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THE BOWIE METHOD OF TRIANGULATION ADJUSTMENT
AS APPLIED TO THE FIRST-ORDER NET IN THE WESTERN
PART OF THE UNITED STATES '

By Oscar S. AD'AMS, Senior Mathematiéian, U. 8. Coast and Geodetic Survey

ABSTRACT

This publication contains a discussion of the new method for the adjustment
of a triangulation net as applied in the western part of the United States. The
extent of the arcs and their complicated interrelations made it practically impos-
sible to adjust the whole with one set of equations; accordingly a new method
of handling such networks was devised employing junction figures and sections
of arcs between them. A complete discussion of the procedure in the application
of the method in the western half of the United States is given, together with
an account of the method of establishing the, junction figures. The formation
of the equations for the loop closures is given in detail and the method of least
gquares is employed to determine the best -positions to be held in the junction

gures. : .

The tables give the results of the preliminary computations and the equations
derived from the loop closures. The formation and solution of the normal
equations are also given to serve as the examples for such applications. Lastly
the final results derived by the solutions are given also as a table showing the

changes in position of previously adjusted junction points. -
" At the end of the publication there is given a discussion of the facts disclosed
by this extensive adjustment of triangulation ares. This section also includes a
discussion regarding the accuracy of the observations as disclosed by the remark-
able closures of loops throughout the whole area.

INTRODUCTION

The first-order triangulation of the United States has been extended
from year to year with a more or less degree of regularity for the
past 80 years or more. The arcs in the western part of the United
States have been in process of extension for approximately 50 years.
This more or less uniform. growth consisted of extending new arcs
from those already in existence. As the various arcs were observed
they were adjusted by least squares so that the work should be.
consistent when the results were furnished for engineering appli-
cations. When any loop was completed, the total discrepancy in

" closure was adjusted into the last arc that closed the loop. This
quite frequently imposed unfavorable conditions upon the last arc
and resulted in distortions of the work that were not justified by the
general accord of the observations. For practical reasons this
method had to be followed, for otherwise the whole system of tri-
angulation would have to be readjusted every time a new loop was
closed. The economic conditions thus necessitated that this plan
should be followed until the main chains of triangles should be
completed and then a unified adjustment would be undertaken for
the whole region. ’

The final ares for the framework in the western part of the United
States were completed in 1926, and then the general adjustment was

1



2 U. S. COAST AND GEODETIC SURVEY

carried through. The plan upon which the adjustment should be
made was decided upon in 1924 and many of the preliminary com-
putations were made before the final arcs were completed. An
undertaking of such proportions could only be carried through by the
aid of a large body of men trained in such-calculations. Especial men-
tion should be made of a number of members of the division of geod-
esy; W. F. Reynolds, C. H. Swick, H. C. Mitchell, W. D. Sutcliffe,
and Howard S. Rappleye aided in the preparation of the equations for
the adjustments, as well as by giving expert advice upon technical
points. In the further calculations the main work was done by
G. L. Fentress, H. P. Kaufman, F. W. Darling, J. A. Duerksen,
W. Shofnos, C. J. Clifferd, and W. E. Wood.

GROWTH OF TRIANS}ULATION NET

- In the adjustment of triangulation it is evident that the eclosure of
a loop shoufd be distributed throughout its entire length. This is a
very simple matter when the arc consists of a single loop such as
that formed by carrying triangulation around an island or around a
lake. However, when the system consists of a number of intercon-:
nected loops, the solution of the equations of condition for all of the
loops in a single set presents serious difficulty on account of the
amount of computation that would be required in carrying out the.
adjustment. ' ' -

In the United States the geodetic datum was adopted when the
. triangulation system consisted of a meager skeleton joining the arc
near the Atlantic coast to that near the Pacific coast. As this mere
outline was supplemented by new work, the discrepancies in the
closures of loops were adjusted into the new arcs, the part already
adjusted being held ﬁxed. In the earlier work no true geodetic
azimuths, derived by applying the Laplace correction to observed
astronomic azimuths, were helg in the adjustments. Experience had
‘not yet shown that an arc of triangulation tends to swerve in azimuth
unless it is held in orientation by equations of condition derived
from the observed azimuths corrected for the deflection of the vertical.
This departure from true orientation in the previously adjusted arcs
at times caused comparatively large discrepancies to appear when
new arcs were observed to close loops. As the country became
divided up by many closed arcs of triangulation, this method of
adjustment became more and more objectionable because often com-
paratively short arcs were forced to absorb loop closures that were
out of all proportion to their lengths, and as a result the corrections
that had to be applied to them were unduly large. In all loops
the discrepancies disclosed were such as might be expected from the
grade of the work when the whole length of the loop was considered,
but they were unduly large for adjustment into the new work with
old work held fixed. It became evident that at some time a read-
justment would have to be made of the whole, or at least part, of the
net to relieve this condition of unequal strain. Since the western
part of the country was divided up into about the ideal-sized loops,
"the part from the ninety-eighth meridian arc inclusive was chosen
for the first application of the method. -
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NEED FOR GENERAL ADJUSTMENT

_ Although this section was sufficiently covered by -arcs of triangu-
lation to permit of a general adjustment that would give consistent
results which could then be held fixed for all time, yet 8 serious practical
difficulty arose when the adjustment was contemplated. If the
adjustment should be made by the method of least squares including
the whole region in one adjustment, it would involve the solution
of more than 3,000 simultaneous equations. Even with the use of
modern calculating machines this would require an enormous amount
of work, much more than could be justified economically. There
would also be the possibility of some error in the formation or the
solution that would fail to be detected until the final results were
being computed, and then it would require much extra labor to make
the corrections. _ ) _ -

The question, however, was an important one at that time, for the
arc of first-order triangulation, extending from the northwestern part
of the United States along the coast of British Columbia and through
southeastern Alaska, was awaiting adjustment, and this could not be
undertaken until final values for the geographic positions of the sta-
tions from which the new arc would extend.-could be obtained. This
arc was measured and adjusted by the cooperation of this bureau and
the Geodetic Survey of Canada. The data carried by this arc into
Alaska are the controlling data for the whole of the work in Alaska
as well as for the work in western and northwestern Canada. It thus
was imperative that the best value possible should be derived for
the line in northwest Washington from which the Canadian-Alaskan

arc extended. T

: BOWIE METHOD DEVISED

An economically feasible method for making an adjustment of such
an extensive net of triangulation was worked out early in 1924 by Dr.
William Bowie, chief of the division of geodesy of the United States
Coast and Geodetic Survey. He conceived and formulated a plan
by means of which such an extensive system can be adjusted with
sufficient rigor at comparatively small cost and in a comparatively
~ short time. By this Bowie method the discrepancies-in loop closures

ofha net formed by arcs of triangulation are distributed in a way some-
what similar to that used in the adjustment of a first-order level net.

The triangulation in the western part of the United States consists
of a-number of intersecting arcs. In order to make the readjustment
of the net by the new method, the unit was taken as the section of an

. arc between two junction points. Hereafter in this publication this
unit will be called simply a ‘‘section.” - o

This same method of adjustment can also be applied to an area
completely covered by triangulation by selecting loops formed by
chains of well-shaped triangles, quadrilaterals, or other figures with
the intermediate figures or stations omitted. Such omitted stations
can later be adjusted into the general net by supplementary com-
putations. , :

After the loop closures have been distributed among: the various
sections of the arcs of triangulation forming the loops, and in this
way the most probable geographic positions of the stations used as
junction points have been derived, then the sections can be adjusted
separately between the junction figures. ' ’
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At the request of Doctor Bowie, the writer worked out a method
for forming the equations and for making the adjustments by the
method of least squares which are necessary to render the plan prac-
ticable. On first consideration it was contemplated that the adjust-
ment might be made by the use of interrelated equations for the loop
closures, but on further investigation it was foung that no economical
scheme of this kind could be devised. After careful study a plan
was perfected for the use of two independent sets of equations, one
set for, the closures in latitude and the other set for the longitude
closures. This plan was found to be both economical and practical
and at the same time it gives a very satisfactory distribution of the
discrepancies in loop closures. , : ‘

After working out the mathematical theory of the method, the
author’ was put in entire charge of the execution of the project.
From 8 to 12 mathematicians were employed. on the adjustments of
the sections, the number varying as the availability of the work
demanded. As a result, in about 15 months after starting the com-
putations the work had advanced to the point where the adjustment
of the loop closures could be made to obtain the most probable
positions of the junction points to be held in the junction figures.
One of the great advantages of the Bowie method is the fact that a
large number of computers can be employed upon the work at the
same time. When the plan of the adjustment was initiated not all of
the field work of the various arcs to be included .was completed. If
all of the observational data had been ready, as many computers
could have been put upon the computations as there were sections,
and-the final results could have been obtained in a much shorter time.
As the matter stood with this bureau, efforts were made to complete
the work as soon as all of the field work was available. The record
for accomplishment speaks well-both for the Bowie method and for
the efficiency of the mathematicians who were employed upon the
various computations necessary to carry out the scheme. We believe
that this accomplishment deserves the attention of all practical
geodesists, showing as it does a new method for bringing about an
adjustment of complicated nets of triangulation in a comparatively
short time with sufficient rigor to meet all demands, either. practical
or scientific. The economy both of time and expense is a fact to
consider as well as the fact that the method is applicable to adjust-
ments of triangulation that- could scarcely be handled in any other
way. In actual working days for one man the time employed up to
the determination of the junction points was 2,200 days of 7 hours
each. For the computations of the sections between junction figures -
the time consumed was 1,600 days, making a total of 3,800 days of 7
hours each for the whole work ofy the adjustment of the net.

DESCRIPTION OF THE PLAN OF ADJUSTMENT

In carrying out the scheme of adjustment the first step consisted
in laying out junction figures at the various intersections of the ares.-
. The general aim was to make these figures as simple as possible but
to choose them, if possible, so that the various sections radiating
from them should be attached to the junction figure by a single line.
‘It was not possible in all cases to attain this ideal, but it was so
arranged whenever feasible. The junction figures in some cases
consisted of only one or two quadrilaterals, but in other cases they
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became fairly complicated figures. If the plan had been in mind
during the tyme when the arcs were being observed,. no doubt the
ideal simple figures could have been observed in almost every case.
However, since the work was already done it remained to make the
best use of what was at hand. ) '

After the junction figures were laid out, it then became necessary
to adopt-some length and azimuth to hold in them. The ideal case
was a junction figure in which was included a measured base and an
observed Laplace azimuth. The figure could then be adjusted by
least squares, and the measured base and azimuth could furnish the
required control. Each line from which a section started was fixed
in length and azimuth by-this adjustment and these values were then
used when the adjoined section was adjusted.

If either a measured length or an observed Laplace azimuth was
wanting in the junction figure, it became necessary to adopt a value
for some line of the figure for length or azimuth, or for both in case
neither was present in the figure. This was generally done by set-
ting up equations from the nearest control data through each of the
radiating sections to some line in the junction figure and then some
weighted mean was adopted as the value to be used. The weights
were assigned by consideration of the strength of the various connec-
“tions, a base or azimuth lying near the line having more weight than
one farther away. The main object was to adopt control data that
would best accord with the nearest bases and Laplace azimuths in the
various sections. It was always possible to arrive at some reasonable
compromise among the various values derived from the equations in
the. sections. In some cases where the chosen junction figure had
already been adjusted in one of the arcs, the adjusted values of the
angles and lengths were held fixed if they agreed reasonably well with
the lengths derived from the other sections. Various methods were
thus used in fixing these data, with the sole object in mind to adopt
values that would best fit in with the bases and Laplace azimuths
in the radiating sections. :

LAPLACE AZIMUTHS

Since there may be some question as to how the Laplace azimuth
values were obtained, it is probably best to give some account of
them at this point. A Laplace azimuth is an observed astronomical
azimuth that has been corrected for the effect of the deflection of
the vertical. This correction can be computed if an astronomical
longitude has been observed at the station as well as the astronomical
azimuth. If we denote the astronomical value by A and the geodetic
value by G, we have the relation, :

(A— @) in azimuth= —[(4 — &) in longitude] sin ¢

in which ¢ is the latitude of the station. In computing this correc-
tion the best available value for the geodetic longitude as derived
from the preliminary computations is used. This will not,in most
cases, differ from the final value by more than a few tenths of a
second of arc, and hence the computed correction will be very nearly
correct. After the final value of the geodetic longitude is adopted in
the junction figure, a small correction to the azimuth-as held can be

838442 O - 49 - 2
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made to take care of the change in the geodetic longitude, and this
change in the azimuth can be taken care of in the final adjustment of
the sections between the junction figures.

TYPICAL JUNCTION FIGURES

As examples of the various conditions that may arise in the work
of establishing the fundamental length and azimuth in junction
figures, three diagrams are included showing three typical cases that
arose in this adjustment. Figure 1 shows an example of the simplest
case in which a measured base (indicated by a heavy line) and a
Laplace azimuth (indicated by an arrowhead) are included in a simple
figure. In Figure 2 we also have these fundamental data included
in the junction figure, but the figure itself is considerably more com-
plicated. Finally, in Figure 3 we have an example of the most
complicated case. The length and azimuth had to be carried into
the junction figure from four radiating sections. The simple chain of
triangles through which the data had to be carried is shown in each
case. The junction figure itself was somewhat complicated even
after these accessory triangles were
omitted. This was the most involved
case that arose in the whole adjustment.
In any case of the application of this
method of adjustment the length and.
azimuth in the junction figure could be
determined in any reasonable way that
might be desired ; the end in view should
be to choose these data so as best to
accord with the other fixed data in the
adjoining sections. In the present
adjustment this aim was kept in view
at all times.and the actual method of
attaining it was varied at times to

FIGURE 1—Simple junction figure con- . 2 . .
taining base and Laplace azimuth suit the individual case.

PRELIMINARY ADJUSTMENT OF SECTIONS

- After a-junction figure has been adjusted, the lengths and azimuths
of the lines to which the sections join are known. The sections can
then be adjusted between the junction figures holding these lengths
and azimuths. All of the conditions will thus be included except the -
conditions for closure in latitude and longitude. As a matter of
expediency the latitude and longitude equations were made up in this
preliminary adjustment with no closure term added to them. The
“forward "’ solution of the normal equations could thus be made with
these equations carried along as the last two equations of the set. In
the preliminary ‘“back’ solution these two equations were ignored.
However, after the discrepancy in closure was later determined, it
was only necessary to carry the forward solution through these
equations, neglecting the constant terms of the other normals except
for a small correction to the constant term of the last azimuth equa-
tion of each section due to the change in the Lapace azimuth caused
by the change in the longitude. 1In this way an additional set of cor-
rections were -derived which, added algebraically to the preliminary
corrections, gave the final complete corrections. In this way an
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economy in the labor required was attained. However, in the appli-
cation of the Bowie method, after the final positions in the junction
figures have been determined (in the manner to be indicated later),
a complete new adjustment of each section, including all of the con-
ditions at one time, could be made if so desired. It would require
considerable more work, however, and the results would not be any
more satisfactory. Economy of calculation should have some weight
in deciding which course to follow. There is no question but that the
method used in the present adjustment saved a great deal of time and
consequent expense,. .

The preliminary adjustment is no more
than the usual I‘r'iygure adjustment includ-
ing the angle equations, the side equations,
the length equations to hold the lengths of
the measured bases and of the fixed lines at
the ends of the section, and the azimuth
equations to hold any intermediate Laplace
azimuths and the azimuths of the junction
Jdines. All possible conditions are thus in-
cluded except the conditions of closure in
latitude and longitude. ‘

COMPUTATION OF PRELIMINARY »
POSITIONS

After these preliminary adjustments
have all been made the geographic posi-
tions can be computed, starting from the
point whose latitude and longitude is to be
held fixed as the fundamental datum.
These preliminary positions can be com-
puted along any of the arcs and, conse-
quently, there will be certain junction
stations at which there will be discrep-
ancies of closure. If computations are to
be carried further from such a junction, one
or the other of the consistent set of data
should be used. Thus the positions of all
stations can be traced in unbroken line
through some continuous arcs back to the
fundamental station. . ) N

From these positions an assumed position — Fhaurr 2 Comploe el datione”
is taken for some chosen point in each of
the junction figures. The formation of the observation equations is
simplified if these assumed positions are made to correspond in each-
case with the preliminary positions as computed through one of the
continuous arcs. ‘In this way the constant term in many of the
equations will be zero and the work of formation of the latitude and
longitude equations will be simplified thereby.

ADJUSTMENT OF LATITUDE AND LONGITUDE CLOSURES

After the positions have been assumed for the junction points,
the -observation equations are formed for both the latitude closures.
and the longitude closures. The procedure is the same in each case.
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The difference between the assumed latitudes of the junction points at
the two ends of a section gives the assumed value for this difference.
By subtracting from this quantity the computed value for the same
we get an equation for the v in latitude for that section; a similar pro-
cedure gives the v in longitude for the section. The constant term in
these will .be expressed in units of seconds of arc. Seconds of arc,
however, represent different linear lengths depending upon the lati-

FIGURE 3.~Junction figure which contains no bases or Laplace azimuths

The lengths in the junction figure at the intersection of the arcs are controlied by
‘the four bases indicated by the heavy lines and the azimuths by the four La-
place aximuths indicated by the arrow heads. .

tude. To correlate these values in various sections of the country,
the values in seconds of arc were reduced to linear measure with 10
feet as the unit. This unit gave the best balance for these quantities
in the formation of the normal equations. In this manner the set of
equations for latitude and the set for longitude shown in the table on
page 16 were formed. The constant terms in these equations must be
multiplied by 10 if it is desired to get the closures in feet.



BOWIE METHOD OF TRIANGULATION ADJUSTMENT 9
After these two sets of observation equations have been formed, it

becomes necessary to decide upon a proper weighting of the various
sections. If they were all of the same length, the weight of each sec-
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to weight the sections inversely proportional to their length. A sec-
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tion of about average length was assumed as having weight unity.
A section approximately one-half as long would then have the weight
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from a progress map, since a slight variation of the weight would have
but little effect on the final value of the resulting » for the given section.

In this way there was formed a set of 42 observation equations for
latitude and the same number for longitude, this being the number of
sections in the whole net. The symbols x,, x;, etc., were used as cor-
rections to the assumed latitudes of the junction points, and vy, ¥,,
etc., were used as corrections to the assumed longitudes of the same
points. The 42 expressions for the v’s gave 26 normal equations in
each case, this being the number of the junction points, omitting, of
course, Meade’s Ranch which was adopted as the fundamental position
and which was not to change from the assumed value. '

After the solution of the normal equations was made and the values
of the ’s and y’s were determined, the expressions in units of 10 feet
were reduced back to fractions of a second of latitude and longitude.
When these values were added to the assumed latitudes and longitudes
the position of a junction point in each junction figure was deter-
mined. A correction was then made to the Laplace azimuth or to the
adopted azimuth as the case might be, due to the change in the
geodetic longitude in the junction figure. ~After this' was done all of
the positions of the stations in the junction figures were computed.
This gave a line at each end of the various sections that was fixed in
all respects—in length, in azimuth, and in position upon the ellipsoid
of reference. The sections could then be adjusted with inclusion of
the equations for closure in latitude and longitude and thus the whole
net could be placed on one continuous consistent datum.

FORMATION OF OBSERVATION EQUATIONS

The table of the observation equations on page 16 makes it practi-
cally self-evident as to how the equations are formed. However,
to show the method in cases where there is found a failure in closure, we
will give a sample of the formation of one such in the list. Between
Donna and Peters (see tables on pp. 14 and 15) we have the following
differences: :

In latitude In longitude
. o 7 ” . o 7 73
Assumed difference. ......__. 3 00 52.382—z¢tzs | 2 33 17.613—putus
Computed difference___....._ - 3 00 52 154+vs 2 33 17.7124ms

Since, after adjustment, these values should agree, we find for
latitude that »;= + 07228 —x, +x;, and for longitude that v;= — 07099 —
Yat+Ys.

This discrepancy of closure was developed at station Peters and at
this latitude 07228 in latitude is equal to 23.0 feet and 07099 in longi-
tude is equal to 8.8 feet. For convenience in the solution, as stated
on page 8, the unit was assumed as 10 feet; accordingly, the observa-
tion equations become, in latitude

05 = +2.30 —,+15
and in longitude :
Vy= — 0.88 —y4,+y5 7

- In the same way all of the other observation equations were formed. -
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From the procedure indicated above, it is seen that the extent in
latitude and longitude of each section is considered as if it were a
quantity directly measured; the v’s for each section are the corrections
in latitude and n longitude that are to be applied to these quantities.
The solution of the observation equstions by least squares gives in
each case the most probable distribution of the closures at the junction
points. The later adjustment of the sections between the junction
figures, thus fixed in all respects upon the spheroid (that is, fixed in
length, position, and azimuth) brings about a just distribution of the
position closures among the various arc sections in the whole net of
triangulation.

Closure in feet: -
_ in lat. - in long. - total in dis
L proportional part

FIGURE 6.—Section closures resulting from apportionment of loop closures

The first number above the line is the closure in latitude in feet, the second number
the closure in longitude in feet, and the third number the total closure in feet.
On the other side of the line representing the section is the approximate propor-
tional part of the length of the section represented by the total closure.

SOLUTION OF NORMAL EQUATIONS

The forward solution of the normal equations can be considerably
shorteéned by carrying the solution of the latitude equations and that
of the longitude equations at the same time. The coefficients of the
x’s are the same as the coefficients of the corresponding y’s, and-hence
the only differences between the two solutions are in the 'y and Z
columns. These can both be appended to the one solution, as is done
in the solution given on pages 21 to 25 and much computation is
avoided in this way. The control of the solution of each set is given
in its respective = column, and hence the single solution is just
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as effective as a double solution would be. As a further control of
the solution, the values of (pn?), (pnZ) and (pZ=?) are appended to the
normals and the resulting work is appended to the forward solution.
(See p. 25.) It should be noted that the values in the columns » and Z
on page 25 for the latitude equations are derived in the regular way,
and that the corresponding values in the longitude set are similarly
derived just as if the latitude values were not present. In other words,
the cross multiplication for the latitude set is only applied to the 7
and 2 column of that set and then the corresponding multiplier is
used for the longitude set. After adding up the three columns
occurring beyond the solution of equation No. 26, the three results

wn® > e e s

g oy o
ST preny
gure Rous,
. i usted
- 7
< ~/7, 5 ’ preross,
A matid
v %2, TN
~irvoos, : 22,
> T og, 1
f060 ; TTreedll 2 ‘
1o “92 ! ] -g’ : T
H g i
- ,.'.2 [ TS : d
.. 07797, o
o "-:9/0."' o : 5| :
B 2 IR Y < - .
2o orerody i
§ Soilcell 2 FERLIITAN W B
1J o vsrer s

Changes in lat. and long.
due to readjustment.

FiGURE 7.—Changes in positiens of junction points, previously adjusted; caused
by the readjustment

The sign indicates in which direction the position was changed. The upper
number is the change in latitude and the lower number the change in longitude.

should be equal, each being the sum of the respective po*’s. It will
be seen that with the exception of the unavoidable uncertainty in the
last places of decimals, the same result is obtained in both sets of
normals. It will also be seen from the sum of the pv*s given in the’
table on page 28 that these solution values are checked except for the
uncertainty due to the dropping of decimals.

COMPUTATIONS

On the following pages are assembled in tabular form the com-
putations involved in adjusting the latitude and longitude closures of
the junction points.

838442 0 - 49 - 3
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Assumed positions of junction stations

Station

Assumed latitude

Assumed longitude

Farmer._

States. - ccomcooocoaoo

o ¢ 7

35 16 24.889+41

20 42 52 7814z
26 09 40.4914-14
29 10 32.873+4as

31 35 48.698-+1s
34 59 03.367+zr
38 48 09.701+xs
33 34 01 7444z
39 48 38.324-+110

35 55 516914z
37 52 54.2464112
34 54 36.391+73
43 42 21.280+z1¢
________ 49 00 Ol.298-+tz5

44 28 44.100+158
48 53 37. 986417
42 16 10.863+118
45 34 38,959-+119
48 52 55.7184-1x

44 10 08. 2084712
45 50 59.4004z2
40 36 10. 730z
45 56 06.0774-1n
48 53 44.2534-125
48 56 30.780+12

32 49 18.024-+713

e 7 17

97 57 32.437+w
98 19 11.654+vs
98 09 52.133+y;
98 02 44. 4474w
100 36 02.060+ys

103 35 24. 1474y
104 07 59 4814y7
103 10 55 504+ys
112 33 27 21449
111 45 56. 284-+¥10

115 02 35.657+yu
121 54 46,9124y
120 11 08. 121413
97 40, 34. 1064-yu
97 07 39. 00345

104 . 27 02.892411s
103 47 20.841+y17
112 05 49.476+v1s
110 57 18.4294-yu
110 29 18, 696+y»

117 39 39.8284yx
119 56 21.0434-y2=
122 38 59.025-v%
121 49 11.048+yu
119 20 12795425
122 49 120254y

Fized position!

Station Latitude Longitude
-] ’ 17 © ’ r”
Meade’s Ranch._._._____._._. 39 13 26.686 | 98 32 30.506

1 This is the fixed position on which the North American Datum depends.
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Computed differences of positions of junction stations

“

No. of 3 - .
differ- Junction stations Diﬂer‘:’%"&of Iati Dlﬁetgﬁ%edg f lon-,
ence
o ’ " o ’ ”
1 | Carson-Meade’s Ranch._. —3 57 01.797 —0 34 58069
.2 { Kyle-Carson._.___.. —2 27 06.865 +0 21 38.217
3 | Mission~Kyle_.. —3 06 25.243 —0 09 19.521
4 | Donna-Mission. —3 33 12.290 -0 07 07.686
5 | Peters-Donna..__.__.._._.__.... +3 00 52 154 +2 33 17.712
6 | Peters-Mission___.___._._____... —0 32 20.068 +2 26 10.142
7 | Ingle-Peters... +2 - 25. 15.825 +2 59 22.087
8 | Ingle-Kyle.____. —1 13 29.224 +5 16 12.826
9 | Phillips—Carson...._ —0 17 21.648 46 10 27.188
10 | Aroya-Meade’s Ranch..____.__ -0 25 16.985 +4 38 24.998
11 | Phillips-Ingle 43 23 14.669 40 32 35334
12 | Aroya-Phillips__ .| 43 49 06.334 -0 57.03.977
13 | Whitetank-Ingle | 41 58 13.046 +-8 03. 067
14 | Whitetank-Phillips. .| =1 25 01.810 +8 25 27.838
15 | Mount Nebo-Aroya.._._.._.... +1 00 28.623 +8 35 00.780
16 | Black-Mount Nebo_._..__....__ —3 52 46.633 +3 16 39.373
17 | Black-Whitetank.___.______... +2 21 50.021 +2 29 08.021
18 | Mount Diablo-Mount Nebo....| —1 56 43.917 | 410 08 50.926
19 | Tepusquet-Mount Diablo.. —2 58 17.855 —1 43 38.791
20 | Tepusquet-Whitetank__ +1 20 34.895 +7 37 40.852
21 | Farmer-Meade’s Ranch +4 28 54.504 ~0 b1 56.400
22 | States-Farmer....... +5 17 40.270 -0 32 54.667
23 | Sundance-Farmer. +0 46 23.031 46 46 29.153
24 | Sundance-Aroya.. +5 .40 34.399 .| 41 16 07.388
25 | Norge-Sundance.._........__.._ +4 24 53.886 -0 39 42.051
26 | Norge-States. .. ___coeeoooo. —0 05 23.312 46 39 41.838
27 | Oxford-Mount Nebo. . —e--| 42 27 32.539 40 19 53.192
28 | Mount Elis-Oxford.. .- +3 18 28.096 —~1 08 31047
29 | Mount Ellis-Sundance. —e-c| 41 05 54.703 -+6 30 15.401
30 | Goldstone-Mount Elis__._.____ +3 18 16.759 -0 27 59.733
31 Goldstone-Norge.... —0 00 42422 46 41 57.399
32 | Dry-Oxford... eeee| 41 53 57.345 45 33 50.352
33 | Alder-Dry.-. eeef +1 40 51.192 42 16 41215
34 | Red-Alder.. +0 05 06.677 +1 52 50.
35 | Ri all 45 19 55.347 —~0 49 47.977
36 | Bally-Mount Diablo..._.._.... +2 43 16.484 40 44 -12.113
37 Bally-Dry.......... ceeo]- =3 33 57.190 “+4 59 19.331
38 | Oroville-Goldstone.________..__ 40 00 48.535 | +8 50 54.099
39 | Oroville-Alder........_______._. +3 02 44.788 —0 36 08.211
40 | Tepusquet-Black..________.... —1 01 15.224 +5 08 32823
41 Birch Point-Oroville. +0 02 46.660 +3 28 59.089
42 | Birch Point-Red..._.______..._ +3° 00 24.703 +1 00 00.977

15



16

U. S. COAST AND GEODETIC SURVEY

Observation equations

.
Latitude equation |V e;)ght’ Longitude equation
=1 1.00 n=
V2=Z2—21 1.65 V=92~
‘ U3=I3—T2 1.45 v3=Y3—2
V4=T4~T3-cemnmnnaan| 1.00 Ve=Y1—Y3
vs=-+4230—zi+zs5. .| .90 v5=—0.88—Y4+ys5
vs=—+1.62—23+75 1.65 vs=—1.91—y3+ys
V1=Z8—T5- - -nnon 1.00 vr=ys—ys
vg=—1.03—Z2}Ts__ .75 vg=—2.88—y1+ys
ty=-+1 27—n1+z7-C .70 vo=—1.20—1n+y7
VI0=TB e cm e e 1.10 10="1s
B TR 2 B 7 1.10 =yr—1s
Uig=Tg—27._ 1.00 V2=Ys—y1
V13=T9—To_________ .50 vi3=Ys—Us
vp=+41 89—1742¢_ . 50 pu=—0.89—y7+1
U15=Z10—T8 oo .70 vis=Y10—¥8
Vig=Tn—T10- o 2.00 vis=Y1u—Yio
0.75~ro+zn .| 2.00 vy =+43. 57— pptyn
163—Zwtzi2-_. .7 tig=—2. 39— Y10+
hg=Ii—I12 | 200 vio=913—Y12
vp=—251—Tp+z13....[ .90 voo=—40. 47=vs+y13
LI VN . 80 tn=yu4
2.55—Zu+Ti5...| .65 .| vn=-—291~yutuss
2. 14—zu+tz15-..| .80 3= —2. 70— Yu-+y1s
Uu=T14—T8 ... .80 vu=Y16—1Us
U3 =Ty —Z18 .80 vs=Yrr—ye
Vs =T17—T15. .85 v =Y1r— s
v =T13—T10 2.00 v =918—Y10
V28=Z19—Z18 1.65 tn=Y19—118
vyg=—+1. 58 ~T16-+T19. .70 vog=+0. 97— Y16+ Y10
Uo=In—I19 1.25 D30=Y20—Y10
ts=~+1.56—2ir+2n...| .80 oy ==43. 05—y1r-tym
V3=TN =TT oe e 1.25 m=yn—
V33 =Zy—Tn-- 2.00 U =Yn—Un
Du=Iu—I22-. 2.00 vu=yu—yn
V35=TU—T2 e .90 Y5 =Yu—Yn
038=Z28—T12 - mmen 2.00 Vip=Y2—12
vy7=—2.91—zn+z55__.| .80 var=—1. 03—z +¥2
U38=T25~T20- .- _i__ .. .70 |- vs=vs—Y20
039=-4-0. 66 —Toa-+225.__| 1.20 vz9=—0. 25— yar+yo5
v=—0.77—2n+213...| .80 vag=—2.95—yu+u3
oy =—1.35—2ss+z28-..| 1.45 v =0 94—ya5+120
LZVEE 27 S 2 T, 125 via=Y2—Y2u
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Normal equations for latitude

1 2 3 4 6 9 10 11 12 13 14 15 16 17 18 n =

1| 433 | —1.65

2 +3.85

3

4

5

6

7

8

9 +4.7040 -

10 +1.1410

11 12 13 1 15 16 17 18 19 20 21 25 2 n z

11| +4.80 ...

12 +4.70

13

14

15

16

17

18

19

20

21

22

2

24 0 0

25 +2.7495 | 42.7495

2 —1.9575 | —1.9575
+43. 4557 |-+43. 4557

+46. 3557

LNANLSALdY NOILVIADNVIYML JO JOHLIW HImod
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Normal equations for longitude—Continued
1 2 3 8 9 10 1 12 13 14 15 16 17 18 n =
1433 —1.656
2 +3.85
3 .
4
5
B ]
7
8
9
10
1 12
1| +4.80 0. ..
12 4+4.70 | =200 | —1. 6730
13 +3.70 —1.9370
14 +4. 8515
15 ~1.8915
16 —2.8300
17 —2, 4400
18 0
19. +. 6790
20 42 400
21 +. 8240
22 -+. 3000
] —. 8240
24 0
25 —1. 6630
26. +2.70 | +41.3630 | +1.3630
- |+ 6321 [+72. 6321

+75. 5321

03
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Solution of mormal equations

1 2 6 7 8 n (Lat.) Z (Lat.) 7 (Long.) Z (Long.)
+3.38 —1.65 —0.70 —0.8890 +0.1110 +0. 8400 +1.8400
)= +. 49254 +. +. 26537 —. 03313 . 25076 —. 54925
+3.85 +.7725 +.7725 +2.1600 +2.1600
—. 8127 —.3448 -—. 4379 +.0547 +.4137 +. 9063
+3.0373 —.3448 +.3346 +.82712 1| +256737 4-3.0863 2
2y +. 11352 —. 11018 —. 21231 —.84736 | —1.00952
....... —2.6730 —2. 6730 +3.1515 +-3.1515
2 +. 1597 +.3049 +1. 2287 +1.4638
-2 5133 —2. 2781 +4.3802 +4.6153 4
+. 73751 +. 66850 —1.28635 | —1.35436
............. —2.0700 —2.0700 +.7920 +. 7020
—. 7375 -. 6685 +1.2853 +1.3543
-2 8075 —273834( 420773 +21463 4
+1.74748 +1. 70447 —1. 29288 —1.33599
............. +4.7430 +4.7430 —3.0435 —3.0435
—1.2169 —1.1030 +2.1208 +2. 2347
—2 4189 ~2.3593 +1.7897 +1.8493
+1.1072 +1.2807 6 -. 0330 +. 1408 4
—. 71043 —. 82169 +. 02017 —. 09009
—. 7725 —. 7725 —2.1600 —2.1600
+. 0828 +. 2042 +.6355 +. 7671
—. 2640 —. 2303 +. 4601 +. 4848
—. 1835 —. 1790 +.1358 +.1403
+.8078 +1.0385 —. 0268 +. 1139
—. 2396 +. 0519 —. 9554 -, 6639
+. 11434 —. 0477 +. 45593 +. 31682
—. 0560 —. 0560 —. 3060 —.'3050
—.1858 +. 023 4. 1755 4. 3845
. 0380 +. 0039 . +. 3481
—. 1214 —.1100 +. 2116 +.2229
—. 0844 —. 0823 . 0624 +. 0645
+.0862 +. 0997 —. 0028 +.0109
—. 1491 +.082 —. 5945 —. 4131
—. 4725 +-. 0008 —. 2604 +.2228 7
+. 20686 —. 00026 4. 10062 —. 00750

INAWISNAIAV NOILVINONVIYL 40 dOHLAW FIMOH
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Solution of normal equations—Continued

8 10 12 14 15 16 17 18 19 1 13 |n(Lat) | Z(Lat) |7 (Long)| = (Long)
+3.60 +1.10 0 +1.10
7 | = 4378 +.0003 | —.1006 | +.0975
+3.1622 +1.1003 2 | —. 1006 | +1.1975
: Ts= —.34792 | 4.03466 | —.37869
' F4.7040 |—8.0080 [ —8.0080
6 +.0124 | —.2280 | —1584
7 +.0002 | —.0889 [ + o701
8 +.126 | —.018 | +.1345
+4.8402 |—8.3372 | —7.0528
—1.40182 |-+2. 41462 | +2.30320
FL1410 |+176730 | +1.6730
+.2435 | —.0243 | -+ 2651
—. 0018 +.1102 | —. 1898 | —.1810
+5.2432 +1.4047  |4+1.4589 | +1. 7571 0
In= - —. 27825 | —.335
. =200 . —11410 |-1.6730 | =L 6730
10 - 41503 | +.1990 | +4.1043 | +. 2330
—2.0027 | —. 9817 | —.9428 10(—1.4787 | —1.4391 89
= +.43476 | 4 21311 | +.20447 | +.32100 |_+.31236
. . F4.0615 | +4.8515
—1.80067 | —2. 15622
—18915 | —1.8915
+1.1704 | +1.4015
— 7211 | —.4900
+.54054 | 37342
—2.8300 | —2.8390
—0277 | +.3030
—.2169 |, —. 2060
+. 0498 . 0600
—.0077 | —.0075
+1 4406 | +1.720
15 —. 0407 —.0708 - | —.1270 | —.08
+2.5640 | —. 9497 | —. 0697 3045 —.9649 6 |—1. 7279 ~1.0517 5
zu=| +.37040 +. 02718 1346 +.37621 | +.67391 | +.41010

(44
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Solution of normal equations—Continued

15
18

7 (Long.)

= (Lat.) Z (Long.)
-1 2480 —2.4400 |—2. 4400
—. 4671 | =.3174
.3573 —.6400 | —.3895
—1.8987 8 | —3.5471 |-3. 1459 70
+1.22693 | +2. 20200 + 0334
0
+. 5702 +. +. 6702
—. 0546 —.0857 | —.0834
—. 0262 —.0470 | —. 0286
—. 0317 —.0591 | —. 0525
+.4577 +.3647 | +.5057 8
—. 11111 X —. 12279
F1.1060 | +.6700 | +.6790
—. 2633 —. 4717 | —. 2871
—. 3181 .5043 | —. 5213
+. 1859 +.1481 | +. 2056
+.7105 —. 2380 | 4.0701 2
—-. 26450 | +.08895 | —. 02614
12480 | 4-2.4400 . i-+2. 4400
—. 0815 | —1.8336 |—1.6268
+.0015 +.0012 | +.0016
+.3675 —.1236 | +.0363
+.6353 6 .4840 | 48611 4
—.3 —. 20019 | —. 52630
05 ; +2.3280 +.8240 | +.8240
. . . +.1389 +.1107 | 4-.1535
. 0060 . .. . . +.1343 —.0452 | +.0133
—.0440 | _TTTTTTTTC —.0047 | —.0356 | ~—.0065 |._..____.___ — 1154 | +.0442 | +. 1048 +.0798 | +. 1404
+3.5307 | —2.00 —.8406 | —.3478 0562 |._.o....... —. 1154 | 4+2.5442 |+2.7060 59| +.0693 |+4+1.1312 0
Tu= | +.56646 | -+.24063 | +.09851 | +.01592 | - T TC +.03268 | —. 7205 76639 | —. 27453 | —. 32033
B I R S =2.00 —1.20 —. 7020 | —. 7920 +.3000 | -+. 3000
21 ~11320 | —.4813° | ~— 1970 | —~I0318 |oeeooeo-—- —. 0654 | +1.4412 |4+1.282%8 +.5491 | 46407
+4.0671 | —.4813 | —1970 | —.0318 | —200 ~1. 2654 6402 | +.7408 +.8401 | +. 0407
Ty= | +.11834 | 4.04844 | +.00782 | +.40175 | +.31113 | —.15962 | — 18214 | —.20877 | —. 2130

LNIWLSALAV NOLLVINONVIEL 40 dOHLIW HIMOd
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Solution of normal equations—Continued

23 1 13 24 25 n (lat) = (Lat.) n (Long.) | = (Long.)
_____________ —2.3280 —2.3280 —0.8240 |—0.8240
. L - 4262 —. 4089 —. 6420 | —.6247
. . —.0067 —. 0039 —.0070 | —.0043
. | —.0088 - —. 0048 —.0080 | —.0079
. . .l +4.0089 +.0129 +.0103 | +.0143
. L0088 | —.0012 | oollfeeeoooee. 4. 0076 +.0134 —.0045 | +.0013
. . 0038 . +-. 0047 +.0112 +.0086 | +.0151
. ) . +. 6122 +. 6511 +.2332 | +.2722
. . ! - +.0768 +.0877 +.1005 | +. 1113
+2. 5655 —. 2505 —. 8023 ~1.1367 - —. 1899 —2.0565 —1.9693 4| —1.1338 [—1.0467
= +. 10115 +. +-. 80160 +.76765 +.44194 | 4. 40799
+4.80 —78840 — 8840 +9.5000 |+9. 5000
9 | —1.1585 +2. 5810 +2.8036 —4.8202  |—4.6066
10} —.7980 +. 4668 +. 5831 +.5691 | 46854
12 —. 0162 —. 0582 —. 0558 —.0877 | —.0853
16 —.0059 |\ —. 0789 —. 0464 —.0831 | —.0506
17 —. 0013 —. 0679 —. 0561 —. 147 | —. 0929
©18 —. 1556 +. 0615 +. 0889 +.0708 | +.0083
19 —. 0500 +. 0548 +.0070 —.0326 | +.0096
2 —. 0288 +.0358 . 0848 L0646 | 4. 1136
21 —. 0343 . 2508 +-. 2666 +.0055 | +.1114
22 —. 0095 +.0314 +. 0359 +.0411 | 4.0456
B —. 0262 —. 2080 —. 1992 —. 1147 | -.1059
+2.5158 +2.1849 +2.7181 +5.0801  [+5.6226 3
In= - ~1.08041 | —2.0; —2. 23480
X —2.8750 —2.8750 —1.9370 |—1.9370
9 . 2346 +1.1614 +1. 2616 —2.1732 |—2.0730
10 . +. 0047 © +.0058 +.0057 | 4. 0069
12 . —. 4268 —. 4095 —. 6429 | —.6256
16 . 0005 —. 0221 —. 0130 - -. 0142
17 . 0001 —. 0190 —. 0157 - —.
18 . +. 0096 +.0139 +.0111 | +.0183
19 . +.0093 +.0165 —.0055 | +.0018
20 X +. 0065 40154 +.0117 . 0208
- 21 . . +. 0405 +.0431 +.015¢ | 4.0180
22 . . +. 0051 +.0058 +.0068 | 4. 0074
< —. 3104 —. 3954 —. 0660 —. 7153 —. 6850 —.3943 | —.3641
1 —. 9991 —. 1335 —. 1168 - | +1.3769 +1.7129 +3.2070  [+3. 5431
+1.2173 —. 5445 —. 2115 1. 4442 —.9232 20| —1.9480 |—1.4270 67
Zis= +.42620 +.16558 | +1.13067 +.72254 | +1.52509 [+1.11697

¢4
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BOWIE METHOD OF TRIANGULATION ADJUSTMENT

Solution of normal equations——Conﬁnued

25

24 25 26 7 (Lat.) X (Jaat) n (Long.) | Z (Long.)
0 0 0 0
22 +0. 3192 +0. 3643 +0. 4175 +-0. 4626
23 —. 9112 —. 8726 -, 5024 . —.4638
11 +.1840 +. 2289 +. 4287 +. 4736
13 —. 6156 —.3934 —. 8304 —. 6082
—1. 0236 —. 6728 —. 4866 —. 1358
+. 42420 +. 27882 +. 20166 +. 05628
+2.7495 +-2. 7495 —~1. 6630 —1. 6630
+. 1161 +. 2750 . 2094 . 3684
4. 0831 +. 0884 +.0317 +. 0370
+. 2020 +. 2305 +. 2642 +.2927
—.1522 —. 1458 —.0839 ~.0775
+. 1609 -+. 2002 +.3748 -+. 4141
—. 2301 —. 1528 -.3225 —. 2362
—-. 3445 - —.1638 —. 0457
+2. 5758 +3.0188 6 | +1.3531 -.9102
—1.11338 | —1.30478 +-. 58487 4. 39347
—1.98575 -~1.9575 +1. 3630 41, 3630
—. 5303 —. 3485 —. 2521 -. 0703
+2.0828 +2. 4408 —1. 0941 -. 7361
—. 4050 +.1348 9 +.0168 . 5566
+. 75014 —. 24986 —, 03112 | —1. 03112
43,4557 | +43. 4557 F72.6321 | +72.6321
—. 2359 ~+. 0295 - 2108 —.4614
—. 0369 —. 0011 ~2.1809 © | —2.5082
~1. 8536 —1.6801 -5, 6301 —5.9324
—4. 9061 —4, 7853 —2.6859 —2.7753
—.7866 -, 9008 -, 0007 +. 0028
—. 0274 ~+. 0059 —. 4356 —.3027
—. 0977 +-. 0001 ~. 0274 +. 0244
—. 0135 +. 0720 —, 0038 +. 0415
—5.7502 —6. 2462 —~20,1312  |—19.2030
—.2731 —. 3411 - —. 4889
—. 2092 -, 2007 —. 4747 —. 4619
—5. 0460 —6. 2441 —7.2054 —8.7360
—. 3566 —. 2362 —. 3063 —. 2603
-1.0503 —. 6174 —1. 1644 ~. 7086
—3.4149 —2. 8208 —8. 1300 -7.2129
—.0243 —. 0352 —. 0323 —.0448
-, 0600 —. 1062 —.0213 +.0062
—. 0445 —. 1054 —. 1448 — 2547
—1.8333 —1. 94088 —. 2661 -, 3105
—. 1036 —. 1182 - 1778 —. 1964
—1.6485 —1. 5787 —. 5011 —. 4626
1 —~1.8975 —2. 3606 —10.2945 " |—-1L.3731
—1.6329 —1.0435 —2,9709. | —2.1758
—. 4342 —. 2854 —. 0881 . —. 0274
—2.8678 —3. 3608 —. 7914 —. 534
—. 3038 +. 1012 - —. 0173
+8. 5473 +8. 5480 +8. 1609 +8. 1614
-+46.3567 | ... +75. 5321
1 -, 0037
2 —. 2252
3 -1.5229
4 —4. 6675
5 —1.0523
6 -~. 0013
7 0
8 —.3828
9 | —6.7851
10 —.4261
12 —.1926
14 —7.7265
15 —. 1564
. 16 —. 3629
17 —2.3297
18 —. 0509
19 —. 1880
20 —. 2497
21 | —2.0738
22 —. 1349
23 —1.5118
11 | -2.9367 .
13 —. 6668
24 —. 1876
25 | —3.9386
26 —. 0337
48, 5482
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Back solution for latitude

.26 25 % 13 1 23 22 21 20 -
+0.75014 | —1.11338 | +0.42420 | +1.13067 | —0.86847 | +0.80160 | —0. 15962 | —0.72050 | —0. 16579
+.60656 | 38860 | -—.08392 | —.03733 | —.03751 | —, 15769 | —.01656 | —. 21031
+. 75014 |— — 17059 | 427377 | 405409 | +.28454 | 31581 | +.02102 | -+ 03200
T 50682 +.83217 | +.45920 | +.01033 | ~—.00192 | —. 00261
4075 -+.64221 | +1.32052 —.00198 | —.00085 { +.36237 | --.02663
—. 051 —. 01954 +.17821 | 410541 | — 04126
+.7074 +.064 | +.132 +1. 50594
| =050 —.002 . +.18609 | ~.25027 | —,37034
+.7063 | +."131 +.151
: —."002 +.010 | —025 |.-.08
+.49 |
+.7019 [ —.7025 | —."037
19 18 4 16 15 14 12 10 9
—0.14945 | —0.07686 | +1.48546 | +0. +0.52134 | —1.49756 | 40.21311 | —0.22892 | —1.29049
. +.04006 | +.01092 | +.01777 | +4.80008 | 436506 | +. 57411 | -+.00516 | -+ 34421
—.00267 | —.00380 | —.00058 [ —. 418127 |, +.43671 | —.00116 | —.00762 [ —. 01132
102843 | 404251 | 400379 | +.00611 465383 | —.08013 | +. 02677
~.04732 | —.07594 | —.19144 | — 00063 | 41.51169 | —.60480 | —.01218 | +.03516 | ~—.00192
10188 | — 00120 | —.05562 | —.00571 +.00534 | +.19133
: —.13484 | — 00350 | +.46264 | +.151 | —.060 —. 93275
—. 33195 +1.43305 | —. 08432
—.21007 | +1.24903 | +1.02028 | +. 7149 | —."068 —.003
-3 | +.143 | —.008
—02 | +.125 | +.103 —.""092
—.""033 4+.7141 | —. 008
-2 | 2 | o102 . _
8 7 6 5 4 3 2 1
4+0.06543 | +0.20686 | ~+0.11434 | —0.71043 | 4174748 | 40.73751 | —0.11016 | - 26537
‘26039 | —.33121| -—.22256| —.00278| —00007| —.00L73 | . 00406 | —. 00747
01867 | f.ossel| —.02z224 | —l10579 [ — 00853 | — 01370 —.03221| + 07565
—.10475 —.70563 |  —39634 |  +.30002
—~.03574| — 13046 —.81000 +.30206 +.33355
+. 20240 . +1,03225 +.15359 -
~.004 -.013 -~0.082 |- +.62884 | +.033
+.020 » ‘ - +.108 +.015
—.7004 | —.7013 —.7081 | - +.063 +.2033
+.7020 ) - +.7102 +.7015 -
: +.11062
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Back solution for‘ longtiude—Continued
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2% 2 % 1B - 1 b} P a1 20
—0.03112 | +0.58487 | +.20166 | +1.52500 | —2.02286 | 40.44104 | ~0.20877 [ —0. 27453 | —0.20019
—.02516 | —.01612°| +.09268 | +.04123 | . 04143 | + 17414 | +.01820 [ + 24219
—. 03112 | +.18839 | 415040 | +.03150 | +.16568 | +.18388 | +. 02829 [ -+ 04306
1 485071 +L U194 | .0i8i2 | 01800 | 8178 | - LI0TS
~.003 +.37303 | +1.77717 —. 08397 428471 | 402002
+.056 . —.83020 ¥ Tioos +. 14896 | - +. 02043
—."004 +.07 | 4178 +1.18320
+. 7084 -, 083 +.26206 | +.12394 | —. 08334
+.7052 | 4.77214 +.118
o ~.”101 4.0 | 4012 | —.o008
+.17153
+.707 | +.v018 | ~.7012
18 18 17 16 15 14 12 10 9
+0.08805 | —0.08853 | +2 20200 | 40.67391 | +0. 54054 | —1.80067 | +-0.32100 | —0.27825 | +2 41462
+.0428 | +.05392 | +.01470 | +.02002 | 148321 | +.63185 '+ 77204 | +.00005 | +.46324
11329 | —. 16120 | —.02452 | —.03992 | +.26344 | +.65468 | —.04 —.3 —. 48089
02234 | +. 03340 | +.00268 | —+ 00480 +.51371 | —.04471 | +. 03891
402343 | +.03761 | —.04308 | +.00534 | +2.26619 | —.61414 | —. 00679 | +.05110 | —
—. 04311 [ — 00027 | +.00328 | —. 0819 “ | 400778 |+ 20816
+.00794 | -—.00105 | +.83096 | +.227 | —.061 - +2.42122
+.01955 +1.55010 | —. 38063
—. 11722 | +2.24341 | 41.40682 | +.7340 | —.”083 +.243
+.002 . +.156 | — 038
—02 | +24 | 4150 +. 71287
+. 003 +.7195 | —. 049
—.7018 | +.7335 | +.7207
8 7 8 5 4 3 2 1
4+0.03466 | -+0.10962 | +0.45563 | +0.02017 | —1.20208 | —1.28535| —o.84736 [ ‘—0.25075
+.37843 | 4.86188 | 457016 | 4-.00610 | - +.08712 | +.05964 | 4 14017 | +.25802
—.08426 | +.26320 | +.76840| 41.46247| +.11788 | 418046 | 444534 | —.17756
+.27258 +1,36020 | +.76439 |  —. 09865
+1.23479 | +1.80340 | +1.67874 +. 06521 —. 17029
+. 60141 +. 22222 —. 36050
+.12 +.180 +.158 : —. 20665 —.017
+.060 . +.022 - —.036
, +.7148 | 47208 +.7178 . —.021 . —."02
. . -
+."076 +. 024 o #1043




ional

One
in—

part.
part

- Closure as
proport

E3E8F 59585 g53zY S$9o0EY 235¥C SN¥IY JEYel £9%s% g7

53885 3858 2388 3888 2335% 583%E sgsse g3sEs s

Total

closure

in feet

NOODL ~HENANM® ONNHN WOOB~ NOBNN~ ORDO—A MIOOD PVOOD D
deddidd NNdSS HOZSTg Woivae Sorar Na-Hds Nadddd S0 o

ro3

longitude

SEN%8 KRNITE 33322 2IIIS 2UIRT SUNSY RIRNR £998% =

FTlHHE THIf+ CIHET TFTFT TN (R0 T T +1
R22%% ANNKE LYYSE Y=INS I @KI32 RATAT 8BIZT 3

FUEFF VFTFF TIFE0 TH T TOTHE TFFT0 T THFFT 7

............... - e

88988 B3R2 2IESIIR S8RE8R IIRIY R22RR 38388 mmwmw <

U. 8. COAST AND GEODETIC SURVEY

Latitude and longitude v's and iotal closures

Latitude

32299 RIBTY SRR VUBNR BRIB2 NRKSS 8IYIR 9328 o
G+ FFTF+ £F0F0 FFO0T VT TETFT VTFF0 #7004 0

5299% NB3EK SA8SW £=20z% e4vEN saSNz SzINE E2ian o=

FUHFF FFGEE FETEC FEC0T TTTEE COTFT O F7 004 TF

of
tion

Num-|

TREWE Sroag JA3%8 2R33R RNKIR /NRRE ZIRIB 85332 39

28

8.17

8.54

Sum__.....]




BOWIE METHOD OF TRIANGULATION ADJUSTMENT

Changes in posilions of junciion poinis caused by the readjustment

Num. ’mlnau%zi&udeaﬁd Lotitudo and |
o longitude result- ongitude res: (4
junc- Station ing from the re- | *ing from old ad- | minus old
tion adjustment justment
-] ’ ” (-] ’ ) ” R ”
1 [oF:35:7' TN 35 16 24.9022 35 16 24.848 +0.074
97 57 32.416 97 57 32.760 - 344
DI D - < (YO 32 49 18.030 32 49 18.014 +.025 |
98 19 11.612 98 19 12.209 - 597
3 | Mission......oeoemne. 20 42 52843 | 20 42 52.701 +.082
98 09 52.109 o8 09 5299 —.887
4| Donna. o.cocomeoono.. 2 09 40.593 26 09 40.450 +.134
: 98 02 44.471 08 02 45.414 —.043 -
5 | Peters......ooooceooo.. 20 10 32.792 29 10 32.904 —. 112
100 36 02.238 100 36 03.100 —.862
6 | Ingle._.__.......___. 31 35 48.685 | . 31 35 49.018 ~.333
_ 103 35 24.355 103 35 25.284 —.929
‘7 | Phillips. ... .34 50 03.363 34 59 03-385 —022
104 07 59.629 104 07 60.204 —.575
8. | Aroya ...ooocooceooooo. 38 48 09.721 38 48 10.006 —.285
103 10 55.580 103 10 55610 —.030
9 | Whitetank....__.... a3 3 ones2 33 34 02.053 —.40L
112 33 27.501 12 33 28.731 -1.230
10 | Mount Nebo_..o....... 39 48 38.318 39 48 39.113 -9
: 111 45 56.235 111 45 56.918 —. 683
11 | Black ..o 35 55 51.689 | Not previously adjusted. *
115 02 35.55%
12 |. Mount Diablo._....... 37 52 54.387 37 52 55482 —~1.095
. 121 54 .47.107 121 54 48.355 —1.248
13 Tepusquet. -......-.... 34 54 36522 34 54 37.432 -.910
120 11 08.335 120 11 09.65¢ ~1.319
14 | Farmer. .............. 43 42 21212 43 42 21.389 -
97 40 34.023 97 40 34.412 —.389
15 | States.....__..._._..__ 49 00 0L 447 49 00 0L 687 —. 240
: 97 07 39.343 97 07 39.738 ~.395
16 | Sundance.............. 4 28 44.202 4 28 44.696 —. 494
104 27 03.099 104 27 02.821 +.278
17 Norge...._____.___ 48 53 38.110 48 53 38.866 -. 756
103 47 21.176 103 47 20.556 +.620
18 | OXford..ooooceceacennnn 42 16 10.842 42 16 11.766 —.024
112 05 49.460 | 112 05 49.972 —. 512
19 Mount Ellis_.......___ 45 34 38926 Not previously adjusted.
110 57 18.432 )
20 QGoldstone.............. .48 52 55.681 Not previously adjusted.
. 110 29 18684
2 | Dry.oeee 4 10 08.183 4 10 09.309 —1.126
117 39 39.844 117 30 40.845 —1.001
22 | AMer . .cooeececeoeo. 45 50 59.419 45 50 60.583 —1.164
119 56 21.080 119 56 22229 —1. 149
28 | Bally..oocooeecaoooeenn 40 36 10.879 40 38 11.939 —~1.060
122 38 59.178 122 38 60.370 —1.192
24 | Redocooemoeoo 45 56 06.140 45 56 07.249 ~1.109
121 49 11.100 121 49 12.344 —1.244
25 Oroville. .. __._.ccaoo-o 48 53 44.203 Not previously adjusted.
119 290 12879
2 | Birch Poibt.coeeaee..--| 48 56 30.851 48 56 31.910 | < —1.056
122 49 12.021 122 49 13.395 ~1.374

29
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CLOSURES FROM THE ADJUSTMENT

The loop closures are shown by the equations on page 16, but s
better understanding of the closures can be had by computing them
for the several individual loops.  The figures in the equations repre-
sent in many cases the closures in overlapping loops and hence are
not as enlightening as the results for the simple loops. - In Figure
5 these individual loop closures are shown; the first number above
the line gives the closure in meters; the second number is the approxi-
mate length of the loop in kilometers, and the number below the
line shows the approximate proportional part that the closure bears
to the whole length of the loop.” Only 2 of these closures are greater -
than 1 part in 200,000, the largest one being 1 part in 162,000. The
mean of all of the closures is approximately 1 part in 450,000. The
closure around the entire outer boundary is 10.1 meters in a distance
of some 8,504 kilometers, or approximately 1 part in 842,000. The
total length of the arcs in the adjustment is approximately 20,000
kilometers. _ : T : A

Some idea of what these closures mean may be obtained- when we
consider that they are the result of ‘a combination of various types
of measurements which have been made under conditions in the
field that are oftentimes very unfavorable. = The base measurements
form one element of control, the angle méasurements serve to carry
the length through the arcés from base to base, and finally the astro-
nomic measurements furnish the azimuth éontrol of the various arcs.
Some of this work was done as much as 50 years ago, but the greater
part of it has been done in the past 25 years.

In the network included in this adjustment the length is controlled
by 50 bases, and the orientation is maintained by 74 Laplace
azimuths, both classes of control being more or less evenly distrib-
uted throughout the various sections of the net. .The -50 bases
have been measured within the past 50 years with various types of
measuring apparatus. The older bases were measured with base
bars or rods. In 190001 the measurement of nine bases along the
ninety-eighth meridian was made with both bars and steel tapes,
and in 1907 six bases were measured with both steel and invar tapes.
Since 1907 all first-order bases have been measured with invar tapes.
With these three types of apparatus different methods of measure-
ment were employed. In spite of these facts the resulting loop
closures demonstrate clearly that the general accord of bases is even
much better than could be expected, and the fitting together of the
various sections is satisfactory in every way. .

In the previous adjustment of the transcontinental arc along the
thirty-ninth parallel and of the arcs extending southward from this
parallel; both along the ninety-eighth meridian as far as Texas and
near the coast of California, the equations to hold the Laplace azi-
muths were not included. Because of this fact, the azimuths of the
arcs became progressively bad and introduced errors in position that
increased more and more as the distance from the starting point
increased. On account of this swerving of the triangulation, as it is
technically called, it was found very unsatisfactory to adjust the
new arcs to close the loops, since all of the error of closure had to
be absorbed by the new work. The introduction of Laplace azi-
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muths to control the orientations of the arcs was an important step
forward in geodetic work. '

CHANGES IN POSITIONS

After the loop closures were determined and the equations given
in the table on page 16 were formed, these equations were solved by
the method of least squares to determine the best positions to be held
in the junction figures. This solution resulted in the determination
of the final geodetic position of a station in each one of the 26 junction
figures. A list of these final positions is given on page 29. The
positions of all of these same stations that had been previously
adjusted are also given, together with the amount of the change of
each. brought about by the readjustment. These same changes are
shown in Figure 7. It will be noted that junction No. 26 (see figs.
4. and 7) has changed — 17056 in latitude and — 17374 in longitude,
or something like 30 meters in both latitude and longitude. This is
the point that controls the data that have since been carried north-
ward into western Canada and Alaska.

SECTION CLOSURES

Figure 6 and the table on page 28 give the amounts of lati-
tude and longitude discrepancies that had to be absorbed by’ the
various sections. They also give the total closure in length that had -
to be adjusted into each section and finally the approximate pro-
portional part of the length of each section that this closure repre-
sents. It will be seen that no closure in position in any section is
greater than 1 part in 120,000, and that the great majority of the sec-
tions have closures of 1 part in 200,000 or better. 'The mean of all
of the closures of sections is approximately 1 part in 317,000. It is
clear that these closures could be absorbed by the sections by the
introduction of the latitude and longitude equations without any
violence to the work in any of its parts. The whole network has -
therefore been fitted together in a rigid system without undue strain -
in any of its parts. Any short arc that may be observed in the future
between sections of this framework should fit into the general scheme
with comparatively small closure in position. .

KIND OF FIGURES

* Special attention should be called to the fact that throughout the
20,000 kilometers of arcs only complete quadrilaterals or central point
figures were used except in a single case in which at the last minute
it was found necessary to reject one diagonal of a quadrilateral
because of bad closures in the figure. It is believed that the excel-
lence of the results developed in the closures of loops is due in large
measure to the use of such figures in carrying the arcs over such great
extent of territory. . It is not necessary to do more than cite the results
as found to justify such an opinion. It is the policy of this bureau to
observe all first-order triangulation in this way whenever it extends
such control into new territory. Experience certainly justifies such
precautions in geodetic work that is to serve for basic control.
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CONCLUSION

The loop closures resulting from this adjustment clearly show that
the methods employed in the geodetic operations in this region are
fully adequate for all purposes whether practical or scientific. The
instructions under which these observations were made called for an
average triangle closure of about 1 second with a maximum closure
of 3 seconds except in a few cases; for Laplace azimuths to be observed
every 6 to 10 figures in the arcs; and for bases to be measured when
the sum of the R,’s was somewhere between 80 and 100.! These
ideal conditions were not always rigidly observed, but the exceptions
are few and in all cases due to uIiusmai7 circumstances. Taken all in
all, the loop closures obtained speak very highly of the excellence of
the field work during the fifty-odd years in which the work was in
progress. These results fully justify our belief that- experience has
taught this bureau a method of observation that meets all demands
of accuracy for high-grade geodetic work. A :

The results of this adjustment show unquestionably that the
method of observations is fully justified and also that the Bowie
method of adjustment is economically and scientifically adequate
for application to such complicated conditions. Much credit is due
to the field officers of this bureau for the conscientious manner in
which they have endeavored to attain the ideals of accuracy called
 for in their instructions. Much credit. is also due to the office
mathematicians for their efficient handling of the complicated
calculations that the adjustment demanded. :

! The sum of the ft;’s is a function of the anéles that carry the length through the chain of triangles
See Special Publication No. 120, p. 5. ’ -



