................................................................... ..- 

. . . . . .  

................................................................................................................................................................................ 

.................................................................................................................................................................................. 

............................................................................................................................................................................. ..- 
................................................................................................................................................................................. 
........................................................................................................................................................................ 
.............................................................................................................................................................................. 

................................................................................................................................................................................. 
( r a a r r m c - m s  Norr.--On,dlbasl~mustbe~laer~st.~reoovered. 11-7WZ 

FIG. 47. -Sample recovery note, triangulation station 
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is shown each point located. The discussion of results need include 
only a statement of triangle closures, discrepancies in length, etc., as 
given by the field computations, or it may be expanded to include 
the results of special investigations, 

A statement of costs of a project is an essential part of any report 
upon it. In order to secure uniformity, the following tabulated 
forms are suggested: 

Truck costs (from truck record books) 
_- - - -~ - ._ ~- - ___- 

Truck No. _ _ _ _  Truck No. _ _ _ _  ' Truck No. .-.. 
Cepadty _ _ _ _  pounds Capscity _ _ _ _  pound8 1 Cnparity _ _ _ _  pounds 

I 

Triangulation costs 

Total expenses (including total truck costs, salary of permanent em- 
ployees plus annual leave earned and time spent in office preparing 
for field and working on reports. Cost of base measuring and recon- 
naissance should be stated separately) - - - - - - - - - - - - - - - - - - - - - - - - - - - 

Linear miles of progrew measured along the axis of the scheme- - - - - - -  
Cost per mile of progress ________________________________________-  
Number of square miles covered _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Cost per square mile ________________________________________- - - - -  
Number of occupied stations of main scheme _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Number of occupied stations of subordinate schemes-- - - _ - - - - - - - - - - _ _ 
Cost per station occupied (two subordinate stations equal one main- 

scheme s t a t ion ) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Total number of points whow geographic positions were determined- - - 
Cost per point dotermbed-,- - - - - _ _  - - _ - - - - - - - - - - - - - - - _- - - - - - - - - - - - 



Chapter 3.-BASE MEASUREMENT 
GENERAL INSTRUCTIONS 

On September 21, 1925, the Director of the Coast and Geodetic- 
Survey approved the following condensed instructions for ht-order  
base measurement: 

These instructions for the measurement of first-order bases supersede all pre- 
vious instructions for such work. 

The instructions for reconnaissance, on pages 4 and 5 ,  govern the distance be- 
tween bases, but the engineer must bear in mind the close interrelation between 
reconnaissance, triangulation, and base measurement. With weak figures the 
ZR, and ZRz will increase rapidly, and bases must then be located closer to- 
gether. Unusually large closing errors in the triangulation will sometimes 
warrant a reduction in the minimum prescribed ZR between bases, or the inter- 
polation of an additional base, even though there i~ a satisfactory agreement of 
the measured length of a base with the length as computed from the preceding 
base. In such cases the agreement may be due to  compensating errors and 
intermediate lines may have inadequate accuracy. 

The length of each first-order base will be determined by at least two complete 
measurements with standardized invar tapes, with a resultant accuracy represent- 
ed by a probable error of about 1 part in 1,000,000 or better. Such precautions 
will be used in aligning the tape, in marking the tape lengths, and in determining 
the corrections for grade, tension, and temperature as will insure that the actual 
error in the length of the measured base due to any one of these causes will not 
exceed 1 part in 600,000. Methods of measurement should be adopted which 
will reduce to  a proper degree the cumulative effect of systematic errors. Very 
little increase in the average accuracy of the lengths of the lines of triangulation 
between bases will result from an increase in the accuracy indicated above, and no 
additional time and expense should be expended in securing an accuracy beyond 
the limits stated. 

At least three tapes will be used in measuring each base, the portions measured 
with each tape being approximately equal in total length. To secure this result 
the base will be measured in sections approximately 1 kilometer in length, except 
that  one section may be longer or shorter than 1 kilometer, and the total length 
will be divided into three divisions of approximately equal length, each division 
beginning and ending with the end of some kilometer section. A different pairing 
of the tapes will be used on each of the three divisions, in order to secure a com- 
plete intercomparison of the lengths of the tapes. Each tape will be run forward 
on one division and backward on the other. The party should have a fourth 
tape for use in the measurement in the event that  one of the other tapes is in- 
jured or shows an  unwarranted discrepancy in length when compared with the 
others. 

Only two measurements of any one section will be made unless the discrepancy 
in millimeters between the two measurements exceeds 10 dx (where K is the 
length of the section in kilometers), in which case additional measurements of the 
section must be made, preferably with the tapes originally used, until two 
measurements are seciired which agree within this limit. 

Before the first base of a season is measured all tapes should be standardized at 
the Bureau of Standards. More than one base may be meaeured during IL 

112 
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wmon without restandnrdixntion of t h r  tnprs, providrd no prrreptihlr injury is 
siiffered by two or more of t h r  tnprs, nnd provided also thnt the intrrrnmparison 
of the  tapes on the haw mrnsurcrrirnt wlirn using 1 lie stnndnrdizrd lengths docs 
not disclose nbnormal chnngrs in t h r  Icngths of two or mnre of them. All tapes 
should he returnrd t o  t h r  officr for rrstnndnrdization immediately after the  
measurement of the  last lmsr of the srnson. 

On each tapr ,  near thr tcrminal mnrk, is n smnll v near one edge of the tape, 
denoting which end of t h r  fiducinl mnrks mns usrd in the stnndardization. The 
edge of t h r  tape marked hy the v shoiild be u s r d  nrut  the marking strip on all 
base measurrments. If t h r  v ran not hr  tlistingriished, thnt  rnd of the  mark 
should br iisctl which lirs a t  tlir f:w rtlgr of tht. tnpr  wlirn t h r  obscrver with the 
tape eutcntlcd, has the  zrro gradtintion mark at his lrft and the 50-metrr mnrk at 
his right. 

Whrre topogrnphic contlit ions drninntl it n hrokrn hnsr may be iisrcl, provided 
the terminal stations nrr intrrvisihlr nnd t h r  nnglr at  enrlr brmk and at earh 
end is mensurrd so as to form a closrtl polygon nnd with nn ncrrirncp necessary 

b i i ,  Ih  \ T v i \ t i i i i ~ k !  1 I I I \ C  \ ~ 1 1 1 1  1 1 1 v i i ~ d  hii i p p i r i t t h  

A i  the htirc were moved forwiiril 1111, 4tdlcr, H hi( t i  \ + > I \  n i o i i r r l i v l  on riinnrr\, u m  drnwn lorwnrd 
Invnr tzpec nrir now i i u 4  P Y ~  Iiici\ rlv t v  the ('owt nnd Cirodrtic Survey 

for the mensurement of first-ordrr 1mrs t ind thr icrd hiit I\ ~ i c r d  Only for stnntlnrd17ation compmcons. 

t o  secure the  precision in length indicnted hrlow. No ronsiderahle portion 
of the base should I)? inclinrtl nt nn a i i ~ l c  of more thnn 20' to  the final projrctrd 
line of the base, and this ma\imrim should Iw h?pt down t o  12" if possible. The 
total error due t o  projecting the rlenients of the  base upon the  straight line 
between the base ends should not exceed 1 pnrt in 500,000 of the  length of the  
base. 

Where this 
limit is approached or exceeded especinl care should be used in determining the 
difference of elevation of the  tape rnds, atid the points leveled upon should be 
the supports of the  fiducial mnrks of the  tnpe. The nomogram in Figure 51 
shows the accuracy nrcessnry to  he attninetl in determining t h r  difference of 
elevation betwern tape supports at different distances apart, in order t h a t  the 
proportionate error in the rrduced length for tha t  distance mav not be grrater 
than 1 part in 100,000. 

Rrforr leaving thr baqe the computation of the  lengths of the varioiis Rections 
Rhould he carried far enough to insure that  the accuracy prescribed above has 
been secured. 

The slope of no t a p r  length should, as a rule, eucred 10 per cent. 
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PREPARATION OF BASE 

ALIGNMENT 

Assuming that tlio sites of tlie terminal stations 11nvc heen selectctl, 
the first step is to place polrs or targets accurately on thc line nntl 
close enough togrthcr to make it possible t o  place n tlirotlolite 
rentlily and accurately on tlie linr at n suffiricnt number of plncrs to  
sight upon each stake to bo used as R marking table. With n thcotlo- 
litr in proper adjustment it is easy to perfect tlie alignment so that 
no stake is more than 6 inches off the line between tlie tcrminal 
stations and no marking strip is more than 1 inch off the line joining 
the strips on the two ndjnccnt stakes. Whrn one or both of 

E 11. IO -1’1 itforrri iind 1x1 irhinl: Liit)li* i i s t ~ l  o r i  t t w  I ’  ~‘i,li>ii L ) ) I \ (  

A t  tinif)? thrir qtrnrtures were usrd to reduce the 4opo of the tirpr 011 \ twp d~t l iv i t i r s ,  i t  othrr timrs 
‘1’111. r i b  thev w f w  mwlrd to c*nrry tho mc~irwri~ment over the tops of thi. orimgt‘ illid Iv11lon grovei 

%rver’b platform was entirely drtnched from the marking table tripod 

thr :dj:bccnt stakes arc nt  n less t1ist:incc th:m the uru:d 50 mrfcrs, 
tlic I-inch tolcrmce in the alignment of tho marking strips inlist lw 
proportionntely rcduwtl. It is not ncccwnry to 1i:~vc tlir nligrimc~iit 
rnoro exiit+t t h n  t h t .  

CLEARING 

The line muqt be clcnrcd of ohstructions in ortlcr that  thc tape9 
may hang frre when under tension. Whrre only grass and wcrtls 
are on the line rither R horse-drawn mowing mncliino or n scytlie 
may be usctl to atlvantagr, w l d r  trees and sl~ruhs require nscs tint1 
bush hooks. The clearrtl swath need not be more than (i fcct width. 
Since those making the tape measurements work on only onc~sitIc of tlir 
stttkw, tlicl clccmtl swath ~110uld cxtcnd farther on one sitlr of tlw linc of 
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stakes than the other. Where the ground is such that a wagon or 
truck may be driven over it the cleared swath on one side of the line 
of stakes should be wide enough to serve as a roadway. 

STAKING 

The stake setting can be performed advantageously by from three 
to six men. The 4 by 4 inch stakes should be prepared before setting 
begins. The edges of the top end should be beveled off slightly to 
prevent splitting when the stakes are driven, and the lower end well 
tapered. Often arrangements can be made to have the stakes cut 
and sharpened at a planing mill in the town where the lumber is 
purchased, at a cost of about 3 cents per stake. The 4 by 4 inch 
stakes should have a IO-inch taper on each of the four sides, and the 
2 by 4 inch stakes for the intermediate supports should havs a 5-inch 
taper on the wider sides, with a 10-inch taper on the narrow sidas. 

Where the grade isnot uniform the driven stakesshould project about 
2 to 2% feet above the surface, which would require the stakes to 

FIG. SO.-Pawdena base, Califor@la 

An extreme example of a broken base. The solid linea mere measured over, and the broken linea 
indicate projected lengths. It is believed that the projected lengths were determined with an actual 
error not greater than one part in a million. The probable error was less than one part in seven millions. 
The length of this base was 20.8 miles. 

be about 3% to 4 feet long for ordinary ground. Wlirre the grade 
is uniform the stakes need not project more than 1% to 2 feet above 
the surface, since the lower height makes them more rigid. A 
reconnaissance of the base line will show roughly how many of the tape 
ends.will fall in depressions, where stakes of greater length must be 
used. Where deep depressions occur, or where it is necessary to 
reduce the slope of the tape by elevating the support, it may be 
necessary to build tripods with separate platforms for the observer. 
A type of structure used on the Pasadena base for this purpose is 
shown in Figure 49. 

For first and second order bases each stake should be lined in 
with a theodolite as it is driven. On lower-order bases poles or 
targets can be placed on the line at very frequent intervals and the 
stakes liricd in by eye and plumb bob. Where the latter method is 
employed extreme care must be taken in aligning the stakes. especially 
where the slopes are steep. 



WHICH WILL PRODUCE AN ERROR OF 1 PART IN 100,000 IN THE RE- 
DUCED LENGTH. EACH CURVE IS FOR THE LENGTH OF TAPE INDI- 
CATED. FOR EXAMPLE, FOR A 50 METER TAPE LENGTH AND A DIF- 
FERENCE OF ELEVATION OF 2.5 METERS, AN ERROR OF I CM. IN DETERMINING 
THE DIFFERENCE OF ELEVATION WOULD CAUSE AN ERROR OF I PART IF( 
100,000 IN THE REDUCED LENGTH. 

O F A N  ERROR OF I PART IN 500,000 OF THE REDUCED LENGTH. 
THE D O T E D  LINE IS FOR A 50 METER TAPE LENGTH ON THE BASIS 

0 I 2 3 4 5 6 7 8 9 10 
Diffeence In € I Q v -  o f  repe Ends /n Meters 

FIG. 51 -Nomogram for effect of errors In the relstlve elevations of the ends of a tape upon the reduced length 

This nomogram was designed and constructed by Howard S. Rappleye, mathwnatmlan. 
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One 
man with the theodolite aligns the stakes, another, called the rear 
men, carries the rear end of the tape and holds the rear mark a t  the 
stake already set while the position of the forward stake is being 
located, the middle man a t  the center of the tape drives the center 
stake, the fourth, called the forward man, carries the forward end 
of the tape, locates the position for the forward stake and drives it, 
while the fifth man, or helper, drives the truck, distributes the 
stakes while the theodolite man is moving forward, and assists the 
forward tape man in driving the stakes. If only four men are 
available the stakes must be distributed beforehand, a t  intervals 
slightly less than that required, in order that there may be no need 
of going forward for a stake and carrying it back. Extra pieces of 
lumber should be dropped where they may be needed for bracing 
the stakes. 

An old spliced invar tape, or a 50-meter steel tape, is usually used 
on the staking, since there is a possibility of injuring the tape. If a 
steel tape is used it should be roughly compared with a standard 
invar tape and an approximate allowance made for any difference 
in length and temperature in spacing the stakes, to avoid loss of 
time in making set-ups or setbacks while taping. The 25-meter 
point of the tape may be marked by a strip of adhesive while staking. 
Sixteen-pound iron sledges are best for driving the stakes. If the 
ground is hard or rocky a pointed iron bar should be used to make a 
hole for the stake before starting to drive it. The bar should be 
lined in with the theodolite, since the point of the stake will follow 
the hole made by the bar. The forward man and his helper carry 
sledges, a saw, hammer, nails, copper strips, and brads for fastening 
the strips to the stakes, while the middle man carries either a sledge 
or an me, hammer, and nails. 

To begin the staking the theodolite is set up accurately over the 
mark a t  the end of the base. After having been carefully adjusted 
the theodolite is sighted on the target at the other end of the base, 
or on some intermediate target which has been previously placed on 
line. The line of sight of the theodolite then defines the line of the 
base. If the station mark at  the base station is low a bench should 
be built over i t  and a mark made on the bench directly above the 
station mark. 

With the tape laid out along the base, the rear man holds the rear 
mark of the tape in contact with the mark over the base station, 
the forward man, approximatelg on line, applies to the tape with the 
spring balance attached to his tape stretcher the same tension which 
will later be used on the actual measurement, and the helper, holding 
the 4 by 4 inch stake opposite the forward mark on the tape, is 
waved into line by the theodolite man. While this is being done 

The actual staking can best be done by a party of five men. 
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the middle man supports the middle of the tape approximately on 
the line between the ends and at the same time marks with the end 
of his stake the point on the ground under the middle mark of the 
tape. 

With the forward stake in approximate alignment, the forward 
man lays aside the tape and drives the stake while the helper keeps 
it in position. While this is being done the theodolite man aligns 
the center stake, which is driven by the middle man. At the same 
time the instrument man watches the forward stake and signals if it  
is being driven out of line. To avoid confusion a black flag may be 
used for signalling to the middle man and a white flag for the forward 
man. When either the middle or forward man desires a check on the 
alignment of his stake he pats the top of the stake with his hand as a 
signal to the theodolite man. 

As soon as the forward stake is driven and aligned the forward 
man lines the nail in vertically for the support of the tape at  the 
middle stake, the theodolite man again checking the horizontal 
alignment to see that the tape properly clears the middle stake. 
The man at  the theodolite then lines in a pencil or other object held 
vertically by the forward man on top of the forward stake, and this 
final alignment point is marked on the top of the stake. While the 
stakes are being driven and aligned the rear man stands aside with 
his stretcher so the line of sight may not be obstructed. 

The tape is again brought into position with its rear mark in 
contact with the mark on the base station or on the bench above i t  
and the proper tension is applied, with the edge of the tape touching 
the final aligning mark on the forward stake. A copper strip is then 
nailed in position flush alongside the tape on the aligning side, and 
at the same time a pencil mark is made on the top of the stake 
opposite the forward mark on the tape. This mark is used as a 
rear contact mark in setting the stakes for the next tape length. 
The tape is then moved forward and the process repeated, except 
that the theodolite need not be moved for several tape lengths. 
Some time can be saved by marking with a pencil on the forward 
stake the position of the copper strip and letting the rear tape man 
nail it in position while the next stake is being driven. 

From 3 to 5 kilometers a day can be staked by a five-man party, 
the speed depending upon the nature of the soil and the proficiency 
of the party. 

Lumber which does not split easily should be selected for the 
stakes. If a stake must be located on rocky ground into which it 
can not be driven, crosspieces may be nailed across its base with 
1 by 4 inch braces from the outer ends to the top of the stake. The 
structure can then be weighted down with stones and made rigid. 
If a driven stake is inclined to be loose it should be braced with two 
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or three 1 by 4 inch pieces; all stakes marking kilometer ends should 
be so braced. 

If for any reason the intermediate support or supports between 
the tape ends can not be piaced so they will be on grade with the 
terminal posts, such intermediate supports should be numbered with 
colored chalk and marked by a piece of cloth so they may be touched 
upon by the levelman. All stakes are numbered with colored crayon 
as they are driven, and intermediate supports not on grade should 
be given a fractional number. 

At ravines or streams it is frequently necessary to place a stake 
on the edge of the bank and begin a tape length from that point. 
If i t  is less than half a tape length from the previous bape-end post, 
whose number for instance is 34, the fractional-length post should 
be numbered “34 set-up,” the next terminal post being numbered 
35. If the fractional-length post is more than half a tape length 
from the next preceding tapeend post, a 4 by 4 inch stake should 
be driven in at  the half-tape mark and be given the number 3434, 
and the post on the edg0 of the obstruction should be numbered 
“34% set-up.” By following this system, which has been used in 
most cases for many years, there will be no uncertainty in the inter- 
pretation of records. Broken grades should be avoided whenever 
possible, because the tension through the tape and the shape of the 
catenary may be different on the two sides of the stake at the broken 
grade. 

Other forms of middle support for the tape than that described 
above have been successfully used in the past. A hinged inverted 
V support may be used at the center of the tape, from the apex of 
which the tape is swung from a string or wire loop, the middle point 
of the tape being lined in vertically and horizontally by the front 
contact man, This method should be avoided where possible, for 
the taping party is delayed an appreciable amount of time by its use. 

INSTRUMENTS AND APPLIANCES 

The following instruments and appliancos will usually be needed 
on the measurement of a fi t-order base: 
2 awls, marking. 
2 dividers, pairs. 
1 level, wye, with rod and sunshade. 
2 plummets. 
2 scales, fa meter, boxwgd, reading to 

millimeters. 
1 stretcher, tape, complete, consisting 

of two staves with loops and tape 
attaching clips, two balances, and 
an apparatus for testing balances. 

Strips, copper, for stake tops, of same 
thickness as tape, 20 per kilometer. 

1 tape, steel, 30-meter, standardized. 
1 tape, steel or invar, 50-meter, un- 

standardized, for marking out base. 
4 tapes, invar, 50-meter, standardized, 
1 theodolite, 7-inch. 
3 thermometers, backed, for tapes. 

Special conditions may necessitate the use of other instruments, 
such as a direction theodolite on a broken base, or movable iron 
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tripods where a. portion of the base is along a paved road in which 
stakes can not be driven. 

HANDLING AND TESTING OF BASE APPARATUS 

Invar tapes.--Of the base-measuring apparatus the invar tapes 
are the most important. When properly standardized and manipu- 
lated they are capable of giving a very high degree of accuracy, but 
they must be used with a full knowledge of their possibilities for 
error. To secure the best results two general conditions must be met: 
First, it is necessary to avoid accidents and methods of handling 
which may alter their lengths; second, they must be used, so far as 
possible, either under the same conditions as when standaraized or 
under only such different conditions as can be corrected for. Among 
the ways in which the first condition may fail to be met may be 
mentioned: Kinking the tape; altering its mass by abrasion against 
the ground when measuring; or changing its length by stretching 
it beyond its yielding point. The second condition involves the deter- 
mination of the corrections for tension, sag, grade, alignment, and 
temperature within the allowable limit of error. This will be dis- 
cussed in detail later. 

One thing to be borne in mind is that invar is a very unstable alloy. 
The four invar tapes used on the measurement of all our precise 
bases from about 1907 to 1916 exhibited a very satisfactory stability 
of length in their standardizations during that period, but later tapes 
have shown decided changes. Three 50-meter tapes from a particular 
lot of recent tapes, some of which had negative coefficients of expan- 
sion and others very low positive ones, showed changes of length 
while being standardized of from 0.3 millimeter to 1.0 millimeter, 
the largest change corresponding to 1 part in 50,000 of the length 
of the tape. Tapes subject to such erratic changes in length of course 
can not be used on first and second order bases. 

The manufacturers of invar in Europe are experimenting on 
methods of stabilizing the material, and though the problem is a 
difficult one, no doubt improvements will result. The low coefficient 
of expansion of invar results from, first, a fairly definite proportion 
of about 35 per cent nickel to 65 per cent steel, and second, the 
metallurgical treatment after the alloy has been formed. Part of 
this treatment consists of a baking and gradual cooling extending 
over a period of several weeks. In obtaining the peculiar thermal 
qualities of the alloy a very unstable molecular'arrangcrnent results, 
as is strikingly shown by an experiment performed at  the Bureau of 
Standards, An invar tape suspected of instability was first carefully 
standardized, then subjected to a rhythmic whipping for 100 times 
on a concrete floor, after which it w&s found on restandardization to 
have shortened by 1.5 millimeters. 
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From these considerations it is easy to infer, even when using tapes 

of fairly stable qualities, that care should be used in handling them 
to avoid possible extensive molecular change. They should not be 
reeled or unreeled rapidly or under a heavy tension, nor wound upon 
a reel having a small diameter, nor dragged over the ground, nor 
shaken violently, nor should they be subjected to sudden large 
changes in temperature. 

In addition to the special precautions described above, which are 
designed to preserve the tape from changes in length, the usual care 
should he taken to keep the tape free from adhering substances and 
from corrosion. After the tape is used it should be cleaned and then 
oiled with a light oil before being reeled up. If reeled up in the rain 
a tape should be dried and oiled at the h t  opportunity. 

Persons not accustomed to handling tapes will frequently kink 
them when unreeling or reeling them, as the tape channel on a reel 
is narrow and deep. Instructions on the proper way to handle the 
tapes should be given the members of the party when the tapes are 
first unreeled. Kinking a tape may render it useless as a precise 
measuring instrument, for whether the tape is allowed to remain 
kinked or is straightened, its effective length will be different from 
its previous standardized length. When a tape is kinked a note 
should be made in the record showing the exact time the kinking 
took place, in order that a different standardized length may be 
used for later measurements if necessary. If a tape becomes badly 
kinked a spare tape, if available, should be substituted for it. 

AS a result of the standardization of a tape at  the Bureau of 
Standards, the following data are made available: 

Weight of tape in grams per meter. 
Coefficient of expansion per degree centigrade. 
Length at specified temperature supported at 0, 25, and 60 meter points. 
Length at specified temperature supported at 0, 12.5, 26, 37.5, and 50 meter 

Length at specified temperature supported throughout. 

The last value is usually computed from the values obtained by the 
standardizations when the tape is supported at  three and at  five 
points. It is to be noted that the standardized length for the tape 
supported throughout presupposes a frictionless surface as a support 
for the tape. In the field, when the tape is supported throughout, 
a railroad rail is ordinarily used as the support. A correction to 
lengths measured with the tape supported throughout can be ob- 
tained by comparing the length of a kilometer measured in that way 
with the length measured with the tape supported at three points. 
The difference in the lengths is the correction sought. On bases of 
the first order it is not desirable to have the tape supported through- 

points. 



122 U. S. COAST AXD GJ’.ODETTC SURVEY 

ont, bemiise the error diie to friction will vary with the surface con- 
ditions of the rail. 

Refore beginning the  actiinl measurement of n hnso n test kilo- 
meter should he mcasurcd with cnch of the stnndartlizctl tnpcs, in 
order to  secure n check on t h o  length of each tape derived from the 
standardization in Wnshington. This will indicate any change in 
length of n tap” since it#s stnntlnrdizntion or any typographic error in 
the stnnciardizat,ion data. A test lcilomct~er sl io~~ltl  also hc, mcnsurcd 
with all tho tape4 nt the completion of the hnse mcnsiircs, in order 
t o  fix in point of time any suspcrtcd ch:mge in length of any tape 
prior t o  the next stnntlnrrlizntion. 

FII.  52 -T LIIP i t r c  t <  hrr i n t l  \ l , r ~ r r ~  t )  11 5 n c 1 .  

This 17 thr trncmn nppamtiis tlwd a t  thr. front end of tho t a p  Hy mrans of thp frirtion grlp the 
hdanrr  ran he ~ i ] i l ? t r d  in h(wht on C h r ,  \ t  iff 

Tape-stretching apparatus.-‘l’hiq i s  shown in Figure .52. It 
consists essentially of two staves of strcl tiihing, pointed at tho bottom 
and with wooden tops. A loose-fitting leather loop with an nttach- 
ment to receive: thc looped end of t ho  tnpo slips over tho stnff iiscd 
at the rear end of the tripe. The leathcr loop can ho easily slipped 
up and down on the staff nwortling to t h o  height of tho rear stake. 
A frame for holding tho spring hnlnncc is nttiichcd to  the forward 
staff hy means of a spring friction grip. The tnpc is fnstcnccl to  the 
hnlnncc hy the ntt:tcliment, sliown i n  Ti‘iyirc. 52. ‘I’hcrcl is n finger 
hnr hy wliicli t l i v  forwnrtl contn m m  ( w r i w  the end of the tnpo 
w h i  moving forward. 

Spring balances.-‘l’hc hnlnncc i iscd, s1~o.c.c.n in Figure 52, is II, 

commercinl one, nltrrrtl in tlie instnimcnt division of the siirvey t o  
retliicc tho internal friction ns much 11s possihlc. ‘J‘lic countcrwright, 
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shown in the figure) may be so adjust,ed as to prevent, any drag of the 
frnme of t h o  hnlancc on the drnwbnr when tension is applied. 

A testing apparatus for the spring balances is sent v i th  the hnl- 
nnces. This shoiild he used in testing before nnd nftcr ench da.y’s 
work, also n t  midtlnp if practicnhlc, and oftener if i t  is silspected thttt 
tho position of the d i d  pointer has chnngd. In one form of tester 
tho weight is applied to the hnlnncc held verticnlly, nftcr which the 
pointer is ncljiistcd exactly to 15 kilogrttms. Whcn this is done the 
balance will indicate true tensions when it  is used in n horizontal 

FIG. b.l.-TCStlflR SprJrJg hnlnnw Nlth 5twndnrd weight Hnli frK tinllless 
pr1llt?y 

position. I n  other words, the weight is of 16 kilograms mnss, as 
weighed by tho spring of the bdancn nt Washington, minus the 
weight of the drawbar and other movable parts of bnlance below the 
spring. For tho nren of tho United States no correction for clinnge 
in gravity with elovation and lntitudo need be npplicd for n weight 
inade standard for Washington, D. C. 

Another mcthod of testing consists of using n wcight of osnctly 15 
kilogrnms mnss, ns wcighcd n t  Wnshington, suspmtlcd orcr n friction- 
less pullc~v, ns shown in  Figiirc 63 .  Tho spring hnlnnce is in this rnsc 
held in n horizontnl position. Whcn tcstoci by this mctliocl the wrcight 

on7nn0-20f---n 



124 U. S. COAST A X D  GEODETJC RURVI.;I\’ 

is siispendccl on a, wire passing over the pulley and lending to the 
balance. Tho system is permitted to como to rest, nftcr which 
the balance is gently piillcd away from tho pulley until the piillcy 
begins to move on its bearings, when a reading of the dial is tnkcn. 
Tho system is again brought into equilibrium and the halnnco cnscd 
toward tho pulley until the pulley again begins moving, when another 
rcatlinfi of t h o  dial of tho balance is made. These readings should bo 
repeated severs1 times. Tho mean differonce of what may bo ct~lled 
tho b~cl iward  and forward readings will mensiirc twice tho effective 
friction of tho piillcy, and the mean should he free from this error. 
Care should bo taken that the knife-edgn nsial support of tho pulley 
remains near it? mitldlc position. 

Where very ncciiratc rcwlts are required the error rcsiilting from the 
varying tJcmpcratiiro of the balance spring should he corrected for. 
A number of typical btxlancw tcstcd at tho Bureau of Standards 
showed n tcmpcrature correction of - 4.15 grrtmq for cnch tlcgrce 

FIG. rvl.-D:isr tape thprmomrtrr  and t,uhul:ir wso 

T h o  chnnncl-tnr hacking for thc thrrmometcr prcvents t h r  plass tuhn hr rnkingwhm the  tape 
is flwrcl. 

ccntigradc incrense of temperature. ion is mado in the 
oficc computntion only, from the recorded temperature o i  the tnpcs 
and of the bnlancc at tho time of testing ngainst tho standard weight. 

The most common in,jury to a spring balnnce used on bnso mtwwre- 
mrnt  results from the tension being suddenly relrnsed, allowing the 
drnwbnr to snap hark. This may  change the position of tho dial 
pointer by sorcrxl hundred grams, and cvcn rcwlt  in injury to the 
spring. For this reason the tension on the t,apc shoiild always be 
rclcnscd gradually. If through nccidcnt tho drawbar of tho balance 
is allowcd to snnp hack, the balance should he tested hcforo merisiiring 
is resumed. 

Thermometers.-Thcsc arc, spccinl and rather csprnsivc t~hcr- 
momctcrs, correct to within 00.7 C. and iisiinlly to within 001 C., 
within the ordinary range of tcmpernturo. They are tcqtcd nt, t he  
Rurcnn of Standards bcforc being sent to the field. Ii‘icld computn- 
Lions nwt l  n o t  tnlic into account t,hcgradiintion crrors of the t hcrmom- 
ctcrs found by tho sttxntlartlization. Thc glnss tuho is supported in 

This corr 
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k channel-hnr holder, to prevent t h o  hrcnliing of the tube mhcn the 
tnpc is hcing linntllctl or flexed. 

During stnntlnrdixntipn n thermometer of the type tIcscri1)cd nhovo 
is fastened n t  each end of the tape, n t  R point 1 meter townrtl the 
center from the terminal mnrk, thc distance being mcnsurcd from the 
mark to the nearer end of the thermometer. On bnsc mcnsiircmcnt 
the thcrmomctcrq should nlwciys 110 fnstcnctl in this snmc position by 
narrow bnntls of ntlhcsivc tnpc. 

(Pee fig. 54.) 

I 1 

i 

CORRECTIONS TO MEASURED LENGTHS AND PRECAUTIONS 
AGAINST ERRORS 

GRADE CORRECTION 

The dntn for the correction for t h r  slope of the tnpc nrc usi~nllp 
obtnincclhy spirit leveling, by which the diffcrcnccs of olcvntion of' the 
stnlipq snpporting the two cwls of the tnpc nrc ohtninetl. 'If' 7 is the 
jnclincd Icngth, and 7~ the diffcrencc of elcrntion of the two ends, 
the correction 

A tnblc of the grnde corrections for SO-meter tnpe lengths for vnrious 
,diffrrenccs of elevntion in both meters and Eeet is found on pngr 162. 
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h4 Since for a 50-meter tape length the Recond term g3< 0.1 millimeter 

where h<3.1  meters, on ordinary grades th,e correction will vary 
directly as the square of the difference of elevation. For this reaaon the 
leveling must be more accurately done on steep grades, and an inspec- 
tion of the rate of change of the values for the correction in the tables 
should be the guide in deciding upon what accuracy is necessary in the 
leveling. The nomogram on page 116 also will indicate what accuracy 
is required in leveling for different lengths of tape and different slopes. 
For steep slopes and short lengths it is better to compute the grade 
correction by solving the triangle. 

In  first-order base measurement the error in Co for a single tape 
length should not exceed 0.1 millimeter, though the error is acci- 
dental in character. Since the correction varies inversely as the 

Direction o f  Progress - - 

FIG. 67.-Method of using graduated invar strips on marking table 

The marking tables of movable tripods for base measurement are frequently fitted with these strips. 
With the ammgement BS shown, and the rear or zero mark of the tape held opposite the zero mark of the 
strip on the rear marking table, the reading of the forward mark on the tape would always be recorded 
88 a set-up, or additive quantity. 

distance, fractional tape lengths are liable to a larger error in the 
grade corection. 

The error in the grade correction which must be most closely 
guarded against is due to  the failure to note and correct for the 
break in the grade of the tape a t  the middle support or supports. 
For that reason such supports should always be flagged with cloth 
and given a number, such as 34%, the number signifying that the 
broken grade was at  the half tape length between stakes 34 and 35. 
The tape record will then contain the note in the remarks column, 
“Broken grade at  3 4 x . ”  Before the grade corrections for any 
section are summed up a special check should be made to learn 
whether the levelman has touched upon the support at  each broken 
grade and at the ends of fractional tape lengths, and that the leveling 
record has the same system of numbering of the tape supports as the 
tape record. By doing this confusion or doubt win be avoided when 
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the final computation is made. In  general broken grades should be 
avoided whenever possible and long set-ups used instead, to avoid 
the errors due to the friction of the tape on the middle support. 

The leveling should either be run twice, once in each direction, or 
else a rod used which is graduated in feet on one side and in meters 
on the other. I n  the latter case the levels are run in only one direc- 
tion, but both sides of the rod are read a t  each rod station and the 
differences carefully compared before the party leaves the base. If 
any material difference is found the discrepancy must be checked 
in the field. 

ALIGNMENT CORRECTION 

This should more properly be called the alignment error, for 
although the same correction formula and tables apply to differences 
in alignment of the tape as to differences of grade, the alignment 
can usually be made sufficiently exact to avoid correction. It should 
be borne in mind, however, that alignment errors are always of the 
same algebraic sign, tending to make the measured length greater 
than the actual length, and for that reason they should be kept much 
smaller in magnitude than the inaccuracies in the grade corrections. 
The section describing the staking of the base gives details of the prc- 
cautions to be taken in aligning the stakes. I n  addition to that some 
member of the taping party, usually the rear contact man or the front 
stretcher man, should check each tape length t o  see that the tape 
does not change its horizontal direction a t  the middle support, and 
also that the forward stake has not been disturbed in alignment. 

CORRECTIONS DUE TO SAG OF TAPE AND TO STRETCHING 

The effective length of the tape when suspended between supports 
is affected by the shortening due to the sag and to  the stretching due 
to  the tension. The correction due to the sag is given by the formula 

where n=number of sections into which the tape is divided by the 
equidistant supports. 

I =length of section in meters. 

t = tension in grams. 
ul= weight of tape in grams per meter. 

To illustrate by an example: For tape No. 922, supported a t  three 
points under a tension of 15 kilograms, 

n=2 
1-25 
w = 25.6 

and 
1 1 

24 CB= - - x 2 x 25.6l X 2 P  x 150002 - - 0.00379 meter. 
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If it is desired to determine the effect of small variations in the 
tension the formula for sag may be differentiated with respect to t 
and put in the following form: 

1 At Change in length = AL = + -nw2Z3-. 12 ts 

For tape No. 922 under the conditions of support given above a 
change of 100 grams in the tension would by this formula produce a 
change in length of 0.05 millimeter. 

The change in the effective length of the tape due to the stretching 
under tension can best be determined by experiment, since the 
modulus of elasticity of invar varies greatly with the percentage of 
nickel in its composition and also with temperature. Five 50-meter 
invar tapes tested at the Bureau of Standards showed a mean change 
in length of 0.43 millimeter for a 500-gram change from a tension of 
15 kilograms. I t  is thus seen that a change of 100 grams in the 
tension on tape No. 922 supported at three points under a total 
tension of 16 kilograms has more effect in stretching of the tape than 
in changing the catenary correction. 

Precautions should be taken to insure that differences in tension of 
more than 100 grams from the standard tension are determined and 
corrected for. The spring balances must be tested both before and 
after each day’s measurement by using the standard weights pro- 
vided. The record books must show clearly the reading of the dial 
of the balance during the taping. The dial pointer on the spring 
balance should be adjusted to its proper reading whenever the tests 
show it to be appreciably in error. When tho dial pointer can not 
be adjusted to the proper reading the even l&kilogram dial reading 
may be used when measuring and the necessary corrections for 
erroneous tension applied later. This does not greatly increase the 
time spcnt in computing if corrections for the temperature of the 
spring of the balance must be applied. The effect of changes in 
temperature of the balance may make a difference even greater than 
100 grams between the real and the indicated tensions. To enable 
this correction to be applied it is neccssary that the temperature be 
recorded whenever the balance is tested with the standard weight. 
The temperature of the balance during the measuring is assumed to 
be the same as that given by the thermometers attached to the tapes. 
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0.8 

801.19 
880.08 
M2.67 

1, 048.97 
1, 138.97 

1,232.67 
1. 330.07 
1,431. 18 
I ,  536. 00 
1,644.52 

._____._. 1 .......-. 

Factors for  computing catenary correction 1 

[Combined side and top arguments-weight of tape in grams per meter. Tabular values-;( ~)'XlOlO 

when 1-15,oOO grams. T o  obtain catenary correction between supports multiply by cube of length 
bet,ween supports and point off ten decimal places) 

0.9 
-- 

m . 9 1  
888.17 
971.13 

1,057.80 
1,148.17 

1,242.24 
1,340.02 
1,441.50 
1,646. 69 
1,655.58 
__.______ 

I 
740.74 
816.67 
896.30 
979.83 

1,066.67 

748.17 755.83 7f33.13 770.87 778.24 
824.47 832.30 840.17 848.0s 858.02 
904.47 912.67 W2Q.91 828.19 937.50 
888.17 996.74 1 006 35 1 014 00 1 022 89 

1,075.58 1,084.52 1: 083: w 1: 102: 52 1: 111: 58 

1, 157.41 
1,251. 85 
1,350.00 
1,451. 85 
1,567.41 
1,888.67 ____._--.I ..-_._._. I ._.___.__ I .._______ 1 ___..___ I 

-__ 

0.8 

785. 85 
884. w 
945.85 

1, Cb31.41 
1,120.67 

1,213.63 
1,310.30 
1,410.86 
1.514.74 
1, 622.62 

0.7 

793.50 

964.24 
1,040.17 
1,129.80 

a72.02 

1,223.13 
1,32017 

1, 525. 35 
1,633.50 

~ 4 m .  91 

I I I I I I I I I I 

1 Computed by Howard S. Rappleye, mathematician. 

Amount of sag.-It is sometimes desired to compute the sag 
of t,he tape, that is, the vertical distance from the lowest point of 
the catenary to the line joining the adjacent points of support. For 
all practical purposes this is given by the formula 

VIP Amount of sag = y = - 
8t 

where w, I, and 1 represent the same quantities as in the formula for 
the correction to the length due to sag. 

For example, taking again tape No. 922 supported at  three points 
under a tension of 15 kilograms: 

(See p. 127.) 

25.6 x 25a y = 8 x  15000=0.1333 meter. 

CORRECTIONS FOR METHOD OF SUPPORT OF TAPE AND FOR CHANGE IN WEIGHT 

The change in the effective length of the tape due to a change in 
the number of supports can be determined by substituting in tho 
formula for the correction due to sag different values for n and I, 
since a variation in the number of supports does not appreciably 
affcct the stretching of the tape. Changes in the effective length of 
the tape due to a change in the weight of the tape per unit length, 
or in a lack of equidistance of the supports, can be determined by 
differentiating the same formula with respect to w and 1, respectively. 
Moisture or grease on the tape will change its weight from 1 to 10 
per cent. When thoroughly wet, an invar tap is 10 per cent heavier 
than when dry, and after being sharply shaken to remove the drops 
of water, it  is still 1 or 2 per cent heavier than normal. An increase 
of 1 per cent in the weight of the tape changes its length about 1 part 
in 700,000 when supported a t  tho 0, 25, and 50 motor points and an 
increasa of 10 per cent changes its length about 1 part in 70,000. 
A base should not be measured in rain or heavyfog. 
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STANDARDIZATION DATA 

The standardization values of the tapes furnished the field party 
aye iisually given in the following form: 

United States Coast and Geodetic Survey 60-meter invar tape N o .  9Z.2 

Length when under a horizontal tension of 15 kilograms and when supported 
at the 0, 25, and 50 meter points: 

(0 t o  50 meters) = 49.99654 meters at 27O.4 C. 

When supported at the  0, 12.5, 25.0, 37.5, and 50 meter points: 

(0 t o  50 meters) =49.99945 meters at 27O.4 C. 

When supported on a horizontal surface throughout its entire length (value 
computed from observations taken on the tape when supported at three and at 
five points) : 

(0 to  50 meters) = 50.00046 meters at 27O.4 C. 

For the first and second of the  above conditions, thermometers weighing 45 
gram8 each were attached at points 1 meter inside the terminal marks during the 
tests.' 

Temperature coefficient = 0.00000104 per degree centigrade. 
Mass per meter=25.6 grams. 

Since tho tapes are standardized when supported at three arid at 
five points and throughout under a tension of 15 kilograms, the 
formulas given previously need be used only in the cases where an 
unusual number of supports are used, when it is desired to apply 
corrections for small changes in tension, or when it is necessary to 
investligate the effect of small changes in one of the many factors 
affecting the length of the tape. 

FRICTION OVER SUPPORTS 

With proper handling of tapes the error due to this cause is neg- 
ligible. Refore the tension is applied the devices attaching the tape 
to the stretcher staves should be so adjusted in height that the tape 
will be a millimeter or so above the tops of the marking posts when 
the tension is fully on. Frequently it is necessary to slacken off and 
adjust to the proper height after the tension has been partly applied. 
The tape must not a t  any time be permitted to drag over the rear 
post because of the danger of moving the post, which holds the mark 
from the previous tape length. With the tape in equilibrium under 
tension just above the posts a touch of the finger will depress it into 
position for marking. 

If a nail driven into a piece of lumber is used as a middle support, 
the midtllo tape man while the tension is being applied keeps the 

_________ ----_I__--__ _ ~ -  __ 
1 Near one end of the terminal marks on each tape is L) small x or v cut into the tape; that end of the marks 

should be used on all atandardfsationa and measurements. 



CHAPTER 3.-BASE MEASUREMENT 131 

tape vibrating on the nail by tapping it rapidly on its under side 
with a light stick. This will suffice in most cases to prevent any large 
amount of friction between the tape and the nail, but a more accurate 
way is to suspend the tape in a wire stirrup several inches long sus- 
pended from the middle nail in such fashion that i t  will swing freely 
in the direction of the length of the tape. 

TEMPERATURE CORRECTION 

With most invar tapes the effect of errors due to incorrect tem- 
peratures are far from negligible. Experiments have shown that on 
sunshiny days the readings on the attached thermometers may 
differ as much as 3 O  or 4' from the actual temperature of the tape. 
With a temperature coefficient for the tape of 1 part in 1,000,000 per 
degree centigrade an error in temperature of 4' C. would affect the 
measured length 1 part in 250,000. On cloudy days the difference 
in temperature of the thermometer and tape is usually less than lo. 
The coefficient of expansion of the tapes in use will determine largely 
the care which must be exercised in controlling the temperature 
error. The lag of the thermometer is partly due to the lack of 
intimate contact between the tape and the mercury bulb, but prob- 
ably is due more to a difference in the absorption rates of the tape 
and the glass-inclosed mercury column of the thermometer when 
exposed to radiation from the ground and to the direct rays of the 
sun. The best method for minimizing the effect of lag in the ther- 
mor1,eter is to make one half of the measurements of the base with 
a rising temperature and the other half with a falling temperature, 
on the theory that the lag will be approximately equal in amount 
under the two conditions named but of opposite sign. By this 
method the two measures will differ more in their computed length 
but the mean will be more nearly correct. Invar tapes can be 
secured with practically a zero coefficient of expansion, but tapes 
with a very low coefficient usually have great molecular instability 
and are subject to sudden changes in length. 

Thermometers should be steadied in reading by grasping the tape 
a few inches on either aide of the thermometer with the hands, care 
being taken not to allow the hands or the breath to touch them. 

The thermometers used should be the same weight as the ones 
used during the standardization of the tapes, and they should be 
fastened in the same position on the tape. A formula has been de- 
peloped by Walter D. Lambert, a mathematician of the Coast and 
Geodetic Survey, to compute the change in length caused by 8 
change in the weight of the therniometers or a change in thsir poi& 
tion on the tape. This formula is: 
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where s is the length of the catenary with the thermometer attached, 
so is the length without the thermometer, a is one-half the distance 
between supports, h is the distance from the center of the catenary 

to the point at which the thermometer is attached, c=:p in which 

Tis  the tension and m is weight per linear unit of the catenary, and 

I =  p t  in which p is the weight of the thermometer and M is the same 

as above. For a 50-meter tape weighing 25 grams per meter, sup- 
ported at the 0, 25, and 50 meter points, bearing two thermometers, 
each weighing 25 grams, at  distances 1 meter from the ends and 
under a tension of 15 kilograms, this formula becomes 

m 

8-&= 25+ (E)) 25- = 0.0000347 meter. 

This is the value for half the tape and should be doubled for the 
whole tape. Taking p = 45 grams, s -so = 0.0000643 meter. The 
change in length, therefore, caused by changing the weight of the 
thermometers from 25 grams to 45 grams is 0.0000592 meter or about 
1 part in 840,000 for the whole tape. 

PARALLAX IN MARKING 

Throughout the entire measurement of the base one man should 
make the mark for the forward contact, for the reason that this error 
in marking tends to be constant in size and direction for any one 
person. If then the person marking remains always on the same 
side of the tape and stakes, the marks which tend to make the meaa- 
ured length too long when measuring in one direction will make it 
too short when measuring in the opposite direction. It is probable 
that there is no parallax in making the rear contact. If there is 
any it is exceedingly small and need not be taken into account. 

WIND EFFECT 

The error caused by the bowing of the tape horizontally by the 
wind is always of the same sign and tends to make the measured 
length too long. A wind which morely flutters the tape need cause 
no concern, but where there is a perceptible bending of the tape out 
of horizontal alignment between supports the measuring should either 
be postponed or additional supports provided. When an increased 
number of supports are used they must be put more precisely on 
grade to avoid the greater liability of grade errors. 

BLUNDERS 

The numbering of the stakes and the inclusion of those numbers 
in the record of both the tape measures and the levels practically 
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precludes the possibility of a dropped tape length. There is a chance 
for error, or a t  least for confusion, if the record of set-ups and half 
tape lengths is not clear and consistent throughout all the record 
books. There is a chance for a compensating error in recording a 
small set-up as a setback, or vice versa, when measuring in one direc- 
tion, with a like error of approximately the same size in the opposite 
running, but with care and the usual system of having the recorder 
repeat clearly to tlie observer all data to be recorded, the probability 
of such an error remaining undetected is rather remote. There is 
one rule, however, which should invariably be observed : Any dis- 
crepancy in the records, whether of tape or level, should be checked 
by field measurements, even though the chief of party may think ho 
has discovered the cause of the discrepancy through an examination 
of the record. 

An added check against a dropped tape length in the record, or 
the recording of a half tape length as a full one, is to measure the 
base roughly with a 300-foot tape, checking on each kilometer sec- 
tion mark. Two men can do this in a short time, and the resulting 
certainty is worth the time spent. 

b o n g  other blunders which may occur is a tension on one tape 
length of 10 kilograms instead of the required 15 kilograms, since the 
dial pointer marks 5 kilograms at each revolution. The effect of this 
error is about 6 or 7 millimeters in a tape length. The possibility of 
making this blunder will be greatly reduced if both the forward 
stretcher man and the forward contact man each time the tension is 
applied will check the tension by a glance a t  the drawbar of the 
balance on which the 5, 10, and 15-kilogram lines are marked. The 
15-kilogram line should be marked by white paint to distinguish it 
from the other lines. 

If tlie stake holding the forward mark is jarred while the tape 
is being moved forward an error may be caused. In  such a case 
the previous tape-length measurement should be repeated before the 
forward progress is resumed. Any movement of the stake holding the 
mark designating the end of a section is usually shown by the dis- 
crepancies between the forward and backward measures of the two 
sections involved having opposite signs and approximately the same 
size. 

MEASUREMENTS ON RAILROAD TANGENTS 

Bases have been measured along tangents of a railroad, using 
the rails for  supporting the tape throughout its length, as on first- 
order traverse. This has not proved 'entirely satisfactory for the 
reason that there is friction between the tape and the rail which 
can not be adequately corrected for. Tho error caused by this 
friction has been found to be from 3 to 5 millimeters per kilometer, 
but it varies with the condition of the rail. If a rail support is 
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used for the tape in measuring a first-order base, small wooden 
rollers should be placed between the tape and the rail to decrease 
friction. For example, with tape No. 922 under 15-kilogram tmsion 
and supported at the 84$, 25, and 41% meter points, rollers 6.0 centi- 
meters in diameter would elevate the tape sufficient to just clear the 
rail between supports with the tape just touching the rail at  the 
terminal marks. 

Since the rails are always somewhat uneven,’ the rollers would 
need to be slightly larger than the dimension computed above, but 
must not be so large that the tape at  the terminal marks fails to lie 
close to the rail, If the tape is not standardized with such a system 
of supports the corrections due to the sag of the tape must be com- 
puted and applied. 

MEASURING WITH TAPES 

PERSONNEL AND DUTIES 

Six men are ordinarily required for the operation of a 50-meter 
tape on base measurement, and their usual designations are as 
follows: Front contact man, rear contact man, front stretcher man, 
rear stretcher man, middle man, and recorder. Aside from the 
recorder, who must have the special qualifications usual to that 
position, the assignments to positions, in the order of experience 
and ability of the personnel, should be in the order given above. 
IJsually the chief of party makes the forward contact, m in that 
position he can best supervise the manipulation of the tape and can 
set the pace of measurement. It is better to have experienced men 
for both contacts if they are available. 

If any of the men are inexperienced it is better to meaaure 1 or 2 
practice kilometers before the recorded measurements are begun. 
During the preliminary work the chief of party or some other experi- 
enced officer drills each man in turn in the minutis of his duties. 
A r6sum6 of the precautions to be observed a t  each position follows, 
beginning with the least difficult. 

The middle man carries the middle of the tape high off the ground 
when moving forward, places the tape on the middle support when 
the tension is to be applied, takes the necessary precautions to see 
that the friction over the middle support has a negligible influence 
on the effective length of the tape, sees that the tape is not in contact 
with weeds, brush, or other obstructions, notifies the recorder of all 
middle supports marked “broken grade,’’ carries and places the tape 
so that there is no twist in it, and each time makes sure that the 
middle support is not more than a decimeter distant from the middle 
mark on tho tapo. If a nail is used as a middle support for the tape 
he must rapidly and lightly tap the under side of the tape near the 
support with a stick somewhat larger than a pencil until the front 
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contact man calls “ready,” in order to lessen the friction over the 
nail. The tapping must not be continued during the marking of the 
front contact. If a wire loop or other swinging device is used for a 
center support the middle man places the tape on it and sees that 
the support swings clear and is vertical. 

The rear stretcher man with the rear tape stretcher holds the tape 
in position during the time the tension is on, so that the rear terminal 
mark on the tape is opposite to, or slightly forward of, the mark on 
the copper strip on the rear stake. As he comes up to the rear stake 
he must place the rear staff firmly in the ground at the proper distance 
back of the rear stake directly in line with the stakes, and. at the same 
time slips the leather loop bearing the tape link to  the proper height 
on the staff, so that when the full tension is applied the tape will 
be a few millimeters above the top of the stake. It must not drag 
over the top of the stake at any time. In order to maintain a steady 
position of the staff it is better to have the top of the staff back of one 
of his shoulders, the body being forward of the staff. One foot should 
be forward of and against the base of the staff to brace it. With 
practice all these movements can be so coordinated that they require 
only a few seconds, and the man operating the rear stretcher can keep 
the rear mark of the tape in the proper position as the tension is 
applied. As soon as the front contact man calls “mark” and the 
thermometers are read the tension is slackened off. The tape is 
then carried forward without being detached from the rear stretcher, 
the rear stretcher man maintaining just enough tension on the tape 
to keep it from touching the ground. 

The front stretcher man applies the proper tension to the tape &S 

measured by the spring balance attached to the front stretcher. 
In moving forward he carries the front stretcher and balance, detached 
from the tape. By hurrying he usually reaches the forward stake 
in time to check the vertical and horizontal alignment of the middle 
support, by sighting back over the tops of the stakes, before the 
front contact man reaches the stake with the front end of the tape. 
‘rho checking is necessary to make sure that the stakes have not been 
moved since they were set or last aligned. As the tape is brought 
forward into position the front stretcher man with one hand holds 
the balance out horizontally with the hook in such position that the 
tape can be quickly attached. AS the tape is attached he places 
the staff in line with the stakes at the proper distance from the 
front stake and applies the tension smoothly, rapidly at  first but 
with increasing slowness as the l&kilogram point is neared. Jerking 
motions must bo avoided, as they may injure the balance or tape. 
With the staff held in the same manner as described for the rear 
stretcher man, and with one hand steadying the balance so the 
drawbar swings free, the front stretcher man can quickly bring the 
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tape into eqiiilihriiim under the proper tension, at which time lie 
informs the front contact man that the tension is correct. When 
under tension the tape must just clear the top of the fonvard st&e 
and must not drag over it, otherwise the full tension will not be 
transmitted throughout the tape. Care must be taken that, the 
stretcher staff is moved in the vertical plane through the stakes, for 
otherwise the halance will be twisted and friction exerted on the 
drawbar. The tension must he kept constant, a t  15 kilograms and 
watched closely, for if the dial pointer indicates more than 20 grams 
from 1.5 kilograms when the front, contact man calls “mark,” tlte 

in order f l in t  the marking may be repeated. If the t]cnsion iq sntis- 
her man should immetliatc.ly trll the front, conta 

4 

factory at, tlic call of “m:rrk” tho tcvtriori is (lui(-kl~y but smoothly 
slackened off while the front contact innn is rcvitling the forward 
thcrmometcr, the lmlnncc is hrltl out for the clrtmhncnt of the tape 
by tho front contact mm in the same mniirier as for its attachment, 
and the rttfvancc h g u n  to the next position. 

The rear contact man makes the rear contact nnd roads tho 
roar thwmomcter. As the tape is brought up to n new position he 
steadies the tape as the rear staff is being placed in position and tho 
tcnsion applied, taking care that tho tftpe docs not tlmg over the 
rear st,nke. 11s the tension is npplictl lic ntlviws tho retir stretcher 
man whetlier to  caw olf or take up on thc tape. Standing dircctly 
opposite the mark on thc copper strip nailed to thc top of tho stake, 
with one hand gloved ho firmly grasps tho tnpc bctwccn tho staff 



CFTAPT’ER .?.--RASE MEASTTREMRNT 137 

and the mnrk nnd with the other hnnd lie lightly touches the t a p e  
I lc cnn then f l cs  the  

ed hnnd and briny csnctlp opposite rncli otlicr tlic 
mnrlw on t h o  tnpe and copper strip. Jlcforc flcsing the tnpc it, is 
nccrssnry, of coiirso, tha t  tlic mnrlr on i t  slinll h r  slightly forward 
of tho mark on tho strip. The mnrlis arc t h i s  held in coincidence 
until the  front contact man cnlls “ready” when the rrnr contact, 
mnn calls “r ight”  and the front contnct mnn nnswers “mark,” 
dcnotinq th r  completion of the marking of thc tnpc length. TI 
more than  n few seconds clnpsc nftrr the calling of cithcr “rrndy” 
or “riglit” before the n r s t  response can be rnndc m-ith nwurncy tlie 
entire process slloultl he rcpcntrd.  Tmmcdintcly followinq tlic call 

idc of tho stnlre to  steady it,. 
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the front end of the tape from its position above his shoulder and 
attaches the link to the hook of the balance, grasping and guiding 
the hook to make sure that the attachment is made with a single 
movement. He then steps quickly back to a position alongside the 
forward stake, where he steadies the tape into its proper position 
just clear of the top of the stake, alongside the copper strip and 
between him and the strip. As the tension is perfected and the tape 
approaches equilibrium he places the point of the sharp, symmetri- 
cally pointed awl on the edge of the copper strip next to the tape and 
keeps it opposite the terminal mark on the tape until ho is satisfied 
that conditions are right. After glancing at  the balance and down the 
tape he calls “ready,” as above described. When he hears the re- 
sponse of “right” from the rear contact man he marks the copper 
strip with the awl, calling “mark” as the marking is completed. 

The awl 
must be very sharp; it should at no time tomb the tape in the region 
of the terminal mark; the eye of the man making contact, the terminal 
mark of the tape, and the entire awl should be kept in approximately 
the same vertical plane, and the mark should be made by the contact 
man moving the awl away from him in order to keep constant any 
error due to parallax. The mark should begin at the very edge of 
the copper strip in order to make it easier for the rear contact man 
to make contact. A straightedge is not used in making the mark, 
for it is believed that when the rear contact man brings the mark 
on the tape into coincidence with the end of the scratch on the 
strip and ignores the remainder of the scratch the error is less than 
that which would be caused by the less exact aligning of the awl 
point with the mark on the tape when a straightedge is used. 

In  order to avoid confusion the marks placed on the copper strips 
during the second measurement are usually distinguished from the 
first markings by a bar across the scratch, while a third measurement 
would have a second bar. On the first measurement of a kilometer 
section the end mark of the section is given a distinguishing mark on 
the copper strip. On the second measurement, as the stake marking 
the end of each section is reached a set-up or setback is taken to the 
original section mark on the strip, and the measurement of the next 
section is begun at  the section mark. It is frequently better on the 
second measurement to make a set-up of a centimeter or so from the 
section mark in beginning a new kilometer, in order that the marks 
of the two runnings may not fall closely together. 

Immediately following his call of “mark” the front contact man 
reads the forward thermometer as the tension is released, then de- 
taches the front tape link from the balance as he starts to pull the 
tape forward to the next position. If the tape is always carried 
in the hand which is toward the rear when making the contact there 

In making the mark several precautions must be taken. 
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is no danger of causing a half twist in the tape, for when detaching 
the tape from the balance the finger clip is caught in the rear hand, 
fingers pointing down, then the end of the tape is elevated above the 
shoulder without changing the grip, and at the next position is 
again attached with the hands in the same relative position. 

When the tape is brought into position with its rear mark in con- 
tact with the mark on the rear stake the forward mark on the tape 
will sometimes fall short of or beyond the copper strip on the forward 
stake. If the staking was properly done and the stakes have not 
been moved a second mark can be made on the strip on the rear 
stake, in front of or behind the first mark, a t  such distmce as to per- 
mit of a contact mark being made on the forward strip. If the front 
contact man calls “set-up, 3,” meaning t,hat the forward terminal 
mark on the tape lacks 3 centimeters of reaching the copper strip, 
the rear contact man makes a mark 3 centimeters or more ahead of 
the mark on the rear stake, measures its distance from the previous 
mark with a boxwood scale, calls out the distance to the recorder, 
making sure that the recorder repeats i t  properly, measures the 
distance again as a check, then signals that he is ready to make 
contact on the new mark. Small set-ups and setbacks should be 
measured with an error not greater than one or two tenths of a 
millimeter. As an additional safeguard the recorder may check 
the measurement of set-ups and setbacks, and have the contact 
man in turn check his entry in the record book. 

Some base tapes have marks a t  approximately 5-meter intervals 
along the tapes, the intermediate intervals having had their lengths 
determined with secondary accuracy. Where such tapes are avail- 
able long set-ups are usudly SO staked as to enable the invar tape 
to be used for the greater part of the set-up, that is, for some multiple 
of 5 meters, the remainder of the set-up being measured with a 
standardized steel tape. For instance, if a 23-meter set-up is neces- 
sary a stake would be set at  the 20-meter point and another one at  
3 meters beyond. The 20-meter interval would in such case be 
memured with the invar tape with the standard 15-kilogram tension. 
The method of supporting the tape and the tape temperature should 
be noted in the Remarks column. The 3-meter interval would be 
measured with the steel tape, using the standardization tension, 
which is usually 5 kilograms, and noting in the Remarks column the 
temperature and method of support. For each set-up the record 
should also show the part of the tape used in making the measure- 
ment. For instance, a set-up of 20 meters could be made either 
from the 50-meter to the 30-meter mark or from the zero to the 20- 
meter mark, while the standardized distance between the two pairs 
of marks would probably be different. 

66723”-26t-10 
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The recorder should be an experienced man. If he is not, the 
chief of party must frequently inspect the record, especially where 
broken grades or set-ups and setbacks are to be recorded. It is the 
province of the recorder to be sure that no blunders are committed 
such as the dropping or adding of a tape length, or recording a half 
tape length as a full one, or a set-up as a setback. He should check 
the chalked numbers on each stake as it is reached and make all notes 
necessary to a definite and correct interpretation of the record. With 
an experienced front contact man it is often advisable for the chief 
of party to assume the recorder’s duties, as he can then not only record 
but can watch in turn the work of each man on the tape and correct 
such practices as need it. 

If a truck can be driven along the base and a truck driver is avail- 
able he can save the party a great deal of time by keeping at hand 
extra tapes, tools, and stakes, preparing fences for the passage of the 
tape, and laying out tapes. A tape should be unreeled 10 or 15 
minutes before being used on the base measurement in order that 
it may assume the temperature of the air. It is preferable to have 
it lie on weeds, brush, or stakes rather than in contact with the ground. 

FORMS FOR RECORDS AND COMPUTATIONS 

Form No. 590 should bc used for recording the tape measure- 
ments, and Form No. 634 for recording the wye levels. The com- 
putations of the lengths of the various sections of the base should 
be on Form No. 589. Form No. 635 should be used for the abstract 
of wye levels and the computations of the grade corrections. Samples 
of all these forms are shown in Figures 60 and 61. 

Explanation of Form No. 690 (tape measurements) .-In 
recording the tape measures on Form No. 590 two thermometer 
readings indicate a full 50-meter tape length and one thermometer 
reading a half tape length or a set-up. Each half tape length or large 
set-up should be recorded on a separate line, and not on the same 
line with a full tape length. The numbering of the stakes should 
plainly indicate the full tape lengths and the partial lengths. (See 
page 119 for method of numbering.) Notes in the Remarks column 
should clearly explain any unusual conditions. 

Form No. 634 (wye leveling).-The sample form snows the w e -  
level record when using a rod graduated in meters on one side and 
feet on the other. When such a rod is used the levels are run in only 
one direction, but both sides of the rod are read at  each rod point, 
the reading in meters being recorded as the forward running and the 
reading in feet as the backward running. If the rod used is gradu- 
ated on only one side a forward and backward running is necessary. 
The numbering of the stakes in this record should correspond to the 
numbering on Form No, 590. Extreme care should be taken to get 
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readings on all broken grades and partial tape lengths, and these 
should be plainly indicated in the record. In  the columns headed 
"meters or feet" the one not used should be crossed out. This is 
especially important where the rod used is graduated on only one 
side, because the mathematician making the office computation harr 
no other way of knowing whether the rod used was graduated in 
meters or feet. 

Form No. 636 (abstract of wye levels).-In the first column on 
this form. are recorded the stake numbers, corresponding to the 
numbers on Forms No. 590 and No. 634. The second column gives the 
distances between stakes, each distance being that between tho stake 
recorded on the same line as the distance and the stake on tho line 
preceding. The third column gives the mean differences of olevation 
between the two stakes noted. This column is headed "Meters or 
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feet,” and here again it is important to cross out the word not appli- 
cable. The fourth column gives the grade or inclination correc- 
tions in millimeters. For 50-meter tape lengths these corrections 
can be obtained from the tables on pages 162 to 164. These tables 
are made out for differences of elevation in both feet and meters, 

DCCARTMLNT OF COWHLRCC 
I). 3. C O U I  AND .CODETIC SUUVIV 

Form 690 

AkB.+ZO 
/ 
2 
3 
4 
6 
6 
7 
8 
9 
/O 
/O’ 

// 
/ 2  
/3 
/4 
I5 
16 
17 
18 
19 

/ 
2 
3 
4 
5 
6 
7 
8 
9 
l0 
/O’ 
/ I  
/2 
/3 
/4 
15 
/ 6  

/ 7  
18 
/9  
20 

21.3 21.0 

2/.2 21.0 
2Q6 20.0 0.071b 

21.2 21.0 
21.0 20.5 

20.0 19.8 
20.0 20.0 0.02J4 

20.2 2QO 
204 20.5 

T 5  1 5 47000 0.0381 
20.7 21.0 

20.8 21.0 0.0027 

20.8 21.0 0.0792 
21.0 210 
21.0 20.0 
20.8 20.5 
26.5 20.3 
20.7 20.5 
26.8 20.4 
21.9 20.5 

3 
3 
3 
3 
3 
3 
3 8.G. u ~ S A  
3 
3 
3 
2 +&kd Tups872 
2 “crb”iny GuHy 
3 
3 
3 

3 
3 
3 
3 
3 

4 8 U . p  0-/2$?2*-3@ 

FIQ. 61.-Eample record of base measurement 

(In 5rst two columns above, ‘*A E.B.+20” should be changed to “BE. B. set-up” and “10”’ t0 “10 
pet.up.”) 

so either feet or meters may be used in the third column. The 
corrections for lengths less than 50 meters must be computed as 
explained on pages 125 and 159. The sum of these corrections for 
the section of the base is entered on Form No. 589, Computation of 
Base Line, in the column headed “ Inclination.” 
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It is very important that all broken grades and partial tape lengths 

be indicated on this form and that the grade correction be computed 
for the corresponding distance. The most frequent mistake made 
in computing grade corrections arises from using a 50-meter length 
instead of the real length. 

U. S. COAST AND GCODKTIC S U R W  
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ABSTRACT OF WYE LEVELS 
A N D  

COMPUTATION OF INCLINATION CORRECTIONS 

~ POINT 
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13 
/I 
M 
16 
/ 7  

~ 18 
~ 19 
~ 20 

I 

e 
a 

i 
1 

/ O r  I 

1 
I 

DIBTANPE 

Umrr 

20 
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50 
50 
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5 0  
5 0  
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5 0  
50 
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5 0  
50 
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+ 0.434 
+ 0.067 
+o 397 
+0.232 
i0.198 
+O. 077 
-0.001 
-0.340 
-0.328 
-0. 176 
-0.29 7 
-0.027 
-0.440 
-0.315 
+0.525 
f0.900 

-1.197 
j0.266 
-0.590 
-0./66 
-0336 
t0.054 

NCLINATION 
.ORRECTION 
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w 
L8 

/. 6 
Ob 
aq 
0.1 
0.0 

2.3 
1. 1 
0.3 

0. I 
1.9 
1.0 
2.8 
8.1 
4 3  
0.7 

3.5 

2.9 

ao 

a9 

a3 

0.0 4n 

ELEVATION 

X.”, 

29Z‘Qf 

239.39 

23Z47 

236.72 

MEAN 
ELEVATION 

Ytl*, 

237.8 

R E I U R K I  

FIG. 82.-Sample abstract of wye levels 

Form No. 680 (computation of base Une) .-On Form No. 589 the 
first correction to be entered is the correction for temperature. This 
is computed as follows: 

Temperature correction = (T- Ts) X temperature coefficient x 50 x 
number of tape lengths, in which Tis the mean temperature for the 
section and TB is the temperature of the tape at  standardization. 
The value of T is entered in the column headed “Temperature,” 
and is the mean of the thermometer readings recorded on Form No. 
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T*n no. 

922 
922 
872 

COMPUTATION OF -.BASE LINE 
F L I l l o T H  con- UcIYIo 
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* I -  r- * - h W  
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2L5 0.0000 M.0013 +4.7000 I 

y.k - Y . a  .E u- - - - 
20 /OOO 20.6 -0.007/ -0.07So - 0.0586 - - 

b 
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590. The value of Ts is given in the standardization data for the 
tape. (See p. 130.) The temperature coefficient is the change in 
length per meter for each degree centigrade change in temperature, 
and is also given with the standardization data. The number of 
tape lengths is given in the column headed “Tape lengths,” and is 
the number of full tape lengths recorded on Form No. 590. For 
tapes with a positive coefficient of expiinsion the temperature correction 
is, of course, + or - , according to whether the mean temperature is 
greater or less thail the stcindrtrtl temperature. There are a few tapes 
which have negative coefEcieiits of expansion, and for these the 
correction would hnvc the opposite sign. 

The correction in the column headed “Tape and catenary” is 
obtained from the standardization data for the tape or by computing 
the catenary correction when the tape is supported in an unusual 
manner. The tape correction is the difference between 50 meters 
and the length of the tape as given for the proper method of support. 
For instance, in the sample on Form No. 590 there are 18 tape lengths 
supported ut thrw points, 1 u t  four points, and 1 a t  two points. The 
correction for a tape supported at  three points is obtained directly 
from the standardization values, multiplied by 18 for the 18 tape 
lengths in this case. Referring again to the sample on Form No. 
590, the corrclction for the one tape length supported a t  four points 
is obtained by combining the proper fractional parts of the correc- 
tions for the three and the five point supports. The correction for 
the tape supported at  two points must be computed by the catenary 
formula. (See p. 127.) The algebraic sum of these corrections is 
entered in the column headed Tape and catenary,” the sign depend- 
ing on whether the length of the tape is greater or less than 50 meters. 

I n  the column headed “Set-up and setback” is entered tlie alge- 
braic sum of the set-ups and setbacks recorded on Form No. 590, 
the set-ups being plus and the setbacks minus. I n  t+he sample 
shown in Figure 63 the two largo set-ups and the corrections to’ 
them are recorded separately. All set-ups, however, could have 
been combined, and also the temperature, tape, and catenary cor- 
rections for the large set-ups could have been combined with the 
same corrections for the full tape lengths, and then the entire com- 
putation of a section would have been on one line. I t  simplifies the 
checking of the computation somewhat, however, to enter each 
large set-up on a separate line, us shown on the sample form. 

The sum of the inclination corrections is obtained from Form No. 
635. Then the algebraic sum of the uncorrected length and all cor- 
rections gives the reduced length for the section, and the mean of 
the reduced lengths from the forward and backward measurements 
gives the adopted length. The columns headed “ (v) ” and“ (vv) ” 
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are used in computing the probable errw of the measurement of 
the base. 

PROBABLE ERROR OF MEASUREMENT 

A method of computing the probable error of the measured length 
of the base, with separate values for the probable error due to stand- 
ardization of the tapes, the determination of the coefficients of 
expansion, and the accidental errors of the mcasurement, is given 
in Appendix No. 4, Report for 1910, pages 160-161. The probable 
error is usually computed, however, by the method described in the 
following paragraph. This method is based on the theory that the 
errors of standardization and of the determination of the coefficients 
of expansion are either largely included in or are masked by the 
discrepancies in the measured lengths of the sections. 

The probable error of each section is computed by the formula 

where v is a residual and n the number of measures of the section. 
Where a section is measured only twice the probable error will, of 
course, be 0.6745 times one-half the difference between the two 
measured lengths. The probable error of the entire base is the 
square root of the sums of the squares of the probable errors of the 
component see tions. 

REDUCTION TO SEA LEVEL 

Since the lines of a scheme of triangulation are reduced to their 
equivalent lengths a t  sea level, the length of any base must be like- 
wise reduced to sea level before it can be used in adjusting the tri- 
angulation to which it is connected. It is frequently necessary to 
reduce the base to sea level in the field in order to compare the 
measured length witli the length as computed through the triangula- 
tion from the previous base. 

This requires the connection of the base line Ietels to a 
bench mark and the computation of the elevation above 3ea level 
of the tape supports in order to obtain a mean elevatic,~ for the 
base. Only enough elevations need be used in computing the mean 
elevation for a section to give a value correct to within 6 meters. 

The formula used in reducing a base to sea level is 

?h h2 h3 c=-s ;+s , -sp+.  . * . 
in which Cis the correction to reduce to sea level a section of length 
S ,  of a mean elevation h, with T the radius of curvature of the earth’s 
surface for that section. Only the first term of the formula need be 
used for any field reduction. 
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The computation of the correction for sea level shown on sample 
Form 589, page 144, is given below, the mean latitude of the base 
being 40' 30' and its azimuth 75O, giving a value for log T (see 
table p. 167) of 6.80521. The mean elevation as obtained from 
Form 635 is 237.8 meters. 

log 1,024. 5=3.01051 
log 237.8 ~ 2 . 3 7 6 2 1  

colog r =3. 19479 

log C=S. 58151 
(7-0.0382 meters. 

The error per kilometer of base line for each 1-meter error in the 
elevation above sea level as used in computing the reduction varies 
from 0.000158 meters to 0.000156 meters, depending upon the lati- 
tude and azimuth of the base. This corresponds to a proportionate 
error in length of from 1 part in 6,329,000 to 1 p u t  in 6,410,000. 
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LAPLACE AZIMUTHS 

The accumulation of angular errors in the triangulation, and a 
tendency for a part of those errors to be systematic and to give 
a twist to the direction of a triangulation scheme, make it necessary 
to include in the adjustment of the triangulation certain azimuth 
control points, called Laplace stations. A Laplace station is a station 
of the triangulation at  which both the astronomic azimuth and the 
astronomic longitude have been determined. A Laplace azimuth is 
an astronomic azimuth corrected for the deflcction of tho vertical. 
On pages 17-21, Supplementary Investigation in 1909 of the Figure 
of the Earth and Isostasy, is an cxplanation of the method of using 
Laplace azimuths on triangulation. 

FIRST-ORDER AZIMUTHS 

On first-order triangulation the azimuths at  Laplace stations are 
designated as first-order azimuths. They are located at  main- 
scheme stations of the triangulation from six to eight figures apart, 
and nre observed by the triangulation party as. the work progresses. 
If possible they should bo located a t  stations to which trucks can be 
driven, in order that they may be readily accessible to the longitude 
party with its heavy instruments. Where the stations of the main 
scheme are so inaccessible that it is necessary to locate a supplemental 
point for a Laplace station i t  need be connected to the main scheme 
by a single well-shaped triangle only, but the angle measures must 
be made with first-order accuracy. Formerly it was necessary to 
locate Laplace stations where a telegraphic connection could be 
secured, but by the radio method of receiving time signals on longi- 
tude work such a connection is no longer necessary. 

The azimuth a t  a Laplace station is determined by observations 
upon Polaris a t  any hour angle, using some one station of the main 
scheme as the azimuth mark. The station last sighted upon before 
pointing on Polaris is the one to be used as the azimuth mark, in 
order that the instrumental chsnges shall be as small as possible 
between the times of pointing upon the mark and star. Other 
things being equd, it is advantageous to use for initial the first 
station of the scheme to tho right of north. This will cause the 
main-scheme station just to thc left of nort,h to bo tho azimuth 
mark and Polaris to bo a t  a convcnicnt angle from the mark. A 
sample record for azimuth observations is shown on page 88. The 
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azimuth observations are usually made during the measurement of 
the directions to the stations of the triangulation scheme, the time 
required to make the observations upon Polaris being approximately 
equal to that required to make the observations upon two of the 
triangulation stations. 

The observations for a first-order azimuth at  a Laplace station 
should be made upon at  least two separate nights. The find result 
should have a probable error which seldom exceeds 0”.30. It 
should depend upon at least 22 acceptable positions with a direction 
instrument, not less than 8 of them being on any one night. 

The following routine for observing upon Polaris will reduce the 
time required for the operation and also minimize the chances for 
mistakes and omissions. 

After having completed the pointing and readings upon the 
mark, point upon Polaris, bringing the star within a half minute or 
so of the vertical wires in the middle of the field; clamp the horizontal 
motion; place the stride level in position on the standards, at the same 
time calling “stand by” to the recorder; perfect the pointing, calling 
[[t ip” sharply at the moment of bisection; and then make mental 
note of the stride-level readings, but do not call out the readings until 
the recorder who is marking down the time, calls [‘ready.” After 
noting the stride-level readings reverse the stride level and move to 
the first micrometer, calling out the stride-level readings, west 
end always first, then the micrometer readings in order, and lastly 
the readings of the reversed level, again west end first. Remove the 
level, turning it end for end as it is removed, and place it on the 
nails provided for the purpose on the south side of the stand, in 
position to be placed later on the instrument with the same end to 
the west as on the first reading. This is not necessary, but will 
often enable the computer to detect mistakes in the recording. 

Next loosen the upper horizontal clamp, turn the instrument 180 
degrees, reverse the telescope and point again upon Polaris, going 
through the same procedure as described for the first pointing. 
This routine permits the stride-level bubble to  come fully to rest 
without delay to  the observing. With an extra man to read one 
micrometer 16 positions can be observed on Polaris and the mark in 
little more than an hour. 

The principal precautions to take in observing upon Polaris are 
to train the recorder to note accurately the chronometer time cor- 
responding to the call of [‘tip,” and then to give him sufficient time 
to make record of it before he is confused by other readings. The 
recorder should be trained t o  carry mentally a staccato count of the 
seconds of ‘the chronometer, as, “twenty’ half, twenty-one’ half, 
twenty-two’ half,”-t.he accented word or syllable and the word 
“half” synchronizing with the half-second beat. It is then easy 
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for him to note within a quarter of a second the time of the observer’s 
“tip.” 

If a sidereal watch is used instead of a chronometer its fifth-second 
beat can not readily be followed, but with practice the mental 
staccato half-second count can be regulated so that the count of the 
whole second can be made to  coincide with the passage of the second 
hand over each successive second division of the dial as registered 
by the eye and the time of the “tip” noted with reference to the 
count. This is more accurate than noting the time by the eye alone. 

To avoid errors due to the instrument being out of level the azimuth 
mark, whether a distant triangulation station or some near-by 
object, should be as nearly as possible in the horizon. If it is elevated 
or depressed more than 1 degree out of the horizon, stride-level 
readings should be taken when reading upon the mark in the same 
manner as when reading upon Polaris. 

In  northern latitudes, such as Alaska, particular care must be taken 
that the instrument stand is stable and not disturbed by the move’- 
ments of the observer about it. Because of the high altitude of 
Polaris the stride level used should be very sensitive and care taken 
that the bubble has come to rest before the readings are made. A 
2-millimeter division of the bubble should have a value of not to 
exceed 4 seconds of arc for azimuth work in high latitudes. 

The record book in which are recorded the observations upon 
Polaris should always contain a record of the eccentricity of both the 
light and the theodolite. If there is no eccentricity of either it 
should be so stated. Often there is uncertainty as to whether the 
eccentricity recorded for the regular angle observations should be 
applied to the azimuth observations also, if the azimuth is measured 
separately from the other directions. 

SECOND-ORDER AZIMUTHS 

An azimuth a t  a first-order triangulation station which is not to be 
used as a Laplace station is called a second-order azimuth, and is 
observed to secure data regarding the deflection of the vertical. In  
general, a second-order azimuth should be observed at  intervals 
of from 40 to 60 miles through the scheme, though it is desirable 
that an azimuth be observed a t  any station where the observing party 
has to observe on more than one night, if the weather permits azimuth 
work. In  observing a second-order azimuth the same procedure 
should be followed as described for a first-order azimuth, but all 
observations may be made on a single night. Such an azimuth 
should not depend on less than 10 acceptable positions and should 
have a probable error of less than 0”.60, though in Alaska this limit 
may be extended to O’I.65. 
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CHRONOMETER CORRECTION 

Since observations for azimuth are made upon Polaris at  any hour 
angle, the correction to the chronometer time should be known to 
within one second. An error of one second in the time would cause 
an error of about 0”.3 in the computed azimuth of Polaris near cul- 
mination in latitude 30°, and about 0”.6 in latitude 60’. 

Occasionally the chronometer correction may be obtained by com- 
parison with the time signals from the Naval Observatory sent out 
by radio or over commercial telegraph lines, but these signals are apt 
to prove unsatisfactory for the following reasons: Because of tempera- 
ture and winding errors the daily rate of the chronometer obtained by 
successive comparisons with the noon signals may be very different 
from the actual rate during the interval from the noon signal to the 
mean epoch of the time of observing. Transporting the chronometer 
from place to place also affects its rate. Chronometer corrections 
obtained by observations upon stars near the time of the azimuth ob- 
servations will, in general, prove the more accurate and satisfactory, 
and of the many methods available observed altitudes of both east and 
west stars near the prime vertical will prove the most advantageous 
with the instruments usually at hand. With this method no star 
catalogue or observing list is needed, and any star near the prime 
vertical of greater altitude than 30’ can be used, even though it shows 
for only a few minutes through a broken field of clouds. 

The instrument used for the trigonometric leveling between tri- 
angulation stations is used for measuring the zenith distances of the 
time stars, whether it be a so-called vertical circle similar to the one 
shorn in Figure 23, or the vertical circle ’of a theodolite of the uni- 
versal type shown in Figure 17. In either case the graduated circle 
is usually about 6 inches in diameter, read by two or more verniers 
to 10 seconds, and has a fairly sensitive level bubble. 

The method of observing depends upon whether the bubble is 
attached to the vernier circle or to the frame of the graduated circle. 
With either method the star is brought near the intersection of the 
middle vertical and horizontal wires, the horizontal wire brought just 
ahead of the star in the direction in which the star is moving, and the 
star allowed to make contact, thus eliminating the error due to the 
thrust upon the instrument when the horizontal wire is moved into 
contact with the star. 

With an instrument having the bubble attached to the vernier circle 
the observing routine is as follows: With circle right bring the star 
near the intersection of the middle wires as described above, call “tip ” 
to the recorder for the noting of the chronometer time as the star makes 
contact with the horizontal wire, bring the bubble to the center of 
the tube with the vernier screw, watching it three or four seconds 
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to see that it remains centered, read the verniers, loosen the vernier 
clamp, reverse the telescope and with circle left bring the star into 
approximate position with the vernier screw, calling “tip ” to  the 
recorder as the star makes contact, bring the bubble to the center 
and read the verniers. This constitutes one measure of the zenith 
distance. The next measure should be made beginning circle left and 
ending circle right. Four measures of the zenith distance of an east 
star should be made and a similar number on a west star before 
Polaris is observed upon for azimuth. This constitutes what is com- 
monly called a time set. Like observations for time should be made 
after the observations upon Polaris are completed for the second 
time set. The difference between the chronometer corrections given 
by the two sets is distributed throughout the intervening period as 
a chronometer rate. 

With an instrument having the bubble attached to the frame or 
to the graduated circle the bubble must be read, and a different 
observing routine is followed. With the circle right read the verniers, 
bring the star near the horizontal wire with the tangent screw which 
does not change the vernier readings, call (‘ tip” to the recortler as the 
star makes contact, then read the bubble, objective end first. Loosen 
the vernier clamp, reverse the instrument, and with circlc lcft bring 
the star into position with the vernier slow-motion screw, call the 
contact, read the bubble and then the verniers. 

If the bubble is out of adjustment and one end falls beyond the 
graduations after reversal, it can be brought back by moving one 
or more foot screws of the instrument before pointing upon the star. 
The relation between the line tangent to the axis of the bubble and 
the line passing through the zero of the graduated circle and the 
graduation mark 180’ from the zero must not be changed between 
the times of the two star contacts in a single measure of the zenitli 
distance . 

If a repeating circle is being used the reading of the circle should 
be changed by at least a degree between each two measures; otherwise 
an error in a single reading would cause the rejection of two measures 
of the zenith distance. 

ERRORS IN TIME OBSERVATIONS 

It is more difficult to secure good time sets than to secure good 
observations upon Polaris, For that reason the observer should 
always compute his time sets, though for primary azimuths after 
the first azimuth station or so he need only abstract on the proper 
forms his observations upon Polaris. The computation of both time 
and azimuth is fully explained in Special Publication No. 14. 

Some of the more common sources of error in time observations 
are mentioned below. The remedy for each is indicated. 
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1. Incorrect noting of time.-An inexperienced recorder should 
be trained in the way explained in the paragraphs relating to the 
observations on Polaris. Do not confuse him by calling out the 
readings of the verniers or levels before he has finished recording the 
time. 

2. Incorrect circle readings.-The difficulty of securing an 
even illumination of the verniers by flashlight increases the chances 
of incorrect readings. Check carefully the minutes of each vernier 
reading, for the mistakes are more apt to occur in the minutes than 
in either the degrees or seconds. 

3. Wrong star.-The effect of this error can be nullified by 
measuring roughly the horizontal direction to each time star from 
either Polaris or some station of the triangulation, noting the time of 
the measurement. This should invariably be done, and the angle 
and time recorded for each time star. 

4. Refraction errors.-The zenith distances are corrected for 
refraction, the correction angles being taken frofn tables given in 
Special Publication No. 14. These tabulated values must themselves 
be corrected for temperature and barometric pressure, so thermometer 
and barometer readings must be recorded for each time set. The 
differential effect of an incorrect index of refraction being used for the 
tabulated values for the correction will be lessened by having the 
east and west stars as nearly as possible of the same zenith distance, 
though usually the error from this source is not serious if no star is 
used of an altitude less than 30°. 

5. Poor selection of stars.-More serious errors will be 
introduced by selecting stars too far from the prime vertical. In the 
early evening there is always the temptation to use the first stars 
visible in order to begin the night’s work. A delay of a quarter of an 
hour is usually not serious, and will often result in securing time 
stars which will give a much more accurate chronometer correction. 

6.  Parallax.-The effect of parallax is very apt to be evident in the 
computed times, for the effect of this error is almost invariably 
opposite in sign for east and west stars. It is very essential that 
both east and west stars be observed upon for each time set, for the 
mean will be measurably free from this error unless there is a great 
difference in their zenith distances. 
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Frequently the geodetic engineer is called upon to execute a con- 
trol survey for a special purpose, and must decide from investiga- 
tion what accuracy is necessary and what methods must be used. 
A proper decision requires the exercise of experience and good judg- 
ment, for unnecessary accuracy is wasteful and a survey possessing 
too little accuracy is apt to prove useless. 

Bearing in mind the purpose for which the horizontal control is 
being established, the first thing to decide upon is the limit of per- 
missible error in position and in scale-or length-in the detailed 
control. If the area to be covered is at  all considerable it will usually 
be more economical to span the area with control of either the first 
or second order, as may be required, while the detailed control 
would be of a lower order of accuracy. The process to use, whether 
traverse or triangulation, will depend largely upon topographic 
oonditions, while the choice of instrumental methods will be influ- 
enced by the class of instruments available and the accuracy which 
must be secured. The amount of money available must also be 
considered as a ?najor factor, but this should be permitted to affect 
the quantity rather than the quality of the control. 

METROPOLITAN CONTROL SURVEYS 

Several cities, both large and medium-sized, have either completed 
or begun detailed topographic surveys for use in connection with 
the various engineering operations of the city or to assist in what 
is generally known m city planning. The horizontal control for 
such surveys, especially those in which property boundaries are 
connected to the control surveys, requires an accuracy of the high- 
ost order obtainable a t  a reasonable expense. The rapidly increasing 
value of urban real estate makes i t  necessary to secure an accuracy 
greater even than that specified for the first-order control surveys 
which span the country and coordinate the surveys of the nation. 
The estimated future value of the real property rather than its 
present value should dictate the accuracy to be secured on the con- 
trol surveys. 

As an illustration of the combination of various grades and pro- 
cesses of control on a single project, there is given the following 
extracts from the specifications for the horizontal-control survey of 
an urban district where the Coast and Geodetic Survey cooperated 
with the city authorities in making the survey: 

The work to he executed will consist of both first-order triangulation and 
first-order traverse, the two being closely connected into a strong scheme of 
horizontal control. 

164 
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Connections shall be made to  adjusted first-order triangulation stations of 

the national survey in that vicinity, in order to place the surveys upon the North 
American datum, but the lengths for the control should be obtained by measuring 
two bases located on opposite sides of the city and strongly connected with the 
scheme of triangulation. 

The ZRI and ZRZ between bases, as defined on pages 12 to  25 of Special Publica- 
tion No. 26 of the Coast and Geodetic Survey, should be not greater than 60 and 
90, respectively. If i t  is necessary to do so a broken base may be used, provided 
the terminal stationb are intervisible and the loop closure of observed angles is 
made, and provided also that no considerable element of the measured base has 
an inclination of more than 15’ to the final projected line. 

Each base should be measured with an actual total error from all sources of not 
to exceed 1 part in 300,000, and with a probable error of not more than 1 part in 
1,OOO,OOO. The measurement of each base should be made with at least three 
invar tapes, so used as to give an accurate and equal intercomparison of their 
eflective lengths on the measurement. The tapes should be standardized a t  the 
Bureau of Standards both before and after the two bases are measured. In order 
to  secure the accuracy stated above it is advisable that the uncertainties due to 
the measured temperatures and tensions, to the grade corrections derived from 
measured elevations of tape ends, and to the marking of the tape ends shollld be 
eliminated to such an extent that  the error from no one source shall exceed, for 
the entire base, more than 1 part in 500,000. Whenever an error tends to be 
systematic and to  be greater in magnitude than the amount stated above srlch a 
method of measuring should be adopted will tend to  eliminate i t  from the final 
mean of the measured length. 

Triangulation.-Such methods should be used on the main-scheme triangu- 
lation as will give an agreement of better than 1 part in 100,000 between the meas- 
ured length of the base line and its length as computed through the triangulation 
from the base on the opposite side of tEe city, after the side and angle equations 
have been satisfied by the least-squares adjustment. Since this agrcement can not 
be known until after the triangulation is entirely completed, i t  is suggested that 
methods of observing he adopted which will secure a triangle closure of not to 
exceed a”, with an average not greatly in excess of 1125, which should give a 
probable error for a direction of about w75. Special attention must be paid 
in selecting times for observing when the adverse effect of horizontal refraction 
will be a minimum. 

The principal lines of the triangulation scheme should generally be from 1 to  
5 miles in length. It is desirable to  have some overlapping of figures whenever 
the strength of the entire net would be materially strengthened thereby. A 
distribution of first-order stations over the area as uniformly as possible should 
be secured with en average of about one for each 5 square miles of area. The 
stations on the outer lines of the scheme should be 80 chosen as to  permit of 
expansion of the scheme outward at a future date. 

In addition to the occupied first-order stations a supplemental first-order 
station for each square mile of area should be determined by intersection from 
at leaat three stations of the main scheme, these supplemental stations to be 
distributed as uniformly over the area as possible. The observations upon 
these supplemental stations should be made with such methods as will give a 
probable error for a direction not greatly in excess of 1 second. 

The instrument to be used on the triangulation is the regular 12-inch Coast 
and Geodetic Survey model direction theodolite. Observations upon supple- 
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mental stations can be made either with this instrument or with the smaller 
direction instrument. 

Traverse.-Since i t  is upon the first-order traverse stations that the city 
engineer must rely for connections to his subordinate control lines, particular 
care must be given to the location and measurement of the traverse. 

Location of lines.-The traverse lines between connections to first-order 
triangulation stations should contain not more than 15 angle stations each. 
The ends of the traverse lines should be connected to the triangulation in both 
position and azimuth. Additional connections in position should be made 
between the traverse and supplemental triangulation stations whenever oppor- 
tunity presents itself, but accurate connections in azimuth can usually be made 
only to triangulation stations which have been occupied. 

The first-order traverse lines should be distributed over the area with as 
much uniformity as practicable, and in general should not b‘e more than 1 mile 
apart. Traverse within the 1-mile squares will be of a lower order of accuracy. 
Long, narrow loops should be avoided, and when the distance between two 
traverse lines is less than 15 per cent of the distance around the loops which 
have those lines as component parts a connecting traverse line should be run 
across the loop. Where two lines of first-order traverse cross each other they 
should invariably have an angle station at the intersection. 

When a connection in azimuth is to be made between a first-order traverse 
and a first-order triangulation station the angle observations for the connection 
should have an error of not to exceed 2”.0, and the connection in distance should 
have an error of not to exceed 0.05 foot, with a check determination of the dis- 
tance. The chief function of the triangulation is to provide proper position and 
angle control for the first-order traverse, and for that reason the connections 
between the two systems should be as strong as can be made economically. 

The first-order traverse stations should be spaced along the traverse lines at a 
distance apart of not to exceed 500 yards. Often two first-order traverse sta- 
tions on the same line, not adjacent, are intervisible, in which cme the azimuths 
should be carried through the line by the fewest stations, avoiding the shortest 
lines of sight. Care should be taken, however, that no considerable portion of 
a suppleniental line makes an angle of more than 25’ with the line of the main 
scheme upon which it is to be projected. 

Accuracy.-The first-order traverse system will be composed of two sets of 
lines. The first set will consist of those to be included in the first adjustment, 
which will be intimately connected with the main-scheme triangulation and will 
divide the area up into blocks 3 or 4 miles across. The second set of first-order 
traverse lines will divide these large blocks into smaller blocks containing about 
a square mile, and will be adjusted into the first-order traverse lines forming 
the perimeter of the block. Traverse within the 1-mile squares t i l l  be of a lower 
order of accuracy. 

The angle measures on the lines to be held in the first adjustment should be 
made with such accuracy that the correction per angle to close a loop of the 
precise traverse will not greatly exceed 2”.S&/u, where a is the number of 
main-angle stations on the line. On the lines to be held in the second adjust- 
ment the correction per angle to close the loop should not greatly exceed 3”.5 &/a, 
where a has the same significance as above. 

First-order traverse lines included in the first adjustment should be given two 
precise measures with invar tapes. In making rejections an estimate of the 
accuracy of the mean of two or more measures should be considered rather than 
their lack of agreement. Extreme care should be taken to eliminate systematic 
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errors on the traverse measurements, or at least to eliminate their effect from the 
mean of the measures. 

First-order traverse lines included in the second adjustment need be given but 
one precise measurement with an invar tape, but a rough check measurement 
should be made with a steel tape to detect any blunders before the computations 
are begun. 

A first-order traverse line included in the first adjustment, starting from a point 
of the adjusted triangulation, should close in position upon another point of the 
adjusted triangulation within 1 part in 25,000 of the length of the traverse line 
after all tape corrections and angle corrections for loop closure have been applied. 
If the first closing error in Position is greater than 1 part in 25,000 either the angle 
or tape measurement, or both, must be strengthened until the required agreement 
is secured. On lines of the second adjustment the closing error in position upon 
an adjusted point, either traverse or triangulation, should not exceed 1 part in 
20,000 of the length of the line after the tape corrections and angle corrections 
for loop closure have been made. 

For the 38 triangles of first-order triangulation executed under the 
above instructions the average triangle closure was less than I” ,  
and only two triangles had a closure greater than 1”.70. 

In Figure 64 there is shown a somewhat idealized sketch of a 
scheme where first-order triangulation and both first and second 
order traverse are combined into a closely coordinated whole to con- 
form to the specifications given above. The triangulation is first 
adjusted, then the traverse shown by heavy lines on the sketch is 
adjusted to the triangulation, then the remainder of tlie first-order 
traverse lines are computed in a series of adjustments. Finally, 
second-order traverse lines having an accuracy represented by a pro- 
portionate error in length and position of about 1 part in 20,000 are 
run about one-fourth mile apart. Traverses on the remaining streets 
are third order in character and would have an error in length repre- 
sented by a closure of not to exceed 1 part in 10,000. 

With such a coordinated scheme of control errors can not accumu- 
late over long distances, and yet a comparatively large part of the 
traverse is second and third order in character, with a consequent 
lessening of the total cost. 

On any horizontal-control survey made for a special purpose 
reconnaissance is an exceedingly important part of the operation. 
The preliminary reconnaissance should be made in sufficient detail 
to assure the engineer in charge that the methods chosen are tlie best 
possible ones to adequately and economically meet the conditions 
and the requirements. 

When the general plan of operations has been decided upon the 
detailed reconnaissance should be kept far enough ahead of the ob- 
serving to obviate the necessity for frequent reoccupation of stations 
because of new work being added. Before the triangulation stations 
are occupied the reconnaissance should be completed for all supple- 
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mental stations and traverse connections, with all stations marked 
and prepared which are to be observed upon. Reconnaissance for 
the first-order traverse lines should also include all connecting lines, 
since a slight shifting of a main-scheme station may often prove of 
great advantage in connecting a subsidiary line to it. On all of the 
operations accuracy is essential and speed desirabie, but it is on the 
reconnaissance and in the proper planning of operations that the 
greatest opportunity for economy liee. 
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Grade corrections for various horizontal lengths 
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Grade cwrections for various lengths of tape-Continued 
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Diflerences of elevation and grade corrections for varying angles of inclination 
[Length-HI meters. Argument is inclination angle] 
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5. 2 
5.3 
5.5 

5.6 
6.8 
5.9 
6.1 
6.2 

6.4 
6.6 
6. 7 
6.9 
7.1 

7. 2 
7.4 
7.6 
7. 7 
7.9 

8. 1 

8. 5 
8.6 
8.8 

a 3  

1.35 
1.36 
1.37 
1.38 
1.39 

1. 40 
1.41 
1.42 
1.43 
1.44 

1.46 
1.46 
1. 47 
1.48 
1.49 

1. 50 
1.51 
1. 52 
1.53 
1. 64 

1.65 

1.57 
1. 58 
1. 59 

1.68 

21.0 
21.3 
21.6 
21.9 
2 2 2  

2 2 5  
22.8 
23.1 
23.4 a. 7 

24.0 
24.3 
24.6 
25.0 
25.3 

-11- 

2. 10 
2. 11 
2. 12 
2 13 
2 1 4  

2 1 5  
2.16 
2.17 
2.18 
2.19 

2.20 
2.21 
2.22 
2.23 
2 24 

Mm. 
0.0 .o  .o  .o 
.o  

.20 

.21 

.n 

.23 

.24 

.25 

.28 .n 

.28 . 29 

.o .o .o 

. 1  

.1 

.1 

.1 

.1 

. 2  

. 2  

. 2  

. 3  

.3  

.3  

.4 

.4 

.4 

.5 

. 5  

. 6  

.m  

.689 

. 7 n  

.755 

.787 

.820 
,853 .m 
.9l9 . 961 

. 6  

. 7  

. 7  

. a  

.8 

.9 
1.0 
I. 0 
1. 1 
1.2 

1.2 
1.3 
1.4 
1.4 
1. 5 

1.6 
1. 7 
1.8 
1.8 
1. 9 

2. 0 
2. 1 
2 2  
2. 3 
2.4 

2 5  
2 6  
2 7  
28  
2.9 

3.0 
3. 1 
3.2 
3.4 
3.6 

.30 

.31 

.32 

.33 

.34 

.35 

.36 

.37 

.3R 

.39 

.40 

.41 

.42 

.43 

.44 

Metera 
.65 
.66 
.67 
.68 
.BB 

.70 

.71 

.72 

.73 

.74 

.75 

.76 

.77 

.78 

.79 

.80 

.81 

.82 

.83 

.84 

.a45 

.86 

.87 

.88 

.89 

.90 

.91 

.92 

.93 

.94 

.95 

.6iJ 

.97 

.98 

.98 

1.00 
1.01 
1. 02 
1.03 
1. 04 

1.06 
1.08 
1. 07 
1.08 
1. 09 

1. 10 
1. 11 
1. 12 
1. 13 
1. 14 

1.15 
1. 16 
1. 17 
1. 18 
1. 19 

1. 21 
1. n 
1.23 
1.24 

1. m 

.8&1 
1.017 
1.050 
1.w 
1.115 

1. 148 
1, 181 
I. 214 
1.247 
1.280 

1.312 
1.345 
1.378 
1.411 
1.444 

Feel 
2. 133 
2 165 
2. 198 
2. 231 
2 %  

2 287 
2 328 
2 362 
2 395 
2428 

2. 461 
2 493 
2 526 
2668 
2 592 

2. 625 
2. 657 
2. 690 
2. 723 
2. 750 

2. 769 
2.822 
2851 
2. 887 

2.953 
2.888 
3.018 
3. 051 
3.084 

3.117 
3. 1% 
3.182 
3.215 
3.248 

3.281 
3.314 
3.346 
3.379 
3.412 

3. 445 
3.478 
3.510 
3. 543 
3.576 

3.808 
3. 642 
3. fl75 
3. 707 
3. 740 

3.773 
3.806 
3.839 
3.871 
3.904 

3.937 
3.970 
4.003 
4.035 
4.068 

4. 101 
4. 134 
4.167 
4. IQg 
4.2a2 

2.9m 

26.6 
26.9 
26.2 
26.6 
26.9 

Difference of 
CE* 11 elevation 

2.25 
2.28 
2.27 
2.28 
2.28 

-1l- 

10.0 
10.2 
10.4 
10.6 
10.8 

1.66 
1. 66 
1.67 
1.68 
1.69 

11.0 
11.2 
11.4 
11.7 
11.9 

12. 1 
12. 3 
1 2 5  
1 2 8  
13.0 

13. 2 
13. 5 
13. 7 
13. 9 
14.2 

14.4 
14.6 
14.9 
15. 1 
15.4 

15. 6 
16.9 
16.1 
16.4 
1e.e 

9.0 
9. 2 
9.4 
9.6 
9.8 

1. 70 
1.71 
1. 72 
I. 73 
1.74 

1. 75 
1. 76 
1.77 
1.78 
1. 79 

1.80 
1.81 
1.82 
1.83 
1.84 

1.86 
1.88 
1.87 
1.88 
1.89 

1. Bo 
1.91 
1.92 
1.93 
1.w 

1.80 

.Ed 

.51 

.52 

.53 

.64 

.55 

.68 

.57 

.58 

.69 

1.61 
1. 62 
1.63 
1. 64 

1.640 
1.673 
1.708 
1.739 
1.772 

1.809 
1.837 
1.870 
1.903 
1.936 

.eo 

.6 l  

.62 

.63 

.64 

1.m 
2001 
2.034 
2087 
2100 

Feel 
4. 285 
4. 288 
4. 331 
4. 364 
4.398 

4. 428 
4.462 
4.495 

4. 660 

4. 593 
4. 628 
4. 669 
4.692 
4.724 

4.757 

4.823 
4. BMI 
4.888 

4.921 
4. 954 
4.987 
h. 020 
5.052 

6.0&5 
5.118 
5.151 
5. 184 
5.217 

5. 249 

5.315 
5.348 
5.381 

5.413 
5. 446 
5.479 
5.512 
5. 545 

6.577 
5.610 
5.643 
5.676 
5. 709 

5. 741 
5 .  774 
5.807 
5. 840 
5.873 

5.900 
5. 938 
5.971 
6. 004 
6.037 

6.070 
0. 102 
6. 135 
6. 188 

4. 628 

4. 780 

5. 282 

6. mi 

6.234 
6. 286 
6.m 
6.332 
&.a86 

C g y -  11 Difference of 
elevation 

II- 

27. 2 
27.6 
27.9 
28.2 
28.6 

28. 9 
29.2 
28.6 
29. 9 
30.3 

30.6 
31.0 
31.3 
31. 7 
32.0 

3 2  4 
32.8 
33. 1 
33.5 
33.9 

34.2 
34.6 
36.0 
36. 3 
35.7 

3fl. 1 
36.5 
31.9 
37.2 
37.6 

2. 30 
2.31 
2. 32 
2.33 
2. 34 

2. 36 
2. 36 
2. 37 
2.38 
2.39 

2. 40 
2. 41 
2. 42 
2. 43 
2.44 

2. 45 
2.46 
2. 47 
2. 48 
2 49 

2.60 
2. 51 
2 h2 
2. 63 
2. 64 

2. 56 
2. 68 
2. 67 
2. I 
2.m 

Feel 
6.398 
6. 430 
6. 463 
6. 4w1 
6. 528 

6. 562 
6. 594 
6. 627 
6. Bso 
6. 693 

6. 726 
fl. 759 
6. 791 
6.824 
6.867 

6. 890 

6. 9M 
fl. 988 
7.021 

7. 054 
7. 087 
7.119 
7.152 
7.185 

7.218 
7. 251 
7. 283 
7.316 
7.349 

7.382 
7.415 
7.447 
7.480 
7.513 

7. 546 
7.579 
7.612 
7. 644 
7. 677 

7. 710 
7.743 
7. 776 
7.808 
7. 841 

7.874 

7.940 
7.972 
8. 006 

8. 038 
8.071 
8. 104 
8. 136 
8.169 

8.202 
8. 235 

8. 301 
8. 333 

8. 308 
8. 398 
8.432 
A. 4m 

6.923 

7.807 

am 

a 497 

- - 
:orrec- 
tion 

Mm. 
38. n 
38. 4 
3 . 8  
39. 2 
39. 6 

40.0 
40. 4 
40. R 
41. 2 
41. 6 

42. 0 
42. h 
42.9 
43.3 
43. 7 

44. 1 
44. 5 
45.0 
45. 4 
45. 8 

46. 2 
46. 7 
47. 1 
47. 5 
48.0 

48. 4 
48.9 
49.3 
49. 8 
50. 2 

60. 7 
51. 1 
51. 6 
h2. 0 
52. 5 

52.9 w. 4 
53. 9 
54.3 
54. 8 

h5. 3 
56. 7 
.%.2 
56.7 
57. 2 

57. 6 
M1.1 
58.6 
b9. I 
59. 6 

Bo. 1 
80.6 
61.0 
61. 6 
62. 0 

62.5 
63.0 a. 5 
64.0 
04.6 

65.1 
66.6 
66.1 
66.6 
67. 1 
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Grade corrections for 60-meter tape lengths-Continued 

Mm. 
67. 0 
88.2 
88.7 
69. 2 
69.7 

70. 3 

Difference of 
elevation 

Meters 
3. 25 
3.26 
3.27 
3.28 
3.29 

3.30 

Meters 
2.60 
2.61 
2.62 
2.63 
2. 84 

2. 65 
2. 66 
2.67 
2. 611 
2. 69 

2. 70 
2. 71 
2. 72 
2. 73 
2. 74 

2. 75 
2 70 
2. 77 
2. 78 
2.79 

2.80 
2.81 
2.82 
2.83 
2. 84 

285 

2. 87 
2.88 
2.89 

2. 90 
2. 91 
2. 92 
2. 93 
2.94 

2 95 
2.08 
2 97 
2. 98 
2. 99 

3.00 
3.01 
3.02 
3.03 
3.04 

;3.05 
3.08 
3.07 
3. on 
3. 09 

3. 10 
3. 11 
3. 12 
3. 13 
3. 14 

3. 15 
3. 16 
3. 17 
3. 18 
3.19 

3.20 
3. 21 
3. 22 
3. 23 
3.24 

2.86 

Mm. 
106.7 
106.4 
107.0 
107. 7 

'1cP3.4 

Feet 
8.530 
8. 543 
8. 608 
8.629 
8. 681 

8. 694 
8. 727 
8. 760 
8.793 
8.825 

8. 858 
8.891 

8.957 
8.989 

9. 022 
9.055 
9.088 
9.121 
9. 154 

9. 188 
9.219 
9. 252 
9. 285 
9.318 

9.350 
9.383 
9.416 
9. 449 

9.514 
9. 547 
9. bB0 
9.613 
9. 646 

9.678 
9. 711 
9. 744 
9.777 
9.810 

9.842 
9.875 
9.908 
9.941 
9.974 

10.007 
10.039 

10.106 
10.138 

10.171 
10.203 

10.268 
10.301 

10.335 
10.367 
10.4oc 
10.433 
IO. 4 1  

10.4% 
10.531 
10. M14 
10.59; 
10.0% 

a 92-1 

9.482 

i a  072 

io. aa 

Metera 
3.90 
3.91 
3 92 
3.93 
3.94 

Difference of ct9~r 11 elevation 

73. 0 
73. 5 
74.0 
74. 6 
75. 1 

-II- 

3.35 
3.36 
3.37 
3. 38 
3. 39 

112. 4 
113.0 
113. 7 
114.4 
115.1 

4.00 
4.01 
4.02 
4.03 
4.04 

75. 7 
76.2 
76. 8 
77.3 
77.9 

78. 5 
79.0 
79.0 
80.2 
80.7 

3. 40 
3.41 
3.42 
3.43 
3. 44 

3.45 
3. 40 
3.47 
3.48 
3.49 

116. 7 
1164 
117.1 
117.8 
118.6 

119.2 
119.9 
120.6 
121.3 
1220 

w. 1 
80. 7 
91.3 
91.9 
92. 5 

4.05 
4.08 
4.07 
4.08 
4.08 

4.10 
4.11 
4.12 
4.13 
4.14 

3.86 
3. 68 
3.67 
3.88 
3.69 

122.7 
123.4 
11.1 
124.8 
125.6 

126.2 
126.9 
127.6 
12R3 
128.0 

4.15 
4.16 
4.17 
4.18 
4.19 

4.20 
4.21 
4.22 
4.23 
4.24. 

98.2 
08.8 
97. 4 
88.1 
88.7 

99. 3 
loo. 0 

81.3 
81.9 
82. 4 
83.0 
83.6 

84.2 
84. 8 
85.3 
85. 9 
88.5 

loo. 6 
101.2 
101.9 

3. 50 
3. 51 
3. 52 
3.53 
3.54 

3.55 
3. 56 
3. 57 
3. 58 
3.59 

102.5 
103.1 
103.8 
104.4 
105.1 

87. 1 
87. 7 
88.3 
88.9 
89. 5 

3. 76 
3. 76 
3. 77 
3.78 
3. 78 

3.80 
3.81 

' 3.82 
3.83 
3.84 

3.85 
3. 88 
3.87 
3.88 
3.88 

3.80 
3. 61 
3.62 
3.83 
3.84 

Feet 
0. 883 
0. 688 

0. 761 

to. 827 
0.860 
IO. 892 
IO. 9% 
IO. 9 1  

Il.024 
L1.068 
L1.089 
11. 122 

11. 165 
11.188 
II.220 
11. 263 
L1. 288 
11.319 
11.352 
11. 384 
11.417 
11.450 

11.493 
11.516 
11. M9 
11.581 
11.814 

I I. 847 
11. BBO 
11. 713 
11.745 
11.778 

11.811 
11. E44 
11.877 
11. Bog 
11.942 

11.976 
12 008 
12 041 
12 073 
12. loo 

12 139 
12 172 
1 2  206 
12 !BE 
12 270 

la 303 
1 2  338 
1 2  389 
12 402 
12 434 

12 467 
12 boc 
12. 633 
12. 5ef 
12. m 
1 2  a1 
12. MI 
12. 695 
12 7x 

0. 728 

a 794 

io.mi 

12 782 

129.8 
130.6 
131.2 
131.9 
132 7 

133.4 
134.1 
134.9 
135.6 
136.9 

137.1 
137.8 
138.6 
139.3 
140.1 

:orrec- 11 Difference of 
tion elevation 

4.25 
4.26 
4.27 
4.28 
4.29 

4.30 
4.31 
4.32 
4.33 
4.34 

4.35 
4.36 
4.37 
4.38 
4.39 

-4- 

93. 1 
93. 7 
94.3 
95.0 
95. 6 

3. 70 
3. 71 
3.72 
3. 73 
3. 74 

140.8 
141.6 
1423 
143.1 
143.8 

144.6 
145.4 
146.1 
146.9 
147.7 

148.4 
149.2 
150.0 
1m.s 
161.6 

4.40 
4.41 
4.42 
4.43 
4.44 

4.45 
4.40 
4.47 
4.48 
4.48 

4.m 
4.51 
4.52 
4.69 
4.64 

- 
Fret 
2. 795 
2828 
2.881 
2. 894 
2 928 

I 2.959 
12.992 
13. 025 
13. 068 
13.091 

13. 123 
13. 156 
13. 189 
13.222 
(3. 255 

(3.287 
13.320 
13. 353 
13. 386 
13.419 

13.451 
13.484 
13.517 
13. .IM) 
13.583 

13.815 
13. 648 
13.881 
13.714 
13.747 

13.780 
13.812 
13.845 
13.878 
13.811 

13.944 
13.976 
14. 008 
14.042 
14.075 

14. 108 
14.140 
14. 173 
14. !X6 
14. 238 

14.272 
14. 304 
14.337 
14.370 
14. 403 

14.438 
14.488 
14.501 
14. 534 
14.667 

14. 80(1 
14. 633 
14.865 
14.8BE 
14.731 

14.764 
14.79i 
14.8% 
14. W 
14. m; 

- - 
:orrec- 
tion , 

Mm. 
__ 

152 3 
153.1 
153.9 
154.7 
155.5 

158.3 
157.1 
157.9 
155.7 
159.5 

160.8 
161.1 
161.9 
162.7 
183.5 

164.3 
165.1 
165.9 
168.7 
167. 6 

188.4 
169.2 
170.0 
170.9 
171.7 

172 5 
173.4 
174.2 
175.0 
175.9 

178.7 
177.6 
178.4 
379.2 
180.1 

181.0 
181.8 
182.7 
183.6 
184.4 

185.2 
186.1 
187.0 
187.8 
188.7 

189. 6 
180.6 
191.3 
192.2 
193.1 

194.0 
194.9 
195.7 
196. 6 
197.5 

198.4 
199.3 
200.2 

2020 

202.9 
203.8 
204.7 
205.8 
a b  

201. 1 

Differencq of 
elevation 
- 
!deters 
4.66 
4. 60 
4.57 
4. 58 
4. 59 

4. 80 
4.61 
4.02 
4.03 
4: e4 

4.65 
4. 68 
4.67 
4. 68 
4. 69 

4. 70 
4. 71 
4.72 
4. 73 
4. 74 

4.76 
4. 76 
4. 77 
4. 78 
4.7s 

4. Bo 
4.81 
4.82 
4.83 
4.84 

4.85 
4 , s  
4.85 
4. a€ 
4.81 

4.K 
4.91 
4.92 
4. % 
4.94 

4.9: 
4. Qf 
4.9; 
4. BE 
4. 

5. OI 
5.01 
5. 0: 
6. E 
5.m 

Lo! 
5 . M  
5.0; 
5. (# 
5. o[ 

5. 1( 
5.11 
5. 1: 
5. 1: 
5. 12 

5. I! 

5. 1 
6. 11 
5. 11 

6. l! 

__ 
Feet 

14.928 
14.961 
14.993 
15.020 
15.059 

15.092 
15.125 
15.157 
15.1W 
15. 223 

15.256 
15.289 
15.321 
15.354 
15.387 

15.420 
15.453 
15. 488 
15.518 
15.551 

15.584 
15.617 
15. 650 
15. w2 
15.715 

15.748 
15.781 
15.814 
15.846 
15.879 

15.912 
15.945 
15.978 
18.010 
10. 043 

16.076 
16.109 
16.142 
16. 175 
ia 207 

16.240 
16.273 
16. 308 
16.339 
10.371 

10.404 
16.437 

18.503 

16. 588 
16.601 
18.834 
16. A67 
10.69s 

16.731 
16.7% 
16.7% 
18. e31 
18 863 

188W 
10.928 
16.082 
16.995 
17. OZ 

16.470 

la 535 

- - 
orrec- 
tion 

Mm. 
207. 5 
m 4  
208.3 
210.2 
211.1 

212 0 
213.0 
213.9 
214.8 
215.8 

216.7 
217.6 
218.6 
219.5 
220.4 

221.4 
222.3 
223.3 
224. 2 
225. 2 

228.1 
227. 1 
228.0 
229.0 
230.0 

230. 9 
231. 9 
232.9 
233.8 
234.8 

235.8 

237. 7 
288-7 
239. 7 

240.7 
241. 7 
242.7 
243.0 
244.6 

245.6 
246.6 
247.8 
248. 6 
249.6 

250.0 
251.8 
252. 6 
253.6 
254.7 

255.7 
256.7 
257.7 
258.7 
259.8 

261. 8 
262.8 
263.9 
264.9 

285. D 
267. 0 
268.0 

270.1 

ma 8 

zea a 

p9.0 
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Mm.  
271.1 
272. 2 

274. 3 
275. 3 

213.2 

Difference of 
elevation 
-- 

Metera 
5.80 
5.81 
5. n2 ::x 

Meters 
5. 20 
5. 21 
5.22 
5.23 
5. 24 

5. 25 
5.26 
5. 27 
5.28 
5. 29 

5. 30 
5.31 
5. 32 
5. 33 
5.34 

5.35 
5. 36 
5. 37 
5. 38 
6.39 

6. 40 
5. 41 
6.42 
5.43 
5. 44 

5. 45 
. 5.46 

5. 47 
5. 48 
5.49 
6. 50 
8.51 
5.52 
5. 53 
5. 54 
6. 55 
5. 56 
5.67 
5. 68 
6. 59 
5. 80 
5.61 
5.62 
5. 63 
5. 64 
6.65 
5. ea 
5. 67 
5. 68 
6. 69 

5. 71 
5. 72 
5. 73 
5. 74 
5. 7: 
5. 7t 
5. 71 
5. 7f 
5. 76 

5.70 

L- 

M m .  
337.5 
338.7 
339.9 
341.0 
3422 

__ 
Feet 

17. 060 
17.093 
17. 126 
17.159 
17.192 

17.224 
17.257 
17. 290 
17.323 
17.356 

17. 388 
17.421 
17.454 
17.487 
17.520 

17.552 
17. 585 
17.618 
17.651 
17. 689 

17.716 
17.749 
17. 782 
17.815 
17. 046 

17.881 
17.913 
17. 946 
17.979 

18.045 
18.077 
18.110 

18.176 
18.209 
18.241 
18.274 

18.340 
18.373 
18. 405 
18.438 
18.471 

18.637 
18.570 
18. 602 
18.635 
18. 868 

18. 734 
la 786 

18.832 
18. 865 
18. 898 
18.930 
18. 963 

in. 012 

in. 143 

ia 307 

la a 

ia. 701 

18.799 

in. 
___ 

Metera 
6.40 
6.41 
6.42 
6.43 a u  

U. S. COAST AND GEODETIC SURVEY 

Grade corrections for 60-meter tape lengths-Continued 

M m .  
411. 3 
412.6 
413.9 
415. 2 
416.5 

:orrec- 11 Difference of 
tion elevation 

Meters 
7.00 
7.01 
7.02 
7.03 
7.04 

343.4 
344.6 
346.8 

348.1 
346. 9 

I 
I 

314.6 
315. 7 
316.8 
318.0 
319. 1 

321.4 
322. 5 
323.7 
324.8 
328.0 
327.1 
528.3 
329.4 
330.6 

320.2 

276. 4 
277.4 
278. 5 
279. 6 
280.6 

281. 7 

283.8 
284.9 
286.0 

287.0 
288.1 
289.2 m. 3 
291. 4 

292.6 
283.5 
284.6 
295. 7 
296.8 

297. 9 
289.0 
300.1 
301. 2 
332.3 
m. 4 
304.5 
305.6 
306.7 
307. 9 
309.0 
310. 1 
311.2 
312.3 
313.5 

282.8 

331. 7 
332.9 
3.34.0 
335. 2 
336. 4 

1 5.85 
5. 86 
5. 87 
5.88 
5. 89 

6.91 
5. 92 
5. 93 
5.94 

5.95 
5.86 
5.97 
5. 98 
5.99 

6.00 
6. 01 
6. 02 
6.03 
0. 04 

6.06 
6.06 
6.07 
6.08 
6.09 
6.10 

6.12 
6.13 
6.14 

6.16 
6.17 
6.18 
6.19 

6.21 
6.22 
6.23 
6.24 
6.25 
6.28 

6. 29 
6.30 
6.31 
0.32 
6.33 
6. 34 
6. 35 
6. 36 
6. 37 
6. 38 
6. 39 

5. Bo 

a 11 

a 16 

6.m 

am 
6.m 

__ 
Feet 

19. 029 
19.082 
19. 094 
19.127 
19.180 

19. 193 
19. 226 
19,258 
19.291 
19.324 

19.357 

19.423 
19.455 
19. 486 

19. 521 
19. 554 
19.587 
19.619 
19.652 

19. 886 
19.718 
18.761 
1s. 783 
19.810 

19.849 
19.882 
19. Ql5 
19.947 
19. m 
20.013 
2O.w 
20.078 
20.111 

19.390 

20. IH 
20. 177 
20. 210 

20. ncl 
20. 308 

20.407 
20. 4411 m. 471 

20.24 

20.341 
20.374 

20.606 
20.538 
20.571 
20. Bo( 

20. ea 
20. 73,‘ 

20. ex 
20. 7 ~ 5  

20. 781 
20. 80( 

20. 8% 
20. 93: 
20. w 

20. w 
20. m 

2orrec- Difference of 

---(I- 

349.3 
350.5 si. 7 
352 9 
354.1 

355.3 
358.5 
357.7 
358.9 
38al 

361. 3 
362 5 
363.7 
384.9 
36fi.l 

367. 4 
388.6 
369.8 
371.0 
372 3 
373.6 

377.2 
378.4 
379.7 

382 1 
383.4 
384.6 
366.0 
387. 1 
388.4 
389. 0 
380.9 
392.2 
398.4 
391.7 
396.9 
397.2 
388.5 
388.7 
401.0 
402.3 
4B. 0 
404.9 
m.1 
407.4 
408.7 
410.0 

3”::: a 

6. 45 
6.46 
6.47 
6.48 
6.49 

6.50 
6. 51 
6. 52 
6.53 
0. 54 

6.55 
6. 66 
6.57 
6. 58 
6.59 

6.80 
6.01 

6.63 
6.64 

6.65 
&ea 
6.07 
6. 88 
6. 89 
6.70 
6.71 

6.73 
6.74 
6.76 
6. 76 
6.77 
6.78 
6.78 
6.80 
6.81 

6.84 
6. 86 
6.M 
6.87 
6. 88 

6.80 
6.91 
6.92 
6.93 

6.95 
0.88 
0. 97 
6. 88 
6. BB 

ti 62 

a 72 

a 82 
6.83 

6.89 

6.a 

__ 
Feet 
10.887 
11. 030 
21.063 
21. 096 
11. 129 

21. 161 
21. 194 
11. 227 
21. m 
21. 293 

21. 325 
21.358 
21. 391 
21.424 
21.457 

21.489 
21. 522 
21.565 
21. 6ea 
21.621 

21. e54 
21. R88 
21. 718 
21.752 
21.786 

21.818 
21.550 
21.883 
21.916 
21.949 
21.982 
22 014 
22. 047 
22.080 
22 113 
22. I46 
22 178 
22. 211 
22.244 
22.277 
22.310 
22.342 
22. 375 
22408 
22.441 
22.474 
22. w 
22.539 
22. 572 
22,805 
22.838 
22,671 
22.703 
22.736 
22.769 
22.802 
22. 835 
22.887 
22. BaO 
22.933 

:orrec- 11 DiRerence of 
tion elevation 

-- ll- 

417.8 
419.1 
420.4 
421.7 
423.0 

424.3 
425.6 
428.9 

429.5 

430.9 
432 2 
433.5 
434.8 
438.2 

437.6 
438.8 
440.2 
441. 6 
442 8 

444.2 
446.6 
446.9 
448.2 
449. 6 
450.9 
452 3 
463.6 
455.0 
466.3 
457.7 
459.1 
460. I 
461.8 
483.2 
464.5 
465.9 
467.3 
468.7 
470.0 
471.4 
472 8 
474.2 
475.6 
477.0 
478.4 
479.8 
481. 2 
482. 6 
484.0 
485.4 
486. 8 
488.2 
489.0 
491.0 

428.2 

7. 05 
7. 08 
7.07 
7. 
7. OB 

7. 10 
7. 11 
7. 12 
7. 13 
7. 14 

7. 15 
7. I6 
7.17 
7. 18 
7. 19 

7. 21 
7. 22 
7.23 
7. 24 

7. 25 
7. 28 
7. 27 

7.28 
7.30 
7. 31 
7. 32 
7.33 
7. 34 
7. 36 
7. 36 
7.37 
7. 38 
7.39 
7.40 
7.41 
7. 42 
7. 43 
7. 44 
7.45 
7. 40 
7. 47 
7. 46 
7.49 
7.50 

7. 20 

7. m 

Feet 
22.966 
22.999 
23.031 
23.w 
23.097 

23.130 
23.163 
23. 195 
23.228 
23.281 

23.294 
23.327 
23.380 
23.382 
23.425 

23.458 
23.491 
23.524 
23.568 
23.689 

23.622 
23.665 
23.688 

23.763 

23.786 
23.819 
23.852 
23.884 
23.917 
23.950 
23.883 
24.016 
24.049 

24.114 
24.147 
24.180 
24. 213 
24.245 
24. m 
24.311 
24.344 
24.377 
24.408 
24.442 
24.475 
24. fan 
24.541 
24.573 
24.608 

23. 720 

24. 081 

- 

- - 
‘orrec- 
tion 

M m .  
492.4 
493. n 
495.2 
406.6 
498.1 

489.6 
500. Ll 
502.3 
m. 8 
605. 2 

506.6 
,508.1 
509.5 
511.0 
512.4 

513.8 
515.3 
516.7 
518.2 
519.6 

521. I 
522.5 
524.0 
625.5 
526. 8 

528.4 
529.9 
531.3 
532.8 
534.3 
535.7 
537. 2 
538.7 
540.2 
541. 7 
543. 1 
544. 6 
540. 1 
547. 6 
549.1 
650.0 
652.1 
553.6 
555.1 
556.6 
6\68. 1 
559.6 
561. 1 
682. 6 
504. 1 
665.7 

Spherical excess.-The spherical excess is computed by the 
formula : 

a,bt sin C,(l- e2 sin’ +)a 
e- 2aZ(1-e*) sin 1” =uJ, sin C,xm. 

In  this formula E is the spherical excess; a, b, and Ct are two sides 
and the included angle, respectively, of the corresponding triangle; 
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ea is the sqdare of the eccentricity, and a the major semiaxis of the 
spheroid of reference; and 4 is the mean latitude of the three vertices 
of the triangle. That part of the above expression which depends 
only on the latitude and the dimensions of the spheroid may be 
designated by a single letter, m, as shown. I n  the following table 
the logarithms of m are given with the latitude as an argument. 

The above formula gives the spherical excess too small by one one- 
hundredth of a second for an equilateral triangle with 200-kilometer 
sides, or for a nonequilateral triangle of the same area. For an 
equilateral triangle of 100-kilometer sides, or an equivalent nonequi- 
lateral triangle, the excess aa given by this formula is too small by 
less than one one-thousandth of a second. 

In cases where a more accurate value of the spherical excess is 
required the formulse given on page 51 of Special Publication No. 4, 
The Transcontinental Triangulat,ion, may be used. These formulae 
give R slightly unequal distribution of the spherical excess among 
the three angles of the triangle. 

Table of log m 
[Computed for the Clarke spheroid otl866 aq expressed in meters] -- 

Latitude 

O I  

0 0 0  
0 30 
1 0 0  

2 0 0  

2 30 
3 0 0  
3 30 
4 0 0  
4 30 

6 0 0  
6 3 0  
6 0 0  
6 3 0  
7 0 0  

7 3 0  
8 0 0  
8 3 0  
9 0 0  
9 3 0  

10 00 
10 30 
11 00 
11 30 
12 00 

12 30 
13 00 
13 30 
14 00 
14 30 

15 00 
15 30 
16 00 
16 30 
17 00 

17 30 
18 00 
18 30 
10 00 
19 30 

i 30 

__ __-- __ 
log m 11 Latitude 

4069s -10 
695 -10 
695 -io 
694 -10 
694 -10 

6M -10 
693 -IO 
693 -10 
692 -10 
691 -10 

680 -10 
R89 -10 
688 -10 
R87 -10 
gsg -10 

685 -10 
883 -10 
682 -10 
680 -10 
679 -10 

677 -10 
675 -10 
673 -10 
671 -10 
869 -10 

867 -10 
866 -10 
883 -10 
880 -10 
658 -10 

865 -10 
853 -10 
850 -10 
647 -10 
644 -10 

642 -10 
639 - I O  
636 -10 
632 -10 

40828 -10 

0 ,  

2000 
20 30 
21 00 
21 30 
2200 

22 30 
2300 
23 30 
24 00 
24 30 

2.500 
2530 
2800 

2700 

27 30 
2 8 0 0  
2830 
2800 
2830 

3000 
30 30 
31 00 
31 30 
32 00 

32 30 
3300 
3330 
34 m 
34 30 

3500 
35 30 
3600 
3630 
37 00 

37 30 
3800 
3.9 30 
39 00 
39 30 

2 8 3 0  

40628 -10 
623 -10 
819 -10 
616 -10 
612 -10 

80s -10 
801 -10 
697 -10 
6m -io 

682 -10 
678 -10 
673 -10 

Me -10 
585 -10 
560 -10 
6.56 -10 
652 -10 

548 -10 
644 -10 
639 -10 
634 -10 
h30 -10 

62.3 -10 

616 -10 
511 -10 
Mw -10 

501 -10 

491 -10 
486 -10 
482 -10 

477 -10 
472 -10 
467 -10 
462 -10 

40467 -10 

620 -io 

4m -io 

0 ,  

40 00 
40 -30 
41 00 
41 30 
42 00 

42 30 
4300 
43 30 
44 00 
44 30 

46 00 
45 30 
46 00 
46 30 
47 00 

47 30 
4800 
48 30 
49 00 
49 30 

5 0 0 0  
6030 
81 00 
61 30 
62 00 

62 30 
6 3 0 0  
63 30 
5 4 0 0  
5430 

5 5 0 0  
5530 
5 6 0 0  
5630 
67 00 

57 30 
6 8 0 0  
5830 
B a l m  
m a 0  

40452 -10 
446 -IO 
441 -10 
436 -10 
431 -10 

428 -IO 
421 -10 
416 -10 
411 -10 
408 -10 

37s -10 
369 -10 
364 -10 
359 -10 
354 -10 

349 -10 
344 -10 
339 -10 
334 -10 
328 -10 

324 -10 
319 -10 
314 -10 m -10 
304 -10 

290 -10 
285 -10 
280 -10 
285 -10 
2ao -10 

276 -10 
271 -10 
288 -10 
282 -10 

402.57 -10 

0 ,  

6 0 0 0  
60 30 
61 00 
61 30 
82 00 

62 30 
m o o  
63 30 
6400 
64 30 

6.500 
65 30 
8 6 0 0  
86 30 
67 00 

67 30 
AB00 
68 30 
69 00 
69 30 

70 00 
70 30 
71 00 
71 30 
72 00 

log m 

40253 -10 
249 -10 
244 -10 
240 -IO 
23s -10 

231 -IO 
227 -10 
223 -IO 
219 -10 
21s -10 

210 -10 
207 -10 
203 -10 
199 -10 
195 -10 

192 -10 
188 -10 
1R5 -10 
181 -10 
178 -10 

174 -10 
171 -in i& -ii, 
164 -10 

40161 -10 
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Logurithms of radii of curvature of the earth's surface (in meters) 
[BRsed upon Clarke% spheroid ol 1886 88 expressed in meters]. 

I LatltUde 

______ I_______ - _I____ ______ __ ____ 

8.80176 
178 
184 
195 
210 
228 
249 
272 
297 
322 

8.80176 
178 
186 
186 
210 
aea 
2M) 
273 
287 
323 

6.80191 
193 
200 
210 
224 
242 
252 
284 
a08 
333 

8.80194 6.80197 
196 199 
202 208 
213 216 
227 230 
244 247 
254 287 
287 288 
310 313 
335 337 

379 
401 
422 
440 
4Ea 
470 
479 
486 
487 

382 386 
404 407 
424 427 
443 446 
469 401 
472 473 
281 4a3 
487 480 
409 490 

Azimuth (degrees) - I O0 
-I- 

5.80176 
177 
184 
195 
209 
228 
249 
272 
297 
322 
348 
373 
390 
417 
435 
450 
461 
468 
470 _- - 

!. 80177 
179 
188 
197 
211 
m 
2M) 
273 
298 
324 
349 
374 
397 
418 
480 
461 
462 
468 
471 - 

3.80178 
180 
187 
198 
212 
230 
251 
274 
290 
324 
350 
374 
398 
418 
437 
451 
162 
409 
47 1 - - 

3.80180 
182 
188 
109 
214 
232 
252 
276 
3M) 
326 
361 
375 
388 
419 
437 
462 
463 
469 
472 __ - 

9.80181 
184 
180 
201 
215 
233 
254 
277 
301 
326 
352 
376 
309 
420 
438 
462 
463 
470 
472 - - 

5.80183 
186 
192 
203 
217 
236 
256 
278 
303 
328 
353 
377 
400 
421 
439 
453 
404 
470 
473 __ - 

Azimuth (degreas) - 
I 

Latitude 

100 11' 1 12' I la0 14' 16' 
- 

16' 

3.80208 
210 
217 
227 
240 
257 
276 
288 
32 I 
344 
388 
391 
413 
432 
449 
463 
473 
479 
481 

- 

- - 
- 
24' , 

I- 
1.80186 

188 
8.80188 

190 
197 
207 
222 
239 
260 
282 
306 
331 
366 
380 
403 
423 
441 
455 
466 
472 
474 - - 

1.80201 
203 
208 
219 
233 
250 
270 
282 
31 6 
339 
304 
387 
408 
428 
440 
400 
470 
476 
478 - - 

104 

219 
205 

254 
273 
295 
318 
342 

257 
280 
304 
329 
364 
379 
401 

366 
389 
411 
430 
447 
461 
471 
478 
480 

__ - 

422 
440 
454 
465 
471 
474 - - 

424 
442 

4% 
443 

427 
444 

Latl tude 
- 
23' 17" 

- 
18" 

6.80217 
219 
225 
235 
248 
286 
284 
306 
327 
3.50 
373 
386 
417 
436 
453 
406 
476 
481 
464 

- 

- 

190 

k80m 
224 
230 
239 
262 
269 
287 
3oR 
330 
3.53 
376 am 
419 
438 
454 
400 
478 rea 
485 

- 210 

6.80232 
234 
239 
248 
252 
217 
286 
316 
338 
380 

- 
6.80213 

215 
221 
231 
244 

6. 80226 
228 
234 
244 
267 

6.80097 
239 
244 
2.54 

282 
300 
320 
341 
364 

m6 

6.80242 
244 
250 
2% 
271 
2s7 

i.RO248 
250 
265 
204 
277 
282 
308 
328 
3M) 
37 1 
392 
413 
432 
4h0 
465 

478 
487 
492 
494 - 

261 
280 
301 
324 
347 

273 
282 
312 
334 
357 

461 
476 
485 
480 
492 - 
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Logarithms of radii of curvature of the earth's surface (in meters)-Continued 
-__- 

I Latitude 

0 _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _  
5 ..______.__ ~ ___.____ 
10 ..._________.______ 
15 __.________.___ _ _ _ _  
20 _..__.._____.___--- 

25 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
30 ...______._________ 
35 __.____.______.____ 
40 __.____.___._..____ 
46.--. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
50 ____________.______ 
55 ..____ ~ _____.______ 
60 _..___.___.________ 
6.5 _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I  
70 _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _ _  
75 ..____ ~ _ _ _ _ _ _ _ _ _  __ -  
80 _..____.___________ 

0.80288 0.80308 0.80313 
300 307 314 
305 312 319 
313 320 326 
324 a30 337 
337 343 348 
352 358 384 
369 374 380 
388 382 387 
405 410 414 
423 428 432 
441 445 449 
458 462 455 
473 470 480 
486 4 m  492 
497 €00 562 
505 507 510 

ah.. .___ _ _ _  __._.____. I 510 
a0 __.________..____.. 1 511 

512 514 
514 516 

27' 290 30' 31' 32' 
~- 
6. 00299 

300 
305 
313 
324 
3x7 
352 
368 
388 
405 
423 
44 1 
458 
473 
488 
497 
505 
510 
51 1 

~. __ 

6.80254 
258 
281 
-270 
282 
287 
314 
333 
3.54 
375 
396 
416 
435 
463 
468 
480 
489 
494 
486 
- - 

0.80280 
202 
267 
270 
288 
302 
319 
338 
3 M  
379 
399 
420 
438 
455 
470 
482 
491 
490 
498 
- - 

6.80288 
288 
273 
282 
283 
308 
324 
343 
362 
383 
403 
423 
442 
458 
473 
4 M  
493 
498 

. 5 0 0  
___ - 

B. 80272 
274 
278 
288 
29Q 
313 
330 
348 
367 
387 
407 
428 
445 
461 
475 
487 
495 
501 
502 
- - 

6.80279 
280 
285 
!an 
305 
318 
335 
353 
372 
391 
411 
430 

464 
478 
463 
498 
503 
504 

44n 

- __ - 

6.80292 
294 
298 
308 
317 
331 
348 
363 
382 
400 
419 
437 
455 
470 
484 
494 
502 
507 
509 

.- - 

300 

6.80285 
287 
282 
300 
311 
325 
340 
3,% 
377 
396 
415 
434 
451 
467 
481 
492 
500 
505 
507 

__ 
Latitude 

- 
350 

3. 803m 
322 
328 
333 
343 
356 
370 
385 
402 
419 
436 
453 
409 
483 
496 
505 
512 
517 
518 

__ 

__ ___ 

- 
30' 380 40' 

5.80342 
344 
348 
365 
364 

5.80350 
351 
355 
302 
371 
382 
394 
408 
423 
439 
454 
469 
4e4 
496 
507 
510 
523 
527 
828 

__ ___. 

9.80357 
359 
3 6 3  
360 
378 
388 
401 
414 
429 
444 
459 
474 
487 
Mx) 
510 
519 
525 
528 
531 - __ 

3.80327 
328 
333 
340 
350 
302 
376 
391 
407 
424 
441 
457 
472 
488 
488 
508 
515 
519 
521 
- 

a 80335 
330 
340 
348 
357 
388 
382 
397 
412 
429 
445 
481 
470 
489 
601 
510 
517 
522 
523 
- 

375 
398 
402 
418 
434 
450 

480 
493 
Em 
513 
520 
h24 
520 

465 

- -_ 

46" 470 48' 
- 

3.80419 
420 
423 
420 
434 
442 
452 
462 
474 
485 
490 
.m 
518 
528 
536 
:I? 
.S4 i 
SSO 
551 

-I- I- 
o. 80404 

404 
4oR 
413 
420 
429 
439 
450 
462 
475 
487 
499 
610 
620 
529 

w 2  
,546 
546 

r B  

1.86111 
412 
415 
420 
427 
430 
446 
4.543 
468 
480 
492 
ho3 
514 
524 
532 
M 9  
Tr14 
M 8  
549 

80357 
359 
303 
369 
378 

,80365 
mi 
370 
376 
386 

803 73 
374 
378 
384 
392 

. m90 
397 
400 
406 
413 

0. 

- 

39 1 
399 

41-12 408 I 422 
433 
444 
457 
470 

388 
401 
414 
429 
444 
458 
474 
487 
600 
510 

395 
407 

434 
420 

415 

451 
464 

~.~ 
413 
420 
440 
454 459 

if! I 
449 
464 

491 
503 
514 

478 
408 
482 
495 
Mn 
517 

482 
495 
WB 
517 

478 

514 
523 

473 
486 
499 
510 
520 
528 
h34 
637 
638 

526 
m 4  
589 
M2 
544 

519 
525 
528 
631 

nn 525 

541 

.__ 
628 
5332 
b33 

531 
534 
630 
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6.80442 
443 
445 
450 
465 
463 
471 
480 
480 

Logarithms of radii of curvature of the earth's surface ( in meters)-Continued 
__ 

I 

6.80449 
450 
453 
457 
462 
469 
477 
488 
496 

Latitude 

5% 
.530 
538 
545 
551 
M b  
698 
,559 

Azimuth (degrees) I_ I 480 

524 
533 
541 
548 
564 
558 
580 
561 

530 
533 
1 7  
641 
546 
561 
656 

536 
,539 
542 
546 
551 
558 
660 

8.80565 
568 
568 
568 
570 
572 
574 
577 
Ma 
683 
588 
689 
591 
594 
596 
598 

6.80699 
6.80800 

6.80570 6.80575 
570 575 
571 576 
572 677 
574 578 
576 680 
578 582 
681 584 
583 6887 
588 58% 
689 b92 
b91 b94 
b94 696 
568 6.80688 

8.80598 8.80800 
6.80800 601 

801 802 
601 803 

8 0 0 8 0 2 m  

I_ 

530 490 500 

-1- 
3. 8WUI 

428 
430 
435 
441 
449 
458 
468 
479 
46u 
501 
512 
522 
531 
539 
.545 
,550 
hV 
554 

__ - 

8.80434 
435 
438 
442 
448 
456 
465 
474 
485 
495 
sos 
516 
528 
534 
542 
,548 
553 
555 
556 

__ ___ 

1.80467 
458 
480 
464 
469 
476 
484 
492 
501 
510 
520 
528 
537 
545 
661 
657 
*Ml 
883 
564 

-__ ___ 

5.80464 
485 
487 
471 
4 76 
482 

498 
€05 
515 
524 
,533 
541 
548 
554 
559 
563 
568 
568 

490 

__ - 

- 
620 

5.86171 
472 
474 
478 
483 
489 
468 
503 
512 

528 
537 
544 
561 
557 
'582 
568 
568 
559 

520 

__ .__ 

3.80479 
47% 
481 
4% 
489 
495 
,502 
508 
51 7 
525 
533 
M 1 
548 
555 
560 
565 
868 
570 
571 

__ -- 

sin I KIS 

~ 

Latitude 

600 

__ Azimuth (degrees) __ I 56O 

- 
590 

1. 80500 
500 
.m 
505 
509 
51 4 
519 
525 
5X2 
a39 
5463 
bb2 
568 
664 
b69 
573 
576 
578 
578 

_I 

- __ 

- 
61 I" 1 64" 

I- 
). 80508 

507 
,m 
511 
515 
520 
525 
531 
537 
643 
650 
666 
552 
567 
572 
67b 
578 
580 
bB0 
- __ 

Latitude 

880 

5.80555 
555 
556 
b58 
MI0 
562 
666 
be4 
572 
676 
679 
683 
588 
689 
592 
594 
585 
596 
697 

_.- 

- 

- 

5.80513 
514 
515 
518 
521 

3.80520 
520 
522 
524 
527 
531 
,b36 
541 
,546 
562 
558 
683 
568 
573 
577 
580 
583 
584 
585 
- __ 

528 
530 
536 

601 M)8 
508 514 

622 b27 

.G7 .M2 

515 520 

630 634 
542 
548 
564 
580 
685 
670 
574 
578 
680 
b82 
583 

___ 
~ 

b62 
567 
572 
576 
580 
583 
585 
588 
587 

*m 
570 
575 
679 
582 
585 
587 
MK1 
589 

.. . .~ 
645 548 
552 555 
bb8 581 
m m  
688 570 
671 573 
573 575 
574 676 

Azimuth (degrees) I 64' 1 65O 1 t i 6 O  

- 
67' 

5.80550 
550 
bbl 
653 
666 
bb8 
561 
564 
688 
672 
676 
680 
b64 
687 
690 
m 
683 
b94 
696 

- 
6.80644 

MI 
546 
b47 
6w 

6.80560 
6661 
582 
563 
w5 

6.80538 
538 
640 
542 
b44 
Ms 
661 
5b6 bea 
b64 
669 
574 
679 
682 
685 

bE3 
536 
Ma 
Mw 
688 
b73 
h77 

683 
588 
589 
582 
594 
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Length of 1 degree of the meridian at digerent latitudes 

Latitude 
(degrees) Meters 

0 .-...- ~ .. ... . . 
1 ..._._..._.._. 
2 -..-......-.. ~ 

3 ______...._... 
4 ..._..._..._._ 

110,568.5 
110,568.8 
110,569.8 
110,571.5 
110,573.9 

45 _.____ _____._ 111,132.1 

5 -  ....-......-- 
6 ............. ~ 

7 .....-...-.... 
8 .-.-.- ~ ._._.__ 
9 _.._.._._..__. 

10.- ..-.....-.. 
11 ........... ~. 
12.. . . . . . . . -. . 
13 .......--.... 
14 _.___. .._____ 

15 ..-... _.._.__ 
16 _._.___..__._ 
17 ___._._. .___ 
18 .._..._.__.._ 
19 _____.___.___ 

to  __...._____-- 
21 __.._..____._ 
22 ...._.__._.__ 
23 ___..______ _ _  
24 ...__._____._ 

25 ___.___.___ _ _  
28 __.__..____._ n _..___ I_ _ _ - - -  ~ 

28 ..... .-.-.... 
28 .._._.._ _.__- 

W... . ___._____ 
31 ....._______- 
32 ...____._.___ 
33 ........ ~ ._.. 
34 ..-. . . - _ _ _  ~ _ -  
35 ..__.___-._- - 
36.. -. -. -. -. -. 
37.. -. . -. - - -. - 
38 .____________ 
30 .____ ~ _____._ 

40 .__._.._..-.. 
41 .._...._.._._ 
42. _ _  . . . . . - -. . . 
43 _____._.___.. 
44 ._....._._._. 

Statute 
miles 

110,577.0 
110,580.7 
110,585.1 
110,590.2 
110,595.9 

110,602.3 
110, BOB. 3 
110,617.0 
110,625.3 
110,634.2 

110,643.7 
110,653.8 
110,881.5 
110.675.7 
110,687.5 

110,699.9 
110,712.8 
110,726.2 
110,710.1 
110,754.4 

110,769.2 
110,784.5 
110,800.2 
110,816.3 
110,832.8 

110,849.7 
110,886.9 
110,884.4 
11o~wn.3 
110,9#). 4 

110.638.8 
110,957.4 
110,976.3 
110.996.3 
111,014.6 

111,033.9 
111,053.4 
111,073.0 
111,082.6 
111,112.4 

68.703 
68.704 
68.705 
68.708 
68.707 

68.708 
68.711 
68.714 
68.717 
68.721 

68.726 
68.728 
68.734 
68.739 
68.746 

68.751 
68.757 
88.763 
68.770 
88.778 

68.786 
68.794 
68.802 
88.810 
68.819 

88.828 
88.838 
68.848 
68.868 
68.888 

69.612 
59.616 
59.620 
69.625 
69.629 

59.634 
69.640 
59.646 
59.652 
59.858 

59.BBS 
59.872 
59.679 
59.686 
59.694 

69.702 
69.710 
69.719 
69.727 
69.736 

59.745 
69.766 
59.781 
69.774 
59.784 

69.794 
59.804 
68.814 
59.824 
69.834 

59.845 
59.526.5 
59.868 
59.876 
59.887 

68.993 
69.006 
69.017 
69. m 
69.042 

69.064 

55 .... ._______ 111,326.0 
56 __________.. 1 111,344.5 
67 ___-_.______ 111,362.7 
MI I111.380.7 
69 _ _ _ _ _ _ _ _ _ _ _ _  111,398.4 

Bo _.___ _ _  _ _ _ _ _  111,415.7 
61 ..___.__..__ 111,432.7 
62.. _ _ _ _ _ _ _ _ _ _  111,449.4 
83 .__.._...___ 111.465.7 
64 _ _ _ _ _ _ _ _ _ _ _ _  111,481.5 

65 __.________. 111,497.0 
86 ._.__.__ _ _ _ _  111,512.0 
67 .___._______ 111,528.5 
68. _____.__ _ _ _  111,640.5 
69 ___________. 111,554.1 

70 .... _ _ _ _ _ _  _ _  
71 _ _ _ _ _ _ _ _ _  ~ . .  
72 .___________ 
73 _.....__.._. 
74 .____ ~ _ _ _ _ _ _  
75 __..________ 
76 ..-- ~ _.____. 
77 .._...______ 
78 _ _ _ _  ~ _ _ _ _ _  _ _  
79 .-._________ 

80 .___________ 111,W.2 
81 ...______. ~. 111.672.6 
82 __..________ 111,678.5 
83 ._____..__._ 111.683.6 
84 _ _ _ _ _  ~ _ _ _ _ _ _  111,888.1 

85 __________.. 111.691.9 
86 .__...__.___ 111,895.0 
87 _.._....____ 111 697.4 
88 _.__._._... ~ 111:699.2 
89 .__.____..__ 111,700.2 

Iographicil miles 

(1' of the (degrees) 
equator) 

Latitude 1 Meters Sgtap 

I 

111,132.1 
111,151.9 
111,171.6 
111,191.3 
111,210.9 

111.230.5 
111,249.9 
111, 289. 2 
111,288.3 
111,307.3 

111, 567.1 
111,579.7 
111,591.6 
111,803.0 
111,613.9 

111, 624. 1 
111, 833.8 
111,842.8 
111,651.2 
111,858.0 

111,700.6 I 

69.054 
69.06 
69.07C 
69.091 
69.1M 

69. ll! 
69.12; 
69. 13( 
69. 151 
BO. 1E 

69. 171 
69. 1 I  
69.19f 
69. m 
69.224 

e9.m 

69. 251 
69.261 
69.271 

69.281 
69.M 
69.2% 
69. sol 
69.311 

69.32' 
69.33: 
69.34( 
69.34; 
69.35' 

69.3tx 
69.W 
69.37: 
69.37; 
69.38: 

69.N 
69.3% 
69.3% 
69.39; 
69.M 

69. 40: 
69.404 
e 9 . a  
69.40; 
69.40; 

69.40; 

09. m~ 

169 

__~___ 
3eographic 

niiies 
(1' of the 
equator) 

59.898 
59.808 
59.919 
59.929 
59.040 

59,951 
59.01 
59.972 
59.982 
59.092 

60.002 
80. 012 
60. 022 
60.032 
60.041 

60. 081 
80.080 
60. 009 
60.077 
60.086 

60.094 
60.102 
60.110 
60.118 
60.125 

80.132 
60. 139 
60. 145 
60. 151 
80.157 

60.163 
60.168 
60.173 
60. 177 
60. 182 

60.186 
60.189 
60. 182 
60. 105 
60.197 

60.169 
60.201 
60. 202 
60. 2m 
60. 204 

60.204 
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Latitude 
(degrees) 
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Length of 1 degree of the parallel at diferelrt latitudes 

Meters 
I 

I- 
111,321.9 
111,305.2 
111,251.0 
111,170.4 
111,052.0 

110,901.2 
110,710.2 
110,497.7 
110,245.8 
109,900. 5 

109,641. 9 
109,280.1 
108,005.2 
loS, 487.3 
1011,030.0 

107,553.1 
107,037.0 
108,488.5 
108, 007.7 
105,294.7 

104,649.8 
103,973.2 
103,205.0 
102,525.4 
101,754.0 

loo, 953.0 
loo, 120.0 
89,257.8 
98,364.8 
97,441.9 

96,488.3 
95,507.3 
94,480.2 
93,450.3 
92,387. 9 

91,291.3 
90,186.8 
89,014.8 
87,835.0 
88,020.0 

85,397.0 

82,854.0 
81, 544.2 
80,208.4 

78,850.0 

84,138.4 

s ta tu te  
milev 

69.171 
09.102 
09.1% 
09.078 
09.005 

88.911 
68.708 
88.m 
88. 503 
68.328 

a. im 

67. NO 
07. go(1 

07.411 
07.131 

86.830 
86.510 
60.109 
05.m 
05.427 

05.020 
64.806 
64.106 
63.708 
63.227 

02.720 
02.212 
01.670 
01.121 
60.548 

69.958 
59.345 
58. 717 
58.071 
57.407 

50.720 
50.027 
55.311 
54.578 
53.829 

53.063 
52.281 
51.483 
60. 869 
49.840 

48.895 

3eographi 
miles 

(1' of the 
Equator) 

60. ow 
59.891 
59.964 

59.865 

59.773 
59.073 
59.550 

59.288 

59.095 
58.906 
58.097 

5s. ne 
57. gee 
57.080 
57.395 
57.082 
58.751 

50. 404 
68.039 
55.057 
55.259 
54.843 

54.411 
53.863 
53.498 
53.010 
52.519 

5 2  008 
51.470 
50.931 
50. 371 
49.795 

49. an 
48.598 
47.977 
47.341 
46.091 

40.027 
45.349 
44.868 
43. 950 
43. a1 

42.498 

59. 918 

59.420 

s. 472 

Latitude 
(degreact) 

7% 850.0 
77,406.6 
70,059.2 

73,174.9 

71,098.9 
70, 2o04 8 
08,081.1 
07,140.3 

74,028.5 

G, 578.8 

63,897.1 
62,395.7 
so, 775.1 
59, 135. 7 
57,478. 1 

3z:g 
52,400.9 
50,075.4 
48,934.3 

47,178.0 
45,407. 1 
43,022.2 
41,823.8 
40,012.4 

38, 188. 0 
36.353.0 
34,506.2 
32,648.0 
30,780.9 

28,803.6 
27,017. 4 
25,122.8 
23,220.4 
21,310.8 

19, 394.0 
17,472.4 
15,514.7 
13,012. 2 
11,075.5 

9,735. 1 
7,791.7 
5,845.9 
3,898.3 
1,949.4 

0.0 

- 
Btatute 
milea 

48.89: 
48.131 
47.201 
46.372 
4 5 . w  

44.552 
43.021 

41.716 
40.74s 

39.7M 
38.771 
37.784 
36.745 

34.074 
33.022 
32. Kec 
31.488 
30.408 

29.316 
28.215 
27.108 
26.988 
24. 882 

23.729 
22.589 
21.441 

19.120 

17. 860 
10.788 
15.011 
14.428 
13.242 

12.051 
10.857 
9. 059 
8.458 
7.266 

6.049 
4.841 
3. 632 
2.422 
1.211 

0. wo 

42. w e  

a5.715 

20.287 

- -. 

42.498 
41.753 
40.994 
40.233 
39.440 

38.644 
37.837 
37.018 
30.187 
35.340 

34.483 
33.830 
32.757 
31.873 
30.978 

30.070 
29.164 

27.313 
26.374 

28. xi 

25.428 

n. 543 
24.473 
23.511 

21. 586 

20.583 
19.593 
18.598 
17.597 
16.5w 

15.578 
14.562 
13.641 
12.616 
11.486 

10.463 
9.417 

7. 337 
6.283 

5.247 
4. 2oo 
3.161 
2.101 
1.051 

0. wo 

8. a78 

Fractional change in a number corresponding to a change i n  its logarithm 

[Computed from the formula ';-gofl, wherel/-mOdulus of common l o g a r i t h m = O , 4 3 ~ ]  



- 
Feet 

0 
1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
1 
2 
3 
4 

5 

8 
9 

20 
1 
2 
3 
4 

5 
6 
7 
8 
9 

so 
1 
2 

- 

! 

0 
5 
6 
9 
8 
9 

40 
1 
2 
9 
4 

5 
6 
7 
8 
9 

CCAWERSION TABLE8 

Largtha-Feet to netera cfmm i to 1000 ulccts) 

0.0 
0.30480 
0.80960 
0.91440 
l.2l8ao 

1.62400 
1.82880 
2.13300 

2.74311 

3.04801 
3.35281 
3.05761 
3.96241 
4.26721 

4.67201 
4,87681 
6.18161 
6.48641 
6.79131 
8. OBBOl 
6.10081 
6.70561 
7.01041 
7.31621 

7.62003 
7.82482 
8.22962 

8. m2!2 

9. luoa 
9.75362 

10. QM142 
10.30322 

10. BB8oa 
10.97282 
11.27783 
11.68242 
11.88722 

12.19!m 
1 2 . 4 W  la. 80103 
13.10643 
M. 411a 

13.71803 
14.0#)83 
14.32563 
14.63043 
14. @&?3 

a. 43840 

8.53441) 

o. u88a 

50 
1 
2 
3 
4 

5 
6 
7 
8 
9 

60 
1 
2 
3 
4 

5 
6 
7 
8 
9 

70 
1 
2 
3 
4 

5 
6 
7 
8 
9 

80 
1 
2 
3 
4 

5 
6 
7 
8 
9 

90 
1 
2 
3 
4 

5 
6 
7 
8 
0 

Meters - 
16.24003 
16.64483 
15.84983 
18.16443 
10.46923 

18.7(uo3 
17.08883 
17.37303 
17.67844 
17.98324 

18.28804 
18. 69284 
18.89764 
19.20244 
19.60724 

19.81201 ao. 11684 
20.42164 
20.72844 
21.03la4 

al.88604 
21.94604 
22. m 4  aa. 56526 

22.8BMM 
23.16485 
23.46885 
23.77446 
24.07926 

14.384(M 
24.688% 
24.98365 
25.28845 
26.80326 

I. 80805 
25.21285 
25.61765 
28.82245 

27.43m m. 73888 
28.04180 
28. 34646 
28.86128 

28.86808 
29. 28086 
29.66566 
29.87048 
89.17b24 

ai.8(084 

n. i n 2 5  

66723 "-26t-12 

= 
Feat 

100 
1 
2 
3 
4 

5 
6 
7 
8 
9 

110 
1 
2 
3 
4 

5 
6 
7 
8 
9 

120 
1 
2 
3 
4 

5 
6 
7 
8 
9 

130 
1 
2 
3 
4 

5 
6 
7 
8 
9 

140 
1 
2 
3 
4 

5 
6 
7 
8 
9 

Meters 

So. 4 m  
30.184M 
31.08W 
31. S944t 
3 1 . M  

3a. mot 
3 4 . w  
32.61367 
32.91847 
33.22327 

83.62807 
33.83287 
34.13767 
34.44247 
34.74727 

I. mm7 
35.95887 
85.60167 
35.88647 
30.27127 

36.67807 
38.88087 
37.18587 
37.48047 
87.79528 

88.looo8 
88.40488 
38.70988 
39.01448 
39.31928 

39.92888 
40.23308 
40.53848 
40.86328 

41.14808 
41.45288 
41.75768 
42.08248 
42.367% 

42.07208 
42.97888 
43.28188 
43.58848 
48.88138 
44.1w)oB 
(I.Wo89 
44. so509 
45.11049 
&ubaI 

39. em 

- - 
Feat 

1% 
1 
1 
1 
4 

t 
7 
9 

I W  
1 
2 
9 
I 

5 
6 
1 
8 
9 

170 
1 
2 
9 
4 

5 
6 
7 
8 
9 

180 
1 
2 
3 
4 

5 
6 
7 
8 
9 

190 
1 
2 
3 
4 

5 
6 
7 
8 
0 

- 

I 

e 

46. m 
46.0248( 
48.3288( 
46.0344I 
46.9383( 

47.24m 
47.646% 
47.8537c 
48.16Luc 
4 8 . m  

48.7081C 
49.0729c 
49.37770 
49.BBaw 
49. %Em 

KO. 69090 

61.20650 
Sl.Sl130 

61.Rl0lO 
62.12090 
62.42570 
62.73061 
53.03631 

63.34011 
63.64491 
53.94971 
64.25451 
64.65831 

64.86411 
65.16881 
65.47371 
55.77851 
66.W33l 

66.38811 
66.68281 
b0.88771 
67.30251 
67.00732 

68.21692 
68.52172 

68.l3laa 
68.58811 
1.74002 
BO. 0157a 
00. ma 
%&g6691 

KO. ma 
KI. wi7a 

67. 9 i a a  

68. wa 

Feet 

20( 
1 
i 
I 
4 

- 

i 
1 
I 

21( 
1 
2 

i 
I 
t 
1 

9 

1 
2 
9 
4 

5 
6 
7 
8 
9 

230 
1 
2 
3 
4 

5 
6 
7 
8 
9 

a40 

9 
4 

5 
6 
7 
8 
D 

a 

22a 

a 

Bo.Wl1 
e 1 . w 9 1  
e i . m a  
61.874~a 
02.17931 

ea. Mia 
02.78883 
63.09373 
03.38863 
03. m(33 

04.00813 
64.31283 
64.61773 
64.8a263 
65.23733 

I. 632l3 
65. 83693 
06.14173 
06.44653 
06.76133 

67.06613 
67.36083 

67.97064 
68.27634 

68.68014 
68. W9p 
88.18814 
88.48454 
88.m 
70.10414 

70.71374 
71.01854 
71.32334 

(17.012474 

70. m 

n . m ~  n.wm 
72.23774 
72. 542.55 
7a. 84736 

7 8 . l M 6  
13.- 
93.76176 
0 4 . w  
0 4 . a ~  
~ . t ~ m u i  
94.rlS4w 
7R a8Sm 
76.69LW maaaas 

I1 



172 

___~__ 
Meters 

106.68021 
106.9a501 
107.28981 
107.59462 
107.89942 

-- 

- - 
Feet 

250 
1 
2 
8 
4 

5 
6 
J 
8 
0 

260 
1 
2 
8 
4 

5 

8 
0 

O l O  
1 
2 

- 

P 

s 

s 

: 
1 

5 
6 
9 

a00 
1 
2 

D 
8 
B 

29a 
1 
2 e 
4 
5 
€ 

I 

Feet 

400 
1 
2 
3 
4 

C.  S.  COAST A N D  GEODETIC SURVEY 

-Feci to mcicrn (from 1 to 1000 unita)--Cantinued 

Meters -- 
91.44018 
91.74498 
82.04978 
82.35458 
92.65938 

Feat 

350 
1 
2 
3 
4 

121.92024 
122.22504 
122.52985 
122.83465 
1B.13945 

123.44425 
123.74905 
124.05385 
124.35865 
124.66345 

124.88825 ' 

125.57785 
125.88255 
128.18745 

125.27305 

450 
1 
2 
3 
4 

5 
6 
7 
8 
9 

460 

2 
3 
4 

1 

$2.96419 
93.26899 
93.57379 
93.87859 
94.18339 

94.48819 
94.79299 
95.09779 
95.40259 
95.70739 

96.01219 
96.31699 
96.62179 
88.82659 
97.23139 

5 
6 
7 
8 
9 

360 
1 
2 
3 
4 

5 
6 
7 
8 
9 

108.20422 
108.50902 
108.81382 
109.11882 
109.4!2342 

109.72822 
110.Q1302 
110.33782 
110.64252 
110.94742 

111.25222 
111.55702 
111.86182 
112.16662 
11247142 

112.77623 
113.08103 
113.38583 
113.69063 
113.98513 

114.30023 
114.80503 
114.90983 
115.21463 
116.61943 

115.82423 
116.12903 
116.43383 
116.73883 
117.04343 

5 
6 
7 
8 
9 

410 
1 
2 
3 
4 

5 
6 
7 
8 
9 

420 
1 
2 
3 
4 

5 
6 
7 
8 
9 

430 
1 
2 
3 
4 

79.24816 
79.55286 
18.85776 
80.16256 
80.46736 

80.77216 
81.07696 
81.38176 
81.68658 
81.99136 

5 

310 
1 
2 
3 
4 

5 
6 
7 
8 
9 

125.49226 
126.79705 
127.10185 
127.40665 
127.71146 

128.01628 
128.32106 
128.62588 
128.93W3 
129.23648 

5 
6 
7 
8 
9 

470 
1 
2 
3 
4 

97.53620 
97.84100 
98.14580 
98.45080 
98.75540 

98.060%. 
99.36500 
99.86880 
99.87480 

100.27840 

5 

370 
1 
2 
3 
4 

5 
6 
7 
8 
9 

82.25616 
82.60097 
82.80577 
83.21051 
8.51537 

83.82017 
84.12497 
84.42877 
84.73457 
85.03937 

-- Meters I/ Feet 

320 
1 
2 
3 
4 

5 
6 
7 
8 
9 

l31.06428 
131.36906 
131.67388 
131.97866 
132.28348 

132.58827 
132.89307 
133.19787 

133.80747 

134.11227 
134.41707 
134.72187 
135.02887 
135.83147 

Iaci.63i3!t7 
136.64107 
136.24587 
136.55007 
136.8W7 

m.m7 

480 
1 
2 
3 
4 
3 
6 
7 

9 

490 
1 
2 
3 
4 

5 

f 
8 
P 

a 

5 

05.34417 
85.64897 
85.95377 
88.25857 
88.66337 

86.88817 
87.17297 
87.47777 
87.78268 
88.08738 

330 
1 
2 
3 
4 

5 
6 
7 
8 
9 

Meten 

137. laoaT 
137.46501 
137.76988 
138.07488 
138.37948 

138.68428 
138.98908 
139.29388 
139.59888 
139.80348 

140.20828 
140.51308 
140.81788 
141.12288 
141.42748 

141.73228 
142.03708 
142.34188 
142. 64669 
10.85149 

:::E! 
143. &%ti9 
144.17088 
144.47549 

144.78oa9 
145.08508 
145.38888 
145.69468 
146. Q9049 

146.3oa28 
146. BoQo8 
146.91389 
147.21888 
347.62350 

147.82830 
148.13310 
148.43790 
148.74270 
140.04760 

149.35xu) 
149.65710 
149.96190 
150.24670 
150.67160 

160.87630 
161.18110 
151.48580 
151.79070 
16a. o9bm 

1Ml.68420 
100.88800 
101.19380 
101.48880 
101.80340 

980 
1 
2 
3 
4 

103.63221 
103.93701 
101.24181 
104.64681 
104.85141 

1 0 5 . 1 ~ 1  
106.46101 
106.78581 
106.07061 
lG687M1 

390 
1 
2 
3 
4 

5 
6 
7 
8 
0 

118.87224 
119.17704 
119.48184 
119.78684 
120.09144 

120.39624 
120.70104 
121.00584 
121.31064 
Ul.6lM4 

440 
1 
2 
3 
4 

5 
6 

1 
9 

88.39218 
88.60698 
89.00178 
89.30858 
88.61138 

69.91618 

940 
1 
2 
3 
4 

5 



5OC 
1 
2 
8 
4 

5 
t 
1 
€ 
6 

110 
1 
2 

4 

6 
6 
I 
8 
D 

620 
1 
2 
8 
4 

fl 
6 

0 

a 

I 
2 
8 
4 

B 8 

9 

2 
8 
4 

5 
6 

I 

182.88037 
183.18517 
183.48997 
183.79477 
184.09867 

184.40437 
184.70917 
185.01397 
185.31877 
185.62367 

185.92837 
186.23317 
188.53797 
188.84277 
187.14767 

187.45B7 
187.75718 
188.06198 
188.36678 
188.67168 

188.97638 
189.28118 
188.W98 
189.8W78 
180.19658 

lsO.Mx)38 
liW.80518 
191.logS8 
191.41478 
1 9 1 . 7 1 ~  

182.02438 
192.32918 
182.63399 
192.93879 
193.24368 

193.Me39 
193.85319 
104.15799 
194.46279 
194.76769 

195.07238 
195.37719 
195.68188 
195.98879 
186.28158 

196.58638 
196.gO119 
197.20598 
187.61080 
Kl7.8168Q 

CHAPTER 6.-MISCELIJANEOUS TABLES 

Lengllhs-Fed to rnctcra (from 1 to 1000 unita)-Continud 

650 
1 
2 
3 
4 

5 
6 
7 
8 
9 

660 
1 
2 
3 
4 

5 
6 
7 
8 
9 

670 
1 
2 
3 
4 

5 
6 
7 

! 
680 

1 
2 
3 
4 

5 
6 
7 
8 
9 

690 
1 
2 
3 
4 

5 
6 
7 1 8 g 

198.12040 
198.42520 
198.73000 
199.03480 
199.33960 

100 
1 
2 
3 
4 

152.40030 
152.70511 
1 5 3 . m 1  
153.31471 
153.61951 

153.92431 
154.22911 
154.53391 
154.83871 
155.14351 

155.44831 
155.75311 
156.05791 
156.36271 
156.86751 

156.97231 
157.27711 
157.58192 
157.%672 
158.19152 

15R.48832 
158.80112 
159.10592 
159.41072 
158.71562 

160.02032 
160.32512 
180.62892 
160.93472 
161.23962 

161.64432 
161.84912 
162.16392 
182.45872 
162.76353 

183.06833 
lt3.37313 
183.67793 
163.98273 
164.28753 

184.69233 
164.88713 
166.20198 
185.60673 
186.81163 

188.11833 
166.42113 
186.72593 
167.03073 
167.M 

560 
1 
2 
3 
4 

5 
6 
7 
8 
9 

560 
1 
2 
3 
4 

5 
6 
7 
8 
9 

570 
1 
2 
3 
4 

5 
6 
7 
8 
9 

580 
1 
2 
3 
4 

5 
6 
7 
8 
9 

59: 
2 
3 
4 

5 
6 
7 
8 
9 

167.64N4 
167.94514 
168.24994 
188.55474 
168.85964 

169.16434 
169.46914 
lG9.77394 
170.07874 
170.38354 

170.88834 
170.99314 
171.29794 
171.60274 
171.90751 

172.21234 
172.51715 
172.82195 
173.12675 
173.43165 

173.73835 
174.04115 
174.34595 
174.65075 
174.95665 

Meters I/ Feet - 
6CU 

1 
2 
3 
4 

5 
6 
7 
8 
9 

610 
1 
2 
3 
4 

5 
6 
7 
8 
9 

620 
1 
2 
3 
4 

189.64440 
199.94920 
200.25400 
200..55wo 
200.88360 

5 
6 
7 
8 
9 

201.16R40 I 
201.47320 
201.77800 
202.082RO 
202.38760 

202.69241 
202.99721 
203.30201 
203.60681 
203.91161 

~ . 2 1 6 4 1  
204.52121 
204.82601 
205.13081 
205.43561 

205.74041 
206.04521 
206.35001 
208.6..81 
m.w1 
207.26441 
207.66922 
207.87402 
208.17882 
208.48362 

200.7W2 
208.09322 
209.39802 
208.70282 
210.00762 

nO.31242 
210.61722 
210.92202 
n 1 . m 2  
211.63162 

n1.83642 
212.14122 
212.44803 
212.75083 

710 
1 
2 
3 
4 

5 
6 
7 
8 
9 

720 
1 
2 
3 
4 

5 
6 
7 
8 
9 

730 
1 
2 
3 
4 

5 
6 
1 
8 
g 

740 
1 
2 
3 
4 

5 
6 

8? 
0 

173 

M0t8IS 

178.78435 
177.0S915 
177.39395 
177.69R713 
178.00366 

913.36043 
213.66523 
213.97003 
214.27483 
214.57963 

214. ss41;) 
215.18923 
215.49403 
215.79883 
216.10363 

ne. 40843 
216.71323 
217.01803 
217.32283 
217.62764 

217.93244 
218.23724 
218.51rn 
218.84884 
219.15164 

219.45644 
219.76124 m. 06804 
220.37084 
220.67560 

220.98044 
221.28521 
221.58004 
221.8W.4 m. lgwLl 
E E  
223.11405 
223.41885 
213.7236s 

224.02548 
224.33325 
224.63w 
224.94235 
225.247M 

225.56M 
225.85725 
226.16205 
226.48885 
226.77IfJli 

227.07845 
B7.38125 

630 
1 
2 
3 
4 

178.3OS6 
178.61316 
178.91796 
179.22276 
in .6~7~ 

5 
6 
7 
8 
9 

179.B236 
180.13716 
180.44196 
180.74876 
181.05168 

640 
1 
2 
3 
4 



174 U. S. COAST ANI) GEUI~b: 'I l( '  S U R V E Y  

_..____ 

Meters 

243.84049 
244.14529 
244.45009 
244.75189 
245.05989 

-- 
- 
Feet 

750 
1 
2 
3 
4 

5 
6 
9 
8 
D 

760 
1 
2 
8 
4 
5 
6 
9 
B 
9 

770 
1 
2 
3 
4 

5 
6 
2 
8 
9 

780 
1 
2 
8 
4 
5 
6 
7 
9 

790 
1 
2 
3 
4 
5 
6 
7 
8 
9 

- 

a 

- 

Feet 

850 
1 
2 
3 
4 

LacgTh-Feet to meters Urom 1 to 1000 units)-Continued 
_ _ ~  

Meters 

228.80048 
22R.80526 
229.21006 
229.51486 
229.81966 

-- Feet 

800 
1 
2 
3 
4 

900 
1 
2 
3 
4 

5 
6 
7 
8 
9 

910 
1 
2 
3 
4 
5 
6 
7 
8 
9 

920 
1 
2 
3 
4 

5 
6 
7 
8 
9 

274.32055 950 
274.62535 1 
274.93015 2 
275.23495 3 
276.53875 4 

275.84455 5 
276.14935 6 
276.45415 7 
276.75895 8 
277.06375 9 

277.36855 960 
277.67336 1 
277.97816 2 
27R.28296 3 
278.58776 4 
278.89258 5 
279.19736 6 
279.50216 7 
278.80696 8 
280.11176 9 

280.41656 970 
280.72138 1 
281.02616 2 
281.33096 3 
281.63576 4 
281.94068 5 
282.2436 6 
282.55017 7 
282.R5497 8 
283.15977 9 

230.12448 
230.42928 
230.73408 
231.03886 
231.34366 

231.64848 
231.95328 
232.25808 
232.56287 
232.86767 

5 
6 
P 
8 
D 

810 
1 
2 
3 
4 

245.36449 
245.66929 
246.97409 
246.27889 
246.68369 

248.88848 
247.193B 
247.49m 
247.80290 
248.10770 

248.41260 
248.71730 
249.02210 
249.32690 
249.63170 

5 
6 
7 
8 
9 

860 
1 
2 
3 
4 
5 
6 
7 
8 
9 

233.17247 
233.47727 
233.78207 
234.08887 
234.39167 

1 5 
6 
7 
8 
9 

249.93650 
250.24130 
250.51610 
2 5 0 . m  
251.16570 

870 
1 
2 
3 
4 

Meters 

259.08052 
259.38532 
259.69012 
259.80492 
260.29972 

260.60452 
260.90932 
261.21412 
261.51892 
261.82372 

262.12852 
262.43332 
262.73813 
263.04293 
283.34773 

283.65253 
263.95733 
264.26213 
264.56493 
264.87173 

265.17653 
265.48133 
265.78613 
266.OW93 
266.39573 

266.70053 
267.00533 
267.31013 
267.61494 
267.91974 

288.22451 
268.52934 
268.83414 
269.13894 
268.44374 

289.74861 
270.05334 
270.35814 
270. 64284 
270.96774 

271.27254 
271.57734 
271.88214 
272.18694 
272.49174 

m. 78655 
273.10135 
273.40615 
273.71095 
274.01575 

234.69647 
235.00127 
235.30607 
235.61087 
235.9l567 

236.2!M47 
236.52527 
236.83007 
237.13487 
237.43987 

237.74448 
238.04925 
238.35408 
238.85888 
238.96388 

820 
1 
2 
3 
4 
5 
6 
7 
8 
9 

830 
1 
2 
3 
4 

251.46050 
251.76530 
252.07010 
252.37490 
252.67871 

252.9846l 
253.2893i 
253.59411 
253.89891 
264.2371 

5 
6 
7 
8 
9 

880 
1 
2 
3 
4 

Meters 

289. 
288.86538 
290.17018 
290.47498 m. 77978 
291.08458 
291.38938 
291.69418 
291.89898 
293.30378 

292.60858 
292.91339 
293.21819 
293.52299 

284.13256 
294.43739 
294.74219 
295.04898 
295.35119 

285.65658 
295.96139 
296.26619 
286.57088 
298.87519 

297.1R058 

297. rm 
298.095oO 
298.39980 

288.70480 
29Q.oo(Ho 
29D. 3 1 m  
299.6lW 
299.82380 

a a 0 . m  
30p.m aoo. m a  
301.14300 
801.44780 

801.75260 m. 06709 
802.36pzO 
m.66701 
802.97181 

303.27aal 
303.58141 
303.88821 
304.19101 
aO4.49581 

m. 82778 

297. yJ39 

930 
1 
2 
3 
4 
5 
6 
7 
8 
9 

283.46457 980 
283.7GQ37 1 
284.07417 2 
2a4.37897 3 
284.88377 4 
284.98867 5 
286.29337 6 
285.59817 7 
286.90297 8 m.mn 9 

B9.26848 
239.67328 
239.87808 
240.18288 
240.48768 

5 
6 
7 
8 
9 

940 
1 
2 
3 
4 

5 
6 

9 

286.51267 990 
286.81737 1 
287.12217 2 
287.42897 3 
287.73178 4 
w.03058 5 
288.34138 6 
288.64618 7 
289.25578 9 
288.95o88 a 

256.03251 
266.33731 
256.61211 
256.94891 
257.25171 

287.55662 
%57.86132 
258.16612 
258.47(82 
258.77572 

890 

2 
3 
4 

5 
6 
Il 
8 
9 

I I 
240.79248 
241.09728 
241.40208 
241.70688 
242.01168 

242.31648 
242.62129 
242.925G0 
243.23088 
243.53509 

840 
1 
2 
3 
4 
5 
6 
9 
8 
9 



184.04167 
167.32w) 
170.60333 
173.88417 
177.18500 

180.44583 
183.72667 
187.00750 
190.28833 
193.56817 

196.8muo 
200.13083 
203.41167 
206.69250 
209.87333 

213.25117 
216.53500 
219.81583 
273.W87 
226.37750 

228.85833 
02.93917 
06.22000 
%9.50083 
242.78167 

246.06250 
249.34333 
252.62417 
W.QosM) 
259.18583 

282.48867 
265.74750 
269.02833 
272.30917 
275.5Bwo 

278.87083 
282.15167 
285.43250 
288.71333 
291.99417 

298.5.5583 
301.83667 
305.11750 
208.39833 

311.67917 
314.96000 
318.24083 
321.52187 
a24.80289 

295.27500 

loo 
1 
2 
3 
4 

5 
6 
7 
8 
9 

110 
1 
2 
3 
4 

5 
6 
'I 
8 
g 

120 
1 
2 
9 
4 

5 
6 
7 
8 
9 

130 
1 
2 
3 
4 

7 
8 
9 

1 
2 
3 
4 

5 
6 
7 

140 

t 

0 
1 
2 
3 
4 

5 
6 

10 

26 
4 

S 
6 

CHAPTER G.-MIRCE121~ANEOUS T'ARIiES 

Lengths-Neters to feet (from 1 to 1000 unite) 
[Reduction factor: 1 meter-3.280833333 foot1 

3.28083 
8.58167 
9.84250 

13.12333 

16.40417 
19.68500 
22.86583 
26.24667 
29.62750 

32.80833 
36.08917 
39.37000 
42.85083 
45.93167 

49.21250 
62.49333 
65.77417 

= 
Me- 
ters - 

50 
1 
2 
3 
4 

5 
6 
7 
8 
9 

GO 
1 
2 
3 
4 

5 
6 
7 
8 
9 

70 
1 
2 
3 
4 

5 
6 
7 
8 
9 

80 
1 
2 
3 
4 

5 
6 
7 
8 
9 

90 
1 
2 
3 
4 

5 
6 
7 
8 
9 

492.lwoO 
495.40583 
498.08607 
601.96750 
605.24833 

200 
1 
2 
3 
4 

Feet 

608.52917 
511.81000 
615.090S 
518.37107 
621.65250 

328.0RW 
331.36417 
334.645oc 
337.92583 
841.20867 

344.487% 
347.70833 
351.04917 
354.33Mx1 
367.61083 

360.89167 
364.17250 
367.45333 
370.73417 
374.01wo 

377.29583 

383.85750 
387.13833 
390.41917 

a93.m 
396.98083 
400.26187 
403.54w1 
m. 82333 
410.10417 
413.38500 
416.88583 
419.84667 m. msa 
r12B.m 
429.78917 
433.07000 
436.35083 
439.83167 

442.912w 
446.18333 
449.47417 
452.75600 
455.a3683 

459.31887 
462.59750 
465.87833 
469.15917 
472.44000 

476.72083 
479.00161 
482. 28250 
485.6(\333 
IBL1.84411 

880. 67667 

5 
6 
7 
8 
9 

___ - 
Me- 
ters 

624.~73333 
628.21417 
531.49500 
534.77583 
638.05887 

641.33750 
644.61833 
647.88817 
651.lRooo 
654.480% 

657.74167 
661.02250 
664.30333 
667.58417 
670.88500 
674.14583 
677!42667 
680.70750 
633.98833 
687.26917 

69O.Mooo 
693.83083 
587.11167 
600.38250 
rn.67333 

806.95417 
810.23500 
813.51682 
816.79667 
630.07750 

823.35&% 
826.83817 
829.92000 
833.20083 
636.48167 

150 
1 
2 
3 
4 

5 
6 
7 

9 

1M) 
1 
2 
3 
'4 

§ 
6 
7 
9 

1 
2 
8 
4 

5 
6 
7 
8 
9 

180 
1 
2 
3 
4 
5 
6 
7 
8 
9 

190 
1 
2 
3 
4 

5 
6 
7 
8 
3 

a 

a 

im 

210 
1 
2 
8 
4 
5 
6 
7 
8 
9 

220 
1 
2 
3 
4 

5 
6 
7 
8 
9 

230 
1 
2 
3 
4 

5 
6 
7 
8 
9 

240 
1 
2 
8 
4 

II- 

20 
1 
2 s 
f 
S 

8 
9 

66.81687 
68.89750 
72.17833 
75.45917 
78.74000 

82.020R3 
86.30167 
88.58z.w 
91.86333 
96.14417 

: 
8 
3 
40 
1 
2 
8 
4 

5 
6 
7 
8 

114.82917 
118.11000 
121.39083 
124.67167 
127.96250 

131.23333 
134.51417 
137.79500 
141.07583 
144.35067 

147.63750 
150.91833 
154.1P917 
157.48000 
180.7WX3 

175 

Feet 

656.18867 
659.44750 
662.72833 
688.00917 
689. m 
672.57083 
675.85167 
670.13250 
882.41333 
685.69417 

888.97500 
892.25583 
695.53887 
698.81750 
702.09833 

705.37917 
708. g6ooo 
711.94oR3 
715.22lfi7 
718.50250 

721.78333 
725.06417 
728.34500 
731.62583 
734.80687 

738.18750 
741.4W3 
744.74.517 
748.03000 
751.31083 

754.59167 
757.87250 
761.15333 
764.43417 
767.715M) 

770.89583 
774.27667 
777.55750 
780.83833 
784.11917 

787.40000 
790.88083 
793.96167 
791.24250 
800.52333 

W.80417 
807.08500 
810.38681 
813.64687 
ati.ewm 
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Length--Meters to  feet (from i to 1000 unitspConthued 

250 
1 
2 
8 
4 

5 
6 
9 

P 

260 
1 
2 
8 
4 

5 
6 
9 

9 

870 
1 

4 

S 
f 
9 

s 
mu 

I 

4 

a 

a 

a 
a 

e 

: 

I 
I 

i 

I 
291 

! 
, 
! 
I 
I 

= 
Feet 

82O.ao833 
823.4R917 
826.77000 
830.05083 
833.33167 

836.61250 
839.89333 
843.17417 
846.4.5600 
849.73583 

W. 01667 
856.29750 
859.57833 
862.85917 
888.14aQ 

869.42083 
872.70167 
875.98w1 
879.26333 
882.54411 

885.8wK 
889.10582 
892.38681 
895.6675c 
8 M . M  

KQ. 22815 
905.5100( 
908.7W 
912.0718i 
Q15.35W 

918.6333! 
921.9141: 
925.1950( 
828.4758: 
031.7568; 

cab. a37M 
938.3183: 
941.5991; 
944. B8My w. 1m 
951.4418’ 
064.72251 
958.0033: 
gel. 2841 
901.685(y 

967.8458 
971.1266 
974.40751 
977.6883 
pBo.BBB1 

- __ 
Mo- 
ters 
- 
300 
1 
2 
3 
4 
5 
6 
7 
8 
0 

310 
1 
2 
3 
4 

6 
6 
7 

D 
320 

1 
2 
3 
4 

5 
6 
P 
8 
D 

330 
1 
2 

a 

s 
i 
1 
6 

841 
I 
2 

e 

f 
i 
1 

I 

I 

Feet 

9%. m 
987.530R3 
990. R1167 
994. osw) 
887.37333 

I OOO 66417 
I’O(17.21583 
1’010.49667 
1; 013.77760 

L 017 05933 
1: 020: 33917 
1 023.62OOO 
1’026.goO83 
L:o30.18167 

1 033.46w) 
1’036.74333 
1’040.02417 

i’CQ3:93500 

1’043.30500 
1;046.ssSSa 

I 049 88867 
1’053:14750 
1’056.42833 
1’059.70917 

1 06B.nom 
1’069.55167 
1’072. 832.50 
1’076.11333 
1~079.39417 

1 082 67500 
1’089.23667 
1’082.51750 

1 OBB 07917 
1’102’36000 

1’108.92167 

1 115.48333 
1: 118.76417 
1 1n.wm 
1’125.325B 

1;@32.ssooo 

1’ 08.5: 95583 

1:095.79€33 

1’ 105: 64083 

1:112.#nx 

1:l28.60W 

I iai 887~: 
1’ 135: 16m 

&ira.om 

1’ 138 44917 
1’141:73M 

- - 
Mo- 
ters 
- 
350 
1 
2 
3 
4 
5 
6 
7 
8 
9 

360 
1 
2 
3 
4 

5 
6 
7 

9 

370 
1 
2 
3 
4 
6 
6 
7 

9 

380 
1 

a 

a 

: 
i 
I 

t 
I 
f 
5 

39( 
1 
i 
1 

! 
i 
1 

Foot 

L 148.29167 
1’151.57250 
1’ 154. R5333 
1’158.13417 
1: 161.41500 

1164 69m 
L) 167:97G67 
1’ 171.25i50 
1’174.&X?3 
1: 177.81917 

I 1Rl.lOOOO 
1’1R4.38083 
1’ 1R7.66167 
1’ 180.94250 
1:194.22333 

1’204.0658 
1’ 207.34667 

I n3 90833 

I 197.60417 
l’ZOO.78500 

1; 210.62750 

1: 217: 18917 
1 220.47ooo 
1’ 223.7508 
1~227.03167 

1 230.31250 
1’233.59333 
1’236. R7417 
1‘240.15500 
1: 243.43583 

1 246.71687 
1’249.99750 

1’ 258.65917 
1’253.27833 

1:259.84ooo 
1 263.12083 
1:2G6.40167 
1 269.682% 
1’272.96333 
1:276.244li 

1279.5m 

1,286.om 
1 289.367N 

1 295.9291; 

1’ 305: 771tZi 

1:zsz.w 

1:2e264l% 

1’299.2100( 
1’302 480g 

1;aOeaoSabc 

- __ 
Mo- 
tors - 
400 
1 
2 
3 
4 
5 
6 
1 

9 

410 
1 
2 
3 
4 

5 
6 
7 
4 
9 

42C 
1 
2 

a 

i 
! 
1 

I 

5 

43( 
I 
i 

4 
I 

I 
! 

44l 
! 
, 
! 

I 
I 

! 

Foot 

1 312 33333 
1:315:61417 
1 318.8Q5M) 
1’322.17583 
(3%. 46667 

I 328.T1750 
1:332.&833 
1 335.29917 
1’338.5~0 
1:341.86083 

1 345.14167 
1’348.422.W 
1’ 351.70333 
1: 354.98417 

1361 54583 
1:364:82667 
1 368.10750 
1’ 371.3RR33 
1i374.66917 

1 377 m 
1’381’23083 
1’384’51167 
1’387: 792.50 
1;391.07333 

1 394.35417 
1’397.63500 
1’4lM.91583 
1’404.19687 
1: 407.47750 

1 410 7.583 
1’414:03917 
1’417.32000 
1’420.80083 
1: 42a. 88167 

1 427.16250 

1’433.72417 
1’437.ooMx) 
1;440.28683 

144358867 
1: 446: 84750 
1 450.1m 
1’453.40817 
1: 468.6aoOO 

1 459 97083 
1’ 463‘ 25167 

1;47&Wl7 

1,368.28600 

1’ 430.44333 

1’ 466’53250 
1’ 469: 81333 

450 
1 a 
9 
4 
5 
6 
7 
8 
9 

460 
1 
2 
3 
4 

S 
6 
7 
8 
9 

470 
1 
2 
3 
4 
5 
6 
7 
8 
9 

480 
1 
2 
3 
4 
5 
6 
7 
8 
Q 

490 
1 
2 
3 
4 

6 
6 
1 

8 

= 
Feet 

1 476 37500 
1’ 479 65588 
1’ 482 9-7 
1’486: 217M 
1: 489.4983a 

1 492 77917 
1’460’06000 
1’ 499: 3- 
1’502.62167 

1 508.18333 
1:512.46417 
1 515 74500 
1’519’025.83 
1:622:30667 

1 5% 58m 
1’528’8683a 
1’532: 14.917 
1’535.43000 
1:538.71llS 

1 641 9Bl67 
1’545: 27250 

1’551: E3417 

1668.39Si3a 
1’661 67667 

1 5 6 8 . m  
1:571.61917 

1 574 8woo 
1:578:08083 
1581.36167 
1’584.64ZS 
1:687.9233a 

1 6N 
1’ 694‘ 48500 
1’587: 7659 

1:506.9UZW 

1’548 55333 
1:65K.1m 

1:664:95760 

1’801 04667 
1:aOr:am 

160780833 
1’610: 88917 
1: 614.17wO 
1 617.46W 
1: 62Q. 73167 

1824.012bo 

1’630 57117 

1;687;laass 

1’621.28333 

1’633‘86600 
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Length-Meters to f ee t  (from 2 to 1000 units)-Continiied 

1134041667 550 
1:643:G9750 1 
1 646.97833 2 
1’650.25917 3 1:w.m 4 

1856.82083 5 
1’860.10167 6 
1’883.38250 7 
1’686.68333 8 
1:669.94417 9 

1673.22500 560 
1’676.50583 1 
1:679.78667 2 
1683.06750 3 

1 889.82917 5 
1’692.91000 6 

1’1399.47167 8 
1:702.75250 9 

1:686.34833 4 

1’69G.lW83 7 

?%:E ”! 
1 ’ 7 1 2 . ~  2 
1’715.87583 3 
1:719.16687 4 

1722.437m 5 
1’725.71833 6 
1’728.99917 7 
1’732.28000 8 
1:735.68083 9 

1 739.84187 580 
1’742.12250 1 
1’745.40333 2 
I’ 748.68417 
1 : 7 S l . ~  r“ 
1765.24683 5 
1’758.62667 6 
1’761.8MM) 7 
1’71.08833 8 
1;7eS.W17 0 

177l.m 
1’774.93083 ? 
1 781.49250 

178806417 5 
1’791:93500 6 
1’794.61583 

<du?m 0 

f 1:ns. 21167 

1:18677333 

1’78788887 x 

180445833 6M) 
1’807:73917 1 

1’814:30083 3 
1;817.58167 4 

1 820.882M) 5 
1’824.14333 6 
1’827.42417 7 
1”30.70500 8 

1837.266G7 610 
1’840.54750 1 
1’843.82833 2 
1’847.10817 3 

1 853.67083 5 
1’858 95167 6 

1’8G3.61333 8 
1:868.79417 9 

1 870.07500 620 
1’873 355&3 1 
1‘87663667 2 
1’879’91750 3 

1’811 02oOo 2 

1;w.m 9 

1:850.38oOo 4 

1’860:23250 7 

1:sa3:19833 4 

1 0 4 7 9 1 7  5 
1:889:76000 6 
1893.04083 7 
1’89G.32167 8 

1902.88333 630 
1’808.16417 1 
1’909.44500 2 
1’912.72583 
1:916.aOee7 

1;aw.sow, 9 

1 835.69187 640 

1’945.63117 3 

1’938.97260 1 
1’942.25333 2 

1;saS.slMx) 4 

P 

19GS 50000 650 
1’971‘7tMR3 1 
1:975:06167 2 
1 978.34250 3 

1984.90417 5 
1 ’ 9 x X . 1 ~  6 
1’%31.4f6%3 7 
l’W4.74607 8 

200130833 660 
2’004’58917 1 
2’007’87000 2 

2:014.43167 4 

2 @17 71250 5 
2’020’99333 6 
2’024:27417 7 
2’027.55500 8 

2 034 11667 670 
2’037:39750 1 
2’040.81833 2 
2’043.95917 3 
2;047.24000 4 

1;981.62333 4 

l;eb8.G2750 9 

2’011:15oB3 3 

2;030.83583 9 

2050.52083 5 
2’053.80167 6 
2’057.08250 7 
2’060.36333 8 
2:063.€44l7 9 

208873333 680 
2’103’01417 1 

3 
2:112.86667 4 

2:119.41W 
2 122 68317 7 

2 ’ 1 0 6 . m  2’108.57583 2 

2 116.1a750 

2’1zs :em 8 
!J;l%.aSm;3 P 

Fect 

2 132 64167 

2 139 la333 
2’14238417 

2 148.94583 
2’ 152.22667 
2’155.50750 
2’ 158.7U833 
2: 162.06917 

2 165.35OOo 

9’171.91167 
i’175.19250 
2: 178.47333 

2 181 76417 

2: 188.31583 
2,191.58887 
2,104. 87750 

2 198 15833 
2’201: 43917 
2: 2M. 72000 
2 208.oo083 
2: 21 1.28167 

2 214 562430 

2’221’ 12417 
2’2!!4:40500 

223096067 
2: 234: 24750 
2 237 52833 
2’ 240: 80817 

2 247.37083 
2’250 65167 

2’257’21333 
2: 280: 40417 

2 za-3 nwo 
2 ’ 2 8 7 : W  
2’270.33667 
2’273.61750 

2: 135: 82250 

2; 146: 8Bwo 

2’168 83083 

2’185:03500 

2’217’84333 

2;za?.esaEI3 

2 ; a c r . m  

2’253’93250 

a: ne. a m  

- __ 
Me 
ters 

700 
1 
2 
3 
4 

5 
6 
7 
0 
9 

1 
2 
3 
4 

5 
6 
7 
8 
9 

120 
1 
2 
3 
4 

5 
6 
7 
8 
9 

130 
1 
2 

no 

5 
5 
6 
7 
8 
9 

740 
1 
2 
3 
4 

5 
6 
7 
8 
0 

177 

= 
Feet 

2 m m  
2: 2W:88417 
2 3w 14500 
2’ 306: 42583 
2:300.7Oes.I 

2 312.08750 
2:319.54917 2’316.26833 

2 322.83000 
2;3%. 11MB 

2’332.67250 
2’335.85333 
2’339.23417 
2;342.61500 

2 345 79583 
2’349:07667 
2: 352.35750 
2 355.83833 
2~358.91917 

2’3&5:48083 2’388.76167 

2’372 04250 

2 378.80(17 
2 : 3 8 1 . W  
2 385 16583 
2’3&44887 

2 395.00833 
2’398 28917 
2’401’67000 

2: 108.13181 
2 411 41260 
2:414:68333 
2 417.97417 
2’421.25500 

2 427 81887 

2’434.3:833 
2’ 437.65917 
2;440.84Mx) 

2 4 4 4 . m  
2’ 447.60167 

a 3m.aitn 

a 362 m 

2:375:32339 

2;3ei.mm 

2’m:asos3 

2;424.53583 

a’ 431:08750 

2: 450.78250 



178 

-- 
’ 480.62500 

;‘467.1R667 
;470.46750 

’ 477 02917 
;’480:11000 

’ 486.R7167 
~~460.15250 

;1463.WkW 

i:473.74833 

i:483.59083 

- - 
Me 
tors 
- 

750 
1 
2 
8 
4 
5 
6 
9 
8 
9 

960 
1 
2 
9 
4 
5 
6 
7 
8 
9 

T 
2 
9 
4 
5 
6 
9 
8 
0 

T 
2 
9 
4 
5 
0 
9 
8 
9 

I’: 
1 
E 
4 
2 
t 
I 
I 
I 

7 

800 
1 
2 
3 
4 
5 
6 
7 
8 
9 

IT. 6. COAST AND GEODETIC SURVEY 

Lungths-Netere toireeeet (fmm 1 to 1000 units)-Continued 

2 952 75000 

2 959.31167 
2’9G2.59250 
2:905.87333 
2 6i39.15417 
2’972.43500 

2i982.27750 

2 985.55833 
2’988.83917 

2i998.68167 
3 001.90250 
3’005.24333 
3’008.52417 
3’011.80500 
3;015.08583 

3 018.36667 

3:028.2VJ17 
3,031.49Mx) 
3 034.77083 
3: 038.05167 
3,041.33250 
3,044.61333 
3,047.89417 

3 o m i 7 m  

3,057.73667 
3 061.01750 

3 067.57917 
3’070.8(jooo 
3’074.140U 
3’077.42167 
3:080.70250 

2:956:a3083 

2’975.71583 
2’978.99687 

2’992.12000 
2’995.40083 

3’021.04750 
3’ 024.9283 

&54.45583 

3:0e4.29w 

950 
1 
2 
3 
4 
5 
6 
7 
9 

960 
1 
2 
3 
4 
5 
6 
7 
8 
9 

970 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
2 
3 
4 
5 
0 
7 
8 
9 

a 

980 

z 7~t3.701133 
2’791.9n917 

2:79u.m83 
2’795.27ooO 

2,801.83167 
2 805.11250 
2’ 808.39333 
2’811.67417 
2’814.95500 

2 821.51667 
2:8!!4.79750 
2 828.07833 
2’831.35917 
2:834.04000 
2 837.92083 
2’841.20167 
2’844.48250 

2:851.04417 

2 854.32500 
2:%57.60583 
2m.88667 
2’864.16750 
2;867.44%3 
2 870.72917 
2’874.01000 

2;818.23583 

2’ 847. 76333 

5’877.29083 
2’880.57167 
2;883.a50 

2 887.13333 
2’8W 41417 
2:n93:ti95i~ 
2,x96.975m 
2,900.25G61 
2 903..53750 
2:eoCi,SlS33 
2 910.09017 
2’913.3koM) 
2:916.@3083 

2 919 ~ 1 6 7  
z’u23:22250 
2: WL6.WX33 
2,U&.7W17 
z,w.UwJ 
293634583 
2:039:62667 
2,942.80759 
2 , 9 4 6 . 1 ~ ~ 3  
2,949.46917 

900 
1 
2 
3 
4 
5 
6 
7 
8 
9 

910 
1 
2 
3 
4 
5 
6 
7 
8 
9 

920 
1 
2 
3 
4 
5 
6 
7 
8 
9 

930 
1 

3 
4 
5 
6 
7 
8 
9 

1 
2 
3 
4 
5 
6 
1 

9 

2 

940 

a 

) 024 68887 
?627:94750 
)’631.22833 
2634.50917 

2611.07083 
(644.35107 
1 647.63250 
$650.91333 
1;654.19417 

1;637.7m 

I/- 
850 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 526.24167 

2)532.80333 
$53G.08417 
2:539.36500 
2M2.645R3 
2)545.92667 
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PUBLICATIONS OF THE COAST AND GEODETIC SURVEY RELATING 
TO TRIANGULATION AND BASE MEASUREMENT 

Special Publication No. 5.-Tables for a Polyconic Projection of Maps, 20 
cents. This publication contains t h e  necessary explanation of the method em- 
ployed in constructing a polyconic projection, and also gives the  values in meters 
of the degrees, minutes, and seconds of latitude and longitude for all latitudes. 

Special Publication No. 8.-Formulse and Tables for the  Computation of 
Geodetic Positions, 25 cents. Contains the formulse, instructions, and data  for 
computing the  spherical coordinates for triangulation when the distances and 
angles are known. 

Special Publication No. 14.-Determination of Time, Longitude, Latitude, 
and Azimuth, 35 cents. A manual describing the instruments and methods used 
in the Coast and Geodetic Survey on its astronomic field and office work. 

Special Publication No. 26.-Gencral Instructions for the Field Work of the  
Coast and Geodetic Survey. Includes condensed instructions for third-order 
triangulation, topography, hydrography, and tidal and current obwrvations. 

Special Publication No. 28.-Application of the Theory of Least Squares t o  
the Adjustment of Triangulation, 25 cents. Esplains the  principles of least- 
squares adjustments of triangulation, with illustrative examples. 

Special Publication No. 58.-General Instructions for Precise and Secondary 
Traverse, 10 rents. 

Rpecial Publication No. 85.-Instructions t o  Light Keepers 011 'l'riangulation, 
10 centfi. A small pamphlet issued t o  light keepers, containing the  signaling code 
uAed arid instructions for adjusting and sighting the  lights. 

Special Publication No. 71.-Relation between Plane Rectangular Coordinates 
and Geographic Pomtions, 10 cents. Contains formula: and tables for changing 
from plane t o  spherical coordinates and vice versa. 

Special Publication No. 79.-Precise "raveme and Triangulation in Indiana, 
20 cents. 

Special Publication No. 86.-Precise Traverse, Racine, Wis., t o  Vandalia, Ill. 
15 cents. I n  addition t o  the  usual tables of results this and the publication 
above contain a n  account of the  methods employed in the field work on traverse 
and in  the  office computation of the  field measurements. 

Special Publication No. 91.-Use of Geodetic Control for City Surveys, 20 
cents. Outlines the reasons why accurate vertical and horizontal control is 
desirable for city surveys and describes briefly the  methods and instruments used 
on work of tha t  character. 

Special Publication No. 93.-Reconnaissance and Signal Building, 30 cents. 
A manual covering reconnaissance for triangulation, the  marking of stations, and 
the  construction of triangulation targets and towers. 

Special Publication No. 109.-Wireless Longitude, 16 cents. A description of 
the apparatus and methods employed in the  accurate measurement of differences 
in  longitude when radio time signals are used in  place of signals sent over tele- 
graph lines. 

Any of the publications given above can be purchrtscd by those 
outside the bureau from the Superintendent of Docurnonts, Wash- 

(Now called first and second order traverse, respectively.) 
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ington, D. C., at the price listed. Special Publication No. 26 can be 
obtained from the Director, Coast and Geodetic Survey. Numerous 
publications of this bureau contain the results of geodetic operations 
in the form of geographic positions of triangulation and traverse 
stations and elevations of bench marks. An engineer interested in 
securing those data for any particular locality should address his 
inquiry to the Director, Coast and Geodetic Survey. 

A complete list of the publications of the Coast and Geodetic 
Survey is found in the List of Publications of the Department of 
Commerce, a copy of which may be obtained free of charge upon 
application to the Department of Commerce. 
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