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I N T R O D U C T I O N .  

The preparation of this work has extended over some four years ancl has been delayed by 
press of other mork resulting mainly from a shortage of officers in the dellartment due to the war. 
I t s  final completion has been very hurried as the author has been ordered to Jlesopotamia. The end of 
Chapter V I I l  has been much abbreviated owing to there not being time to work out a suacient  
number of cases to form the basis for a proper discussion. It has been decidecl however to publish the 
mork a t  the stage it has reached rather than to wait an inclefinite period for its amplification. 

The origin of the research was tbe need which had arisen of converting geodetic results, obtained 
in Illdia and referred to the now obsolete Everest spheroicl, illto terms of the best determined spheroid- 
The work soon showed that  certain inconsistencies arose and that  n~ultiple values of the changes were 
found according to the route follon-erl. The reason of this is that tlle observations of trianpu- 
lation in India have been ndj71sled to fit the Everest spheroid and will not fit any other n itlloiit reacijrtsl- 
men!. Hacl the spheroid of Everest been regarded merely as a reference fignre and not, for purposes 
of triangulation, as identical \\ it11 the geoid this dificulty mould uot hare arisen : but I beliere a 
similar method of treatment has been followecl in all other countries. It would generally be 
impossible to avoid this treatme~lt, as in the earl!- stages of survey work vzlues of deflections are not 
usually available. There is little reason why these tletlectious slioulcl not be determined roug1ll.1- as the 
triangulation 11roceeds : and were this done all computations could be nlaclr correctly, and the  
deflection results ~i.oolcl also be useful. The discrrpancies in ro l~ed ,  however, are not as large as the 
probable errors and offer what is more of a compntation difficulty than a practical difficultv: and i t  
is believed that the conclusions reached in the tirst four chapters o ~ e r c o n ~ e  the dificnlty quite satis- 
factorily for all practical geodetic purposes. Tlle explanation of the discrepant!- was by no means 
discovered a t  once and it is in Chapter I' that the fundamental inconsistent!- is discassed. 

hleann-hile other related subjects come untler consideratiou and ill Cllapter 1'1 reference is  
made to some of these. Here a conlplete analogy between adjustmeut of errors and small strains in 
a nlechanical franlemork is sho~vn to exist. This has led to the idea of "strength" of triangulation 
and gives a less abstract view of the adjristnlents by the ~ n e t h d  of least squares than was hitherto 
available. It enables one to picture in a tangible way the changes necessary, which will also be those 
most probable. A new method of adjristnlent of chains of triangnlation has been developed, and 
applied to a nan~ber of Indian series. 

I n  this connectio~l a quantity M has been intrducerl as r criterion of the strength of triangu- 
lation. It is based on General Ferrero's quantity I' m ", but also takes cognisance of the length of 
sides and general formation of a series of triangnlrtion. This quantity has been taken orit n ~ ~ m e r i c a l l ~  
for all the Indian series. 

The cpantity M pernlits of probable errors not only of sideand 1uimnt11 but also of latitude md 
longitade being expressed a t  any point of the triangulation. Application hm been made to  all the 
circuits of India and the closing errors actually nlet with am found in god sccodmce with the 
theoretic~l probable errors bed on hi. 

The cpae of probable errora after sdjnstment hm also been cons idsd .  This is much mom 
troubleeome ~ n d  involves very Lenvy work in the form of eol~ition of numerous equations. The 
d u e  of the enquiry, however, wlll be coneiderrble, m a n  anewer a n  be found to quertions ruch u, 



how o f k n  should extra base lines or Laplace stations be introduced ? It appears t h a t  Laplace stations 
should be just as numeroils as extra bases: and t h a t  the observation of extra bases alone is only a 
half measure not likely to  improve matters much. It may be roughly compared t o  closing a traverse 
circuit for northing and omitting to  do so for easting. The  improvement due t o  adjustment  is bu t  
briefly considerecl owing to force of circumstances; bu t  the necessary equations have been solved for  
the cases of the  N.W.  Quadrilatersl of the  Indian triangulation and this question will be resumed 
when i t  is possible to  do so. As has been mentioned the  process involves t h e  solution of a large 
number of siniultaneous linear equations; and  this has to  be clone for a large number of valries of the 
absolute term in these equations. It is believed t h a t  several novelties have been introclucecl in this 
connection which may be of general interest. This question is treated on pages I 26- I gg. 

I n  Chapter I X  the  results of all the  deflection observations are  espressed in terms of Helmert's 
spheroid ; the azimuth observations all having been adjusted on the  Laplace conditions, none of which 
had been made use of during the simultaneous adjustment of the  triangulation. T h e  quantities given 
also permit of easy referenre to  a n y  other spheroid which may a t  a n y  future t ime be adopted. 
Certain observations in Russian Turkistan have also been added, as  by  means of the  recent Indo- 
Russian connection these can now be stated in terms of the  Indian survey. It has also been consi- 
dered convenient to give a tabular statement of all determinations of g, so as  to  make a complete 
statement of gravity, not only its direction, bu t  also i ts  intensity. Full details of the pendliliijn 
operations are to  be found in Professional Papers Nos. 10, 15. 

These quantities are of immediate interest when the  question of t h e  form of the  geoid and 
t h e  underlying reasons for  t h a t  form are considerecl. A s ta r t  had been made with this question, 
which I had hoped to include in this work, bu t  mhich must  now be helcl over. An approximate 
method of finding the  underground density anomalies by  means of Poisson's equations seems possible. 
This is independent of the  usual isostatic hypotheses, and may throw l ight  on the whole question 
of isostasy. 

For convenience of reference a certain number of various determinations of the figure of the  
earth have been included. 

The  computations incidental to the  preparation of this work have been very heavy. Those 
of the earlier chapters I to I T T  have been performecl mostly by Babu Mukundananda Acharya and 
Babu Hem Chandra Banerji, B.A. The  solution of equations in Chapter V I I I  has been entirely 
carried out bj- Rabu Diwan Chand Nanda, to  whom I a m  especially indebted for his industry and 
accuracy in a troublesome and monotonous piece of work. T h e  data  in Chapter I X  have been 
compiled by Uabu Surendranath J l i t ra ,  X1.R.A.S. 

M r .  Sarat  Kumar hlukerji  has been responsible for t h e  printing of the  whole letter press. 
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First method of finding the changes of coordinates of 
triangulated points due to changes in axes of the terrestrial 
spheroid and coordinates of origin. 

1. The subject of '  the first 16 s e c t i o ~ ~ s  of this chapter was printed iu abstracted form in 
1912 to draw attention to some of the difficulties of t l ~ e  problem, and wit11 the hope that  some 
light might he thrown oo it at  the Trieni~ial Geotletic: Conference held at  Hamburg in that  year. 

Tile splieroitl oil which the triangulation of lrirlia has been adjusted is now believed to be 
considerably in error, as from the  11atul.e of the rase was inevitable. O a i i ~ g  to possible deflec- 
tion of the plumb line a t  the origiu of the survey at  Kalianpur, the values of latitude and 
azimuth a t  that  point are somewhat in doul~t .  'I he problem for solutiou was to  find the  changes 
in latitude, longitude and azimuth of all triarlgulated points in India due to changes in t h e  
adopted values of the axes of the terrestrial spheroitl and in  the  adopted coordinates of the 
origin of the  Survey. 

2. The new spheroid which is adopted ill the first 16 sectioils of this chapter is defined 

by 
a = semi major axis = 6378200 metres 

These values are given on page 173 of "?'he A y u ~ e  o/' (he Earth and Isostasy, f:rom 
iUraazirements in  U.S.A." Washington 1009, where they are said to  he Dr. Helmert's latest 
values. 

Heretofore the ascs used in the Survcy of India are those due to Everest, lcuown as 
" Evcrcst's C O I I S ~ ~ I I ~ S ,  first set". 'I'l~e uumcrical values are- 

(1 = :20,922>!)31 'SO feet 

.\I1 base liucs of the St~rvcy o f  111tl1a Ilavc \ ~ e e u  rsprcsscd iu terula oC the lutl ix~i teu-foot 
starrtlard, l ino~vl~ as 1)ar I .  'I'l~c I~ssc I I I I V ,  \ Y C ~ ( ,  110t r ~ d l ~ c r ( l  to ht:~lldi~rd British fcet blit were 



2 THE EAKTH'S AXES AND THIAh'(~lTLAT1OK. 

d v e u i s  some uumber of times feet. I n  making use of Everest's constants we hare accord. 
10 

ingly been takiug tlie semi major axls as 

A 
20,922,931 80 - Uritisl~ feet. 

10 

The value oE A is given* as 3.333,318,86 1: Y being tlie British standard yard. 

A 
We accordingly have - = 1 - .000,004,342 from whicl~ it follows that thc semi major 

1 0  

axis whicli has actually been used in Iudia is 

a = 20,922,840.95 British feet. 

Similarlj7 b = 20,853,284.03 , ,, 

3. Converting 6,378,200 metres iuto feet hy meaus of the relation 

1 metre = 39.370113 inches 

deduced by Beuoit (see "Rap01.t dzb Yar-(2 az ndlve, Paris 1896') we get as our nen semi major axis 
20,925,871 - 2 3  British feet, and denoting by 6a and 6b tlie correctious which l~ave to be applied 
to the values used iu  the Survey of India, we Irave 

and 

6u = + 3030.28 feet = 923.63 metres 

61r = + 24'36.78 feet = 742.73 metres 

1 1 
Also siuce eS= E (2 - e )  aud 6~ = -- -- 

298 3 300.8 
= .000,027,86 i t  follows that, 

wliere e is the eccelltricity. 

4. It is uom considered that the coordiuates of the origin of tlie survey at Kalianpur require 
modificatiou. Captain G. P. Lenox Conyngham It. E,  observed a group of azimuths and latitudes 
round Kalianpur. His ~ s u l t s  gave the mean value reduced to Kalianpur 

Latitude 24O 7' 1 1". 57 Azimuth of Surantal 190' 27' 6".39. 

The values heretofore adopted in the triaugulation are, 

Latitude 24' 7' 11" 26 Azimuth of Surantal 190' 27' 5". 10. 

W e  have to apply corrections t o  the origin of +ON.31 in latitude and + l e " 2 9  in 
=imuth. As regards the old value of azimuth a correction of -lN.l was applied to the observed 
value by General Walker in order to make azimuths observed at other parts of the triangulation 
agree with geodetic values. W e  are now annulling this by reverting to an observed value of 
azimuth. 

5. Accordingly i t  is necessary to investigate equations giving the change in coordinates due 
t o  the changes of both axes of the spheroid and of the latitude of the origin and of the azimuth 
of a ray through it, as exhibited in the following table 

- - - ... - .  

f Account of tbe Operations of the G.T. Survey of India Vol. I. p. 28 
1 1 t T b i ~  corrc~poucl~ to s = FOO;i. Evcrest'r; actunl value was- a00.80,7 and thc corresponding value of ley is 

*(HlU.O5G,GU. 



I~or~gi t l lde  of Kal innpu~.  . . .  

Lati tude of Kalianpur . . . 

Azimut l~  a t  Kal ianpur of Surantal  . . .  

Length of semi major  axis . . .  

Length of semi minor axis . . . 

Compression , . . ... 

Old value 
- 

20,853,284,. 03 Eect 

New value 
.. -- - 

20,!425,871 . 2 3  feet  
(= 6,378,200 metres) 

20,855,720- 81 fect, 
(=fi,356,818, metres)  

1 
298.3 

Tllc latcst value of longitude* is mere]!. given for  c o n v c ~ ~ i e n c e  of' reference. Any c l ~ n n g e  
i n  longitude of origin is of course immediately appliral)le t o  t h c  whole of t h e  t r in r~gl~ la t ion  hj- 
simple addition (or  s l~b t t . ac t ion) .  

6. The  old triangulation was adjusted, that.  is to say i ts  appni,rnt errors were d i s t r i l )~~te t l ,  I)!. 
a process fol lo~ving t h e  met,hod of least squares as closely as was tho l lg l~ t  t o  he prnct icnl~le  in 
view of t h e  great number  of observed angles iavolved. Onring t o  tlre errors i n  t h e  c l~osen  vallres 
of t h e  axes, tlie equatioils rrrhich t h e  errors  mere made t,o satisfy were n o t  qllitr, correct. 111 t h e  
first place t h e  spherical excesses of t h e  several triangles were compnted with 1111correct. v a l ~ ~ e s  ol' 
t h e  axes: but,  owing t o  t h e  small l~ess  of these spherical excesses, t h e  c h a i ~ g e  on  t l ~ i s  a c c o ~ ~ n i  
is n o t  appreciable t o  O."Ol-the accuracy t,o w11ich t'liey were com1)uterl. Kor~c- tlre l e s ~  t h e  error  
on this account being of a systematic Icind-al~vays of  t,he same sign-will have had some small 
effect,. W i t h  t h e  "circuit equations" t.he case is less favol~rahle .  I n  following series O F  
triangulation, which embrace m u c l ~  larger arcas, t h e  spl~erical  esc:ess becomes n ~ n c l ~  more app1.e- 
ciable, and i ts  value on  t h e  new spheroid differs f rom t h e  old valne 11y a l ~ o u t  one secol~rl in  an 
arca of 7 5  square degrees i n  Indian latitudes. 'l'his diff'erencc modifies t , l~e  circuit cq~ixt,ions. 
It is  a smaller error  t h a n  t h e  errors  generatcrl in t h e  triangulat.ion, bllt is  systrmntic. 

The only theoretically accurate course would be t o  readjust all t h e  triaugulntion. This  
would be a very large piece of work, and one o l ~ j e c t  of t b e  present paper is t o  avoid t l ~ i s  labour 
by putting forward alternative met l~ods ,  which mill give t h e  desired changes, with a depar tu re  
from strict theoretical accuracy smaller t h a n  the  errors due t o  fallible observations. T h e  methods 
will also he applicable t o  any furtller changes that may  be follud desirable s t  any  subsequent date .  

7 .  The  fol lowii~g not,ation is used 
a = semi major  axis 
h = aemi minor axis 
E = ellipt,icity o r  compressiol~ 
e = eccentricity 
p = radius of curvature t o  meridian = n (I  -c2) (1 -$sin%) -< 
v = normal terminated l ~ y  the  minor axis = n (1 - eg oiu' ~ ) - 4  

which is  the  o ther  pt*incipnl radius of curvatlrre 

* Account of the Oper~tiona of the G.T. Surrey of Indin Vol. XVII p. xr .  



p2 = V I P  

= latitude 
L = longitnde 
A = azimuth, meas~ired from Sl)rith l)y West 
n = change in latitude rlue to cl~ange ot' origin autl axe* 
I )  = ,, longitude ,) I ]  ,, 

(11 = ,, azimuth , , ,  , 
c = distance I~etmeen points mhose coortlinates arc h, L ant1 X + A A, L + A 11. 

As only very small vall~es of will he considererl it is unnecessary to specify whether this 
distance is measured along a normal plain sectiou or a georlegic l i ~ ~ e .  

8. For small \.alt~rs of c 

A X = - -I- cos A 
P  
c sin A A L =  - - -  ;. . . . . . . . . . .  (1) 
v cos h I 

Differentiating* these equations with respect to A,  k, p ,  v the corre.rporlding cl~aiiges oE 1 X, A L, 
A A are o l~ ta i t~ed :  arid remembering that 6 A h = 611 and 6 h = r L  etc.. me obtain 

6 P 6 7 1  = L c o s  A .  i I sin X . Z U  
P P 

sin A Bv c cos A S o  = - - - - I. sill A 
. I / )  - - - sill X (6 

v cos X ' v v cos X v c0s2 X 
Sv 67r: = 2- sill h tali x.- - -!i cos A tar1 1 . w -  r s i r i  A secQX.t~ 

v v V v  

These are t l~ ree  simultaneous partial equations from which w, a ,  w are to be determined. 

'I'hey express the small changes in 11, v,  tu developed along a short (elementary) line iu 
directioil of azimuth A .  Before t l~ep  c;rn he iritegrated it is necessary to  define the route along 
which to travel. I t  might he supposed at  fil.st that the or~ly  important matter was the terminal 
poir~ts of the rolrte: hut it mill be seen later that a different result is found from each route 
followed. The equations are uot integrable i l l  finite terms for all routes, and two special cases 
are now considered. firstly nloug a parallel oE latitude and secondly along a meridian. These cases 
correspoutl to -4 = 90' and A = 0 respectively. A mcans of dealing with the  general case of 
an  oblique curvi l i~~ear  ray is give11 later, $13 ct aep.  

9. Ca.w I, lche~,, A = 90'. 111 the case of a route aloug a parallel of latitude it is clear 

that  L- = dl; and cquat io~~q ( 2 )  call accortl i~~glp t)c written 
v cos h 

f111 - - - COS X. 11' 
d L  p 
I /  n - - - -  - - - - " tar1 X. /I . . . . . .  
11 I, 

(3) 

111~ Sv 
= sin X. - - sec A .  71 

tll, v \ 



CAANGEB ALONG ?dERIL)IANB AND PARALLELE. 

Putting P b  = i t  Eollows at once Iron1 (3) that 
P 

dug - -  - -- dw 
/1L2 - cos A. - 

P d L 

6 v  
= p' sin x cos X. - - @ 14 v  

The solution of this is 

where P and Q are constants. lleing ( 3 )  autl differentiating ( 5 )  i t  follows that 

(111 
- $' cos X. r 9  = - = I - P sin (Bl,) + Q cos ( B L )  } ttL 1 

1 ' P sir1 ( P L )  - Q cos (31,) ) '" f l y x  1 . . .  (6) 

To determilbe 1' and Q put I, = 0 in ( 5 )  arrtl (6) 

where the suffix zero indicates values at the heginning of the line. 

Further, using (3)  and (5) 

- -  = - -- 6 v  '"' " 
tan X {+ siu P A. - + P cop (BLj  + Q sin ( P A ) )  (1L u 

whence 
6 v  tau x f 

u -  4 = - -. C O S ~ X  L + - P sin (PL) + Q (I  - cos ( 6 ~ ) ) )  . . . . .  P 1 (8) 

longitude I~eing mensuretl frorn the startiug point. 

Expressing these equations iu terms of secol~ds-they are a t  present in  radian units- 
we write 

6 v  13'' = + siu 2X. - cosec 1 " 
v 

. . . . . . . . . . . . . . . .  pt' = 1 ~ " ~  - RN (9) 
Q N  = - P I U ~ , ,  COS A. 

and IL" = R" t P"cos (6 L) + Q" sin (6 L) 

v v  = u*,-  cot X. PI! sin ( 6 ~ )  + Q~ (I  -cos ( B L ~ ) )  . . (10) 
1 

= - { pwsm (BL) - wcos  (B L)  ) 
,8cos X 



6 THE EARTH'S AXBS AND TRIANGULATION. 

Since v = a (1 -e9  sin") - 4  it follows from logarithmic differentiation tha t  

Putting in the values of a, e, 6a, 6e2 from 993, h and expanding 

10. Case, 11, whea A = 0. In the case of a route along a meridian i t  is clear that 
C - = - dh  and equation (2) can accordingly he written 
P 

Differentiatiug 

d " - P  
1 

- - sec h zu 
dA u . * a  

whence, expanding and putting in numerical values 

= -000,088,92 + .000,083,31 sin% + .000,000,55 sin4k 
= .000,130,78 - .000,041,93 cos 2h + ~000,000,07 cos4h . . . . . . . (13) 

Integrating the first equation of (12) 

A 
= - .OOO,l30,78 (A -A,,) + [ .000,020,97 sin 2h - .000,000,02 sin4h . . IL . (14) 

From last equation of (12) 

Put  ,y = sin2h and rly = 2 sink cosX dX 

1 - e 2  
/l log ?I> = - -- tall A - d!I 

I-."?/ 2 oinh CORA 

104 11- = - + log (1 -?I) + 4 ( I  -e2y) + constant 

71' where K is a c m t a n t  



CHANGES ALOXG MERIDIASS AAD PARALLELS. 7 

K ,,/I -e2 s i n 2 i  K 11, 
ZV = = -- 

cos A v co* X 

v', cos h, 
* . zv = 7uo. - vcos X ' . 

- I -eZ 41 - es s~n" 
Again - -  sec A. R dh 1 -e%in h cos X 

Pnt,ting x = sin X then dx = cos h dX and 

e': 
where X. = --, = 0.006,682,:! 

1 -- e- 

= KJL?  [tan A -  4 k~ + . . . .  I 
Collecting results ottd esprcssing them in  terms of secouds we get 

11" - l~,,'' = - .000,13O,T8 ( A " - h / )  + 4.325 (sinPX - s in2h)  - .0035 (sin 4h -sin 4X,) 

v co-X ~"-q," -c w/. -'- JT-C:! tar1 X - .003,332,iX" sin I' + .000,004.2 sin 2 A 
a 

v, cos X,, 
I,," = ZC/. vcosX - - . . . . . . . .  

The value of log Jr$ is 1.11985538. 

11. With the equations (10) and ( I T )  w e  cau now deduce the valnes of n, r ,  r 
for any point P. Starting from the origin 0. we may compute 
along the parallel OM and find the valnes at M .  Using these as 
initial values we car1 then proceed along the meridIan MP and 
get values for P 

Or we mar first proceed alo~rg meridian ON and then 
along the parallel NP. 

The values arrived at t)!- the two routes arc not identical. 
This is inevitable. The discrepancy in a e i r n ~ t h  is the change in 

r-1 P 

gphericnl excess on the given aren from tbe old to the new 
spheroid. Wc rrh~ll proceed to consider the discrepnnrietr which oceur. To stud? these 
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discrepancies t,he values of the chauges were c o m p ~ ~ t e d  to five places of decimals. I n  the first 
place i t  was considered convenient to take as origin for this computation the  point whose latitude 
and longitude were 24', 78' on the  old spheroid. The double values of n, v, ru, for  this point, 
differ by a small amount and in view oE what follo\vs the folloaing mean value of r f 1  was 
taken :- 

The suffix x indicates the value f o u ~ i d  by rout,e O N P  
and the  s u f i s  y ,, ,, ) )  ,, ), ,, OMP 
and x = PN, y = PM, but a and !/ are always treated as positive. The values of I ! , ,  u, and 
v,, vy were practically identical. 

Starting from this origin by means of o u r  equations tlie values exhibited in the follo~ving 
three tables are obtai~lerl :- 

2 '8  BLE 11. 

I 
1 
I - 

! 
! 

- - - 

Lat. 
-- - 

Long. 
- - 

5B3 

+ 2,20697 

+2.44182 

-0.23486 

--- 

+ 3.68567 

+4,16402 

-0'.L7846 

93" 

- - 

- -- - - . - 

34' 
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. -  ~- 
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+ 2.06672 
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-. - 
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- 0 ~ 0 0 0 0 0  

+ 2'  15452 
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+ 4.27179 
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uL 
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I_ - -- ~, 

-1.13306 

- 1.189 l ( i  
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+3.84814 
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+ 2.OS045 
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-0.01487 

+4.11549 

c4.23571 
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+ d .  j.lDGH 

+0,01401 

---- - 

+ 0.18714 

0.00000 

-- -- 

-3.396i: j  

-1,42385 
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+3.Y1762 
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+.?.!)Rl!I!l 

+ - ~ , 0 1 2 0 5  

-0.O:IOOF 

0.00000 

. ~ 

+0.34738 

0 .  000r10 

-- 

-3.56361 

+ 0 . 0 f i l O  

-1.39881 

- 1 ' 11282 

+ .7.87299 

- 0 . 0 0 0 ~ 0  

11' u,t 

0.011000 

.~ - - 

- 1.55258 

l U,- 11, 

I 
I 

-0,47764 
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TABLE 1IL 

LONGITUDE (v). 

Y'BBLE' 1 7 .  

AZIMUTH (w). 

98" 
~ - 

- . - - - 

-- . ~ .. 

- - . 

3 4* 

- -  - - -  

29' 

83' 8 8" 93O 

- -. --- 

73" . 
+3.03302 

+2.95734 

+ 0.0i568 
- 
+2'72776 

+ 2,70943 
+0.01Y34 

. ~ 

.. . . - 

1 , 

,oi 
I " . ~ ' - " ! ~  

7 8' 

+o.06,797 

0.00000 

-0,06874 

0.00U00 
. 

I 5B0 

.~ - 

- - 

+ 10,03969 
+ 0.91;.151 
+0.07518 

-. -- 

I ,  

?'I -'.!I 

- - 

-. - . 

t; 5 O  68' 

I r ~ - " r  

- -. 1 -- -_:-. 

- . .--A. 

+11.82474 

+ 11.55396 
+ 0 27078 

-- 
t8.92142 

+8.70715 

+ 0.81427 
- 

t0.059i; 
- -  

.kO.u4?58 
-_ - 

+$.66470 

+7.41142 

+0.05328 

- - !  

+3.98821 

+5.84003 

+0.14818 

+0.0353:i 
- ~- . 

+7.23Sh7 

+5.088i6 

+0.20011 

1 I , . ,  

11" 1 

I %- 1% 

, 

c.!, 

+-9.SSI95 

+-1..84.792 

+0.03405 
~- 

+9,78031 

+n.5073~ 

~0.27293 

4 . 1 1  -0.3499 

+ IO.!)752l 
+ 8,28493 
+ 8.2:3535 

+1.69380 

+-1.56"5!) 

+0,13121 

+5.51411 

+ 5.47878 

+8.29.703 

+2.27645 

+0'OlC;5S 
- 

-0':'00~18 

o-o~lU0U 
- 

-8 89693 

-2.88V3ti 

-0.01ti57 --- 
+2-14567 -0.,0.j31 -2.95831 -5.51285 

+o.v8063 -2,89337 -5.38170 

+0.06194. 0.06494 -0.131 18 

-5.49462 

-5.4&060 

-0,03402 

-8.06847 

-7.86843 

-0.~0004 

-10.62452 

-1n.ae171 

- (127'2~: 

-8.09189 

-8.03863 

-0.05326 

-10-68705 

-10.61102 

- il.Oi513 
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12. Denote the distances PN, PM (in any linear unit, not in angular units) by x and y 
then. 

x = (L - Lo) vcosh. 

= L: pdA. 
By inspection of the numbers shown in tables II, III, IP  the  following equations are found 

to be approximately t rue  : 

where A, B, C a r e  quantities varying slightly with the latitude, but which may be treated 
as constants with their mean values over any area with which we shall need to  deal. The last 
eqnation simply expresses that  the closing error in azimuth is equal to  the change in  spherical 
excess. 

Now u,-w# is what we will call the "closing error in latitudeJ' in proceeding round the 
circuit OMPN; v,-v, and w,-w, being correspo~~ding quantities for longitude and azimuth. 
Over any elementary area 

d U  = d (u, - u,) = 28  x dxdy 
. . . . . . .  d V  = d (v, - v,) = 2 B y  dxdy (19) 

d W = d (w, - wYr,! = C d ~ d y  

Ry integrating over any area the  closing error of the circuit enclosing that  area is foued. 

To find the values oE u, v ,  ,w the11 which would be obtained by proceeding along any route 
i t  is onlv necessary t o  611d the valuee of w,, v,, u), (or u,, ?I,, wy) and apply the  closing error with 
the correct sign. Integrating (18) i t  follows for moderate avea.o, 

where a is the area of the circuit and s y a r e  the coordinates of its centre of gravity. 
We nay for moderate area.. hecnuse the coordinates o and y are curvilinear: but for the areas w e  
.ball require to apply the formulae to, x and y may be treated as rectilinear coordinates. 

I3 By means of the ahove equations i t  is possible to find the result of the change of 
a x a  and origin as computed along an? line of any curvature o r  nlor~g any route whatever, by 
mmpating fimt along a parallel and then along a merid~an (or i l l  the revel-se order) and then 
applying the "closing errors" of the circuit formed by the line in  question and the parallel aad 
merid~sn 

Thu ,  tbeo, would solve the prohlem as for as solitary lines were concerned. When we 
come to a network of liner the came ir different, for several values of the changes which occur 
d a point can he found correrpoding to  the several possible routes hy which the point can be 
racbsd. In  view of the fact that moat of the triang~llation of Indin is a lon(~ meridian or parallel 
(rac tnan(lmldion chart a t  end), the following proddnre is su~geated :- 

( I ) .  Select central meridian and parmllel for India (Burma will be dealt with separately). 
Tbc mcltctai rnetidian is  78' and the lwlected parallel 24'N. 
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(2). Assume the  values of I, v,  w found by the  forumlae on these lines, wbich we will 
call axes, to be correct. W e  have then to  distribute the closing errors in PM and PN, 
(see fig. $11). 

(3). If PM is a meridional series the computations fixing the length PM depend only 
in a small measure on the size of the earth's axes. The  way in which these axrs have 
come in is through the spherical excess. In nearly all triangulation in the Survec 
of India, the spherical excess is such a small quantity tba t  the change of axes proposed 
will  rot appreciably affect i t  (to 0".01). There is reason then for assuming that  the 
length PM is correct. I n  the same way the length PN may be regnrded as correct. 
If then uy and v, are taken for the changes in coordinates of P there should he no error 
to the f rst order: and as the values of u. 9. are so small the second order quantities map 
surely be neglected. 

4 ) .  This process would hold for the corners of circuits formed I)%- meiidian and lot~gi-  
tudinal series, though some r n o d ~ f i c n ~ i o ~ ~  noultl 11e more cort rct for oblique series In the 
Indlsrr trianglilation nleridional and longitudinal series are the rule. Oblique series 
occur practically only along the  coast of the Bay of Benpal and along the  fir>t ratlee of 
the H~malayas.  (See index chart of triangulation at  end). As t a r  as latitude and 
lonpltude are concerned me should not br committing much error in accrpti~lg the 
values of  latitude and longitude, u ,  and v,. 

( 5 ) .  N o s  consider tlre azimutl~ change. This call be found from the changc in 
position of two contiguous points. 11' a e  take two points originally oil the 5amc 

6u latitude whose changes are ? I ,  and w!, + A d L  the azimuth change on the line joining 
6 L 

whereas the azimuth change deduced from two points o r i g i i ~ r l l  on the same lo~igitl~tlt- is 

v cos X 8v,  
-- - = ir, 

P 

It has heeu seen that thc azimuth closing erArs  is 6. 2 - v  where OM = .#, OK = y. 
and (: is a quantity w l ~ i c l  varies slightly with the latitode. Trratiug (I as a ronstnnt 
and equal to its mcan value over the area ill consideration i r  permissible. This will 
be satisfied i f  tile rzimr~th error i s  p11t into tllr lines PK and Phi to amount propol.t~c?nal 
to their lengths. 

This gives 

an t l ~ r  hrrt rorreetion to the  nxirnl~th nt P. 
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(ti). 'I'lie difference wY-w,. is  n o t  t o  be  regarded a s  a n  e r ror  contained i n  t h e  value of 
the  angle M P N. I t s  effects is  t o  al ter  t h e  curvature of t h e  lines P M a n d  PN. 
(7).  I n  t h e  case then of a gr idiron system of n~er id iona l  and loogi tudinal  series a t  
regular  intervals all  of equal  weight ,  i t  seems th i~ t ,  t h e  best values we could assign 

t o  t h e  chauges a r e  ?I,, v,, x7"y + yW'". 111 this  case t h e  next  s tep  i n  correct ing t h e  + .Y 
t r iangulat ion w o ~ ~ l d  he t o  find tht: changes of i n t e r n ~ e d i a t e  points on t h e  ~ e r i e s  as  
follows :- 

c.7 

"Y f o r  change iu l o n p i t u d e  

and  for  t h e  o ther  cnordinate and azimuth t o  simply i ~ ~ t e r p o l a t e  hetweet1 the  terminal 
values. 

(8).  A dif icul ty arises when t h e  ac:tual points of t h e  t~~iangt i la t ion series a re  considered. 
F o r  if t h e  above formula f o r  two i~d jacen t  poiuts if and B is used, the  difference 
of  coordiuates will not, exactly give t h e  correct change of  azirnut l~.  Adopting t h e  rule  
of computing the  azimuth from t h e  c o o r t l i ~ ~ a t e s ,  a diflerent azinlutlr change on a ray 
going east f rom t l ~ a t .  f o u r ~ d  on a ray going south is arrived a t .  T h a t  is  t o  say the 
actual change of lu, - tcl, wonltL he forced i r ~ t o  t l ~ e  single angle formed by these rays. 

2"w, + yzu,, T o  avoid this it appears het ter  to  t:~l;e the  a z ~ n ~ o t l ~  change  t o  be a t ~ d  t h c  
x + ?I 

change i n  coortlil~ates of'ofle poi/lt only to  be given by a,,,, c,,., a ~ r d  compute  t l ~ e  coordinates 
of second a d j a c e t ~ t  poiut f rom th i s  with t h c  corrected azimuth ( i .  E .  old azimuth 

XWY + Y?O, + -- ) and t h e  old value of t h e  distance I : .  

x +  Y 

T h e  compiltatiorl alluded t o  in  (8) may I)e performed with tables such as a re  given i n  t h e  
'LAuxiliarp 'I'ables"* prepared f o r  t h e  new ~ i l l u e s  of t h e  axes : or  we may a t  once deduce the 
changes i n  t h e  position of t h e  second point B by differentiation of t h c  equat ions f o r  AX, A L  and 
A A ,  

T h e  equations are  : - 
C1 

AX = - 5 cos A - $ - sin2 A t a n  X = 8,h + 8,X 
P P" 

c sin A c2 sin 2 A t a n  X AL = - -.- + $7. = 6,1, + 8,L 
v cos X cos X 

being eqr~a t ions  (1) carried t o  a n  ex t ra  term in consideratiou of t h e  larger value of c uow 
contemplated. 

Differentiating we have a t  once 

ZP pp 6v 2 64A = SIX (- -- - t a n  . I  xl) + 8 2 ~  (- - - - + 2 cot A . r  + - 
P 6 v sill 2h 

- -- - -- - - - - - - - -- - - - - - - - -- - - -- 

* ,\nxil~ary Tshlen of Ihe Survey of l o d i s ,  Dehra D i n ,  1906. 
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6u 26u 4 tan x sec9k 
8AA = & , A ( - -  + c o t  A.w + -a + 4 A  -- 

9111 ' 2h ) ( u + 1 + 2 tan% 
u + 2 cot2A. w 

I n  above v ,  v, w are  t h e  values found f o r  one end of t h e  base A : t,lre values fo r  t h e  o t h e r  
end B are  then  a + SAX, v + 6 3 L  zu + 6AA. 

A third method is  t o  reach B by proceeding first a long t h e  parallel A C  through A a n d  t h e n  
down t h e  meridian CB t h r o u g l ~  H, by means of the  f o r m u l z  (or tables) already g iven :  and t , l~en 
by applying t h e  closing error  of t h e  area ACB. 

XU'!, + ygu, 
I t  appears, then ,  t h a t  t h e  expressions ?by, v,, may he taken t o  repreeent t h e  

X + Y  

changes ill I;~titutle,  longi tude and azimuth respectively of a n y  point i n  Ind ia  (excluding B u r m a )  
with t l ~ e  restriction t h a t  adjacent points must  be treated differently, the  chnnges f o r  t h e  seccjl~d 
poiut  being deduced by one of the  three methods -just explained. O n  this  Ilasis t h e  results may 
be  giver1 ill conve i~ ien t  tabular  form. I h e y  mill r r p r ~ s e ~ r t  t h e  c l~ i lngrs  n i t h  ; ~ c c u ~ l i c y  
considerahly gr ra te r  than  t h e  accuracy with which t h e  points can be  considered t o  be fixed in 

'1 Ion. space by t r i a ~ ~ g u l .  t '  

14. These v a l ~ i e s  a re  btlieved t o  be sntisfactory for  all t h e  purposes fo r  n11ic.h the) can 
be used. A s  f a r  as  map  proclurir~g goes tlre d i ~ c r e ~ l a r ~ c i r s  a r e  n rg l ig i t~ le .  I 'or g rcde t ic  purposes 
we require t o  know t h e  a h s o l ~ ~ t e  cor rec t io~ls  t o  latitudes, long~tu t les  and az imuths  oi a base 
where a j u ~ ~ c t i o n  is t o  Ile made  with allother survey-such as t h e  Russian survey, o r  t h e  B u l n ~ a  
survey. f e can d o  th i s  a s  described in Q 13 fo r  one e i ~ d  of' t h e  base and then  compute  t h e  
coortlinates of t h e  o ther  end of the  base f rom a Icnonrledge of i ts  l eng th .  I n  t h e  case of B u r m a  
the  t r i a ~ ~ g u l a t i o n  has not yet  been adjusted. I t  will p e r l ~ a p s  be  adjllstecl with t h e  new- values 
of the  ases  and made t o  fit on t o  t h e  most  eastern series of t h e  i i o ~  th -Eas t  Quadrilateral,  ,.ic., 
t h e  S h i l l o ~ ~ g  Meridional Series, af ter  th i s  has  been corrected f o r  change of axes. 

W e  also wish t o  known corrections t o  triangulated latitudes o r  azimuths a t  s ta t ions where 
these q ~ ~ a n t i t i e s  have also been observed astronomically, so  as  t o  know t h e  actual  plumb-l ine 
def lec t io~~s .  A s  regards la t i tude we have ~ ~ n c . e r t a i n r y  of pe1.11aps ON.l on account  of axes change 
af ter  leaving t h e  cen t~ .a l  la t i tude by lo0, i. e. one part  in 360,000 which is of tlre order  of 
accur:tcp of o u r  base-lines in 111dia. 'I Ile e r ror  generated i n  t h e  t r iangulat ion mus t  eventually be 
greater t11:in t l ~ i s .  l 'he  same argument  holds as  regr~rds t l ~ e  a z i n ~ u t h ,  n h e r e  t h e  u n c e r l a ~ n t y  of 
change due t o  change of axes, and d u e  t o  e r ror  generaled in  t r i aneu la t ion  a re  necestarily larger  
numbers  w l ~ e r ~  expressed in s e c o ~ ~ d s  of a rc  than  occur  i n  t l ~ e  latitude. l ' h e  astronomic observ- 
a t i o l ~ s  fo r  azimuth are  less precise, c-or~s~dered l r o n ~  point of view of plumb-line deflection, t h a n  
t h e  Iittitude ohservat iol~s.  Apar t  f rom these considerations a n  e r ror  in  plumb-l ine deflection i n  
latitude oE 0".1 is of little account. 111 111dia we h a l e  plume-line drflections of over 50" and, a t  
least a t  present, tenths of second a r e  too millute t o  be taken  account  of i n  any  discussion of 
deflectio~ls. 

1 It seems then t h a t  t h e  method sketched above is  sufficiently precise fo r  t h e  geodetic 
uses t o  which t h e  resuits call he put,  and I~ igher  accuracv could no t  be applied with advantllge t o  
t h e  results of trianvulation. 'I'he method of Q 13 is applicable t o  points w h i c l ~  call be  reached by 
ei ther  route  (meridian or  parallel) without  t l ~ e  route  depart ing ou t  of t h e  region of triangulation. 
Tl111s while it  applies to  all  t.be triang111atio11 in l r ~ d i a  w l ~ i c l ~  has been adjusted, i t  could n o t  be 
fairly applied without rnodificntion t o  B U ~ I I I ~ ,  fo r  t l ~ i s  w0111d imply t h e  existence of trinngulation 
across the Bay of Bellgal. A s  t h e  Burma triangulation remains t o  be  adjusted, th i s  does n o t  
matter  and i t  will only be necessury to  apply the  method as  fnr  as  t h e  Shi l long Meridionai >cries, 
which can be dolie very satisfarctorily, the  more so  as o u r  selected ceutral la t i tude crosaes th i s  
qeries. 
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16. The Survey of India was asked in 1912 by the Siamese Survey Department to 
furnish the best possible values of the coordinates of Bangkok. 'l'he way in wlrich this 
been done will serve as a good illustration of the method of using the  closing error to determille~ 
the chlrnges ml~ich occur along a route which is neither meridional iror Ior~gitudinal. As far  as 
longitude 90' the route ma? be tulren to follow the central parallel, latitude 24' (see triar~gula- 
tion clrart a t  end). From these i t  proceeds along the Burma Coast Series down to latitude 
13' 46', and thence to Bangkok along latitude 13' 45'. 111 this case then we first compute alorlg 
parallel 24' up to  longitude 98': we then proceed along rneridiau 98' down to  latitude 13' 45'. 
The result a t  this poilit is found from tables 11, 111, 1V by exlrapolation to be 

n, = + 4.248 
,1;, = - 10.339 
wY = - 2.837 

Now treating longitude $6'' as oxis f~ ,om which o is measured, we evaluate the closing 
errors over the area between the Coast series and larilude 24' and meridian 98' arid get 

2 Ax2y= U = + -017 
d Hxy2= V = -.026 
2 Cxy = W =  +-426 

Hence the changes a t  latitude 13" 45', longitude 98': a* detrrminrd by the ~oute~fofollowin~ tAe 
Burma Coast Series, are uy $ T/: v,, + V? wy + W. 

One further correction remains. The Bangkok Series which emanates from this point is 
expressed in  "preliminary terms"-it was computed from prelimiui~ry values of the side 1'1.orn 
which i t  emanates. Later values of this side, found after the Coast Series had been computed 
from the prel~minary value of the side, require the following cl~anges to  be applied to  the 
beginning of the  Bangkok Series, vir. 

in  latitude . . . -lU.80 
l o ~ ~ g i t u d e  . . . -0". 17 
azimuth . . . + 5"-50 

Combiniug these we arrive a t  the charrges to be made a t  latitude 13' 45O, longitude 98'. 

Latilnde Longitude Azimuth 

By parallel and meridian route ... . . .  ... +4.248 -10.339 -2.837 
Correctioir to bring into terms of Burma Coast Series route . . . + 0.017 - 0.026 + 0.426 
Correction from "preliminary terms" . . . . . . ... -1.80 - 0.17 $5.50 

Total .. . +2.47 -10.54 +3.09 

With these initial values hy computing along parallel 13' 45' up to longitude 100@ 33' 3".5 
the old value of the longitude of Phukhao Thong Station* in  Bangkok we get the changes 

u. = + 2"-34 
v = - 11''.82 
w = + 2"-9 

TO bring into Greenwich terms tlre farther correction - 2' 27".18 is required to the 
longitude, the final correctione being 

+ 2".3& in latitude 
- 2' 39".00 in longitude 

+2*.9 in azimuth 

Phokbw, Tbung ktstioo i *  thr most ansterlg trlanyolatetl point nilown on the  triangulation chert 



OHANQEB ALONG MERIDIANS AND PARALLEL& 16 
U 

Owing to an unfortunate confusion of the quantities ?c, vy wy with u, a, w= the following 
corrections were wrongly supplied to the Royal Survey 1)epartment Siam in 1912 

+ lf'.73 in latitude 
- 2' 39"-32 lollgitude 

+5".7 azimuth 

6a 
17. So far the particular case of definite numerical values OE -, 6e2, a, wo has been 

a 
considered. It is desirable to put the solution in a form in which the results of any desired 
change can be calculated rapidly. 

Let 16,, u,, u,, u,, be the changes in latitude respectively due to 6a = 1000 metres, 
Sb= 1000 metres, u, = I", wo = 1" with corresponding notation for v and w. Since the quantities 
involved are small it is clear that 

u = &a. 14, + 61. u, -t u,. us + w, u, . . .  (18) 

with similar equations for v and w : where da, dl] are expressed in kilometers and uo, w0 in seconds. 
If values of u,, u,, us, U, are tabr~li~ted, equatiou (18) will enable the qual~tities 14, v, w to be 
evaluated for any desired case. OE the quantities &(I, 6/1, 6e2 any two may be regarded as independent, 
the third being determined from the result of differentiating b = a JIT l~garirhmical l~.  

When 6a = 66 = 1000 metres = 39370.113 inclles = 3280,843 feet 

" cosec 1" = 16.1718 of which the logaribhm is 1.2087596 4, 

cosec 1" = 16.2258 b- j j  ,, ,, 1 -2102058 
Also 

Hence equation (9) may be written, omitting the dashes 

P = u , - R  . . . . . . . . . . . . . . . . . . . . .  . . (20) 

Q = 10, /3 cos X . . . . . . . . . .  . . . . . . . . . .  
where Sa, 66 are expressed in kilometres and uo and wo in secouds. 

18. Alopig a parallel of [alitiuie 

Case I, when 6a = 1, 6b  = 0, uo = 0, uro = 0 

By (20) R = 16.1718 sin 2 A . . . . . . . .  (al) 

Q =  0 



16 

and ( 1 0) becomes 
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u = R ( 1  - COB (PL)) 

an x sin (BL) ) . . (29) I 
L O = -  

H 
see X sin (BL) 

where L ie expressed i n  degrees. 

CsseI I ,  whenSa = 0,Sb = 1, u, = 0, wo = 0 

From (20) 

and equations (22) hold for this case also. 

Case 111, when 6a = 0, 6b =O, ic ,  = 1 ,  ru, = O 

6v 
I n  this case - = 0 so that 

and 
21 = cos (PL) 

1 
to = - sec X sin (BL) B 

Case IV, when 6a = 0, 6L= 0, uo = 0, wo = 1 

R = P=O . . . . . . . . . .  (26) Q = - P c o s h  
and 

u = - @ cos A sin (BL) 

. . . . . . .  (2,) 

w = cos (@L) 

19. From (10) and (19) 

Hence from (12) 



Expressing in cleco~~ds and in t roduc i~~g  S(t,  61r expressed ill kilometres and A, A,, i l l  ~ l c ~ r e e s  
this becomes 

-0.:28()7 jX0-A:) $24.26 (sin 2X+ sin 3h0) -0 .019 (sin 4X- rill I.h,,) 

+&3 {-o.. ' t$*7(~~ -h i )  -2-h.34$ (xi11 2h  -.in ?A,) + O a O I Y  (sin 4X-ail1 ih,,) . . (2H) I 
20. Along a meridian 

Case I, when &a= 1, 66= 0, I / , ,= 0 ,  //',,= 0 
By (28) rlld (17) 

= - ().2807(~O-h.9) 4- 2-I , . f? .G (sin 2h-sin ?A,) - 0 . 02  (sinQh-uin4~h,j 
. (2:)) 

v - V "  =o 
10=0 

Case 11, when 6,1= 0, 6L= 1 ,  ll,,=OJ lo,,= 0 
By (28) and (17) 

n= - 0.28.1.7 (XO-h E) - 34.34 (sill 2h-xi11 2X,,) -i 0 . 0 2  (sin -1~-sill 4AO) 

. U - I : , , =  O . (30) 

w =  0 

Case 111, \vhen 6n = 0, 6b = 0, l t O =  1 , zc,,= 0 

Case IV, when 6a=0,  66=0, i1,,=0, ~ , = l  

Then 16 - 1~,,= 0 

v - u  - 'lueEhO. ,,/TL2 [tan h-0.000,0B8,.'Xc + O~OOOJOO1~JP sin 2A 
O- a 

v,cosX, 
'W = -- 

v cos X 

31. Wit11 the equatiouu of $18, 20 changes can be computed a t  any point for any case. 
'l'here are two possible routes. As an example consider Case I. W e  can first proceed along :I 

par9llel to tlrc appropriate lo~~g i tude .  I n  procelding thence along a meridia~l we have to apply 
Cases I. 111 ancl 1V (because the values given by (22) now become initial values), and so find thc 
values u, 1; w, : secolltlly w e  can proceed along a meridian and afterwards along a parnllel a ~ ~ d  so 
find the secolid set of values u,v,~o,, 

. These computations have been made and the results for every degree square corner, so far 
as concerns the Indian triangulation, are exhibi~ed in the  following tables. 
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Case I.-8& = 1 km. 
-- 

V a 1 u e s o f to, in seconds, 2z 
TABLE IX. 

~ t i 6 ~ t i i 0 ) G S ' ) G ~ c ( i O o ~ i ~ ' ~ i . " J i ~ ~ ' ~ ~ ~ ' ~ ~ ~ 0 ( ~ ~ 3 ~ 7 ~ 0  Lnt. -- 7 ~ 0 ~ i 9 0 ~ ~ ~ o ~ ~ ~ 0 ~ ~ ~ ' ~ ~ i l c ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ c ) ~ ~ 0 ~ ~ 9 ~ ~ R O ~ ~ 9 L ~ ~ 9 2 ~ ~ 9 3 a ~ 9 4 0  

p o s i t i v e  N e g a t i v e  
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The closing errors. 

22.  The tables just given exhibit the " closing errors " or differences between ? I ,  v, toz 

and u,, v, 7i5 respectively. The formula: for these differences 7dZ - u, etc. for the four cases will 
now be considered separately and approximate expressions found for them. 

Case I, when 6n = 1, 66 = 0, ?I,= 0, zu,= 0 

Along the parallel OM the changes at M are given by equations (21) and (22) in which suffix zero 
may be added to PI R, X to indicate that i t  applies to latitude X,,. Apply the changes a t  M to 
the case of a meridian: i t  is necessary to consider cases I, 111, I V  of Q 20 and the following 
equations are deduced : 

R" V" -- -- J1 - e2 sin (POL) tan h-G.000,058, 2X0 + O~000,004 ,2s in2~  
Po a 

205 = - - Rn sec r sin (P,L) . . . . . . . . . , . . . . . . . 
Po I 

sin",, (1 - e2) 
Ro = 16.1718 sin 2X, 

+ 1 - r ? ~ i n ~ ~  
. . . . . . . . . . . .  

Next proceeding along 0 N, the changes at  N are given by (29), and applying these initial 
values to the parallel N P  the following equations are formed by consideration of cases I and 111 
of $18 

cotX 1 
vz - = - n + - tan X sin (PL) 

P ) 

1 X 
w, = - sec A. sin (PL) + - sechsin (PL) [-0-280~h0+24~!26ain2h-0*02sin4~] ) P P Lo 

From (33) and (34) it follows that 

u, - ii,= p(1- cos IPL))] A + (1 - cos (DL) - 24.26sinlh + Os02sin4X 
Xo 

ro t  X 1 X 
vz - s= - [ R  (L& + - tanh sin (PL))] P A" 

1 + -tanXsio(PL) [-0.280 AL' + 24.26 sin2h-0.02 sin4h] 
X 

P ho 
(35) 

+ PO. ,,/I z2 sin (&L) [tanX-0.000~ 058, 2h0+ O~OOO,004,~sin%h] A0 

n 1 
wz-w,= -- secA sin (BL) + - aech sin (BL) [-0.2807h0 + 2 4 ~ 2 6 ~ i ~ 2 h - 0 . 0 2 s i n 4 h ] ~ ~  I P P 

Ro v" + --- seck sin (POL) 
P" 
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23. Equations (35) may be simplified and written in approximate form if terms 
dependiug on c' are neglected. The closing errors will still be expressed with sufficient accuracy. 
Then ,B becomes unity and "a" may be sul~stituted for v. Denote A-h, by 8. I n  what followa 
21, etc. are expressed in seconds and h, L, 6 are expressed in radians except when the degree 
mark is added-thus hO, and hO/h =57.3. The successive terms of (35) are taken one by one 

and reduced. = denotes approximate equality 

Case I, mheu an= 1,6b=O, uo=O, 2uO=0 

R - .  
Here -- 

16-17: 
sln2h (1  +sin9A) =Gsin2X- isi1r4X 

It 
16.17 

cot X = 2cos9X (1 + sin") = $ + cos2h - 2 cos4X 

tanh=!2sinDX ( 1  +sin9h) =$-?cos2h+ : cos4h 
16.17 

sin L = + - 2 8 2 3 ~ 0  ( 2 ( 1 - ~ t ) s i n ~ s i n ( h + 4 ) - b ( l -  sin L ) s i n ~ ~ s i n 2  (h + h0) I 
- 

1 - tanXrin(PL) [-0.2807 hO+ 24,- 26 sin 2h-0.02 sin 4h 
B 

sine sin20 = ~ ~ t a n ~ s i n ~ { - 0 ~ 2 8 0 7 +  .8469-.cos(X+h,) - ~ 0 0 1 4 - ~ 0 ~ 2 ( h + ~ }  e 20 

sinL = -0.0049L0e0tan~---- 
L 

k0 ~ 1 -  sin (BOA) [tan X - Om000,058, 2h0 + 0.000,001, 2 sinlh] 
Po fi A0 

= 16- 17sin2Xo(1 + sin9A,)sinL -0. 000,058,2~9~ + 0 .000,008,4~0~ (X + )b) sine 

,sin 1 . sine A +0.0049 L 0 --' s1n2X,, (1 + sin%0) secA secX, '-0.00334 L 8 
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Hence 
sine L sin 2 0 

us-v,  = +0.00491, a 6 'sin -- L L(  2 ( A - 2 ) s i n  ( h + ~ , , )  T + ( l -  -) sln L sin 2 (x+x,,)- B 

sin ') tank + ( -1+3cos @+Ao) - 0 

sin 0 + sin 2 A,, (1 + siuQ0) see h see A,- - 0.00534)) e 
- tan h-0.00334sin 2Ao(1+sin2h,) L 

sin 0 + 8 (2 (-& - 2) sin (h + h,) + 3 cos (h + A,) tan k +  2 sin Xo(l + sinPA,,) sech 

s1n 3 
+(1-  &)sin 2 ( A + & , )  T08] 

sin 6 - L -  sin0 
Now - - - 1 and - - 1 the error being about -01 when 0 or L =  18': hence -- 

s ~ n  L Y 0 Or 

sin26r L 
20 
- may be treated as unity when multiplied by - - 1 It follows that 

s1uL 

v,-v, = + 0 - 0 0 1 9 ~ ~ 6 ' ~  'tan h(cos(h+ A,) - 1) -0-0033~Lsin2h0 (1 + sin2Xo) 
L 1 

+ 2secXsin:'X, + (-& -1)(2sin (X+h,,)-siu2(h+hO) 

R 
- E  sec h sin (PL) + e0 sec sin (POL) = -set h sin L ( R -  R,,) 

Po. 
sinL 

= -0.2823L0 - L sech [+ sin2h - sin 4X 

siu L sin0 
= - 0.0049 L O B 0 -  seo A (3 cos (A + ho) - - cos2 (A + x,,) 

L 0 2 0 
1 - sec h sin (BL) [- 0.2807 ha+ 24.26 sin 2h-0.02 sin 4h 
P I:, 

= -O~0049L080sech- SinL ( l - 3 c o s  (X+ho)- 
L 0 

Hence 
, .sinL 

7 0 ~ - 1 0 ~  = - .001'9 L 0 -- sech (1 -cos2 (A+ho) - 
L 20 

, . . . . (38) 

24. Case 11, when 6a=0, 6b= 1, uo=O, ?u,=O. Here 

(1 - e') sin ?h R= - 16.2258 sin 2X 
1 - e"i11 2h 

Equations (36) hold for this case i f  we use the above value of R and change the qusntity. 
-Oe2807X + 24.26ein2h - 0.02ain4X into -Oe2847X - 24-34sin2X + Om02sin4h. 
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Then 

(1-E08L) [-8-11 (siu2h-tai114h) + lO.Yh+24*26ain2h -0~028in4X]  
A 

x, 

= ( l - c o s l ) ~ 1 6 ~ 3 ~ + 1 6 ~ 1  ain2h + 4.04sin4A 
L 1 

sine sin 28 
= . 2 8 3 e 0 ( i - ~ ~ ~ L )  (L+z-cor(X+A,,)+ e -a-cosd(x+Xo)) . . . . - (39) 

sin L . . lF [I - cor-1,X + 1 (3 - 4,cos2h + cos ih) [-R(% + tank  sin^)]:= - 3 - . 5 7 . 3  L 1 
sin20 Y ~ U L  . sine 

= o . o o . ~ ~ L ~ B ~ ( ( ~ -  F) sin? (x+A,,)  23 - +?- 1, -- s ~ n  @+A,,) 

1 - t s n h s i n a ~  [-0 .~817X~-24.31 sin%k+O.O? sinih 
P 

= - LOB0 tank - 
1 e 

sinL sine 
= - 0.0050 Toe0 tan -- (1 + 3 cos (A + h,) .-- -- ) L e 

90 d m  sin (POL) [ t z o ~ - 0  -000,058, JhO + 0.000,004, ? sin2k] to 
Pea 

- - - 16.23 sinZX,, sin2h, sinL 0.0000.iEi ?do+ 0*000008-11 cos ( h +  A,) sine 

.sin& sin 8 
= - 0.0050 L 6 -- sin2h,, 

L t9 -0.00334~) 

Hence 

sin 20 sin 8 
vZ-o, = 0.0050 L ~ B ~ ~ ~ ~  - I )  s in2 ( ~ + h , , )  - + $siu(h+X,,) - 

2 e e 

- (1 + 3 c o s ( X + \ , , ) ~ ~ ~ )  tan h 

-0.00834 + secX s e c h  - 
8 

sin 11 ( s i y (  = 0.0050 L 8 - - - - sin2X, cosh,, sech - cos (h + A,,) L 

L 
+ (=, - 1 ) s i n v h  + A,,) + 0 ~ 0 0 3 3 ~ s i n 2 ~ s i n ~ ~ , ~ } .  (40) 
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-- sech sin (BL) +% sech sin !&L) = - sech sinL (R-X6)  a W. 

= + 16 .23  seek sin&[+ sin 2A.h- 4 sin4A.I ko 
sin L =o. 0050 LOeO- 

sin 0 
L 

cos(h +Lo) - -cos2(h+ A,) - e re 
1 
-- sech sin (BL) [- 0 . 2 8 4 7 ~  -24.34 s in2h+0-02  sin4h 

B 

- 0.28478"-48.68cos(X + h,) sine 

= - 0.0050 L0d0 sech - sin L(1+3cos(h+Ao) 
L e 

Hence 

, sin L sin 0 w,-~u,=-o.oo~o L e - L sech ( 1 + 2cos (h  + Xc,) )-- + c o d  (X + A,) 8 

25. The closing errors for cases 111 and IV have also been considered and are practically 
zero. This is a t  once evident also from the computed values of w, 11, etc. which agree to at  least 
0.001 of a second. I t  is otherwise clear tha t  there would be no closing error on a spherecaused 
by moving tlie origin : and accordingly the effect on a spheroid must vanish with e2 and accordingly 
hare  e2 as a factor. I n  considering closing errors then i t  is only necessary to take cases I a ~ ~ d  I1 
into account, and this may be done by means of equations (36) to (4.1). The form of these 
equations explains how the closing errors found in tables 11, 111, I V  approsimately satisfied tlie 
empirical relations (18). The relatior~s would not hare been equally satisfactory for case I and 
case I1 considered independently. 

Tn the case of Indian t r ia~~gula t ion O0 only exceeds 8" for values of Lo between -y3 and- lo 
and is greater thau-8' for values of LC between - 5' and +3' : so that  we can always consiclel. 
one of the quautities, e0 or Lo, numericallp less than 8'. Closing errors for the elementary area 
d L  dX are now cleduced from the equations (36) to (41). I n  what follon~s L is treated as identic-a1 
with sin L. 

Putting Zil for u,-I(, ilr case I ,  U? for ~ I , - u ,  ill case I1 etc. we hare, omitting small 
terms 
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J 

dv,= 16.23 cosL sin 4 X  + 2 sin2~-sin4X 

Putting A,= 24' 7' 11" -26 

2cosh (I +3sin2h) + sinh sec'h (A-f s i d h )  -ksech (1 -3cos2h) 1 d~ dh J 

+ cos L (sinXsec2h(- l6 .3h -  21.34 sin2X) + sech(- 1 6 . 3  - 48.68cos2X) } d L  d h .  

= - 1 6 . 2  cos L ( -ficoshsin2h + s e c h ( h t a ~ ~ h +  <-tanX sin2h+ 1 + 3cos?Xi ] d L  

By means of equations (42) to (47) it is possible to find the cllanges 11, c, ri- nt P as computed 
by auy route. For 

the integration being talien over the area between tile desired route (upper limit) and the central 
parallel and the meridian through P :  and a, being the quantity to he found I)y properly con~\>iuing 
the four cases. 'l'liis obviously does not get rid of the multiple values obtainable for 1 4 ,  z,,,c, 
according to the route followed, hut if any route has special advautages, results oE follorring it 
become available. One such route is the geodesic, or the sliortest pntll I~ctween any point and 
the origin. There is sometlling t,o be snid in farour of fo l lo \ r i~~g  this route, aud tlie s~thjer t  of 
the geodesic is accordingly considered in some detni: in the follo\viug chapter, \rlit.re a direct 
met.hod of finding the qna~lt,ities t i ,  P, 7~ r l o ~ ~ g  a geodesic is also mnde use of. 

I n  concluding this clispter it may Ile pointed out that tllc equations (4?) to (47) enable the 
differeuces of tlic values oE 16, I , ,  try to be rapidly estimated. This makes i t  clear at  once llow 
far it is a matter of importance to strictly adhere to any route that mag be selected: for the 
difference in values that will be found by ally two routes is the closiug error. 



C H A P T E R  11. 
- 

Geodesics on a Spheroid. 

1. I t  is now necessary to de-lelop some properties aud relations of a geodesic in  order that 
the changes of coordinates due to cl~ange OF axes may be computed along gcodesics. A 
fundamental relation of a geodesic on a conicoid is* 

. . . . . . . . . . . . . . .  p D  = constant (1) 
where p is the perpendicular from the centre on the  ta~igeut  plane a t  a point and D is the 
semidiameter of the quadric parallel to t,he tangent to the curve a t  the same point. I n  the 
case of a spheroid there is symmetry about the 
polar axis. I n  the figure ZOX is the equatorial 
plaue and YCY' any meridian. Let  P be any point 
on a geodesic : then the plane through 0 parallel Z 
t o  the tangent plane at P is the plane DOX, where P 
OD is the diameter conjugate to O P .  If + is tlle 
eccentric angle of P so that thc coordioatcs of 
P are 0, aces+, beill+ then 

Od2 = a%yi11~+ + ha cos2+ 
For a geodesic proceeding from 1' ill 

azimuth A, the semidiameter parallel to it is OQ 
where DOQ = 180"-A and uo 

Also 
/j2 = 1 

- -- . - pp . .- 

COG+ H I ~ % # ,  
- -. 
U i  t -2- t) 

hence 
p? 0 2  = n' hS 

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

rc2+ sin" coo2+ (6'- u2)  

which in conetant along a georlesic. I t  follows that 

along any gec~deeic, /If, being the azimuth of the gcotleaic on crossing the equator. 

a ( f r m ~ t r g  oJ' Three I)itnbru(om# by (;itoryo Ralmon, :lrrl stlition, 8 897. 
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2. Take two consecutive points on a spheroid and let A be the azimuth of the  elementary 

line joining them. Then if the latitudes and longitudes are X, L; X c dX, L+ dL i t  follows that  
v COS X dL 

tau A = . . . . . . . . . . . . . . . . . .  
p d X  (3) 

witere p is the radius of ci~rvature of the meridian and v is the normal terminated by the  minor 
axis. 

The relation between the latitude h. and the eccentric angle or "reduced latitude" + is 

b . . . . . . . .  tan = -tan a X = JK2 tan X = ( I  - E )  tan h (4) 

Differentiating (2) logarithmically 

and by (4) 
6 cosPC#I 

l ! ! + = - -  . . . . . . . . . . . . . . . . .  .(6) dh a cos2h 

Multiplying (5) and (6) 

- -  6 cos3C#I b' d A  - - tan A ta.4 - . = - tan A tanh 
tlh a cos" x2. 6? 

cos2h (1 + tanP X) 
n 

Equation (3) may be written 

L =JL tan dX . . . . . . . . . . . . . .  (8) 
vcos A' 

and the integration of this mill now be performed. 

1-k"l 
where aa = - -R" and the + sign is talte~i for 1st atid Itli qrlatlratlts and the minus sign for the 

2nd and 3rd quadrants. 
Hence by (8) 

1 - e B  since P = 
v 1 - e S s i u J i  

Put r for sink : theu 
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This is an elliptic integral which canuot be integrated exactly : but it may be developed in 
a series of integrable terms as follows. 

Put 1-2 = y', then 

where @ = e2/(l - e2) : hence 

cZx 1 do 1 -- 
(1-~2) - ,/m-fJiYGg (m3 - IB%+Bb(l-x? . ] . (11) 

Finally put sin0 = ax = a sinX . . . . . . . . . . . . . . .  (12) 
Then 

d r  
d0 

. d tan 0 

The remaining terms of (11) may be dealt wit11 by the formula of reduction (17) now deduced. 

1 = -. 1 . . . . . . .  as r.-,-- a- fp-2 J1-asx~(lz (15) 

Integrating by pal-ts 

nn = - -!- f p - l d  ,/- 
a2 

1 xn-l - =-- 2/1-a2x" 7 " - ' p - '  d m -  do . . (16) a? a- 

Multiplying (15) by (a-1) and adding to (16) 

n-1 1 nu,=--;i-- - xu-1 . . . . . . . .  a- a- d l - a 2 x ?  (17) 
Hence 

and from (9), (1 l), (13)) (14) and (18) 

k m- tm-l(= tam e) - la.. - e L-  L'= + 1/- [Jzi 
r~ a 
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a 

in which 

Hence 

0 = sin-'(a sin X) 

1 - k?e2 = . . . . . . . . . . .  (20) 

fl' = -- 
1 -e" 

s i n 0  = 

J 1 - k'es sin X 
-- -- -- - 

,/-tan A 
tan 0 = -- - - 

, / i < p -  ( 1  -k'ra)aln" , / I  -k ' -k :  tangh(l -e2) 

tan 4 
1 - c' dl- k'secs4 by (4) 

(21) . . . . . . . . .  

. J a T  . . - t i m e =  * k t a n + s e c A  = + t a u A s i n 4  . . . . . . .  
a 

(22) 

Since 0 is given by (20) we may always arrange that  i t  shall be in  1st quadrant and the  
sign in (22) must be taken accordingly. 

Put 
tan Jr= +tan A sin I# . . . . . . . . . . . .  (23) 

Jr beiug always in the first quadrant. 

Then (19) may be written 

NOW by (2) i t  follows that 

sinA, see+ sinA tan4 - sin$= ----do- A - tan A, tan+ 
tan A sin+ = 

41 - sin2Ao secg4 l / c 0 s 9 ~  - sin2A0 tan" ,/l - t a n A o  t a n 3  

Hence 

. . . .  += + tan-' (tanA sin+) = +sin-' (tanA, tan+) (25) 

Neglecting terms involving e4 (23) may be written 

where + and 6 are both k d r s t  quadlant and are defined by (25) and (80) respectively. This result 
is correct to nearest second for the terrestrial spheroid. 

The rules for the double sign outside bracket are + Ed t': it! of azimuth 
and for double signs before + + 1st and 2nd quadrant ,, - 3rd and 4th quadrant ,, 
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The quantity 8 may also be fount1 from (21) which may be wiitten 

3. To solve (26) for A, take the first approximation to A,,, namely A, such that  

and for brevity put tan A, tali +=I, tanA, tan +'=y and L- L ' = 8  

Then (26) becomes 
. . . . . . . . . . . . .  sin-1s- sin-' y = 0 (29) 

Squaring and transposing 

2" y2-2s2y2- sin28 = 2xy ,,/.(l -,r.J) (1 

Squaring again 
sin.18- Zsin28 (s? + y?-2x"2) + (02- y 2 ) h  0 . . 

or (x2- y2)?+ 4x2y?sin28 - 2 (xy' +y2) sin28 + sin18 = 0 

and putting this into factors 

(x"+g2 + 2xycosO- sin") (x" yy'- 2xycos8- siny'@ = 0 

Substituting for x and y i t  follows that  

. . .  tan2A, (tan2+ + tan'%+'& 2tanCan+'cos (L-  L') =sin2(L-L') ? (30) 

The do~ihle s ig l~s  have been introduced hy the process of squaring and i t  is necessary to 
return to (28) to decide which signs give the required solution. 

First supposing tan + and tan+' of the same sign and + > +': then from (28) changing the 
sign of tau+' diminishes the value of tan A, : hence by (30) we see that  the lower sign must be 
taken. 'I'he same is true if tan+ and tan+' are of opposite sign, and as + and +' are interchange- 
able this shows that the lower sign in (29) must always be taken. 

Again if + > +' the sign of tan A is the same as that  of L-  L', and i f  + < 4' the sign of 
tan A is opposite to that of L -L'. 

Hence me may write (30) 
sin(L- L') 

tan A, = + . . . . . .  
Jtanz++ tan?+,-~tan+ta l l+ ,cos~-  LR (31) 

the upper or lower sign being taken according as + > or < 4'. 
Also tan"+ tan"'-2tan+ tan+' cos L-L' 

= (I - {tan% + tan2k'- 2tanX tanh' cos ) by (4) 

= (1-e2)(tanx- tan^ 4tanX tank' sin2 - 
(tank - tanX1)" 2 



THE EARTH'S A X E 8  AND TRIANGULATION. 

L-L' si112h rin2A' 
where tan2 o = sins - . v- 

2 sln- (h- A') 

so that finally 

sin (L- L')coso cosh cosA1 
tan A,= + 2/ 1-- sin (h - A') 

sin 4 ( L - 4 ' )  sin2A . . . . . . .  s (32) 
where tan o = sin (A-X) 

and cos o is taken positive. 

4. Denote by lA the approsimate value of A which corresponds to A, which is an  
approximate value of A,. 

Then 

and 
Hence 

sin ,A aos 4 = sin A, 
. . . . . . . . . . . .  (33) 

,A+SIA = A 

sin A cos + 1 tall A, = - --- 
4 1  - sin "A cos 4- Jsec "cosec "A- 1 

- - - I 

v ' sec~cot21A + tani+ 
BY (30) 

sin? ( L -  L') (tan" + sec2+ cot5A) = tans+ + tan"'-2 tau+ t a n 6  cos(L- L') 

cot2,A see2+ sin2 (L- L') = tan+ cos(L-  L') -tan+' 

scc4 sin (L  - L') :. tan, A = + - 
tan+cos(L-L')-tan+' " " " (34) 

Similarly 
sec+'siu ( L  - L') 

tan, A'= - 
tan+'cos(L-L'j-tan+ ' ' ' ' ' (35) 

By differentiating (33) logarithmicnlly with regard to A, and ,A we get the relation between 
6A, and SIA as follows : 

. . . . . . . . . . . . . . . . . .  cotlA S,A = cot A, 6A1 (36) 

Equatious (34,) and (35) correspond to the ordinary equations of spherical trigonometry to 
which they reduce if the eccentric angles'+, 4' are replaced by latitudes A, A'. 

5. Suppose next that 

A, = A, + SA, . . . . . . . . . . . . . . . . . .  (37) 
where SA, gives a second approximation to  A,. Then by (26) neglecting terms in e4, it follows 
that . 

sec sA, tan+ . . . . . . . . . . . .  (36) 
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Now 

With notation of (20) 
.- - 

sin 9 = a sin A = J 1  -" s i ~ 9 A 1  sin h = sec A, sink J I - ea sin ?A, 
1 -sin.Al 

since k = sin A, = sin A, 

. . cos V = 1 -.sin 2h sec 9A1 (1 - e2 sin 'Al) 

= cos2h - (I. - e2) tan sin2h 

sec2Al tan+ - - sec 9, tank . . = JG2 sec 'A ,  sink sec0 
d l - t a u  =Al tan" .,/I - (1 -e2) tan2Al tan2h 

:. by (38) 

e? sin A, cos Q1 (8 - 8') 
PA- SA,  = 

2 J - [sin h see e] :, 

1 
sin ~ s e c d  = --tan 9 

a 

e2 sin J l - d s i n z A l  . 9-8' . . SA, = 4 1 tan9 - tane' . . . . . . . ( 3 9 )  
in which 0 = sill-' (sin h see A, dl - e. sin Id, 

For computation 

sin 9 =  sin (b sec A, 
,) ) since sin h = sin + J I  - e+os P+ 

e3 = sin 6 sec A, (1 + -cos 3+ cos 21A) since sin A, = sin ,A cos + 2 

Let  sin 0, = sin + sec Al and 9 = 0, + 6 0 

sin+ tan el = - - - s in4 
- - ---; - -- - 

z/G&2A1 -sin 24 = tan+ sec ,A 
cos :+ - sillq A cos2d 

and 
,. (.? 

68 = ;j- cos '+ cos"A tan B,= - siu2+ cos lA. 
41 

9-8' With a given value of the larger quantity 8 ,  8' say 9 i t  is clear that is greater 
tan9 -tan& 

9 the  smaller the value of 8' ; its maximum value accortlinglg is - and the maximum value of this 
t a d  

quantity occurs when 8=0,  when it becomes unity. I t  is quite clear then that 6A1 cannot exceed 
1 f $ sin ZA, i .  e. 6'. sin 2A1 in the case of the terrestrial spheroid where e% - - 150' 

6. If d~ is the length of an elementary line 
pdh = - ds cosA 

. . r =  - -  secA d h  
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On a geodesic 

a (1 - e2) tan $ 
P = .. ; tanX = 

(1 - e2 si112~); J 1 2  

1 - e S  s i n 4  . 1 -e.: sin'h = sin A = ; cosh = cos4 1-e2 - 
4 1 - 2  cosg$' 1 - e%osg$ 

whence 

d A - Also - - d+ 
einh cosX S ~ I I $  cos$ 

tv = -J a (1 - e2 c o s ~ + ) ~  . sec - ---. A,, JI- 
J 1 2  J I  - t a n q 0  tan2+ 1 -e%os2d It4 

Put 

where 

Put 
then 

-- .- 
- - s e c ~ o  f Z/ -e2 cos2Q . 

1 - tan2 A,, tau2$ 

-- 

8 = -  dlqfl dl + B'cos2AU sin'x. cos A() cOsXax 
cos An cosx 

eS cosSA, 
= - a JG? fxy J l  + l r ~ i n  2x (ZX nl~en. h . ~ = $ ?  cos 'A, = - 1 -es 

tlh$inkX~~X . . . . I:, 
Now 1 (11 - 1) 

sin "X dX = - - cos x sin"-1 x + sin u-ZX dX J ?a 11 S 
. . sin" d x  = - 4 cosx sinX + , X S - 



GEODESICS ON A SPHEROID. 

= - $cosXsinYX- $ c o s ~ s i n x + $ x  
etc. 

sin 4 where - sin x = - 
cos A, i . . . ) .  " . . . ' . . . . .  

e2 cas SA, (41) 
h? = -- 

l - e "  

Otherwise since sin A cos #I = sin A, 

sin sit1 A 
sin x = -A = tau I#I tan 11, cosec 

sln A cos cos A,, 

Also 
sin ?A cos ' 4  - sin ?A 

tall 2A, = - - 
1 -sin 9 cos ' 4  tan 9 t cos 2 j  

- - tan 4 and sin x -- - -~~ * Jtan ?+ + cos ' A  
tan x = f t a ~ l  +see A . . . . . . . . . . . . . . . . (42) 

7. TO facilitate reductious, tables are now given enabling the couversion from X to 4 and 
E sin2X 

vice versa to be easily performed. They have heen computed from formula X-4= 4. 
-ESin2X 

which is readily deducible from (4). 
Table 9x1. 

Il'tr b le XXII.  
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Values oE A,, k, s together with certain of the quantities by means oE which they are com- 
puted are now given in tabular form for geodesics passing through the origin and points L, +, 
for values of L'-L differing by 4' from 0 to 24' and for values of I$ from 10' to 38'. It i e  
clear that for longitudes east of the origin the value of A is 360- (its value in  table) : and that 
for s there is no change. 

1 lo0 1 20' 1 21' 

4; 23' 53:'~ 
2 27 .1  

44 26 21 
i.8451916 
0.0034U7 
0.432724 

51 34. 13.2 

380 

r, I l, 

3(i 27 5 .0  
:j 2 . 2  

36 30 7 
4 1 1  
0.0U-lk:j l S 
0.34100!) 

-6A, 1) O 2 14:O 3 21.5 :3 '70.0 3 58 .0  a' 21 . 7  1 52.7 

1S03-A, 
- 6 8 ,  

180"- do 
lo? It 

1 ~ :  
s b 

l sO) -d l  

, , ,, 
4 i  ;' 45.3 

2 '1.8.9 
1 5 k 
i.8177511 
U . 0 1  l37!)5 
U'3H5O!JO 

loe k 
h' 

.v, b 

8 0 - 4  
- 6.41 

10° i 180°-.1,1 
10: I; 

h" 
s b 

0 U 

30 1 j 43 .8  
3 lj.7 

30 1.5 51 
~ . ; ~ . ' - I I s o  
o . 0 ~ 4 9 8 5  
0.30'24IS 

39 S ;iU.0 45 ti 17.2 48 5!1 53 .3  

0 ,  ,I 0 ,  !I 

,j 6 I I  4 U  32 .2  21 5 s  5 - 6  
0 0 

0 0 0 
-a, 

o.o~(;,~s:! 
0.243714 

0 0 O 

0.0ilG(;92 
0 .  17382; 

-01 1.41312245 

1 37 '2  
1 3 9 
i.30713fi3 
0.00t;407 
0.230921 

J C ;  .1C; 26.0 

261 

220 

2 4 , I . G  
22 0 47 
i.57:38213 
U .  0 0 j ~ 4 3  
0.2i1391 

30 I 53 .5  

I 
l~g24( ;  

ti0 59 1 6 . 4  
1 7 .7  

61 0 24 
1.9418474 
0.001570 
0.131409 

62 24 1 4 . 3  
1 19 .0  

62 25 33 
1. g4- ,6.,61 ..' 
6001432  
0,133777 

46 25 6 . 2  
4 i . 0  

46 21 14  
1.8606705 
0.003ltiS 
0.168013 

34 31 1+.1 
4 97 9 

34 35 42 
1.7541739 
0~004528  
0.!219(;76 

27 2 2 . 7  
4 5 . 5  

27 6 8 
1.6595649 
0.005295 
0'279254 

I . ~ U O I  1ij1 

U 0 0 i 27 11 14.3 
0 0 3 2-I,.5 

0 O 0 27 14  3!) 
- m i.(;(;06593 

0.001;(iY12 0.003382 
O.lO3942 1 0.12120ti 

0 i.SiUfi405 ' i ' 8 i S ~ 2 d S  1.8941560 

180'-A, / 0 0 U 1 52 54 33.6 
-681 : U 0 , 2 46.9 

1S01-.40 ! 0 0 0 52 57 21 
10. k I -m  1 i -9o2o95r  

1," 00.06682 U0.0024.25 
s / b  1 0.034077 / 0.072033 

0.005(10:3 
0.21 z4ti4 

180"-A, 
- 6 d 1  

180'--4,, 
lop k 

/r 2 

s, b 

43 2 45 '7  
:i 27 .8  

4 ti 4 
I ;  
U.VU:J~L~:! 
0.162319 

ti2 59 19.7 
0 3 2 % 1  

63 59 52 
i ,9498721 
0.0013i8 
0.133359 

64 d l  45.0 
0 35.7 

ti4 J2 24 
1.9562817 
0.001220 
0.1DGG08 

55 5 13.3 
8 11.5 

55 8 25 
1 . 9  I 11068 
0.0021 83 
0.222619 

44 51 5O.S 
4 27.1 

44 66 IS 
I-8490169 
O.U0;{34S 
0.254754 

36 5Y 9 . 7  : 

29 23 14 
i . 6 9 0 ~ 2 2 6  
0.005973 
0.124198 

19 22 59.8 
3 8 .3  

19 26 1 
1-5220722 
0.005943 
O.lS7488 

14 27 13 .6  
2 29.4 

14  29 43 
1.3984612 
0'006264 
0.254192 

0 

0.00401 3 o.U0:3:j28 i 0 . 0 ~ 2 8 7 2  
u."2;55 0.299753 0 .35  l l(;G 

/ 63 41 3 . 3  
0 16.4 

63 4.1 20 
i . 9 5 ~ 5 0 1 8  
0~001313  
0.255390 

65 31 8.-1. 
0 90.4 

65 31 29 
i . 9 5 9 1 0 ~ 1  
0.001147 
0.260152 

59 41 41.7 
2 21.1 

59 44 3 
1.9363608 
0 -001697 
0~281789  

51 4.1 49.6 
3 5 4 . 8  

51 45 44 
1.8931186 
0.002560 
0.3l7253 

44 3 ;  6 8 . 7  

ti3 5ti 27.7 1 
0 6 . 5  1 

68 56 34 1 

1 . 9 5 ~ ~ ~ 8 1 ;  
0.001L'S!) : 
0.3lSS5S 

0 O 0 
0 0 

0 0 0 
-a, 

0.006682 
0.035775 

140 

100 

0.00257ti 
0'405139 

5U 5C; 5<l'S 5 i  17 10.9 ' 58 3-1. 48.1 
1 18.3 0 54.:) 

50 59 37 7 1 2 58 35 43 

4 41.4 
37 2 i l  
1.7790407 
0.004257 
0.316635 

J 

ti5 50 30 .9  
0 9 . 4  

6: 50 49 
1 . 9 6 0 ~ 1 2 1  
0~001110  
0.324032 

G2 1 8  4 5 . 2  
1 43.1 

62 20 28 
i.9473002 
0~001440  
0.343134 

56 I5 2 7 - 3  
:I 17.9 

5C IS 45 
i.9201(;29 
0 0 0 0  
0.374042 

53 31 3 . 3  
3 5 . 1  

53 34 S 
1 .  g0j j i ; j2  
0.002357 
0.073722 

180'-A, 1 0 0 0 
0 0 

u.Ul~.'ti47 0 0 1  
0.3139'23 0.2i0030 

65 56 48.9 
O 2 . 1  

65 56 51 
1 .9~05528  
0.001110 
0.397973 

63 52 30.2 
1 1 5 . 0  

ti3 58 43 
1.953 2764 
0.0012!14 
0,405645 

59 21 5 9 . 3  
2 43.8 

59 24 43 
i . ~ 8 r ~ * ~ i l ;  
0 0 ~ ~ 1 7 1 0  
0.433406 

29 19 11 .0  
4 2 . 5  

, 0.001;682 
s / b  i 0.105616 

1.!)25~392 , i.!,312u75 
U.OU1949 1 O.UvlSl4 
0.328293 0.387702 

1SO"-.41 
- 6.4, 

180'--iO 
log k 
h" 
8,'b 

180'-.dl 
- 6A, 

180'-Aa 
log k 

h2 
s/b 

1 50 0 9.0 ( 54 S 7 . 8  

0 O O 
0 0 

0 0 0 
-00 

0'006682 
0'157964 

0 0 0 
0 0 

0 0 0 
- w  

0'006682 
0'245270 

4 3S.9 .I. 15.  7 
44 :I1 39 50 1 28 
i.64SS709 i.88.1:?63 
0.00339ti 0'002i52 
0.362591 ; 0.414102 

3 5 1 . 3  
54 11 59 
I . L I O ~ J Z ~ ; ~  
0.OOZaSj 
0.469464 



GEODESIC8 ON A SPHEROID. 

TA BLE XXI Y. 

For the case L'- L = 0 it is clear that 

8. I t  may be of interest to find the expression for the azimuthal angle of a vertical plane at 
the origin which passes through any given point on the earth, so that the difference of this and 
the geodesic may he studied. 

The spheroid may be expressed 

and p and Q two points OII surface 
P aces+, 0, b sin+ 
Q a~os+'cosL, acos+'sin L, bsin+' 

Tangent plane at P is 
xcos+ =sin$ - + -- 

a b - 1  . . . , . . . , . . . .  
The vertical plane at P which paseee through Q also is 



TLIE EARTH'S AXES AND TRTANOULATION. 
b 

subject to  the conditions 
la  cos4 + nb sin4 = 1 since P is in it  

la cos+'cosL + m a  cos+' sinL + fib sin+' = 1 since Q ia in  it 

since i t  is peq~endicular to (44) 

la cos+ ~ z b  s in4 la cos$ + nb sin$ - -- --- 1  . . . . . . . . . . a  a3 - b" a" 62 =-  a"b6" (45) 

Also 
1 Iu =--  n b  - - - - In cos4' cosl; + nb sin +' - 1 
- 6 2  a2 sec+ - b" cosec$ a%ec$ cos+' cosL -- 6%osec$ siu$' - ul+ I 2  

The azimuthal angle of Q from P as determined by the ~e r t i ca l  plane through P is the 
angle this plane makes with ZOX or otherwise i t  is the angle between the .normal to this plane, 
whose direction cosines are proportional to I n )  91, and the axis 01: 

711 ? ) I  
The angle accordingly is cos-I - - - - = + sav J-Z~T;~? - - 

. . 
Now 

and by (46) 
C O S ' ~  cosL .L - 

cos$ - ( 1  -$) (I .  
m =  

ne2 cos+' sin& 

tan+  = dl- e%os2+ oe9 cos+' sin& 
aeh in+  cos$ ' sin+' cosd' cosL 

s-- cos+ 

- - 2 ~ 0 ~ 4 '  sinL J-6 
sin24 .sin+' cosd' cosL 

+eS ( I-- ' . . (49) 

Substitute for 4 in terms of A by means of (4) 

1 
t a n +  - - sin 4 cos+ 

tanh; JT- . = - -  - 1 
-,/E2 - e ' s ~ n ~  cash J I  -89 sing 
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Hence the value of tan + is 

cosXfsinL 2/ 1 
-- 

2/ 1 - e2 swn2X 1 - e2 sin2X 
- - 

(sink' cosX- cosh' sinX c o d )  J I - e h 2  cosX dl- e2 sink - sinX' 
-r J [I - ea sin2h) ( I  - e2 sin2X') -(= J I - L ' s ~ ~ ~ Y  

from which i t  follows that 

+ being the azimuthal angle of + from P. 

The case of a sphere is found by putting e=  o, when (50) becomes 

cos X' sin L tan +, = 
s i ~ ~ h ' c o s h - c o s h ' s i n X c o s L  ' ' ' ' (51) 

which is the ordinary formula. 

.in S + Let  +=q0+8+: then cot+ o +a+- cot+,= --: 
sin + sin+o 

This formula gives the correction to be applied to the azimuthal angle, found from the 
formula for a sphere, to obtain the spheroidal azimuth. 



Changes of coordinates of triangulated points, due t o  changes in 
axes of the terrestrial spheroid, calculated along geodesics. 

1. Consider a geodesic on any surface, aud let A B C be three consecutive points on it. 
Then A B C is the osculating plane at  B and from the fundamental property of the geodesic i t  
contains the normal to the surface s t  B. This shows that measured from B the azimuths of 
A and C differ by two right angles. I t  is possible then to  describe a geodesic on a surface of un- 
kiiown form by fulfilling this condition : and, to  take a practical case, a traverse along a geodesic 
can be observed on the earth without knowing its figure if access to a level surface is possible. 
I t  follows that if there is a geodesic on one surface which has been selected as representing the 
earth aud it is desired to  chauge to  allother surface, the geodesic on the first surface will, on 
transfer to the second surface, remain a geodesic. This property makes i t  possible to differen- 
tiate along a geodesic with respect to the constanls of the first surface slid so to find relations 
between changes in these constauts and the quantities defiuing the position of points. 

This fact will now be made use of in connection with the equations of Chapter I1 for the  
case of a spheroid. Now i t  has been shown in Chapter I that  the effect of slightly chacging the  
latitude and azimuth a t  the origin may be computed, and that the result is practically indepen- 
dent of the route followed-values of u, aiid 2by etc. being identical to nearer than 0.001 of a 
second: aud the resulting ctiauges oE latitude, longitude and azimuth for unit changes a t  the 
origin are given in tables XVII  - XX. These values then are equally applicable to a geodesic 
and so it is only liecessary to consider the effects of changes in n and 6. 

I t  is however found cotivenient not to alter the constant b of the geodesic; and siuce this is 
equal to sin A cos 4, this is given effect to by not changing the values of d and #J a t  the origin. 
I t  is moreover more convenient in dealiug with geodesics ou a spheroid to malie use of the eccen- 
tric angle, or reduced latitude +, in place of the latitude A .  Now the relati011 between X and #J in- 
volves e2 and so if C#I is unchanged a t  the origin while eS undergoes a change i t  follows that  

must also change a t  the origin. I n  the solutioll which follows the effect of this origiu change 
of X occurs: but as its amount cau be found from tables XVII,  XVII I  there is no difficulty in 
removing it. 

2. For convenience of reference equations (26), (85), (27), (2)) (40), (481, (41) of Chapter I1 
are repeated. 
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The signs occuning in (1) and (2) are to be determined as explained in Chapter 11. The 
sign of x is determined by (8). It is best to consider a and 3 as independent variables and b as 
dependent on these. A t  the end there is no difficulty in passing to the case of a and b considered as 
independent and e2 as the dependent variable. 

3. Suppose then that a and e2 are changed, while the azimuth and reduced latitude + oE 
the origin remain unchanged. Values at  the origin will be denoted by dashes. 

Differentiating (4) and keeping k constant 

6k= 0 = cos A cos+ 6A-sinAsin+ 6+ 

Changes oE reduced latitude, longitude and azimuth, in keeping with the notation of 
Chapter I, wi l l  be denoted by ?i,, v, w :  and the above equation may be written 

20 = tan A tan+. u, . . . . . . . . . . . . .  (9) 

Differentiating (1) and remembering that vl=O 

By differentiating logarithmically tan $ = + tanA sin+ which is the same as (2) : and by 
(3) and (6) 

any of these expressions being denoted by x. This quantity x vanishes at the origin. 

Finally differentiate (5) keeping R constant, replacing 6% by means of ( I  1) and aJT-e3 by b 



8a 
Equations (12) and (13) serve to  determine k in terms of - (I and 81'. ) I  ~ o i " " t h b  other 

quantities from (9) and (11) i t  follows tha t  

and from (10) and (11) 

I n  all the ahove equations square brackets indicate that  the quantity enclosed has t o  be 
taken between limits. 

4. I t  remains t o  give the relation between u a i ~ d  21, 

From (4) of Chapter I1 

tali+ = ,/=? tnnX 

Differentiating this logarithmically 

Now 

so that 

At theorigin ull=O : hence 

6 .  It may he noticed that hy this method the c h a ~ ~ g e s  ic, v,  zu appear to  be found without 
any integration, whereas iu Chapter I simulta~~eorls  differentia1 equations occurred which had to be 
solved. The case under consideration is a particular case of the general eqrlations (3) of Chapter I. 
The decision to follow a geodesic introduces rr relation 11p which these cqi~atious can he reduced 
to total differential eqr~ations: arid the integratiou of these equations would l e d  to the same 
results as may he ohtained From equations (I:?) to (17). Thc same resrilts will he seen to be 
obtainable by application to vnlries of N,, r*,, rv, of tlie appropriate closing errors. For the case 
now under consideratiou thc eqr~atious formed in Chapter I I give the resnlts of integratiou : and 
so no further integratiou is necessary. 
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6. In maldng use of the equations (1 2) to (1 7) two cases are considered in which 
( i)  6a=1 km. and 6ea=0 
(ii) &=0 and 6e2= -0001 

The first of these corresponds to a combination of cases I and I1 of Chapter I, while the 
second corresponds to a combination of cases 11 and 111. This arrangement simplifies computation 
and there is no difficulty in deriving cases I and I1 when the computations are complete. 

As no azimuthal change is being made a t  the origin it is clear that there is symmetry about a 

central meridian. I n  Chapter I1 values of +,0, X ,  A, 8, k (vide tables XXIII, XXIV) have 
b 

already been given for every 4' of from 10' to 38' and for longitude differences of 5' from 4' to 24'. 
With the help of these the values of u,, u, v, w exhibited in the following two tables have been found. 
A double sign is prefised to v and w and of these the upper or lower is to be taken according as the 
point is west or east of the origin. The results are given to three places of decimals as found by the 
computations: but the last figure is liable to error, which is ilot sufficiently large to be practically 
important for the present purpose. 

TABLE X X P .  

6 
Ga= 1 km., (Ge"0) Gb=-=  m9967km. 

a 

+ L-L' I 4 1 8 1 12 1 16 1 20 1 21 

- 7.834 - 7,710 - 7,510 - 7.237 
- 7.8-10 - 7.716 - 7.516 - 7'233 

39 + 2.G4-1 + 5.280 + 7.914 
+ 1.830 + 3.258 + 4.892 + 6.499 

- 5.U18 

31 
- 5.026 * 1' + 9.967 

f w + 5.586 

- 6.863 
- 6.868 

+ 1 0 5 3 2 + + 1 3 ~ 1 4 3  
+ 8.106 

- 4.683 
- 4.689 
+12 ,43 i  
+ 6 ,971  

- 6.415 
- 6.420 
+ l 5 . 7 3 3  
+ 9 ' i 0 3  

- 4.270 
- 4'2--  I :J 

+14,.894 
+ 8'348 

- 3.229 - 3.052 - 2-812 - 2.502 - 2.123 
- 3.227 - 3.057 - 2'817 - 2.506 - 2.127 
+ 4 ;(;!I + 7 ,143  + 0,516 +11.871 + 14.228 
+ 2.3:JO + 3,581 + 4.769 + 5.YZl + i . 128  

11, 
tr. 

30 & V 

f r u  

- 3.325 
- 3 ,331  
+ 2,384 
+ 1.105 

l c l  

26  i v 
-+ lL iu 

- - 1.071 1.0?:3 - - 0 O.!IS!) 977 I i  - 0.820 - 0.603 - 0.322 + 0.094 
- 0 . 8 2 2  - O'(i0-1 

+ 2.2!14 + 4.586 + 1;-873 + 0.153 
+ 0 1 + 2 1 u l i  + 3.019 1 + 4.024 

I,, + 1,185 + 1.268 ' + 1 ,409  + 1.606 + 1.S6O + 2.172 
+ I , IhH + 1.271 + 1.412 + I ' f i l O  + 1.864 + 2'177 

2 2 I: + 2 1 + 4 4 4 7  + 6 . C G . i  + 8 1  1 8  + I 3 2 9 1  
f w  + fI.83l; + 1.871 + 2-594 + 3.338 + 4.164 + 4,.991 

''1 + + 3.J:ln a . -~k r  + + 3.513 :r.r,rz i i l l  + + 3,814 : I - ~ n  I. + + -i.oa.i 4 ,044 + + .L.:<;II 4.319 

- 0.323 
+11.435 
+ 5 0 2 5  

18 + 2.172 * rrr I + 0.(;73 

+ 0.0'24 
+13.718 
+ I 0 2 4  

"I 

I0  
* w 

"I 

14 
u 
f 11 

* W  

+12.981  
+ 4.024 

+ 4.343 + 8.67.1. 
+ 1.346 + 2.(;8Y 

+ 6.695 
+ 6.712 
+ 2'136 
+ 0.51'2 

+10.834 
+ 3.3tiO 

+ 5.71;0 + 6.869 
+ 5 7 7 7  1 + 5 4  
+ 4 . 2 i l  + G.401 
+ 1.03; + 1.554 

+ (i.024 + 6,223 + 6,467 
+ I 1 + 6 2 4 1  1 + l i Y 6  
+ 8.636 +IO.t;GO +12.777 
+ 2.070 + 2.587 + 3.100 



CHANGES ALONG GEODESICS. 

TABLE X X P I .  

(126e3 
6n=O; (6e"O~OOOl) ; 6b= --= -0.3200 km.;  u,=3".872. 2 6 

By the help of tables S V I I  ant1 S Y I I I  of Chapter I nud their estc.usions (cide 
tables S S S V ,  S S S V I  below) the effect of I / , ,  is eliminated : the figures ill these tables give by 
interpolation ralues of z/, for each point in table SST' I ,  aud these multiplied by -3 .872 are applied 
to the corresponding figures in S S V I ,  leaving residuals due to case 86= - .3900. The residuals 

I 
are multiplied by - - and the result is the case 11,- Sb= 1,6n=O. This case is then multiplied 

-33  
by- -9967 nnd applied to table XXV, l e n ~ i u g  as a residual case I,- 6a=l. 66=0. From these 
tables values corresponding to eyen degrees of 1 are interpolntetl and the  results nre exhibited iu 
tables S X V I I ,  S S V I I I .  
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T h e  justification for this method of computing along a geodesic is t h a t  a point is reached hy 
t h e  shortest available route  f rom t h e  origin. Now in practice a point's position relative t o  the 
origin is determ~llec1 by a netnorl i  of t r i a ~ ~ g u l a t i o n  : and in general the geodesic takes a more or 
less medial course through this ne tnork .  V'hen this  is uot t h e  case a modified pl*ocedure beconles 
desirable, and  this occurs i n  the  Burma triangulation. Geodesics from Kali511pnr t o  L o n e r  Burma 
cross t h e  Bay of Bellgal. A s  a single geodesic is  thus  unsatisfactory t h e  n e s t  simplest course secms 
t o  he t o  follow a geodesic from Kal i inpur  t o  Chit tagong and then, taliing a different !geodesic, to  
proceed t o  any  desired point. T O  give effect t o  this, recomputation of quantities occurring ahore 
mould he necessary: b u t  hy  a slight modification this  can he avoided. Choose as  first 
t h e  one f rom Kal i inpur  which cu ts  t h e  meridian 91' 39' 17".57 i .e .  14Oeast of thismeridian of the 
origin a t  the  same latitude as t h e  origin, 24,' 7' 11". This  point may be regarded as a second 

.- ~ -. - ---- 

1." 

+ 2.5:34 
+142!)4 
+ 4 

+ 2-203  
+ l l . 4 5 5  
+ 5 : :  

Ma 
+ 2.!)4l. 
t 1 7 . 1 1 4  
+ 7.!U<O 

+ 1-(i0S + 1 - 6 4 5  + 1,755 + I.!)-t2 
0 0 0 0  + 2 , 8 7 H  5.750 + 8 . ( i 0 9  

f 1 , -  0'000 + l.:3-16 + 2.(jhS + 4 I I I +  I 
30" 

2(i0 
+ .3:1ll + 4-422  + 5.50:3 + (i.56:{ 

1 + u 1, ) - 0 ~ i 4 ~ ~ - 0 ~ I i 1 ~ / - 0 ~ 1 1 ~ - 0 1 3 1 ~ - 0 ~ 1 0 ~ i ~ ~ O l ~ ~ 4 ~ + 0 ~ ~ j 2  0.000 t 2 5 + 5.170 + 7.761 + 10.325 + I 2  SS5 +15.447 

0.000 + 1 0:iS + 2.06(i + B 089 + 4 '  101 5.095 + (i-065 - I ;., 
I , ]  

~k zu 

.5.07!) 5 5  5':306 - 5 0 2 8  - 4 - ( i s 1  

10" ) , 1 - 1 4  0.000 + O.S!IO + 1.758 + 3 504 + - 5  T 5.177 1 4.7S5 1 1 9,5:39 1 +11 <41G 1 +14,2S9 

- 2.111 ' - O i l  - 1 g i l  1 - 1 - 1 5-1 - I t i s  - I ! l l  
0 0 0 0 ,  + 2.523 + 5 .034  + 7'539 +10.040 + I :  +15.01S 
0.000 / + 0.071 + 1 + 2'RUII + :J'S44 + 4.j:t; + 5.6R(i 

- :{ 530 - 3 ,812  - 3,715 - :3.559 
0.000 + 2 454 + 4-90G + 7,344 
0.n00 i l l  + 0 ,927  + 1,5$3 + 2 .753  

- 2.701 
+14. l i3i  
+ 5-395  

- :i.33:3 
+ 9 7S2 
+ :3 651 

- :j 04!1 
+12 .2 l ( i  
+ 4 534 



C H A N G E S  ALOSO GEODESICS. 

TABLE XXPIII .  
a h =  1 Itm, 6a=  0. 

h I L-L.' I (P' I I' 1 I).' I 14' I l ( i '  I Pi)" I 2P 
~ ~ 

- 8 - I !)':37!J - 9.3(;8 - $1.362 - !).:324 
3 '  1 : 0 0 0  1 - 0 1 0 5 1 - 1 0  - 1 4 5 3  1 I 1 - 2 It;(; 

0 000 t 0 I20 + 0 .243  + 0 ' : l i l  t 0,607 + 0.(i.k5 + 0.hOO 

- 1 5%- - 1 +!)H - 2,2(i(j 

J l i '  

( ; + 9.59,;  !)'GRl 5  2 + fJ..):il $1 346 + !J'3.$2 
14' 0 000 0 '321  - O.i;:ii O. ! ) -k j  - 1 slil; 1 ::: 1 0 , l j ( )  1 0 ,410  1 : 0.8,:3 1 1 20s 1 I ::: 1 :':: 1 - 2,:i14 

+ 1:3.833 + l3,AIG + 13.775 + 12.711; + 1 2  + 13.520 + 13 .3% 
0 000 - 0 . 2 7 9  - 0 . 6 5 s  - 0.822 - 1 ,301  - I 632 loo 1 0 0 0 0 0 2 1 . 0 4 1 1 . 5 4 : 2 0 . . ~ . s ! ,  

* + 0,. - ~ l c c o r d i n ~  as poin t  is ~ e s t  or  enst. oF origin 

origin for Lower Burma and the tables already calculated can be made use of. Tlie difierellre 
f rom p i o g  ?.ill Chittagong caused by this ih less than 0.01 secoiid in latitude and longitude 
0 . 1  seconcl of azimuth as may be seen by considering the closing errors shown in t ~ b l e s  11, 111, 
IV. Corrpsponding to case I, 6c1= llrm at Raliiinpur, cases I, 111, I V  arise a t  the second origiu : 
but the latter two cases are readily eliminated by tables X I r I I  to  S S ,  remembering that  the 
val~res of L i n  these tables are no\\, naturally to be increased by 1-kc. I u  this way tables, untler 
Ileading 11, z.,, or 70, as the case may be (suffis g indicating that the route followed is n geode5ic) 
giving the cl~angc of coordinates due to changc of ases and origin for the four cases. 1lal.e I,eeu 
prepared for the whole of India and Burnla and are non- gireu (tables X S I S - X S S I V ) .  Tllo\r 
for cases I I I  ant1 I V  have already been given for India up to longitude 94' and n o r  on]? tile 
additions necessary for Burma are glven (vide tablcs SSS\-, S S S V I ) .  
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Case I.-Sa = 1 km. V a l u e s  o f  u, FABLE XXIX. 
in seconds. 

600 

I 1 1 1 1 71' 72' 73' 1 74' 75' 7 6  1 77' 78. 79' 61. 62" 63. 64O 65' 6 6  67' 68- 69' 70' 
I 

40" 

3 9 
38 
37 

36 
35 
34 

33 
32 
31 

30 

29 
28 

2.107 
2 . 0 s  

1.951 

1.795 
1 . ~ ~ ~ ~  

1.351 1.335 1.321 

1.473 1.456 1.41Y 
1.563 1.547 1.535 
1.625 1.609 1.50tl 

1.658 I.6#2 1.631 
1.683 1.ti.17 1.638 
1.640 1.624 1.614 

1.591 1.571 1.565 
1,516 1,500 1.490 
1.414 1.:;0s 1,387 

1.256 1.270 1.259 

1.392 1.370 

1.514 1.491 
1.608 1.552 
1.660 1 . 6 4  

1.731 1.701 1.677 
1.7% 11706 1.662 
1.711 1.68:1 1.650 

1.668 1.634 1.610 
1.587 1.550 1.535 
1.495 1.457 1.443 

I 357 1.3 '3  l.:305 

1 l : i03 1.175 l , l i l  
1.0.22 0.!194 u.!nl 
0.816 O.ib7 0.763 

0 589 O.jB? '1,538 

5.119 2.046 1.977 
2.012 1,539 1.871 

1-87) 1.605 1.737 

1.720 1 . ~ 7  1.580 
1.533 1 . ~ 6 3  1.397 

0.744 

0.516 
0,2(;(; 

0.i30 

61~504 
0.258 

1.M6 1.603 
1.849 1.90(j 
1 . ~ 2 4  1.782 

1.775 1.733 
1.746 l.;W 1.658 
1.M2 1.596 1.55j 

1 . 1 2  1.467 1.126 

1.358 1.312 1. l7l  
1.115 1.132 1.090 
0.069 0.014 1).885 

0.739 0.695 0.656 

0 . 3 3  10.lil 0.112 0,006 1 Ui066 0.1139 u '0l) l  o.m 0 . ~ 1 6  u.026 8 0.0:33 0 . ~ 3 4  

1.643 1.664 1 . 6 ~ 2  1.607 1.70s 1.716 1.717 

ahore the  t.orizoutnl 
- helow i t .  

1.912 1.W2 1.796 
1.507 1.747 1.092 

1.674 1.618 1.562 

1.517 1.459 1.405 
1.334 1.277 1.223 
1.127 1.070 1.017 

0.696 O,P41 0.767 

24 

2 3 
2 2 
2 1 

2 0 

19 
18 
17 

16 
15 
14 

13 
12 
1 1  

10 

9 
8 

Lone. 

27 

26 

0.748 0.W1 0.71'9 

U.520 0050ti O.-IOG 
0.270 0,256 0,241; 

27 

26 
25 

1.624 1.823 1,627 
1.630 1.629 1,833 
1.609 1.608 1.812 

1.561 1.5G0 1.56.4 
1.485 1.184 1.488 
1.362 1.331 1.385 

1.253 11.51 1.256 

1.7W 
1.769 
1 . 7 ~  

1.695 
1.820 
1.518 

1.:3N 

1.235 
1.0% 
0.8U 

0.620 

I 

The sim is + 
clividing line :rud 

1.393 11.3% 1.255 1 . 1 ~ 9  

1.1M 11.091 1.022 0.056 

fl.718 0.717 0.721 

0.491 0.490 0.494 
0.241 0.240 0.244 

1.651; 
1.601 
1,G:JS 

1 . 5 ~ 9  
1.514 
1.111 

11.11 

1.638 
1.644 
l.G'!? 

1.574 
1.498 
1.305 

1.267 

0.487 0.444 0.4(15 0 . W  0.587 0 . 5 3  

\ 1 Lnt. 

30: 

25 

40' 

39 
38 
37 

36 
35 
34 

' 33 
32 
31 

30 

1.127 
0.94s 

1.112 
u.9:13 

0.3139 0 339 0.312 0.280 U.OlU! 0 . W  0.769 0.704 

1.132 1.116 1.105 l ' l oo  1.030 1.103 29 
28 u.953 11.93; v.!v?6 

81' 82. 83- 184 85 8 6  

I 

O'oal 0.020 0.92.4 

1.232 1.209 1.320 1..37 1.379 1.4141 1.152 1.4Di 1.5h5 1,507 l.li54 1.716 1.ISB 1,553 1.028 3,VO.I 

23 1.127 1 . l u  1.1W 1 1 ' "L  1.759 1.2!IR 1.311 1.3% 1.441 11.199 1,55!1 l.li2.5 l.lj!l5 1.7iO 1.81; 
! J . ~ L %  0 . w  o . r ~ ~ ~ / i : ( ~ ~  ::6,i:; I . ~ ; ~ ~ . ~ ~ ~  i.ii!~ 1.317 1.25s 1.:31i l.:3ii 1-1-10 r- iug ].re2 1,tit;ll 

0.605 IJ.k.:7 0 . ~ 7 2  0 . 0 1 1  0.1153 l.iMM 1,051 1.107 1,167 1.232 1.:;01 1.3i3 1.430 

0..579 0.mO iWR-I:;0.l;SP 11.724 il.iiO 0+2l / O , % %  0,936 0.090 1.087 1.139 l.21fl 
0.::2!1 o.:!r,o o.::oz I I . ~ J I )  o..k;2 o.als n . 5 ~  o.r;n:l (1.6% 0.747 I J . S ~ ~  o . 3 ~ ~  o.,11;1 
0.115~ 0.0~6 I I . ~ I ! I  0.157 1 l . 1 ~  o.su I I . ~  0.:149 0.411 0 . m  o.510j 0 . ~ 1 8  o.;;ori 

n.ll.iY 0.11-1 0.152 0.251 0.323 0 . ~ 0  
u I07 0 . 3 ~  U.13h " . ~ ~ l O . O O h  0.085 
0:$06 0.512 0.474 O..LV4 0.33" 1~.25:j 

2.OD1 2.150 '2.275 

1.310 2.1117 2.109 
i ; r ,  i w a  1.910 
1.531 1,616 l.iU6 

I.?!lR 1.3SO I.BO 
1 . ~ 4 0  1.1:3 1.21:3 
0.775 0.851; 0 . 0 ~ 3  

0.480 0.561 0 . c ~  
0.1R9 0.241 0.:1:31 
0 . l i  ,j.~!):j 0.ul17 

0.532 0.451 n. : ;c~ 

0.0(1H O.fi27 0.741 
1,302 1.221 1.135 
1.714 1.633 1.5.t; 

2.142 2.061 1.975 
2.698 2.505 2.419 
3.orb a.983 2.677 

3.617 3.437 3.351 
4 . m  3.oaa 3 . ~ 7  
4.600 4.420 4.334 

5.n07 4.028 4.841 

5.621 6.442 5.358 
0 . M  6.007 5.W 

20 

19 
18 
17 

16 
15 
14 

1 1  

10 

P 

2.3110 

$205 
2.1,li 
1.?101 

1.564 
l.:;mi 
1.0:jc; 

0 . 7 ~  
0 . W  
ll.11%4 

0.27:; 

O.(i50 
1.044 
1 . ~ 5 7  

1.885 
2.:+20 
2 .7~7  

3.262 
:~.747 
4.244 

4.752 

5.270 
5.707 

1.312 1.z~r.5 1.278 

1.654 I.f;7l 1.Y.W 
2.@3 2.WS 2.(,M 
z.roa 2.477 z . . ~ ;  

Z.fjZ3 2.8Q5 2.5W 

5.471 .'.Ji7 

2 .M; 5 411~ 
2.115 :.:I- 
1.000 2.O(,.i 

1.1iFB 1.71;i 
1.40:; 1.515 
1.1:j:j 1.~':::; 

o.s::c; n m ;  
0.510 0.610 
0.180 '1'ZCU 

0.1;; 0.079 

0,554 O.fit; 
0.Y-M 0'11511 
1.31i:! 1.2ljl; 

1.791 1.tiOD 
2.23li 
2.1i0.t 2,597 

3.160 :l.O?2 
3 . 6 3  :I.:*~R 
4.161 4.0% 

J.C-50 4'5C-I 

5.177 5'0%9 
5.704 5.611 

1.250 1.222 1 . 1 ~ 9  

l.RZlJ 1.50!1 
2.020 I.!R3 
2 . w ~  2.405 

2 . W  2 . 6 9  

T h e  n i p  ia + 
fliridlnu line nnd 

303 

29 
18 
27 

26 
25 
24 

23 
22 
21 

20 

l 9  

187 
16 
1 5 
14 

13 
1 2 
1 

l o  

8 

I . I ~ B  1.11:: 

above the horizontRl - t d o a  it. 

O.!J65 0 . n ~  0.R33 

1.208 
I.liU3 
2.1115 

2 . M  

0.701 0.68; 0.610 

1.127 1.063 0.986 
1.532 1.168 1.3HU 
1.DJ-L 1.870 3.792 

2.073 2.296 2.220 



CHANGES ALONG GEODESI83. 

Case I.--& = 1 km. V a l u e s  o f  v, 
in seconds. 

6 I 

TABLB XXX. 

Lat. p s i t i v e  N e g n t i v e  -- - ~ n t .  - 

40" .k.348 3.581 9.815 2.048 1.280 40' 

39 1.208 9.5:lD 2.781 2.022 1.26'2 I 3 9 
38 4.240 5..1!)8 2.7.IH 1.007 1.245 i 

3 8 
37 4.201 3.P5M 2.716 1.073 1.230 37 

36 
35 
34 . 

2 3 
2 2 
2 1 

20 

19 
18 
17 

16 
15 
14 

13 
12 
1 1  

10 

9 
8 

( i . 9 : ~  6.2~<, 5.(i:if1 
lj.983 (i.238 5,693 
6.~;(l. 6 .10  5.555 

87' 88' 89' 90' 91' 92' 93' 94. 95: 96: 97: 9 8  99' I .  1 81' 82" 83' 1 W 85' 86' 1 1 1 1 1 

. . g ~ . l  
4 .9H 
1.013 

LIL~. 

30' 

29 
28 
27 

26 
25 
24 

23 
22 
21 

20 

19 
18 
17 

16 
15 
14 

10 

9 
8 

.1.::35 3.686 :;.n:ici 
1.3(rJ :3.li69 : i . O l  
& . z i &  3.KJ.l 2.931 

3.G10 2.97.1 

:1.58ti 2.051 
:3.51* 2.0:J.l 
3.530 "015 

:1.516 2,895 
3.493 . ' .Hi5 
9.470 2.s58 

3.418 .'.&:IS 
:I..L.?G 2.820 
3.404 Z.S(I:! 

:1.393 2.i8.1 

3.360 2.761; 
3.338 2. i .N 

N e g a t i v e  

<.::$a 1.i:;3 1 . 0 ~ 1  
2.31;3 1.721 1.072 
.'.3S!! I . iU0 1.066 

2.337 1.698 1.05s 

2.SY1 1.1,Wli 1,052 
2.3U5 1.675 1.044 
2.200 1.Gti.k l.V;iS 

2.271 l.G.5" 1.030 
2.25s I.( i-Ll 1.(1:'3 
2.?E; I.C30 1.016 

2.21'; 1.610 1.01rr 
2.211 1.604 1.1103 
2.200 1.508 o.!Io(~ 

2.186 1.5S8 0.090 

2 . l i 2  1,578 0.99-1 
2.158 1,568 0.978 

2.310 3.IM7 3.607 

2 .20  2 . 0 8  6 
3,272 2.950 3.638 
2.2. 1.5 :3.591 

2.23:I 2.000 :1.561; 
2.215 2.876 3.53 
2.lU0 2.855 3.510 

2 8 ;  3 
2.lCiH ~ . n l . k  :J..ED 
2,153 2.705 3.U5 

2.1:IR 2,776 3.412 

2.12.4 2.76R 3.300 
2.111) 2.710 :I.:iun 
2.lJ0U 2.721 3.3l.5 

2.W2 a.703 3.323 

4.387 5.076 5.764 

4 5 7 
d.:JO6 4,983 5,650 
1.268 4.039 5.610 

,1.2:33 4.FAlH 5.5li:I 
i.I!ll ,L.858 5,517 
4.105 4.W10 6.4i.L 

I 7 2 
.I.IO~ 4.748 S.:~WJ 
I.Oi5 4.715 5.365 

.L.O.IB 1.(iWJ 6.310 

L.021 4.653 
3.!InL .I.D.?:~ 
3.5160 4,503 

3.0-1,1 4.61i3 

o..I~; 
U.-L.'L 
u . 4 2  

0.410 

U.4lR 
0.113 
0,411 

0.4021 
l)..lO.; 
0.102 

0.400 
O.:;l)i 
u . 3 ~ 1  

0.9!1'2 

,1.:;!10 
O.:i>S 

6452  7.140 7.8.27 18.61.1. 0.201 0.Fr)Y I0 .S i l  

I I !  0 : ;  
!I.(Isk !I.;IU IO.:iS:l 

6 :  7073  7 
6.394 7.010 7,fiSJ 
6.270 6.049 7.617 

(i..'.L7 (i.8!11 i.65.l 
1 t i  7 I 
6.120 6.733 i..l:li 

0 7 7 
6.098 1 i .08~ 7.320 
5.096 6.637 

5.065 6.501 

0.225 c ~ . s i ~  
0.2-1 l1.S;2 
U . 2 2  0,Y18ci 

0.2'20 0.S60 

0.219 0.92.1 
0.21s 0.8-I9 
O,?l l i  0.8Ki 

0.215 o.>::i 
(1.2l:: u.4:Il 
0.212 0.8-21; 

0 . 2 1 ~  o.>in 
O..LO!I (1.815 
0,2118 O.~;IU 

0.2W O.s?Ll 

O.AlT, U.;!I!l 
0 . 2 ~ 3  U,;!Ik 

p...--...-p-p--- ~ 

ll..'IiO 11.01312~1;?5 13~: l lk ; l : ; .0SslL~1; t i0~1i~310 '11~~0'11J1~~~7~l !~  30 

I 1 .  I : ,  I . :  1 : ; I  29 
11.0:,!l 11.731 1% 10:; 1.1 O,.; I::.;~I I I. IIB 1:,.0.;:: lI5.7:%2 14;. 121 28 

S I :  
8.:350 
*,.'NU 

S.217 
I 
X.O!ll 

I 
7,973 

S.!l56 !11;21 III.I!II I 0 . 9 ~ 1  l l . ~ q l ~ ~ 1 ~ l ~ : ~ ~ l : l . , ~ ~ ] ~ . . ' ! ~ ~ l ~ ~ . ~ ; ! ~ ~ ~ ~ 2 ~  27 
S.891 !I,:,Il; I0.210 l(l.hi:: 11.;,3t1?.19l; 12.~5; I::.:,lq l 1. 17; I &..<:It;II:,. I!I:, lt;.I:.:: 26 
I 4 0  I I ? s l i h G  1 . i  f i ~ ~ ~ . : ~ :  I:: Y I  1 L . l ; l  l i t ;  21 
H.715 'J'*lO 10.061 111 i 05  II.:IS;I~.IIUS 12~1;;11113~:l11~1::~!1;,5 LI.CI~::~I:B~.'~I I:s.:lrNt 24 

6 9  9 7  ! I  I I . ;  I I :  : I  i I I :  I 23  
8.(;17 !I.!~UO ~ c l . : , ~  11.1!1ul1.r:,l 12. 17: ~:I.II~I::.;L;I 1.:3.1;'l::ci.24 ~:>.,i:; 2 2  
8.654 0.ISli 0.h27 l~..lG ]~.l~;ll.i&& l.'.:i.r(~I::.~lti I~.(;uI~II.~~~.LI.!I~~;I;~.;J~I 2 I 

I I I  I : I - I : ; I : I  I I 15 

II~I;III 12.313 1 2 ~ ~ 1 6 ' I : l ~  &I; ml4~l~ lG I t.4;lG 1 2 

l l ~ : ~ ~ ~ l l l ~ ! h ~ ~ l ~ ~ ~ ~ ~ ~ ~ l : ~ ~ l ~ l ' l ~ ~ ~ ~ ~ l ~ l ~ ~ ~ ~  

I I 

I.~,:;I z.lr.: 23 
1.5211 2.11;.1 22 
:.>l(l l2.13:: 2 1 

1. li!l ! 2.110 
1. I;U i 2.1,!'1; 
I. 160 I 2.uS" 
1.149 1 ?.(10; 
1.190; >0?2 

1.4:10i2.03n 
1.P21 1 ".11.'1; 
1.111 I . u i ~  

l . -k I? ;  2.(100 

1.39:: I.!'Si 
I . 3 r i t  1.!1;1 

18 
17 

16 
15 
14 

13 
12 
I 1 

10 

9 
8 



6 2 

Case I.-Sa = 1 km. 

TEE EARTH'S AXEB AND TRIANGULATION. 

V a l u e s  o f  w, 

- 
Long. 

Lat. 
- 
40 

3 9 
38 
37 

36 
35 
34 

3 3 
3 2 
3 1 

30 

29 
2 8 
2 7 

26 
2 5 
24 

2 3 
2 2 
2 1 

2 0 

19 
18 
17 

16 
15 
14 

13 
12 
1 1  

10 

9 
8 - - 

in seconds. 

60" 61" 62" 63" 64" 65" 66" 67" 68" 69" 70" 7 lo 72" 73" 74" 75" 76" 77" 78" 79' 80" elo l l l l l l l  
P o s i t i v e  N e g , a t i v e  

2.251 1.851 1.457 1.0GO 0.663 

2.187 1.801 1.415 1.029 0.643 
2.125 1.750 1.374 0.009 0.6'23 
2.00b 1.700 1.335 0.070 0.605 

3.422 3.ajD 2.711i 2.36.2 2.008 1.65d 1.290 0.0.l.k 0.560 0.233 0.123 0..17R O.R1:3 1.188 
3.320 2.988 2.(;12 2.208 1.053 I.fiOH 1.263 0.918 0.573 0.297 0.110 0.465 0.011 1.1% 
3.230 2.906. 3.572 2.237 1.002 1.566 l.%YO 0.804 0.558 0,221 0.116 0.453 0.700 1:120 

3.157 3 . 8 s  %.b07 2.180 1.859 1.5:f; 1.19s O.8i(l 0.5!4 0.215 0.113 0..1-k1 0.769 1.007 
5.387 5.27; .1.065 4.653 4.338 1.02:i 3.708 3.303 :i.oiB 9.7152 2.415 2.126 1.807 1.du.d 1.109 0.8.10 0.5'29 0.210 0.110 0.430 0.750 1.069 
5.453 6,151 1.817 L.5k1 .k.W 3.826 3.618 3.311 3.GO4 2.696 2.367 2.1~75 1.763 l.,152 1.140 0.8'8 0,516 0.201 0.108 0.420 0.731 1 . m  

6.325 5 . 0 3 ~  4.733 4.575 4.13.L 3.834 3..W 3.233 2.033 2.633 '2 ,331 2.027 1.723 1..418 1.113 0.800 0.504 0.200 0.105 0.410 0.i15 1.019 
I 

5.2(l.3 4.814 4.6'24 .k.332 4.039 3.i46 3.152 3.150 2.8613 2.673 2."-8 1.081 1.1381 1.306 1.OM 0.700 0.403 0,195 0.10s O..U)l 0.690 11.006 
5 . w  4.804 4.53 .k..?34 3 .0B 3.66.2 3.375 3.080 2.602 1 . 5 1 5 ' 2 ~ % 7  1.937 l.ti.17 1.3500 / 1.065 0.77.k 0.482 0,191 0.100 0.302 0.6% 0.94 
4 . 9 6  4.659 4 4 1  4.1.p! 3 . 8 B  3.58l 3.30'3 3.023 2.74': 2.461 2. l i0  1.8!)6 1.612 1.3% I.UW 0.758 0..173 0.187 O.CrJ9 0.381 0.660 0.051 

I 
4.871 4.600 4 . 3 8  4.056 3.7W 3.510 3.235 5960 2.6H5 2.410, 2.1B.L 1.856 1.573 1.501 1,023 0.i.M 0.463 0.189 0.007 G.377 0.056 0.035 
1 . i i 3  4.507 4.241 3.975 3,708 3.510 3.171 ?.OW2 2.632 2.362 3,091 1.HI9 1.5417 1.275 1.003 0.729 0 . E h  0.0.1 00.!)5 0.370 0.B.M 0.017 
4.b81 4.421 4.161 3.900 3.637 3 .3 i l  3.111 2.817 2,588 2.316 2.050 1,784 1.518 1,251 10.08.1. 0.715 0.466 0.177 0.00H 0.3G9 0.692 Oa9W 

Long. - 
Lot. 



CHANGIEEI ALONG QEODEBICB. 

I 

lase 11.-Gb = 1 km. V a l u e s  o f  a, 

in seconds. 

63 

TABLE X X X I I .  

74" 75" 76" 

10.297 10.208 10.207 

0,858 0.830 0.858 
8.380 0.386 0.385 
88.889 8.883 8.8.92 

8.351 8.351 8.351 

71" 72" 73" 

10.294 10.205 

9.855 0.856 
0.384 9.385 
8.888 8.9% 

8.3.N 8.350 8.350 
7.790 77701 7.791 
7 . m  7.2U.9 7.203 

1i.j1J2 6.501 6.591 
5.053 5,052 5.:15L 
6.287 5.236 5 . M  

-4.691 4.603 4.592 

3.870 3.874 3,872 
3.130 3.128 9.126 
2,361 2.Y.58 2.356 

1.567 1.684 1.5ti2 
0.751 0.7H 9.7.15 
u.&7 u.u01 O.UY4 

0.047 (1.051 0.054 
1.828 1.Y.32 1.Wti 
2.791 Z.;yj 2.738 

3.658 3.662 

4.G01 I.G05 
6.560 5.565 
t;.SJ9 6.5l.5 

7.634 7.540 
8.645 8.552 
9.670 9.577 

10.611910.618 
11.662 

70" 

1 1  

77' 78' 79" 

40" 

39 
38 
37 

36 
3 5 
34 

:g 
3 1 

30 

29 
28 
27 

26 
25 

8.350 8.350 8.350 

5.91iJ 5.9113 6.061 
5.31rd 5.301 5.200 

1.ll1; 4.614 4.611 

3.004 3.901 3.897 
3.ll;l; 3,161 3.1511 
2.403 2.398 2.392 

1.1;17 l.lill I.6O.L 
0.808 0.1400 0.793 

2.963 
5.:ib5 

4.510 

1.'1M 
b.i70 
Z..lOr, 

1.1>?:1 
0.315 

9 

I 8 1 

I 

i 2 1 

2 0 

19 

l7 , i 
16 T l ~ r  s i ~ n  is - nbore the  ho r i zon ta l  

' d i v i o l i ~ ~ g  l i ue  nllcl + below it. 

12 

7.791 7.701 7.702 7,792 7.792 7.7!I" 

12.~27 I ? . ; J ~ ' ~ ~ . ; ~ ~  l.L.75:; 

H.351 
7.i94 
7.201 

6.500 
5.950 
5 . 3 2  

1.589 

3.trlj9 
3.123 
2 . 3 3  

I..%jH 
0.710 
U.LW 

0 . N l  
1 . W  
2.74s 

3.1;7:! 

4.615 
5,576 
6,556 

7,552 
b.X4 
9,589 

10.c*31 
l l .cg> 
12.751 

13.t.31 13.83318.SO 13.625 13.820 1 0 

I4-:lll; I t .017 1-1.914 1 11.WJ I4.O(r! 9 
16.(10slr;.00ulti.uN 6 I 8 

Luuc. 

5.060 5.050 5.1158 
5.297 5.2% 5.29k 

4.608 .L.WG 4.IiOJ 

3.8W 4.800 3.H87 
3.151 i.148 3.1.L-1. 
2.386 2.581 2.377 

1.507 1.591 1.58.5 
0.786 0.779 U.i71 

7.'Xl3 7.201. 7.20.4 

12.757 l?.:jt)l:!.;jj 

7.205 7.205 7.216 

O.UBY 0.074 WU79 

0,016 0.031 0.038 
1.804 1.811 1.817 
2.706 2.712 2.719 

!.,'$51 
1.7!11 
7.201 

6.5NI 
5.IISf1 
5'2% 

4.590 

:<.bi0 
3.12-1 
2 . ~ 4  

1.550 
O,i-L:! 
O.U!'N 

o.<ljb: 
I .SM 
2.iL5 

3.Liti8 

4.611 
5,571 
6.551 

i.51; 
8.:+!I 
9.BS-l 

10.6'26 
I l . 6 8 l  
12. i .~ ;  

8.316 8.347 
7.780 7.790 
7.N4 7.201 

6.593 0.203 
5,957 6.950 6.815 
5.2O2 6.291 5.2911 

4,602 4.600 4.598 

5.884 3.882 3.880 

0 .0~3  

0.1M.3 
1.8.23 
2.7" 

81- 8 2  83" 84' 85' 86' 

4w 
39 
38 
37 

36 
35 
34 

33 
32 
3 1 

30 

29 
28 
27 

26 
25 
24 

23 
22 
2 1 

20 

1 9 
1 8 
1 7 

1 6 
1 5 
1 4 

1 3 
1 2 
1 1 

8.358 
7.780 
7.204 

6.592 
6.054 
5 . m  

4.696 

3.8i8 

6.590 6.590 ti.5!JI1 6,590 6.500 6.5W 
5,950 5.!150 5.050: 5.919 5.019 5.040 
5.284 5.283 5.2.92 ! 5.281 5.2Y1 5.281 

4.591 4,590 4.589 4.588 4.557 1.598 
I 

3.871 3.870 3.s60 :i.867 3.tIli8 
3.125 3.124 3 . 1 ~ 3  3,181 3.122 
2.855 8.354 2.353 Z.:j51 ?.~j:! 

1.560 1.359 1.538 1557 I.S?.ir; 1.33i 
O.7.lJ 0.711 11.741 0:i:lO 0.7:;s O.i:i!l 

I 
87' 88" 89' 98' 99' 

I..,+ 

3.141 3.138 3.135 / 3.139 
2.373 2.369 2.366 I 2.383 

1.581 1.577 1.57.11 1.571 
0.767 0,763 0.759 10.755 

U.UOi u.u'J?I ~J.IUI 

0.057 0.0Gll (I.91;? 
1.530 I . W i  1.84R 
2.749 2.747 2.751 

3.666 3.670 3.6;-1 

4.839 4.IilY 4.61; 
1 5.5i0 5.574 5.578 
lj.550 6.554 6.5% 

7.546 7.551 7.555 
S.56I4 8.6cij 8.587 
0.5b3 0.588 9.502 

10~(;. '510.63010~1:~~ 
1 1 ~ 8 7 1 ~ 1 1 ~ 8 7 ~ 1 1 ~ 6 8 1 1 1 ~ b b ~  

u.10:: u.103 0.11I:: 

O.O(i.1 (1.965 0.96:1 
1..%47 1 . 8 4  I.$.lti 
2.75'' 2.753 2.751 

3.1ii7 3.6;s 3.lii5 

I.(i"O J.Ii92 4.(iI!l 
5.591 5.5W 5.580 
6.M: G.S3 G.560 

7.558 7.559 7.556 
s.570 8.571 u..W(I 
0.505 0.596 :1.5!lj 

10.637 10~133s 10.1,95 
1 1 ~ 6 ! ~ 1 1 1 ~ t i W ' I I ~ ~ ~ R ! ?  

30" 

29 
28 
27 

26 
25 
24 

23 
22 
2 1 

20 

19 
18 
17 

1 6 
15 
14 

13 
12 
1 1  

10 

9 
8 

1.690 4.591 

S.hi(l 3.87" 3.871. 
:J.12L 3.12ti 3.128 
2.351 2.356 2.3bH 

l , i 5e  1 . ~ 1  1.51;~ 
0 , i r l  l l . 7u  11.747 
u.ua8 u.uo5 11.rr.12 

0 . 0 ~  0.ns5 0.062 
1 . ~ 1 0  I.R:)~ 1.n:i.L 
2 . i ~ j  "741 2.:~; 

;I.H(iR 3.1U1.1 ::.(i50 

1.1I11 4 . 1 ~ 7  .I.I;I. 
3.671 5.11il; :,.6!;l 
li.651 0.51lj (1.641 

7.5.17 7 . j ~  7.631; 

4.60'244.9.1 ,1.6W 4.608 4.600 4.60'2 4.604 4.(10(i 4.608 4.tilO 4.613 4 . 6 1 ~  4.61 y (.~>'l 4.624 .I .(>:i J.", l . c < ~ ;  4 . ~ 4 ~  1..1-.::1 30 
5.Rili 3.Pi8 3.fiRO 3.88'2 3.884 3.RRli 3.RW 3,H!I? 3.895 3.891l 3 . ~ > 3  3 . xK  ::1910 :l.oll 5.918 ::.Y':! 3,021; 3.9.11 ;:.:r?!; 29 
::.I30 3.139 3.136 3.147 3.140 3,143 3.146 3.150 :1.151, Y.II;o, :;.l64 :,.la9 3.17.4 3.1;;) : j . l s ~  :i.l>!) :i.l!.r 3.-cu) ;:..mi 2s , 
2.3UO 2.3ci3 2.366 2.368 3 3 7 1  2.37s 2 . 3 0  2 . 3 s  2 . 3 ~  2 . 3 ~ ;  2 . 4 ~ 1  "10; s . . ~ l j  ?.,I!) 2.12s :.,:I:: " ~ 9  n . r l a  2.4;:; 

, 

27 
I 

~.s(;o 1.669 1.673 l.Gjl I,~;~: I.~;:~, l.l;,~,s l.l<l;; 26 
0.7.W II.7&? 0,757 o.p!l  o .~ : ;  I,.~J,; ct.sj5 0..,*; \,. .;; 25 
u.ub0 U - U U ~  W U ~ U  O.MW ~ . o I ! l  o.eGl 11.011 I~,IG; O.II;II 2 4  

0 . o . ~  n.s l1  o.n:m o m t  0.029 0.021 o m t  
1 . ~ ~ 0  1.8.16 I.~I!I 1.819 1 . ~ 0 7  1 . ~ 0 0 '  1.7!11 
~.;?a 2.727 2.721 12.716 2 .70~  

3 . W  $818 3 . W  ' 3,936 3.1>28 

t.SW I,5!M 1 
6.661, 6.5W I 

6.634 6.5.Lli 

! 7.6.20 7.621 

The riml is - nbore the h o r i ~ ~ n t n l  
d iv id iny l i ~ ~ r !  nu l l  + below it. 

7.4SU 7.476 i.& i . l I  7.l.h; ;.4?1 7 .  11% ;.::%s .:. ,.:1:1 ; :1:4 
$..I&.. 5.k::' s. 115 ' s.:1:1.; i ..:as, >.?,.I 
9. 172 !I..$%; 1,. K;!' ! !I. r22 I !I. 1,I.J :l.:i.l 

1 I 
l!l.,il3 It>. k>7 1,). 121 '10. 1611 l11.4Il 10. 131 
~ I . : I ~ ~ ~ ~ ~ : ~ ~ S ~ ~ ~ ; . : I I I ~ I I - ; I I I  'II.I!).' 1:.1:1 
l ~ . l , ~ ~ l ? . l : l : ~ l ~ . : ~ 9 ,  12.,;;, 1:.:>:,, I2.k;: 1 ! 
l::.;ar; I::.I:s; I:I.I.I.; I::.I. I: 'I:I.I.?I, ~.:.luc 

I I 

I :  I I :  I I I 
13~RRI15~4;11 13,di:I ,!i,.r2; ,!h.atlt IJ.;'il 

' I  

16 
1 5 
1 4 

1 3 
1 2 
1 1 

1 0 

9 
8 



'I'HE; EAltT11'S AXES A N D  Tl1IANGULATION. 
64 

Case 11.-Gb = 1 km. V a l u e s  o f  v, 

in seconds. 

Lat. N c g i ~ t i v e  1' o Y i t i v e 
- 

40' 0.497 0,110 0.3'3 0.233 0.113 

39 0.5W O.Jl!I 0.::30 0.?:1!) 0,148 
38 0.51!1 0..1$7 U,:196 0.2.1-k 0.15? 
3 7 0,527 0.434 0.3.11 0.2.18 0.155 38 I 37 
3 6 0.903 0. f i l l  0.71:) 0.6'26 0.8:ra 0.410 II.:LLI~ 0.25" 0.15; 0 . i ~ i 2  0,093 O.l?H 1 I).,?.' 0.:116 36 

O.Ul(1 0.318 0,725 0.691 0.537 0.4.K; 0.:iIW 0.G; U.l.5'4 11.01;:: o.u:l:i 0.12!, o .2 ,  o.nlo 35 
0.915 O'S"? O.i?9 0.1335 0.541 u.+)I; 0.351 ()..'53 U.l:,!l ().O(id 0.0:13 ( l l . 'D (I.pJ5 IJ.321 34 

26 
25 
24 

23 
22 
2 1 

1.655 
1.611 

1.563 1.470 1.976 
1.551 1.462 1.368 

1 8  
17 

16 
15 
14 

13 
12 
1 1  

10 

9 
8 

0.5UY 0.1.20 

0.602 0.415 
0.495 U.XD 
0.M6 0.40:' 

0.476 II.~!I:I 
u . 4 ~  o.:inu 
0..152 0.378 

n .d : j ~  O.:)WJ 
o..p?fi u.351 
0.111 b . 3 3  

0.X95 0.3.25 

0.:178 0.310 
0.358 0.294 

1 

1.281 1,1R(i 1.0!~:! 
1.274 1.170 1.UYC 

I,onc. 

0.3:;1 0.241 0.150 

0.327 0.2:jS 0.1.18 
0.9"~ u .~ : i 5  0.147 
0.:117 0.230 0.141 

O.:JIU 0.226 0.111 
o.:iua 0.z.11 o . ~ : j i  
0.2YJ 0.21:j 0.1::3 

0.2H5 0.207 o.]zo 
u.::;~; 0.201 0.125 
o.~; t i  u . 1 ' ~ ~  0.121 

0,285 O.lh6 0.116 

0.213 U. l i7  0.111 
0.230 0.167 U.IU5 

81' 82' 83' 84' 85- 86' 87' 88' 89' 1 1 1 9 lo 92' g 3 0 1  9 1  9 5  961 97' 9 8  9go ~ ~ O o o ~ l O ~  102' 

O.I)O!I 0.I)uo o.nl.1 
O.Y!l:j 0,900 0.HOX 
0,036 O.ti0i 0,302 

0.978 0.8*6 0.705 
O.!lli9 II.HiH 1).7>7 
0,359 0.869 0. i iV 

0.01iO 

0.059 
0.058 
0.057 

0 . 0 ~ 6  
0.0.54 
0.0j.J 

0.051 
0.050 
0.048 

0.046 

0.04P 
0.042 

~ o t .  P o s i t i v e  LOI. - 
30' 0.325 0,421 0,516 0,IjlO O.i(l4 0.7!18 0.b9:l 0,968 l.oy.2 1.l;c; 1.271 1.366 l.l(i0 1.551 1.1j.j~ 1 . 7 . ~  1.8:;~ ~. 'J .JS 2.022 2.116 2.2LlG 3.298 30 

29 O.XI O - P ~  0.515 o.I;o:, o. ioa ~ . i ! l i  cl.ro:! o.n\t; I.~IRU 1.174 l . ?s !~  ~. : ic ;k  l . ~ r , n  1 . 5 ~ s  I.I;I; 1.740 I.R:~:, 1.~126 2.019 ~.II:! ?.?oL z . ? ~  29 
28 0.:{?? 0.417 (1.512 0.1iWi ll.7110 lI.i!11 O . Z ~ X  I).!IxI 1.071; 1.170 l.2l;; ~ . : j l j l )  1.&,5: 1.31!1 1.1ip. ~ . i : l h  1 . ~ ~ 3  1.!)21 2.01.~ 2.1~1; .'.ln!l 2.2'Jl 20 
27 0.:?10 0,114 0.508 O.liOl U.li3Ii O.iDU 0 . ~ : :  u.!li~i 1.070 1. l ly j  1.259 1 .331 1..~,9 1 . 5 ~ i  l.l;:j; 1.72; I.HI!J 1.911 2.~0.1 2.0011 2.1!)1 2.281 27 

II.;ZI 
O. i l t i  
O.ilU 

O.i0!3 
0.13!16 
U.690 

23 

$7 
20 

1 9 
1 8 
17 

16 
15 
14 

13 
12 
1 1  

10 

9 
8 

(1.629 0.s:;k 0 . . ~ ~ 1  
O.(i.ZJ 0.5::o o..l:in 
0.018 0 . ~ 6  u.~:jl, 

0.61:; 0.5.23 0.4::1 
0.607 0.517 u . 4 ~ ~  
0.601 0.513 u.4~1. 

0.0:il 0.123 0.213 
I 

0.091 0.1'>1 10.2111 
O.IVJI o . ~ i n  / 0.207 

0.311 0,443 0 . i N  
O . W j  Oa4Or) 0.~1'10 
O-:3OG O.:J% 0.485 

O.:Yfl 0.392 0,480 

cl.219 0.3% 0. r i a  
n.z!ll o.:l*:i 0. win 
0.ZfiO 0.376 I J . U i 0  

0 . X :  u.:m 0 . M  

0,;IOJ 

0.2!)9 
0.294 
U.209 

0.2~:3 
11.?iti 
U.PB'J 

0.261 
U.253 
0.244 

0,231 

0.213 
O..'I? 

0.030 0.117 

(I.OL'O 0.11.~ 
o.ono 0.11z 
0.028 0.100 

0 . 0 2  0.105 
O.(I~G 0.10.; 
0.025 0 . ~ 8  

0.024 0.094 

0.023 O.O6!) 
0.022 0,086 

o.:;.L~ 0.22:' 0.157 
O,:il5 0.%1 0.157 
o.:j.p~ 0.2~1) 0.165 

O.:~JII 0..'&i 0.151 
~ . : i : I i  (1.3.15 11.15:i 
o.:j3& u.2):; ,,.IS:! 

20 

19 
18 
17 

16 
15 
14 

13 
12 
1 1 

10 

9 
8 

0.2VJ 

0.1o9 
o.l!)l 
0.lbD 

0,lh:i 
0,177 
O. I i I  

0.164 

0'157 
O.lSU 

11.5H& 0.615 0.71;Ii 
0.5i!l O.fiIi!l 0.75!1 
0.5i4 O.ti(i:j 0.751 

0.Y;J 0.6% 0.i13 

0.S8.2 0.1;49 
0.55.1 o.cj:j!~ 
0.5M ll.l;2a 

0.532 o.t i ls 

O,Oe. 
u.062 
u.(l(j2 

0 . ~ 1  
0.01jl 
q.06,~ 

o. r .5~ no.50 l.o.!r 
O~U511 0.011 1.031 
0.811 0.931 

0.&j l  0.919 

o.,-,::n 0 . 1 2 ~  111.2:: 
o.(l:i:; 0.128 U..'.'? 
u.021 0.121; U.~L'IJ 

0.0:{2 o . l ? j  u.2ln 
0.(131 0.135 u..'li 
0 . 0 : ~ ~  0.111, 0.215 

1.19.5 
1.123 

o.:; l~ 
0.315 
u.313 

0.311 
(I.:I(@ 
0.3% 

l . ~ z ~ j  1.318 ~.,JII 
1 . ? 1 ~  ].no* 1. 1111 
1.201 1.200 1.390 

1.185 1.280 1.379 

I.RI;D 
I.:lT,H 
1.317 

3.395 

26 
25 
24 

23 
22 
2 1 

).so:, l.s!ll; 1.1;.~; 
1.4o2 1 . 5 ~ 1  I.(?& 
1 . 1 ~ 0  1.572 I.litil 

1.-1139 1.550 1 . 6 ~  

I.&.% I..',lri l.li31 
l . .bl l i  1.5:I:: 1~ l i 2 l l  
1.13:: 1.519 1.605 

1,120 1.505 1,588 

1.;;; l,hl;7 1.057 
I.;(;: l . r y .  1.041 
] . iN 1.h.:)~ l.VLti 

1.735 1 . ~ 3  1.010 

1.721 1.R07 1,893 
1.706 l.790 1.875 
I.1jb9 1.772 1.855 

I.I~~II 1.751 ~.b:j : i  
1.e.q) 1.7:;~ 1 . ~ 1 1  
~.s : jo  1. ioa 1.787 

1.li10 1.680 1.763 
1 . 9  i 3 
1.5G6 1.638 1.710 

1.51.12 1.612 1.6B2 

1.517 1.6R5 l.(k!L.58 
1.1!'1 1.66, I .0Z l  

z.(rr7 
?.van 
4.013 

1,990 

1.079 
1.050 
1.9:Jn 

1.~16 
1.802 
1 .8~5  

1,830 
I 
1.781 

1.750 

1.717 
1.681 

2.1::~ %.Y3!1 
2.119 2.210 
.'.lV:! ."I91 

1.08L 3 . l i l  

2.065 2.181 
2.W) 2.157 
2,021 2,103 

l.onc; 2.077 
1.!171 2.050 
1 . 9 ~  2.0~!) 

23 
22 
21 

20 

1 9  
1 8  
1 7  

1  6 
1 5  
14 

1.91.1. 
I 9 
1.850 

1~815 1  O 
1,780 l'p'L1 
1.7.lr 1.8" 



in seconds. 

71' 72" 73' 74' 75'' 76' 

3 e g n t i v e ].at. 
~ 

I 40" 
I : 3 9 

3 8 

~.nt. 

40' 

3 9 
38 
37 

l J o u i t i v e  
~- 

I 
36 : 0.21.I 0.100 1 0.l(i7 U.141 (I.1"P O.lrlu , 0.0i8 0.051; 0.0:(5 0.014 0.007 0.028 ! Il.IIl!l ! 0.073 36 

0.1 i1 O.I.~I '0.1:i:: ' 0.1l5 ,,.el; 11.0;!1 0.01jZ 0.011 o.O.27 o.o lu cl.ocn, 0 . ~ 2  o.oao 1 u.03" 35 i 0 . l l i  0.111 o.ar i  o . w r  u . o i i  o.o;so.o~1j o.o:u u.oro u.o.8 o.oor 0.01" u.02nto.uro 34 i I I 
I 0 .0~1  U.O~I. O."Jlil O.US 0.u1.k 0.031i I u.033 0.0-o 0.1112 o.uu: 0 . 6 0 ~  o a o  0 . 0 1 ~  1 o.ors 33 

u.oss 0.074 u . w i  o.cit;l o.oss n.0-rol 0 . 0 . ~  O.O:II; O.VJII o.11z.5 11.1121 o.1117 o.ulr : cI.ull 11.clo; ,>.(lor 11.0~1 0.1~11 0.00:: IJ,UDlj 0.009 32 
( U'UIZ I I~ I I IU U~lIU* U.UU6 O.UtJ5 U.UV9 O.UIII U,IIUI IJ.UU~ I (1-WL u.ou~~' 3 1 

38 ;:%!::;;: ;:;: ::f ;:% :::$ ::g ::;g I:;: ::% S:ik: ;:;; ::f$ I:;; ::& ::$; I::: ::::: ::D :::$ :::; gg 

I 

I 

I 

24 

2 3 
2 2 
2 1 

20 

I 0.21ti 0.177 1 U.I:,U 0.101 
I 
i U.154 U.150 0.125 F.U9l U.U5H 

0 . l i l  U.1411 I U. I10 U.OZi0 0.11511 
0.l.L7 0.121 1 U.,I!IL (I.IX;~ (1,,Lk3 

i 

I 
1 

18 

0.408 0.371 0.334 

0.469 0.426 0.383 
0.530 0.483 0.439 
0.504 0.540 0.@5 

0.391 0.322 
0..1"0: 0.361 
U.lWY 0.381 

0.290 

0.341 
0.384 
0.430 

0.254 0.186 0.116 
0.276 U.201 0.126 
0.900 U.21!1 0.137 1 The signs below the hor i zon ro l  

I 

0.259 0.22% 0 .18  

0.298 0.'>65 0.212 
0.936 0 . z ~ ~  0.23!1 
0.376 0.828 0.207 

O.:l56 u.294 

16 

19 
13 
12 
1 1  

0.MG 
O,O>U 
0 . U j  

d iv id iug l i v e  are opposite t o  tllose 1 a h w i t .  

/ 
I 

0 . i ~ 0  0 . ~ 1 2  n . j i ~  0.360 0.2:io o.on? 0 . 0 4 ~  0.1s; n.ni.i 1r.-16r 9 
0 . ~ ~ 1  0.675 0.631 U.39 U.2#2 0.097 0.0.?2 0,197 0.312 U..!+9 8 

0.500 0.412 
0.530 0.4~14 
0.57s 0.477 

0.618 0 . j l 0  
0.1j.58 0.543 
0.(;98 b.676 

0.739 0.600 

0.146 0.10i 0.Mi7 

0.168 0.12:3 0.077 
0.188 0.13i 0.086 
0.210 0.168 0.0!16 

0.232 0.169 O.1Mi 

10 

I&. 

30" 

29 
28 
27 

26 
25 
24 

23 
22 
2 1 

20 

1 9 
1 8 
1 7 

16 
15 
14 

13 

10 

9 
8 

,O.O?J 0.0I)4 
O.ll26 0.102 
0.029 0.111 

0.325 0.237 0.149 
0,360 0.265 0.169 
0.375 0.2i3 0.170 

0.4~10 0,291 0.183 
0.J"ti 0.310 0.1U4 
0.45:; 0.329 0.2116 

0,470 0.349 0.218 

0.027 

0.091 
0.031 
0.038 

0.0k2 

0 . l U  
0.178 
U.103 

L X ~ .  

30. 

29 
28 
27 

26 
25 
24 

23 
22 
21 

20 

19 
1 0 
1 7 

1 6 
1 5 

P o i t i v e  

0.050 
O.OW3 
0.067 

0.072 
0.077 
O.U(I2 

O.US7 

0.014 0.065 

0.016 0.063 
0.018 0.070 
0.030 0.078 

0.02'2 0.086 

0.023 0.030 0.037 

0.041 0.052 0.065 
0.059 OmOici n.0~13 
0.078 0.100 0.122 

o'UU6 0.123 0.150 
0.1 l i  I-I(B 0.180 
0.13:; O- l i ?  0.210 

0.163 0.198 0.242 
0.173 0,223 0.273 
0'1'JJ 0,219 0.305 

0'?12 0.274 0.93G 

fl,2:+2 O.:<flO 0.360 
0.253 0.324 0.403 
O.Zi6 0.356 0.B: 

0.297 0.385 0.472 

0,232 
0.253 
0 .55  

1.059 1.16,; 1.270 
1.005 I.2w 1,320 
1.I:iZ 1.252 l.:I71 

1 . 1 ~  1 . 9 7  I..E:: 

1.207 1.::42 1.476 
1.245 I.:'& 1.S11 

0.031 0.121 
0.033 0.129 
0.035 0.138 

0.038 0.148 
U.040 0.167 
0.013 O.L(ii 

0,046 0.17i 

0.094 

0.109 
0.1'23 
0.136 

0.150 

1 9 
I 8 
1 7 

1.:175;1.47P I.S<f 13 
1.431 l l . ;J3 ].&Pi 12 
1.400 1l.W 1.T25 1 1 

1.w i lab74 1 . 7 ~  10 

1.610 j l.iU 1.978 9 
1.172 1.811 1.W 6 

0.67.1 0,069 0.1163 

0.1% U. l i l i  0.185 
U.::III ' o.aos 0.310 
0.4 l i  1 U.427 0 . 4 3  

I 
0.536' O.%il 0.565 
0 . t i 5 i 0 - 6 i i  rl*i 
u.E?:~ 0 .83  O.S!II 

O.SliB ' O 40; 11.0-17 
0.!111 10:957 1.0113 
0.P67 ; 1.UIO I.Chi2 

1 . 1 ~  1 1 . a ~  1.1.'~ 

1.03; l l . 121  I . l S i  
I . l o i  ' 1.17; I.?W 
1 . 1 s  11.2.i 1.311 

I 
1.910' 1.29:: I.:,;; 
1.264 ! l.:&t 1 . -HI  
1 : I : l  

0.04L 0.050 0.0.55 

0.077 0,088 0.094 
0.110 0.125 0 . 1 ~ 0  
0.143 0.164 0.184 

0.177 0.203 0.220 
0.112 0 . 2 4  0 . 2 i l  
0.248 o.oes 0.322 

0.i95 0.327 0.970 
0.321 0,31i!) 0.418 
O.:i;,!I 0.413 0.468 

0.:39b 0451) 0.520 

0.428 0.505 
0.4;s 0.56:' 
0.518 0 . ~ 1 ~ )  

0.560 0.~48 

0.209 
0.225 
0.241 

0.25i 
0.274 
0.291 

0.303 

0.133 

0.1.51 
0.173 
0.193 

0.212 

2 4  

23 
22 
2 1 

20 

0.297 
II.R"O 
0.343 

0.366 
U.3W 
0..414 

0.435 

16 
1 5 
14 

1 3 
1 2 
1 1 

10 

0.0% 0.0Sk 0.084 

0.165 0.171 0.176 
0.39 (1.2ti1) 0.270 
0.331. 0.950 0.365 

0.420 0.443 O.-W:i 
11.5111 0,537 0,564 

, 0.805 0.643 0.640 

-1bl6 0.1359 0.703 
:.d25 0.675 O.724 
0-1;313 0.601 0.747 

0.6.15 0.70s 0.769 

O.(i,5!1 O.i?5 0.791 
O.liiO 0 .7U 0.RLli 
0.632 O.iW3 O.H-L3 

0.(ip6 0.782 O.PB 

0.074 0.0;s 0.081 

0.141 0.130 0.159 
u.z i i  0 .22~ 0.?37 
O.2YI O.?YB 3.317 

O.:ij3 0,376 0.395 
o . t l i  o . ( i i  u.w: 
0.503 0.5.2s 0.66s 

0.679 0..52; 0.572 
0.66s 0.52.4 0.575 
0.737 0,523 0.5~0 

0.818 0.6'22 0.665 

0.5M 
0.595 
0.601 

0.609 

I 
0.059 0.063 0.066 

0.107 O.ilti 0.l2.L 
0.1.55 0.169 O.I*;I 
0.205 0.2Y5 0.244 

0.56 0.281 O.:ir15 
0.:107 0.13S 0-::m 
O.:IRO 0.39ti O..IS~ 

0.413 0.457 OoUn 
"..Mi7 0.51.5 0.563 
0.623 0.677 

On581 0.649 

0.U~3 0.0Sl 0.070 

0,1130 0.194 0.186 
o.i:n 0 . 2 8 ~  u.295 
O.:MO 0.394 0.406 

O..lS3 O..iO:! O.;l?O 
o.an~u.l;l, ()-(*ti 
0,717 0.76:i 0 . i ~  

0.715 0.7dli O,Y2F 
O.i i2 0.81s 0.Sti.l 
0.YI)l 0 . a  O.!M15 

0.8.25 O.S>R 0.:1~7 

0.,%3 11.925 0,991 
0.890 O.IIIC; I.cxij 
0.0?:! I.LWl 1.030 

0 . 9 s  1.010 I.l.'li 
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o.sa0 
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Case 111.-u,=l". V a l u e s  o f  zc,z9,w TABLE XXXV*. 
in seconds. 

* Extens~on or tnblcs XVII, X V I I I  for Bl~rrno and Assum 

. 1 . 1 ! i l o  9 1 V 1 9 1 ! 1 9 1 9 1 ! 1 !l!r / 100. 1 lolo / lo?. 
V a l u e s  of  u (posi t ive) .  

2 -  1 0.!177 ! 0 9 7 3  
i 

V a l u e s  o f  v. 

2 0  
4 

l i  

I .5 
14 
13 
12 
11 
10 
9 
Y 

o 

PI 

V a l u e s  o f  w. 

I i I I 1 0.245 1 0.264 1 0.283 1 0.303 0-322 0 341 0.360 0.379 0.308 0 .4 l f i  0.435 0.453 0.471 2 Y  , 
28 0.242 , 0.261 0 .281  0.300 0.R19 0.338 0 337 0.375 0 .394  0,412 0.431 0.449 0,467 
1 7  0.240 0.250 0.258 0.297 0.316 I 0 .334 0 353 0.372 0.390 0.408 0.427 0.4-1.1 0,462 

0.350 0.369 0.387 0.405 0'423 0.441 0'458 

0.057 
0.053 

0.049 
0.045 
0.041 

0.038 

0.034 
0.030 

23 
11 
21 
'70 
1:) 
18 

0.062 
0.058 

0.053 
0.049 
0.045 

0,041 

u.037 
0.033 

0.232 0.251 0,269 0.287 0.306 0 3 2 4  0'342 0.360 0.378 0.395 0.413 0.430 0.448 * 
0.231 3.210 0.267 0.285 0 304 1 0:322 0.339 0.357 0.3'75 0.392 0.410 0.427 0.444 

., 

3 1 
1,; / m 
1 ii 

14 i 1 3 

iq  / P( 

10 ' 

1 * 

0.066 
0-062 

0.0.5i 
0 -053  
0.048 

0 014 

0,040 
0.036 

0.229 0.247 

0.228 0'246 

0.227 ' 0.24-1 
0 . 2 2 5 ,  0.212 
0.224 0.241 

0 . 2 2 2 0 2 4 0  
0 . 2 2 1 ,  0.23:) 
0.220 1 0.238 

0 2 1 9  0'237 
0'21R ! 0 .236 
0.21h ' 0.235 

0.217 : 0.234 

0.216 0 2 3 3  
0'215 10.232 

0,071 
0.066 

0.061 
6 . 0 3 ;  
0.051 

0.047 

0.043 
0.039 

0.265 

0.264 

O.2t72 
0.2fjl 
0.259 

0.258 
0.23; 
0.255 

0.254 
0.251 
0.252 

0.251 

0.260 
0.249 

0.0;s 
o.oio 
0.065 
0 0t;O 
0 . 0 X  

0.050 

0.04.6 
0,042 

0.284 

0.282 

0.280 
0.278 
0.277 

0.275 
0.27.1. 
(1,273 

0.271 
0 -270  
0.270 

O.2ti!) 

0.050 
0.074 

O.OG9 
O.Oti:i 
0.028 

0.053 

0.048 
0 . 0 W  

0.084 
0.079 

0.072 
0.067 
0.061 

0.055 

0.050 
0.045 

0.302 

0.300 

0.298 
0.2!)6 
0.295 

0.2!13 
cj.2$Jl 
o.290 

0.289 
0.2h8 
0 287 

0.2hf; 

0.337 

0'335 

0.333 
0.331 
0.329 

0.327 
0.32t i  
o.rrr 
0,323 
0 3 2 2  
0.321 

, 0.320 

0.319 

0.317 

0.315 
0.313 
0,312 

0.310 
0.30!4 
0.307 

0.306 
0 l O j  
0.904 

0.303 

0.2t;H 0,285 
0.2(;7 0,284 ! 0.315) 

0.318 
0.302 
0 3 0 1  

O.OW 0 . 0 9 3 ' 0 . 0 ! ) 8  
o . 0 8 s j o . 0 8 7  0.091 

0.076 ' 0 , 0 8 0  , 0 084 
0 070 0.077 
0.064 0.071 

0.058 0 .064  

0.052 j 0.055 0.057 

0.355 

0.352 

0.351 
0.348 
0 3 4 7  

0.345 
0.343 
0.341 

0,340 
0.331) 
0.358 

0,337 

0 -102  
0.095 

0,088 
0.081 
0 074 

0,067 

0.060 
0.053 0 . 0 4 7 / 0 . 0 4 9  

0,436 
0.335 

0.051 

0.372 

0,370 

0.368 
O.;iC,6 
0.364 

O.S(i2 
0.360 
0 3 5 8  

0.367 
0 ' 3 G  
0.324 

0.353 

0.106 
o.!m 
0-O!)l 
O.OS4. 
0,077 

0.070 

0.0G3 
0.056 

0.352 
0 3 5 1  

0.110 
o.103 

0,095 
0.088 
0-080 
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0,065 
0.058 

0.3!)0 

0.387 

0.385 
O.:jN3 
0.381 
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0.377 
0 375 
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0.372 
0 .371  

0 -309  

0,368 
0 * 3 7  

0,407 

0 '404  
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0 4 0 0  
0.3!)8 

0.395 
0.3!43 
0.3T2 

0.390 
0 . 3 U  
0.387 

0,3R(i 

0.385 
0 3 8 4  

0,424 

0'421 

O,41!) 
0.416 
0.414 

0.412 
0.410 
0 4 0 8  

0.406 
0.405 
0.403 

0,402 

0'441 

0.438 

0'4:1G 
0'433 
0 '431 

0.429 
0.42; 
0.425 
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O ' I i l  
0'420 
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0'417 
0 4 1 6  - 
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I t  will be aoticed that  i n  tables XXXT, X X X I V  discoutinuities i n  the  values of 70, i n  the  
neighbourllood of  lat. 203, long. 01°, !)zO are  easily appare~l t .  More  careful esaminat ion of tables 
SSIS, XXX,  X X X I I ,  X X X l I I  reveals similar b u t  much less marlied discontinuities iu  t h e  values 
of 7 1 ,  and  1;. These a re  inevitable i n  view of the  met,llod by whicli t h e  quautities Iiave bee11 
found, aud the  differences a r e  in agreement with those \rhicli map  be computed by equations (42)- 
(4.7) of Chapter  I foHowing t h e  two paths (via. I)p direct geodesic and by two geodesics t l~rougli  
t h e  second origin) t o  such a poilit as  L = l)ljO, = 20". T h e  amoulits a re  riot llomever 
suflicieutly large t o  be of practical importance:  aud moreover they d o  not  actually occur t o  the 
same es ten t  ill the  actual triaugulation of India  as in tlre tables, for  t h e  tables liave bee11 esteudec! 
somewhat  be!.ond t h e  triangulation limits for facility of s u b s e q u e ~ ~ t  iuterpolatiou. I t  may I)e 
me11tionc.d iu passing t h a t  t h e  azimuth of a rap of l eng th  30 miles is alterec! hy all amount  of 
order  0"-1 whe~l  i t s  termiual latitude or  longitude is altered by an amount  of order 0''.001 : 
so tha t  the tal;iiig o u t  of azimuth t o  more t h a n  one place of decimals is  liot really defensible mheu 
tlie coordinates are  given t o  only th ree  places. I n  t h e  present instance t h e  ordinary procedure 
of t h e  departrneut has been followed aud three places of dccimels have bee11 ltept, wit11 the  idea 
t h a t  a t  auy  t ime tlie la t ter  two of these may be disregarded. 



C H A P T E R  I V  

Geometrical change from one Spheroid of Reference 
to  another. 

1.  I n  selectiug a spheroid of reference for  t h e  geoid there is 110 doubt  as t o  t h e  direction 
of the polar axis ; fo r  this  is t h e  axis ahout  which lieavenly bodies appear to rotate. Hence a l l  
possihle spheroids of refereuce a re  defilled by the size of their axes and t h e  posi t io~i  of their  
centres. 

Consider two such spheroids. L e t  t h e  semi-axes of one be a ,  b and  of the other 
a ' =  a + (la,  b'= b + db. Select t h e  origin of coordinates a t  the  centre  of the first spheroid 
and let the  coordinates of t h e  centre of the  second be ua, np, by where a, /3, y are  small 
quantities. 

I n  relating a point on  a geoid t o  the  spheroitl t h e  ~ ~ a t u r a l  course seems t o  be t o  dram t h e  
normal through t h e  point t o  t h e  spheroid and  t o  find ou t  the coordinates of t h e  point where 
this normal meets t h e  spheroid. S o  loug as t h e  spheroid aud geoid a re  not  widely different th i s  
normal may, mitholit appreciable error  be col~sidered as t h e  vertical t o  tlre geoicl and  also as a 
straight line. For  supposing there is a plnml)-liue deflection of 1 minute  and a separation of t h e  
geoid and spheroid by 300 feet, t h e  divergence of the  normal from the  vertical only amouuts  
to  about one inch whic l~  only affects coordiuates t)y 0.001 of a secoud. It is accordi l~gly satis- 
factory to relate a point o u  the  geoid t o  oue 011 the spheroid by merely producing t h e  vertical 
of the geoid luutil i t  meets the  spheroid. Consiclcriug tllen t h e  relation between t h e  points thus  
obtained on  two refereuce splleroids corresponding t o  ;r point on  the  geoid, i t  is clear t h a t  all  these 
points may with sufficieut accuracy be regarded as I)eiug OI I  a s t raight  line, this s t raight  l ine being 
normal t o  one of t h e  three surfaces, whichever is  most colivel~ieut.  

To any triangle formcd by three points on  the  gcoid tliere is a col.responding t r iangle 
011 ally reference spheroid. The angles of these triangles are no t  ideutical. Those 011 the  sphe- 
roid have differel~t spheroidai excesses. 'Che angles of a triaugle obberved 011 the  geoid accord- 
ingly require correcting before they can Le properly applied to  a spheroid oE reference. If th i s  
is properly clone then this poiut relationsl~ip given above will I~o ld .  It is  a fault in reduction of 
most, if not all, survey ol)servations that  geoidal aud spheroidal lliigles have Leeu treated as 
identical. 

2. l'he coordinates of a point P on  t h e  first spheroid map be represeuted by 

a cos $ cos L ,  a cos I$ sin L,  b sin 4 
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while those of a related point P' on the second spheroid may be represented by 

aa + a' cos 4' cos L', at9 + a' cos 4' sin A', by  + b' sin 4' 
where +' = + + d+, L' = L + dL I t  is necessary to find expressions for d+ and d&. 
I t  is customary to decide on a point on a spheroid of reference as origin. All spheroids of 
reference are supposed to pass through this. Suppose that the 'origin lies in the plane of zr,  
so that L vanishes a t  the origin. I n  notation of previous chapters (EL = v ,  d+ = u,. At the 
origin these quantities reduce to v, and ,ul. The value of vo is not obtained directly, but is 
derivable after azimutlr has been decided on by the relation 

. . . . . . . . . . . .  w, = v, sin X ,  (1) 

This of course does not slrow the error of Iougitode of the origin : it merely shows by 
how much i t  mill be changed if the azimuth is chauged 011 the suppositiori of a plumb-line 
deflection ill prime vertical. 

Since the origin on either spheroid is identical in position the expression for its 
coordinates may be equated. Hence puttillg 4 = +, and A = 0 

a cos +, = aa + a' cos +,' cos vo 
I 

0 = a p  + a' cos 4,' sin v, } . . .  (2) 
I 

6 sin +, = by + 6' siu 4,' i 
Neglecting second order quantities arid substitutil~g from (1) for v,  (2) may be written 

(la 
a + - cos +, - ,ul sin 4, = 0 

n 
I 
I 

cos 40 P + w o -  sin X ,  

db 
y + - sin 4, + ,ul cos 4, = 0 

b 
I 
J 

These equations serve to determine a, P, y in terms of the axes changes and changes at the 
da dS 

origin : i f  the quantities -, - are multiplied by cosec 1" the results are expressed in seconds. 
a b  

3. Two further conditions are obtained by expressing the fact that the normal to the first 
spheroid a t  any poirlt passes through the related point on the other spheroid. 

The normal at  P is 

x - n cos cos L - - y - a cos sin L - - - r - b sin + 
ccra + COR L cos 4 sin L sin 4 

a a b 

and the condition8 that P' should lie on this are 

a a  + d In con t$ ros I,) - - - ad + d (a cos nin L) = by + d (6 sin 4) 
con 4 ctrs L COI 4 sill L sin 4 - 

11 a 6 
whence 

a 
1 

da B do - tan I#I u, - tar. L . v  = + - - tan 4. u, + cot L. v ccm 4 corn L rc c o s + r l n L  a 



GEOMETRICAL CHANGER 7 ' 
From the first of equatiolls (4) 

a B 
o (tan L + cot L) = see 4 (= - FL) 

or v = sec 4 (a sin L - cos L) . . . . . . (5) 

Eliminating v from (4) i t  follows that  

a da ) 
da ' + - - u, tan + tan  L + - - t ~ , t a n +  cot& + -- 

(cos 6 sin L o ) 
db 

= ( I  - 9) ( t a n L  + cot L) (&+ + - + u, cot g b ) 
whence 

da 
(a cos L $ /3 sin L) sec 4 + y - U, tan 4 = (1 - e2) 

d6 

and expressing the results in seconds this may be written 

u,(l -egcos") = ( a  cosL+flsinL)sin+- (1 - e"ycos+ + s i n + c o s ~  

The relation between I ( ,  and w is given by (16) of Chap. 111, and in terms of da and db is 

da db 
The quantities a, fl, y, -, - all enter linearly into the equations. Their several effects 

a b  
can accordingly be compute?. separately and combined afterwards in any desired way. Cases 

corresponding to each oE the four quautities &, e, o~i l  and q niil I IOW be considered. 
a 6 

Case (i) da = 1 krn. 7 = 0 (11, = lY"'063) 

From (3) 
df7, 

a + A cos +o = 0 where A = - cosec 1" = 32"-3437 
a 

/ 3 = y = o  

:. a -- - 29".536 

From (5) and (6) 
v = a sec 6 sin L 7 

sinc + - a sin + cos L + 4.4 sin 24 
u1 (1 - e2 c0s9+) = I d 1 .  7 - 

S l l l  A 

e - I . . .  (8) 
14 = ( I  + - cos 2+)1r ,  + + A  sin 2X 

2 I 
= sin 2~ "I-- + ( A )  

(sin 24 

Case (ii) db = 1 km. OrbI = 0 (,I,, = - 12'. 1034) 

From (3) a = b = O  

7 + B sin 4, = 0 db  
where R = - cosec 1" = 32'..151tj 

b . 7 = - 1SU.22-15 
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From (5) and (6) 
v = 0 

u, (1 -ez cos2 4) = - (1 - e" ((r + B sin Q) cos Q 
. . . . . .  

eO- (9) 
u = (1 +- cos2Q u, - 4 B sin I h 

2 

Case (iii) ,ul = 9". 978 (u, = 10") 

From (3) a -,ul sin +, = 0 
p = o  

7 + ouI cos $0 = 0 
:. a = 4".0659 7 = - gV.1118 

From (5) and (6) 
v = a sec Q sin L 

u, (1-eZ cos") = a sin Q cos L - (1 -e2) 7 cos 4 . . . . . .  t e2 
(10) 

u = ( I + -- coa 2+ 
2 

Case (iv) W, = I N  v, = 70, cosec X, = 2".447 
a = y  = O  

From (3) p + c o s = o  . . 0 = -2".2347 
sin X, 

From (5) and (6) 
v = - p sec 4 cos L i 

To find the azimuth change 7u, the following equation holds for all cases 

v - v, = w cosec x - w, cosec A, . . . . . . . . .  ( 1  2) 

in which v, includes the entire origin change of longitude and is not restricted t o  that  due to 
plumb-line deflection only. The equation follows from the fact that  either side of i t  gives the 
difference between spheroidal and geoidal longitude. I t  is proved otherwise in the  following 
chapter (ci(2e equation (4.)) .  Witii reEereuce to the case I V  (or (iv)) i t  mill I)e noticed that the 
value of 74 a, siu L sin +. The value foul~d hp the method of Chapter I mas independent of 4. 
The two cases however are not geometrically similar. I u  the case of Chapter I an azimuth chauge 
of origin involves a twist about the normal a t  the origin. I n  the presel~t case the fired axis 
is the polar axis and any twist introduced to give any desired azimuth change is only a compo- 
nent of a twist rou~ld  an axis parallel to  the polar axis. This makes i t  clear why the effect on 
latitude of this azimuth change is zero a t  the equator, the equator being a t  right angles to the 
axis of twist. 

The values of u, v,  w have been computed for the four cases by means of equations (8) to 

(12). The valucs of A and 1, are the samc as those of tables XXVII ,  XXVII I ,  and hence it is easy 
t o  make a comparisol~ between the values of u, c., 20 found by the method of the present chapter 
which may he deuoted by u,, v,, w, (related points 011 two spheroids) and 7,:, vg, wg (found by follow- 
ing a geodesic). For this purpose v ~ l u e s  of %,-11, &c. are exhibited in tables XXXVII-XL. 
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1'8 BL E XX-X YII.  
Case I.-Su = 1 km. 

TABLE XX1k'VlIl. 
Case 11.--Sb = 1 kin. 

TA BLE xxXIx. 
Case 111.-zc, -- 1" 

1 . -  0' ( 4 '  1 8' 1 1 2 ' 1  16'/ 2 0 . 1  2 4  )I 0' 1 4. / 8. 1 1 2 ° 1  16" i 2 0 ~ 1  2 4 ' )  1.'-L 

X Values ot' (?I , . - , I / , )  ill s u c o ~ ~ t l s .  V a l t ~ e s  of ( I L , .  - 11,) ill s e c o ~ ~ d s .  X 

Values oi + (c,. - I?,)" ill s e c o ~ ~ t l s .  V a l u e s  of + ( r , -  -- 1;;)):-  ill s e c : o n t l s .  

14 0 . 0 ~ 0  +O.~XI 1 +o.o:~:I i -kI1.03.l -0,001 -O.Oi!J -0.204 (l.lI001 -0.033 -ll.UIi!l -11~10i -0.147 -0.l i : i  -0.196 14 
1 0 O.IIOO + o . u L ~ ,  +0.0*2 +II.IIIH + o . ~ o o  ++nl-t - n . ~ ~ n f i  o , o ~ u !  -0.0i0 -0.1:: i  -11.2 l i  -u.:H~ -11.aru -0. r ~ r  1 0 

YIA.BLB X L .  
Case 1V.-ic,, = 1" 

38 
34 
30 

26 
22 
1 8 

104 

1.'-L. 1 0' ( 4. 1 8 '  I 12' ( 16' 1 20' / 24. 11 0' 1 4" 1 8' 1 12' 1 16' / 20' 1 24' 1 1,'-L 

Values of + - ( , ~ c , - z u ~ ) *  ill s e ( : u n t l s .  

)I 

38' 
34 
30 

26 
22 
1 8 

V a l u e s  of + (o.,. - IC,:)* in s e c o u d s .  

0.0110 
Il.VU0 
O.lJO0 

0 . I M  
0,000 
0.UOU 

0 . W  
0.0110 

1 4 -o.ol,L, -o.01:' -0.00, +o.ooa +o.or l  +a.o lo l  +o.or;:; o.ono! -o.li.)i -o.o.i:; -0.07: -o.]:i:: -11.12; --o.lr.1 14 
1 0  - 0 . ~ 9 1  -o.oz(i -0.020 --II.W~ +o.ooi +0.0.2; bn.0.51 U.IIO(I~ -o.o.:u I - C I . U ~ ~  -0.1111 0.1 1.i -V.I*II 0.21, 1 0  

Values of f (r, .  - I.,)' i u  s e c o ~ ~ t l s .  V n l t t e s  of (t.,. - 1 5 )  111 s e c o ~ ~ t l s .  

1ial11es o f  + ( / I . , .  - i r , l *  i n  s c c o ~ ~ c l s .  1 in l11rs of ( / I . , .  - / I . , )  ill s e c ~ o ~ r t l s .  

38 o.000 +o.116; ~0.1:::; i o . ~ n s ,  +o..c;.l -l-o.a.c; +o.:M~ +o.:sli ~.o.;I\:I +o.:rs(l i o.:::I ; II.:B(:LI +0.:>11 ,I.:B.;I: 38 
34 O,I,IIO t.0.0(;5 I +O.I::,I -+o.I!~L + o . ~ ;  i-v.:;Lv i.tl.:;*v 1.o.lo; +,I. la;' &(I. i.o.:l!js, Lo.:;!t.:i , (I.:;-: ;,>.:;:I 
30 o.tr10 -bo.o~;sl ,+II.I?S +~.I!II +0.:!5:: +?I.:II~ +.II.::~:, +n.?: :~ +o.:!:L~,~ +11.2:1:; I : ; I  I I 1 . I  30 

34 

26 0 . 1  I 

Va l~ rcs  of ( 1 6 ~ -  i t , )  i t 1  s e c o ~ ~ t l s .  Values of + ( I I , . -  I / , ) *  ill s e c o n t l s .  X 

+ I . i 5 l i  
+I.292 
+o.iHt! 

+0.?:33 
-0.:138 
-0.950 

-1,598 
-2.2iH 

0.000 
0.01~0 
0.000 

0.000 
O.UOU 
0 . W  

0.000 
0.000 

-0.031 
-0.016 
-0.006 

-o.ooi 
woo0 

-0 .~15  

+2.U5Y 
+I.Su9 
+O.!ll:3 

+0.?85 
-0.411 
-1.1:s 

-1.903 
-2. iUi  

-0.98s 
- 0 . 2 ~ 0  
-0,171 

-0.053 
+0.067 
+ 0 l W  

+0.92J 
+0,4li:I 

+0.7:;5 
+o..sl2 
+0.:>l!l 

+0.107 
-0.190 
-O.:jsl 

-0~6.48 
-0,928 

+ 0 . 9 1  
+0..'7:$ 
+O.lGY 

+0.061 
-0.01iS 
-0.191 

-.0.3.28 
-0.461; 

- 0 . i i i  -1 , l iU 
-0.SIii -0.Ua3 
- I l . Z k l  -0.323 

-0.114 -..lii 
+ ~ ~ l 2 L : + l l ~ l H 2  
+ 0 . 3 i 9  + o . S x  

+O.(i4:! +O.95:% 
+O.W20+1.:i(iD 

+1.09:3 
+0.80s 
+0.491 

+O.ItiO 
-0.10i 
-0.Si:j 

-0.989 
-1.3R0 

-0.029 - 0.0.') 

+ l .F i t i  
+1.058 
+U.l%kl 

+ 0 l O i  
-0.267 
-u.ieO 

-1.285 
-I.8:$0 

-0.015 
+O.IY)I 
+( ) .o i l  

+ O . V I ~  
+ o . o ~ s  
+O.OI.I 

-0.014 
-0.104 

+0.002 
+0.002 
-o.clur 

-0.000 
+ o w ?  

+o.noi 
+o.qrur 

~+o.oor  

-0.002 +o.o14 -t.o.o3:j 0.000 10 031 +n.o( i~ +U.O!I~ +o.I.'s i cl.~;, ; i -o.~s., 38' 
+0~01.1. 
+o.o:s 

+0.0:11 
+o.o:l:i 
+n.o29 

+O.OBU +0.1150 lI.OU01 +0:&:1, +*J.(lAi +0.01i!l +O.l l ! l- i  - 0 . l l l i  +ll 1 34 
+1-or31 + o m 2  +o.uza +c.o,:! +iJ.ual; + v . o i l  +o:ll;j: 30 

I 
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4. The differences u , , - ~ L ~  aud V , - L ~ ~  are never sufficiently great to have ally important 
effect on geodetic results. I n  the case of x,-,w, larger values are met with. The deflections of 
ulumb-line in the  prime vertical are affected by the HLI IOUU~ (w,.-.wg)cot A, a quautity which may 
he as much am several seconds. I n  the practical case however where, according to  the most recent 
determinations 8a=0.924km and GL=O.74Ykru : the combined effect of Cases I and I1 in these 
prop~r t ious  are not large, the two cases tending to cancel each other; as may be seen from table 
XLI below, in  which the values of (w,.-.w,) cotX are also given. 

2 ' A B L E  XLI. 

'l'he only case in which the discrepancy in prime vertical deflection would be considerable 
occurs ill low laticudes and this case does not concern Indian 'I'riangrilatior~ as ill these latitudes 

Discrepanry 

deflection 

there are no great longitude differences : for the case of Burma special treatment, as given in 
Chapter 111, is ill any case necessary. 

Tlie r.onclusion is that either this method or that of the preceding chapter could I)e used 
with prac~ically satisf;~ctory results. The discrepancies however indicate how far theoretical 
accllracy 11;11 been departed from in fai l~ng to project, geoidal angles on to the spheroid of 
referer~ce beEore introcluci~lg them in the computations. 

The figure i l l  tal~les XXSVII-XL rnny 11e noticed to he a little irregular. This is 
clouhtles~ due to the fact that  the con~putations of Chxpter 111 were not made with sl~fficient 
accuracy to ensure the last figure always heirlg correct. This was not considered to be sufficiently 
important to ,justify the extra lal)our mhicll would have been necessary. The results are fully 
accur:~tc e~lc,ilgh for nil practical purposes to which they can he put. 

5 .  ' I ' l ~ r ~ f :  methotls of finding the change ill coordinates due to any proposed changes of 
the axe3 ol' :l~c ~pllcroirl and the la t~tude and azimuth at the origin have now been given. That 
of Chapter I gives a means of computing these along any path defiried hy a relation between h nud 
I,. Chapter I11 given the results for the special case wllen the path selected is the geodesic 
through thc origin alltl the point at  which tlie changes are required : and in the present chapter 
the gconllatr~cal relatiol~ between correspondiug points on two spheroids is worked out. All these 
methotls give somewhat tliffercnt results. The lntter two have the advantage over the former of 
heing free from any amhigllity clue to multiple v ~ l u e s  and incons i s t e~~c j :  ant1 the differences 
met with betacell t l~em are not oE amount sl~fficier~tlp large to he troublesome. The reason for 
their clirrrel,ancy i v  t:xarninctl i r i  the following chapter : and the concl~lsion is ar r~ved at .  from 
tht.orctic:sl co~~qitlerrtiong, i ~ r  view of the methocls hy which the ohservat,ions of the tria~lglilntion 
of 111tlia I~sve t m n  recl~lced, that the method of caloulation along geodesics as set forth 
in Chapter I11 is the correct one to use. l'he detailed tal~les XXIX-XXXIV permit 
tbir to t~ tlone readily. 

1.902 
1 '394 

0 '844 

0 '255 

-0.380 
- 0 ' 3 5 5  

- 0 '  30.3 

-0'4.31 

0.187 
0. 1 5 0  

O ' O 5 9  
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-0.41 I 

- 0 . 2 2 5  

- 0' "9 

-0'19.3 

-1.756 
- 1 '29.3 
-0.810 
-0.309 
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0 . 2 8 2  

0 '241 

0.344 
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I '48.3 
1.732 
z 'o jo  

3 ' 4 i 5  
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4 '01  I 
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0.146 
0 . 1 0 1  
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C H A P T E R  V .  

Laplace's Equation and the Choice of a Spheroid of 
Reference. 

1.  When a large survey is begun one of the first essentials is the selection of a point as 
origin. The coordinates of this point have to be decided on. The longitude is of little conse- 
quence and the meridian through the poiut may be taken as that  from which all deduced longitudes 
are measured. The latitude and azimuth can be observed astronomically: but  their geodetic 
values depend on the plumb-line deflection existing a t  tlie point. Plumb-line deflection is of 
course merely the deviation of the vertical from the ~ ~ o r m a l  to some assumed figure of reference. 
I n  chosiug the origin it must be eventually decided wl~e t l~e r  to  co~~s ide r  tlie deflection there as 
nil-in other words, chosing a spheroid of reference parallel to the geoid a t  the  origin-or 
whether considerations of topographical features and irregularities of delisity justify the adoption 
of certain values oE the deflectio~i in the two components. Tlie questiou of height above geoid 
of the point selected as origin also arises. If an error of 10 feet is made in  this it is practically 
equivalent to assumiog a spheroid with axes 10 feet different from those actually selected. I n  the 
case of the origin of the Indian Survey there is no reason to su1,pose an  error of nearly so much, 
acd so no further collsideration will be given to this point here. 

Having decided on the origin 0 ,  i t  is neat  necessary to decide on a figure of reference. 
This will generally be referred to as the "spheroid " in opposition to the " geoid " or  sea level 
equipotential surface of the earth. It is not implied by this that  the figure of reference must be 
a spheroid, though the almost universal practice is to take a spheroid as a refereuce figure. 

2. Chains of triangulation may now be computed rigidly if proper corrections give11 below 
in 16 are applied: aud the coordinates, latitude, longitude, height and asimr~th at  a distant 
point K may be deduced. Suppose that astronomical azimuth and latitude are observed a t  K and 
also that the arc OK is observed as a telegraphic longitude arc. Let X, L be the geodetic latitude 
and longitude of K and let A be the geodetic azimuth at  K of some refereuce mnrli: these are 
quantities brought up by triangulation. Let 7 ,  6 be tlie plumb-line deflection at A' iu lueridiau 
and prime vertical (positive for southerly n~ ld  westerly deflectio~~s of the p111rnh I~oh) rrfcrred to 
the selected spheroid of reference. These q~lautities obviously d~ffer for ditl'rrcnt spl~rroids of 
reference. 
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I t  might be expected that this equation would be in  accordance with those found in 
Chrtpter I. Ae was noticed there, however, the quantities u, v ,  w are many-valued, a separate 
set oE values appertaining to each route along which the  integration is performed. Equation (4) 
on the other hand is free from any ambiguity and accordingly cannot be in accord with the  
equations of Chapter I. If  numerical quantities are substituted i t  is at  o l ~ c e  clear tha t  the  
relation (4) is not satisfied. Consider the values of 

v=vs-f (v,-vy) and w=w,-f'(u;,-w,) 

where ,f and ,f' are fractional quantities. These expressions are the  values of v, w computed 
along routes intermediate to those of v, and u,. Takiug case where 6a = 1 km., X=30°, L= 66O, 
v,= w,,= 0 from the tables VII-X it follows that 

v sin 30°=4.027 - -013  f 
and I C - 3 - 7 8 4 - - 5 0 4  f 
which canuot be made equal by any positive fractional values of,f andf ' .  I n  the same way the 
tables oE Chapter 111 show that  the relation (4) is not satisfied along a geodesic. 

5. I t  has generally bee11 considered that :tzin~uth and lougitude observations both give 
the same information, nan~ely deflection of the plumb-line in prinle vertical, and nothing more : 
and in so far  aa the results d~ffet. by the two methods the wasoli is that the observations are 
burdened by errors. Clarlie states" that " the  observations of the difference of longitude gives 
"us no information that is not also given by the obserrntiou for azimuthJJ. With this principle 
Colonel Sir Sidney Burrardt  has used the lougitude observations of India to correct azimuth 
observatio~~s for the accur~~ulation of error due to triangulation, co~isidering the differences of the  
resulting plumb-line deflection found by the two observations to be entirely accouuted for by 
observation error iu the triangulatiou. 

6. The explanatiou of these appareut inco~~sistenciev mas not discovered for s o u e  time. 
Equation (4) is perfectly correct if the trinugulalion is  properly cot~lpicfed. The ordiuarp process 
of computation is not quite correct. Bugles are measured by means of a theodolite aud reduced 
to the l~orizontal plane of the geoid. This is not quite tlie same thing ill general as the  
horizont;~l plane of the spheroid. If t l ~ e  compiitation is to be effected rill the spbet.oici (011 which 
all the various formuls are based) the observed ai~gies should be projected ou t u  tlie selected 
spheroid of reference, alld so mill differ according to wliat spl~eroid is selected. The actual 
amount by which the geoidal angle must be altered to get the spheroidal augle depeuds 011 two 
things (vide Q 16 below) 

( I )  the deflection of t11e plnmI>-liue or i~rclinatiori of the geoidal (estro~iomic) vertical 
to tlie spl~eroidal (triangulated) vertical. 

(2) the inclination to the horizontal of the rays hetireeu which the geoidal augle is 
measured. 

The tirst of tliese quantities varies appreci:tbly with cliauge ot spheroid and accordingly 
the correction to the geo~dal angle varies nrcordil~g to tlie spheroid iisctl. 'The ~ r t l i n l  case under 
consideration is represented in aj-nibols l ~ y  supposiug SL i l l  (1) to  cnntaiii iiot o n 1  thc crror due 
to faulty observations l~i l t  also tlie error due to failure to correct tlic gec)idal auglcs to splicroidal 
anglcs. Tliis is pusel!. a computa t io~~ error. Tlie actual " griudi~tg" process liar treated these 
errors as errors oE observrtiou. 

This perhaps esplains why Laplace's eq~latloii is iu general liot s:~tisticci so well ns the 
prohable errors of t,he several observations on w l ~ ~ c h  its formatiou rlrpciids rroriltl cause to b 
expected. 

- - - _ - - -  - 
* " ~codeny"  by Col. A R. Clarke, p. 291. 

f Appendix No. 5 of O.T. Volume XVIII. "On the uimuth oherrationa ot the O.T.P. of India". 
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7. I t  also explains how i t  is that  the different values of u, v ,  rc arise as noticed in Chapter 1. 
In  this case the fact that  t,he clositrg errors of circuits will differ frnm one spheroid to another 
c t r l / e , ~ a  nl? tAc g e o i d n l  angles are relluced l o  . x p A ~ r o i d n l  n~!llr.v makes the distrib~ition of closing 
errors have a different effect a c c o r d i ~ ~ g  as the splieroid is altered. 

Equation (4) may be re-writtell to meet the actual case as folloms: 

[zu C O S ~ C  h-v] = AL . . . . . . . . . , . (5)  
where AL is the change ill computation ertor of longitude difference due to the treatment of 
spheroidal and geoidal at;gles as identical. The fact that A L  is tiot zero mo~ild be of more 
serious importatrce in the question of change oE spheroid had equation (3) been used in all 
possil)le cases as a conditiou for t,he series of triatrgulatio~i to satisfy. When the main Indian - 

triangulation was adjusted the lot~gitucle arcs either were not available or else were ignored, so that 
Laplace's conditiou was not imposed on the triangulatiotr. I n  correcting the azimuth ohserva- 
tions, Colonel Sir Sidney Burrard i~~troclnced the condition for the first time in India. 

8. Clarke's statement quoted irl $ 5 was deduced from an equation wtrich arises in his 
work : but i t  may be seen to be true mithont any aualysis. The longitude ot)servi~tior~ fixes the 
meridian plane at  a point, that  is the plane through the zenith and the pole, by taking the time 
of stars trausiting this plane. It 01)viously does no more that1 fix this p l a ~ ~ e  mith relation to 
another. The azimrish observation practically draws the great circle througlr the  pole at~cl zenith 
and locates where this cuts the horizon, by means of a hnt.izontal angle measured from a fixed 
point. The position of the pole and the place of observation being already given the fixing of 
one other point suffices to fix the meritliail plane. Thus longitutle and azimuth observations both 
merely fix the position of the meridian plaue and nothing more. The inclination of tlris plane to 
the  meridian plat~e deducible from triangulation is the deflection in  prime vertical. 

9. None the less e q u a t i o ~ ~  (3) does defiiiitely give sorue information ns to the error of com- 
putation generated in the triaugulation, and to this exteut Clarlte's statement needs modification. 
When the practical case is cor~sidered from eqaatiou (3) i t  may be seen that the identity of 
plumb-line deflection, whether derived from longitude observations or azimuth observations, affords 
some information concer~iing the slightly faulty method of computing from geoidal angles instead 
of from spheroidal angles. For split up the error 6L iuto 6,L due to faulty observation and 6,L 
due to  faulty computation. Suppose next that the spheroid of reference is clianged so that 
i t  is necessary to substitute A +zu  for A and L+v for L. The quantity 6,L remains unaltered, but 
6,L obviously is a variable according to the spheroid used and from (3) it follows that  

(A 'o -Ao-~uO)~ose~  A,- (Ar-A-W) cosech= L-Jo+v-v,- 15T--6,L+AE' . . , (6) 

in  which the only variables are w, w,, v-v, and 6,L, and A E  is the combined and fixed effect of 
observation errors. I t  is possible to form sixteen equations of the  form (6) from the longitude 
and azimuth observations of India. Expressing w, wo, v - v ,  irr terms of 6a, 66, uo and wo i t  is possible 
to  solve tlrese equations for Sa, 66, u,, w, so as to make 2 (AE-6,L)2 a minimum : i e. since A E  

1s a minimum. But as the value of A E  is equally likely to be positive or negative t AT +2  ' 

i s  not being varied, this implies that  2 g2 is a minimum. Now when the spheroid differs 

widely from the geoid i t  is clear that the computation errors increase : and conversely when the 
spheroid approximates more closely to the geoid tlrese errors diminish. The fact  that 2 Vl2 is 
made a rniuimum affords one criteriou for the spheroid being in  close agreerneut with the .geoid for 
the  area over which the triangulation of India extends. I t  is of course possible to consider what 
epheroid siiits the actual deflections best: but this is an entirely different point of view from that 
indicated ahovc, and deals only wit11 the actual localities in which the deflections are measured: 
and moreover is burdened by the errors of computatiou involved in treating geoidal and spheroidal 

ae identical. 
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10, The interest in the method is chiefly theoretical. The quantities to be dealt with are 

very : and in most cases the effects of observation error may well mask those due to the 
error. Sixteeu eqna t io~~s  of the form (6) are g i v e 1 1  below. These can be solved for 

Ea, &b, l,,, wo or, t r e a t i ~ ~ g  8a, 86 a n  k n o w l ~ ,  for u,, ru, only. It w n s  not a n t i c i l j n t e d  that tlre 
former course would give reliable v a l l t e s  oi' 6n .  6 h  1)ut the  s o l n t i o l i  was  none the less made. 
A f t e r w a r d s  t i l e  solution of 7c0, 70, only taking the latest values of 8a, 66 was perfornred. R e f e r r i n g  

to these two solutions as A a r ~ d  6, oire difficulty of t h e  applicatiol~ of (6) a r l s c v  i u  A ,  I j u t  to a 

very less extent in 6. This difficulty is the selection of t h e  route a l o ~ ~ g  which 14, 91, w in 

t e r n l s  of Ea, 6 b  shall be deternliuerl. llhe actual courses of the triangulatiori series are n u m e r o u p ,  

the care seems to he best r n e t  hy t a k i r i g  the geodesic solution of Chapter 111, for this in 
general leads to a medial through the  triarrgulation. I n  solution 6 i t  so happens that  the 
aa and 86 terms very nearly cancel one another. The f o r m  of the cquatiolis is ae follows 

(vlsinh - lo,) 6n + ( v 2 s i r l h  - ru,) 66 + (wasink-lo3) u, + ( ~ , ~ s i n A  - w,) rtfo 

+A'-A-(A1,,-A,,) sink cosecA,,-sinh,(157'-L+Lo)=O . . . , . (7) 

in A,'- A,= 1". 29 - z(I,, (vide Chapter 1 $4). 

The sirteen arcs from K a l i a ~ l p u ~  give rise to sixteen e q u a t i o l ~ s  which are exhibited in the  
table. 

Z'ABCB X.LI1.  

dzimoth station 

Karncl~i  
observrur ,  

Dehra Dull 
Observatory (old) 
-- 

Q~ie t tn  'I'. 0. 

Onlcuttn 
Rnse.lille, S .  encl 

Orejbnr 

J a l p a i ~ n r i  

Nagarkhanu 

Bolarum 
P.W.D. Office 

Vizagapat,ain 
Bnse.line. S. end 

Karaundi 

ColabaObservstory 
- 

Deeas T. 0. 
- 

Yangclore 

Longitlude station 

.nrac~i  T. 0, 

I)ehrn DIIU 
LongitodeStation 

Quetta T. 0. 
-- 

Cocllicients of 

I r  ( 6 h  I r. I lli, 

.< IC 

- l> 
- 

-11.0 

St. Thomna' ~ o ~ ~ t  
Trestle 

Kndonh~~lnm 
Observatory Na6srkoil 8 10 a2 77 41 87 

4-0.005 - 0 . m  0.000 -0.611 - 7.7 + 1.6 - 8.4 1- 3.6  - - 3.0 

S ~ ~ m o f s q u a r e s  ... 360.23203~1S.W~WI~W2.30 

Square roo t  of mean aquare . I 4.74 1.56 l-i'i 4-2l 
A 

+0:060 

CoorAil~ntes of 

* I L  

- 4.4 
- 

Calcutta 22 3G 51; 88 22 .5h +0.118 -0.118 -0.172 -O.OW - 8.0 -11.0 - 5.0 - 5 . 4  - 6.9 - 5.8 
- -  - ---- -~ - 

I'yzxbnd T. 0. 28 46 56 82 12 R -0.086 +0.086 -0.071 +0.107 - ~1.1 - 0.5 - 5.3 - 7.*- 5.3 - 8.2 
.- ---- 

Jnlpaignri 26 21 I7 88 44 13 -0.199 +O.lDG -0.172 -1-0.109 - 4.7 + 3.0 - 1.0 + S.0 + 2.0 

C h i t t u ~ o u g  T. 0. 

- - - - 

Holnrain 17 30 15 78 31 11 +0.046 -0.045 -0.014 -0.257 - 1.1 - 

W a l h i r  l a  1 3 83 13 43 +0.2ti6 -0.207 -0.092 -0.135 
-- -~ -. --- ~ 

Jubbulpore T.O. 

+0.168 
. - - . 

-0.005 

+O.l(iO 
- -- - - 

-0^050 2.1d 5; 

30 19 51 

80 11 57 
- 

Bombay 

Deem T. 0. 

Mallgalore 

+nib42 
-. - 

+O. l l l  

+0.251 
- 

& i 31 

i 8  3 35 

67 0 32 + 2.4 
- 

-0.017' 

+0.467 
. . - 

18 53 40 

21 15 30 

- 
1 2 5 a 1 4  

+0.014 
---------- 

-0450 
- - - - - 

- 7.2 

- 

72 48 40 
-- 

7.3 11 6 

7 4 5 0 4 3  
- -  

- 3.4 
-. - - 

---- 

- 7.1 
- 

-0.198 

- 8.8 
- 

+0.199 +0.080 

+O.OW 

-0.201 

- 
+o.M 

- 0 . ~ 4  
- 

-0.100 

-0.00s 

+0.281 

+n.Os6 
---- 

+ ~ . O M  

+ 1.0 - 6.8, + a.2 + ?.a 

- 4.6 - 7.4 - 7.4 

+ 2.2 

+ 9.0 - 

+ 3.5. 

- 7.4 

- 2 . 8 - a . o - 3 . 1 - a . ~ - 3 . 1 + 0 . 1  

- 6.9 
---- 

_ _ _  
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The solutioi~ A, i .e .  the most probable value of 6a, 6b, no, w,, is 

t o  which correspond the residuals under " Residual A " in the  table. If 0.92363 km and 
0.74273 krn are substituted for 6a a ~ i d  66 (vide Clrapter I $5) the following most probable values 
of u,, and w, are arrived a t  (solution B )  :- 

u, = +l1'.01 

and the corresponding residuals are shown in the table under heading "R.esidual B".  

12. Solution A is obviously of no practical use as the values of 6n and 66 are much larger 
than i t  is possible could be correct. Solution B is not unreasonable. A southerly deflection at 
Kaliaupur has previously been inferred, the estimated amount being 4". The value of w, 
indicates an easterly deflection of 16"-2. The value computed from the topography, hut taking 
n o  account of compensat io~~ is 101':7 (vide Prof .  Paper 13, p. 116). The solutions however have 
been give11 more as illustrations of a principal than for their numerical values. The residuals 
show that  the solutio~i is not higlrly successful in satisf!.ing the equations: yet the values of u,, zu, 
derived from B are reasonable and tlre residuais might fairly be attributed to observation errors. 

13. The choice of a jigure of' ~eferertce ,f0ln the yeoid. I n  surveying a surface such as the 
geoid, in the first place of l~nlcnown form, i t  is necessary at  the outset to decide on some figure 
of reference to which measurements may be referred. This figure of reference may I I ~  of any 
form whatever-a particular case would be any set of three orthogonal planes. I n  traverse 
operations a single plane is chosen, on the assumptioll that  for a limited area the geoid is not 
much different from a plane : and it \vould be possible to extend the application of the plane 
of reference by the introduction of a third coordinate, ~rarnely that  a t  right angles to the plane. 
I f  at each triangulation station the direction of the geoidal vertical is determined by means of 
latitude and lomgit~~de observations the data is sufficient to enable the position of any point 
t o  be expressed hp meaus of its three coordinates, quite independe~ltly of the shape of the geoid. 
The statement of the position of numerous points on the geoid in fact determines tlie shape of 
the  geoid. If: however tlre position of the several points are referred to a figure which approxi- 
mates in slrape and position to the geoid, the actual shape of tlre geoid is much more readily 
grasped by the small deviations i t  exhibits from the well known reference figure. The choice 
of such a figure is extremely useful and greatly decreases the labour of calculation of the 
positions of points on the geoid. The closer the approxin~ation between it aud the geoid the 
smaller are the quantities which express tlre difference of the two surfaces: and, as a result, 
when these quantities appear in  formulae as square and powcr terms they may be neglected in 
many of the computations which arise. I t  is important none the less to recognise that the two 
surfaces cannot always be treated as identical, and to examine each case thoroughly. Moreover 
i t  is to be borne in mirid that the complexity of cornputatiorl will be much increased if a very 
complex figure oE reference is selected. A balance must be struck between the two consideratiolls, 
and i t  has been customary to adopt a spheroid. This is at  the same time a comparatively simple 
figure for computation and also a fairly close approximation to the geoid. This choice need not 
a t  all imply that  no other geometrical figure can he found which approximates more closely to the 
geoid. Suppose even that the geoid was in actual fact an ellipsoid (not oE revolutiou) not very 
different from a spheroid. I t  would still be strictly accurate to refer it to a spheroid of reference: 
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and it is that  this would be the simplest course to  follow in dealing with the  resultr of 
any one survey, for inntance the Indian Survey. O r  the geoid might he referred with strict 

accuracy to  a sphere: hut  in this case the residuals in a vertical direction might he irlconveniently 
large. 

14. This does not appear to  have heen p i t e  the point of view usually taken, seeing that  
much energy has been devoted t o  finding the spheroid which best fits the whole earth. The  origin 

of this research was doubtless the desire to uphold the Newtoniau theory tha t  the earth, being a 
revolving gravitating mass, should approximate ill form t o  an oblate spheroid : rather than to  the  
prolate spl~eroid which early measurements led the French school to believe in. This question 
was finally settled in favour of the Newtonian theory by the measurements of the arcs in Peru and 
Lapland : and the matters now to  he investigated are the re:atively minor deviations oE the geoid from 
the oblate spheroid. Giver1 a ready means o f  converting coordinates from one spheroid to  another, 
each survey may properly select the spheroid most suitable t,o its own requiremer~ts. I u  any case 
the several large srtrveys of the world are expressed in terms of different spl~eroids, a t ~ d  for purposes 
of intercomparison i t  is necessary to  develop a method of changing fro111 one spheroid to  another. 
An interesting question is to consicler how closely the several spheroids, which best fit the respective 
surveys, agree inter. a e :  to account for any differences : arid to see whether a theory of 
density distribution can hc found which mill bring all these splleroids into agreement. The same 
question niay be considered by taking the surveys on the spl~eroids they happen to  have I~een 
reduced on and afterwartls expressing the r e s ~ ~ l t s  in terms of a single spl~eroid ancl the local 
differences of the geoid from this general spheroid. Eve11 if this general spheroid ir so selected 
as to make the differerices from the geoid a minimum i t  still remains only a conveuient figure of 
reference and a more or less close approximation to the geoid. 

15. I n  the case of t r i a l ~ ~ r ~ l a t i o n  the usual procednre is as follows : horizontal angles are 
measured on the geoid, that  is to  say a t,heodolite is set up  and levellcrl so that its horizontal 
circle is tangelitial to a level surface of the geoicl. Spheroidal escess, calct~laterl from the assumed 
spheroid, is applied t o  these angles. Further comt)utations of the latitude al~cl longitude of the 
points of triangulation are then carried out as though the spl~eroitl and geoid mere identical. 

Now in certain disturbed districts the geoid is of col~siderably different curvature from the 
adopted spheroid : and the excess over 180' of the s r ~ r ~ i  of the three angles of a triangle observed 
on the geoid IS not the same as that  computed from the spheroid. Or1 acrount of the relative 
smallness of this excess in triangles of the size which occur in t r iang~~la t ion ,  this difference is 
not of great importance, t h o ~ ~ g h  i t  gives rise to  the two entirely different methods of Chapters 111 
and IV.  But if the rays observed have a cor~siderable elevation, stlch as 5', a very appreciable error 
is introduced, as w ~ l l  shortly he explained. I t  is necessary to  be more precise. The most natural 
may of relating a point on the geoid to the spheroid is by giving the coordi~lates (latitude and 
longitude) of that  point of the s1)heroid the normal-or more strictfly for large distances the 
orthogonal confocal hyperbola- a t  which passes through the point on the geoid ; and I)y stating 
the height of the geoid above the spheroid meas~lred along this normal as well as the angle bet- 
ween this normal and the r:ormal to the geoid (deflection of the plnmh-line) and the azimuth of 
the plane containing the two normals. 

Defining the position of a geoidal point in this way for the present, the separation of the  
geoid and spheroid need not 1)e considered. To each point on the geoid there is e corresponding 
point on the spheroid: and co~~sequent ly  to each geoidal triangle a spheroidal triangle corres- 
ponds. I t  is with such spheroidal triangles that  computations of latitude and longitude etc. really 
deal, the formulae being deduced from properties of the spheroid. Consider then the relation 
between the angles of a geoidal triangle and the correspondil~g spheroidal triangle. 
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16. Suppose a theodolite is set up a t  a point 0 and levelled in the ordinary way : at  this 
point two zeniths may be distinguished, 2, that of the geoid and 2 ,  that  of the  spheroid, the 
former being iudicated by the direction of the theodolite when the  altitude is set to 90°. 

The plane Z,OZ, is tlie plane of 
deflection aud the  line OB at  right angles 
t o  this pla11e is parallel to both spheroid 
and geoid and is c l lose~~  as axis of Y: so 
tliat OB may be regarded indiffereutly as 
belongiug to the spheroid or the geoid. 
Consider another point d and draw the 
great  circles 2, A a,and Z, A a,. The11 0 a, 
and Oa, are the traces oE the ray OA on 
the spheroid and geoid respectively. 
Suppose that tile horizolital angle between 
O A  and OB is required. Observation by 
the  theodolite gives the a~igle  a: OB : but 
the a~igle  required for computation on the 
spheroid is a, OB. Deuote by a the geoidal 
angle of elevatioll of A and by r tlre 

B 
U. 

azimuthal angle X,Oo,, correspondiug 
quantities for the spheroid being a +  &a, 
z+6z. From triangles Z, BA and Z , S A  

But  ZgB=ZsB= 90' ; hel~ce 

cos a sin z = cos ( a +  6a) sin (z + 62) . . . . . . . . . .  
z.e. tall a. 6a = cot Z. 6% . . . . . . . . . . .  

(1) 
. . .  

neglecting second order terms. 
(2) 

Now 62, 6a are the corrections which should be applied to geoidal quantities to correct 
them into spheroidal quantities and make them suitable for spheroidal formulae. 6a is Aa,-Aa,  
and is approximately E C O ~  2, where E is the total plumb-liue deflection which is in the plane 
OX, Z , :  so that ( 2 )  may be written 

6: = E tan a sin z . . . . . . . . . . . . . .  (3) 

The correction 62 accordi~~gly is greatest when z=9O0, that is when the observed object 
is in the plane of i o  deflection, aud its magnitude ill this case is E tan a. Now values of E up 
to one miuute have been observed : and if at  the same time a ray of elevation of 4.O is observed, 
the horizontal angle may need a correctiou of 4 seconds-a very appreciable quautity iu 
triangulation. The figures here given are roughly applicable to a ray through Jl~aripani (Debra Dun 
district) wl~e re the deflectiou exceeds one minute and cousiderable angles of depression occur. I n  
the caw. of a triangle at two of whose corners there is no deflection while a considerable deflection 
occur8 a t  the third, a large triangular error will be apparent. More usually however the deflection 
is not SO widely different at  the three corners aud the angular errors partially compeusate one 
another in the sum, thus masking the error, but leaving the triangle distorted. 

17. It is of interest to note that deflectiolls have a corresponding effect on the measure- 
menta of base lines. Suppose that  an element ds is measured along a line inclined at  an  angle a 
to the geoidal horizontal and a + 6 a  to the spheroidal vertical. I ts  reduced length is generally 
taken as ~Zacosa, wherees reduced to the spheroid i t  is dscos (a+&), 80 that a correction 
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of -ds sina.6a is required. The error on the wl~ole line is da. eiuo 6a. This ia equal to  a sina,,, &, S 
where a, and Sa, are values which occur a t  some part of the line. If a is fairly constant 

3 sin a is approximately the  difference of level of the two ends of the base and the error is 
approximately &-hi) Sa,,. Owing to I,-W, beirig small compared with the length this is only 
liable to affect the length by a quantity of as much as 1 in lo8 in extreme cases. 

18. Deflections are usually stated in terms of their westerly and southerly components, 

e, q. It is clear that the effect of either component on a ray can be computed independently and 
tllel1 the two results combirietl. I n  the case of a ray of azimuth A it follows from (3) that a 
correctiou to the geoidal azimuth of amount 6 A  is required where 

6A=(-fcosA+qsinA) tana . . . . . .  (4) 

Consider now the case of a traverse. Deuote the successive points by 1, 2, 3 . . n :  let a,, be 
the angle of elevation of i ~ +  1 from 11. and let B,, be the elevatiou of a-1 froni 11. Also let A, be 
the azimutli of 11, w +  1 and tl, that of e, ?L- 1 aud c,, be the arc subtended a t  centre of earth 
by nn+1  

Tlien a,,+P,+l = -GI . . . . . . . . . . . .  
aud A1,=P,+l + 180'-I{,, (5) 
where K, is the convergency. 

This traverse may be regarded as the flank of a series of' triangulation : and in proceeding 
along it, the accumulation of azimritli error vvill be estiniated. Nom the flank of a triangulation 
series may, without L U U C ~ ~  loss of generality I)c cousideretl to proceed along a great circle of the 
earth (or a geodesic to I,e more precise). Tlie great circles on tlie earth which are most conve- 
uientlp considered are the meridians : hut i t  is clear that by changing the system of coordi~~ates  
to which points are referred ally great circle may be regarded as a meridian of a different system 
of coordinates. I t  will accordillgly be sulticient to consider the case of a meridian (not 
necessarily one of the system with tlie ares of rotatiou as pole). Along such a meridian the 
azimuthal angle A is zero or 180'. Supposc then that the traverse 1 2 3 . . 11 lies on this 
meridian and that p,, i s  the component of the plumb-liue deflection at i ~  in a direction perpendicular 
to this meridiau (but not necessarily east and west as tlie meridian may be auy great circle). 

The correction to the angle at  ?L will iiow be 

which map be written sufficiently accurately for the present purpose 

6C,=h (an+P,)  . . . . . . . . . . . . .  (7) 
siuce a, and p, seldom if ever are so large as 5" in triangulation of a geodetic kind. 

0. Let 6hIl be the height of IL+ 1 above I L :  then very approximately, if K 1s the radius of the 
earth 

&A, = Hc, ( a ,  + &en) = -Re, (p ,+ ,  + 4 el,) . . . . . . . . . . . .  
and 

(8)  

The accumulated azimuth error of the side u, i ~ +  1 is accordingly C,  where 

= lcll + ,CIl. 
Some attention to detail of the limits of this sunimation is necessary to obtain the precise 
value in a particular case: but the present object is to discuss the accumulation of the error and 
SO this detail need not be considered now. I t  is clear that the first expression on the right hand 
side of (10) is not liable to great increase : for SA,, is equally likely to be positive or negative 
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as also is ~ - I . L ~ + ~  (consideri~~g that p,, is the deflection a t  right angles to the line n, n + l ) .  
The most probable value of the expression ,Cn is 

6h where - and p-p' are values intermediate to the extreme values met with. To  get an idea 
C 

6h 1 
of the magnitude which this might reasonably reach after 25 sides put --= -correspond- cR 50 
ing to an  angular elevation of more than lo and p-p' = 10". The value is then b x ; ~  x ~Of '= l " .  
Now aligular elevations of lo are average, but cha~iges of deflection of as much as 10" in the 
distance between two stations are not usual, tlio~lgh occasio~ially much bigger changes occur. 
I t  is felt then that the estimate of 1" for 23 raps is fair and that  the danger of accumulation 
of error from this term is not considerable. The second term of (10) remains and its magnitude 
is liable to be somewhat greater. I t  may he written 

s ~ n =  -pllldc 
where pm is some value intermediate to the extreme v a l ~ ~ e s  of p met with : Sc is merely the 
whole arc subtended by the terminal stations at t he  earth's centre. Taking Zc=& radial1 which 
corresponds to a series about 400 miles long we get 

SClI = - i'iipn, 
I n  a series along the first range of the Himalayas deflections at  right angles to this range 

of as much as 40" are of common occurrence. If p,=4OV 
C - -4" 

II - 
Now this is an error of magnitude about what might possibly occur in a single angle at 
which p=6OV aud tau a= A: so that the conclusiori may he drawn that the danger of failing 
to correct observed angles for deflection of the plumb-line is almost contined to the atlgles 
themselves and is not liable to produce a cumr~lative error of azimuth, if the angles mere 
utilised as in a traverse. The effect however may be felt in a way different from that considered 
al~ove owing to the distribution of triangular error. Each triangle which contains a station 
where the deflection differs considerably from those at the other stations is liable to be deformed 
when the angles are adjusted to equal tmo right angles ~ l u s  the spherical excess calculated on 
the spheroid. The amount oE this deformation and the effect on computed coordinates of the 
stations of the triangulation do not appear to he such as can he estimated for a general case. 
I t s  effect i n  the actual trii~ngulatiot~ of India is mixed up with the effect of error of observa- 
tion and its amount is in general considerably less, as appears from the solution of the modified 
Laplace equations given above in $4 10-12. 

19. I n  observations for azimuth the result of using a point at  considerable angular eleva- 
tion about the  station of observation as a reference point seems to have always been ignored. Yet 
the same geometrical fact which causes the horizontal trace cf the ray through the pole to be 
displaced in azimuth also gives rise to a n  azimuthal deflection of the horizontal trace of the '89 
through the reference point, unless i t  happeus that the ray is i n  the azimuth at  right angles to 
that  of geoidal deflection. Suppose that at  any point the southerly and westerly deflections are 
7, 4: respectively. The horizontal (spheroidal) trace of the ray through the pole and geoidal zenith 
will be deflected in  azimuth by + E tan h, X being the altitnde of the pole. The horizontal trace 
of a ray in  azimuth A a t ~ d  angular elevation a will be deflected by 

-tan a (EcosA-q sin A) vide (4) 
The difference betweeu astronomic alld geodetic azimuth is accordingly 

t t a n  X+ ( E C O ~ A - ~  sinA) tan a 
inrtead of the nimpler expression E tank ns~ially taken, which is more closely approximated to as 
a decreaees. 
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20. The atlvautages and tlisadva~ltages of the n ~ e t l ~ o d s  of correction worked out in Chaptenl 
1, 111, IV may now he cousidered. l lhc  nrethod of Chapter I ill which r c ,  and v, are taken as the 

c)lirnges of latitude and longitude has the justifit:atiol~ all(\ meakl~essca referrrd to on pages 10-12. 
In  a tr iangulatio~~ system where the b11lIi of the triauguiatiol~ is along parallels aud meridians this 
solutioll would be satisfactory were it not for tlre azimutl~s. 'l'l~e azimuth corul~uted hy the 
corrections at  t l ~ e  ends of a ray of t r iaug~~la t iou along a parallel differ3 by an apl)rcciab!c amount 
f rou~  those for a ray a l o ~ ~ g  a mericliau, i~ud  at  first sight it appears that the difl'erent~e is the 
uecessary correctiou to the augle couttlil~etl by these two ri~ys. 'l'l~is however is not satisfactory 
as it is clear that the longitudinal aud n~eritlional series must be a little bent and that the wl~ole 
error sl10111d not he forced iuto the jlll~ction angles. I t  would hc equivalent to puttiug all t11c 
al~gular closiug errors of a traverse whicll followed al)prosituatcly the sides of a rectaugle into the 
four angles at  tlle c-orucrs of the rect;~l)glc. Rloreover the f i ~ ~ a l  a z i n ~ u t l ~  will uot agree with the 
lougitude as laid ( I ~ \ \ . I I  i n  Laplace's ecluatioil. Lal)laceJs cqili~tion mig!~t be adoptetl as a mode 
of dctermiuiug the air.imut11 ctral~ges : I I I I ~  olrviously t l ~ e  result would I)e i l~cons i s t e~~ t  wit11 the 
latitutle ailtl l o l ~ g i t ~ ~ d c  c!l~iulges f o u ~ ~ t l  viz. , t i .  111 fact it appears that this method could 
rightly be applied merely t o  t.he jullctioi~ poiuts of the t r iangula t io~~ series. After cl~auges for 
these poilrts had I~eeu fouud, tlre oorrespontling c l l a~~ges  aiong the series migl~t  be adjusted as is 
doue i ~ r  closing a traverse. 'I'lris \vo~~ltl  il~volvc a cousitlerat~ou ill detail of' all the series and has 
the disacivalltage of beiug n~os t  lahoriol~s, anrl when done it is iuconveuient iu that the solution fbr 
the case of a SIII tller chauge of axes soultl l~avc to be talien up right from t l ~ e  hegiuuiug. I t  might 
be s ~ ~ ~ ) p u w d t o  Ire advantagcous in that it t i ~ l t e ~  c o g ~ ~ i s a ~ ~ c e  of tlre actual form of the triaugulation : 
hut srcilrg that it is based or1 a niethotl which is not entirely justifiable tlrere seems to he little 
atlvautage ill this llartial ;1p1,roac:l1 to accuracy in thc fiual stages of tile reduction. 

2 I .  'L'lle n~ethod of c o n ~ p u t a t i o ~ ~  ~ l o ~ ~ g  the geodesics at  once gets rid of t l ~ e  difficulty of 
dual values of the clranges. It, is obvious however thirt t,he values ohtained for the changes vary 
accordiug as one ol.igi11 or allother is selected : for the closing errors in a triaugle formed by join- 
iug any poiut a ~ l d  two selected origins exist just as much here as in the first metl~od. This closing 
error bowever does not occur all at vile poiut a> ill that  meti~ocl, but is satisfactorily distributed. 
r ,  I here is some troul~le iu corr~putiug the geodesics : but this is of ruilror importauce seeing tllat it 
has heell done oilce for n l l  and correction tal~les have beeu ~ r ~ a d e  out from mhicl~ t l ~ c  coo~.dinates of 
ally point may be deduced by iuterpolation. 'l'hese ti11)les permit of the cl~auges due to auy desired 
changes iu the elernel~ts a, L aud latitude aud axim11t11 at  tlrc origin being made in~mediately aud 
admit of further c l~al~ges  being sui)sequently made wl~eu this becomes cIesira1,le. 

Both this and the first method arc based OI I  tllc idea of the accuracy of t,hc ratios of the 
sides in the triaugulation: this is almost intlepeudel~t of small changes in the splreroid aud the 
conseqiient minute changes in the spherical excess of any observed triaiigle. I t  may be noted 
here that iu the case of au equilateral triangle with observed augles of equal weight the ratios 
are uuaffected by the amoui~t  of spherical escess as this mould be distributed equally Rut tlre 
allgles of the geoid have bee11 used iu place o l  rplleroidal angles and from this some disti~rbauce 
 st have arisen. 

While then the ratios of the sides may be regarded as practically perfect so f a r  as correc- 
tions due to size of spheroid are concerncd, i t  must a t  the same time he remembered that the 
observation errors have a cumulative effect on the ratio of a side to the original base as the side 
considered is separated more widely from the base: and the treatmeut of the observed angles as 

applicable to the spheroid without correctiou mill aggravate this. T l ~ e  mag~iitude of the  errors 



so developed is intlicated where closure 1111s Ireen ru~ t l e  on ndditivlrirl ba*e lillcb. I t  is clear tlret in  
a network of triaugulatiou tlrese ndditic11111 Irnses nlny 1)e renclretl Irur~r t l ~ c  origin by vuriolls 
routes a11t1 tlre lcngtlr oE these routes ru~~?rt .  at*cortliugl!. IN: tlul!. co~~sit lrret l .  

'l'hc follovviug figures are take11 fro111 t l ~ c :  c-irc~rita 1111tl I)ure-lir~es of t l ~ r  Pi.\\'. Uundrilnteral* 
ill shiclr there are .'I circuits and .It lue:rsurotl bascs. 
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Square root ol' X ~ C ; I I I  

I t  a p p u r s  that  the nieau error per triaugle iu sitle ratio is 1 .085 i ~ r  t l ~ r  ( i t11  1)l;rc.e of logs 
which corresponrls t o  au  crror of oue part ill I:!O,U00 h l ~ o \ v i ~ ~ g  t11nt il 11i~lr (~rtltar 01' ~ C ( ~ I I I . ; I ~ ! .  llils 

beeu attained. 

28. I u  tlie tlrird ~~~et l loc l ,  that  of geolrretrical tra~rsforrl~atiou, t l ~ e  itlea ol' t l ~ e  bpl~~l.oic! as 
merely a figure o t  referellee is used as a basis for tlre i t r g u n ~ e ~ ~ t .  It is free E I , ~ I I I  t l ~ e  dilticr~ltirs 
of nrultiple values, olle for eac11 route trave~,sec\, n11d gives a tlrfi~ritc? set ol' v a l ~ ~ e s  lor the clriluyes 
a t  ally point. Beiug geouretrically correct it naturally satisties tlre Laplacc cor~dit iol~ : but it 
does uot keep tlie coustaucy of side ratios, thotrgli tlre departure from constal~cy is uot se~,ious. 
No attempt is matle to correct for the distauce I)et\veel~ geoid and spl~e~.oitl wl~ic:l~ i11 co~~juiic.tiolr 
with large deflectiol~s s~lclr as have so far bee11 tliscovcretl would make very s~ual l  ch~rl~ges in the 
coordil~ates. I t  is to I)e re~ueluberect Iiowever tlrat t l ~ e  origillal gsoidnl t r ial~gles Iii~vc I)CL'U 
applietl witllout arigular correctiol~ to the old spl~eroid of ret'ereuce, althougll cor~sideral)le 
corrcctious ~ u u s t  have bee11 necessary iu  s o ~ u c  cases. To put this matter right ~ lo \v ,  deflectioirs at  
~naliy n ta t iou~ \vould lieed to be observccl: aud to rnake use of the i ~ ~ f o r ~ u a t i o u  that  migl~t  I)e 
gaiued by ol)serv;rtio~i, i t  would I)e necessary to re-grind the whole t r ia~~gula t iou  oE India. 
I t  is the ol~ject  of t11e prcse~lt iuvestigatioa to avoicl this iln~nelise piece of 1\7ork : but as llav 
just been puiutetl out, i t  could not be uudertiilieo uutil lually deflectiou ol~servations Ilnd becu 
~nade .  Hat1 the correspoudi~ig corrections bee11 ~rlade in the tirst iustaucc, wl~icli would have 
heen l~ossible if comparatively rougl~  latitudes aucl ilzi~uuths had I~eeo observcd itt each triangu- 
lati011 s~;rtiou, the  neth hod oE chauge of coordiuatcs esplained in Chapter IV would have heeu 
absolutely corrcct. 'l'lre fact that this was  rot done is the source of t11c present ditticulty a i d  



Ill~R,:ticnllp tlisposcr of  t h e  n s c [ ~ ~ l l ~ r s r  of this met41~otl. P ~ r r l , l ~ c r  the  Ibnplarr c q ~ ~ n t , i o n s  ahnnld hy 
ri,ollt have hccn n l ~ l ~ l i c t l  in  t h e  o r i , ~ i t ~ : ~ l  grintlirrg : they were not,. Thin ornisginn rlao makes an 

I~!ljcc:tiolr tt, n ~ r y  mct,lrotl oE com1111tilrg rllort of r c ~ r i ~ ~ t l i n ~ .  i\nd so  tho jinornetrienl nccurrrcy of 

tllc mcthotl of C l ~ a p t c r  IV is vitirtetl. I t  is ~ r ~ c l e s u  t o  invist on  n methotl which strictly n~rnrdrr  

with Laplncc'h t v ~ ~ ~ a t ~ i n n n  \\,IIPII ~ I I C  originnl t l ~ ~ a n t i t i e s  \vI1icl1 :IPC t o  IIC cnrre(:t~tI f n i l  to  ~ n t i s f y  
~ I I O Y L '  e q ~ ~ : ~ t i o ~ ~ r  

2 : .  .\* re~r~arkccl a l~ovc  i l l  37 t l ~ c  rcn9otl oi' tlle tnllltil~lc valnea of n ,  7,, ,ti rrc:ording tn 
traverse rol l tc  fo]lowet] is tha t  i l l  tht: tronbl)~~tations I I O  a t t e ln l~ t  II:I'I heen made t o  correct ohscrvetl 
geoi(lrl allglea to n n ~ l c ~  011 t l ~ c  l ~ n r t i c ~ ~ l i ~ l -  spllcroitl \ r l ~ i c l ~  is nelectctl R r  a rcferel~cc figure. Had  
these c,lrrcc~tio~ls I1ee11 nl~plirtl  the ~nchtllocl of geometric;ll c~11a11,vc enplirilletl i l l  C:l~:rpter I V  wolllcl 
havc givcll t l ~ c  c l ~ a r ~ g e 3  rr , . ,  I-,., to,. \vhic:l~ w o ~ ~ l t l  then 11:rvi. I I P ~ : I I  r~ppl irahle  on ch:trlginx from one  
spher,lit] of r<.lcrellcc to  arrot i~er .  I j ~ r t  ? I ~ C ~ I I , R  t l ~ n t  IIO s11c11 cv~l-rectiot~s wcbrch :r]~plied, rind tha t  the  
closi l lg  errors of circ:~rits were t l is)~crwd R I I ~  treated as e r r 0 1 ~  o f  ol)ncrvations i t  is clear tlrnt this 
mcthorI ir llot strictly applicable. 'llhe ~~ol.tiorr of thv c l o s i ~ ~ g  el.ror8 t111e t o  this lark of correction 
to 1,11,: ; L l l a l C ~  is s l~lal l  con1l1;rretl n f i t l ~  t l ~ o s e  tlae to errors of obscrvntion : so in t h e  lnain nn great  
fal l l t  \r.;rs cllmn~ittctl .  ;\ grente~.  fi~111t was tllc ~ ~ e g l e c t  o l  closing OII the  l o n g i t ~ ~ t l e  nrcs, o r  i r l  

otlrcl. wclr , l~ a i ~ ~ ~ l y i r ~ g  1,aplnce's lor~,vitlr(lc ecl~lation. \Vl~a t  is a t  lirst wi,oht natlrrally regarder] R e  

a ticfeet o f  tile ~ n e t l ~ o t l s  of (:l~aptcrs I atltl IIT is that  (.t111atio11 (I.) of this chapter  is not sntinfet]. 
n l l t  \vllell it is col~sitleretl that  I~:r[~lace's contlition, of vvhicll cqllatior~ (1.) is a11 immediate conqe- 
c l l l ~ l ~ ,  \V:IS 110t ~ ~ l ~ f o r c ( : ( I  ,111 tllc: ~on11111tat,ion 01' t l ~ c  originn1 t r iangnlat ior~,  it i n  clear t h a t  there is 
Ilothillg to  IIC gai~jctl 11y 11ow e r ~ l ' o r c i ~ ~ g  eil~lation ( - I )  on to the snlall cllangcs t o  11e al~pliefl an apcollnt 
o E  cltallgc ol' ,s~~\rcroirl .  A p19rl'eral)le collrse is t o  111a1ie t l ~ e * c  cll:~~~,oes : ~ n d  then apply TjaplaceYN 
co~~dit iol l  to the firral result nr S i r  Sitlney Hurrartl II:L* tlollc: in his disc~rssiol~ O C  tile Intlian aximlltll 
oI,srrvatiol~s. I t  is c o ~ ~ c l ~ ~ t l c t l  t l~elr  t h a t  the  two object iol~s to  the  rnctl~ods o f  Cl~apte rs  I ,  I I I  citerl 
aI,ove Ilrvc litt,Ic \veigl~t ill vicw of the nl igl~t  i r ~ a c c l ~ r ~ c i e s  of  rnethotl 11.v wl1ic11 t h e  Inrlian t ,rinnglll~tion 
has I1oe11 rv(111t:ed I t  rclnail~* ~ I I C I I  to  tlecide n ~ c r e l y  011 n.hat route s11o11ltl he follometl i n  detlllpinR 
the chaugcs oT coortlillates hy the 1r1etl10(1 oE Chapter  1. 'llhis methoil is applicable to  any  rollta 
if tile ( . ~ I o s i l ~ g   error^" 11re applied as explained nt t l ~ c  cnrl of that  c l r :~ l~ te r :  nntl in Cllaptcr 111 
a l t l ~ o u ~ l ~  the res111ts are o l l t a i~~e t l  i l l  a special way, yet  t . l ~ e ~ e  res l~ l t s  might  have hean ohtairlctl 
t11e ~ue t l~n t l  ot' C l~a l ) te r  I .  I t  is clear that  I I O  route  can I I C  laid tlo\vr~ as rignror~sl! c,?rrert alld 
that thc Ileht that  can I I C  d o ~ ~ e  is t o  select a route  ~ l t i c l ~  appears t o  hc the  11~s t .  Y~rppqsc? t l u r r  
were t'o111. triiiugulation seric-s : ~ l l  ol' c c l ~ ~ a l  merit  Formiug a square. 'llhen the  ronte  whic t~  sllollld 
he followetl from otle cortler to i ~ t ~ o t l ~ r r  is t h e  diagollal, and this protl~rces a result intermerliate t o  
tbose whicl~ wo~lld be ~ O I I I I ~  I)!. follow in^ either pair  of sides. If one pair of sides was distinctly 
bettcr t r i a n g n l a t i o ~ ~  than the other ,  the I~cst. r o l ~ t e  would doul)tless be olle closer t o  t h e  goo(] sitles 
thau tire \lad sides. But  it1 the  case of :L great 11etno1.1; of  triangalation i t  is t,oo complicated to  
go iuto s u c l ~  detail nurl so the  diagonal ~ v o ~ ~ l r l  11e selected. Now the geodesic co~.responcls fn i r lS  
closely iu the  case of a spl~croitl  to  t l ~ c  c1iagol1:~l of  wry sqnxre or  I-ectangle, and it  gises a satis- 

factory medial path :~ :no~lg  tile t r i a u g ~ ~ l a t i o ~ ~  and ~nedia l  resnlts for the  c l~anges  derl~rcerl. TIlis 
choice is slig11t~:y arbitral-y, I ~ u t  scems thc  I ~ e s t  that  call hc made. A n o t l ~ e r  arl)itral.y cllnice is 
that oE the origiu from whic l~  changes arc compoted on the p o i ~ l t  fl.on~ ~ v l ~ i c l ~  all the  selccterl 
geodesirs radiate. l t  is appareut from tile theory of the  "closing error>" tha t  different vnllleq 
\vould he dedurcd for the c l ~ a n g e  according as this central point is selectcd ; Ilnt the  diffcrellccq 
are uot really ap!~recial~lc in  c o ~ n p a r i s o l ~  with the  el5roril drlc to  f a ~ l l t ~ y  observation : Kalinnpllr  i s  
very ceutrally situated a s  regards India ,  and  as it  is . thc origin of t h e  triangulation i t  appears 
that i t  ~ o u l d  ruerely I)e a n  unnecessary complication t o  sclect a slightly different point for  t,he 
poiut from ~ r h i c h  the  geodesics radiate. Tt mould Ile useless to  go into a n p  great refinement as to 
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the theoretically best ceutre for this purpose hecause i t  mould he cous ta~~ t ly  (1isturl)ed as llem 
t r iaug~~la t iou is added to the Indiau system. 

I t  appears then that, without there heiug auy rigidly accurate reason for adoptiug the 
method and results of Chapter 111, yet that i t  meets the preseut case quite satisfactorily and 
has no defect of appreciable magnitude : and that  auy deEect OE theoretical precision would be 
preseut in auy alternative method which might he proposed. The couclusio~l quoted at the end 
of Chapter IV  is accordiugly reiterated, ria~nely that the method of calculation along 
geodesics through Kalianpur as set forth in Chapter 111 is the correct one to 
use. 



C H A P T E R  VI. 

Strength and Adjustment of Triangulation. Mechanical Analogy. 

A criterion of strength of triangulation series. 

1. If  a mechanical network, \vhich is a n a l o g o ~ ~ s  to a t r i ang~~la t ion  series in tthe sense 
explained in $ 10 below, replaces each series in a system of t r i ang~la t~ ion  a mechanical framework is 
formed. Each mesh in this framework corresponds to a circuit in the triangulation and needs straining 
to close in a way exactly analogot~s to  the need of ac l j~~s tment  of triangulation circuits. Now in general 
in Indian t.riangolat,ion, series follolv aplwoximately straight lilies and these are gcnerallj. more or less 
along meridians 01. parallels. Consider four series \vhich form a circnit A B C D, and their mechanical 
analogues. To en'ect closing a t  A in the niechanical fra.mework strains mnst, be a,ppliecl : ancl i t  
seenis fairly clear that  t,he stra,ins which will be car~scd in the  side A B will be of the same nature 
all along this side, but  will differ e~sent~ially fro111 tliosc cansecl in H G. An esaniple woulcl be t h a t  
tlie strains in A B would be sncli as to increase the  length A H while those in B C would be to  
sliglit,ly curve B C. On t,his accotuit i t  ap~scars desirable to  consider st,rains of a particular type as 
existing tliroughoat A I1 : b o t  not esist, i~rg to t,he same extent in H C. The side A H is t , l ~ o u g l ~ t  of 
as llaving uniform st,rengtIi which differs from tlie n ~ ~ i f o r n i  strength of H (:. Reverting to the  
triangulation series i t  may be renlarlred t h a t  in one series the smne strength is aimed at. throughout,, 
angles being observetl with similar precision and figures of the same txpe selectetl as far  as  possible. 
When topographical co~ltlitions chn,nge ent,ircly, as must, essentially occur on tlie passage fro111 plain 
to hilly cotintry, the  series sllould be considered in sections. 

I n  consiclering one series of a circnit, i t  is only necessary to tliinlr of a " route '' formed by 
those sides which 1)ersist ill t,hc general direction of the series, but, bearing in mind tha t  the lenqtli of 
each side is expressed in terms of the previorls sitle, ant1 tha t  in any adjustment its relative lcngth to  
this lwevior~s side is the quantit,y which is to  be slightly vn.ried; and similarly its =iniut,l~ is relative 
to  t , l~e previons side. Tt \rill not be very fn.r fro111 the t ruth in effect if these severa,l sitles are for 
s i t ~ ~ p l i c i t ~  regartletl as of equal lengtll I ant1 practically in the  same direction. Supl~osc the ancle  
between the r t I 1  ant1 I . +  1 1 "I sitlc, origi~lally prn.cticalI!- 1 SO0, is c l~anged by  t'he small angle i j ,  : and 
that the ratio of t,he length of the I -  ''I side to t l ~ c  rut, originally u u i t , ~ ,  is cIi:~nqetl to  I + e ,  

r r 
Exl)rcssetl in terms of t,lre base, t.he r'" aitle c11:~nges i l l  Icngt(l1 in the ratio I1 (I + r ) -  I + 2 s  :~nt l  i n  

1 1 

direct io~~ by Z 7. Tllcse cll~s,ntitit,s s :111tl r] 111:1.3. I ~ c  cl1ose11 to give : L I I ~  l~ossil)lt> s~nnll  (~l l ;~ngra i l l  thc 
1 

lengt l~ al~t l  szirnr~t.lr of t , l~e t e r ~ l ~ i ~ l a l  sitlc of the scrics. Co~~r;icle~* thc dis l~l : rce~~lc~rts  ill t l ~ c  tcrnlinill 
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point T + 1. That in tlie direction of tlre series is clcarly 

whrre 9 it: the lengtli d tlie series and accorilitig1y s=  T I .  
The most probable value of this is 

if r is large, e being the most probable value of any of flie quantities e,.. Similarly the displacement 
of the terminal point r  in the direction a t  right angles to tlie series is 

Botlr tlre quantities e and q depend bn  tlre probable error of an angle (adjusted by the 
triangular co~iditiotis) in the series. Getieral Ferrero introduced tlie quantity " m " as a criterion of 
triang~ilation, 

where 

A being tlie triangular error of any triancle and )I tlre number of triangles collsidered. 
This quantity " n ~ "  is accorllingly tlie error of mean square of one angle of a triangle. The probable 
error of an observed atisle is . ( i7  14 nt .  'L'lre ~)rohnl,le error of at1 angle adjusted to satisfy tlie 
triangular condition is 

a = J3 x . 6765  ~ r r  = - .5511n.  . . . . . . (3)  
The formolz ( I  ) and (2) may accordinqly be expressed by saying that  the probable displacement of 
the terminal point of a series of given lenqth in any direction varies as ?I&/ JI. 
They accorclingly shorn the advanta~es  of figures with 
long sides. I t  remains to consider tlre effect of various types /-niangles 
of figlrres in the series, simple triangles, braced cluaclrilaterals, 
central pentaqous, hexagons etc. Onl!- regular figures are 
consitleretl and the sides of each are taken e q ~ ~ a l  to I .  To Q t ~ a d r i l a t e r a ~  

complete a series of each type of given length .o suppose there 
are n, qr, s; etc. figures, simple triangles, braced q~iacli-ilaterals, 
pentagons, etc. It is clear that  the gains in c1ist:~tlce in tlre 
required direction are 

n:;/ cos GO0 in the case of simple triangles 
n,l . . . . quadrilaterals 
n,l (cos 18" + + cos .iio) . . . . pentagons t 
2n,l coa SO" . . . . lreaqons 

and a5 these must all be eilual to s 

. . i n ,  = a, = 1.245 n6=1.732 na. 

Now tlie probable errors in tlie determination of a terminal side after a given number of 
figures of each of the kind mentioned are in tlie ratio 

0.82 : 1 : 1 . 2 1  : 1.29  * 
so that  a t  tlre end of e,wli series of tAe sume Zerrgth the errors are in the ratio. 

0 .82J?z ,  : J n ,  : l 0 B I J n ,  : l m 2 9 J n ,  
which reduce to 1 .17  : 1 : 1 .08  : 0 .98  
for the cases of triangles, quadrilaterals, pentagons and hexagons respectively. 

Vide Account of the Operstione of the 
t An altcrnakire arrangement of the  pentagon gives a result practiodly the same. 



Srlpl)obe there ib :L series compobed of a sirnl)le trianqles, B braced clnadrilatmals, 7 pentagons 
and 6 hexaqonh, then the lstio of its t e r n ~ i ~ l a l   robab able error* to tl~ost. o l ' :~  series of the barrle Iengtlr com- 
ll~bp(l of ~ ~ ~ ~ a d r i l s t e r a l s  is 

Iiel~tagons, uonagoub etc. occur rarel!- and may be treated as pentagons. Octagons, decagor~s etc, may 
be treated as hesxgol~s. Combining this result \vith ( I )  and (2) the q l~an t i ty  

is forn~ed in.n.hich 18, the average length ill miles of sides in the Indian t r i a ~ ~ g ~ ~ l n t i o n ,  is introdrrced, 
and " r r , "  is General Fel.rerols espressiolt for error of n r e a ~ ~  sqrrare of all a ~ ~ g l e  a11,1 I is tile avtar;Lge 
lelrgtl~ of sitle expressetl iu uliles i l l  the  series under corrsideratio~l. 

f 

2 .  'l'l~is cluantit!- Jr talres rogl~izance not only of the 11robable errclr of tile - angles i t 1  the  
t r i angr~ la t io~~ br~b also of the l e l ~ g t l ~  of side aucl t!-l)e of tigure. Yor :I give11 le l~g th  of t r i ang~~la t ion  
it gives a relative idea of thc errors lilcely to occnr ill series of clift'ere~~t l~recisi6;~ and tylw : for 
eraml~le if t l~ere  ;1re several series of the axme lel~gtll ,  ?;a!- 300 urile.~ rach, for \vlricl~ \.slues 
1 ,  3 .  1 . , . have been f o ~ ~ u c l  by (-I.), tl1tl11 tlre llrobnble errors of n o r t l ~ i ~ ~ g  or r a s t i ~ ~ g  
of t,he ternriual 1)oint are al~l~rosimntely in rat,io AT, : &I, : 34:: . . . alld the samr is true of the 
probable errors of le11gt11 or ax i r~~r~t l r  of the tern~inal  side. (' M " gi\.es :L criterion of the value of 
triar~gulation considering in I)l,oper ~~ro l lo r t io l~  the  excellcnct~ of observation ant1 the sl!ccess in cl~osing 
well-l~roportiol~ed tigures \v l~ ic l~  has been attained : " I t ,  " onlj- gauzes the excc!llence pf  observation. 

The dednction of the  clr1antit!. i\l is confessecllj. I,ared an nl) l~rosi l~~ntions and sin~l~lifications. 
It .  \\,o~~lcl not be esl)ected to be \-er!- accurate if al)pliecl to bacll!- co~~clitiont~cl figureh, and i t  is not 
intended that tl!is slronld be done. I n  geotletic triangulation such iigr~l.es arc2 e s c e l ~ t i o ~ ~ ~ ~ l  n11c1 tigrres 
al) l~rosi~natel~-  s!-mmetrical largel!- l~retlomiuate : ant1 in tlresc cases 1'1 is a 1)racticaIlj. r~ .*ef~~l  c~ , i t~ .~ . ion  
of the excellencr or strength of the series. 

J. All t l ~ c  t~.ia~~g:.lrlation of India has bee11 classitiecl according to value> of AI ( t i ( l r  
table XLl\:) and t l ~ e  ortler of t l~eri t  of the  several series t led~~ced.  Tlle series are al.l,:anqctl in 
c h r o ~ ~ o l o ~ i c a l  ortler and designated b>- a serial ntunber. Reference to  all!. series call g e n t ~ r a l l ~  Le n ~ a d e  
m o ~ ~  convenientlj. 11) use of its serial number than b!- t l ~ c  rather Ions nncl i'reclr~entl!' artiticial Ilarrles 
\vl~icl~ have heen al)l)lied. 11 consitleration of the list, sl~o\\-s that the p r i ~ ~ c i l ~ a l  :tucl st.con~lary 
triangulation rauges fairl>-continr~oasl~. f r o n ~  ver!- l~iglr class work in the best of n-hiell h-o. 71; Korth 
I~aluchistan Series 111" = 0 .  2:Zl and RI = 0 .  17 ; to the least successfnl secondar!- tria$r~l:ltiol~ I\-". ti5 
S i a ~ n  Bra11c11 in \ r l ~ i c l ~  ,u = 3". 71 1 and 31 = -1.. 34.. The mean square (1 : i c l r .  note a t  foot of t;lblc) va l~ le  
of Al for tlre triang:.ulat,ion \v l~ ic l~  was r~tilised in tlre griuding of the Indian net\vork is I - 0 4 .  : that. 
for the \vhole triangulation 1.51. I n  some cases so callcd secoudarx triangnlation pi.oves better tlr:~u 
1'00~' l)rincipal triang:.r~latior~ : in general there is no markell gap between the t\;,o classes. Tlris 
c~assitication of t r i ang~~la t ion  into priucipal and secondary is accordinply c1rol)ped d t e r  the co1nl)letion 
of the series and both are classed as  " geodetic " triangirlatiol~ and placed according to tllr ~ a l u e s  
of 11 yielded b ~ -  them. The frlrtlrer distiuction in Indian triangulatiorr is bet\veen:'-" geodetic " and 
" minor " triangi~lation. Tlre former is al\vajs r igoro~~s ly  com1111ted taking accor~nt of s l~l~crical  excess. 
The latter, irrhiclr is geuerally very much rougher, disregards spherical escess. 
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T A B L E  X L I P .  

Values of "m" and "M " for all Geodetic Series of the Indian Triangulation. 

Nnmher of Indepentlent Figures 

1 
No Name of Ser ie~  

I 

1 South PIrasnMh Mer. 1831-39 3 .306  24.0 (i 2 .1:3!) 3 . 2 6  92 
2 Bndhon Meridional ... .135 2 . 4 6  86 
3 Anl la  Meridional ... .167 1 .86 ,77  

I 

... 4 Rangir Meridional 1831-64 1 . 6 4 3  120. (i :32+ . l 67  1 . 7 9  72 
5 f,'alcz~tta Lon .y i t i~d i~~a l  183.1.-69 0.36!) ,% . (i . . . . . .  . . .  

' 
6 Grrat Are Mei.idional,  I 

Sectioi~ WO-30' . .  . 2 2 . . . . . . . . . . . . .  1 4, . lo!)  0 . 7136b .  

7 Bo,nbuy Longitvdinal . . . . . . . . . . . .  2 ,077 0.74. 38 
8 Great  Arc  Me,.irl iof~al,  

Sealion J6C-240...  . . . . . . . . . . . .  : 3 . l l 8 0 4 0 ' 2 8 b  
!I Greut ATC Mei.irlionul, 

zrctio~c. So-IS0 . . .  :i 0 1 1  0 i t i  l ib  

. . .  

... 

. . . . . .  

. . .  , . ,  . . . .  . .  

. . .  . . . . . .  

, ,  . 
. . .  

, ,  . , .  

. . . .  

.. 

. .  

Nul~tin Wenrliaiit~l . .  . 
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b 

l l A  B L 8 x L I 7.-(Contd.) 

Values of "nt" and "M" for all Geodetic Series of the Indian 'l'riangulation. 

bier. = . \ l cr l c l i~r~a l .  Lon. = Lr,ngitodinal. Sec. = Secondary. 1 1  Ceutred qnndrilnternl. 

For 4.1 S!:riew entering thc Sinir~ltaneo~~s Chincling (shown in italics above) 

f 2  = 4 5  1 Mean S(luare If = + -11.04 

I Nllmber (11: 111tlrpe11de11t F ~ g u l . r s  

P 

5 2 . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  
. I . . . . . . . . . . . . . . . . . . . . .  

1811-!1:3 :3 .05-L2-lG.0 0 1 . . . . . . . . . . . . . . . . . . . . . . . .  
lSI)-I,-09 0 .  -1~5:3j(28. 4, . . .  5,113 . . .  ,. . . . . . . . . . . . . . . . . . . . . . . .  
1605-0i  ~ . lS>l ; . ' :3 .9  2 1 1 . . . . . . . . . . . . . . . . . . . . . . .  .O6!lI 0 .  I 

8 1 -  

I 
I jl 

ls9l9O9 1 1 1 1 t 1 1 7 . ~  8 2 1 , .  . , . . , . , , . , . , . 121) 1 0 ( i ,  SO 

i 
i ~ . I I I ,  >erics 

64 
65, 

s t  1 e .  
Sianl Branch Triaugu- 

7 1  
72 

73  
74 
75 

76 
77 

a o r  I .  ~ ~ : ~ ~ @ 2  ( 0 .  7501 2 0 . 9  31 111 . . . . . . .  1 . .  . :. . . . . . . . . .  . l . t jl ,  0 .~l i ' : i ! )  
Great Sal\\.een . 1 1 0 0 -  u . 404 2 a i . 2 , \ ( l  2 . . . . . . . . . . . . . . . . . . . .  1 .05ti ~.: j : i ! l  st 

I 
I 

1 1  
i I 

Kiclarkanta Secondary 1002-0:311~ 323 115 . 2 :3 1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  .I  :?3 1 . ('12': 67 
Kalgt Longitudinal ... 1004-08' 0 .  :365,:30. i . . .  ii, 11.5 . . .  1 . . . . . . . . . . . . . . . . . . . . .  
Baluchist;iu Triangu- 1 !I 

lation ... . . .  1 . . . . . . . . . . . . . . . . . . . . . . .  

Korth Ealuchiatin . . .  . . . . . . . . . . . . . . . . . . . . .  
C+il(rit . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
751 " . 

1 Kharl 13111s Secondvq- 
I 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  791 3Iawlmmai Secondary 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  50: Upper I rmssddy . 
Slj Jaintia Hills Sec. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

62' Bbir Secoudary . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
88 Ranchi Secondary 

1 1 r n  e c o d  1 1 ~ 2  

Sanlball,ur ?tleridional . . .  6,111. 1 1 . . . . . . . . . . . . . . . . . . . . .  
Indo-Russian Connec- 

... . . . . . . . . . . . . . . .  . . . . . .  tion .... 
I < h a n d ~ ~ a  Swondary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

65 Ashta Secondary . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
blBuld~uaSeconilary . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
'301 Xaldruy Secondary . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

!)J, Kohima Secondary.. 

. . . . . . . . . . . . . . . . . . . . . . .  91; N!ga Elills Secondary 
1 2  311ddle Codarcri Sec. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. 
I 

9 1 '  Cachar . 

. . .  1 lation l i e  Yandalay Meridional 
I 

I:? 1Iong HHm Secondary 
( ih  ?tIanil,ur Lonyituclinal 
ti!)/ 3lal<ran Longitl~dinal 

70 . . .  hfandalay Lon. 



4. Reldace each triangulation series by one of its flanks. The  r~etworli is then nearly eimilar 
to a traverse network, with tlie adtlition t h a t  clos~lre of the l e n g t l ~  of the  last side is necessary aw well 
as ~ t s  azimuth and the position of its terminal point. The flank of any heries i~ us~lally not far  f rom 
straight: or else conaists of two or more portions with apl~roximately btraixht fla~lks. Cor~sitler each 
such portiou separately ant1 denote it b ~ -  the  name " ~~~i~ri t !~~t/~ct ior t  litto." 

Each triang~.nhtion line is liable to be slightly bent and to have its length s l igl~t ly alteretl in 
the course of adjnstrnent. This is effectetl by the  angle at. each statior~, and by the  ratio of sllccessive 
fiides (between stations) of tlie trianynlat,ion line being slightly cl~angerl. Tr iangnla t io~~ l i l ~ e ~  may ho 
of diflerent s t rengt l~s accortling to  the series from whicli they are tlerivetl : hut  i t  will be assllnie~l t h a t  
the strength of all!. one triangolation line is n~liIorm. I n  other nvortls, if i t  is necessary to  :~tljost the  
azimuth a t  the en11 of a triangulation line t , l~is wonltl be tlone correct,ly by g i v i l ~ g  tthc a ~ ~ g l e s  st all its 
s t a t i o ~ ~ s  an ecl1lal cllallge : a ~ ~ t l  to ntljnrt the l e l~g th  of tel-min:ll sitlr i t  \vo111d he rol.rect to change the  
ratios of s~iccessive sides each bj- etlu;cl 1)ercent:~grs. 

IYheo several tria.~ignlatiori lines are concernctl tlie ; ~ ~ i g ~ l l n r  acl,jnst~ncl~t ;rt :LIIJ. s t : ~ t i o l ~  of OII (*  

will in general be different from t l n t  a t  an). stntion of ;LIIJ.  otller on :~ccorlllt of 11otl1 tllc differel~t, 
s t r e ~ ~ g t h s  of the several t l~inl l j i~~lat io~i  lines as well as their tlircctiorrs. 'L'l~e clnestio~~ of s t r e ~ ~ y t l ~ s  Ilas 
bee11 considered in sonie tlet:til :~bo\c~ ( c i r l e  $ 1 )  a11d can Le t:~lit.11 illto ;iccorlnt t)y Inealls 01' JI. 

~icljostnientu of lntitr~tle a11t1 I o ~ l g i t ~ ~ t l e  : ~ t  tlie entl of n t r i ang~~la t ion  line 111ay also 1 ~ e  effecatetl 
by a comLination of s n ~ a l l  c l i a ~ ~ g c s  of tlie a~lgles  a t  tlie a t ;~ t io l~s  and the r:rtios of sides betweeu 
stations : bat  in these cases tile most 1)robable :ttljnst~ncllt \voaltl 11ot be that of c l ~ n ~ ~ g i n q  all t,lie anqles 
and t,he snccessive sitle ratios Ly etlnnl amo~lnta. T l ~ e  nc.trlnl tliff'ere~lce of this I:~.tter C O I I I . * ~ ~  f r o n ~  the 
most probable one is not very great i l l  tl.iang~ilation liuos of ~notle~.it,te 1e11gtl1, ant1 it ni;~!. I)( ,  tleemed 
justifiable on the grotu~d of s in~l) l ic i t~.  to malte tllr atljnst~nent b!- aclo1)ting the latter. This \vor~lcl 
brins the four ty l~es  of adjnstlnent into one sinrl~lr scl~enie : b11t tllc 11io1.c g e ~ ~ e ~ . a l  case \\.ill no\\- be 
exl.'lainecl ancl t,lie simple case can easily be tletlucccl from tJiis if tlcsirecl by o~nission of certain terms. 

5. Consider any triangulation l i~ ic  and let the successive st:ltions along the line be tlenoted by  
the ninnbers 0, 1, 2 ,  . . . 71, t l~ere  being altogether 11 sitles in the line. Le t  A,. he tile nzi~iiuth 
a t  i .  of r +  1 and X,, L,, the Ia t i t r~ le  nnd lo~igitnde of I.. Denote b ~ -  (*,, the  length of tlie 1."' side ant1 
by AX,., AL,., A d , ,  the incren~ents of latitude, longitude ant1 azimuth along this side (r-1, r ) .  

Supl~ose that  the angle a t  the s tat iol~ 1. is cllal~ged by 17, r a t l i : ~ ~ ~ s  alltl the rat,io of the zjI'li t o  the 
cr+1 1."' side to  - (1 + E, . )  and consider \\hat changes will bt. caused thereby. 

Cr 

The follo~ving espressions hold a.l~prosin~ately 

(II. 

A s , .  = - - - sin A,.-, tanX,.-, 

i l l  whicli AX,., A L,., A A, a.rc es11rt.ssetl in ra t l i a~~s .  T l ~ c  <liffcrcnccts l)et\vcc~l p, v tllc ~~rinr i l lnl  ~xt i i i  nC 
cllr\~atnre and a the mean rntlins arc l~eglectetl as only : ~ l ) l ~ r o s i ~ ~ l a t r  ccl~inl io~~s arc rrrluired i l l  \illat 
f0llon.s. 

Differentiate (5) \\.it11 regartl t o  c,-, A,.-I,  1)c11oti11g t 1 1 ~  rI1:111gt,s i l l  l:1tit11clt~. l o ~ i ~ i t ~ ~ t l c ~ ,  
back azilnntll and for\vartl nzilni~tli a t  station I. by (I,., I.,., (I,,, II:,.; I),, it. Eollo\vs t11:l.t tllc cll:~u~:.e i l l  

AX, is 11r-21r-1 etc., so that  
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I n  t,l~ese equations cot or tan A,-1 is liable to  be incon~enient ly large : but this is al\vays 
accompanied by  either A X ,  or AL.  being corresponding1~- small. It is conrenieut t o  eliminate A,.-1 
by means of (5) and to write (0) 

C C,. C,-1 
I n  accordance nit11 ~iotatioii esplainecl above, since 2 = - . -  . . . . .  5 and 

C, , .  C,.-2 cn 

cr C C 
'-1 6c, . r-1 

- is changed illto 2 ( 1  + E = - ~ )  : then 2 is chanjied into' ll ( 1  + e,.). Hence - = E + S E 
Cr-1 Cr- I Cl 1 Cll 0 C,. . 0 

where c,, ~vhicli  may be regartlecl as the last sicle previous to the side 01, is st11)posecl to cl~anye to 
Co ( l + E , ) .  

Now supl~ose that  the  c l l a n ~ e s  in s~iccessire side ratios and anyles are in arithmetic progression : i.e. 

and 

Tlien 

E and H being the  quantities relating to  the side from which the t r i anT~~la t ion  line en~anates. 

Equations ( 7 )  inay now be written 

uV,- h1/,-1 = (E + r e  + ) c o s  1" A - ?0", + q + (r  - 1 )  . I )  cosec X,-l AL,. 7 
1. ( 1 . -  1 )  

dt1- v " ~ - ~  = (E + r e  + I 
cosec 1" A 1.. + (w".-~ + q + (7.- 1 )  n')sec h,-l AX. I 

+ ~ " ~ - 1  tan x , - ~  A L, . . . . \ . (8) 

7uNr- Z L " ~ , - ~  - 7 - -1 7 E + + ' - ('-I) e , )  cosee l / / s i n ~ . - ~  AL, 2 
i 
I 

- k ( ~ " ' , - ~  + 7 ~ ( r - 1 )  7 ) ~ h . + r r ~ , - ~ r e e A , - ~  A L .  . . I 
in n.11ieh fi, c ,  ~ c ,  7 : L I . ~  no\\' e x ~ ~ r e s s e ~ l  in ~econils ant1 ~ h ,  A L are in radians, alltl 2c0 = 13. 

J 

T o  a1q11y these eclllations it is necessar!- to  knon, the val~les of Ell,  E, 11", ~ c , " ,  ?I.,," and v/. Tile 
last cluarrtit,y is siml)lj. adclitive to  all vallles of v. The remaining five cltlantities give rise to live 
cases : for tllcy can 11e ~onsitlcretl s r l ~ a ~ ~ n t e l y  and the 1.rsnlts comljincd afterwards, since second ortler 
fillantitics are bein? nt~glortc~tl. 1 3 ~ .  s~~ccessivc~ al,l~licat,ion of (S) the sol~ltion ma!- be ohtained in tlle 
for111 

u, =(A, .  15 + R,.E+ G,, e')  cost^ I N  i C,. 7 + F,,?' + D,, 11" + rY, ,~~lI  
1-.-1:~,=( Ail<+ R.e+ Glee)  evsue 1"+C7 + ~ . 7 f + D p a ,  +I(.tc,, 1 . . . (9) 
?I., = ( A,,[': 3- R,.E + G,,. E') cosec 1" + C,.q t + D,,till + Iilp~tiI, I 
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The coefficients A, B etc . . have to be determined for each triangulation line and then the  
latitude, longitude and azimuth changes are expressed by (9). The rth side is changecl in the ratio 

r ( r - l ) € ,  , 
l + E + r c  t 7 . 1 ; so tha t  the solution is complete. 

It is convenient to denote the changes at. the end of any, the ncth, triangulation line in lati- 
tude, longitude, azimuth and side by ,,, U ,,, Tr ,,, W ,,,I3 : then taking account of different values of 

E, wllich occur in differeut triangulation lines the chauge in latitude, longitude and azimuth of t h e  
rill stat,ion of the ~rr"' line may be written 

n, U, = (l,bAtL W-I E + l,LBlt ~ I I I  4- rllGu E , ~ ~ ' )  cosec I" + Ill c,, VIBI + rill),' u0 + nlIird w0 
Vr - nl-l V = Au III-I 13 + 1% EIII + I l l ( = V  ell,') cosec 1'' -1- (=ll qru + u0 + ,.KO w,, 

n, wr = ( t o  - I  + I + 1 I )  0 1'' + n I + 1 l o  + l l lKl u (10) 
- v ( r  - 1) €. 

NE, - 1,1-1 I< + + - " "' 1 
I 

Equations (10) give in the most s e n e ~ ~ a l  form the ch;l~rges tlmt are effcctetl bj- i~~trocluci~~; .  the 

alterations q, q', E, E' differel~t for enclr t r i a ~ ~ ~ u l a t i o n  line. 

6. W e  may now consider t'he probable relat,ive values 
of E and q (the latter expressed iu radians) for this purpose treating 
E' and q' as zero.. Take the case of a series of siml)le equilateral 
triaugles ancl let p - 2 ,  p - I ,  p be three successive stations on a 
flank: also let x,, y,, z,, etc. be cl~anges \\,l~ich are applied to  the 
several angles, as i~idicated ill t l ~ e  ti gore. The ratio of the successive 
flank sides Q RIP Q being elelloteel by r ,  t l ~ e n  

rZ log ).=cot (iOO (x,,-~ + x',,-~ 7 y,, - v',,-~ - z',,-~ - z,,) 
Hence 

2 ,i log = d log n ,- 

Hence the most probable way of gettin= a particular value for the change in lognr~thm 
of the side is by r n a k i ~ ~ y  all the  x' equal to  each other ancl of ol)posite sien to  all the  zS 
which nil1 also all be equal. Tlie yS clo not come into the  case a t  all except at t,he two erltlb, unless 
an azimuth change is also reclr~irecl. 

For the az imut l~  it is clear that  

2 ,q,,-l = 2 (x,' + !/',1-1 + =,'-I ) =I171 

is the azimuth change, siuce the 71s are all to  be equal. 

Now iu the most ~jrobable distribution of changes obviously all t l ~ e  .r%re equal as are the  
ys and z9. Hence 

and pq = p ( r  + y l +  2 ) .  

Now x + z  = - y 

aud 
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The probable values of q and e are accordingly in the ratio of the  most probable values 

of Y* in which the  quantities are subject to  the  relation 
I-2 

X J  y + z = O  

Following the usual plan of independent multipliers explained below (Chapter V I I  Q 44 ) we have for 
the two cases ( 1 1 )  of y ancl ( b )  of x - z 

111 = fls = ug =1 
bl = h, = b, = O  

etc. 

U 1  = u2 = 7Lg = 1 

and Ykl = 1 in case ( a )  ; 3kl = O  in case(b) 
. . UF = 1 - + =  + i n c a s e ( n ) ;  u~ =?-0  = 2 i n c a s e ( h )  

Hence the ratio of probable values of and E is unity, i . r . ,  q and E have the  same weight. 
7. Now i t  is clear tha t  in the adjustment of azimuth and side the most probable solt~tion is 

obtained by int,roducing equal values of q, E and by l ~ u t t i n g  E'=  q = 0, all rountl a circuit composed 
of triangulation lines of equal strength : and if the t,riangtllation lines are of different stl.cngtl~s the 
value of 7, E in any  one is inversely pl.uportiol~al to the strength. W i t h  latitude ant1 longitude 
it is clear that  the directions of the  traverse lines are of essential im~rortance. Thlls in t,lle case 
of a t,riangulation line along a meridian a change in e will give c l ~ a n ~ e s  in latit,ude but no 
change in longitude. Jloreover to  get any desirecl change the most probable values of changes in 
angle and side ratio \vonlrl not be equal a t  all the stations along a triangulation line : tllough it is 
probable t h a t  they n~ould not alter much on one triangulation line if the  circuit was con~posed of 
several such lines. Taliin:,. the case of a triangulation line along a meridian i t  is clear that to obtain a 
given change in longitude the change in the angles a t  the s tar t ing end of the line a1.c more 
effective than ecjual changes in t,he anxles near the closing point. I f  the sides \\-ere of equal 
length the  most probable cllanges \vonld be in arithmetical progression. The  complexity of different 
changes a t  the  various stations of a triangulation line on account of this has been de~mecl in 
general to  overbalance the slight gaiu in t,lieoretical accuracy of adjustment and at least in some 
preliminary adjustments which are about to be made (e .9 .  the incomplete Burma triangulation) the 
plan mill be followed of m a k i n g q a n d  E uniform along one t,riangulation liue and putting q'=c'=O. 
When the  probable errors of position etc. are considerecl ( vide Chapter V I I .  ) i t  is believed that  this 
plan will be considerecl fully satisfactory for man?- cases of geodetic application. 

The ecluations (10) however s h o ~ v  how the variation in changes along a triangulation line may 
be taken into account : ancl in closing a single triangulation line between two previously fixed sides 
they give the necessary number of quantities (four) a t  choice to  satisfy the  closing condition. It is clear 
from the  theorem stated at the end of 5 13 tha t  for the general case of closure the changes a t  the 
several stations of a triangulation line should be in  arithmetical procression this being a combination 
of the  most probable adjustment firstly for log. side and azimuth and secondly for latitude and longi- 
tude. When  the  number of q%nd es a t  choice is in considerable excess of t h e  number of conditions 
to be satisfied i t  is believed tha t  little gain in accuracy is obtained by introducing q'8 and d o  : and 
certainly this doubles the  number of unknowns and greatly increases the labour of formation and 
solution of the  normal equations. It also increases the complexity of the solution, and its subsequent 
application. 

8. I n  the  case of a network of circuits including Laplace stations and extra base lines, equa- 
tions of form of (30) may be formed; and by  equating the  r ight  hand sides to  the  several closing 



MECHANICAL ANAL0C)Y. 
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errors which arise, four e q ~ l a t i o n ~  are formed for each circuit together with one extra for each extrn 
base line or Laplace station. These may be used to  determine the  most probable values of q , c (end 
.?', c' if i t  is thought desirable not to pu t  these equal to  zero for each triangulation line), clue regard 
being paid to the strength of each t r i ang~~la t~ ion  line. 

I f  m = 2/'z where A is the  triangalar error of any  one of the triangles of a series, then 

the probable valne of 7) in the  case of a series of simple triangles in which the t r iangi~lar  error has been 
dispersed is, by ( l l ) ,  z / F m  Jr x (i745=.779rn. Account may be taken of the  series comprising 

' +.f (.we 1 above) 60 t h a t  the  quadrilaterals and other figures by the  introduction of a factor - 
I + +  

probable values of q and E (which are equal) are both equal to  

in which n a  is supposed to be espressed in radians. 

The equations for 7 and E accordingly have to be solved subject to  the condition t h a t  the sum of the  
squares of thecorrections moltiplietl t,y their \\.eights is a rninirnum. I n  one triangulation line the  sum 
of the sclaares of the corrections is 

when is the number of aicles in a triangulat,iou line. 

Hence the conditio!l to  be satisfied is that  

the summation extendinc over all the  triangulation lines. 

Mechanical Analogy 

9. S ~ ~ p p o s e  that  there is a net\vork of trilateration, in which the lengths of all sicles have 
been determined by direct measnrement. Le t  I be the measured length of any sicle, I + 61 the adjust- 
ed value, and zu the weight of the  determination /. I11 making any adjnstment of the network, for 
example to  bring a terminal side into agreement with a line slightly differently placecl, the  princi- 
ple of least scluares demands that  S wsc'l' shall be a minimum, all imposed conditions being satisfied. 

Now consider a similar framework formed by rods of material obej-inq Hooke's lam of exten- 
sion and compression, and suppose these rods are freely jointed a t  their junctions. I f  this framework 
is in equilibrinm without any strains in  action, and, the first side being l~elcl fast, t l ~ e  last side 
is brought into a slightly different position and its Ienzth slightly changed, then the  several rods mill 
undergo compression or extension and their lengths will be slightly altered. I f  the  unstrained length 
of any rod is I and its strained length is I +  61; and the force in action in i t  causing this straiu is F: 
then the work clone on the roc1 is + F61. Now by Hooke's law 

6 1  - F - - -  
1 c1E 

where E is Young's modulus and n is the cross section. 
Hence 
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nE 
and tllis represents the worli done on the rod. Tlie q ~ ~ a n t i t y  - may be varied by suitably clrosing a :  

81 

suppose it is made equal to ?o. Tllen the work done on the rod is w ala. Tlie principle of 
lemt work im~nediahly slion,s that  for tlie set of strains applied to bring tlie last side into the desired 
positioll the total work done must be a minimum : n~lleuce 2 ro nl' is a minimum. The solution 

is tlie same as t,llat of the most probable adjnstmeut of the similar trilateratiou network. 

10. Now trilat,eration has never been carried out on a large scale for one obvious reason that 
no large tract of couut,ry is suitable for its execrltioll by ordinary metllods. Triangulation on the 
other hand extends over \,ast tracts and i t  is its adjustment whicl~ is of importance to geodesists. 
A mechanical analogy can be supposed for t,riangulation also. It is less simple tllau that just des- 
cribed for trilateration and to give it practical shape ~voultl be a matter of greater dithculty. Imagine a 
set of rods, the medial parts of ~vllicll are laterally ~igicl, but whicl~ are longitudinally extensible witlrout 
the application of (appreciable) force*. Let  these rods be freely jointed to form a framework similar 
to a network of triangulation, the angles of the triaugulation being maintained by rigid pieces. For 
example in the A A H C t,he roc1 A H is frre1~- extensible brt\\.een 
Al and B,:  a cross piece A, A,  maintains the allgle A a t  its proper 
value and so on. It will be seen then that suc l~  a triangle may be 
enlarged to any size but that it nrill a1n.aj.s remain similar, unless 
tlle pieces A, A,, 8 ,  BE, C, C, are chaugcd in lengtll. If these pieces 
A1 A, etc. are lnade of material obeying Hooke's law, by propcrl>- 
chosing their cross section it is possible to make them represent tlie 
"strengtli " of the angles A, H, (:. Mrhen the system is deformed 
the work done on Al  A;  will be proportional t o  the square of the 
change in the angle A and accordingly a condition of form Z go n1" 
= minimum must be satisfied so that the total work done shall be 
a minimum. All geometrical conditions such as triangular condi- 
tions, central station conditions and side ratio conditions obvior~sly 
cannot be avoided in the mechanical analogy, so that the solution 
of the mechanical problem is precisely the same as that  of the 

A 
B B, C9 C 

triangulation adjustment according to t'lle methocl of least squares. 

11. It is clear that if the change in any observed quantity can be made to corresl~ond to the 
extension of a rod which obev  Hooke's law; and if a system of such rods are linked up in such 
a way as to represent the geometrical cooditions controlling the observations; then a mechanical 
analogy for the set of observations is obtainable. The goveruing fact is that the work done on any 
rod is proportional to tlie square of its extension : so that  by substituting extension for error of 
observation the eq~lation of nlinimurn squares is transformed into the principle of least work. 

12. Consider a framework representing a network of triangulation and suppose that it is held 
fast a t  one or more poiuts. It may be necessary to bring a terminal side into agreement wi8h:a 
predetermined value and position. To do this four conditions have to be satisfied : 

(1) The terminal side must be adjusted to the correct length. 

(2) Tlie terminal side must be adjusted to the correct azimuth. 

(3) One extremity of the terminal side must be moved to the correct latitude. 

(4) This extremity of the terminal side must be moved to the correct longitude. 

Now these adjustnlents may be considered one by one. First strain the terminal side to the 
correct length and hold i t  so : then change its azimuth, etc. The adjustments may also be performed 

* ApproximaLione to tLene can readily be conceived, e.g. a rod sliding in a tube. 
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in any order and the fna l  result is the same. This is immediately obviourr mechanically, for it  is 
clear that the final c o n f ~ u r a t i o n  clue to sn~a l l  strains has nothing to do with the  order in which they 
are applied. 

13. The analog!. thus Ilroves an in~l)ortant  t h c m e n ~ t  in the a c l j ~ ~ s t n i e ~ ~ t  of observations, 
11anit.l~ that. pro1~2'1leiI , I / !  ~ ~ I ~ I J S Y I ~  c-oti~/i t io?i~ are  m( l i t~ t ( i f l ied ,  t h t  o(!jltstn1e7it ~ 0 1 1 d i t i o 7 1 ~  7 ~ a y  be 
intro/lucetl seplzratcly i n  a ~ y  order, t h e  p~.er io i t s  criljuvtnie~it costlitiovts ill each crrse brz91y ~1iui7itoz'ncrl: 
and the n ~ o s l ~ ~ u b a b l r  contplrle I I I ~ ~ ~ U , Y ~ ~ I I V I ~ ~  1'8 O ~ / ( I I ' I I ~ I ~  rifler the lav t  udj!jli~t91ir71t ( .o?l/ l i t~ov~ A U S  berv rq/p!ird. 
This enables t l ~ c  circuit acl justnie~~ts  of triangulation to be apl~liecl after t l ~ e  liguraladjustrner~ts, as ha> 
bee11 clone in tile Surve!. ol India. rl further tlicorer~~ i5also easily clecluciblr. 111 the case of the closiu: 
of a simple triarqulation circuit in \vliich tllerr are four cloriug co~~tl i t ions to satisfy ( 7.e. 1l1e ca.scA 
in whicl~ there are no aclclitiunal base l i ~ ~ e s  or i~~del)endent  a z i m r ~ t l ~  tleterminations) denote the four 
c l o s i ~ ~ g  cpantities by X', l', Z, U. To efl'ect the closing A' alone in tlie m ~ s t . ~ ) r o b a b l e  manlier, c l i a n ~ e s  
are coric~~rrel~t ly introducecl which att'ect tlre o t l~er  cl~~nntities b!. anior~uts !/, ' z ,  u, : autl siniilal.1y for the 
ot l~cr  claaotities. From the n~echanical analog! it is clear t l ~ n t  a t l j ~ ~ s t ~ ~ ~ e ~ ~ t s  as follo~vs sl~oultl be 
nlade :- 

(1) 5 Y, 2, 7% 

( 2 )  5 ; 2) 7'! 

) , y, z I l ,  

1 )  . , z,, ZL 

and tlie quantities with suitises are geometrically related to  the suffix quantity, i.e. 

etc. 

where the coefficients A B C'D depend only on the form of the triangulation and are indel~enclent of 
the closing errors. It accordingly follo~vs tha t  

and by solving these the following equations may- be obtained 

x a , X  + a,. l ' +  a , Z + a , ,  U 
y = 6 , X  + b, Y + 6 , Z + 6 , ,  U 
= = C Y X +  cy Y + C,,Z4C,, U . . . . . . . . (17) 

= d , X +  d , Y  + 1 1 , 2 + d , U  

If  the adjustments x, y,  z ,  za are applied indepel-rdently and then combined the  total effect 
will be the same as tha t  of the  single adjustment X, 1; 2, U taken simultaneous1~-. B y  use of 
the qi~antities x, y, z ,  u in place of the related quantities X, I., Z, U i t  is accorclingly possible to  treat 
each closure entirely indepenclently of the remaining three. 

t T l ~ i s  llleorern wus proved snolyticallj 11 ,  '.Acconnt of the Operations of the G.T. Survey of Indirr Vol. 11." 
Appendix No. 9, pp. 161.16~. 
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I f  in addition to  the 4 ordinary closing cluantities additional conditions such as  extra bases, 
or fixings of latitude, longitiide or azimuth are introduced, this only makes the  relation more involved : 
i t  is still possible to  express x, y, z, 16 in terms of the  closing errors and proceed as  though each of 
these quantities was independent of the other. 

The  principle is perfectly general and is applicable to  a n-hole network of triangulation. As 
this becomes more complex the  determination of the  coefficients in the  equations which correspond 
to (17) would become more clifficult : b u t  this is not necessary a t  least in  some applications of the 
theorem. It is a n  important fact tha t  an undetermined portion of each of the closures may be regarded 
quite independently of the others. The  theorem may be stated as  follows:-It i s  possible to jnd 
qaav~tit ies related to the several closing ewers such t h n f  ench type ntoy be adjiistcd ~e21arately and 
t,ldependently of the others, olio? such thal ihe comhiuerl efeecf~ 9j these seoel-01 adjustments ?uill be the 
same as  the most prohable ~imultaneotis arljxst,)lrnt 

These related quantities may be callecl the "indepentlent errors" of each type. I f  each is adjusted 
independently of errors of another tj-pe, the  other type adjustments being allowed to come in just 
as they will naturally do rrhile the adjustment of the first tj-pe is made inclependently in the most 
probable manner, then the  coinbinecl result of the adjustment of the  four types nil1 be the most pro- 
bable adjustment of the closing errors which can be made. 

The  adjustments along an\- side may be made by the introdnction of c and 7 changes : and 
any one of the four t?-pes of closures the cs and ss d o n g  a triangulation line will be in arithmetical 
progression ( v i d e  $ 16). For the r"' side of the kt'l line their values ma?- be represented by  

4 Consider now in more detail t,he case of more than one circuit forming a network 
which has t o  he simultaneously adjustecl. The case of tn-o circuits 7 4 
which hare  a common poi-tion is illiistrat,ire of this and will be seen 1 

Consider first the S closure and suppose that  ,s ,s are the " independent errors" of the two circuits : 
thwe  quantitiei: hare to be determined. Then equations of the  follo\ring form may be formed : 

to lead t o  a result generally applicable. Further these circuits may 
be considered as formed each for four series and no loss of generality 6 
occurs in  taliinq t h e ~ e  circuits t o  be of the same strength. The several 

in which t h r  ro~fficients A 8 C I )  are intlependent of t,he closing errors. The I,refises to .r are the 
circuit nnnrherw. 

( 2 )  

To ottairl tlw rrlo<t 1,roJ)ahle solution the clllantities c, 71 n111st be chosen so as to make 

series ma\- be characterised by  the  numbers 1-7 and the circuits by 
(1) and (1) .  

(I)  I 
B 
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The solution of this accordingly gives definite value for all  the  s%nd q8 as linear functions of 
,p and ,x. The  associated quantities are  given by equations of form 

3 ~ x  = ?PI 1x + qB', px  etc. 
Similarly for the other closure 

,xy = la, ,y + ,a', ,v etc. 

Equations similar t o  (14) can now be formed for each circuit 

+ (la, ly  + la'Y ,Y) + (,a3 l z  + la',=) + (la, 116 + la', ,u) = x etc. . . . . (19) 

From (19) i t  is clear t h a t  the  determination of the  "iuclependent errors" , x  ?x etc. f rom 
the known closing conditions can be effected by the solution of simultaneous linear equatious of t h e  
same number as there are conditions. These equations are soluble without the  introduction of t h e  
~rinciples of least squares. Their solution however will entail much the same labour as the  solution of 
the normal equations x-hicli mould arise in the  simi~ltaneoas adjnstment of all the  four types of closure. 
It appears a t  present t o  be only of theoretical interest tha t  these closures or rather t h e  adjustmeut of 
the related inclependent errors may be effected, each type indepen(1ently of the  others. : for no material 
reduction in con~putation ~vonld be effected. Howeyer i t  is believed that  the mechanical analogy 
throws some light on the question, and tha t  developnlents are likely to  result from i ts  consideration. 

15. The idea of a triangulation liue has been introduced in $ 4. It is the  flank of a nearly 
straight series of triangulation. For the present, disregarcl tlie E changes and fis attention on the  q 
changes. Sul~pose a set of rigid rods are placed sin~ilarl!- t o  the  sevelal rays of tlle flank and t h a t  these 
are freely jointed a t  their ends, which accordingly correspond to the  stations on the triangulation line. 
Iutroclnce constraints a t  each junction which tend to maintain tlle angles betn-eeu successii-e rods 
equal to  the observed values and such tha t  the  force necessarj- to  alter any one of these anples by a 
stated amount is inversely proport,ional t o  t,he ])robable error of the angle or directly propol.tioun1 
to the str.rngfh of the angle. Then i t  is clear that  tlie work done in rarj-iug the angles in any  --a>- is 
pro~ortional to  the sum of the weighted squnres of tlie changes of these angles. It, is clear then that 
to bring the s~-stem into any gil-en displaced formation the angnlar changes introduced are such as  t o  
make either the total \vork done, or the sum of the weighted scluaree of the ndjustme~it in the  anqles, 
a, minimum. That  is to  say the mechanical deforlnation is tlie same as the ~ n o s t  probnble ailjastn~ent. 
I t  is clear from this why when the angular strength is given the strength of the  triangulation t o  
resist. either angular tletlection a t  the end, or linear cledection, or a comhinntio~l of the t ~ o ,  is t h e  
greater according as the number of stations in the line is less. or. ill other words, according as the leugth 
of side is greater. The quantity h l  alreatlj- introducetl takes account of this (see C11:ll)rzr 1-11 $ 1) 
and for certain considerntions of probable error makes i t  unnecessary to  consider the triangulation 
line in any detail. 

The 6 changes in a t'riangrllation line (tlne to tllt. t~s te l~s ior~  of its sides) nrr p r t~ i se ly  
R ~ ~ ~ ~ O ~ O I I S  to t,he 7 cl~anges, if for angular deHertion. ~11n11gr in ratio of fnnl to initial s i~ le  is taken, 
and for linear deflection a t  right angles to  the line. linear tleflwtion in the ~lirrct ' io~i of the line is s u b -  
titr~ted. I n  the case of a single triangulation lint. ( ~ ~ l ~ i c l ~  is a st,raipllt lirltl) t l ~ s  r, c h ~ n g c s  are 



104 
TEE EARTH'S AXES Ah'D TRIANGVLATION. 

4 

independent of the c changes and the corresponding adjustments can be performed independently : 
so both could be separately considered by means of this partial mechanical analogy. When however 
there is a set of triangulation lines in various directions the 7 and r changes (northing and casting) 
of the several lines get intermixed and for this a complete analog. is required. 

I t  is clear that for the case of trilateration i t  n~ould only be necessary to arrange a set of 
extensible rods, jointed as described above, and representing a flank of the trilateration to obtaill a 
complete analog!-. Rut in the case of triangulation it is necessary to arrauge that if any element 
changes lenqth the eacceesi~-e elements change length in the same proportion without an)- force 
being involved. A simple mechanical analogy completely representing a triangulation line has not 
yet been discoyered : and for this case it a t  present appears necessary to consicler the analogy of the 
complete series instead of oulj- one of its flanks (vide \5 10). For purposes of probable errors it 
would be r,ossible to replace the series by a simple series composecl of equilateral triangles, in the same 
way that in the triangulatiou line it may be a conrenient simplification to take all the sides of equal 
lenzth and persisting in the same direction : and it appears from the mechanical analogy that litt,le 
accuracy would be lost by so doing. 

16. It is clear from the partial analogy given in the preceding section that  the best acljust- 
ment to make in a triangulation liue to obtain a given azimuth change is to change all the angles by 
amounts proportional to their probable errors : for this corresponds to the mechanical set of rods of 
mhich the first is held fast and to the last of which a suitable couple is applied. To obtain a given 
deflection the most probable adjustment is that  the angular chauges divided by their probable errors 
should be in arithmetical progression ; as would be the case in the mechanical system, when held at 
one end and subjected to a simple force a t  right angles to the line a t  the other end. Tlle exact 
analog- between the E' and 7s shows that similar conditions hold for the eS. The above statements can 
be simplified for the case of a triangulation line if the weights of the several angles are considered 
equal. It appears that a determination of the meights of the angles may best be obtained by a 
consideration of all the triangular errors, mhich leads to one value for the probable value of ally angle 
of the series. Any determination of probable error of each angle separately is very much vitiated by 
the graduation error of the instrument, which is unknown. The simplified statements for a 
triangulation line with all sides of the same length are :- 

( a )  for a given angular deflection or a given change of ratio of final side to initial side, 
that  the 7' or are all equal. 

( I , )  for a given linear deflection a t  right angles to or along the line, that the T~ or €"re iu 
arithmetical propression. 

On this account the cases of the q h n d  c8 changing in arithmetical progression (mhich includes 
(u)  as a gpcial case, the constant difference then being zero) have been considered in equations (8) to 
(10). Some departure from rigid accuracy occurs when the several sides of the triangulation line are 
of unequal lengths. 
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Probable errors of triangulation before and after adjustment. 

1. Expressions will now be formed for the  probable errors of points and sides generated in 
one or more series of triangulation, in which only figural conditions have been adjusted. 

(1) Probable errors in /ogaj.ithni and azrmuth qf ierminlrl side. 

Equation (12) of chapter VI gives a the  probable value of either q or E .  The    rob able error in 
the logarithm of the terminal sicle after n sides of a t,riangolation line is clearly J n  log ,,( 1 + r )  
= -434.3~ J n ;  and in azirnnt.h is a Jn. Considering the triangulation line as pract.ically straight and 
the distances between stations as  equal then, if 1 is the  average length of sicle and-s  the  length of the 
line, so t,hat 711 I; s, 

Hence if RI is expressed (as is always clone) in  seconds of arc  

Probable error in azimuth at end of a triangulation line = 0". 1575 31 J a  

Probable error in log. side a t  end of a triangulation line = -4343 sin 1 ' x 0.1.575 &I J x  
= 3.3:: 107 nr J.V 

For the case of a number of t , r i a n g ~ ~ l a t i o ~ ~  lines it is necessary to  substitute J~XF for M J s  . 
It is con\-enient to rneasurc lengths of triancr~lation lines in units of 100 ~ni lcs  : so replace r by 100 S 
where the unit of ,\ is 100  miles aud then 

Probable error in azimoth of tile tern~irlal 
~ 

side of a series of triangulat,ion lines = 1". 575 $/'2ALJs 

Probable error iu seventh ])lace of loga.rit111n i 
. . . . . .  ( 9 )  

of the terminid sicle of a, series of 
triangt~la.t,ion liucs . . . . . .  - - 3s.. jxar~i3s 

111 the above S is niensl~rrcl along tlrc t r i an~ula t ion ,  nncl it is i~n t~~;~ tc r i : a l  \ r l~ethcr  this is 
straight or not : but if the clemcuts of the sr lu~n~ntion indicatc~l I)! 2 arc straight,  t11c.n 9 msj- be 
replaced by L the lc11qth of any t r i angnla t io~~ line, b r i ~ l ~ i r ~ g  forln~ll;v ( 2 )  illto a in~i l r~r  tPrnls to tllw.-.-\ 
of (5) below. 
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( 2 )  Pvobable errors i n  casting and northiqtg of termitla2 points. 

Consider any curve defined by s the distance measured along it and $ the angle the tangent 
makes with 0 X. Let this curve be divided into elements of length 1. Suppose that  for purposes 

- 
of adjustment, or on account of errors, the ratio of the rn + lit" element to the mtb is changed by 
factor 1 + E, and the angle a t  the junction of these two elements by r ] , .  Then if P P' is the rn- 
element the relative shift of P' to P is 

m + l  m+l 

1 cos $, C E-Isin$, 2 q in easting 
1 1 

m + l  m + l  

and 1 sin $, C E +  lcos$, 2 q in northing 
1 1 

and the total change relative to 0 of A' is given by 

1 
Hence 

n n 11 n 

Ax=IE,CCOS$ + ~ E ~ ~ c o s $  + Z E ~ ~ C O S $  + . . . . - s i n  - . . . . 
1 2 3 1 

since x '-x Y'-Y COs 4 = - Z -, and sin $ = - I 

The most probable value of A x  is accordingly 

and since the probable values of E and q are both equal to a this reduces to a c+ where 1. is the 

d u s  vector measured from the point N. The probable value of Ay is the same. When the elements 
1 

are increased in number %%ay be replaced by - Ji.'ds : also by (12) of chapter VI  and (1) 
I: 

9 
a = . 157.5 ;M sin 1" J - = . 1575 M sin 1" JI 

I )  

and rr %/2P hrcomes ecpal to . 1.575 ;\I sin I"J>%S 

Hence the probable value of Ax or A y =  , 1 5 7 5  Msin 1 " J j x s  . . . . . . . . . . ((3) 

So far only a eingle triangulation line has been considered. If there are several it is Clear 
that  it i n  nmeewary to alter tllis expression to . 1575 sin 1" Jk-k? j ; z r i s .  This is expressed in 
l~nita of a mile. To express it in feet m~lltiply by 5280. It is convenient to measure r and a in llnit+I 
of 100 milt% : denote t,heir valrlcw in 11nit.s of Ion mileg by R ant1 ,Y. k\inally if (feet) is the probable 
crmr at a rnjint N in msting or northing, and R is the r;ltli~lrr vector mras111.ed from LV, ant1 S is the 
clistancc: rrltml~rtrl along the trianplation, both II and S being expressed in  nits of LOO miles, then 
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P = - 1575 x 5280 x loS sin 1" J SM2 J H ~  dS 

The i n t e p l  JRe dS may be taken out  for each triangulation line (assumed t o  be a s t raight  

line). I f  A B be one of these and S is measured from M the  foot of the  perpendicular from N on 
A B and N M = p, then 1i2 = S2 + p2 

o t h  A B. Therefore for a where R, is the radius vector to  the middle point of A R and L is the  len, 
series of triangulation lines 

in which the quantities L,  A!, may be measured off a chart in units of 100 miles. From either 
(4) or (5) i t  is clear tha t  the probable closing error in northing or easting is different according as 
different points of a circuit are selected on \\,hich to close and from n~hich to start.  

2. I.'ornlulz (2), (5) sllonr tha t  tile probable errors in azirnut,h aud lojiarithrn of terminal 
-de $crease as the square root of the lengtll of the several triangulat,ion lines involved, while those 
bf ea$ting and northing increase a t  a much more rapid rate namely as the three halves ]loner of t h e  
lenehs,  the triaugulation lines remaining similar and similarly situated. On account of this 
latter fact i t  is desirable to  have Inore frequent checks to  preve~lt  a c c ~ l m ~ ~ l a t i o n  of errors than mould 
be necessary if only leugth and azimuth of side were required. T l~ese  checks may be obtained by 
measurement of bases and by forluing Laplace stations, t,hat is stations whose lo~lgitudes are obserred 
telegraphically and a t  which astro1lomical azimnths are also observed. These t , ~ o  checks are of 
precisely equal importance; and applying only one of t , l~em does not serve a rery useful purpose. In 
the Indian trianplat,ion eight bast? lines have been n~eastuetl to  date (l!ll(i). excluding the short 
Merjiui base in Burma, and these have bcell lnatle tire of in the adjustnlent of the triangnlatinn. T h e  
longitntle arcs were not available \\,hen (previous to  1 ST!)) the main a d j u s t ~ n e r ~ t  n-as c x r r i ~ l  out. The>- do 
not all admit of the foinat ion of Laplace equat,iolls, as the longitude r t n t i o ~ ~ s  are not coincide~~t  with 
tile triil.llgu1at,ion stations, nor call they bt. conuectctl \\,it11 sxtisfaetory accuracy (as reqtlrls az i~nuth)  in 
all caws. Only latterly* (1!)0(i) hare  they beer1 al,plietl to  cnnt,rol tht. :~ziniritIi observations with a view 
to determining corrected plr~mb-line deflections i l l  t l ~ r  ,,rime \,ertica.l. 'Pllis :~1qdie;1tio11 cloes not 
inlprove the 1)robkble error in casting 2nd nort,llillg of t l ~ c  p i n t s  cclnccrurd or ally other lloiuts of the 
tl.iang11at.ion. 

3. I t  is necessay for t11e f l ~ l l  cousitlcration of t11c l l r o b l r ~ ~ ~  to fin11 e x l ~ r r s s i c ~ ~ ~ s  for the  
probable errors after certain further ntljustlneuts, r*i=. closirlg on cxt.nr b:we li~ltls, rlo*iug of cil.c.~~its or 

(what bas not been donr iu India) c l o s i ~ l ~  on T,al,laee stations, llsvr been rffcctrtl. t h > f o ~ ~  t 1 ~ t i 1 1 g  

Acconnt of the Operations of the Q. T. Snrvry of  Indi~r. Vol. S V I I I ,  Appendix 6. 
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tllis ( l ~ ~ c s t i ~ ~ ~  quite generally it map be of interest to consider a special case. Suppose a series of tri- 
ancg~~latiuil lines closes between tn-o bases. The probable error in easting or northing a t  any point of it 
after tile adjustment has been performecl is required. It is to be noticed in (4) that  each portion of 
the triangulatiou is fully taken account of by the portion of the integral/'M2 R2 d S  which applies to 
i t :  that  is to say, this portion of the integral represents the errors of displacement generated in the 
corresponding part of the triangulation, as if carried on to the closing point by perfect triangulation. 

Let  0 , K  be the two bases and suppose S T  is 
the portion whose error as generated a t  N is required. 

As in 9 1 the expression for Ax for S  7' may 
be mi t ten  

The adjustment under consideration does not 
affect the 7 terms. The condition of closing gives 
(assuming uniform strength along 0 OK) 

1 
and in adjusting for this e, is replaced by E ,  - T S ~ r .  

1 

Denote the adjusted ralue of A X  by .Ax. Then 

t 
where X is the x-coordinate of the centre of zravity of S T. Hence 

Hence the probable error of displacement a t  N, artcr 0 K has been adjnsted, due to  the portion S  ?'is 
the square root of 

where G is the centre of gravity of S T and Q lies on iV G and QNIGN = (l-.r)/k : also RQ and RN 
are radius vectors measured from Q and N respectively. Denoting the resultant probable displace- 
ment by U ,  this relation map be written, putting OK = So, ST'= S (measured along the curve) 
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where%= k - t + r is t h e  number of sides in the line S 7'. Hence 

If the portion ST is a single triangulation line this becomes 

where p, I t ,  are the distances of the  centre of gravity of .$'I1 from N and Q respectively and .7 now 
becomes equal to  L. Put t ing in numerical quant~ t~ ies  and expressing the  results in feet i t  follows, aa 
in (4), that  

Finally if ST is composed of s number of tria.ngulstion lines, the probable displacement in  a n y  
direction 

where the points Q differ for each triangulatiou line and are fouud for each as has been done above 
for J l ' a lone .  

I f  closure had also been effected on Laplnce station as well as  on base lines a t  0 and XI this 
clearly would become 

Equations (7) and (8) illustrate the statement made in $ 2  t l ~ n t  closure only on a base and not  
on a Laplace station does not improve the  results nearly so !n~ich a s  closure of both kinds 
simultaneously will probably do. 

Probable errors after adjustment. 

4. Consider any function F of quantities x , ,  .T,, x, . . which have been found by  
measurement. I f  the true values of these quantities are .r., t- v , ,  m + r?, . . and the true value 
of the function is F i  dl ' then  

dF = F(r ,  + v , ,  .r, + i t , ,  . . ) - F(x,, x2 . . ) 
= f , v ,  + J 2 1 q z +  . . . . . . . . . . . . . . . . . .  (9) 

where , dl? dF j = -  I - -  . .  
) ~ I X , ~  2 -  dxg , etc. 

. . .  Any conditions which may be imposed on x, ,  x, result in  equations of form 

a ,  r : ,  + a? r-? + . .  + n, 1.. - I I  = 0 
. . . . . . .  . . .  b , t l  +/ , ,v ,  + +bn27, - I , =  0 

etc. 
(10) 
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Then d F  may be written 
C 

in which any values may be assigned to k,, k, . . Hence 

Let  the reciprocal weights of x, x2 . . be 11, , u, . . and let the reciprocal weight of F be u,. 
Then i t  follows tha t  

If  v , ,  v, . . are the most probable values of the corrections, then up must be a minimum, and 
accordingly k,, k,, . . are to be determined from the following equations 

in which [?I a b] is written for u1 a, h,  + u, a, t, + . . , etc.. 

Reverting to (12) and developing the squares it is clear that 

by using the equations (13)*. 

5. I n  considering the probable errors of triangulation it will be permissible to treat the 
quantities c and q as errors in observed quantities, and as being independent except in so far as the 
several closing conditions relate them. Distinguish the several triangulation lines which make up a 
network of triangulation by the prefixes 1, 2, 3, ctc., and the several stations on any triangulation by 
suffixes 1 , 2 ,  3, etc. It will also be permissible in an investigation into the probable errors after adjust- 
ment to  replace the triangulation by its projection on a plane, the projection of the general map of 
India naturally being selected for this purpose. This enables the closing conditions to be written i n  
the following form, either for closure round a circuit or for closure between base lines or Laplace 
stations : 

2 C = 0 side closure 
2 r71. = 0 azimuth closure . . . . . . . .  (15) 2 C ,(xe - yq) ,  = 0 easting closure 
5 C ,(ye t ~ q ) ~  = 0 northing closure 

the first summation for 8 correspondin,n to the number of sides in a triangulation line and the second 
for r corresponding to the number of triangulation lines: and x ,  y being the coordinates of any 
station referred to the closing point of the particular circuit as origin. 

' ' l ' l l i*  ~ l i : ~ l n i ~ t i n r ~  i h  lake11 from p. 229 ol' .' A Treo l i re  on the Adjualmenl of Obrertrnlionr " t,y T. W. Wright,, 
New Yr,rk .  1XH4.  
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' There may be any  number of each type of closures, and not necessarily the  eeme number for  

each type. The  triangulation lines over which the  summations are  taken differ in  part  for each 
closure of any type. Thus  in the  case supposed it1 Chapter VI  $14 the line 3 occurs in both 
circuits. The quantities whose probable errors are required are of the same form as the left hand sides 
of equations (15) : b u t  the  limits are  different. 

It is clear tha t  the coefficients in (13 )  may be written, agreeably with the notation already 
dopted 

and accordingly the portion relatiug t o  each trial1g111:~tion lint, nlay be separately computed. lFor the 
side and azimuth closures the  coefficients a ,  6 are all unity : for the  ot,ller two closures they are x o r y .  
Consider the case of a triangulation line which forms part of a, closet1 circuit, so t h a t  there are closures 
of each type. It may also form part  of a clos~lre between base 1i11t-s and Laplace stations. I f  so the 
coefficients of tlle several eS and T~ renlairl the same as in correspondiug type of closure in t , l~e  circuit, 
and the coefficients reduce to  type [ IL I I  o 1. For tlie case of clearness take t h e  specific case shown 
in the diagram when there are base lines and Laplace stations a t  A and H .  

Consider the line 2 .  It enters into the  followirlg relations : 

The symbolic coefficients n 1) c d r , f a r e  each written opposite one of these equations. 

Along any triangulation line for IL write a?, a being tlie value of E or 7. Suppose 
that ,n is the number of sides in the t r iangulat~on line, all considered of equal 1er1gtl1. Then omitting 
the prefix 2 for simplicity and consitlering only the  line 2 

where X, Yare  the coordinates of the centre of gravity of the line 2. These are  typical of all t h e  
combinations of a 6 c d with a /) c d e f. The rcrnnining tFl)ical c o d h i e n t s  are represerlted by 
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If r ,  3% are the limits of G and E, --- X - x, and x? = X+ E, 

Similarly 

Hence 

Finally [wee] = .a2 (it".- l;L) 

Also [ure j ]  = a2S (x!,  - ys) = 0 

The  complete result is given in 1abul:rr form :- 

Side 

Side 

Azimuth 

Azimuth 

Northing 

Base 

Laplace 

It is clear from this t h a t  there are really only four t-ypcs of quantities, and tha t  a closure on an 
outer circuit or base gives rise t o  the same coefficient as the corl.esponding closure within the circuit. 
All the quantities of the  form .[ 21 c / I ]  are given by the following schemes, in which the four closures, 
side azimuth, easting, northing are represented by S, A, E, N. 

Values of , [u a b] -na2 S 1  

A 

E 

N Y  

- 
E 
- 

X 

- Y  

I." 
R2+, 1 d 

o 

N 

1' 

X 

0 

1.2 
R ' + ~  

S I A  
I 

--- 
0 

--- 

X 

0 

1 

-1' 
-- 

r 
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' The value of na2 is given by (1)  in  terms of &I and S,  or M and L if gtraight portions are  
considered separately. 

The above scheme deals with the  cases in which the  coordinates r , y  which occur all refer to 
the same origin. It only remains to  take the  case where two origins occur and to form the  typical 
exlwession , [ z n  [I. The  coefficients n ,  etc. are either 0, I, x or f y in which x,y arc the coordinates of 
any p i n t  on the line referred to  the  point of closure for which the  corresponding colldition of closure 
was formed. When it is desired to  find the  probable error with regard to  any 11oil1t 0 (for example 
Kaliaupor, the origin of the survey), then the  coefiicients /', etc. are either 0, 1, x, or + y,, where x, yo 
are coordinates referred to  this point. I f  tlie circuit closing po i t~ t  is P let a.,, y,, be the coordinates 
of P with regard to  origin 0 then 

2',, = 2'1, + 6 !/,, = yl, + y. 
The values of , [7l  a j ]  - na2 are now indicated in tabular form similar to  (19). As only tlie ratios 

111 chart I1 t,he series which were take11 account of s i~~iul tancoasly in eac l~  tlr~:1c11.ilnteral o r  
trigon are s l i o w ~ ~  i l l  full lines, wl~ile some adt l i t io~~al  scrics aftt.r\vartls atljustetl on these seric,s are sl~o\vn 
in broken lines. The series \vllicll are conlnlon t o  adjacent q~~atlrilnterxls 01. trigon arc disting!~islietl 
by heavy lines. The numbers written by the  side of eac l~  triangrllation l i l ~ c  ill the c11:lrt nine t l~osc  
which hnve becn applied in Table X I I I V  to the  ~ e v e r a l  series of tlie trianjin1:~tion. Tlle r ight  b:lxe lines 
of the triangulation of India and the A I e r g ~ ~ i  base in I l u r n ~ a a r e  shown : also tlie 11oi11t:: nt \ v l ~ i c t l ~  it 1 1 s  

been possible to form Lal,lace eqr~ntions. The circuits are intlicatecl by romall numcrnls ant1 the 1wi11ts 
of ~~~~~~~~e by small arcs a t  the closing angle, r .  n.t, D. T l ~ e  j~~nc t io l l  point':: of  t l ~ c  t,~.i:lujiulatio~~ 
lines arc d i s t i ~ ~ ~ u i s h e d  by Ictters A ,  U . . 2, n ,  /I . . \vit,l~ srlfises I ,  2 ,  3. I, 2 .  (; cw~.rcsl~ol~cling 
to the N.lV. Quadrilateral, S .E .  Quadrilatelal, N.IS. Qantlrili~te~.al, S. Trijiol~, S.\V. (lu:~clril~ternl,  
Ilurlna Quadrilateral. 

~ - -  - - - -. 
1917. 

of the coeficients in (13) are reclnirecl na2 may be repl:~cctl by AI'I,  by means of (I).  

S 

A 

I 

All the clnantities A', Y,', I (  are  measured fro111 P \vl~ile xl, y,, are coortlinates of P and So I.', are 
the coortlinates of tlie mid lloilit of tlie triangulation l i l ~ c  rcl;rtivc to  0. 

6. The method esl~lained in +$  ~1.~5  nill no\r 1)e n.l111licd to the detcrniination of probable 
errors in the N.W. Quadrilateral of the Indian triangulntioli, after all at1 justrncnts Ilave been carried 
out. The probable e r ~ ~ o r s  most generally requireel \rill be those wit'li rei'c,rence to  the  origin of t h e  
survey a t  Kalianpur (Sironj I j n ~ c ) .  I n  pabting do\\.n the  conditions of c l o ~ u r e  any closing point 
nlay be chosen : but  \\hen 1)roLaLle errors ~ v i t l ~  regxrcl to Kalinnlrur are desireel, Iialinnpur n i l l  
naturally be selected as the closi~ig l ~ o i n t  a ~ i d  or igi l~ for S ant1 J: C l ~ a r t  1 s l ~ o ~ r s  all t l ~ c  triangu- 
lation of India : in chart,s I1 . . . . Tr i t  is representetl di;lRral~~mntically, cacli scl,ics 1wl11; rel>lacecl by  
one or more straight lines, wl~icli may be regarded as the eqr~ivalent triangulation l i ~ ~ e s .  T l ~ c  111dian 
triangulation was divided for purposes of atljnstment illto five port,ions, I+= .  the N.T\'. CJnadrilateral, 
S.E. Quadrilateral, N.E. Quaclrilateral, Soutllrrn Trigon, S.W. Quadrilateral. 'Yl~ese wrre acljrlsted 
in order stated, so tha t  tlic first two were qnite independently adjr~stetl wl~i lc  t l ~ c  tllircl n-ns 
adjusted on the first two : thc fourth was adjusted OII  the sccond, ant1 the  fifth was atljl~sted on t h e  
first, second and fourth. The 1311rrna qr~adrilateral (c11;ll.t 11-) has just* bccn adjnstetl b>- the metl~ods 
of Chapter 1'1 and is being adjusted on the eastern scrics (Sl~i l long ;\lerirliounl, KO.  -11) of the N.E. 
Quadrilateral. 

NJ, 

l'+ y l , =  Yo 

X + xl, = 'Yo 

-"I,Y+yl,X 
- L" 
K1+ 7 t x1,X+ Y 1 d 

. . . . . (20) 

Sf 

1 

0 

X 

N Y X  

Af 
-- 

0 
-- 

1 
-- 

-- 

E,. 

S + x , , = X o  

-Y-y l ,=  - Y o  
L2 

f - + -  
1 B 

x , Y - ~ ~ , Y  



I 14 THE EiRTE'S AXES AND TRIANQULATION 

L 

Tlie first step is to find M'L for eacli triangolation line, L being tlie length in units of 100 
Chart I1 is on the scale of 100 miles= 1 inch, so that  L is the length of each line on the chart in 
inches. As an example take the line between the Sirouj base and the Dehra base. This is composed 
of two triangulation lines representiug a portion of the Great Arc Series, No. 6. From table XLIV 
the  value of RI is 0.71-and by measurement on the chart the values of L for the two parts are 
found to  be 2.15 and 2 .22  inches. Hence tlie ~ a l a e s  of MZL are 1 .083  and 1 109 respectively. 

The values of RT2L for all the triangulation lines are exhibited in table XLT' together n~ith 
certain related quautlties to which reference will be made later. To proceed with the formation of 
the  equations of form (13) ~vllich are necessary to cletermiiie the several probable errors, all cluantities 
of the types indicated in (20) hare to be formecl. To any coefficient [?I, g W] several component terms, 
each corresponding to a pal-ticular triangulation line, may contribute. Some of these are exhibited 
in table XLY, while the renlaincler are foulld in table XLVI.  To go more into detail, the N.W. 
Quadrilateral ( a i d e  chart 11) is cliridecl into five circuits I, 11, 111, IV,  V. I n  eacli circiiit there are 
four tvpes of closure-side, azimuth, eastin:, northinq-which may be cliaracterised by suffixes 
s, a, e, 11. These give rise to twenty conditions I,, I,, I,, I., 11, . . . I ,  I u  acldition there are 
three extra base lines giving conditions VI,, YII,, 1'111,. To inrestigate the additional value of 
having as many Laplace stations as there are base lines, the cases hare also been worked out for three 
Laplace closures a t  the same points as tlie base line closures, giving rise to conditions VI,, TrII,, VIII.. 
The 2G conditions which result make it necessary to determine .'G moltipliers k, . . k,, by equations 
of form (13). I n  table X L V I I  tlie coefficients of the left hand sicles of these equations are given. 
The method by n~hicli these coefficients are derived mill now be given in detail for a few of them. 
The letters used COI-respond to  those shown marginally in table XLYII .  

By (20) , [ ! I  a a] - R13L = 1 : hence [u a a ]  = Z J12.L round circuit I = 3 -6G from table 
XLV. Also [ ~ c  a h ]  = 0, [ I J  a c ]  = f X R12L= 3 - 2 0  from table XLV. I n  the formation of any 
coeficients inrolvinq any pair of a, 6, c or d i t  is clear that  the summation extends around tlie 
circuit I, for the corresponding conditions relate to this complete circuit. Tlie case is different when 
a coefficient involving one of the quantities, n ,  b, c, (1 and one other cluantity, say e, are consicleretl. In 
this case both circuits I and I1 are involred and it is only the part common to the two circuits that 
has to be considered. RIoreover in this case two origins are introduced. The portion colnnloil to 
circuits I ancl I1 is the line D, T,. It will be seen by (20) that 

[u a r ]  = 11% for Dl  Ti = 70 from table XLI'. 
ju u,f] = 0 
[ U  aq] =X,J12L for D,T1, Xo referring to the circuit to which g relates, i. e. circuit 11 

= + - 4 1  
[? I  a Ill = )vo?t12L for DITl from circuit I1 = -? 30 

This deals with all the conditions n-hich relate to a portion whicli occurs also in condition 0, 

the base line contlitions VI, and VII,. The most coml)les case is the coefficient correspon(1- 
in:: to northing or eastinq relations in two circuits ~ r l ~ i c l ~  hare a portion in common. An esalllple 

of tllis is [ I (  ,Ig]. The circuits involl-ecl I ,  I1 have the portion 2; L), only in comnlon. Hence fro111 

(20) as may Le seen opposite the entry I ,  I1 in table XLVI,  [ u / Z ! ~ ]  = J12L (rl,l'-yl,X)= - 1.1 E. 
Sirnilarl>- [u d A ]  = h12L (JL2 + L2/1 2 + x 1 , 5  +3/1,17) = 7 . 3 5 ,  The clrlantities in tables XLV, S L I - I  
dellt-nd 011 n~casurements of I,',, HI ,  X, Y talcen from a chart. These are not l)recisc, and so 
qllarltitieq dr.,lucctl frorn them are not quite precibe. All tllc quantities wliicll are known by s! rnllletry 
to LC ccl~lal i l l  I,ai~.\ ha \e  heen separately tlcterm~ncd by way of a check. They differ s l i ~ h t l y  as \~111  

lx SI.(.II i n  t;tl,l~~ X L V I ,  tllc tvorqt care bcirlg the cocflicient which occurs in line 11, 111 nntl also 
ill lille 111, 11 of \vhicll the vallle.: .'!)..5ci an11 2! ) .08  are obtainecl. Tlle ilrlantity made use of i.; tile 
~ I - : ~ I I  2!). I;:! +llo\vr~ irl  1)lork tyl~e.  
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TABLE XLP.  
N.W. Quadrilateral. 

TABLE X L  VI. 
N.XT. Quadrilateral. Col~llllon portions of acljacent circuits. 

First circuit 1 For first circ,lit referred to secoud 

.'p I Yp 1 AX I A T  /*(P+s) 
I I1 D , T ~ ~  + .D - .76 - 0.01 + 1.24 + 7 . I I  11 I 

11 1 TI Dl - a03 + .76 + 9.36 - 0.26 - 1.74 + 7.36 ) + 7'35' 1 i::: ] - 
11 111 U XI + 2.72 + 1 - 5 9  

Y: Y, .45 - 6.23 + 21.80 
I 

y1 SI - .67 - 10.60 + 53.W 
/ +  

- 1.S - 23.07 + 92.35 - 3.50 -50.20 -- 

+ 7.00 + 0.81 + 19.48 
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4 

7. To find the probable errors a t  a n y  point of side azimuth easting or northing i t  ie 
necessary to  form the r ight  hand sides of the  eqnations of which the  left hand side coefficients are  
exhibited in table XLJ'II, i . e .  t o  complete t l ~ c  formation of equations (13). T h e  quantities [ u a A  
etc. are of the same nature a s  t l~osc  already forrncd : but  differ in the  lines for which they have to be 

TABLE XLIX. 

Circuit, Base and Laplace closures. 

Closiug 

TsP 

A I B l  
B,C,  
C, D, 

;: F: 
G I  

V, FI 

* 

I, VI 
I, VI 
1,VII 

I1,VII 
IV, VII 
V, VII 

-0.91 
-0.91 
-0.91 

-1.51 
-2.5!1 
-2.88 

1.083 

+6.800.181 

+5.1R 
+5.181.109 
+5.180.418 

+5.94U.306: 
+6,550.S31; 

- 0.90 
- 1.01 
- O.:M 

- 0 4 7  
- U.H4 
- 0.4; 

+ 5.61 
t 5.74 + 2.17 
+ 1.82 
+ 2.20 
+ 1.11 

+O,Pfl 
+0,9tl- 
+0.22 

+0.10 
C0.15 
+0.0! 

- 4.G 
2.16 

- 0.18 

- 0.12 
- 0.10 
- 0.02 

-0.11 
-0.Ir3 
-0.16 

-0.37 
-0.69 
-0.45 

+ 1.15 
+ 3.58 + 1.9U 
+ 1.70 
+ 2.10 
+ 1.W 

+19.50 
+ 5.53 + 0.56 
+ 0.10 
+ 0.13 
+ 0.~1 

- 0.811 
- 
- 0.20 
- 0.16 
- 0.37 
- U.W 

-23.10 
0.b0-11.10 

- 0.03 

- 0.71 
- 0.66 
- 0.11 

1.85 
12.02 
9.69 

9.91 
14.66 
8.46 

- 4.40 
- 6.56 
- 0.b7 
- 0.70 
- 0.90 
- 0.19 

+ 4.06 + 1.97 
+ 0.10 
+ 0.18 
+ O.ZL 
+ 0.W 

- 4.66 - 5.08 
- 1.14 
- 0.59 
- 0.98 
- 0.1.1 

- 0.50 
- 3.11 
- 0.98 
- 0.41 
- 0.73 
- 0.08 

1.61 
10.84 
22.98 

32.38 
43.33 
51.81 
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i 

computed. The first step is t,o co~npnte  the  necessary quantities for each line ; i t  will only remain then 
t o  combine by simple addition the  several lines which go  to form t l ~ c  rbutc bet,ween the point of 
reference and the  point whose relative p~*ol)able errors are sought. The  reference point. lvill be in 
general A, (Kalianpur), t,hough any  othcr poinb coiilcl also he used. l'llc quantities of scheme (20) 
have t o  be formecl a s  was done in tables X L V  and XLI ' I .  This  llas to  be clone for each section. 
Typical cases are Sly',, T,D,, DIEl .  The first SITl enters only i n  r losir~g coudition of circuit 11; 
TID,  enters in closing conditions of circuits I and 1 1 :  and U , E ,  enters into closing condition of 
ci~.ciiit I1 as well as  base ancl Laplace closure between D e l ~ r a  a1111 Clincll, \'I. For  luost oi' the lilies 
vali~es of A, AX, AY, A ( R 9 +  L"12) are given in table S L V .  For t h e  ot,liers which are reqoired 
the values are now exhibited in table X L V I I I .  I n  table X L I X  all the qunntities nerpssnry for 
forming [ I L  o a f ] .  . . [ ~ , f ] .  . . are given. 111 the' col~imn li~xmled "circait" the  base line closures are 
indicated, and these require only A, A X ,  A Y, AX,,, AY,,, wl~ ich  are the same quantities as for the 
circuits. T o  form [ z L , ~ ] ,  A(1t2,, + L2/1 2) is recluired, 1~11ere N, refers to Iialianpiu. T l ~ i s  clr~a~ititp is 
also given for all  lines. It is deduced from values of X,,, l',. 

A s  a n  example consider the  probable errors a t  U,, selecting the,  roote A, B, C, Dl El U,. 
This gives a good example of the  mcthod of forming the  r ight  hand sides of the  equations. 

The sectio~ls AIB,, BICl enter into circuits I and V I  

P, Cl Dl I ,, V I I  

,, L),El I1 ,, V I I  

,, E l U l  I1 ,, I V  

Equabioos 

I 1 

3 
4 

I1 5 
6 
7 
8 

111 9 
10 
11 
12 

IV 13 
14 
I5 
16 

V 17 
18 
19 
20 

V I  21 
V I I  22 
V l l I  23 

VI 24 
VII  26 

S ~ d e  closore Eastilrp clos~~re ,, 1 ~zimuhlll- -- 

A,  BI  ( Bl Cl ( C, D,  I Dl El I El W, Tot111 cl"s~'o A,  B ,  I B, C, ( C, I), I Dl El I 
+ 6.72 
- 0.30 
+ 4.59 
-11'83 

+ 12.15 
- 3.51 
- 2.18 
- 7'53 

0 
0 
0 
u 

+ll) .J* 
- 3.13 
+ 5.64 
-16.23 

0 
0 
0 
0 

+ 6.73 
+ i1.69 

0 

- 0.14 
- 0.53 

o 

+1 '08  
2 0  

+ O ' R R  

+ 1 .08 

~ 1 1 1  ~ f j  1 o 

+ I ' l l  
0 

+ 0'98 
-‘%.&-2.16-0.18 

+ 1'11 

o 

-0.16 
-1.99 
-0.87 
-0.98 

-0.16 

-1  99 
o 

+0.42 
0 

+ 0.22 

+0.42 

-0.37 
-1.70 
-0.7(; 
-0.41 

-0.37 

-1.70 

-0.03 
-3.58 
-G.66 
-3.11 

-0 03 

-3.68 

- 3.14 
-10.215 
- 6.77 
+ 2.59 

- 3.13 
-10.44 
-16.22 
- 5.64 

- 0.30 
- 6.72 
-11.83 
- a.51 

- 3.51 
-12.15 
- 7 . 6 3  
+ 8-18 

0 
0 
0 
0 

- 3.13 
- 1 0 . ' ~  
-16.2'2 
- 6.64 

0 
0 
0 
0 

- 0.14 
- 0 . 6 3  

0 

- 4.73 
- 9.69 

+0 ,31  
0 

-0'12 

+ 0.31 

+ 1.99 
0 

+0 .10 -0 .08~  
-1.37 

+1.99 
0 

+1.85 
-2.59 

-0.11 
-1.15 
-4.40 
-0.60 

-0.11 

-1.1:) 

-12.61 
0 

+2,0H1 
-6.80' 

+ 2 . 3 d  
O 

+O.01' 
-1.49 

0 
0 
0 
0 

+1.99 
0 

+l.R5 
-2.59 

0 
0 
0 
0 

+2.19 
+0.73  

0 

o 
0 

0 
+2.61 
+ G , H O  
+2.08 

0 
-2.30 
+1.49 
+0 '02  

0 
0 
0 
0 

0 
+1,99  
+2.59  
+1 '85  

0 
0 
0 
0 

0 
0 
0 

+2.11  
+0.'73 



PROBABLE ERllORS AFTER ADJUSTMENT. ' 9  
' There are four cases according a6 probable errors of sicle, azimuth, easting or northing are 

sought,, The scheme (20) may be rewritten, entering the numbers of the c o l ~ ~ m n  in table XLIX in 
place of the actual symbolical quantities. 

For side error A ,  B, contl-ibutes (1)) 0, (4) ant1 ( 5 )  to  equations 1 ,  2, 3, -10 of circuit I and 
(1) to equation 21 of VI : to  all other eqnations nothing. The numerical quantities taken from 
table X L I X  are (1) = + 1 - 08, (4) = + 0 . 8 8 ,  (.5) = - 4 .-1.6. The cotnplete process is shown in table L. 

The azimuth closure can a t  once be w~.itten (low11 from the side closore by rearrangement of 
terms and changing of certain signs in accordance with (21). 

8. I n  a similar way all the quantities occurring on the r ight  hand sides of equations (13) can 
be formed as required, the necessary data  being taken from Table X L I X .  The solution of the equa- 
tions which arise for the N. W. Quadrilateral IS effected in the latter portion of the nes t  chapter 
(VII I ) .  I t  remains only t o  refer to  the quantities [ I I , ~ , ]  occ~irring in equation (1-1,). From (19) it  is 
clear that  the necessary quantities for determining these are A=A12L, AX,, AI',,, A (R," t L2/13), 
the suffix zero indicating A,, or Kalianpur as origin. All tI1e5e qnantities are given in table X L I X  in 
columns (1)) (6), ( I ) ,  (15) for each section of line : and the corresponding quantities for a set of lines 
are obtained by summation of the sectional quantities. 

From (2) and ( 5 )  the probable errors before adjustment are to Jm the  
multiplying factors being l N . 5 7 5  for azimuth, 3 3 . 2  for 7th place of logarithm of side and 4 . 0 3  for  
easting and northing in fee t :  for i t  is clear tha t  [ I L , ~ ]  =2;\I% in the cases of azimuth and side and  
[ ~ f ]  = M2L ( H o 2 +  Le/12) in the case of easting or northing. By (14$) the probable errors after 
adjustment areproportional to  [ 1 4 3 ' ]  - [ t ~ a f ]  k ,  - [ ~ i b f ]  k, . . . . . . . 
the multiplying factors being as just given for the several cases. The ratio of probable e r r w  after t o  
adjustment to  probable error before adjustment is K where 

Numerical values of K will be given in the next chapter. 



C H A P W R  V I I I .  

Numerical values of the probable and actual errors in the 
Indian triangulation. Note on the solution of linear equations. 

1. The formula (2) and (5) of chapter V I I  will now be applied to the actual circuits and 
closures of the Indian triangulation and the numerical results compared with the actual closing 
errors which have been found in the several circuits. The question is a little complicated by the fact 
t ha t  the triangulation has been adjusted in six portions and so, in the case of some circuits, the closing 
errors are those due to several series some of which have been adjusted in a neighbouring quadri- 
lateral. I n  practice this is of little account, as the best quadrilate~als mere first adjusted and those 
adjusted later are of considerably lower quality, so that  the probable errors brought in by the adjusted 
quadrilaterals form only a small part of the total probable error and i t  is of little account whether 
the probable errors before or after ,adjustment are employed. I n  consideration of this question 
the  fact tha t  the flanking quadrilaterals were previously adjusted will be ignored. What  has been 
said regarding the relative excellence of the several quadrilaterals does not apply to the Burma 
quadrilateral, which had only been begun when the Indian quadrilaterals mere adjusted. 

It will be seen from the equations that  the quantities required for each line are M2L and 

whence L is the length of line and R the distance of its mid point from the closing 

p i n t  of the circuit concerned, both expressed in 100 miles. These quantities have already been tslien 
out  (table XLV)  for the N.W. ~~uadrilateral. It remains to obtain these for tlie rest of the triangu- 
lation. For this purpose charts 111, IV,  V are given. These as well as chart I1 are on the scale 
100 miles to an inch: so that  L and R a r e  the lengths on the charts in inches. See also Q 6, chapter VII. 
The actual measurements and necessary deductions are now shown in table L I .  For the Base-line 
and Laplace closures i t  is only necessary to compute SJ12L along the route. This has alreaily been 
done for each element of the route nrhicll enters into one of the circuits: and only a few remain 
to  be formed for the Laplace closures. The values for the elements are combined to form the 
necessary values of CM2L for the complete routes. The results are shown in table L I I .  

I-Iaving thus fouucl the probable values of closing errors in  all forms of closure, the next step 
is tq comyJnre the results with the closing errors n-hich have actually been found. Tliis is done for  

tlie Base-line and Lal~lace closure in table L I I  aud for tlie circuit closures in table L I I I .  In encll 
case the actual error is given and then this is divided by the theoretical error, giving a quantity , f i  

ihe ratio of the a c t ~ ~ a l  error to the probaLle error. The actual errors of it11 place of logarithm of side, 
of azirnuth in eecolrcls, of eastin? and nortliing in feet are denoted by AS, AA, AE and AN 
reapcti\.ely. 



NUMERICAL VALUES OF PROBABLE AND ACTUAL ERRORS. 

TABLE LI, 



THE EARTH'S AXES AND TR1,INGULATIOY'. 

T A B L E  LI. 
,a il 

1 Line 1 1 1 L 1 1 R 1 R2 1 A I d  h e  1 M 1 L I $ R 1 R3 1 g R2$I , point 

- - - 

-- 
4-72 

F6C6 66 0 .362.7b 0.331 2.00 8.41 0.645 9.08 3.09 
C6& 68 0.382.01 0.260 1.50 2.250.337 2.69 0.67 

8 
O,N, 49 0 .41  1 . 9  0.388 1.99 3.720.307 4.03 1 .56  
N,B, 54 '0.37 1.4; 0.204 0.75 0.580*1t;9 0 .16  0 .17  a 

d 
- 2.03 19.69 
2.591 

3 - 
& 1.332 6.27 

-- 
14.27 

-- 
4.24 

'I'd L'.L B L TI. 

I 

cirr,ilj.I>ehra Dun 
I,t'#r.j T)l~n.Ch;~ch 1.980 
31r, .ni .Kar~chi  

K . tn ,  h i - C h c h  -~ 4.210 
'iron)-Calcutta 

. . . 
Il~,l ,-r Vlra~~ajoatam 
I S h  ' 1 '  / Calcutta-Jnlpnipl~ri .. 

- 5 . 3  1.447 
I?i*lr.r Canirelore st 

lVnltnir.>ladram 0,789 

- - - -- - - 

- 2 . 2  0.792 65 

-- 
1 : ; k l c t ~ l  til.3lerq1i 

1.365 
Chlttngony-Akgah ... Chlt. K.J. 

0.017 



NUMERICAL VALUES OF PROBABLE AND ACTUAL ERIlOItS. ' 23 
4 

The values of A A in  table LII are taken from the second table of chapter I X  in which 
acc~ln~illatecl errors of azimutl~ at Laplace stations are found. These are the errors ujter the 

adjustment of the triangulation has been performed. 

1'A BLE L 111. 

2 .  It is no t  to  be expected that the actual crrors mill be the sanle as the probable errors: but 
in a considerable number of cases, values of the ratio of actual to probablc errors, that is f, s l l o l ~ l c l  

be d i b t r i b u t e c l  according to the laws of probability. In a giveu n u l u b e r  of caws the probnb~lity is that 
those ~ a l u e s  o f f  ~ y l l i c h  are comprised nrithin certain limits will for111 a ccrtaiu prrceutage of the 
total cases. The probability integral, between the 1)roper o r c l i n a t e s ,  1 e 1 ) r e b e n t s  this llistribntion of cnors. 
It is tabulated in most books on mininrum squares*. By menus of t l i i s  it is seen that 10 per cent 
of the errors will nlost probably fall in  each of the regions A, B,. . . . . . J of table LIV JefiueJ by 
limiting values of ,f, 

Thc nctnnl values o E , f  fonncl in 167 cases of closures are c lns~ i l i c~ l  in these c o l ~ ~ n l n s .  Each 1-alua 
0f.f is followed by a number in brackets ~ y h i c l ~  refers to  t l i e  corrcsl~ooding c c l s i ~ ~ g  c o r ~ ~ l i t i o ~ l  in 
tables LIT 01. TITTI. 

-- 

6 
3 
2 

* Vide  \Yrighl's "Adjuetment of Observstious". 213. 

2.120 48.339 -54.9 wj ( 1 l.l12 1 3 4 9 9 3  1 +31,0  
"'0 3 . 3 N  €0.358 -17.6 - 

p9 

5 
d i a 

- 
; o 
.M ' 
vj 

7 
6 

r: 

,g 
v 

I 
11 

111 

I V  
V 

1 

f, f a  
Bs=X,l 

:j.fiflI 
9.713 
9.879 

3.426 
2.220 

1,074 
1.205 
0.761 

2.456 
0.107 

2.293 +0.21'2 
1.6,iOI -4,968 
2.863 -3.8tR 

3.013 
4.909 
4.900 

2.915 
2,351 

33.2.. 1 A 8 

VII 
V I l I  

IS 

X 
XI 

X I 1  

I 
11 

111 

I V  
V 

I 
I1 

111 

I V  
v 

V l  

24.23 19.PRB - 20.676 + 5.043 1.664 0.092 1.042 0.254 
7 7  1 11256 1 + 0 1 - 2 7  0 1 'L,CW3 1 1 : 1 : . 

27.01 2U.9513 + 78.073 - 14.322 0.617 1.393 0.6bJ 8 

+ 5-bOR 
+ 1.560 
- 3.254 

- 4.132 
- Y.000 

63.512 
103.484 
103.285 

61.453 
49.5ti8 

1 

1; I I11 ll . 

I.'JII, 
0.315 
0.064 

1.152 
1.276 

+ 57.503 - 30.413 
+ 39.087 

+ 3.63P 
- 0.505 

+ 6B.2 
-I!&.fl 
- i 9 . 6  

+150.0 - 5.3  

11.530 
5.931 
7.405 

15.323 
11.853 
2.362 

0.800 
2.591 
1.331 

1.001 
0.i60 

7,677 
3.980 
0.ltiJ 

2.934 
4.027 

-- 
+ 14.619 
+ 18.196 
+ 26.0G5 

- 2.k.477 
- 24.688 

40.68 
111.51 
79.30 

8.48 
10.06 

2.032 47.343' + 45.0 

6,103 3.405 I 6 1 . 5 4  P2.037 , -189.0 + 47.0 

25.703 
42.557 
35,887 

11.723 
I3.3.N 

112.i00 
80.815 
90.902 

1?0.078 
11.1.640 
51.028 

101.447 
53.462 
38.313 

34.661 
28.917 

91.007 
66.300 

100.496 

5R.Sil 
6 6 . 6 : ~  

1 
2 
3 

4 
5 

0.660 
0.4.30 
0.726 

1.843 

6.536 I ..$92 

2.246 -2.287 19.69 17.881 - 47.5.21 + 4l.i!W 0.951 1 . m  

3.t02 >OuO 1 +3.506 - 6 0 0 2  I I::, 1 2 5 3 1  - 1 7 i 5 0 /  - 1 7 5 6 3 l  0.7.V 2.065 
6.WG + 2.014 + 1.4'27 2.34 0.!,27 

2.237 
0.026 
1.089 

0.Y10 
0.038 

-132.0 
+196.7 
-284.8 

+l90.9 
-193.7 
+l@2.0 

+136,6 
- P'1.7 
+ 39.9 

- 0.4  
+ 11.7 

+189.8 
-212.5 
+ 27.4 

-185.0 
- BZ.:! 

2.G8 2.237 :2 
1.::99 1 l.3v9 1 :;; 
U.L'G 0.36) X 

+2$7., 

5.350 
3,837 
4.312 

6.166 
5.430 
2.421 

4.955 
1.59fl 
1.815 

1.6.H 
1 .3 i f  

4.361 
3.145 
1.768 

2.1398 
3.101 
4.,7 

- 5.539 
+ 4.4ll - 2.279 

+ 0.649 
+ 1,405 
-IY.IW 

-0.251 
-3.6P0 
+J.Y03 

-0.010 
-0,319 

-7,806 
-7,113 
-6.719 

+2.057 
+ s . o i e  
-3..1 

23.13 
20.44 
11.96 

Bi.00 
29.81 
4.72 

18.00 
24.88 
6.27 

3.39 
1.35 

14.44 
2.:.8 

35.86 

1.74 
3.30 

18.. 

19.580 
IR.2'0 
Id.tlJri 

'?4.Sfl!l 
22.004 
6.757 

17.000 
20.10': 
1 0 ~ 0 9 1  

7.411 
4.663 

28.019 
B,SlY 

24.132 

5.3?0 
7.323 

17.538 

- 2.710 
- 2 4 4 ' 3  
+ 3.269 

- 10.284 
- IY.OCI 
-57.230 

+ 7,824 + 28.479 
- 17,215 

+ $2,5t)l) 
- 0.973 

- 54.726 
+ 38.058 + B.WY 

- 1.215 

- .3..9 + 6.G; 

- 36.047 
+ 3U.iP3 
+ 31.703 

- 21.600 
+ 13.0'23 
+ 1 7 . 6 6 5  

+ 2.218 - 0.101 
O.UOO 

- 27,515 
- 4.2s 

- 64,255 
+ l i , t ; t i l '  - 43.Y7S 

+ 16,?:3F 
- 6 . 7 1 2  + 1t.0.29 

3.vd. 

1.178 
2.432 
3.13U 

1.468 
1.1;00 
2.011 

1.30.) 
0+25 
J.U41 

0.012 
U.404 

2.06.: 
3,?U7 
0.261 

3.269 
G . ! I . ? ~  : 1 : 

1.073 
1.157 
0.528 

0,105 
0.412 
5aeY 

0.051 
1.451 
2.96; 

5.500 
0.233 

1.769 
2.2611 
1.40s 

1.IYIG 
1.u:~; 
,.;A 

0.130 
O.lS1 
O.2:34 

0.414 
0.5V2 
6,542 

O.Jlli 
1.416 
1.706 

5.734 
0.208 

1.061 
6 . i ? l  
0.258 

0.229 
:II 
3, 

1.860 
1.679 
2.2i5 

0.871 
0.5112 
1.:105 

0.130 
0.OU5 
0.001) 

9.718 
0 . 9 U  

1 5  
16 
17 

18 
19 
20 

21 
22 
W 

24 
26 - 

4.291 1 26 
1.lOl 27 
1.316 

a.F#:B 

23 
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THE EARTH'J AXES AND TRIANGULATION. 

?'ABLE L I Y .  

3. On examination of table LIV it is immediately noticeable that the cases in  which the 
actual error i n  greater than the computed probable error are more nilmerolls than the cases n, l ier l  it 
is l e s q .  C o n s i d e r i l ~ x  all the 167 cases, f is less than unity for 70 cases and greater than u l l i t y  

for  the r e m r i u i l l g  '67 cases. T l l i s  u n e c j u a l i t y  is largely attributable to the Laplace closures, 

D E F Q H I J 
from 1.000 

to 2 I :::: 1 ::" 1 '1" 
Side 

1.308 (21) 
14G8 (18) 

2 
1.283 (52) 

1 

1.276 ( 5 )  
1.393 { 8 ) 
1.408 (2s) 

1.451 (22) 
1.452 ( 4 )  

5 

1.268 (b0) 
1.447 (48) 

2 

1r314 (31) 
1.399 (33) 
1.416 (22) 

3 
1.390 (33) 

1 

(ii) h e  ... 

Azimuth 
(i, Circuit ... 

(ii) Laplace ... 

Eaating . 

Northing ... 

Side and Azi-  

1.647 (13) 
1.654 (6) 
1.690 (19) 

3 

1.575 (37) 

I 

1.68G (12) 
1,789 (96) 

2 
1.774 (40) 
1.872 (43) 

2 

1.706 (23) 
1.726 ( 7 )  
1.828 ( 9 )  

1.843 ( 5 )  

4 
1.678 (18) 
1,818 (28) 
1.860 (16) 

3 

m u t h  exclu- 
diur Loplace 

h'ortbing and 
Eaeting ... 

All  except 
Laplace ... 

-107 (6) 

3 

.017 (56) 

.051 (54) 
-137 (43) 

3 

-061 21) 
.092 [ B )  
.lor (18) 

.l82 (13) 

4 

0 

4 I 
-139 (15) 

2 

(23) 
- 0 0 ~  ($2) 
. 0 3 8 ( 5 )  

,130 (21) 

4 

6 

46 

7 ---,-- 
38 

13 
---V-- 

89 

2,011 (20) 
2.083 (26) 
2.301 (34) 

2.380 (9) 
a432  (16) 

5 

1.061) (36) 

10 
L--- 

8 
L, 

18 

1 

447 (46) 

1 

.233 (261 

.315 ( 2 )  

2 

-214 (35) 
.22'J (58) 

2 

-208 125) 
.221 (12) 
-228 (20) 

2.558 (4) 
:i.oso (31) 
3.130 (17) 

3.207 (37) 
3.269 (9) 
3.275 (11) 

7 
5.030 (11) 

4.210 (40) 

12 --,----- 

11 - 
23 ---- 

3 
,408 (44) 

1 

4 2  (10) 
.528 (17) 

2 

0 

a414 (10) 
a426 (34) 
a430 ( 9 )  

11 - 
10 -- 
21 - 

1 1 1  

1 -- ---- 

1:;;: {lI0] 
a.u26 ( 9 )  

2.065 (33) 
2.260 ( P i )  
2,367 (23) 

6 
1.917 (42) 
1.970 (53) 
2.179 (60) 

3 

1.062 (26) 
2.U88 ( 4 )  

5 

- 2 ~  (34) 
,254 ( 6  
-310 ( 4 1  

-348 (31) 

4 

0 -- 

1.205 (2) 

4 
1.156 5) 

1 

1.009 (32) 
I .0i3 (15) 
I.WJG (10) 

1.157 (18) 

4 

1.106 (30) 

1 

1.042 ( 6 )  
1,101 ( 8 )  
1.151 (13) 

6 - 
4 - 

3 
a614 (47) 

I ,  

,664 ( 3 )  

1 

-733 (5:) 

1 

-593 (19) 
.798 ( 3 )  

::?:: 
5.5W (24) 

3 
2.629 (3a) 
2,iDO (41) 
2 ,923  (S4) 

3.259 (51) 
6.12 (59) 

5 

2.663 (39 )  
5.7Bb (2-0  
6.121 (Zi) 

6.542 (?Ol 
8.102 (10) 

a513 (11) 

-669 ( 1 )  
7 

0 

36 

7 --,--- 

3 
1.061 (14) 
1.089 ( 9 )  
1.101 (27) 

3 

11 
--A 

4 
d 

3 

.893 (35) 

.013 (49) 

.953 (41) 

3 
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altllougll in this case values of azimuth, acljusted for all circuit conditions, have been used. I n  tho 
Lalllace closures there are 1 3  cases of actual error greater than computed probable error and only 
4 cases of actual error less than cornpntecl error. It is believed tha t  the explanation of this is that 
gireu in 4 6, Chapter V. The error clue to acceptance of geoidal angles uncorrected, instead of 
spheroidal angles, to some extent magnifies the triangular error ancl so increases the value of M, 
and as a result the closures of azimuth in circuits and of the cleduced quantities side, northing and 
easting are in better agreement with the formulz than the closures on Laplace points ; since the 
former do not depend on absolute errors while the latter do. If the Laplace closures are ignored the 
namber of cases, less than ancl greater than the forrniilae give, are ( i R  and 8-b respectively. If the 
formulre values were increased in the ratio 1 . I to 1 . 0* the figures would become 74 and 76 res- 
pectively. It appears then that  the formulre give values of the probable error which are some ten 
per cent below what the 150 cases would lead to. This is not a serious deviation from the facts and, 
apart from mere chance, may be attributed partly to 

(1) the use of geoidal instead of spheroidal angles. 

(2) the fact that 1 4  is basecl on certain simplifying assumptions I-egarding the regu- 
larity of the triangles and polygons in the series of triangulation*. 

The total number of cases falling in each class A ,  . . . . . . J is shown a t  the bottom of the table and 
from this i t  is seen that the errors are fairly distributed in the various classes, except that in classes 
I, J a considerable excess of cases occor. The escess of large errors over the number which is given 
by tlie formulre, viz. 4 i -S0=15 or 50°/,, in classes I, J is to be attributed to the neglect of certain 
sources of error. One such source of error is that, already mentioned, of treating geoidal and spheroidal 
angles as iclentical: and i t  may be that  other undetected sources also esist. Ho\vever the formulae give 
p~actically a satisfactory indication of the probable accuracy of side, azimuth, easting or northing. 
They should be a useful guide to the care which ought to be espendecl on observing and selecting a 
series in orcler that  a result of any stated precision may be arrived at. As work on such a series 
progresses, the value of 31 may be taken out and observations increased in number, or raxs increased 
in length, until the value of 31 is reduced to a quantity sufficiently s~nal l  to give the proper precision. 

4. It has just (June 1017) been noticed that the question of probable errors of side, azimuth, 
easting and northing generated in a chain of triangles were consiclered by Ge~ern l  TITalker s!vl 
Rlr. TV. H. Cole in 1682t.  The cleduction is based on the equations by which the sin~ultaneous 
reduction of the triangulation of India had been effected, ancl the equalious obtained-ride sxsriii, 
xxiu, xsx ibid-are some\vhat complex. These equations are comparable with (2) and (5) of Chapter 
V I I  of this work. Dealing \\ritll the case of a simple chain of eq~iilateral triangles (on p. 104) 
with sides of 15 miles and chain of length 8' of arc, it  is fonud in the Appeudis that the 

e, rn, s, i, e. probable elr0r in azimuth = 6 " . 9 8 ~ ,  average value ( . 6745 ) 
latitade 0". 556 
longitude 0".59e 

the first quantity being somewhat dependent on tlie direction of the chain. It appears that  r is 
the quantity now denoted by nl. To obtain results by tlie method of present n-ork put R I  = - 
5 m 2/:= 1.218m. Then taking8' as eqoirdent to 530 miles, 

- 
Probable error in azimuth= 1.575 x 1.2786 v'5 . 5  = J " s72~  

4 .72  Mean error in azimoth = - E = G".996 
.(i745 

Probable error in easting or northing = 4 .03  x 1 . 8 7 8 ~  J 5 . 5  x fi feet = 3 S . 3 ~  feet,. 
v'3- 

- - - -- 
See slso 5 4 below. 

t Vide O.T.S. T'ol. VII ,  Appendix No. 3. 
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3 8 . 3 ~  
Mean error in easting or northing= - = 56  86 feet. 

6745 

These results are  in  accord with those found by  the old formule. O n  pp. 105, 106 of the 
Appendix* additional quantities mere introduced t o  take account of geometrical irregularity, double 
instead of single chains, length of side. T h e  latter two considerations have been dealt with in tile 
present mork by  use of the quantity M. I n  t h e  appendix under reference geometrical irregularity 
of t h e  magnitude which might  occur in  Survey of India  mork is represented by  a n  augmenting factor 
K and i t  is stated t h a t  "me may a s  a rule p u t  IC = 1 . 4  in hilly country and K = 1.1 in the plains", 
The  introduction of this factor mould increase most of t h e  probable errors computed in the present 
mork in ratio 1 1 ,  an amount which mould practically equalise the  number of cases of errors esceeding 
and falling short of the  probable error as already deduced in 3. T h e  independent opinion of the 
author before seeing this appendix mas t h a t  i t  mas better to  leave this out  of account: but i t  is a 
question as  to whether the  factor rc might  not with advantage be incorporated in J i  in  some cases. 

The  formulz developed in the  Appendix* do not appear t o  have been p u t  t o  niuch use : and 
as fa r  as  can be seen mere lost s ight  of. They are  only applicable- to  s t raight  (or approximately 
s t raight)  chains of triangles, and not t o  circuits of all  forms. 

Note  on  the solution of  equations. 

5 .  I n  the adjustment of triangulation, and the calculation of its probable errors, groups of 
linear equations involving a large number of uuknonrns frequently arise. Although the solution is not 
necessarily reqnircd t o  a high order of accuracy, yet  the  mork of elimination has generally of 
necessity been peil'ormed using a large number of siqnificant figures to  safeguard the  solution against 
accumulation of computation inaccuracy. Some of the multipliers in the process of elimination 
become verj. larqe owing to the fact  tha t  the  denominators consist of terms of ~vliich tlie positive 
and n e p t i r e  portions are not very different in amoont. Taking the clenominator to be of tlie form 
Ta-C-B wllere n , p  represent the  positive and negative terms respectively, while Ca and s,8 may 
each t c  formctl to a fairly I ~ i z h  percentage accuracy, the qnantity Ta-v& may be inaccurate by a 
considcral~le 1)ercentage. 

I f  t l ~ r  ordinary Gaussian metl~od of arranging t,he elimination is followecl, i t  is to 1)c noted 
t h a t  most of the  solution is independent of the R. 11. S . t  of the equations, n.nd is in fact just a 
process of elimination of the  several r~nknomns. I n  some cases, e ,  g.  t h a t  occurring in Clinptcr Y11, 
~o lu t ions  arc rcclr~ired for a nnmbcr of sets of values of the R. H. S a t  It is accordingly in this case 
desirn1,l~: to retain t l ~ e  R. H .  S . t  in symbolical form. B u t  this has an advantage of an e~ltirel!. 
diffcrcnt kirlrl, n it permits of any  niimber of successive approsirnations in the s o l ~ ~ t i o n  being made, 
n-itl~ont. rcpeati112 the climinating process, which accordingly need not be performed ~vitll  sncll 
exactnesi: a~ wo111~1 otl~erwisc be necessary. 

IFir~t rongiflrr the L. 11. S.f of the ecll~ations. Following Gauss's method of arrangement 
denotc the crlr~ationn hy 

b I f  tl~,-:firnl rqurrtion i n  rn~~l t ip l i rd  by- -' nntl nddrd to the second, 3, is eliminated. Similarly 
" 1  - - - -  . - - . . -. - - . . - . -- -- - . - - --- - -- -- - - 

' I'11lr O T R VoI V I I .  A p l ~ ~ n r l l x  No 3. t It 11 8. -riplit huncl # I ~ P  f L tl 8. - left hnnrl sil l@ 
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if i t  is multiplied by - 5 and added t o  the  r t h  equation 2, is eliminated. The  following equations 
01 

ere formed 

. . . . . . . . . . . . . . . . . . . . . . . . .  
To eliminate x, the same process is applied, the ~nultipliers in this case all  having t h e  

a .  It is t o  be observed t h a t  the  denominator of t h e  n ~ i ~ l t i p l y i o g  factors is denominator 6, - - 
a1 

always the first coefficient of the  first equation of the set being operated on. The smcessive 
C 

C2 - I f 1 2  
C 

denominators are a,, b2 - 5 a,, cs - a - "1 
s 

b, 
h ( h ,  - ; 4)  ctc. a~ "1 b2 - L a 2  1 

"! 

I n  the soliltion of normal equations t h e  diagonal coefficients are generally larger tlien t h e  
others. Being of the forms Sl ln2  ancl Cua6 respectively the component parts of t h e  first form are all 
positive while those of the second form are equally lilcely to be positive and negative, and accordingly 
tend to cancel. Accordingly in lnore cases than not nl>o, ( r  # l), b,> b, (r  # 2) . . .  so t h a t  

b 
b 2 - ' n ,  is not likely to  be s ~ n a l l  coml~arecl with b,. B u t  as the denominators become lliore 

"1 

conil~les there is more possibility of their becoming small. To  avoid this, as n~e l l  as  may be foreseen 
before the actual coniputations are carriecl ont, i t  is accordingly conre~iient  to  rcarlange tlie e q ~ ~ a t i o ~ l s  
in  such order tha t  the diagonal coefficients are of increasing magnitude. Before doing this 11on-ever 
i t  is desirable tha t  all these diagonal coefficients shonl~l  bc brought up to ns near as may be the  same 
order of magnitude. It is i ~ ~ c o n r e n i e n t  to  11are quantities entering the computation, some \ ~ i t h  inany 
figures preceding the dceinial point n~hi le  in others there arc. no figures before the  deci~ilnl point nncl 
a 1111mLer of zcros follo\ving the clecilnnl point. 

Any coefficieilt say f ,  can be changed to 10.fI or f,,L if a t  the sntne time for  I., is written 
f$r, or IOx,, this being done in all the equations; and solutio~i srtbsequcntly being per for~uc~l  for 
f rxr  or 103, as the case may be. It is conrenicnt t o  nse ns ~nultil>licr n po\vcr of ten, ns this 
inrolves no loss of precision in the coefficie~it nnd no lnbonr in transformilig it. I f  tlic process 
thus suggested is carried out in the case of sym~netr i rnl  e~lnntions-snel~ as  ~iormnl cqontions-tlic 
symmetry is destroyetl. As the symmetry is ad\-autnqeous it  is cleairnblc to nroi(1 clcstroying it, 3115. 
tllis may be arranged for as  follo~rs. IYhen n11y colu~nn is n~ultiplicd by a po\rrr of ten the  corrcs- 
pending ron7 s l~oald be rnoltil)lied by the same 'l'l~en the equations (1) lnny he writteo 

x in n71~ich X; = 2: ~vllich arc quite symmetrical. 
loa  

In the s o l n t i o ~ ~  of (1) the quantities 11-1iicl1 shoultl be brongl~t  ill' to aIn111t t l ~ c  a s ~ u c  onlcr nrs 
diagond coefficients, as tl~esn enter more t l ~ a n  the  o t l~cm into the eo l~r l~~t tn t io r~s .  I t  111a.v lw SWII 

fro111 (3) that  the di~go1!~1 coetlicjents Fan, only be c o ~ ~ r e n i c n t l y  chnngtd by lw\\.c~.;: (~wsit ivc or 
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negative) of lo2.  The first step then is to apply this process of dealing with the diagonal coefficients : 
the seconcl is to rearrange the equations in such order that  the modified diagonal coefficients occur in 
increasing order of magnitude. It can always be arranged that  the largest diagonal coefficient is not 
so much as one hundred times the smallest. 

6. Suppose now that  (1) represents a set of equations dealt with and arranged as explained 
above. They are now in an orcler as favourable for solution as can be arranged for by mere inspection. 

I n  proceecling with the elimination as explained in 4.5, notice that  the R. H.  S ,  quantities 
B,B,C do not in any way affect the elimination. The work on the left hand side of the equation is 
entirely independentof theval~lesA,R,C . . .  Suppose then that  a solution has been 
taken out, which is essentially only approximate : the clegree of approximation depends on the number 
of figures retained in the arithmetical processes. Instead of the correct quantities xl, x, . . this 
solutiou will determine slightly different quantities x, -6x1, x2-ax2?,. On substituting these in the 
L.H.S of ( I )  the values found will be A-6.4, U-6B . . .  Hence 

u, Sxl + a, ax2 + . . . .  = SA ' 
a, SJ, + . .  =SR I . . . . . . .  

. . . . . . .  1 
These eq~at ions  have the same coefficients on the L.H.S. as those of the original eq~lations 

(1). Hence the process of elimination in order to determine SxI, ax, . . .  is the same as that 
already performed for xl, x, . . .  : and it is only necessary to change the portion of the com- 
pntation involving A, B,C. I n  this way a second approximation is easily arrived at. Clearly this 
result may again be treated in the same way, and so successive sets of higher approximation may be 
obtained, without any necessity of increasing the accuracy of the elimination process. The gain in 
accllracy is arrived a t  by means of accurate substitution, and this substitution may be made absolutely 
perfect by keeping all the fig~lres resulting from the substitution. As an example, if the original 
solotion consists of numbers of -b significant figures, and the coefficients are given to 4 figures the 
products mill consist of 7 or 8 significant figures. It may be pointed out here that if the coellicienh 
are given to much higher accuracy i t  is not necessary to use the full amount of figures for the 
elimination process : but this must be done in the substitution. 

The upshot of this is that the various m~~ltiplications and divisions which arise in the process 
of elimination may all be performed by slide rule, which greatly facilitates the work. The subs- 
titutions must be carried out with higher, or even absolute, accuracy, as can most conveniently be 
done by arithmometer. 

7. As remarked in 95 i t  is sometimes convenient to  have the solution in terms of symbolic 
values of the R.H.S. This gives rise to another general method of procedure as regards higher 
approximation to any desired degree, which will now be described. Other attendant advantages 
mill be seen to wise in this method. 

Suppose the solution of (1) is expressed in the form 

. . . .  Then x x are the solutions of 
alxl + a,x, + . . .  . . . .  blxl + ,, + 
TIX1 + rpx, + . . . .  =o . . . . . . . . . .  
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and ,x,, ,q . . . . .  are the solutions of 

I n  (6) all the quantities on the R.H.S. are zero, except the rth, which is unity. The elimina- 
tion processes are identical for all values of r, but the work on the R.H.S. differs for each value of r. 
The acc~irate soli~tion of all the sets of form ( G )  gives values of all the quantities ,xB : but any actual 
solution mill give quantities slightly clifferent, viz. ,r, - 6,xz. On substituting these, instead of 
getting the quantities unity and zero as valnes of the R.H.S. slightly different quantities are obtained, 
as indicated. 

Values of R.H.S. o f  equations (6) r z s u l t ~ ~ r y  from a7~ approximate  solrction. 

Lf the original equations are symmetrical, so also are the quantit,ies of the approximate solution, 

Valiies of R.H.S. 

/ 1 1  2 1 3  . . .  

l i l + a l /  a2 ( a 3  . . . . .  

% I  B1 1 1 + P n l B 3  . . . . a  

3 1  yl 1 "lp I 1 + Y 3 .  . 
. . . . . .  

It is clear that  if the approsimate calculatiou has been properly carried out all the quantities 
. . . .  a, ,B, y are small compared with unity. 

A~l>roximate solutions. 

1 1  2 1  

.7L1 ( I / 
b1L1 1 b742 1 b163 1 
c I 7 I 3 I 

. . . I . . . I . . . I  . . . . . .  

8. Snppose the solutions 1, 2 ,  3 . . .  are combined in any way, taking for xl the value 
$ Baag + . . .  ancl similarly for the other X\ Then it is clear that  the correspondillg 

values of the R. H. S.  will be 

. . . .  A ( l  + a l )  + Ba, + Ca3 

. . . .  
- 9 . .  

AD1 + B ( 1  + p,) + CP3 
. . . .  . , .  Ay, + By, + C( l  + y,) + 

Putting A = 1 -  a1 B =  - B l  - . C =  - y l .  . ., . these become 

. . . . . .  Only products of the ,small quantities a, B now occur escept in tlle quantity . . 
unity in the &st line : so that,a hig,hey approsilllation is readily foiind in this may. Tlie process 

l ~ l D . , ~ , . :  

can obviously be repeated as  often as is desirable. 
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9. The question can also be considered otherwise. Suppose the true value of any quantity 
x is u - v ,  cc being a value obtained by solution and v a small correction. Then the solutions 
of equations 

aud as above 

a , x l + a 2 x z +  . . .  
6, 2, + b2 x2 + 

Whence by means of (7) the solutions are represented by 

are 

A B C  

= l o 0  

= 0 1 0  

- a l v l + a 2 v 2 + .  . .  . -  
b , v l  + b , v , + .  . , . -  - 

The quantities ,x, etc. may as a first approximation be replaced by the determined quantities ,u, etc. 

The solution then takes the form 

and if further approximation is required this value may be substituted in (8) for ,xI giving tho next 
approximation to ,v,. Any number of successive approximations may be made in this manner. The 

R. H. S. corresponding to (9) may be written down. They are 

al 

PI 

which may be written with abbreviated form 

0x1 

a X 2  

where 

A B C  

1x1 

s x 2  c X 2  

A B C  

U p  

P z  

1 + a i  , . . . .  up a3' 
P1' 1  + Pz' pa' ' ' . ' . . . . . . . . . . . . . . .  

a,' = - a,2  - ~ @ ~ - a ~ y , ,  . . .  etc. 

. . . (7) 

a3 

P 3  
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These residuals a', /3' etc., are composed of binary products of a, 6 etc. and accordingly are of 
a smaller order than a, /3 . . . . Starting with the second approximate values n', . . and 
these residuals a', . . . another approximation may be made : and so on as far us is necessary 
to attail1 the accuracy of solution desired. 

10. It may a t  times be convenient to split up a set of eqilations and apply the above process to 
any portion consisting of an equal number of rows and columns. This may be cloue with advantage 

when a considerable nomber of the coefficients are zero. It is to be remembered that  the actual 
numerical labour of solving n equations varies as the cube of n, so that  a group of say 30 equations 
presents a formidable piece of computation. By the method now proposed perhaps this labour 

may be considerably reducecl : but one certain advantage is a substitution check a t  a comparatively 
early stage of the computation. This is a checlr against actual compritation blunders, as well as 
agaiust accrimulation of error due to lack of absolute exactness in the calculation on account of the 
necessity of limiting the number of figures employed. I n  this way, as has been shown above, much 
of the work can be pel-formed reaclily with a slide rule, greatlj accelerating the work. 

In a large class of equations, e . 9 .  the normal equations ndlich occur ill the method of lea4  
sqnares, there is complete symmetry about a diagonal. This reduces the mork of elimination to about 
one-half. It is important then that  in dealing with equations of this class that  tlie symmetry shonld 
be  reserved. Gauss's arrangement secures this for his met11011 of solution, ancl it will now be shown 
that sj-mmetry is maintained when the equations are split 1111 as jnst suggested. 

Deuote the equations by 

Soppose the solution of 

(1,l) k,  + (1,2) k2 . . . . + ( 1 , ) k  = [i] 
(2, l)  k, + (2,2) k ,  . . . . + ( 2 , ~ )  k,. = [ii] . . . . . (12) 

(r , l )  k, .t ( r , 2 )  k ,  . . . a + (r,r) k, = [?.I 

where r is less than t i ,  is 

k, = ,k,[ i]  + ,k,[ii] + . . . i - , k l [ r ]  
k, = ,k, [i] t . . . . . . . (1:3) 

kr = ,k, [i] + . . . . + 4, [r] 

Then from the first r equations of (11) it is seen that 

[ i ]  = ( i )  - ( 1 , r L l )  kr+, - ( l , r + 2 )  kr+2 - . . . - ( l , n )  km 
[ii] = i i  - ( 2 , r + I ) k r + ,  - ( R , I . + " , ~ ~ + , -  . - . -(2,n)kr, . . (14) 

[r] = ( r )  - ( r , r + l )  kr+, - ( r , r+R)  kr+2 - . . . - ( r , q )  k,, 

Siibstituting from (11) in (13) it follows that 

a This may be a tirst or higher approximation as appears most suitnble. 
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kl = 4 (i) + k ( i )  + . . .  + ,kl ( r )  

- k,+, 2: ,kl ( s , r + l )  - k,,, C ,k, ( s , r + 2 )  - . . -k, Z,kl (s,n) . . . . . . . . . . . . . . . . . . .  
kt = k (i) + k ( i )  + . . . .  + ?kt ( r )  

- k,+, d I k t ( s , r i - 1 )  - k,+% Z,kf ( s , r+2)  . . .  -k,,E8kt(s,qt) . . ( l a )  

\ 
t h e  summation indicated b y  2 referriug t o  s t o  which all values from 1 to r are t o  be given. 

The  values k,, k, . k, are now to be substituted in  t h e  latter n - r eqnations of (11). 
It is clear t h a t  thereby the  coefficients of k, +, k,+z . . .  k, are altered. The  original coefficients 
a re  clearly syn~metrical,  and i t  is only necessary t o  shorn t h a t  the  change in the  coefficient of k, in the 
1. + lfh equation-the first of the equations dealt with-is the same as  the  change in the coefficient 
of k,+, in  the  ufh equation. B y  (15) and (11) i t  is seen t h a t  the  change in coefficieut of k,, in the 
1. + lf%quation is 

. .  . . .  - ( r  + 1 , l )  2 ,k, (s, u) - ( r  + l , 2 )  2 ,k, ( s , ? ~ )  - - ( r  + l , ? . )  2 skr 7 1 )  (16) 

while the  change in the  coefficient of k,+, iu the ut'l equation is 

Remembering t h a t  ,kt = ,k, notice t h a t  the  sum of t h e  coefficients of ,kt and ,k, in (16) is 
- ( r  + 1, t)  (s, u )  - ( I . +  1, s)  ( 1 ,  u) and the  corresl~onding quantity in (17) is - ( tc ,  1 )  (s, r +  1) 
- (u, s )  (t, + 1). These quantities are the same, since (u, t )  =( t ,  u) etc. 

The equations resulting from this method of solution are  accorrlingly symmetrical. 

11. I n  some cases after the  solution of a set of normal equations has been effectecl, ad- 
ditional conclitions ma! have to be introcluced. The  form of t h e  ecluations, vide ( I s ) ,  is only modified 
thereby by the  addition of a number of terms a t  the end of the  original equations and an acldition 
of the same number of equations a t  t h e  end. I f  then the  original ecluations have been solved in 
t h e  manner explained above, i t  is possible t o  proceed immecliately to  derive the solution of the larger 
number of ec1oations, making use of the solution already obtained. I f  the  ordinary method of soliltion 
of the original equations had been followed this mould bavg been of little help in proceeding to the 
solution of the  larger number of equations. 

These methods \vill nonr be given effect t o  in the  solution of the  26 equations of p. 116. 
I n  table XLT7II  t,he coefficients are marked off in the  stages for \ ~ ~ h i c h  solution will be performed. 

I n  cases where a highly accurate solution is not desired the  values of the residuals are not 
required. It is ho~vever of importance to verify tha t  the  solution does not contain any blunilers, as 

may easily occur in the  numerical \uork. A check on this is obtained by  substitoting the vallies 
ot~tained for solution A, B, . in  the last equation. This ecluation only enters into the final 
eliminant from which the value of the last unknown is determinecl, and not into any  of the previous 
equations used for the  actual solution-that is the  ' first of each group of equations formcd by 
succes~ive elimination of the  first, second, . .  unknowns. I f  then this last equation is satisfied 
with sxtibfactory precision i t  is an indication t h a t  no blunder has been commjtted. It is not certain 
from this t h a t  the residuals of the  other etluations are equally small, and nothing short of substitrltioll 
in  L*C~ of thcse will make this point quite clear : but  i t  is a sure check against any  serious bluuder. 
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12.  Application of the method suggestecl above will now be made to the equation whose 
solution is necessary for the determination of the ueveral probable errors of the N.W. Quadrilateral 
after adjustment. The L.H.S. of the equations are indicated in table XLVII .  Conformably with 
$10 only a portion of the complete set is dealt with a t  first. It is a t  once clear that the first 8 equations 
and the next 12 equations form convenient groups. The first step is to solve the first 8 equations 
for the quantities k, . . . k, ignoring for the present quantities ko . . . k,, which occur 
in the 5th-6th equations. The R.H.S. are taken as zero or unity, vide (6). As an examlde of (3) 
multiplications by powers of 10 are introduced and the order of equations arranged to make the 
diagonal quantities in increasing order of magnitude. I n  this particular case there is little gained 
by the former procedure, which is introduced merely to illustrate the method. The arrangement 
of the work is shown in tabular form in table LV, of which detailed explanation is now given. 

T A B L E  A T .  

c - L e f t  H a n d  S i d e  
. Riglit 
g Rand 
gZ Side 

1 2 3 4 5 G 7 8 
4 1 '4 I '7 1 '8 I ?rth 1 hk2 I ikk 1 i$'6 

-- 
2 0 

0 0 0 
3 0 + 111.61 

- '1807 
4 

6 

G 

7 

8 

0 
- 'oz80 

0 
- '541 

0 
-2'jrjz 

0 
+ '0074 

0 
- '435 

+ 1.000 + 40.68 

+ 4.I33.3 

+ ,0280 

- .I807 
0 

+ 2.5j2 
0 

- '541 

+111.61 
- '0.3 

- 1.14 
+ .ooj6 
- '0001 

+110.18 
- .o.3 

-23.0 
- .62 
+ 3G6.0 
- 1 1 . 9  

1 7.35 
- .0008 
- .0296 

- .20F 
+ .206 
t111.48 
- 1 ;  

+ '0074 

- 2.781 
+ .o171 
- . 0 R 0 2  

+ .ooos 

- 4.SG 
0 

& 19 '2  
- .a; 

+ 4-1 
- 2.906 

0 
- 56.16 
+366.0 
-26 i .9  

-103.8 
+ .6.38q- 
- 2.993 

+ ,125 
- 2.906 
-23.62 
+ 18.76 
+354.1 
-264.9 

+ '16 - I 

- 
.1807+ ,0280 + 1.000 

+ ,0116 
+ 3'7709 

-282.2 
+ .0064 
+ 70.0 
+ I 

0 
+ '7656 
+9i1.0 

+ 9.576 

+110.15 

17 

18 

I9 

20 

21 

+ -131 
- ,131 
+ 963 3 
- '001 

+279'0 
+ '.;Sgz 

' 1 1 4 ~  
- 2.773 
-~ - - 

- S'S-I? 
0 

- 10.343 
+ 7,045 
+ 2A.W 
- 13.31 

0 
+ 22'40 
+ !163.3 
- 706.; 

- 

- 8.4 
- '496 

0 
- 9.576 
+ 70.0 
- 4.5'17 

0 

I - 
. 0 0 2  

+ 4.86 
- '1401 
- '0299 
+ '004.; 

- 2'7SI 
0 

- '016 
+ ' 1 2 2 ;  

+ 99.2 
- . 2 1  

0 

t110.15 
0 

- u - 3  
- ' 0 3 0 4  

- '000 1 

+'779.0 
- ' 0 1  

- 9.F9G 
+ .0;4 - 9.676 
- '7656 
+ 24.83 

+ ' 1 .ZI  

+ 9il .O 
- 7 ' 5  

+gTl.O - ..- 
1 1 

- 8,842 
- '00.36 
+ ' 0 1 1 . 4  

- ' 0 0 2 ;  

-279.0 
0 

+ 24'99 
- 2 ,  
+ 10.34'7 
+ '39 
t 963.3 
- . ; I  

+ 22 0 
'6344 

- . 1 j 5 2  

+ 4.24 
+ .62 
+ 1'194 
- .3'975 
- 56'16 
+ 56.144 
+ 101'1 

- .0280 
0 

- .641 
- ,0046 
- 2.652 
+ '008 
+ .0074+ 
- '0145 
- '436 
+ '4577 

- 1 7 7  
- ' 007 .3  
+ ' 034 ;  

- 8,346 
- . 4 ~ 6  
-292.2 
+ 3'2 
+ 70.16 
- 4 5 ' 1 f  
+ .7656 

- .I807 
0 

+ 2.663 
+ .0007 

- a641 
- .oola 

,436 
+ .ooz2 
+ ,0074 
- '0709 

0 
0 

0 
+ .o igas  

0 
- .o4412 

0 
+ .0803 

0 
- 2.533 
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TABLE L P ( Continued). 

g s .z a 
$ 5  w z  

2% 
22(1) 
22(2) 
22(3) 
2 3 0 )  

23 

24 

25 

26 

27 
7 (1) 
27 (z)  
27 (3) 
27 (4) 
27 (5) 

Right Hand Side L e f t  H a n d  S i d e  

8 

- .028 - '0114 

- -6456 
- . 0 0 1 2 -  

- 9.544 
- '001 

- .0071 
- '0709 
+ '0227 
- .oozz 

- '5468 
- .5473 

28 - 2.545 - .5468 - ,04412 + '02525 0 

- '15 

+ '001,; + '0174 - '0051 + ' O O j I  

+ . O O l I  - '12.38 
'015.3 + '0367 + '0039 

3 I(;) - .0020 + .0020 

.11(6) + 1.0075 - -0006 - .0069 

0 +254.15 + '5165 - . 1 j 3  - '5169 + 255.75 
- 1 ' 7 5  

'3544 + .o786 
+ 2'526 - a,(;) ' 1401 

.~a(h) , i - '04149 
3 4 ( i )  I + I '000 

. l @ N l -  2.526 + :i86i+ 241461-  . l 4 0 l a  0 0 0 0  + 264 0 

O ! O ,  
.- 

::I; I+ .3JU + . I O ~ J  1 - 2.526 j +  O i 0 6  I +  . o A ~ . I R I -  . i ~ o 1 1 +  0.000 I +  ~ . o m  J + z s r . o  

- ,1807 

- '4436 

+ 2-5527 
-0080 

- .5492 - a0046 
+ ,4372 
- '4.i77 
- .0635 
- '0145 

+ 2.5447 

+ 2'5635 

V I I I  

-1 .  p1 
LO 

+ '()01395 
+ .(lmlL"94 
- , f ~ ! j ! L h  
+ 0003n)a 

+'onol[;:' 
- .uOO>i32 

I 1 
+ , ( H ~ : I I ) R ~  

(:.a,. I 1 I I I  1 111 j IV I v 1 VI  1 1.11 

0 

+ '0002 

+ .02526 
o 

- .0441 
o 

+ -0803 
0 - 2.633 
o 

+ '02525 

- . o r g z j  

k3 1 /, j 4 1 kfl 

n k ,  - 8 

5 Cm1r1 : + .I010 1 -  *W)OlJ74 - . M 4 0 2  - .000103.i - .006lriR 
25 t2 1 k5 

. - 5  11 I + '1016 
c 
% - , 111 ! 
= A  ' 

3 2 I 1Y : I 2 2 :  
. !  V !  I 

I 

+ 1 ,000  

+ 3'77O9 
- 

0 
+ '04412 

0 
+ -0z j25 

0 
+ 2'533 

0 
+ .080.3 

+ '04412 

- .0787 

- .02RH35 
- .OCI(;IG 
+ .otmnnr 
- .000172 

+-0OCj00202 
1 F I 1 - I VII 

F111 

+ .00041 
- .nolK)ti 
+ ~n1103ons 
+ -0099.b 

-.MORR'2 
- . O O I I I F , . ~ ~  
t . 0aI'J:l7 

+ .tv)0105:i 
+ . 03 ,~23  

+110'15 

+ l U 0 0 0  

+ I ' O O ; ~  

- .IXI.IO'L~ + . 0 2 ~ ~ . 7 5  

- 4'86 
+ '0299+ 
- '1401 
+ '0008-  
+ ' 0 0 4 3 +  

+ 89.13 
- '21 

+ 88.92 

+ .oom1)182 
t .03J23 

- . O I I O I ~  - .000H7i j  

+.01133 

- 2.781 
'0802 

+ '0171 
.0025 
'0005 

+ -1067 
- '1227 
+ 88 .99  
- '07 

- ,016 
+ '0005 
+ '0001 

0 

o 
o 

-279 0 
- '1144 
+ ,3895 - ,0864 
- 2'773 

+ 2 4 . 7 7  
- 12'31 
+ 10 732 
- 7'04 j  
+962.6 
- 706.7 

+ 12 46 
+ . o o j ~  
- '0174 
+ '00.39 
+ -12.3') - .0069 

- 8.842 - '0122 

- .oo36 
+ 
- 'oo2i 

- 3.297 
- '390 
+ 12.68 - ' 2 2  

+ 22 40 
- 22-40 
+ 256'6 
- ' 7 1  

- 3,687 
- . O O ~ I  

- '0015 

+ '0366 
- '0011 

- '0006 
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The necessary n~ultipliers for the nes t  eliulination, that  of k,, are now duly entered of the 
R.1I.S. for case 11. They are the old face figures + .O2SO, -.1807, + 2.552 . . . : and the process 
of elimination is proceecled with. I n  this way the groups of ecluatious 16  - 21, 22 - 26, 37 - SO, 
31-33, 34-35, 36 are forn~ed silccessively in the last of which only <T k, occurs. From this values 
of kG are mritteu domn a t  the bottom of the table for each of the eight cases. These values mould 
be si~bstituted in 34, except that the coefficient of k, is so small that  they are negligible. Thus equations 
34 (1) . . . 34 (7) are formed giring values of k, for sereu cases. Then the values of T', k, 
and l-', k, are substituted in 31, giving 31 (1) . . 31 (6) fro111 which six values of k3 are 
formed. These several substitutions are shon~n in old face. Tlie results of the teruls ou tlie left hand 
sides are combined and with changed sign applied to the right hancl side for the corresponding case, 
e.g. 31 (3) +.0786 = -.04412-.0011+.123S. All the values obtained are exhibitecl a t  the 
foot of the table : they are the values of ,zs in the notation of $ 7. Siucc the equntious are 
spnn~etrical the solut~on is also syn~metrical and ,.rs = gr : so that it is only necessary to take out l~nlf 
of the quantities. Hacl the equations not been SJ-mn~etrical all work below the cliagoual in excll 
group of eliminants \vould hare had to be completed aucl the full nuu~ber of cases, e i ~ h t ,  moult1 have 
been necessary in substituting in each of eclnations 1, 9, 16, 23, 27, 31, $ 1 ,  30. 

13. An ap~roximate solution of the first eight equations has now been fonud. As it mill be 
necessary to substitute from the solution in the renlaiuing equations, it  is desirable in nnj- case a t  this 
stage to check the solution; but this substitution a t  the san~e  time en:~bles a h i ~ l l r r  n1)l)rosilnntiou to  
be reacheil by (8). T l~ i s  is desirable; althol~gh a h ig l~  older of accul.nc\- of ti11a1 so1uti011 is not 
desirccl, yet i t  is pro1)er to  a\-oid the introduction of comllntntion iunccnmcy at nu early stngc ill tho 
~ ' o r k .  The first step is to substitute in the equations ant1 so to fi~ltl the ~~uant i t ics  a,  ;3 . . . of $ 7. 
111 performing this substitation a sliderr~le cannot be r~setl, as grc:lter p1.ccebion ib  tlt+ired. If ,111 .11itIl- 
lnolneter is used, then there is little extra labour in taliii~g out the \\ark to ( 1 1 ~  Cull I I I I I I I ~ ~ ~  of t i gu~ t s  
mllicll occur. IYl~en this has been (lone (10) gives a il1calls of 1111 inliuitc 11111nbt\r of sucoc~si\ e :xppra\i- 
mxtiony. As esenll)lifyiug t l~is ,  full accllracy is kept i l l  this b ~ ~ l , \ t i t ~ ~ t i o l ~ ,  \\-111cl1 is rcl~rtxi11c~\1 far 

I ollly in table LVI. I t  is to bc irmarlictl tlint there is no ntlv:i~ltn:tl III kt~t\l~iug tlw ~ o l t ~ t i o ~ i  of 

The h s t ,  second, a t h  and sixth lines and columns of table X L V I I  are multiplied by 1 0  end 
thek rows and columns are arranged in order 3 ,4 ,7 ,8 ,  1,!2,5,6 : giving rise to equations whose 
coefficients are written domn in column headed "Left Hand Side 1 . . . 8," and in lines whose 
equation numbers are 1 to 8. The Right Hand Sides of these equations are 
I t  is however only necessary to write down the first column under heading R.H.S. 
To eliminate the first quantity k, from these 8 equations, the first equation is multiplied 

0 

0 -7.35- 0 
successively by - - = 0, - - -.1807, =-a280 . . . . . 

1 0 0  

1 1 0  
0 11 

40.68 40.68 40.G8 
. . I .  

and the results mi t ten  below the 2nd, Srd, 4th equations in old face type. These ' . . 
multipliers are also applied to the right hand side of the first equation which is unity, and therefore 
appear in this column. The work is performed by sliderule, making one setting representing 
division by 40.68, and reading off opposite the quantities 0, 7 .35, 1. I 4  etc. these quantities being 
at once entered in R.H.S, column (shown in olcl face type). In  completing the multiplication of 
the first equation by these several factors, i t  is noticed that  the quantity to be entered is the product 
of the factor of the particular line by the coefficient of the particular column in equation No. 1, e. y. 
olcl face figures - 3.975 (line 3, column 5) = - . I  SO7 x 22.0. The old face figares thus formed for 
all the equations Nos. R - 8, are aclded to the corresponding coefficients and give rise to 7 equations 
(numbered 9-15) from which k, has been eliminated. The process as regards the right hancl side 
has only actually been applied for case I in which the right hand side of the first equation is unity and 
the rest are zero (vide $ 7) : but i t  will be easily seen that  for the other cases all the olcl face quantities 
would be zero having zero as a factor. Case I1 is accordingly brought in conveuiently after the 
elin~ination of k, has been completed. 
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table LV to as many figures as has been done, as the latter figures cannot he accurate : and their 
presence adds to the labour of multiplication. However in  the present c s e  the s r t b s t i t t ~ t i o n  lid 
already been carried out by the coml~riter before this simplification could be gi\,en effect to. 

T A B L E  L P I .  

- -- 

14. This solution corresponds to  that indicated in (13). The next step is to form (15) with 
a view to substitution for k, . . . k, in the equations Nos. 9-20. For this only values of k5 . . ka 
are required since the coefficients of k, . . . k4 are zero in these equations. However values of  

k1 . . k4 are also required at a later stage, so the complete series of quantities kl to  k8 are expresmd 

E11umtiou I I 

- 
w 

Sum 

+4~133,098,00 
0 

-0.0?0,583,75 
-O~MX),lI7,90 
-0.115,410 
-2.903,073 
-0.01M.123 
+0~024.001.5 

+0.009.471,76 

Table LVII gives the results of the substitution for all cases, that is the cluantities a P y . . 
in notation of Q 7. To avoid constant repetition of zeros, they have all been multiplied by 10" It 
is now pelfectly straightfor~arcl to substitute in (10) and obtain a second approximation. Since 
the solution is known to  be symmetrical, it is not necessary to perform the subst~itut,ion OII  both sides 
of the diagonal : but as a check it may somet.imes be useful to  do so. When two cleterminations of 
what is known by symmetry to be one quant,ity differ slightly, the mean can be taken. 

TABLE L P I I .  

6 

+10~546,080.00 - O.Mh).92.1,28 
- O,IH)8,5i6 
- 0.0M1,424,31 

0 
-10.553,OlO 

0 + 0~087.650 

- 0.008,?031,83 

0 
-~000,50R,O23,? + .004,694,85 
-.OlI0,780,7?6 
+.638,840 
- .6%,370 
- .007;257 
-.000,418,5 

+ ~~,Oi? ,0111 ,8  

4 1 5  
+ .iUi,760,00 
+.000,016,813,6 
- .&43,827,75 

- .02:275,5 
- .683,205 - ,003,444 
+ ~903,868 

- .000,a68,440,1 

r 1 1 1 2  

+ .115,824,1)0 
-~000.108,330 

0 
-~011,641,285 
+ .141,665 
-.llH,2?:3,5 
- .115,iOi 
- .011.718 

+ .000,095,876 

- .090,460 
+~<W,LUO,h08 
+ .o33.~ I0 
+.0"0,207,7 
- ~480,HSO 

0 
+ ,398,110 

0 

+ ~000,058,609 

1Oaa, 
lo3& 
10''yr 
10%. 

103c, 
1@Cr 
lqaqr 
1030, 

+2.235,250 
+0~0fl1,630,012 
-0.018.602.5 
+0.002;980,6 
-3.352,730 

+0.02:,700 
0 

-0~001,431,098 

+ 1.798,3%,00 
+ 0 ~ 0 0 n , ~ , 4 2 2  
-1.IR5.855 
+O.OMl,BGU,J 

0 
- ~.UIB,BO 

0 
+ 1.351.5&5 

-0.000,500,178 

I 

The result of the  second approximation, found by means of (8), is given in table LVIII which 
has been rearranged in the  order of the original quantities. 

TABLE L P I I I .  

5 

-1.421,988 
+2.638,45 
+ .268,00 
+3.003,061 

- .015 
+ .251,92 
+ -131.75 
- .020,29 

- .628,24 
- '128,489,a 
- '150,075.2 
+ .217,747 

- '112,024 
- .320,39 
- -012,175 
+ .015,73 

- .280,448,4 
- .010,756 
- .74!3,292 
+ -334,403.2 

+ .067,01 
- .160,088 
+ .022,785 
+ -370,834 

+ -W2.001,8 
- .2B6,112 
- .127,380 
-1.210,784,8 

+ .492,2U 
- .100,008 
- .OQ7,41 
+ .016,317 

+ a035.876 
- .190,733,0 
+ .077,003,2 
- .977,14 

+1.171,782 
- .028,05 
- .350,65 
+ .028,735 

1 1 ' 1  

k, 

+ .288.155 
-.OBI,44 

0 + .101,552 

k3 

-.001.41 
- .?S8,136 
+ .101,652 

I h I k l  

- .588.179 
+ .38,962 
-1.4.19.378 
+ 442,251 

+ -196.4 
- .618.7 
+ .075,7 
+1.087,68 

-9.203,63 
- 464.812 
- .43G,038 
- 490.44 

+ .132,82 
- .474,2 
- ,122.5 
+ .014,76 

1, / ko 1 k, 1 - 
+ .000,00G 
+L.132.5 

1 
2 
3 
4 

5 
6 

+ -058,598 
+ -153,302 
- -077,414 
+a.077,702 

-3.072,O 
- .105,0 
+1.105,4 
- .09Q,78 

+1.13?5 - ,008,836 
- .001,701 
-0.081 1096 
-.004:021 

+ .030.41 + 403.m2 

+ .034,241 7 
8 

- .001,702 
+ .008,835 - ~004,031 
+ ~000.108.6 

+ .003,001 
- .009.41 
+ ,034,241 

- .055,14 - .010,27 
+ ~ ~ , l l 7 9  - .013.930 

+ .303,03 

I 

+ .010,27 - .066.11 
+ .013,038 
+ .M,WB 

0 
+ .303,03 
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a 

to (15). Denote the quantities g i v e 1 1  in table IJVIII by ,K, wliere 7. and e have all values 
from 1 to 8. It is necessary to c o n 1 l ) n t e  all t,he quantities 2 ,K, ( a ,  I) where 8 has all values from 1 to 
8 and is the  quantity to n~hich 2 refers, for each value of 1. from 1 to 8 and each value of t from O 
to 20 : ( 8 ,  t )  in the notation of (11) indicate the coefticients shown in table XLVII, while , K ,  are the 
qIlantities of table LVIII. O \ v i n g  to  zero coeflicients it has o ~ l l y  to be taken for values I) to 16 and 
80 the  number of quantities 2 , K ,  (3, t) actually to be c o l n l > o t e d  is 8 x 8 = (iS ; R I I ~  a n 1 o t I g  them there 
is a sort of skew symmetry t l r ~ e  to equnlity in  pairs of coefficients in table XL\.II, ~ n a k i ~ ~ g  a l t o g e t l l e r  

on]y 32 independent quantities. Further  the s n m r n n t i o l ~  2 although relating to  8 values of s, actr~ally 
only gives rise to four terms owing to zero coefficients. The details of the  computatiou are given iu 
ful l  in table LIX. The computation is taken o u t  to  f u l l  accuracy to exhibit the s j rnmetly \vhich 
afterwards occurs when substituting in equat.ions Nos. 9-20. 

TABLE LZS. 
Values of ,K, (s, t )  ancl of C\Kr ((9, t ) ,  the latter in oltl face type. 

I t = O  10 / 11 1 I2 1 13 1 14 1 I5 

15. Values of k5, k,, ki, k, given in (15) contain terms i l l  l;, . . Ir,, oixvhicli thc  coefficients hare 
just been fo~lncl in table LIX. These are to be substituted in  e q n a t i o ~ i s  $1-16, t l~ey  (lo not  occur i n  
equations 17 to  20. The formation of the proclucts and the collecting of c o c f l i c i e l l t a  is ca1.r iecl  out in 
Table LX. I n  this the values of 2 ,I<, (.F, t) are rewritten ~ v i t l ~  sign c h a l l g e t l  a t  the tol,, licpt to  six 
l'laccs, \ v h i l e  the mnltiplying coefticients are all sllonw in t,he first colrunn. The l , r e \ . i o u s l j -  csistiug 

- 1- 
0 

+ ~105.286.00 
- *039,084.91 + .011.682,20 

+ .077,834,16 

0 - .368.756,@0 
+ -202,939,95 
+ -002,246,(il 

- .1s1,569,~1 

0 
+ .000,185.92 - .092,382,37 
+ .000,1&,22 

- . o o z , o ~ ~ , z j  

0 + .026,301,130 
+ .002,492,246 
+ ~005,307,720 

+ .ogq,rgr,ogs 

0 
0 

+ +.073,023,24 
- .131,221,20 

- .060,197,96 

0 
+Z.516.788,10 
-2.283,4,17,70 
- .004,08l,U 

+ .259,256,96 

0 
- .849,182.70 
+ .788,613,77 

0 

+ '143,333,07 

0 + '020,006.W 
0 - .045,108,12 

- *025,191,88 

8 

1 6 
8 
7 
8 

8um 

2 5 
8 
7 
B 

Slim 

S 5 
6 
7 
8 

8um 

4 6 
8 
7 
8 

Sum 

5 6 
8 
7 
8 

Sum 

8 6 
6 
7 
8 

Sum 

7 5 
8 
7 
8 

Sum 

8 5 

7 
8 

L 

- .366,755,80 
0 

+ .002,246,84 
+ .201,039.06 

- -151,569.11 

- .i06.266,90 
0 

- ~011.862,20 
+ .039,004,91 

- .077,834.16 

+ .G26,391,130 
0 + .005,307,720 + .002,402,W5 

+ .03.1,191,ogg 

- .080,165,92 
0 

- .000,113,22 + .092,362,37 

+ .w2,053,23 

+2.E&,788,10 
0 - .00408144 

-2.2@3:U7:70 

+ -as9;256,y6 

0 
0 + -131 221 20 - .071:023:24 

+ '060,197,96 

+ .0?0,005,24 
0 - .045.188,12 
0 

- -o15,1ga,88 

+ -849,181,70 
0 
0 

- .780,615,77 

- '1439333.07 1 

+ .143,812,80 
+ .U30,1Fm,511 
- .U02,:314,i2 
- .017,84G,7u 

+ .152.75o.GB 

+ .W2,130,3u 
- . 1 0 2 , ~ , 0 0  + .012,015,60 
- .009,439,01 

- 10j1,292,14 

- ~010,5H~,OI 
+ .U?5,78l,(iO 
- .006,.163,5(i - .0,;710.17 

+ .009,5z9,~6 

+ .01,094.W 
+ '007,548.15 
+ .OW.147,66 - .008,l?Z,J!? 

+ .0j5,6ij,jj  

-1~010,50!,70 
I I 

+ .~HI4,'?'~J,IL 
+ .21k,Bn~,3!1 

- .614.++8.38 

0 
+ .;'!~.?'5,51, 
- ~1:15,I!I;,RO 
+ .l'Wki,21t>l 

+ .I39.163,74 

- .1)(18,01:8,?9 
- .183,90$.5il 
+ .(iI6,6!.7,i'B 

u 

- ~1.1S.3~').01 

- .257.471,90 
+ .OU5,720;'0 

0 
+ .069.1(36,83 

- *18~ ,534 ,3~  

- .ltt',I1(10,00 + ~W2,lSt1,90 
- .003,&B,U4 + ~012,035,GU 

- *051,29z.14 

- ~O:U).09Q.50 - ~14'1,WIB,IO + .017,Rli.70 
+ .0(13,3LJ,72 

- .ljE,750,GB 

+ .0(17,640,15 + ~03U.00L.24 
- .008.122.4:! 
+ -00O.I47,5O 

+ .035,66(,(3 

- .@25,781.60 
+ .OlU,51U,GI 
+ .000.21!1,17 + .W5,40C.58 

- .009,529,36 

+ .;28,221,50 
0 

+ .M)6,215,64 
- .135.107,80 

+ ~599.26.1,74 

0 
+1.010,501,70 
- .?llO.808,20 - -C01,2G,l:! 

+ .814,463,18 

+ .005.720,?0 
- .?57,471,90 
+ .O(iO,llj(i,4 

u 

- .161,58.1.88 

+ .183,903,50 
+ ~008.008,25 

0 
- .048,587.76 

+ '145,349,Ol 

- .607,127,80 + .lU2.826,40 - .050,413,24 
+ .522,148,50 

- .322,566,1.( 

- .2R1,712,9 - .3.18,484,8 + .261 02 7 + .100:!88:2 

- .250,916,8 

+ .086,385,33 
+ .OR8,0i6,52 
- -119,102,02 + .006,412,35 

+ .041,7~r,ltl 

- -228,738.72 + .025.779,28 
+ .003 213 77 
+ .217:641:10 

+ .039,895,43 

+6.404,380,10 
0 + .081,585,01 

-5.&75,131.00 

+ .620,814.14 

0 
+2.487,741,6 
-2.044,624,2 
- -182,737,2 

- '639,519.8 

+ ~060,308,IW 
- .628,271.20 
+1.014,218,42 

0 

+ .436,254,06 

+1.017,400,70 + -018,541,44 

-2~023I)843,10 

- -386,7oo,96 

+ .348,484,8 
+ .1W,712,'J 
- .100,588,8 - .2U1,8I1?,7 

+ .150,916,8 

+ .102,8'?G,40 
- .887,127,80 
+ -622,l~M,SO 
- .050,413,24 

- .322,566,14 

- .0?6,779,28 
+ .2?R,738,78 
- .237,641,10 
- .003,a13.77 

- .039.895,43 

+ -OBR,075,52 
+ .088,385,33 
+ .006,412,36 
; .119,102.02 

+ .o~1,751,18 

-2.487,741,8 
0 

+ .182,737,2 
+2.044,5?4,2 

+ .639.519,8 

0 
+8~:0J,36O,IO 
-5.$75,131,00 
+ .001,585,04 

+ ~620,814,14 

- .019,541,44 
-1 ~*li,400,70 
+2~023,643,10 

0 

+ .386,700,96 

- .628,271,20 
+ .050,308.84 

0 
+1.014,218,43 

+ .+36,254,06 

- ~100,728.00 
0 

+ .000,136,ltl 
+ .012,103,0;1 

- .o()7,488,.,y 

- .(,33,377,:!0 
0 

- a000 iOF 80 
+ .001:931:71 

- .030.752.36 

+ .0n8,117,?10 
U + .00U,B.'l,fiRO 

+ .1)00,118,F*L5 

+ .oo8.587,(35 

- .027,79'2,64 
0 

- .000.008,68 
+ .OU5,5OJ,77 

- -023.132,55 

+ .783.323,70 
0 - .000,317,38 

- .136,191,;0 

+ .646.884,64 

0 
0 + .007,9SP,RO 

- .001,ZY6.04 

+ .003,716,76 

+ ~006.163,08 
0 

- .002,739,28 
0 

+ .oo3,413,8o 

+ .197,625,90 
(I 

- .04:01U,17 

+ '150.915,73 

0 
+ .09-,377,30 
- ~Wi?,Y:31,7J 
+ ~OU0,7UB,WU 

+ .030.7~~,36 

0 
- ~109,798,60 
+ .012.103,95 
+ .000,13G,LG 

- .097,~88,49 

0 
+ ~O?i,iB?.HI 
- .005,50<.77 + .OOu.a!B,IiS 

+ .022,232,55 

0 
+ ~00R,117,210 
+ ~000.148.fl45 
+ ~ 0 , 3 2 1 , 8 8 0  

+ ~008,587,535 

0 
0 + .01U.,P3tl,ni - .Wi.O52,kO 

- .m3.716,76 

0 
+ .783,323,70 
- .138,101,70 
- 400,247.96 

+ .646,384,64 

0 
- .1(17,R'5,(0 + ~010.010.17 

0 

- '15O.y15,73 

0 
+ .006,153,08 

0 
- ~00?,730,28 

+ ~ ~ 3 , 4 1 3 , @ 0  
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I 

coefficients of k, . . k,, are also included. The comldete coefficielits of k, t o  k,, after including the 
portions due to  substitution of k5 to  k,, are shown in Table LX in old face. Thus twelve s!mrnetrical 
equations relating kg to k,, have been formed, k, to  k, having been eliminated. The solution of these 
twelve culuations is performed in a lnanner similar t o  t h a t  employed for the  solution of the first eight. 
The equations are first rearranged in increasing order of the  diagonal coefficients, the whole 
process being given in table LSI. It does not seem likely that  n second approsinlation is necessary 
in this case, so a verification, as  described in $ 11, is carried out  in table LXII showing the degree 
of  recision with \vhich the last equation of the  group of 1 2  is satisfied for each of t,he I:! cases. 

Substit~ltion of k,-k8 in equations 9 t o  80. 



NOTE ON THE BOLUTION OF EQUATIONS. 

# 

TABLE LXT. 



THE EARTH'S A X E S  A N D  TRIANGULATION. 

TABLE LXI.-(Continued). 

c L 

R i g h t  H a n d  S i d e .  
L e f t  H a n d  S i d e .  i 

kt .  I k, I k,. I kis 1 kt" I kL. 1 km 1 kt. I t.. 

36 

37 

38 

39 

40 

41 

42 

49 

44 

4.5 

46 

47 

49 

49 

0 - .a1814 
- .2468 
- 5  
- .449 
+ .4653 
- . O O W  + ,2036 
-1.816 
- .a361 + .2511 + .a964 
+ .09417 
+'a79 
- ,2182 
- .2368 

- .01824 

+ '07423 

- ,3823 
0 

+ ,0214 
- .mo8 + .I99116 - .oo~go~ 
-1.8721 
+ '-1 
+ a3175 - 'oozg 
+ .I7107 

+1.00 

+1.43627 

0 
0 
0 

+ .a4385 
0 

+ '04943 
0 

- 'mgggj 
0 

3 5 - - 3 6 2 3  
o 

+ -01824 
0 + .I90116 
o - .0211 
o + 4475 
o 

+1.8721 
o 

- .152 
0 - -17407 
o 

- .3823 
- ' 1,764 

+ .111824 
0 

+ .I99116 
- .01589 
- .@el+ 
- .or79 
+ .%is 
+ '0+14j 
+1.8iZ1 
- .a450 
- .452 

50 
+ e01675 
- .452 
- .oz18 

- .3lj23 
- .12764 

+ .(12Mj + '017 
+ .1YJ 
- '0159 
-1.W4 

+4.3466 
- .a049 

+4.3417 

(3) 
(4) 
(5) 

+ .333 
' -  ,17407 

+.311 
o 

- a048 
o 

- .647 
o 

+1-25 
o 

- .2589 
o 

- -15% 
o 

+ a6363 
0 

+ ,2147 
o 

+ -311 

+ -71012 

- .049 
0 - .547 + .a1364 

+1.25 
+ .0154 
- a2589 
- '00124 
- .I508 
+ ,03865 
+ .6363 

+ .0311 
- ,0311 
+4.5381 
- '1974 

0 
0 

0 

o 
o 
o 

+4.3417 
0 

0 
+ .a49 

0 
+'311 

0 
-1.25 

0 
- '547 

0 + .1506 
0 

- .zjBg 
0 

--z147 
0 

+ .6363 

+ .019 

- '1041 

+ .311- 
0 

-1.21 
+ 'ooz~j - ,647 
+ -0024 
+ .15M - .-z - -2589 
+ .m61 - .2147 

- .5fl55 
+ .a259 - -14606 + el643 + .4767 - .6606 
+ -4lS8 
- .289 - .079G + .0796 + 3.4181 - .1368 

- .539fi 
- .31364 
- .oS834 - .a4183 
- .a6767 
- .oz429 

+ .01734 
0 - .I818 - 

+ ,1298 - ,0267 
0 

+ .a0215 
+ 3.2813 - -0670 

I- .4323 

- -2858 
+ ~2147 
i+ a3713 

- .019 

+ .I041 

- ,5334 
+ .m24 
+1.2654 
- .ma15 
- ,2601 
+ .m61 

- .31W 
+ '1250 - .5789 
f '7935 
+4.76 
-3'19 

- el004 
- .a3578 - .01692 
+ ,06487 + '16644 
- '00408 

I+ a2146 
0 

+ 1.67 
- .oo@)j 

- ,0001 

- .2065 -  zoo 
- .o2231 
+ .o16or 

+ - 
+ .oorgj - .oog14 

+ -1q30 

+ ,01384 
+ 3.2142 - .oz;~ 

51 

- ,ma1 + .oa145 + .coo2 - .oolrq o - .oo399 
- 1 + .lWd + .3j0j - .2507 - ,9188 0 
I -  . a:z8 + .41?3 + .038j - .3713 0 -1.196 

5 i  . -  : -  .4i:yJ + .586 + .69* +I.]% 0 - .o!bij I+ ,333 + .a45 - .a858 o - .9188 - 
+ .03?5 1- ,531 -1.26325 + .(W385 - ,0494 +1.00 

+ '13785 - '51841 
- 1'35583 + ,03326 - .log25 ! ! +1'04117 

. ... 

I 0  

14. .o243 I +  ' ~ 5 1  - ' -  .IOU1 
CZ-.llrfl,+.CiMl I-.O:Il -.91RR 1.196 0 

' I 1 0 - 5 - 5 + ,0196 / I  :;1;2 + '6724 

+1.551 
(1) 
(2) 
'3) 
(4) 

[ 
(7) 

+ -01734 
+ ' 0 1 ~ 8  
+ .a0187 
- .ooIjqq - .ooz17 
+ -00078 
- .0002o 

- .2058 
- .om 
+ .lo31 
+ '00076 
+ .00215 - .a)115 

+ 3.21U 

+ 3.0677 
+ .a215 
+ 5.a550 + .1363 
- .418ti5 
- .5+78 
+ a13051 
- .2397 + .l28l + .a660 
- .3454 
- ,1134 
+36.5205 - '0941 

+ .1lls24 
- '07423 

I ;  - I I -  1 1  + I :  + . Y U  
+ .r,371 ,+ , m i 6  - .lor - .257 

- -2699 
• .a547 
- -5975 
+ '3471 
+1.3055 
-1'3955 
+2.181 
- -6105 

- -2148 
+ .01907 
- '04033 
- -1876 + .a7311 
- .a1512 

- .I904 
0 

0 
- .oagq 
+1.5i0 
- .or06 

-5.1UIJ - ~ 6 3 6  
+ 4.3931 
- ,4039 - 1.514& + 1.6135 
- 1.67675 
+ .7103 
+ -65U 
- .19j6 - .1121 + .3362 
- .2788 
+ .2788 
+37.2528 

.a264 

- 
p" + ,1423 

- .ongo 
j.; ' -  .0::9J 

I +  .mag 
5k ;+  .:!A0 

- .o:o7 
+32.7RU 
- 6.2086 

- 1.0481 - .ooqr)36+ 
- .01515 
+ . 0 1 1 1  

+ .05129 
+ .oghdo 
+ .05121 - .a174 

+ a3157 
0 

- .,!468 
+ -0701 
+ .OII;I - .13oj 
+26.Fh',:iR 
- .p78 

+ -0324 - .a1506 
+ a6352 - '0956 - -2545 
+ .3@43 
+ ,0138 + .1681 
+ 3.9278 
- '0463 

+ .01794 
+ .ool87 
- .01oo8 
- .ooz17 
- .oo134 - .ow20 

+ .5398 
0 

+ a1298 
+ .am76 
+ .I818 
+ -0009 
+3.2813 
- .mar 

0 
o 
o 
0 

o 
o 
o 
0 

+ 1.551+ 
0 

-3.664 

+ 5.1910 
+ .o2+45 
+ .o1;a3 
- .og+ar 
- ,2739 - .18oH - -25368 

- '045 
+ ,8383 
+ ,0585 

'1 '0159 
+ 4.7tiD - 4.769 
+3u.?178 - 3'664 
- 

'C04jb1 
- 'w1487 - ' 0 1 ~ ~ ~  

+ '"3343 - '01543 
+ 'O'Ogq - '"'77' 

- 
0 - .0161 

+ '021'6 
- 
- '0420 

0 
- '?I31 
+ 21; ,5598 
- .a643 +I.IW; + .rntl~ - .OIOI 

+ .2146 
+ ,04033 + .o1907 
- .a7311 - .re76 
+ .m46 
- .orj11 

+1.5616 
- .a106 

+ .1(B9 
+ .or123 
- ,06039 
- a01303 
+ .oath5 - 
- .a0468 
- .oo186 

.20G5 
0 

+ 3.2142 - .oo70 

+4.169 
+30,42li4 
- 6.2~86 

+ 3.9892 
- '0S765 + ,01879 + .slols 
- '04215 
+ .I949 ,- .1389 

- 3.9892 
- .01879 
- .05765 
- .o,arg - .zroqg 
- .1389 

+ 5.1010 
0 - .9GG46 

+ 
- .1U916 
+ '1972 
+ .I011 
- .a1Cg3 - ,4588 
+ '4956 
+36.4964 

+ .a034 

- 5.1919 
- .07503 
- .02~5 
- .a739 
- .o5498 
- .a5368 

+ 3,9893 
0 

+ .lo918 
- .2177 - .98843 - .2566 
+ .1588 
+ .a207 + -1941 
- ,6450 

0 

+ alll 

+ .71022 

-1.24785 
- .o154 - ,5446 
+ .01364 
+ .1W4 

- ,1904 
+ .01692 
- .a3578 - .166q( 
+ .a6487 
- .a1341 - .oo408 
- a W D . 4  
+ .ooqq 
+1.5584 - -00835 

- .0386 o - 1142 

+1.00 

+I-43617 

0 
- .a4943 

0 
+ .0438j 

0 

0 

o 

+ .OK385 
o 

+ ,0494 
o - .00900 

- ,7915 1 -  .ll85 

+ -5396 
+ '0583~ 
- .31364 - ~ 6 7 6 7  
+ .a4183 - ..a0609 
- ,02419 

+ 
- .0267 
+ .I828 
+ .a237 
+ 3.2812 - .0670 

+4.9417 
(I) 
a) 
13) 

14; 
(6) 

'2566 ; .08H 
+ '2177 + -17~2 - -6450 

+ .O.ZfiS 

- 
- 1:33/5 
+ 
+ - .4956 

'4509 



NOTE ON TIlE SOLUTION OF EQUATIONS. 

l lA BLE LX1,- (Concluded). 

p u  
32 

65 

66 

07 

68 

72 - .or;.$ + .0842 + .0176 - .or22 + .ow6 + . r o j i ~ +  + . O O U O ~  - .04j45 - -0066 

+ 1.1482 
+ '34375 

- '24649 I - '30877 
+ '14314 

+2j.--- . ,  , t J- - .cooj 

---- 
76 + ,1211 + .3716 - ,2723 - 1.35GG - .SO51 - 1.251i4 +.Gi. '" 
- - - - - - - - - 
77 - .3716 + .I211 + 1.3566 - ,2723 + 1.2564 - ,8954 + .?.?5R + 

0 0 0 a 

I+= 78 - -3716 + a1211 + 1.35G6 - -2723 I + 1.2564 - .8954 + .P25S - ~ G 1 ~ l Y l ~ l ~ ~  

I1 
111 
IV 
v 
VI 
VI I  
V I I I  
I X  
X 
XI  
XI1 

I I 

L e t t  H a n d  B i d e .  

k20 I LI. 1 k- I k, ,  I 1%. 
n i g h t  H a u d  S i d e .  

- 1.0181 + '01515 
- .cad936 
- .05529 + . O I I I O  

- '05111 

+ '03649 
- .wgzo 
- '0274 

+ .0050fi 
+ . ~ j g j  
- . 5 M  
+ .0702 
- .21i2 
+ .2132 
+26.43LIE 
- .lo78 

+ .1-1156 
~oolozo 

+la551 
( I )  
(a)  
(3) 
fq) 
(5) 

69 

- 

70 

I-- 

+ ,0495 

+ -10925 

-- 
- .WDY 
- .a0657 + .13, 01 
- -00.33 
- .8992 - '0101 
+1.2049 
+ -0394 

-00703 

- .05683 

+ ,1331 
o 

+ . 6 7 S  

+ .lo39 + .06039 + . o l r z j  
- ' ~ 8 0 ;  - .o13og 
+ .m46B 
- '00117 + .mq60 - .m186 

+ -013R1 
- . O I ~ H ~  
t3.1867 
- .m7o 

0 
0 

- a0385 - -13785 

+ ,3345 
+ .0051 
+ 1.8513 
+ .oo26 
- .a177 
+ .w78 
- .586 - .026 

+ .ZMi5 + '02232 
- a 1 2 0  

- '0259 
+ .o16o1 
- '00233 

- .I331 

- '14073 

- 
- .OGiO3 

o 
- ..?u34 

+ .3157 
+ .m1q87 + -004562 

- .m3343 - .o16bb 
- .ologg 

- '01543 + .mt(z5 
- .m2772 

---- 
- -3986 
- .0420 
- .12:34 
- .ozr16 
+25.846 
- .0642 

---- 
- a1386 
- .w>cu,'- 

+ .182Y 

+ ' l g I W  

- 
- 1.8296 - 
+ -3518 - -0122 

+ a6401 - ,0371 - .13Y + -1231 

+ 1 . 2 6 3 ~ I -  .531 

+1.oo.61 

0 
o 
I) 

+ .1379; 
0 

+ .3396 
+ '34375 

- 
+1.8539 

o 
-- *OW9 

+ .043@5 

+ '03326 

- .12U9 
- . O O S Y ~  
- .UlU561+ 
- .00204 
- 1.2294 - 'w89 
- .Cl259 
+ .0296 

- .01Yj6 
+ .6ij4 

o 
o 
o 
o 
0 
0 
o 
o 

+3.1797 
o 

+ 1'35583 

- 
- .2184 
- .168r 
- .I834 
- .a847 
+ .050$ 
- .2;7 + .513 
+ -853 

(2) 
(3) 
(41 
(5) 
( 0 )  

(5) 
('3) 
(9) 

'0093 

71 

- .;ad42 

- 
+ el965 + .0716 
- ,4221 
+ ,0356 
- 1.484 + ,108 
+ .I32 
- -3588 

(8) 

+ 1 . w  -1.8539 

- I ,8482 

- 
+ a3396 

o 
+ .612 

0 

0 

-- 
- -06703 

o 
a1331 
o 

+ ,6754 
o 

+ ,2034 
o 

em369 - "20914 

+3*20i2 
- .a275 

+3.1i97 
(1) 

+ .0468 - .a12 

- 'oau33Yl+ . o o a l l $ ~  

+ .co4o+51+ .w;616 

+1.00 

+ l o l l  

0 - .1331 
0 

- ,06703 
0 

- '203.1 
0 

+ -0754 

- a28G5 

- .30877 

- 
- ,2681 

o 
- .E068 

+ .o:j14 + .o15?7 + .02143 
- .01147 
+ .m3'351 
- .wig; 

---- 
- .1-w 

o 
+25.;SlY 
- .oucj - .2558 

- .0099 

- ' 00 t r j1  

+ .m7063 
- '001034 
+ 'ml2ng 
+ . 'm3;iq 
- . m 2 ~ 0  

- . 43~6  
o 
II 

+ .oraaj 

+ .?Gel 

+ ,24649 

- 
- .3865 

o 
-1.37G 

+25.7YIS 
- .0533 
+1.376 

- .0135 

- '03583 

- 
+ .I2674 

o 
- .a993 

+ .037 - .?WR 

- ,12674- 

- '14314 

-- 
- .0135 

o - 1.2383 
- .001X6 
+1.2303 

- .OI;: - .oa924 
- .6!)9Y + 
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Verification of solution of .12 equations. 

16.  The  residuals in table L X I I  are snfficiently sma,ll. Accordingly the va.lues of k, . . . k,, 
haye been found satisfactorily for the  1 2  lat'er cases. It remains to  find their values for the first 8 cases, 
and also values of k, to  k8 for all cases. I n  this the  work is much simplifiecl by the  kno~vn symmetry 
of the solution. The introduction of cases 1 to 6 -i.e. giving the R.H.S.  of the  first 6 equations ~ a l n e s  
1 ,O . . . , (case 1 )  0 , 1 ,  . . . (case 2)  etc. causes the R.H.S. of the latter 1 2  ecltiations to 
t ake  the v;~lues - xs (s, t )  ,K, for case 1. ancl equation /, s being taken f1.on1 1 to S : and these 
quantities accordingly have to be fo~uld  for each of the cases 1 t o  8. T'al~ies of these cluantities with 
sign reversed have already been ziven in table L I X .  It is necessary then t o  combine these cases 9 to :!0 
in  such a way as to give the solution for k, to  k,,, for these related cases. For  case 1. the value of k,, is 

.k,,= - Z1,k,, { Is (r, I )  ,K,}, r being given all values from 9 to PO : b u t  in fzct  Is (8,')  ,K. vanishes 

fo r  values of / above 16. The  process is carried out  in table L X I I I .  

The nest  step is to  find ,I<,, for ~ a l u e s  of 1 and I ,  from 1 to 8. Having found values of ,k,,, for 
all values of 11 and vali~es of 1 from 9 to 20, i t  is possible t o  write down values of ,,k, by symmetry. 
Equation ( I  .5) then enables the  remaining quantities t o  be found as is done in table L S I V .  The 
symmetry occurring largely simplifies the  process ~vhile  still affording a check. 

This leads up to  the  sol~ition of the  combined 20 equations for all the  20 fundamental 
cases. The  results of the  solution, compiled from tables L X I ,  L X I I 1 ,  L X I V ,  are given in table 
L S 1 7 .  The  solution of these 20 equations enables the probable errors of the N.W. Quadrilateral 
after adjustment of circuit conditions only, to  be written clown. 13y the  incorporation of the nest 
three erjuations, corresponding results can be given for the case when circuits and base line closures have 
been made (the actual adjustment carried out). Finally by incorporation of the last three equations 
the corresponding res~i l ts  obtainable if Laplace closures mere introduced a t  each extra base can be 
given. :\ccordingly before giving the application of table L X V ,  t h e  further solution of 23 and 26 
equations \\.ill be carried out. 

17. I n  table L X V  are also shown certain multipliers. They are the coefficients of k,,, k?,, k,, in 
t ,atle X L I r I I .  It is necessary t o  find k,, in terms of k,,, k,?, k,,, for all val~ies of ?L between 1 and 20 
by n ~ e a n s  of ( I  5 ) ,  with a view to s o h s t i t u t i n ~  in equations 21, 22, 23. For this values of S\lir (s,l) 
are recluirerl, where ,k, are  the  values given in table L X V  ancl t has values 21, 22, 23, so that  ( s , t )  
are the m l ~ l t i ~ l i e r s  j n ~ t  alluded to. Each of these products ,k, ( s , t )  are given in table L X V I ,  alld 
their sums Xm,k, ( 8 , t )  for values of B from 1 to 20, the  latter in old face type. These are the 

coeficients of - k, in the expressions for k ,  . . . k,,, as found from the first 20 ecluations. These 

ciuantitien have to be suhstitnted in eclnstions 21, 22, 23, and accortlingly multiplied by the respective 
coeficientw. The process is carried out in table L X V I I ,  where the coefficients of the three eclllationg 
giving k,], k,?, kl,, are formed. The  process has been carried out with full accrlracy to illustrate 
the complete ~ y m r n e t r y  of the resulting equations. The ~olu t ion  of these eqnations is very simple 
and is given in table L X V I I I ,  with verification a t  the foot of the table. 
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TABLE LXIII.  . - 
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TABLE LXIP. 
I t  ( 9  1 1 0 1 1 1 1 1 2 1 1 3 ) 1 4 1 1 5 1 1 6 I  I 

'1 he erime numbers occur as for n = 3, differently nrnnged. = - .02#1 
= + .01332 
= - .OnOZL 
= - .om04 

- .00247'-*01G27 = -.05S1 
+.0004(i +.OW 8 =+.01322 + .00172 - -0139.1 1=-.~2481 

I ' The same numbers occur ns for u = 5, dierently arrn~geed. I= + .0ii2i 

T l e  eame nornbcrm occur as for u = 7, diierently arnmged. 

TABLE LXY, 
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T A B L E L X I X .  

18. T~ pass to  the colnldete sollltion 

of t h e  2:j eqoat,ions the llrocrss is llrecis~l?. 

similar t,o tllat aIrcatIy followed aftcr the 
solution of 12 equations in $1 5 : t,he notation 

in tllc corresl,onding t,ables concernetl 
-piz tables LSIX, LxS-csplains itself 
and the solution, keeping o~l ly  4 clecilllal 

places, is esl~ibitecl in  table LXXI. 
111 this hable arc given also the valrle 

of F ,k,. for all values of s frorn 1 to 23. 
These ol~viously shoulcl corresl~oncl to  the case 

- 
1 
z 
.3 .k 

5 ti 
7 
8 
'J 

where all the It. H. S. of the 28 e ~ ~ ~ i i ~ t i o ~ ~ s  

are unity. This solution, wl~ich depentls on 
all the fnndamental  cases, can be verilietl i n  
the original equations, and affords a comlllete 
check of the work. Tlle substi tut io~~ is carrier1 
out. in table LXII. It \\rill be seen that the 
values of the 1L.I-I.S. obtai~lecl by srtbstitr~tion 
differ sligl~tly Pronl unity, ilic greatest diffe- 
rence being 035, s l~owing that no gross error 
has been committed. It is of interest to  con- I:, - .O~EIIB + .U10074 - . o u l l - ~ o  = - .oi6(87!1 
sitler to  what these differences may bc attri- 16 + .olnn:to - . o a u 0 5 ~  - . ~ ~ M u ~ o  = - . o~ lo s  

17 + .005:;5!1 - .0)i03V - .WIYGII = - .fiNIIP 
br~ted. Each value of ,I<, is given t o  four dcci- 18 - . O P J J ~ ~  - .OIB'JII; - . M ) L ~ ~ S I I  = - . O R O ( I I ~  

I'J + .ouicini + .UOOBH + .ta~l;iu = t .tma:{ 
ma] places: and accorclingly may be in error 1)y 20 - ,022575 - .019771 - . U U ~ ~ U : J  = -.(11?59 

.00OO5. The sum of "3 sr~ch clnantit.ies ~ I L I I ~  be - . ~ L I R O ~  -.445070 +~000.5L'=--5PBYli 
+ .0:i6031 + .U511".1 -.00U5li = +.OI.DIIlI 

\ r rongby.  00115 : andinsubstituting intheori- - + . U I I ( ~ O R I - : I I I I ~ ~ O  . O I ~ I H ~  + ~115113~1 + +.~00153  . U U U I I ; ~  = - . u m ~ %  
- - .009!llil1 

gillal ecli~atio~i such an error is multiplied by co- + .O20d05 - .074017 - .WJiIS = -.Ol70.k1 

eficients, the largest of \vl~icl~ is 11 L 51, nrhich G -.OYZR74 + .1)5.1221 + .OO.I$;O = + .0:~17; 
7 +.0n7ti21-.01561ti-~OoI:~CiS=-~UODSM 

worildadniit of the conesponding termcontain- 
ing an error of . 1. That this estrcnie value 
r;l~ouldheobtaincdis most nulikcl,y: but it  isclear 
that the actual cliscrcl)ancies obtailletl lnay 

easily be attributable to this cause. Tllis ]ille of 
a r ~ u m e n t  shonrs how many figures it will bc IR + .00233() - .?~.'0077 - .001.165 = - .??5RI:! 

17 + .MI1 15 - . ]HOHj:J  - .011775 1- .2oM'  
18 - .0105.~1 - .0;2721j - .01::7tt; ; - .(M701H 

necessary to keep to hc absolutely sure of all 10 + .lM1H22 + .0"3~30 + . ~ ~ i ~ ! l : :  =+.u1:1151 
20 - ,001813 -.u76~13 - .o0~il5 =- ."946JI 

errors being less t l ~ a n  a stated amount.  For 
- .001519 -.0'~3?.10 + .010.1'JI =-.IN l'26h 

the lwesent objcct,, the sollttion as found may + .c~,I,:J!J k l +  . ~ l ~ : , ~  - . ~ I I ~ N C J ~  = - .(HNititl: '  
- .ml(;ti + .mlt;,~ + .RI:II?I; = + .M):VBJ 

be considered snflicie~~tly precise. + .on0127 - .11"5H22 + .OWJ:I:I:, = - d12iti" 
+.000:y27 -.0038'~1 -.u~lolL =-.005'208 

-$ 
- W  
514 

21 I 22 I za I 

19. Table L X X I  also contains the 
necessary rnoltil~licrs td proccecl to tllc so]u- 

tion of the coml)letc 26 eclnations. Tile 
~ J ~ ( J W S S  is exactly sir~lilsr to  that alrcatly 
tlcscril)ctl in passing from 20 to  23 ccl~~:lt.ions. 

All rcs~~l ts  a1.e given i l l  tahlcs TiXXIII- 
I J X X I X ,  and the vrrilication, similar to  that 

10 
I1 
12 
13 
1.k 
15 
16 
17 
18 
13 
20 

--- - 4.3~18 , ~ ~ ~ a  
+ .IYBUHI; :ik35 
- .0516(il+ .WUO 

6 
7 
8 

10 I 

11 

12 1:) 
I 1 
15 

16 

+ 
- .o(C;HtI 
+ . ( X Y ~ H  
+ .Wt;l 
- .05&J 
+ .0li.20 

.U;3'5 
- .01:,;'1 
- .15y;u 

+ .03065 + .10211 
- .07813 
+ .o?Bo:~-  
- .01095 
- .US~:JM 

of I J X X I I ,  i n  tal~lc IJXXX. ' l 'hisct,n~~~lctcs 
the aolulioo of the ~ t ~ ~ ~ a t i o o s  o l  tablo XLVII. 

- .O!,:ll~ 
+ .01,?:3 

.OON:I 
+ .10!111 
+ .0!17%5 
- .(17501 
- .U?.1!l.5 
- ..1.%(U 
- .2;4455 
+ .I:; Ll7  
- .u(i$2~~ 

.W- 

- .U~!II!I  - .o(iliz! 
+ .olyli 

. U I ~ , -  
- .Olil's - .01(,!11 

- .0110250 
+ .0~00n;3 
- .0u00:~5 

- + .o(i.117~ .000(~,3" 

- .nmnpn 

- - .00(HJ13 .oo(1(IG 
+ .(IK).271 
- .OWJ1.'8 

+ .mf,25 

- .010H5 + .001!11 
+ . (wII ;~+ 
- .3;'5?;3 
+ .08ll85 
+ .(vJl.~l 
- .?ul:;ti - . ItiUtli - .O(i4til 
+ . I  0:i'l:i - .IKiiSJ 

45 .OL'555 
.024S5 

- .tor11 
- .02ti45 

I 4- .U81sli 

17 
18 
I!) 
20 

' 

+ .OPZRI'fi 
- .0n081~ 
- .OOICI.L 
- - .0n,)li.~2 .ooo(j37 

+ . ~ 2 u ~  

- + .0(~10!)7 .Ol'JI 14 
+ .0@17hH 
+ ,002020 

- .o l lml  

- .03!I!lCJ 
+ .OU7'Jli + .OU3!11 
- . W ~ C J J  
+ ,00654 
- .Oltill 

+ . I K H N ) 1 3  
-.(j$f)l 15 
+ .OOCUIH 
- . (KMO~:;  

+ .00:',53:1 
- . U ~ I I I  L I  
-.01710:' 
- - .17~t)t15 . ~ ~ I S J Y  

+ .0701.~5 

+ +. .m15-li 1?:,;!)? 
+ . I  I U ( I : I ~  
- .OBWBI 

- .O.'RO.~I; 
- .(x,(I.EII 
- .0(1:)i!J:l 
+ .@11)1!10 
- . (~13go)  

= t ' fmnlll  
=-,~Ptibii 
= - . n 1 ~ 1 5 "  

=-.171tHl* =- . I I ? ~ A ~  

= + .0i0359 
= zz + + .ln:k""i .noficll 
- +'IIM"' 

= - .030HAZ 
- . 171511H 
- ,2ti:1717 
+. lhlZf l f l  
- ,071 1.57 

; - ' J ~ ~ ~ ~ ~  
z= - 'zt;7tis'i 
-- +'151'17 
1 - .07517". 
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I 'A BLB LXX. 

t 

r=l - ..@MI - ,3951 + .otm:l tku 1' ,ks ( a , ! )  
a + . ~ s : i ~  + .OBI - . W H H  
3 
4 
5 

0 
7 
8 
0 

10 

I1  
l a  
13 
I4  
15 

IG 
17 
18 
10 
20 
7 

2 
3 
.L 
5 

6 
7 
8 
9 

10 

11 
12 
13 
1.4 
15 

18 
17 
18 
19 
20 

- .(1519+ 
+ .03W 
+ .I021 

- eW81 
k .O''tiO 
- .0110 
- .U%L 
+ .0255 

- .V2.!.!l+ 
- .WI 
- .ODi1. 
+ 
- -OW0 

+ .00N 
+ .OOSD 
- .I3959 
+ .0055 
- .,ll(il 
- .iflIJj 
+ .1H:i1 
- .w99 
-k .lJ"5L + .I206 

- .W29 + .091(i 
- .0201 
- .0770 
t .031ti 

- .0325 
- .0051 
- .I313 
+ .1MI2 
- .@A51 

- .OH1 
- .@uo- 
- .MiDU + .0000 
- .OL.& 

' I 11 d .  I0 .k. (..I) 

.011ffi - 
- . W J  

+ .0@2 
- .013!l 
- .@I73 
- .010D 
- .0108 

-00-N 
+ .nu17 
- .3'2.56 
+ .OYlO 
t .1)3l-1. 

- .2111-1 
- .I607 
- .WIG + .OU:92 
- .mi75 
- .58li2 
+ .ax99 
- .0100 - .(MIM 
- .Oh79 

+ .0J62 
- .0094 
- .023G 
- .O;i7% 
- .01M 

+ .001!l + .0012 
- .36iD + .I217 + .0!!2lj 

- .2?M 
. 2 ~ -  

- .OD70 
+ .0191 
- .085 

15 - .('0102 - .W:j!-1 + .UUIJ~I + .ULI730 = + .(lo31 10 - .IN051 + .000'2Li + .W18I + .OII%, = + 'U161 - 

- 

+ .WLS + .0021i 
- .05M 

+ 

2 

3 

.& 

- aD2:YJ 
- .01.%2 
- .158:I 
- .OD02 2' ,k. ( # , I )  fro111 

Table I.XVI 

16 
17 
I 8  
10 
20 

1 
2 
3 
4 
5 

8 
7 
8 
0 

10 

11 
12 
13 
14 
15 

18 
17 
18 
ID 
2U 

1 
2 
3 
-1 
5 

G 
7 
8 
9 

1U 

11 
I 2  
1:; 
14 

+ 
+ 
+ .101)1 
+ .O!li!J 
- .0750 

- ,0250 
- .-1"':!1 
- .2:;Ui 

+.W1,L7 + .00U71 
-.OMi54 
+ .00101 
-.OK!W 

+ .0&3fl3 
-.OUHGO 
+.00jli:3 
- .ou277 
- .U1171.1 

+.0051(i 
- .001R2 
+ .OM07 
+.01)373 
-- ,UU1iX 

+ .0017.1 
+ .mzn 
+.~YllH5 
-.00591 
+ ~00L'tlll 

- .WU5ij 
-.UUU27 

- . W J 8  
+ .00115 

-.01PZ'J 
+ . l W l 3  
-.UOI:M + .00101 
+ .U0"5'J 

- ,00198 
+ .O(UJGli 
- . Iwu~~ 
- .Wl:lli 
+ .OW5 

- .001Wi:1 
- .60J10 
- .UDotii 
+.00:!15 

+ 
- .w 
- .01,M 
- .ow7 
+ .00:92 
- .On28 - .U!:8.2 

+ .lI!lSL 
- .o21i!I 
- .0182 
- ,17118 
- .I121 

+ .MOL 
+ .OOD(i 
+ .]It35 + .I151 
- .@825 

- .0399 
. , ~ m  

- .P(i77 
+ .151.I 
- .0752 

tk,, from L S S  

-.UlUll 
-.01?.M 
- ,00581 
+ .ootr29 
-.UO(i(l7 

+ .003!15 
- .OUUN 
-.WUUI 
+ .won!) 
+ .UOO(iti 

-~(100111 
+ .00111'1 
+.OW17 
+.(HIoll 
-k .UW11 

- ~00005 
- .mas 
t .OUY28 
- .00UW1 
- .00034 

+ .00POI 
+.001(il 

- .OOOO:l 
+ .00W.8 

+.039i6 
-.<Klh\-I 
- . 0 0 u ~  + ~OU!J!JI 
+ .OO(i(i:! 

- .@U..l 
+~UUIY!l 
+.W17:l 
+ ~VUIrXI + .OUlVa 

-.OCU!l 
-.W01; 
+ .U:1.25:i 
-.W11UY 

+.U(Vl7 + .OUI.R = + .O2(il G I 1  + .011.~?1 + .00OIH + .(MW3 +.05785 =+'all%; 
+.WLK1 
+ ,00157 
- .crlono 
+.U(UI.2 

+ .(W003 
-.011011:1 
+ .IIUUO1 
+ .oo1~01 
- .OOUlti 

+.0002fi 
- . W W i  
-.OW5 
-.OlNSl 
- .01,(131 
+ .000PU 
+ . I w a  
+ .ON195 
+ .O(IU31 
- .lJU1121 

- .OWUh 
-.W195 

+ ~ O U 2 5 1 + ~ O U l l t i 5 - ~ ~ 7 5 + ~ ~ 1 ~ ~ l i 3 ~ = + ~ 0 1 1 5 ~ ~  
4 .  .0UU4:: 
- .00020 

- .0:J3l(i 
- .Ill507 
- .tmrnr 
-.0017!l 

- .06318 
-.2910.L 
+ .1(,227 

o 
+ .01312 

+.02-M4 
- .Uu1i(l4 
+.U(lUI'J 

- .bOU21 

- .1'0013 
- .oou!ll, 
-.0151!1 

=- .Oh11 
= - .025'J 
=- .om8 
=-413k 

= - .025 
=-.3UO? 
= + .106: 
= - .OUI 
= + .000: 

=+.0JU1 
= -.Owe 
= + .0011 

-~OIOP2=-~008!J 
= - .W22 

= + .0013 
= - .oun7 
=- .MI97 

17 
1s 
10 
2" 

1 
2 
3 
1. 

0 
7 
8 
9 

=-.oc;ul 
= -  .uolb 
= + . 1W2 

+ .OUUu2 
- . t ~ o l  
- .OUUUI 

7 

- ~lMJ4M =- .0]U5 
- .0(1321 = - .001U 

- .00730 = - .@060 
+ ,006~8!= +.(NIX2 

-.OCSln 
0 

t .10'Jj7 

0 
111 

11 
13 
13 
1.1 

+~OUOl:! 
-.oull:r + .00U17 
- .UW5:! 

+ .00973 
- .0u?45 + .v(I~~.I 
- .01WIZiU 
---00205 

+ .00157 
- .0005% + .00(126 
+.00107 

t .UUUl2 

I 2  
13 
14 
15 

l f i  
17 
18 
19 
20 

1 
a 
4 .I 
5 

(j 
7 
8 

= + 

8 

+ .O(iU15 

-.MXKJ 
+ .OWW 
+ .uOUtrl 
+ .UOllLl 
+ .000.2S 

- .11001i 
- ,uLlUir:! 
- .OUV:il 

-.U(llli!l 
+ .OW81 

-.UOw!, 
-.O(IU13 

+ .Ml"67 
+ .00Uti3 

k.29lO.L 

15 

18 

+ .(KKI38 
+ .wJ-LS 
- .007fui 
+.OM72 

- .0007J 
-.1310Jlj 
+ .OIJJ:bk 
- .on051 
+ .M1152 

-~U1520 
+ . W s 9  
- .1IOlli4 
4- . ~1 . ' 5  
+ .MI343 

- .(I,-&L~ 
+ .wsr 
- .001):{5 

+.0015l 
+ . ~ ~ i l c ; l  
- .OWY 
+ .CK'U(i:J 

+ .W033 
- .(IUI:J 
- .nouII 
+ .U1X31 + W l 5 7  

- ~0011~1 
+.(Y,(W3 
+ .h)lNl 
+.Olh)iti 

= + .01J3:j 

=+.JIM:! 

- .0U(r27 -.01519 =-.0.21.1 

- .0.2l81 .0153 

+ ~013'?':;.006~ 
- .OUOL. A\= + .uu1!1 

- . l b Z ! !  
--.rum + .00(i93 
- .OlXXl 

- *013,16 
-.LO748 
+ .0(4?-1 
- .00(*11 
+ e1Bi'JI 

+ .02L*JI 
0 

+ .05715 
-.M)2% 

+.0ll3c; 
t .ow31 
- .On362 
+ .OU17(1 

-.OlMli 
+ . W 1 7  
-.won5 
- .00C115 
+ .WlW 

-~00150 
+ .CW#2 
+ .000?8 
+.002b 

- .OM;O~ 
+ .001121 
-.010.':! 

+ .OoO!lli 
- .OWl:J 
+.WOO 

-.OUli(i 

+.W025 

+ .QWONi 
- .U1179 
+ .UI'J:J 
+.W125 

- .00729 
-.U(IW3 
- .WA%1 
+ . m i 2  
- .OVA!-k 

+.00;171 
- .Owl6 
- . 0 0 W  
+ .WWY 
+ .00(l(i.' 

=-.0005 
=- .033~ 
= + .W.% 
= - .011 

=+ .WS: 
=- .01UO 
= +4011  
= - .004 
= +.lci8? 

= +.OlOB 
=+ . M u 2  
=+.&'*I 
=+.WID 

+ .00010 + .(XlUIO 

- .Wt!U5 
-.OU00:: 

- .OOlJ7ci 

= - .UU.U, 
= + .O00.1 
= - .00~2 

=- .@00:] 
: - .OUU.I 
= + .Vj5(i 

+.0I Hi 
+ .W% 

- .lll.53 
- .MUl l  

+ ,075ii  

+ .0(421; 
+ .C'OL(iT 

- .WIG8 
-.M10XJ 

- ~ U ~ O W + ~ O U ~ I ~ - ~ O O J ' J . L + ~ U W ~ - I = + ~ U L . ~ ~  
- .OO2(;3 

+ .O.Wl 
+ -ulO38 
+.ow31 
-.00713 

- .00238 
-.01011 
- .V22:31 
+ .UII?B - .OW02 

-.W 
+ 4IMJ-r 
-.OUOOB 
- .O(IO(R 
+ .00147 

- .ow222 

=+.Ill?:! 
= + .UQI*I 

= - .Oli8 
=-.(lGUi 

= + G 5 l  
- .IN032 

+.00180 

-.01231 

+.O%l 

- a03422 
- . 3 M  
- .:WMY 
+.01#2.'1 

- .I I f i i f l  
+ . I W V  
+ .lli:3llJ 
+ .WMB 
+ . O W N  

- . W W  
+ .0134j 
- .OOSBL 
- .r)ov21 
+ .W%J!ll 

- .I6701 

+ .00;'UA 

+.000(i7 

+ .ow la  
+ .VOUI(I 

=- .0110 

=+a0381 

= -.OW1 
= -.3(h'U 
=-.a%'#~ 
=+'L',w 

= - 'md 
= +.l@%I 
=+.I 11!1 
= + .V2W 
= + .@I71 

=-.ulm; 
= + .01i l  
=-.win 
= + .vO~!I 
= + .OzwA 

=- -1730 
+ 4~5717 

U 
+ .mw:! 
+ . M a l l  

= + 45'7 
= +.m 
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h 

Probable errors after adjustment. 
20. Having obtained the  solution of the  normal ecluations corresponding to either 20,23 

or 26 conditions i t  is now yossible to  detelmine the probable er1.ors of side, azimuth, casting and 
northing as  explained briefly a t  t h e  end of C h a l ~ t e r  YI I .  This  is first done for the point U, for 
which the  necessary quantities fo iming  the  R .  H .  8. of the  normal equations have already been found 
and given in table L. The  con~potat ions are  given in full for this p i n t  : after whieh other points are 
considered in less detail. It is necessary t o  f o ~ m  the  quantities [uf] and [uf] - k, [vof] 
- k, [nl/f] - . . . . which may be clenoted by 21/ and  I I F  resyeet i~ely [ r ide  Chapter YII, 
equation (14)l. These are the  reciprocal weights bcf'ore and after adjustment and their square roots 
when multiplied by  3 3 . 2 ,  1 .575 ,  4 . 0 3 ,  as  t h e  care may he, g i ~ e  the protable errors in 7th placeof 
log side, azimuth (in seconds), easting or northing (in feet) as  esplaincd in $ 6 of Chalder TII. Thefactor 

I- 

k = d; sllows the i m p n , ~ e n ~ e n t  (or o the l r i se )  callred by  t h e  adjustment. 

Side closure at  U1 
[u , f ]  = (11  l < f )  + ( 1 1  2 f )  = 2 . G 1  + 2 - 3 0  = 5 . 9 1  

[ u"f 1 = 2 . 6 1  
r =o  

etc. as  given in Table L. 

For 20 conditions 
R.H.S. of normal equation (13) are  2 . 6 1  . . . . 0 

kr= 8 - 6 1  ,k, + 2 . 0 8  ,k, - 6 . 8 0  ,k, + 2 . 3 0  ,k, + - 0 2  ik, - 1.4'3 ,kr + 1 . 0 9  
+ 1 8 5  ),k, - 2 . 5 9  

and  this is required for values of r 1, 3, 4, 5, 7, 8, 13,  15,  16,  ,k, being taken from table LXV. 
Put t ing  in  the coefficients of 2 - 6 1  etc, from table LXV the  computation of k, stands as 

follows :- 

TABLE LXXX.  
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TABLE LXXXI. 

Values of ,k, from Table LXXI. 
Fop. 23 conditions Side cloeure 

- - 

Azimuth closure at U, 
[uf] = 2 - 6 1 + 2 . 3 0 = 4 . 9 1  

k ,=2*Gl  ,k, $ 6 . 8 0  ,k, $ 2 . 0 8  ,k, + 2 . 3 0  ,k, +1.4#9 ,k, $ 0 . 0 2  ,k, $1 .09  IS k r 
+ 2.59  15k, + 1 - 8 5  ],k,.. 

This holds for either 20 or 23 condit,ions. But t,lle values of ,k, are different in the two 
cases. Val~iesof r requiredare 2, 3, 4, 6 . . . . 16. 
For 20 conditions. 

r I  1 3  1 4  1 5  1 7  8 I 1 3  1151 1 6 1  2 1 1  2 2 '  

Values of  [uafl .I(,. 

Comparing terms in k, sicle closi~re ancl k, azimuth closure 
2 . 6 1  ,k, = 2 . 6 1  ,lr, since ,k, = ,k, 
2 .08  ,k, = 2 .08  ,k, ,, 3kl = ,&kg 

- 6 ' 80  ,k, = 6 .  80 ,k, ,, ,kl = - sk, 
2 . 3 0  jkl = 2.30  ,k, ,, ,kl = ,k, 

etc. 
SO that kz (azimiitli) is same as k, (side). 

As regards k (side) ancl Ir, (azimoth) 
2 . 6 1  ,k3 = 2.61  ,k, 

etc. 
and k, (azimuth) = k, (side). 

For k, (side) and k, (azimuth) 
2.Gl ,k, = - 2 .61  ?k, 

SO that k3 (azimutli) = k4 (side) 
etc. 

- 
u,.= 1' 9 1 ., =s-m [ , l l ; f ]  ~ , . = - ~ - 9 l - - h ~ 4 2 =  .l.9 K =  += a32 

?lf 

- ,061; 
+ *22U 
+ ,012 
+ ,015 

.eon 
- ,(I02 

-019 
- .UOT 

+ ,016 
- .l.5.7 

.007 

+ ,013 

+z,o8 

+ ,027 

+4.G03 - .05R 
-2.164 
- ,398 

.on0 
- ' 0 0 8  
+ ,492- 
+ .I02 

- ,272 
-1'709 
- .428- 

+ ' l f i5 

+zU61 

+ 4 3 1  

1 
3 
4 
5 

7 

+2.61 
+2.0R 
-6.80 
+2.30 

+0.02 

+ 
- - 
- 

+ 
+ 
+ 
- 
k 
- 

- 1.49 
+1.9D 
+1.95 

+ '044 

-6 Ro 

- ,299 

16 
21 
22 

-2.69 
+2.10 
+Ou73 

+ ,570 

+ z . ~ o  

S u ~ n  =k, 

blulliplie~.=[urf] 

[~cflk,  

+ '955 
+2.19 

- '006 

+1.99 

+ .OOR 
+o.oz 

+ .411 
+ o n 7 j  

+ 2 , m 1  

+ '14,s 

+1.8; 

- 0 1 2  

t '104 

-1.49 

+ 1,3ii/ ,000 + .am 

- '178 

-2.59 

+ 2 6 s  - + .&I 
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No further computation in this case is necessary; and the multipliers being similarly related 
numerically and wit11 regard to sign the same value of k liolds for azimuth as for side. 

For 23 conditions.-The symmetry is lost by the introduction of base-line conditions without 
corresponding Laplace conditions and the values of k,, k,, k,, k, . . . k,, have to be computed. 

TABLE LXXXII.  
For 23 conditio?zs Azimuth closure 

FABLE LXXXIII. 
Values of ,k, from Table LXXVIII. 

For 26 conrlitions 

r / 2 1 3 l l I 6 l l  8 I I 4 I I 5 I 1 6  

8 I [ u t l I  Values of [ s s f ]  ,k. 

Side closure 

+ .OG9 - .040 
+ '036 
- .523 

+ '057 - .oo1 
- '732 

+ l e329  

+ ,187 

+ 1 ' 8 j  

+ .346 

2 
3 
4 
6 

7 
8 

14 
15 

16 

qy=4-91 up=.,-z[u.f]kr=4.91-2-49=2.4,2 K =  2/2 = ~ 7 0  
7L f 

r l l 1 ~ I 4 ( 5 ( 7 1 8 / 1 3 / 1 5 ! 1 ~ 1 z l 1 2 2  

Values of [ t < . E f ]  .kr 

r 2 . 61  
+6.80 
+2 '08  
+2.30 

+ l a 4 9  
+ 0.0.2 
+ 1.99 
+2 '59  
. - 

t 1 . 8 5  

Sum = k. 

Multiplier=[arf] 

[ ~ ~ 4 ] k r  

ul= 4.9 1 u , = ~ I / - ~ [ u ~ f ] k r = 4 ~ 9 1 - 4 * - l . 5 = ~ 4 6  

1 
3 
4 

7 

6 

8 
13 
15 

16 
21 
22 

+ 
- . 7 9 9 ( +  

+ 0 0 9  
- ,007 
+ ,006 
+ '106 

- .018 
- .OOl 
-1'760 

.005 

t l . 0 8 6  
-2.042 
- .I35 
- .330 

+ ,025 
moo0 

+ '118 
+ 
+ ,049 

+2.61 
+2.08 
-6.80 

+ . 0 2  

+2.30  

-1.49 
+ 1.93 
+1.85 

-2.50 
+2.19 
r 0 . 1 3  

r4.6881- .059 
- .0471+ '244 
-2.244 O 

0 
+ .010 
+ -088 
+ .002 

- '083 
+ .056 
- '076 

+ ,041 

-6.80 

+ . 4 1 8 + . 0 3 3 - ' 2 i 9 + 1 . 3 3 9  

+ .095 

+ 2 ' j 9  

+ .24G 

- 

+ .780 

+2'61 

+2-039 

Fjum=jr, 

S lu l i ip l i c r=[ t~r f ]k ,  

[ u r f ] k r  

0 

- -428 

- ,001 
+ ,543 
+ -034 

0 

- .002- 

+ .001 - .032 
+ -038 

+ '001 
- .258 
- ,698 
- .426 

+ '090- 
+ .252 
- '031 

+ -682 

+ z ' ~ o  

- .784 
+ .720 
- '004 
+ .069 

- -012 
.om 

- '209 
' 0 0 9 - ' 0 0 3 +  

I 

+ -153 

+ 1-99  

+ .305 

+ '001 
0 

+ .074 
- -013 

'095 
+ .O67 
- '006 

+ '007 

+ ' 0 2  

- .294,+ ,003 
-1 -705 -  ,168 - .43EI- -009 

+ .l55 
- '071 

'045 
'819 

+ -112 
+ .oo1 
+3'79r) 

' 1 1 9 - , 0 3 1 - . 0 8 9 - 2 . 2 9 0 + 1 . 7 6 6 - ' 0 0 8  

- -169 - '012 
+ m2.76 
+ .014 

+ .003 
moo0 - '043 
.008+ 

+ -044-  .028 

- .23-b(+ ,069 

.161 - -004 

+0'160 

+z .61  

-680- - '011 

- .3i4 
+ ,205 
+ '013 
+1.940-  

- a258 
.ooo - '708 

- ,053 
c '004- 

.398 

+ .088 
.ooo 

+ '150 

t 6 . 8 0  

-1,691 

0 - '089 
- ,138 
- -068 

+ '018 
- ,042 
- .Ole 

+ '016 

+ 2.08 

+ moo7 
.010- 

+ ,046- 

-000 
+ .OOl 
+ '075 

- .012 

+O 'OZ  

,000 

+ .517 

+2.30 

+1.189 

+2.08 

+ .141 

+ .376 

+ .032 

- -124 

+ 1-49 

- -185 

+ ,001 
+ -103 
+ 4 059 
- 707 

-2.479 
- -276 
- .274 

+ a445 

- .420 + -071 I 

0 
+ .055 
- "761 
+1.346 

0 
- .I31 
+ ,016 

I I + .I08 - .002 

- .014- 
I 

+ -149 

+ 1'85 

+2.078 

-1'49 

+ -001 
+ .010 
+ 1.906 

0 

-1,884 
- ,111 
- -168 

+ '301 

+ 1 ' 9 9  

- .I72 

-2.59 

+ ,001 
+ .0?9 
- ,251 
- .110 

+ ,131 
+3.0lfi 
+ ,214 

0 
+ .033 
- .748 
+ -041 

+ '6% 
+ ,643 
+ '824 

+ ,949 

+z ' 19  

+ '412 

+0.7.7 



PROBABLE ERRORS AFTER ADJUBTYENT. '57 
No special explanation is required for tables L X X X f  V - L X X X V f f ,  which are now given. 

Fur 20 conditions 

TABLE LXXXIP. 
At U, Easling closure 

I 1 1 1  1 1  ~ ( 4 1 1 1  6 l t l e l a l l 4 I s ) I a  

Values of [ us/'],k. 

1 - .30 - .34G 0 + .019 
2 ' - 6.72 0 -7 .75B + 1.956 
3 -11.83 + .'I47 +3 .443 - 1.210 
4  - 4.59 -1.336 + .ZOO 0 

5 - 3.51 + .4671+ .191 - .OUi 

7 - 7.53 + .05R,- ,101 + .U45 
6 -12.15 - .663:+1 .615 - .306 

8 + 2.18 - .029 - .OIG + .001 

Sum = k, -1.031 -3 .339 + .017 - 
hlultiplier=[nrf] - .30 - 6 . 7 2  -11.83 

L w f ]  k, + .310 +22.438 - 7.654 

~~=93.29 ~ ~ = ~ ~ ~ - ~ [ ~ : f ] l i , = 9 3 . 2 9 - 1 S . Y l = 1 9 . 3 S  IC = 4 5  =.A6 
'C f 

T A B L E  LXXXP.  
At u, 

Values of [ a8f ],k. 

--- 
Sllm = k, - ,932 - 3.363 + ,657 - -188 - .5J. 2 - 

uultip~ier=[x$] - .30 - 6 . 7 2  -11.83 -4.9 -3.5, 

Cuyf I k, 
7 

+ .280 +?2.599 - 7.772 + .8W +1.RP2 

- 
uf= 93.29 up = u f - X [ u r f  ]lir=!38.29 - 73.57= 19-7:! 
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For 23 conditions 

TABLE LXXBYI, 
At b, Northing closure 

r l I I B I 3 I  4 1 5 1 6 1 7 I 8 I I 3 I 1 4 1 1 5 1 1 6 2 1 i f  

Values of [aaf] ,kr 

Sum = k 

- 
?1,=$)3.19 z,=uf - z [ u d ]  1<r=93 .19-s j -o -14=s .p j  K =  2 / 1 ' ~ - .  - 30 

'9' 

For  26 condiiions Eost i~~g  closure 

r 1 1  1 2  1 3  / 4 1 5 1  6 / 7 ~ 8 ~ 1 3 ~ 1 4 1 5 ~ 1 6 ~ ? 1 ~ 2 2 ~ 1 1 / 2 1  

-- 
Values of [ zc sf 1 ,kr 

1 - .30- -539 0 + 007 - .099 + 
2 - 6.72 0 -12.069 + 2.218 + .I53 + 

- 
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Tg consider the probable errors at some other points the values of the R.H.S. of the corresponding 
equations have to be found as was done in table L for U,. The details are given below in table LXXXVIII .  

TABLE LXXXPIII.  

qunntitieq N ,  L , ,  I., J ,  to  iind those st J, ; ~ n r l  shuilnrly 
the qunutitiea J,II,. II.G, bnve been ndded to tho 
qr~zutities nt J ,  to find those nt G . .  
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The computations of k, for the following are omitted, and only the values of ufand k, for Sice, 
Azimuth, Easting and Northing closures are given in the following Table. 

TABLE ZXXXIX 

C, G.-(Conli~~ued) GI-(Continued) Jc-(Continad) NI-(Continuad) 

20 conditions-9. closure 23 conditions-A. closure 28 conditions-E. closure 20 conditions-&. closure 23 conditione-~. closare 

19 + .493- 2 .79 -  1.376 !!j=58.33 20 condilions-E. closure 

20 conditions-E. closure 1 - 

J, 

23 conditiuus-E. closure 

2 [Urf] kr =+ 7'317 
uf= 13.67 K = .6S 

25 conilitioni-N. closllre ' 

I - .I,Bl,- 

K = .G1 
S [urn k, = + 48.998 

= 58.33 K = 28 conditioun-E closure 

NI 

z run k, = t a.026 z ruvi k, = +63.130 1 [.rfl I,, = + a.032 y = 3.70 K = .U7 uf= 87.31 K = .54. z [,,,A h, = + . e3 B Curfl k, = + 1 9 ' 2 5 ~  
u j  = 3.00 K = -57 ,,,=2.32 K = .YO 1y=32.28 K = ' U  



* ,  
PBOBABLE ERRORS A F T E R  ADJUSTMENT. 

* The results obtained in tables LXXX to LXXXIX are now collected in the followiog table 
showing values of u, and uF for Side, Azimuth, Easting and Northing closures of several points of 
N.W.Q., the latter for 20, 23 and 26 conditions. 

I'ABLE XC. 

These values all seem reasonable. Rather unespectecl results are &.4,3 and 8 . 2 5  for 23 
conclitions for U, . 

Side 
Arimnth 

Eneting 
h'nrllt~nc 

It appears that the greatest probable error of tlie adjustment of Easting or Nortliing is 
4 23 feet: i n  terms of deflection this is uegligible and of the order of probable error of 
latitude (astronomic) result. 

As regards azimuths for 20 or 23 conditions t,he worst case is 1 . 6  Jd i.e. probable error 
of 2".4-. Error of 7" is in this case possible and liable to occur. 

I n  N. E. Quadrilateralwhere triangulation is not SO ~ o o d  there nrill be greater errors. 
Closed on Laplace stations, honrever, errors are probably reduced to 1% ,.'.5and 1 . 6  4'l.u i. e. 
probable error t o  1 .6  and possible to 5". 

I n  the above the "possible error" is regarded as three times the probable error. 

C, or D e h  bnse 

U, 23 28 lG, ; o c ~ c h h ; ~  

N, or Kamcbi base 

As further discussion of these results is a t  present impossible, for  reasons explained in  tlie 

preface the chapter is concluded with a tabular statement of the probable errors of log. side to 7th 
place of decimals, azimuth in seconds and easting a~lcl northing i n  f ee t ;  these are obtained as 
explained in  Q 20. 

J, 

TABLE X C I  

28 

0 
0 

uf 

2.32 
2.32 

Cl or D e h a  base 

20 23 26 

"I I 'F 1 ' F  1°F 

Side 49 a9 0 o 

Azimuth a'h3 11.'39 1!'37 0 

feel feet feet feet 
Eaating 14.81 10.24 10.16 5.7( 
Northing 14.01 10.?4 7.05 5.76 

26 

"F 

.97 

.W 

0.33 
9 . 3  

U U  
.f - 

2.19 
2.19 

13.87 
13.67 

32.28 
32.28 

2d ", / "F -------- 
3.00 1.17 
3.001 1.17 

58.3112.41 
58.33 12.43 

UI ( G ,  or Chnch hnse I JI ( N, or linrilclli bnau I 

23 
U 

0 
.7G 

8.36 
3.06 

" F  

0 

7.15 
7.14 

24 

a 7 7  
.77 

6.41 
6.44 

23 

"F 

1.00 
1.14 

0.83 
11.84 

20 

u~ 

1.24 
1.34 

26 
21 P F F ~ ' ~ F U F ' I ~  

0 4.91 
0 4.91 

2.C4 
2.04 

1.67 

23.60 
24.18 

1.18 
1.19 

3.2910.98 
3,2919.08 

25 

0 
1.30 

.49 
2.*2 

19.72 
8.25 

.46 3.70 

.46 3.70 

14.02 
14.02 .31 

U~ 

1.67 
1.67 

7.3133.16 
33.18 



C H A P T E R  IX. 

Deflections of the Plumb-line and values of "g" derived from 
observations of the Survey of India. 

1. The first use of the tables derived in the earlier chapters will now be made use of to display 
in convenient form all the data of plumb-line deflections available up to the time of writing (May 
1917). As regards the deflections in meridian no comment is necessary. The results of observation 
are immediately available. With the deflections in prime vertical the case is different. It has been 
stated already that  the triangulation of India was not adjusted on the longitude arcs, which have been 
subsecluently observed or reduced. The triangulation accordingly is burdened with an accumulation 
of error in azimuth mhich.may be largely reducecl by adjustment on the longitucle arcs. For this 
purpose i t  is not essential for the present purpose to reopen the adjustment of the whole triangulation 
except as regards the azimuth, and the process follomed mill be sobstantially that  follomecl by 
Colonel Sir Sidney Burrard in Appendix 5, G.T.S. Volume XVII I .  The numerical results mill hom- 
ever be s l i g h t l ~  different owing to the improved methods of cornputiug the effect of a chauge in 
azimuth a t  the origin which have been cleveloped in Chapters 1-111 ; the differences mill depcnd mainly 
on the taking into account of the effect of a change on azimuth a t  the origin on longitilcles of points 
considerably removed from the origin. 

When the triangulation of India was adjusted General Walker decided to adopt a value of 
the fundamental azimuth (of Surantal from Kalianpur) which differed from the observed value by a 
small amount (vide Chapter I, fj 4) and this of course implied a deflection in prime vertical at 
Kalianpur. This has given rise to a little confusion as regards the longitudes of India. The 
astronomic longitude of Kalianpur has been determined with reference to Greenwich, but no account 
of the implied deflection in prime vertical has been hitherto considered.* Colonel Sir Sidney 
Burrard in adjusting the azimuth observations eliminated the effect of this oversight by returning to 
an observed value of the fundamental azimuth. The deflection in meridian remained in terms of the 
Everest spheroid with Walker's initial azimuth. I n  dealing with the deflections as a whole it mill 
accordingly be better to keep the azimuths in the same terms as the latitudes, and to recognise that 
a deflection in prime vertical a t  Kalianpur is thereby implied. After the adjustments on the longitude 
arcs have been performed, the results of both azimuth and latitude deflections will be in common terms 
of Everest spheroid and Walker's origin. 

Quantities for correcting all the deflections to refer to any other spheroid and origin are 
given in table XCV in which all the results are exhibited, as well as the deflections corrected 
t o  the special came of Helmert's spheroid and the latest observed value of latitude and azimuth at 
Kalianpur, as derived from observations at a group of stations surrounding 
Kalianpur. t - 

Vide, p. xv Q.T.8. Vol. XVII, Survey of India. 
t Vidr, pp. 7,9 Profes~iond Papor No. 6, Burvey of India. 



* ,  
DEFLECTION8 OF THE PLUMB-LINE. 

2. As the  correction for  azimuths has already been treated by  Colonel Sir  Sidney Burrard 
lot.  cit. i t  will not be necessary t o  s tate  afresh t h e  various practical di5cul t ies  which arose owing t o  
longitude stations not being in general identical with azimuth st,ations. The  observation result8 
exhibited by  him will be taken unaltered, and immediately applied to  Laplace's equation. This 
equation has been given in somewhat amplified form in (3) of Chapter V. There is now no occasion 
to consider observation errors of astronomic azimuths or their determination. T h e  acc~imulated error 
of geodetic longitude determination is certainly small compared with t h a t  of geodetic azimuth and  so 
will be neglected. The  equation may accordingly be written 

. . . . . . . .  (A-G-SG) cosec X-(A,-G,)cosec X, = A - G  (1) 

where the notation has been changed in conformity with t h e  usual practice and A, A and G, G 
signify astronomic and geodetic determinations respectively, roman letters referring to azimuth and 
italic letters to  longitude determinations : SG is the  correction necessary to the  geodetic value of 
azimuth : as this is the quantity required i t  will be convenient to  rewrite (1). From Chapter I Q 4 i t  
is seen that  A,- G o =  + 1 - 2 9 ,  A,= 24' 7' 12", (A,- Go) cosec A,= 3 . 1 6 .  Hence 

6G=A-G-(3".1G+ A - G )  sin x . . . . . . . . . .  (2) 

which serves to  determine SG. SO long as Walker's value of azimuth is adhered to 
all geodetic longitudes of India require a correction of -3 .16 .  

For the I-Ielmert spheroid a n  additional correction 6,G is necessary. The corresponclin,o 
equation to (1) is 

( A - G - S G - 8 , G - ~ o )  cosec X = A - G - v  . . . . . . . . .  (:3) 

since G,G are changed by v and ul respectively nnd the astrouomic and geodetic azimuths a t  
the origin have been made ident,ical. Subtract,ing (3)  from (2) i t  follows tha t  

6,C;=S.l571 s i n k +  v siu k-10 . . . .  (5) 

The solutions of ( 2 )  and (4,) and the cleduction of 6 G  and 6,G are now shown in table X C I I I .  

3 Having obtained the vali~es of 6G and 6, G a t  all Laplace stations i t  is nest  necessary t o  
find vali~es a t  the intervening azimuth stations. This is done in table XCIT:, interpo1.zting according 
to the number of removes from terminal stations. The  Laplace stations are shown in block type. 
Azimuth stations between nrhic11 adjustments have been perforniecl are sl~omn in italics. 

4. The precision of deflections in prime vertical so fa r  as is due to the  astronomical obser1-a- 
tion, obtained from azimuth observation, is mach less than those in meridian.* A s  may be seen from 
results obtained in Chapter V I I  the probable error of azimuth geuerated in triangulation 1s mnch 
greater than tha t  in latitude or longitude, all being expressed in seconds. The deflection in prime 
vertical is derived from the  azimuth anomaly by n~ultiplicat,ion by  cot X-a quantity \\-llicl~ ranges 
from 7 to 1 . 4  in Indian latitudes-and this further i~icreascs the lack of precision. Cousiclerable 
improvenlent on the other hand should result by the  use of Laplace stations, which has been nlade. 
A fnrther source of weakness, of varying anlonnt, is the actual azimuth observation itself. The 
observation is not nearly so satisfactory as t h a t  for latitude ancl i u ~ o l r e s  graduation error of the  
instrument which, especially in the  older observations, introcluces a serious uncertainty. I t  is 
desirable then to consider the  relative degree of reliability of tlie azimntli observatio~is. On account 
of the other soorces of error, mainly tha t  of accumulation of error in  trian; onlation it  is not useful to 
(10 this in very great detail, and i t  is considered snfficient to  work orit t'he probablc crror fmm the 

For probable errore in est~ronomic latitude vide U.T .S .  To/. HI. pages 882-982 and Q.T.S. J;,1. 1 1 7 1 1  dpy. 7 
Tabla I I I .  Theae are seldom so great as 0".2. The woret cnme (Qogiyntrl) ia & OV.( i8 .  
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results obtained on the several zeros. This takes no account of errors in star places, i defect bhich 
was more serious in the early days of the survey than i t  is a t  present. Probably graduation error 
in the instruments has improved a t  much the same rate as the error of star place, and a fair estimate 
of probable error will be obtained by consideration of the probable error due t o  graduation only. The 
formula used is 

2 82 p. e. of mean of observations on n zeros = e671.5 . . . . ( 5 )  
where 6 is the discrepancy of the value derived from any zero from the mean result. The results of 
the application of this formula are given in table XCIV. Some idea of the probable errors in the geodetic 
valnes of latitude, longitude and azimuth is given in Chapter V I I I ,  where the N.W. Quadrilateral 
is considered in detail. 

5 .  I n  the table XCV the deflections derived from observations of the Surrey of India 
are given. These I a r e  been arranged by degree sheets. On the left hand page of the table the 
data are expressed in terms of the Ererest Splleroid, using the observed value of latitude and the 
dednced value of azimuth a t  Kalianpur which General Walker adopted : on the right hand page of 
the  table the quantities are given which must be applied properly to the triangulated values to 
express in terms of any other spheroid. There are four variables to  be considered, giving rise to four 
cases : these are (1) change of semi-major axis, 6a, (2) change of semi-minor axis, 66, (3) change of 
latitude of origin, u, and (4) change of azimuth a t  origin, w,. The cases given correspond to 
an= 1 km., 66 = 1 km., 1i,=1", w0=lN,  and to obtain the general case these must be combined as 
follows :- 

6a x case I + 66 x case I1 + u, x case I11 + zu, x case IV  
in which 6a, 66 are expressed in kilometres and u,, w, are expressed in seconds. Thus in the case of 
the Helmert Spheroid in which a =  6378.2 km. and 1 / ~ =  298.3  and with revised values of latitude 
and azimuth a t  Kalianpur as given on p. 2, 6a=.924, 63=-74%3, u,=.31, w0=1.29. Deflections 
in terms of this spheroid are given on the right of the right hand page of the table : but those in terms 
of any other spheroid may be easily found by making use of different values of 6a, etc. It is clear 
in the notation of this work that  the correction to latitude deflection is -u, to prime vert,icnl deflection 
- v cos X or - w  cotX according as the deflection is derived from longitude or azimuth observations. 
Values of these quantities have been taken from tables XVII-XX, XXIX-XXXVI. 

It frequently happens that  latitude ob~ervations have been made on a site not quite identical 
with the triangulation station, but a t  some (small) distance from i t  on the prime vertical through it. 
Similarly the longitude observations done by wire-telegraphy were made at the telegraph ofices and 
not cxactly on the station sites. The coordinates of the triangulation stations are generally the 
quantities given. But  a t  latitude stations the value of latitude given is that  of the latitude station, 
and in longitude stations the longitude of the longitude station. When a change is made to a 
different spheroid, since the corrections do not satisfy Laplace equation, slight cliscrel~ancies occur 
between deflection derived from longitude and azimuth observations. This point has been explained 
in Chapter V and has been taken into account in the case of the Helmert spheroid in table XCIII. 

The elevation of the referring mark affects the restilt of observations ( t i d e  46 
Chapter V) and accordingly thia has been given in the table except for a few cases where the data 
could not be found. 

Longitude arcs by means of wirelese telegraphy were observed in collaboration with the 
ex*tion of Cav. de Filippi in 1914 between Dellre Dun and eight stations. Their nama  alld the 
valucs of A are appended. The Dehra Dun observations were made in the transit room adjoining the 
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: Dome Observatory (new) and the transit was 25.2 feet W. of the mark-stone. The longitude (geodetic) 
i of ttm transit instrument is 'lN.46 (equivalent linear measurement being 828.8 + 26.2 = 6 5 4 - 0  feet 

less than that of the Dehra Dun Haig Observatory when all previous longitude observations were made; 
the longitude of the transit instrument is accordingly 7a0 2' 49".01 E. of Greenwich. The geodetic 
values of the eight stations are not yet (1921) available. 

1 TABLE XCII.  (Astronomic values). 

Suget l(araul( Yarkand I K118bgar 

i /  i S&Llt ( i i  1; 46102 175 66 $64 

I 8kardn / Kargil 1 Lamayaru I Leh ( Depsanq 

- 
Azimuth station 

Latitude=A 

7; j 39f72 1 7; 4 6  33:86 1 i? n i  ~ $ 6 9  I 7; 66 L o w  

I 

Azimuth 
(Everest) 

7: 3d 22r02 

Idst' 

(I' 

A- Qt 

35 18 18-05 
0 .17  

A-  ~f 

34 9 64.10 35 17 2C.77 36 20 64.91 38 24 22.22 39 28 19.74 
*O.lCJl  0 8  * 0 . 1 6 1  * 0 . 3 1 1  L O a R I  

31 33 38.25 
f 0 .51  

A 8 b 6 
Q 0 0 0  

A - 10 38 24.8 
G - 10 38 24.3 

A + 0 23 38.9 
Q + 0 24 4.6 

A - 10 38 4S.3 
a - 1 0  3s 45.8 

A + 10 42 0.3 
G + lo  43 11.3 

d + 4 ?a 60.1 
Q + I 28 60.6 

d + 11 4 34.8 
Q + 11 4 66.a 

A + 14 10 47.4 
o + 14 10 59.1 

d + 16 14 21.0 
Q + 15 14 32.1 

d + 17 3.3 24.6 
0 + 17 3 30.9 

.4 + 19 58 5.0 
0 + 19 58 22.5 

A + 0 61 60.3 
G + 0 51 63.0 

A + 5 30 12.8 
G + 5 39 45.Y 

A + 2 17 34.3 

Longitude s tat ion 

4 

2 4 F 9 

z 

I - 
o 

- 0.6 

-26.7 

- 1.5 

-11.0 

- 0.5 

-20.4 

-11.: 

-11.1 

-15.3 

-16.6 

- 3 . 2  

- 3.1 

-10.5 

+ 6.8 

- 3.7 

Kelianpur H.S. 
U" 7' 11" 

Karachi ObservatoryS. 
24' 48' 60" 

Dehrs Dan Obs. (old) 
SO0 1 9  57" 8. 

Qnetta T.O. S. 
3u0 11' 67" 

Calcutta Base S., T.S. 
22' 36' 56" 

Orsjhar 8. 
28' 46' 56" 

Jalpalguri n. 
26' 31' 17" 

Nagsrkbnnn H.S. 
za0 2 2  56" 

Dattaung H.S. 
20' 13' 14" 

Kyaunggyi S. 
18' 48 21" 

Tauugzan 
10' 25' 40" 

H.S. 

"ol~ruru P.W.D. S. 
17' 30' 13" 

V i z a ~ a p n t n m ~ a s e ~ . . S .  
Ifla 1' 3" 

Kurnnndi 
23" 10' a" 

H.9. 

C o l ~ h  Obscrvatory 9.  

34 17 4.Ml 
f 0 . 2 3  

Longitude 
from 

~ s l i a n p u r  
(Everest) 

18' 5:11 ~ 7 ~ 1  

Dcesn T. O. 
24" 16' 29" 

s. 

Blnnpnloro 
13" 6.2' 15'1 

8. 

B n n g a l o r c B n l e ~ . ~ . , ~ .  
I:JO 0' 41" 

S t . T h o n l a s ' s ~ o u ~ ~ t s .  
13' 0' 15" 

no ItV 22" 
K1ldnnknlnm ~ b s .  S. 

Obn.=oI'aer~ntory. 

+ I!'z~ 

+ 1.1 

-11.4 

+ 0.3 

- 3.0 

+ 1.2 

- 7.7 

- 3.3 

- 2.7 

- 3.9 

- 3.8 

0.0 

0.1) 

- 2.8 

+ 9.2 

- 0.3 

A ld 2; 6 % ~  ... 
Q 190 27 6.10 

values. g T l ~ l e  is the ndditionnl corrrotion for Ilelntcrt'm r l ~ h e m i ~ l .  I I%rird Iwm mardjuqtfil ~ ~ h t c r  01 Quctt..&.fimdar 
Beriea. This doom not enter  inlo the ~ l i n l u t b  corrcct~oo.  

+ 1.9 

+ 0.1 

- 11.3 

+ 0 . 3  

r t lors .  

- 4.0  1 +U.7r1 + 0.H' +I.=:  - 0.50 

- 3.1 +u .? I  - 0 . s ;  + o . S S  - I).%? I - 7.8 +1>.4.i --- 0 . t ~  1 + I .  19 - 0.7 
I I - 

f A ,  A r A r t r \ ~ n ~ o r t .  r r h l e r ;  G. (;: 

0.0 

- 2.6 

- 0.6 

- 6.211 

- 6.8 

- 6.3 

+ 3.0 

- 6.9 

- 7.1  

-12.1 

-10.0 

- 1.1 

- 1.4 

- 1.3 

- 2.3 

... 
a4200 

Dehra Dun 
.SO50 

Qnettn T.O. ... 
.SU~O 

Calcuttn ... 
.W 

FyznbadT.0. ... 
.4506 

Jnlpaigliri ... 
.4105 

Cbittncong T.O. 
. a 0 3  

Akgnh'r.0. ... .% 
Prome ... 

.9'226 

>loolmein ... 
,2620 

Bolnrorn ... 
.SO09 

maltair  ... 
.3003 

.5636 
Jahnlpor T.O. .. 

Bombay 

A 221 39 0.6 
0 221 39 1O.D 

A 166 10 68.8 
G 166 11 10.7 

A 168 31 12.1 
a 168 31 17.0 

A 177 10 27.3 
0 177 10 36.2 

A 308 36 18.8 
I3 308 36 23.0 

A 321 33 25.3 
G 321 33 30.0 

A 1.55 47 13.3 
G 155 47 23.5 

A 171 27 20.3 
G 171 27 38.1 

A 109 26 4P.1 
G 109 26 68.1 

A 31 10 18.? 
(f 31 I8 3 2 . ~  

A 25 6; 35.8 
0 25 67 36.9 

A 203 44 24.5 
0 203 44 26.0 

0 2(6 22 30.6 
A 200 22 95.6 

A ?a8 5 27.7 

-11.9 

- 4.9 

- 8.9 

- 4.1 

- 4.7 

-10.2 

- 9.0 

-18.0 

-13.8 

- 1 .1  

- 1.4 

- 4.0 

+ 1.0 
(f 288 5 26.7 

A 241 18 15.3 
G 241 10 18.9 

A 205 62 M.8 
O 205 b l  53.6 

A 221 31 21.7 
0 224 31 27.0 

A 12 30 6.3 
a la 30 0.3 

G I ~ K  sfi 2c.5 
A I&\ 55 l a .$  

T.O.=Telepmph 

I 

+1.20 

+1.33 

+1.69 

+ I 4 8  

+1.31 

+ I 4 2  

+la41 

+1.20 

- 4.8 I 
- 2.8 

- 5.3 

- 4 . 0  

- i . ;  

o1Are. 

,3238 , , 1 ," I 
b l ~ n m l o r e  .. 

.2927 

h n p l o r e  
.2251 

B I ~ ~ ~ ~  
.aa60 

1 4 a 1  
Namrkoil ... 

~ r e u l ~ . ~ .  ... 
.JIO8 

A - S 29 18.4 
Q - 5 2s 12.7 I 

r-!,Ir O.T.R. Vol. X V .  1,. ( 5 ) .  t Apl\r,lrtnunte 

A - 2 48 ::?.0 
U - 2 48 35.1 

A - 0 4 20.5 
(t - 0 4 1l .B 

A + a :u mas 
o + a ::s : w e  

R - n I:! 14.1 
A - o 121 15.4 

0.m 

+ 0.12 

+ 0.91 

+ 0.42 

- 0.09 

+ 0.19 

+ O'@' 

+ 0.01 

0.W 

+ 2.41 

- 0.03 

+ 3.06 

- 2.20 

- 1.08 

- 2.68 

I i 

+ 2.8 

- 9 . 7  

- 7.0 

- 1.0 

+I.% 

+3.82 

+ I 4 6  

+ 4 4 3  

-0.90 

+ 0 - Z  

-1.33 

+I.:, 

+l.O2 

1 
- a+:' -1 .n  

I 

- 0. .Q +d.:!, 
I 

+ 0 . E ;  +3.G 

I 

- 0.(?4 

- d.26 
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TABLE XCIP. (See Index pp. 170-172) 

Obn. -obaorvatory, T.O. =Tolegrnpl~ Omeo. 
8 -  alation. R.8.-hlll slalion, 'l.8.- tower ststion of principltl triangulation. Tl~e  same nmell lobtcra refer 

to minor Irinnpul~~t~on. 

- 
k D 
E 

z 
d .- 
L 
01 
n 

1 

2 
3 

4 
6 
6 

7 
S 
9 

10 
11 
12 

13 
14 
15 

l G  
17 
18 

16 
no 

21 

22 
23 
24 

25 - 
1 

26 

27 
28 
29 

20 
31 
32 

33 

- 
38 

3 4  

35 
36 
37 

38 
32 

* Adtlitionnl comertion for Relmert's spheroid. 
t Compll!.ed from tho ~!nmdjuslcd ralurs of longitude and azimuth of Queltlr T.O. station : not uned for 

adjunling any ~ z ~ m u ~ h  ob~errallona. 

L 

2 
g - 
,a 
2 

25 
39 
40 

42 
43 

44 
46 
46 

A, 
48 
33' 

, 
25 

qg 
fiO 
33 - 
49 
61 
52 

63 
64 
56 

66 
44 - 
52 

57 
68 
69 

60 - 
6; 

62 
63 
64 

65 

y: 
7 

Station 

Knlinnpnr H.S. 

Lnealli S. 
Salot H.S. 

Mitn-kn-lrtrn H.S. 
Guriria H.S. 
R i ~ n p t r ~ r  H.S. 

A rnnili~~ S. 
S.5nd H.S. 
T~k i  

R%nnsprr H 8. 
Gilru S~kkar H.8. 
B~ron~r S. 

Rlrnnkhnria S. 
SnrIn s. 
Didiiwa B.S. 

V~r i r ia  H.S. 
Ltnki B.S. 
Iiojl~ra H.S 

Cl~ingn H.S. 
BIairib-ka-Shahar 

T.6. 
Elrori T.S. 

Aln~nkl~in T.S. 
C l~ i t l i  T.S. 
Kirolhol H.S. 

Karachi Obs. S. 
Knlianpur H.S. 

Pal~irgndl AS .  

Keeri H.8. 
Usiru H.S. 
Koh T.S. 

ht,nil.i .T.S. 
Kalii~ia 
Banog 

'. 
H.S. 

nehrn Dun Obs. 

Prob- 
able 

Error 

0 31 

0'44 
0 27 

0 .34  
0 44 
0 .49  

0 .32  
0 !I0 

38 

0.50 
0.45 
0 4 6  

0.33 
0.25 
0.21 

0.19 
0 1 9  
0 .29  

0 28 

0.56 
0.53 

0 22 
... 

0.31 

0.19 ----- 
0.31 

0 2 2  

0.39 
0.18 
0.63 

0.40 
33 

0.28 

(old) 9. 

Dehra Dun Obs. 
(old) 8. 

Hijpur 

Spllrpoint 11.e. 
Jhari pani 11.8. 
Mussooree Domo 

obs, R.Y. 

Nae Tiha H.8. 
Banog H.8. 

e 
.r .? :z 
4 & 
fig 

(I836 
1 1898 
1849 
1849 

1849 
1849 
184:) 

1850 
1850 

1850 
IS5fl 
1851 

1851 
18151 
1851 

1851 
1851 
1851 

1852 

1852 
IS52 

:852 
1853 
1853 

1855 

18.75 { 1898 
1836 

1836 
1 8 3 ~  
1837 

1836 
lB36 

Corrections 

" O 

a =  

15% 

0 0 

-0 .1  
-0.2 

- 0 - 3  
-0.4 
-0 .5  

-0 .6  
- 0 . 7  
- O  

-0 .9  
-1 .0  
-1.1 

- 1.2 
-1 2 
-1.3 

-1.4 
-1 .5  
- 1 . 6  

-1.7 

-1.8 
- 1 . 9  

- 2 . 0  
-2.1 
-2.2 

-2.5 

0 .0  

-0.1 

-0 .1  
-0 2 
- 0 - 3  

-0 .3  
-O" 
-0.5 

Station 

HnrnchiObs. S. 
Karachi Baae 6., S. 
YYe.uf 8. 

nllllllar T.S. 
nf i i l l i  T.S. 
Dnjil S. 

D P I , ~  Din Pnnih S. 
Jhnrliil T S .  
Un~arlil~el 8 . 5 .  

Jnol i  H.8. 
AIrclwirni H.Y. 

I'lln Obs' 
rold) S. 

Knrncl~iObs. S. 
Andar 11 B. 
,JiRl.o H . Y .  
1),,llrn obs. 

(old) S. 
A7idar H.S. 
Cinrrdyal~a~ 11,s. 
Zawa H.S. 

hlnsl~elnk H.S 
G U I I ~ U ~  13 S 
Sal~gl~ar  11,s. 
T~~~~~ T.S. 
D ~ , ~  ~ i , ,  pn,ldh 8.  

Znzva H.s. 

KisunenC1lnpparH.S. 
Tllzgi I1.S. 
Koll-i-AIalikSia1~H.S. 

t(kllettn T.O. s 

:;:::a H . 1  H,S.  
~ l i n c k ~ ~ o  H.S. 
l'ipill!Z H S. 
Rikl~i  T.S. 

Kh"l'i T.S. 
T.B. zz,li H,S, 

Aranzlia ,q, 

< %  a 0 

6 2  za 
E,P 

0.0  

0 .0  
0 .0  

0 . 0  
0 .0  ' 

0.0  

O 0 
0 .0  

" 

0 . 0  
0 . 0  
0 . 0  

0 . 0  
+ 0 ,  1 
+ 0 . 1  

+ 0 - 1  
+ 0 . 1  
+0 .1  

+ 0 . 1  

+ 0 . 1  
+ O . l  

+ 0  1 
+ 0 . 1  
+ 0 . 1  

+ 0 . 1  

0.0 

0 . 0  

+ 0 . 1  
+0 .1  
+ 0 . 2  

+0 .2  
+ 0 3  
+0 .3  

Prob. 
nbla 

Error 

0.19 
0-30 
0 53 

0.27 
0.3:! 
0 22 

0.25 
0.27 
0 20 

0.HO 
0.50 

0 3-1. 

o i ! ~  

0.27 
0 27 

0 34 

0.27 
0.13 
0 23 

0.34 
0.22 
0.19 

0.31 
0.25 

0.20 

0.18 
0.3b 
0 30 ---- 
0 28 ---- 
O "  
0'34 

@'lJ  
0 '70  
0'19 

0.37 
0.52 
0 .50  ---- 
0 32 

0.34 - 
0.34 
0.26 

0.29 
0.25 

0.45 

0.38 
0.28 

-0.6 - 
-0.5 
-0 .5  

-0.6 
-0.6 

-0.6 

-0.5 
-0 .6  

c 
Y .O 

z z  Z a 
Q 2  
o 

1855 
185.8 
1858 

1859 
1859 
1860 

1859 
1859 
1906 

1851 
lh53 

18% 

la65 

IH95 
1896 

185.1 

IX9.5 
1906 
1905 

1908 
I9:O 
1910 

1910 
IS59 

1905 

1907 
l9U7 
1907 

1904 

18" 
1862 

lSG2 
1861 
l8Gu 

1956 
1 8 3  
1853 

1850 

Corrections -- 
:a  o o , 
f< a m  

-2.5 
-2.4 
-2 .0  

-1 9 
-1.8 
-1 6 

- 1 . 4  
-1 2 
-1  0 

-0.9 
-0.7 

- 0 - 5  

-2 .5  

-2 .4  
-2.4. 

-0.5 

-2.4, 
-2 '1  
-1.9 

-1 .9  
- 1 . 7  
-1 '6  

-1 .5  
-1 .4  

-1 .9  

-1.9 
- 1.9 
-1.9 

- 5 . 2  

- 0 ' 4  
- 0 - 4  

-0.5 
-0.5 
-0 .6  

-0 .7  
-0  7 
-0.7 

-0.6 
+OU3 - 
+Oa3 
+ 0 . 3  

+0 .3  
+ O  3 

+ o . ~  

c 0 . 3  
+0 .3  

H i j ~ n r h  H.S. 
Ourlnda S. 

Yil'ea s. 
Sangatpur T.s. 
JColi H.S.  

JiLoli H.9  
hl~~r~.oo  11.e. 
GangaCholi H.B. 

Posllkur H.8. 
Oogipntri H.8. 
H~~sLntogarhi h.8. 

$$ 
g 2 

m a  

t 0 . 1  
+ O  1 
t 0 . 2  

+ 0 2  
+O 2 
+ 0 . 2  

+0 .2  
tO.2  
t 0 . 3  

t 0 . 3  
t 0 . 3  

+ 0 . 3  ---- 
+ o . i  

+ 0 . 1  
+0.1  

+0.3 - -  
+ u . I  
+ 0 , 1  
+ 0 . 1  

t 0 . 2  
+ 0 - 2  
+ 0 . 2  

t 0 . 2  
t 0 . 2  ---- 
+ 0 . 1  

t 0 . I  
+0 .1  
+ 0 . l  

+ 0.4 

0.0  
0 . 0  

+ 0 , 1  
+0 .1  
+0 .2  

+0.2  
+ 0 . 2  
+0.3 

0.0  
1853 - 
1853 
1914 

1614 

1g12 

1003 

1::;; 

0.56 
0.42 

0.34 
0 64 
0.80 ---- 
0.80 
0 .77  
0.16 

0.65 
0'84 
0 6 7  

67 
69 

69 
70 
47 

ql 
71 
72 

73 
74 
76 

:81;3 
1863 

1861 
IeG0 
18Gl 

1851 
1Rc;O 
1910 

1862 
1862 
1862 

-0 .6  
-0 .7  

- 0 . 7  
-0.8 
-0.9 

-0 .9  
-0 .9  
-0 .9  

-0 9 
-0.9 
-0.9 

0 . 0  
+0.1  

+0.1  
+O 2 
+0 .3  

+ 0 , 3  
+ 0 . 3  
+0.3  

t 0 . 3  
+ 0 . 3  
t 0 . 3  



DEFLECTIONS OF THE PLUM B-LINE. 

TABLE X CI 7.-(Continued). (See Index pp. 170-172) 

* Additional correction for ~ e l u e r t ' s  Bplieroid. 

.. 
c 

.;; .s 
2 
& 

nd  
0 

-. 

I834 
1838 
1838 

1842 
1845 
1845 

1850 

1845 
1H46 
1847 

1904 

; 2 l S 4 : ,  
1846 

1846 
1847 
1849 

1904 
1832 
1S4l; 

1853 
190'L 

1849 

1852 
1852 

1843 
1846 
IS52 

19.i0 
1851 
1846 

1844 
1846 

St,a!ion 

An16n H.S. 
I'iiu~kiir T.8. 
Rar~rtrap~~r(old)T.S. 

fij 'dru 1-1 S. 
l':lbllcl~~ 11,s. 
501.11 T.S. 

nliisi T.S. 

Gtrrrcarri 11,s. 
A"II'i1' T S .  
I l i>~~ul  T.S. 

OrSjllnr S. 
G , , , . ~  I 1  S. 
l-Iirclrpu~ T.S. 

Snlr~endn ( 9  3 1 .b .  
H;ljalliri T.S. 
U&wndela T.8. 

orch,jllnr S. 
S a n ~ l a ~ ~ g n r l ~ i  T.S. 
C"uu' T.8.  

~ ; ~ l l l ~ n l l j  T.S. 
122.lnll)nignri s. 

H o g  11.8. 

nIednil,ur , ,  

Jnlnll"lr Y.S. 
.Yo~r~rorr(lavl~i l ' .S 

(~Asnd,l,iL,.(old) II,S, 
I I l'Otu 1.. 

Nnuirnri,gnvhi T.S. 

1'dvasrriLth 1f.S. 
Hichn, H.S. 
ChiLni '1'.S. 

.Valitrcha H.S. 
Sirknndn 1y.Y. 
ChGni 

k 

P 

5 
z - 
0 .- 
t 
rn 

11 
76 
77 

79 
79 
80 

81 
82 
47 - 
I S  
S3 
84 

85 
86 
87 

79 - 
88 
89 

DO 
9i 
92 

93 
94 
96 

96 
$17 
9s 

99 
l(10 
101 - 
33 

lo' 
103 

Pro l -  
ahlo 
Error 

0.94 
0 . 3 3  
0 .52  ---- 
0 G9 
1.26 
0 .44  

0 37 ---- 
0 .61  
0 48 
0.60 

0.2(i 

(I 

0 58 

1 13  
1.52 
0.32 

0 . 2 6  
0.;11 
Oti!J 

0 .64  
0.33 ---- 
0.44 

0,31 
0.62 
0 34 ---- 

G7 
0 41; 
0 .34  ---- 
0 35 
0 :iO 
O'(i9 ---- 
0.6; 
0.4:3 

Correotionn 

g a  
rn 0 
a 
2 
&I? 

- 1 ' 4  
- 2 - 3  
-2.7 

- 1  .8 
- 2 . 4  
- 2  3 

-3 .8  

-2 .2  
-3'7 
- 5 . 1  

-6 .3  

- 2 7 
- 3  0 

-3 .4 .  
- 3 - 9  
- 4 . 6  

- 5 . 3  
- 2 . 3  
+ 0 . 9  

+ 2 . 4  
+ 3 . 0 + 0 . 1  

- 3 ' 1  

.  
- 2  f 
- 2  3 

-3.6 
- 2 8  
-2 3 

-3.7 
- 3 . 2  
+ 0 . 9  

-4 .3  
-1.7 

. 
a 2 
E 2  
GE 

0 . 0  
+ 0 . 1  
+ 0 . 2  

0 0 
+0 .1  
t 0 . 1  

+ 0 . 2  

0 . 0  
+ 0 ' 1  
+ 0 ' 1  

+ 0 ' 1  ---- 
0 0 
0 0 

0 . 0  
+ 0 ' 1  
+ 0 , 1  ---- 
+ 0 , 1  
+ 0 ' 1  
+ 0 . 1  

+O 1 

-0 .1  

O . O  
0 . 0  

+ 0 . 1  

- O  I 
0 0 

+ 0 . 1  

- 0 ' 1  
- 0 ' 1  
+O' 1 

-0 .1  
0 . 0  

Corrections L e o. 
Prob- $ 3  

Station 

GCru Sikkaq. B.S. 
T11,)b H.S. 
Jnmbo H S. 

Mucrala H.S. 
~ a d i ~ ~ ~ i ~  'Y.S. 
blnndrasa T , $  

Jllambllera T.S. 
8. A lthl~r 

Jduli H.S. 

Rojhva H , ~  
Blalur .H,S. 
Asu H.S. 

Vijnnt T.S. 
U i ~ \ \ ~ i l a  T.8. 
l 'apl~ra T.S. 

Lddilrlsir. T.S. 

Knlinnpar H.S. 
l i u d l ~ o ~ ~  H . s  
I t u ~ ~ g ~ r ( o l d )  k1.S. 

1.1s. Amitu 
Kn~. i ra  H.s. 
G u r ~ v i ~ ~ i  H.S. 

Qorn H.S. 
Hul.iliollg H.b 
C'hendair (old) H.S. 

Pirnsnith H s, 
Tilt~bnni H,S. 
blalunclla, H.S. 

Aladl~pur TS. 
Akr~iil~ur T.S. 
Calc~~ttn Bnse-line 

S. End T.S. 

Dekn Dan Obs. 
(old) S. 

Ks' ian~l ' r  T.8 
Itamu~tpur (old) T.6. 

Q Z  

6 2  

-1 .0  
-1 .0  
- 1 . 0  

- 1 . 0  
- 1 . 0  
- 0 . 9  

-0.9 
-0.9 
- 0 . 9  

- 1 . 6  
- 1 . 5  
- 1 . 4  

- 1  3 
-1 3 
- 1 . 1  

- 1.0 

0 , 0  
- 0 . 4  
-0 .8  

- 1 . 4  

- 2 . 2  

-2 .7  

- 3 . 6  

- 3 . 7  
- 3 . 9  
- A  3 

- 4 . 9  
- 5 ' 2  

- 5 . 9  

-0.6 

- 2 . 7  

Ed 
;,a 

0 . 0  
0 .0  

+ 0 . 1  

+ 0 , 1  
+ 0 . 1  
t 0 . 2  

+ 0 . 2  
+ 0 . 2  
+ 0 . 3  ---- 
+ o . l  
+ o . ,  
+ 0 . 1  

+() . I  
+ 0 ' 1  
+ 0 . 1  

+ 0 , 1  

O . O  
0 .0 
0 . 0  

0 . 0  
O.' 
O ' "  

0 . 0  
-0,1 
-0 .1  

- 0 . 1  
-O . l  
- 0 . 1  

- 0 . 1  
- 0 . 1  

-0.1 

t o . 3  
+ 0 . 2  
+ u.2 

.t 

0.46 
0 '38 
0.21 

0 .40  
0.45 
0 17 

0 . 6 3  
0 . 7 9  
0 .80  

0.29 
0.32 
0.40 

0 . 2 2  
0.20 
0 . 2 3  

0 45 
- I _  

0.31 
0.36 
U.ti1 

0 .04  ' '!' 
0 'G4  

0.52 
0 , 4 4  
0 .67 

0.35 
0 ,76  
0.57 

0.4,9 
0.83 

0 ' 3 7  ---- 
0.31 

::El 

ng 

1860 
1973 
1874 

1875 
1862 
1862 

1862 
1857 
1851 

1861 
18;; 
1880 

1881 
1881 
ISljl 

1862 

{ lH!)8 
l8ci-1. 
1834, 

18:j,, 
IS'' 

1845 
184!, 
1843 

1850 

1844 

1868 
1869 

1845 

I853 

iiEi 

.; 
0 

i13 

90 
111 
103 - 
01 

112 
113 

104, - 
92 

114 
115 

101; 

!,3 
116 

I l i  
11s 

183610j 
lOl j  
119 
120 

121 

- 
!J4 

123 
lP4 

110 
95 

l Y G  
I19 - 

D O  
12f; 
l2U - 
96 

127 
120 



THE EARTH'S AXES AND TRIANGULATION. 

IIAB LE XCIP.-(Continued). (See Ittdez pp .  170-172) 

Additional correction for LIelrncrt's Sl~l~croicl. 

s 
.I .0 
0 -  

7 2 
a 2  

0 ;  

1868 
1869 

1873 
1873 
1874 

1856 
1904 

1865 

1864 
1861 
1858 

1874 

1905 

1866 

1866 
1916 

1904 

1884 
1877 

1882 

1882 
1831 

1881 

1904 
1889 

1890 
1891 
1891 

1892 
1892 
1892 

1894 
1694 
1895 

1896 
1898 
1899 
I861 

1866 
1916 
1896 

L 

a n 

'a - 
.- 
6 
P 

130 
135 

136 
137 
198 

139 
122 

133 

140 
141 
142 

138 - 
134 
143 

144 - 
144 
145 

146 - 
147 
I48 

149 

150 

151 

152 - 
lab  
153 

154 
155 
1 5  

157 
158 

Proh- 
able 
Error 
A 

0.15 
0'30 

0.51 
0'21 
0.79 

0.34 
0.33 ----- 
0.39 

0.26 
0.32 
0.29 

0.79 ---- 
1.29 
0.52 

0.35 ---- 
0.35 
0.41 

0.34 

0.76 
0.62 

Station 

Daulatpur T.G. 
Tepri Y.S. 

Aloikindi T.S. 
Hulkicl~ur T.S. 
Alungjini T.S. 

Ataro Rinki T.S. 
Jalyaiguri s. 
Se~nu T6n H.S. 

Dnww H.S. 
Rangssnobo H S .  
Ruikusni H.S. 

d l n ~ ~ a j i n i  T.S. 

N n g a r k h a n n H . S . - 6 . 9  
Fi Tsn H.S. 

Dattnung H.S. 

Dattnung H.S. 
Retklrri~atlk H.S.  

Kyallnggyi s. 

Taungrun H.8. 
Sout~l~e~.nNoscoe H.S. 

RZergui Base-line 
E. End T.S. 

3Iergui Bwe-11ne 
w .End  T S. 

Natknlintnung H.S. 

3Ii11tlinngtar1ngH.S. 

Kynnnggyi 9. 
Myayabril lgkyoH.~. 

'l'oun~oo 9. 
T,rtpntaon: H 9. 
1 1 n  11:s. 

BIinnun H.S. 
Hl~ienn~ugs H.Y. 

Correctionm 

m o 

m a  

- 6.3 - 4.2 

- 2.2 
- 1'1 
+ 0 . 6  

+ 1 ' 3  
+ 3.0  

- 6.8 

- 5.3 
- 2.7 
- 0.4  

+ 0 ' 6  

- 

- 7.1 

- 7.1 - 8 .0  

-12'1 

- l o , ( '  
- 10'0 

-10'0 

-10.0 
-10.0 

-10'0 

-12.1 
-11.1 

-10.3 
- 9'6 
- 8.1) 

1 -  8.0 
- 7 .8  

---- 

159 

160 
161 
162 

16.3 
164 
165 
141 - 
144 
166 
I f 3  

h 

2 
2 - 
2 

160 
165 

168 
I69 
170 

171 
172 
173 

1 

174 
175 

176 
1'77 
178 

179 
I80 
181 

- 
lS1 I 

183 

184 
185 
186 

187 

- 
101 

188 

I R 9  
I!lO 
191 

192 
187 

- 
192 

193 
194 
195 

196 
94 - 

197 

198 
199 

201 

181 

2 2  
f 2 
2 
6 2  

-0.1 
-0.1 

0.0 
0 . 0  
0 . 0  

+0.1 
+0 .1  

0.0 

0 .0  
0 .0  
0.0 

0.0 

0.0 

+0.3  

+0.3  
+ 0.8 

+ 0 . 3  - 
+0 .5  
c 0 . 5  

+0 .5  

4 0 . 5  
t 0 . 5  

+ 0 ' 5  

+ o  u 
+0.3  

+ 0 . 2  
+0.2  
+ 0 . 2  

c 0 . 2  
+0 .2  

0.18 

0.32 
0 20 

0.24 

tjtation 

Ub.yetaung H S .  
S i n p i t ~ u ~ ~ ~ g  H.S. 

Loi Hpa Laog H.R. 
Loi Hputnn H.S. 
Loi Kiipms H.ti. 

LoiHearnHnumH.S. 
Kunlturn Burn H.S. 
Kll~non Bu~n  H S. 

Kalianpur H.S. 

Alin1ndpltr H.S. 
Bhir~~bhut H.Y. 
N ~ ~ , . ~ ~ ) ~  H.8. 
Bnclgn~n H.8.  
sYkri H.S. 

solntlIlllr 
L)imareidaObs.H.S. 
Bolnrunl P. W. D. 

Office 0. 

Bolnrulll P. We Du 
Office 8. 

T'irm'l lo H.8.  
Vinikouda H.S. 

Sin~iwiirsrn H.P. 
Kilingkondn H.R. 
Stinjib H.S. 

Virngn ntnm Base- 
line i. ~ n d  S. 

CnlcuttaBase-line 
S. End T.S. 

Pnlno ~ , 6 .  

C1land i~uv  T.s. 
Cnttack H.S. 
Khul~dibolo H.b. 

Rawul 11.9. 
Vizagrl ntnll~Base- 

line #, Elld fj. 

Bawol H.S. 

Deoaonger H.S. 
Sinflur H.Y. 
Alldl~ari H,S. 

~ , h ~ ~ ~ ~ ~  H,S.  
~ ~ ~ ~ i l ~ ~ ~ ~  8 .8 .  

Karnundi H.S. 

sRrnndi pat  H.H. 
"llilrle8in H,S. 
Diwl,i H,S. 
Burgpoili F1.S. 

Ilolarulll P.W.D. 
OPflco 0. 

0.34 
0.45 

0.23 
0 27 
0.21 

0 . 1 ~ )  
0.36 
0.19 

0 .31  
0.18 
0.24 

0.30 
0.10 
0.17 
0 32 ---- 
0.35 
0.60 
0 .30  

Corrections 

- 
m r  

&2' 

- 6.8 - 6 8 

- 6.8 
- 6 8 
- 6.8  

- 6 . 8  - 6 . 8  
- 6.8 

0 . 0  

- 0.1 
- 0.2 

- 0 ' 3  
- 0 '5  - 0.6  

~ . 8 , - 0 . 7 - ~ . ~  
- 0.9 

- 1.1 

- 1 .1  
- 1.2 
- 1 .2  

- 1 . 3  
- 1 ' 3  
- 1 .4  

- 1.4  

- 5.9 
- 4 . 6  

- 4 ' 3  
- 3.4 - 3 , 0  

- 1.8 

- 1 .4  

- 1 . 8  

- 2.0  
- 
- 2.t; 

- 2.9 
- 3.1 

- 1'2 

- 1 .2  
- 1.2 
- 1.2  
- 1.1 

- 1.1 

Prob- 
able 

Error * 

0.31 
0-36 

0-16 
0.20 
0.17 

0.21 
o 22 
0.17 

0.31 

0.37 
0.39 

0.23 
0.22 
0 30 

0.27 
0 40 

0.31 

0.31 
0.23 
0 .21~ 

0.10 
0 .24  
0.18 

0.24 

0.37 
0.19 

0'30 
0.20 
0.85 

0.30 

0.24 

0.30 

0.11 
0.16 
0.20 

0.17 
0.44 

0.33 

0 33 
0.18 
0 16 
0.18 

0.31 

+ 0 .  1 

+ 0 . 1  
+ 0 . 1  
+ 0 . 1  

c 0 . 1  
+0 .1  
+0 '1  

0 .0  

+ 0 . 3  
+ 0 . 3  
+0 .1  

a 2 
_EX 
GZ 

+0 .1  
+O.l 

+Om1 
+0.1  
+ 0 . 1  

+0 .1  
+0.1  
+ 0 . 1  ---- 

0.0  

0.0 
-0.1 

-0.1 
-0.1 
-0.2 

-0.3 

-0.3 ---- 
-0 .3  
-0 .3  
- 0  3 

-0 .3  
-0.3 
-0 .3  

-0 .3  ---- 
-0.1 
-0 .2  

- 0 ' 2  
-0 .2  
-0 .2  

-0.3 

-0.3 ---- 
-0 .3  

-0.3 
2 .9 -0 .2  

-0 .2  

-0.1 
-0.1 ---- 

0 .0  

-0.1 
-0.1 
-0.2 
-0.2 

-0 .3  

Llalo H.9. 1 - 7 .3  

E 
r .C 
z 3  
a 
C g  
o 

1891 
1901 

1903 
19117 
1908 

1911 
1910 
1911 

( 1836 
\ I898 
1838 
1838 

1839 
1839 
1838 

1838 
1838 

1901 

1904 
1869 
1869 

1871 
18i2 
18GO 

1863 

1845 
1852 

1854 
le57 

1860 

lafi3 

1860 

l9I4 
1913 
1913 

19l2 
18-19 

1865 
1866 
1867 
1867 

1904 

Uhyelaung H.8, 
Thonhinzin H.S. 
Seikya H.3. 

Tnrn~rr~ja 8.9. 
' I ' l~gnlicl~in~ H.*. 
Lnijint H.9.  
I:nn,n*nilobo H.n. 

Ihttnung H.S. 
Yop~~lletaung FI.8. 
Tamtrnja H.S. 

- 6.8 - 6.5  
- 6.3  

- 5.7  - 5 ' 5  - 5 '0  - 2.7 

- 7.1 
- 6 ' 9  
- 6.7  



DEFLECTIOSS OF THE PLUMB-LINE. 

TABJE XCl7.-(Cont.inued). (See  Index pp.  170-172) 

* Additional correct,ion for IIelnlcrt's Splieroid. 

h Corrections k Correction@ 
D 

-- C 0 

l'rob. .- .P e c 
0 -  c 5 m * 

2% - able 5 Stnlion Z Station m o  L'- 

# ;$  3 ;  5 B 2 Error Error a 

! -+ -s, .d 
E C ,  s-", 

u W P  0 ;  0 a m  CO 

91 1inr~d1.a 

202 I'ut,l~iidi 
203 Ilnn~ni 
204 Karin 

186 Silnjih - 

188 Pn t r~a  

H.h.  -2.7 -0 .5  0 37 1864 
207 Nitnli If.8. - 1 . 6  - 0 . 3  0.27 1840 
208 l i ~ ~ n l i c r i  H.Y. - 1 . 7  -0 .3  0.32 H.S. -2.4. -0.4 0 21 1863 
209 Als~lnds H.S. - 1 . 7  - 0 . 3  0 32 8. -2.3 - 0 . 4  0 - 1 7  I868 

210 ICli?tn!>iat~l.a Fl S .  - 1 8 - 0  3 0 .I:! 1R.K 
211 L)l~ntlleuhvar I-1.Y. - I - 1 )  - 0 . 3  0 .  in 
212 3Iiodr.i E1.Y. - 2.1 - 0 . 3  0 - 3 2  1841 

- 

214 - 
25 

221 
222 

223 
216 - 
222 

2 - 
7 

225 

226 
210 - 
181 

227 
228 

229 

Colnbn Obs. S. 

Knrncl~i Obs. s. 
tli(~l1r11~ n.s. 
Uungarpur H.8. 

Ingrodi , 1 , S, 
Sor~iLdn T.R. 

D~i)~gorpzir  H.S. 

i T.8. 

Arcin~lin s. 
1ndl.iwa11 T.S. 

Vnlvirli H.S. 
lihdripis~on H.S. 

llo1nr11111 P.\Y.I). 
office s. 

8. ICoc l~r~~~a l  
1)uriu H.S. 

nn~~gnlore  Bnso- 
lir~eS.\Y.EndS. 

- 2.2 

- 2.5 
- 3 .  
- 3.4 
- 3 . G  
- 3 

- 3 4 

- 3 . 4  -- 
- o.cj - 1.0 

- 1.4. 
- 1 . 8  

- 1 . 1  

- 2 .  2 
- 2 7 

- 

- 0 . 3  

+ 0.1 

- 0 . 1  

- O . l  
8 - 0 . 1  

, 

-0 .1  

- 0 . 1  

0 
-0.1 

-0 .2  
- 0 . 3  

- 0 . 3  

-().,I 
- 0 . 4  

6 . 4 - 0 . G  

... 
o 19 
0.54, 
0 .31  

0.32 
0 3 9  

0 31 

0 27 

1839 

IS35 
1H56 
1852 

ls52 
I861 

1X52 

1853 - 

244 
240 

0 '29 

0 5i; 
0.42 ---- 
0 31 

0 .  18 
0.91 

0.16 

l ~ j o  
184i 

1146 
IS46 

1904 

1872 
18 i l  

l8iO 

Kunibl~nri H.S. 
Koroh,gntti H.S. 

250 

, 
-$'!I 

K11dnnk111nn1 Obs. 
s. 

-2 .7  
- 3 - 0  - 

22!) 

245 

4  
247 

2 4 8  
z+r) 

-5.4 

-- 5 . 5  
- 6 3  
-6 7 

- 7 . 2  
- 7 . 8  

- 0 - 4  

Iln~~gnlaro IInsc- 
liae S.\Y. End S. 

U I I I I , R ~ ~ O ~ B  Base- 
line N E. Elld S. 

n ~ i i n l a i  I S  
P~tclit~pilniynui s. 

llnlipirni S. 
I~f id l l~p l l r , ,n l  S ,  

234 

251 
252 

253 
264 
255 

250 

-0 .6  
- 0 . 5  
-0.c; 

-!I.(; 
- 0  i 
- 0  7 

- 0 . 8  

- 0 . 4  
-0 4 

0 G1 I844 
0 . 2 2  1 I&i5 

-0 .6  

- 0 . 6  
- 7  
- 0 . i  

- 0 . 7  
- 0 . S  

0.21 

St. Tl~ou~nrr's N O I I I I ~ ~  
1869 

0 27 
0 17 
0 24 

0 1-1 
0 .23  
0 39 

0 21 

Trrstlc S. 
Iinllnpat, 'l'rrslle s. 
I\iayi~~~pirijlin ,, S. 

Pit,lwrnnh-otn S. 
hlnl~egnndi S. 
l'illllllld S. 

K I I ~ I I I I ~ I I ~ I I N  O h .  
9. 

ISSO 
1879 
I870 

lR7i 
1H;G 
lSTS 

I863 

---- 
0 - 1 5  

0.23 
0 
0 .26  

0 33 
0 .14  

-3.1 
-3.:) 
- 4.5 
- 6 . 1  
- 6  0 
-6.4 

- 7 . 9  

1870 

IS70 
lS6!1 
1870 

1873 
]s(;!J 



THE EARTH'S AXES AND TRIANGULATION. 

INDEX TO DEFLECTION STATIONS. 
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Nnme of Station Nnme of Slnlion 

Achola H.S. 
Agra-group E. Point 
Agrn-group N. Point 

Agm-group S. Point 
Agm-group W. Point 
Agrn Longitude 5 .  

Agm Parade Point 
Al~madpur H.S. 
Aknnipnlle h.s. 

Akbnr S. 
Aknilpnr T.S. 
~ k y a b  Longitnde S. 

Alnmkl~Rn T.S. 
Alan i~ id i  H.S. 
Alnngjini T.S. 

Alei H.S. 
Alibneh Obserrntorp S. 
Aloihindi T.S. 

Xlsundn H .  
Amri t~nr  Longitude 8.  
Anieot H.S. 

Anlun H.S. 
Anand~~lamalai H.S. 
Anandbis T.S. 

Andnr H S. 
Anclhnri H.S. 
AndLiiri H.S. 

Anliorn H.S. 
Arun~lia 6.  
Aroe5kr1lan1 S. 

Aso H.S. 
Ataro BRnki T.6. 
Badgoon H.Y. 

Bnhnk H R. 
Rnjamnrn H.S. 
Eandi r  s. 

Bantalore Bnse, N.E., 9. 
Bnngnlore Base, S.W.,  S. 
Ennog H.N. 

Einee<tpil T.S. 
Binekl~o FI 8. 
BLndela 8 .  

Bellnry Longitude s. 
Bhnnnr T.Y. 

' Bbaorba H.S. 

Elnimhlint H.S. 
Rllimsain H.R. 
B h u r ~ u  H.S. 

Bic l~a i  H.S. 
Ilihnr H.H. 
Birons 0. 

Obs. - Obmenrtoq, 

1)eIirn Dun Base, E., S. 
Debra Dun Huig Obs. 8. 
Delirs Dun Obu. (Old) S. 
,, No. VI] 

belween 
, No. V Dellraalli 
, No. Ivi Rijpur 
,, No. 111 

Deodonger H.S. 
Deo Dongri H S. 
Dcrn Din P n n i l ~  S. 

1)crhnUr 9. 
l)e\'nrnpnt h.8. 
D C W U ~ S ~ I I  T.S. 

Nn~ne  of Slation 

Birond H.9. 
His:rul T.9. 
Bi~hnok H.5. 

Blsck a. 
Rolonwrn P.W.D. Long. S. 
Bolikondlr 6 .  

Boulbnp Colnbn Long. S. 
Bon~bayColabaObs. S. 
Bfin~ni~~sundrn s. 

Bos15n T.S. 
Bowrn T S  
B11tl1:on H.E. 

Buliwiln h.0. 
B111bul H.S. 
Burppuili H.S. 

C~~lcu t ln  Bus@, S.. T.S. 
C~llcuLta Longitude s. 
Cl~umardi H.S. 

Cl~mlin H.S. 
Cl~nndnos T.Y. 
C l ~ u ~ ~ d i p u r  T.S. 

Cl~nndnrin T.S 
Cl15nun H.S. 
C l ~ e n i i ~ ~ a  H.S. 

Cl~nroldi~iga T.S. 
C I I I I I I ~ O I R  H.S. 
C l ~ e ~ ~ d w i r  (old) H.S. 

Chiknlgnrki 6. 

Clritlngong Longitude S. 
CIIUII~ T.8. 

r l i i~ l l i  T.S. 
Colnhn Obserrntory S. 
Cuttnck H.8. 

Dadtaura 7 . .  
Ilniiitll~~~ri H.P. 
Dlljil S. 

nnlen H.S. 
IJininrpida Ohs. 5. 
Uinnpn H.S. 

Dnnpnrrndi H.S. 
I l i o ~ ~ i l a  T.S. 
Dnrgnwrr H.S. 

n n r i i l n ~ r  T.S. 
1)avur H.S. 
Darutippa S. 

Danti S. 
Untniri T.8. 
Dnttnung H.S. 

I h ~ ~ l n t p u r  T.S. 
Dawn 

n l ~ n i g ~ ~ o n  S. 
Dl~ t~u~unvn  T.S. 
I)l~itrurn s 

Vd g .- 
0 
E r n  

20 
19 
62 

9 
60 
43 

7 
7 
9 

6 
33 

5 

6 
6 

53 

5 
5 

30 

G? 
(i 

24 

16 
25 
2 G 

18 
1 1  
5 

9 
44 
20 

25 
'7 

24 

20 
6 

32 

58 
8 

46 

28 
64 

2 

24 
9 

46 

* 
G 

62 

48 
44 
'LC; 

o ,! 
;$ 

7 
6 
6 

6 
6 
G 

6 
8 
9 

37 
5 

44 

25 
10 
34 

2 
9 

56 

7 
23 

6 

5 
54 
16 

32 
85 

2 

53 
25 

9 

64 
34 
8 

73 
73 

5 

0 
9 
G 

2 
33 
20 

HeFerenco 
h'umher 

KeEe~.oncn 
bomber 

Dhnulesvnr H.S. 
Dl~iilipnlla 8.  
D~diwlr H.S. 

Tttble 
XC. 

179 
318 

7 1  

288 
260 
265 

11 1 
112 
267 

156 
140 
209 

150 
367 
253 

403 
404 

53 

73 
166 
380 

392 
38 
60 

393 
1 
371 

262 
412 
365 

36 
112 
3 i 2  

304 
191 
30 

332 
237 
2 i l  

51 
24 

211 

378 
245 
272 

I) 

164 
421 

406 
409 

79 

0orios. 

T ~ b l e  
XOY I 

231 
201 
199 

203 
187 
200 

202 
2!4 
239 

63 
402 
419 

35 
103 
305 

206 
115 
397 

129 
65 

145 

326 
2 i B  
401 

12 
370 
207 

252 
89 

281 

40 
A04 
220 

158 
144 
263 

268 
209 
160 

177 
182 
316 

7.9 

Long. 

D i b n ~ ~ l i  T.S. 
D u ~ r ~ h  h.s. 
1) u r l g a ~ p ~ v  EI S. 

Tnble 
IXCIV 

115 

181 

214 

66 
68 

201 

101 

189 

19 

243 
95 

120 

23 
214 
190 

43 

180 
236 

86 

228 

30 
144 

130 
140 
216 

Table 
XClV 

206 

174 

82 
100 

22 

138 

136 

209 

90 
232 
128 

49 
195 

7 

84 
139 
177 

245 
229 
32 

62 
105 

258 
25 

206 

21F 
228 
3G9 

364 
3E2 

Rtorn T.S. 
Fi T5n H.S. 
Fjznbud Longitude S. 

12 

Gnnclpnl~nr H.S. 
Gnngn Cl~oti H.S. 
Gnngnpur T S. 

I 
H.S. 

26 1)eesn TelcgrnphOficc s. 

41 

175 
199 
196 

12G 

O~rrindn S. 
Qutl ini1.8yantippn h.n. 
Gnus T.S. 

- Longitudo. * Old Bnluchialnn 

n 
32 
6 

8 
53 

6 

27 
14 

~ h o l ~ i i r i o  11,s. 
Ooclhnn T.S. 
Oogipat,ri H.S 

Gorn H S. 
Gllrlnli E1.h. 
Gunduk H.b. 

Quriiria 11.8. 
Gurn~i  T.8, 
QGrn Sikknr R.S. 

aor1~5ni  H.S. 
Halda 8 .  

Ilalbichar T.S. 

Harniisn T.S. 
Hn~.pilsid T.S. 
H iitbena B .S. 

Hithria I1.S. 
Hntni h.e. 

Reference 
Number o:  

6 
6 
6 
20 

20 
20 
20 

85 
18 
32 

9 
9 
3 

18 
26 
8 

7 

J! 25 

53 
9 
8 

14 * 
23 

3 
52 
19 

32 
77 
i8 

z3 
9 

20 

10 
6 

22 

46 
76 

s 2 ;  
26 

8 

18 
2 
55 

35 
6 

> 

- 

14G ' 
170 
169 
165 

166 

lG7 1 G8 

382 
106 
29 

23H 
248 
300 

127 
94 

23 1 

122 
337 

,I6 

251 
270 
222 

3(;1 
21 
40 

299 
JIR 
317 

11 
64 

408 

90 
2 47 
391 

100 
152 
4 4  

325 1 347 
G 

I84 
204 
76 

320 
239 
396 

108 
173 
339 

48 
149 

33 

193 

44 

211 
237 
16 

200 

222 

143 

61 
72 

131 

68 

74 

93 

54 

107 
11 

92 

137 

221 



DEFLECTION8 OF THE PLUMB-LINE. 

INDEX TO DEFLECTIOPJ STATIONS-(Continued). 

= Obser~ntory. * Spcc~nl Trinngulnlion. t Oltl Dnluchistin Trinngulalio~l. 3 TI~~tye tn~o  and Cnpe Xegrsis Series. 

h'nn~e of Station 

Kheri T.S. 
Khiml ina  . S .  
Iihirsar H S. 

Khojak H.9. 
I< hori ' 1 .  
lihujnnur s. 

Iihundibolo H.S. 
Kidarksuta HB. 
Kisnnen Chapper H.S. 

Iiistnnla H . S  
Iiodanpal S. 
Iioll-i-Llalik Sinh El S- 

1;orarnhr R.S. 
Tiudankulam Obs. S. 
I iombl~ir i  H.S. 

Iiumc,n L:um B.S. 
Kun~turnUuln H.H. 
Iiundgol U.S. 

l iunhir iv . 
1I;urseony h.9. 
lintipirai S. 

li).aungpyi S. 
I.:tol~liu\ra 11,s 
Litli H.S. 

Lidinlslnr ' S  
1.al;nrn~ns H S .  
Lalihinagar T.S. 

Lambatach H.S. 
Letpatanng H.S. 
Lingnnnpullo 11,s. 

Lincn~tir:~ H.S. 
Lohircara T.8. 
Loi klpn Lang H 

I.ni Hpntnn H .  
Loi l l s : ~ u ~  Bsum H S .  
1.oijing H.8. 

I.oi Xiipn~a H.S. 
I.orn. H.S. 
Losalli Y. 

I.hnki R.S. 
Dlach h . ~ .  
h l n d ~ p u r  T.9. 

Rladhupnr T.S. 
3lnclms Obserrntory S. 
Dlal~abnlesmar H.S. 

hIn11adeo Polira H.S. 
Alnhnr H.S. 
Rlal~esari T.S. 

Nnl~mari H.S. 
Rlnirib-kn-Sl~ahnr T.S. 
Majnln, H.S. 

lteforence Reference 

Nome of Station Nnnie of Station .: 
Hirdspur T.S. 
Honnavalli H.8. 
E6nn6.r H.S. 

Hurilioug H.S. 
Imlis T.R.  
lndriwan T S. 

~ ~ j ~ ~ b & ~ ~  H.S. 
Inroedi 'Y.S. 
lsnlrpur H.S. 

Jnbnlpur Longitode 3. 

Jnllilpur T.S. 
Jnlpniguri Longitude 8. 

Jumbo H.S. 
Jioli H.S. 
Jnrira ' 

Jetg~~rli H.S. 
d hanibhers , I  T 1.b. 
Jll;~ripaui (1X) h.8. 

Jh~~rkil T.S. 
Kninath H.S. 
Kal i in~  €4. 

Kaliinpur H.8. 
Kaliinpiir 8 
Kilingliondo H.S. 

Rallapnt Trestlc S. 
Knlsibhings . 
Iinlsubni H.S. 

l i i ~ ~ ~ b h e r a  H.S. 
Kiuibhers 'J'.S. 
Kanheri H.S. 

Rnnjamalai FI S 
Kanl,esvar H.S. 
liiukrn EI S. 

Iiinnngar H.S. 
I inr~tb~ati  H.S. 
Karachi Base 8, 8. 

Rnrnchi Longitude S. 
Karachi 0bservnt.ory S. 
Knranjs H.8. 

Iiarira H.S. 
Karnuudi 1I.S. 
Kart10 B.8. 

Rnria H.8. 
Kirothol I1.S. 
liittl>iloiyam 8 .  

K~~uliu H.9. 
Kc111 H.B. 
Kesri E.S.  

K h i m o r  H.S. 
Khar~klinrin 8. 
Khnnpisura H.Y. 

141 
67 
62 

4 
37 

147 

381 
157 

3 

273 
240 

1 

133 
284 
132 

430 
431 
Isti 

50 
387 
289 

428 
171 
215 

33 
83 

407 

143 
437 
241 

330 
391 
433 

434 
136 
413 

435 
327 
197 

42 
8 

376 

65 

21 

191 

57 

235 
227 
50 

241 
250 
244 

173 
172 

224 

248 

14G 

79 

132 

155 

168 

169 
I71 
1G5 

170 

2 

17 

99 

33 
23 
62 

t 
25 
20 

24 
92 
74 

4 G  
9 

74  

49 
!I 

11 

60 
80 
49 

28 
2~ 

$9 

52 
6 
8 

45 
25 
48 

22 
Cid 
9 

53 
16 
72 

72 
72 
G8 

72 
5 

25 

25 
t 

1 5 

324 
137 
264 

356 
306 
107 

350 
62 

139 

227 
352 
389 

72 
56 

297 

@5 
64 

162 

27 
93 

153 

195 
180 
341 

292 
377 
116 

213 
301 
128 

286 
114 
IS3 

400 
34R 
110 

368 
363 
174 

368 
39 

124 

hlajhir H.S. 
hlal H.B. 
bIalar . 

Male H.S. 
Alulinchn H.8.  
blandila s. 

hiandresa T.S. 
Rlnntlri H.Y. 
ZIanFgandi S. 

Rfangaloro Longitude S. 
blanichauk T.S. 
Marir l:S. 

blnrtnbnn h.s. 
hlasl~elak B.S. 
Nisi  T.S. 

blita-ka-l~iirn I1.S 
blivinhhnda H.S. 
aIet111ipur l-S. 

hledwini H.S. 
hlergui Hase E , T.S. 
Rlergui Blme W., T.S. 

hliiu~i T S. 
Xlingun H.S. 
blilltllangtaung H.S 

Rlira Donger I1.S. 
hlirya H.S. 
~Iohnmmadabad T.S. 

hlooltrn Longil~~de S. 
Rlorali I1 8. 
hloulmein Longitude S.  

hlngmla H.S. 
hlurreo 11.s 
blurree Observatory s. 

Alussooree Dome I1.S. 
\Ipjnbein:kyo H.S. 
N~bgiu.k)lin~b H.S. 

Nnpnrkoil I.ongilude S. 
N I I ~  Tibn H.8. 
Si l~nrmau HS.  

S n m t l ~ n l ~ ~ ~ d  P. 

Nallinlinta~~ng E . .  
Nnunn~ignrbi T.S. 

116 

94 

225 

233 
223 

124 
122 

77 
47 

81 
36 

45 

31 

1 
102 
185 

251 
205 
220 

208 

246 

, 61 

16 
49 
9 

6 
12 
18 

54 
29 
33 

53 
21 
34 

C:! 
22 
3 

23 
45 
20 

32 
2G 

Ci 

Ci 
20 
43 

63 
17 
10 

25 
3 
7 

9 
11 
33 

25 
19 
:i2 

22 
32 
7 

6 
53 
26 

68 
25 
9 

* 
7 
6 

23 
26 
7 

10 
1:: 140 

11'0 1 :; 5.4 
Kn~nl61- H.S. 
Nayinipirijin Trestle S.  
Nii lnn~nr~  1I.S. 

Nilcnrll EI.8. 
Ni111bii;n1 P. 

N i ~ n k i r  T.S. 

Nilnli H.S. 
No11 1'.8. 
Nojli 

2 
24 
64 

GF 
5 
8 

45 
7 

63 

ti 
19 

52 
76 
20 

25 
40 
21 

22 
5 2  
52 

32 
6cj 
52 

1 I 
11 
4 

32 
2 6 
4.4 

62 
22 
22 

G 
tli 
52 

9 
53 

5 

9 
52 
20 

205 
383 
41 

423 
375 

14 

l(i 
17 

113 

512 
226 
92 

340 
13 

277 

367 
130 
189 

87 
47 

121 
20 

83 

160 
98 

i :39 

26 
213 

91 
197 

204 
24 

27 

13 
210 

14 
6 

6 
25 
89 

135 i 
?5a 

40 
ti3 

235 1 
I 

69 1 80 
118 , 212 
267 I 254 

134 / 230 
313 
319 114 

4-40 
5 

3U3 
53 

10-4 

1 7  176 
265 ' 

293 1 111 

230 20? 
l R G I  9 

8 
9 
3 

7 
6 

165 I 4 
125 1 

6 

354 

138 
446 
447 

23 
425 
448 

123 

48 
149 
160 

42 
1.57 
152 

I:: 1 242 
210 110 

31 / 
4 

:S 
55 : 1 

4:: 1 
161 1 37 
419 , 153 
411 I 134 

283 ( I 
159 35 
225 1 
261 1 
445 1 151 
331 1 119 



T H E  EARTH'S AXES AND TRIANGULATION. 
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Ol,n. - OI,ssrvai,,ry. Trea. H. - l'rewlle 9. Qupltn Hocondary Nrriea. t Ilnl~ul Triungulntion. 

Name of station 

iiuion T.S. 
Nupl~allibElts H.S. 
011gole H.S. 

Orej l~ir  S. 
Oria h.0. 

H.b Pabhoea 

Facliopilaiyam a. 
Picllvad H.S. 
Pal~irgarlr H.S. 

E'al~ladpor T.S. 
Fildi H.S. 
Pandalagndi a. 

T'aphl-a T.S. 
I ' ,~~alnpicl i  H.F. 
Pi1 asnith B.S. 

Pnrewa T.S. 
Parlion T.S. 
Yirnern H.S. 

Pslinedi H.S. 
P i ~ ~ l ~ n i d i  T.S. 
~ i ~ l ~ a r a n k o t a  8. 

Pat llirdi T.S. 
P n ~ n e  T.6 .  
Pi r igad  H.S. 

T'irnpada H.S. 
I'ovia H.S. 
PEddapid s. 

Pahamar  Longitude 6. 
PLallut h.s. 
Pialn~udi E. 

Pinro H.8. 
P~rniulo H.S. 
Puellkar H.S. 

Po! a T.R. 
Potrnda b;. 

Prome Longitude 8. 

Punnre Obaematorp 8. 
Q ~ ~ e t ~ a T e l e ~ r a p l ~  OWce .;. 
1:iul~:puram S. 

Rait~;soi H.S. 
Rijahiri T.S. 
k, .njrarl~ . . H.Y. 

Iiajpl~r 11.e. 
l:ijm~li H S. 
Hbklti T.S. 

Itnmai H . 8 .  
I:i~vsl,Hph Ob~errntory s. 
I:hrl,ga~~] '1.5. 

Ilitrtmpir Ii.4. 
l:Gt,~r~n,l *.: I:r~r~lrura 

Xelerence 
Number 

Tuble 
XC" 1 
353 
260 
346 

316 
77 

311 

276 
123 
190 

360 
97 
290 

31 
338 
353 

908 
310 
98 

99 
333 
295 

314 
379 
101 

266 
302 
244 

18 
384 
242 

10 
249 
453 

350 
303 
429 

286 
7 

279 

398 
322 
8G 

1 C d  
229 
142 

334 
I h 

3 0  

264 

%,? 
$ $ 

21 
54 
46 

10 
25 
12 

9 
4!1 
6 

14 
29 . 

9 

45 
4t; 

5 

20 
20 
10 

10 
58 
63 

20 
24 
10 

9 
3 
9 

32 
L'C) 

9 

69 
43 
36 

14 
3 
52 

9 

9 

34 
16 
23 

YO 
53 
B R  

tH 
33 
2 0  

6.1 
I fiR 

Table 
XCIY 

231 

106 

I12 

247 
239 
26 

87 
238 
96 

219 

217 
202 
253 

188 

50 
182 
73 

125 

CO 
2-19 

142 
118 
Gi 

34 

64 

203 

121 

255 

Name of Station 

Hin) Thal S. 
Bimoapur (old) T.S. 
Xangir (old) 8. 

Ringrai 0. 

Kangsanobo H.S. 
Rinigarli H.S. 

Ranjitgarh T.S. 
Hiin-a1 H.S. 
Retkamauk H.S. 

Rewat H.S. 
Robut S. 
Rojbro . H.S. 

Rustamgarhi 11 s. 
Snliri H.S. 
Si ler  H.S. 

Snligllar H S. 
Salirnpur T.S. 
Salot H.S. 

Samdari H.S. 
Snnlenda T.S. 
S ind  H.S. 

Sundawat H.8. 
Snngstpur T.S. 
Siinjib H.S. 

St~nkrllo S .  
Sarnnd~ Pnt H S. 
Sarey Khan Latitude S. 

S a r k i r ~  T.S. 
Surla 6 .  
Snugor H.S. 

Snlvnipur T.S. 
S e ~ k l ~ a  H.&. 
Sernu Tin H.S. 

Senchal h.s. 
Slril~pur T.8. 
She~nniaga H.S. 

Sl~orpur H.S. 
Sbulakarai s. 
Sidl~pur 8. 

Siliguri s. 
S I I ~ ~ I I ~  H.S. 
Slngiwirsm H.S. 

S~npitaung H.S. 
S~rhnnde T.8. 
Sironj Base, N.E., S. 

Sirsn S. 
klrnn T.8 
31liplr  H . Y .  

Rorntnna H.S. 
Sonids T R. 
Hor. T.8. ':I 

9 

Z ,! 
$ $ 

23 
20 
5 

8 
-14 
20 

23 
24 
61 

23 
t 
25 

22 
8 
I0 

76 
2 
26 

62 
15 
25 

52 
23 
43 

2 
69 
53 

2 
26 
5 

23 
66 
52 

20 
23 
60 

6 
9 
10 

20 
HS 
43 

72 
13 
6 

23 
3 
6 3 

8 

Nume oE Station 

Southern bloscos H.S. 
Spurpoint (VIII)  11.0, 
St.Tl~onras'aMou~itTre~.Y, 

Sultnn-ha-Qot 'l'.S. 
Si r in ta l  H.S. 
Tnhulkl~ern a. 

'Talegaon a. 
'l'nrnunjn H.S. 
Tunakarskulam S, 

Tnrbhin S. 
Tising B.S. 
Tuungpila B.S. 

, ti PC 

Rrierrnre 
& umber 

29 
12 

'I'nble 
XCV / 
70 
296 
212 

219 
399 
172 

57 
343 
427 

84 
449 
43 

452 
223 
105 

20 
198 
192 

75 
323 
88 

441 
66 
342 

178 
328 
329 

li6 
46 
224 

68 
416 
410 

386 
58 
424 

148 
278 
102 

388 
335 
336 

432 
366 
194 

69 
176 
331 

234 
nri 
309 

'I'uble 
XCIV 

103 
ti9 

141 

192 
145 

18 

75 
178 
218 

55 

3 

117 
8 

70 
186 

108 
198 

14 

162 
133 

158 

194 
1n.i 

187 
127 

69 
I 

179 
21r; 
113 

8 $ 

52 
10 
5, 

32 
G 
8 

8 
69 
9 

10 
35 
66 

Reference 
Nl~nibur 

P? 
G? 
21 

56 
18 
62 

66 
68 

9 2 6  

5 
25 
63 

20 
9 
66 

76 
9 

74 

66 
32 

Table 
xcv 

443 
163 
349 

22 
193 
218 

236 
416 
280 

101, 
181 
426 

Table 
lXClS  

118 
35 
234 

163 

63 
156 

147 

135 

76 

161 
164 

97 

164 

66 

58 

160 
46 
28 

'I'aullgzun H.S. 1 442 
Telu H.S. 
'l'eone H.S. 

'I'epri T.S. 
lh ik r i  H.S. 
'I'Lob H.S. 

Thonbinzin H.S. 
' l ' l~yo l ic l~ i~~g  H.S. 
'l'lki H.S. 

Tilebani H.S, 
l'inaia H.S. 
'I'iruvEndipuram B. 

Tonglu 11.0. 
l'6nsulg11tta B. 

loungoo S. 

Tounsa T.S. 
Tongut 11.8. 
'I'uzgi H.S. 

Ubyetaung H S. 
U~nark l~e l  H.S. 
Urira H.S.  

60 
355 

405 
109 
75 

417 
414 
82 

374 
196 
293 

386 
24.3 
438 

28 
246 
2 

422 
19 
188 

Uliirnau T.S. 
Vulvadi H S. 
Vii~~lkonda H.S. 

Vijnyipnti t?. 
V i j ~ ~ o t  T S. 
V~raria B.S. 

Vizngnpntim Base, N. 8. 
Voi a. 
Walteir Longitude S. 

Trpnnetnung H 8. 
I'E~rununla h s 
YElt~~nalai 8. 

Y6r11f .q, 
Zuwu H.S. 

307 
110 
256 

282 
26 
44 

344 
233 
345 

420 
259 
276 

35 
460 

226 1 18 
183 1 43 

86 64 
I 9  16 , 25 

le7 24 
8 

43 

16' 1 e 
40 1 P2 
62 iJ 



Deflections of the Plumb-line 

in terms of 

any Spheroid. 



THE EARTB'B AXE8 A N D  TRIANGULATION 

* A = Antronomical Value. t Yinwa sign indicates Easterly or Northerly Deflection of plllm"-line' 
(; =Triangulated or Oeodetic Value. 



DlCFLuOTIONCl OF THE PLUMB-LINE. 

a kcv. 
in tezms ot any Spheroid. 



A - AnLronon~ical V ~ l u e .  t Minur aign indicm~em Ua~ler ly  or Nov~herly Deflection of pllltnb-line- 
O -l'r~nnguluted or Oeodelic Value. 

1'LIE EARTH'S AXES AND TRIANGULATION. 

rrlA &r,& b '  

2 
-- ra 
'C 
0)  

27 

-- 
28 

29 

-- 
30 

-- 
31 

-- 
32 

-- 
33 
-- 
34 

36 

-- 
36 
-- 
37 
-- 
38 
-- 
39 

-- 
4O 

-- 
41 

42 

-- 
48 

41. 

45 

- 
46 

47 

48 

4'3 

M) 

-- 
51 

62 

G 8  

-. 
64 

C 

Observed at 

Jharki l  T.Y. 

I'ounaa T.S. 
-- 

Dern Din Punill S. 

1)iijll b. 

Psphrs 1 ' .  

MoolLan Loug. S. 

Liidil~lsir 'I . 

Yiiauf b. 

Alumkl15.n T.S 

Chiitli T.S. 

Khori T.S. 

C'hingr H . S .  

hlnirnb-kn-S1111har 
T.S. 

1 A s u  H.S. 

Jlulur H.S. 

Link1 H. b. 

Hojl~rn H.S. 

V .  ~ r n n a  - ' S .  

Didiwo B.S. 

Gurla 8. 

Kl~nnkllariu 8.  

Hitbriu H . .  

Dungurpnr 13.9. 

K u n k i ~ i v  T.5. 

Dsngarvadi H.n. 

lngrodi 8 .  

0 Ctlomardi H.W. 
-- 

k Qange Ututi H.Y. 

2 
Zi 
0, 
a5 
QI 

39 1 

J 

J 

K 

K 

N 

0 

40 A 

11 

1) 

O 

H 

H 

J 
-- 

I. 

L 

-- 
P 

-- 
l' 

1' 

-- 
1' 

-- 
41 Y 

-- 
I J 

-- 
k 
- 

L 
-- 

h 

- 
a I 

Deflections of the Plumb-line 
V 

E V E R E S T ' S  S P H E R O I D .  

Height  
In 

feet  
Lntltnde* 

j32 

593 

490 

412 

3 16 

420 

468 

2 1 j  

67 

72 

6.3 

-349 

44 

479 

328 

588 

518 

Longitude* 
or of 
observed station 

Azimuth* 

0 
z 
-, 
'$ 
P 

(A - G) cot h 
for arimrtthor 
( A  - Q) cos A 
for longitude 
observationst 

0 3 , , I  I #  X 

27 

28 

Meridinn 
DeRec- 

tiont 

+ 7 . j  

+ 5 . 8  

+ 9 '5  

- 0.9 

- 3'9 

+ 14.0 

+ 11.3 

--- 
+ 1 2 . 0  

- - -  - 19' 

+ 9.2 

+ 2 . 7 ' 1  

G 31 2 1  13.65 

G .3o 4 1  51-59 
A j o  33 59.63 
G 30 34 I ti7 

e 29 .Z.Z 20.87 

G 29 ; 49'37 
A 30 10 36. I j 
G .zo lo  58.70 
A 29 2 1  39.83 
G 29 2 1  41'58 

G 27 51  8.74 
A 24 49 30.50 
(f 24 49 31.2.3 

Q 24 46 19'67 
A 2s o 30.60 

2.q 0 31'5.3 
A 24 58 47.25 
G 24 58 47'00 

G 24 50 10.79 

0 27 10 32.14 

G z 6  2 25.80 

A 24 58 18.7.3 
24 58 23'15 

A 24 57 26 09 

r I n l  
A 2 0 8  7 9 .2  
Q 208 7 3.6 
A 2 0 1  7 57 '5  
C; 2 0 1  7 41 .4  
A 209 2 1  14 .7  
G 209 2 1  7 . 3  
A 2.39 26 6 . 7  

t 9  25 5.3'0 
A 273 2.3 2 .  o 
G 273 2 2  5 6 - 8  

A 19,; o 2.3'1 
G 19; o 2 2 . 1  

A 195 51 2 0 ' 0  

(i 19; 51 16.5 

A 174 28 43.3 
C: 174 28 30 '0  
A 1.11 zz 40.1 
(3 141 2 2  35.0 

A 247 8 33'.; 
G 247 8 32'8 
bz , ;8  o 7 .4  
I+ z.18 o 9 '  I 
A 181 1 1  36.7 
(i 181 1 1  34.6 
A 2 0 1  j7 .72.6 
G 2 0 1  37 31.7 
A 1 6 1 2 6 ~ 2 . 4  
O I ~ I  2023 .4  

A 255 9 1 .4  
C32j5 ti 58.2 

C)2$4 I 44.8 
460 

2 1 2  

132 
-- 

362 
-- 

696 
- 

404 

621 

7 
-. 

152 

361 

9989 

I 

-- Q;o  59 44'80 

8 7 0  .39 0.1.1 

Q 70 56 7.29 

Q 70 2 2  52.98 

Q 70 49 4z.82 
A 7 I 2h 2 2 .  I y 
0 71 26 2;..39 

Q 7 1  j9  1 9 . ~ 1  

G 6 8  26 14.75 

0 6 8  43 47'38 

Q 6 8  2.3 40.86 

0 6 9  3 5'32 

Q 69 51 z.?'.?o 

Q 6 9  2 0  23.56 

0 70 l o  59'67 

(370 J 36 .19  

(f7o .19 42.32 

D I 

Kasain D O  3 

L ~ ~ n g a w n l a D  0 11 

- 
jzakwala u 0 I 

Daluru. D 0 6 

- 
Cl~anikllunD 0 4 

cfuddun D O 6 

Salnr D O 5 

-- 
Hakimani 1) 0 4 

1t.M. 

3a1l  Rluhanlnd 
D O  5 

Sa,ndolldohlll- E O  0 

Auiieha D 0 5 

Kulu 1) 0 Y 

Hunisdohllr D O  6 

liarebbit D 0 3 

DharinderaD 0 3 

A K a r e b h i t  
G 106 1 2  46.3 

(f 72 32 14 .0  
A 2 4 4 2 7 ~ i . 6 U a w a l  

E 4 4  27 43.2 
~ 1 8 ~ 0 1 ~ . 8 : o s i a  
(1 182 o 1 ; . 2  

A I 54 56 32 .9  
(f 154 56 34.6 
A 199 56 38 .7  
O 199 56 32 '8  
A 161 59 40.0 
14 161 :g jq ' c  

A 198 26 44.5 
O 198 16 ,qq.4 

- 

A 174 .7R I 1 .  I 

(3 l i 4  .3R 2 4 . 0  

+ 12.5 

+ 24 2 

+ 9 3 

- 4 . j  

+ 1 . 8  

+ 6 . 6  

+ 9.3 

+ 1 1 ' 1  

-. 
+ 1 .5  

- 3.6 

+ 4'5 

+ 1 ' 8  

- 2 ' 0  

+ 6.9 

+ 4 . 3  

D O  1 

jzohdohllgi I) 0 2 

D O  3 

1)O 6 

Suru Oandal.a 
E 0  1 

C b ~ ~ l a r w a  D 0 16 

Mumniya 1) 0 10 

Par L) 0 6 

- 

KsGrkl~un E 1 7 

- 3 5  -- - 2 ' 0  

-- 
- 

+ 2 ' 0 4 7  _- 
-- - 4 ' 7  
-- - "7 -- - 8.5 

?= -- - 2 . 8  

A 24 56 32.64 
(; 24 56 j6.1.1 - 
A 24 5 1  15.32 
G 24 51 19.36 

0 24 46 44.68 

A 24 36 58.17 
(3 a4 36 56.19 

-~ Q 2.3 27 14-85  
A 2 2  48 8.85 
(+ 2 2  48 1.1'54 
A 2 1  39 I O . . ~ I  

O 21 39 1 1 - 9 6  
A zo 42 
G 2 0  4.3 0 .53 
A 22. 57 2.50 
(f 2 2  57 7'58 
A 2 1  49 2.3 88 
O 2 1  49 2ft.65 

0 .74 4 31'.17 

44 

45 

46 

- 
48 

49 

61 

63 

Q 71 2 58.81 

(771  18 57'69 

Q 71 .ZJ 7.48 

f f  71 5.3 8.91 

0 6 9  2 45.8.3 

O 70 5 0  39'44 

Q i o  56 8.89 
5z'o;p 

0 7 0  56 5'21 

0 7 1  48 .14. 1 2  

Q 71 65 ~ ' J J  

a 73 44 52.15 

(; 24 57 26.28 

Y E  

G 7 0  14 17-90 

-- 

-- 

-- 
- 2 6  

-- - 1'8 

-- 

-- - 0'7 

-- 

- 
- 0 .9  

-- 
+ 0 ' 3  

-- 
-- 

-- 
-- 
- 4'4 -- - O ' l  

-- 

31 

32 

33 

34 

36 

36 

- 
37 

38 

39 

40 

41 

g3 

43 



1)EPLECTIONB QF THE PLUMB-LINE. 

* 
b 1 

XOV. 
in terms of any Spheroid. 



THE EARTH'S AXES AND TRIANGULATION. 

*A - A~tronomieal Value. t M i i l s r  oign indicetam Ee#terly or Northerly Deflrotion of plumb-line. 
3-Triangulated or Ueodotic Value. 

T A B L E . '  

Deflections of the Plum,b-line 

d 
2 
a .- 
m 

55 

Observed nt 

d 
2 
% 
2 
CO 

43 G 
-- 

U 

-- =I3 

~ ~ i ~ h t  
in 

feet 

@ 7 2  59 28.42 

0 72 I 4  8.80 

9 72 22 17 '41 

a 72 99 32'1% 

9 73 17 1.3'2R 

0 7.3 49 16.30 
A 7 ~ 5 2 2 6 . 4 6  
a 74 52 2.3'45 

6 7 5  2 19.27 

-- 

57 

-- 
58 

59 

- - 
ti0 
7- 

t i 1  
-- 
62 

63 

64 

65 

titi 

Latitude* 

E V E R E S T ' S  S P H E R O I D .  

No. 451 t i t  i~fra 

-- - 

470 

j ~ i  

603 
- 

6.1 1 

6.70 

770 
- 

779 

J 

J 

K 

L 

P 

4-4 C 

-- 
60 0 Siraa 1 1 0  6 
-- 
70 k' Ham 'l'hal 

Q 2 9  5 5  9 ' 1 i  
A z R 5 6 1 ~ , 4 t  
G 28 50 11.34 

0 28 .ZO 57-06 

d 28 29 43.75 
G 28 29 40.91 

A .3o 5.3 .38. j.3 
G 30 53 43.27 

G .io 5 59.27 
A 3 1 3 8  2.51 
G --- .it j7 .i8'72 
A 31  17 35.42 
C i  .3t 17 34'43 

-I -- 6 2 9 8 3 4  5 . 8  

Longitude* 

0 I 8) 

a 7 3  2 2  50.15 

a 7.3 10 26.50 

A 3.3 54 37'35 Murree 11.8. 

U 

D 
- 
1) 

-- 
F 

-- 
F 

-- 

-- 
31 

-- 

A 171 53 31.2 
Cf 1 7 1  53 . ~ z . o  

- ~ 

A 2 1 6  51 z j . 8  
GI216 51 25'4 
A 1 8 j  27 27. j 
Cf 18 j  27 29.9 

A 61 34 32.8 
(3 61 34 49 '1  

-- 
71 45 A Bithnok 
-- 
72 A Jornbo I) 0 7 + ' ' 4  
--- - 
73 tr Chamu 
--- 

I) 0 8 + 10'4 

_ 

* 

0 72 1.3 4 -51  A tar  4.3 10.7 Llitora - 0.4 
0 14 26  38.64 Q 111 43 10.9 

+ 3 ' i  
_ -  _- 

Azimntll* 

Y / I ,  

A 2 1 4  27 2.3'4 
G 214 27 22.2 

- 

N~~~ and 
angular B ~ ~ ~ ~ , ~ ~ ~ ~  

L)epresaion of 
oblrerred ,tation 

0 ,  

Ner l~  P 0 58 

- 

- 

7250 

Telu H 

Mugral~t H S  

Kl~irsar  H.S. 

Akbar 8. 

Jhanrbhem I S .  

IAni r i t sa rLong .  8. 

Saugatpur T.B. 

Babib D 0 8 '  - 

Firoz D 0 5 

Fstehgnrh I) 0 8 

I 

HTbza 1) 0 5 
- I -  - 3.1 j 6 i  

-- - 0 . j  1 70 
1- 

O 7 4  37 12.48 

6 7 5  5 34.90 

8 . ~ .  JiO'i 

No. 452 ut ii?fra 

No. 4-53 ~ i t  infra 

No. 454 cct infra 

Raujitgarh T.S. 

a l ~ i h p n r  T.S. 

blandrema T 8. 

- 

$ 
I 
'g 
- 

55 

(A-0)  cot A 
for azi1nuL11 or 
(A-  9) cos A 

i:f;d,~,",$!:$ 
N 

191n 

- 

goo 

830 

512 

j 

1-8 

Meridinn 
De0ec 
liont 

-- 
-20.0 

3.3 54 j7.35 

G 33 16 48.85 

A 32 3 j  6. j z  
Q 32 3,< 1 2 . 1 1  

A 32 I 34'23 
G 92 1 33.77 

i + 0.5 58 1 - 
A 398 3.1 7 '  I , C;njluin L) 0 I + 2'3 

+ 1 .8  

-- - 5.6 

~ - -  
57 

-- 

-- 

56 



DEFLECTIONS OF TUB PLUMB-LINE. . 
a I 

XCV. 
in terms of any Spheroid. 



T H E  EARTH'B AXES AND TRIANGULATION. 

A-Ast.1~01~ornic111 Value. t Minua sign i~,dicutos Emterly or Northerly r)eflection of plumb-linn- 
(3 ='rrianguluted or Qoodetic Value. 

' 

d 
Z 

2 %  . - 

79 
-- 

80  

-- 
81 

-- 
2 

8:+ 

84  

S5 

8 

S7 

88 

89 

3 

91 

92 

93 

94 

95 

96 

97 

98 

'33 

101) 

101 

IUL 

103 

104 

'yI 
108 -TI Ijeo I)o~,gr i  H.S. 

0 
z 

g 

45 D 

1)  

H 

-- 
H 

-- 
J 

-- 
J 

-- 
J 

-- 
li 

-- 
J, 

-- 
L 

1 
-- 

P 
-- 

4 6 A  

-- 
A 

-- 
A 

-- 
A 

-- 
A 

-- 
Li 

-- 
11 

-- 
F 

-- 
F 

-- 
b 

-- 
F 

--- 
U 

-- 
U I  

Deflections of the Plumb-line 

Observed at 

Deese Tel. Office 8. 

C l ~ l ~ n ~ i i n n  H.S. 

l i i l~~ lng l r r  H.S. 

I I T l k i  H.S. 

Laknrwt~s H . .  

Ilewat 

Jr t .gnrl~ H . .  

liiijrarh H.8. 

H s i l e r  U.J. 

E V E R H S T ' B  S P R E R O I I ) .  

Uopiiri 1) 1 29 51.10 

Height, 
in 

feet 

44.3 

9.53 

,360; 

2.369 

257.1 

154" 

1967 

zh18 

Khiimur H.J. I.?~).z A 25 45 I I .oo 

3u11d H.S. 1 9 1 0  
a 24 43 6.1 1 Q 74 32 58.48 284 36 3 . 0  

Arlbn>lia I 8. 15.32 A 24 2,; 2.66 A244.39 1.5 

,\ 151 26 55.7 

Longitude* 

0 1 N 

A 7a 1 1  1 .26 
f3 7 2  1 1  4.85 

0 7 2  32 10.66 

0 73 18 59.95 

(3 73 50 44'41 

Q7.3 49 4.3.23 

0 7 4  16  5.3.79 - 

Q jd 18 .zh.ql 

Latitude* 

0 I I ,  

A 24 1 5  21-15  
0 24 '5 29'35 
A 24 0 25.39 
Lt 24 0 36.64 

(4 2.1 j8 aR.78 

A 2.1 j5  ~ 4 . 5 2  
(3 24 55 3 8 5  
b 24 -31 41 .05  
G 2 4  31 47'99 

26 5.; 54.74 
26 5.3 5.3'08 

A 26 18 8 . 0 2  
(3 26 18  6.39 

- 
hlendki I 

'YnukaHliiiro 
K o 5 

tlil.u11181r 1) 0 3 

N i ~ n t l ~ i n  1) u 16 

U l n i p u r  v 0 5 
- 

Ulhll~bl~irgad 
- Y 0 17 
B ~ I O P  1 )  0 I 

- 

-- 

cinrindn S. 

1ti11npGn~ H.J .  

Iia1,do ti.*. 

L<t l i~~u~h  H.J. 

l)l~arnur~va I S .  

Alu1,a11 H 

S o r ~ i d a  J 

L'ildi H.6 ,  

l'irnrra H 

l'l~ti~lgtii H.S. 

Ul~oriirio H.J. 

Pipigad H.S. 

Sld11p11r Y. 

Ala111vil11 H.S.  

'l'arbili.11 S.  

/ 

106 

+ ' 4 "  

- 4 . 6  

Azimuth* 

0 1 I, 0 I 

A 241 16 1 5 - 3  
a 2 4 1  16 '5 '5  

- - - 
8 1 

0 266 45 19 '0  

+ 8 5  

+ 5.7 

+ 5.8 

+ 1 

---- 
- -  

' + 18.; 

+ 3 6 . 5  

+ 1°" 

1204 

1920 

807 

1.385 

397 

466 

250 

208 

614 

922 

,323 

C f  106 4 2.3.4 

A 1,;O 43 4 I ' o  

-- - 4'0 

-- 
-- - 4'6 

-- 
- 0.5 

-- 
-- - 7.8 

- 8.8 

- 5.8 

-- 
- j ;  

- -- 
l \ i sn r lp~~~ ,n  I) 0 tl 

87 

Sq 

89 

91 

92 

YB 

94 

95 

C: 24.1 .48 58 .9  
mi 
(i 11.5 55 42.2 

-8 
G 260 5 , I S . O  

- 

A 334 .35 
0 .?.IJ 3; 1 0 ' 2  

A 349 o 27..3 
'3 340 o 1.3'6 
A 16 47 3 0 . 9  
ti 16 J; 26.6 

(i 24 2,; 7.27 Q 74 59 5 69 
A 27 55 30.05 
(3 2 ;  5 3 0 ;  7 ;  1 18.47 

-- - 5 .8  - 

2721 

- 
169 

848 
- 

140 

G 24 28 44.16 

.i 2.3 5.i 2.2; 
G 2.3 57 1 0 . o ~  
A 2.3 51  14.99 
(3 2.3 51 23.79 
A 23 32 2'6,; 
(1) 23 32 8.40 
11 2.3 25 17.4; 
G 23 25 2.4.18 
A 2.3 7 15 .01  
0 2.3 7 19.89 
A z z 5 . 3  51 .60  
C+ 2 2  53 57.07 
A 2 0  32 49.8.7 
CJ 20 .za 56.85 

G 2 2  52 15.70 
A 2 2  52 8 .05  
G 2 2  5 2  1 1 . 1 7  

104 

-- I00 

-- - - - - 

-- 

0 7,; 26 53.24 

0 7 2  4 3  5a .88  

6 7 2  58 51.75 

-- f3 7 2  30 56.82 

Q 72 57 44.96 

Q72 46 0.14 

0 7 2  .31 ,30.86 

0 7 2  56 56.42 

Q 73 53 22.34 

(77.3 2 1  25.4; 

7% 

A 2 2  27 39.95 
G 2 2  2 7  44'3.3 
A z z  4 1 1 ' 7 7  
(f 2 2  4 15.21 
A 2 1  34 go.45 
G 2 1  ,34 ,34'1,3 
A 2 1  o z 8 . j G  
0 2 1  0 .34.1.3 --- 

-- 
- 5 5  
-- - 7.0 

-- 
-- - 3'1 

-- - 4.4 

-7 - .q.4 

-- - 3 7 

07.3 31 1.07 

Q7.1 2R 59.81 

0 7 3  30 9 .20  

07.3 .1 49.79 

- 6.9 
- + 0.8 

-- 
+ 1 ' 6  

97 

98 

99 

IOU 

101 

10- 

'03 

83 

- 
84 

85 

+ 2 . 2  86 



DIFLEOTIONB OF THE PLUMB-LINE. 



A - Autronomicnl Valne. t Hinus nign indicates Ealrterl~ or Northerly Deflection of plumb-1iue' 
C-l -Tri~ngulaturl or Ueodcric Valuo. 

THE BARTH'Y APES AkL, 'I'HIAr\;GULATION. 

1 8  

T A B L E  
Deflections of the PIumB-line 

d 
2 
4 

a 

107 

-- 
LOY 

6 
% 

1 
2' 
z 

46N 

N 

Obeerved UI 

Indriwan S .  

Harniea '1. 

X(T 

XI7 
111 

112 

113 

114 

115 

116 

cl7 
-- 

-- 
4711 

-- 
LI 

-- 
I3 

-- 
13 

-- 

-- 

7 

A 2 2  r .3-92 
G 2 2  I 2.77 
A 2 0  44 21.27 
(; 2 0  44 27.73 
A 18 53 39-15  

18 5.3 49'48 

G 1 8  53 46.51 

A t i i 5 1  1.3'79 
18 51 24.99 

A 18 44 17.89 
18  44 28.16 

A 1 8  38 26.35 
(3 18  j 8  36.60 

A 11) 3; 57 89 
0 19 36 1.76 

A 18 40 55.97 
Q 1 8  41  1 - 0 8  

A 18 37 4y.94 
(f 18 37 .5leI l  

A 17 5s 9 . 9 1  
G 17 55 15 i5 
A 17 I ~ 9 . 0 ;  

Height 
i r ~  

feel 

18.34 

1818 

-- 

0 7 j  24 49.98 

0 7 j  1 1  7 .12 
A 7 2  48 55.82 
0 7 2  48 4 0 . 1 0  

0 7 2  48 47.31 

0 7 2  56 2 1  88 

0 7 2  55 34.09 

0 72 52 12.42 

0 7 3  42 . q ~ . z h  

0 5.3 9 48.88 

a7.3 1 2  21'71 --- 

0 73 4 0  17'41 

118 I F 

1191 C; 

Ti~ ik r i  M.S. 1 8 4  

-- - 
Votlvicli H.S. 1128 

B o ~ r ~ b n j ,  Colabn 1- 7 j  

- -  
A 191 14 3 9 . 3  Agargaon 1) 0 2 - 1.3.5 

(+ 18 45 ,30,6; Q 7 4  47 49.81 (3 191 1 4  4.3 9 
A 19.4 2 1  22 .6  Bibulsil. D 0 3 1  - 5.4 

- I- G 1 8  25 4 1 . h ~  Q 7 4  9 48.48 G 198 2 1  21.41 
123 1 h Pichvad H.S. 31.38 A 3.31 I 2 17' J l'ulsi D u 13 - 7 '0  

G 17 31 1'97 Q 74 39 4.3'71 (;.33"2 29.6 
XI-L n.j.1. 

C+ 16 46 56.82 Q 74 z6 j:.;; 

~ / - ~ l ; ~ i v i l l h ~ n d u  

-- I-. (: l h  25 4 ' l n  0 74 47 40.38 

A I ;y 9 24.9 ivIivi~lhunda - 6.1) 1 ' ;  16 7 34.8; 1 0 . 7 4  47 56.3: 1 0  179 9 2 6  Q l  
( 155.3 A 19 30 30 82 I (; 19 30 35 04. @ 75 $ 2  43.R' 

=I- KanLen EI.6. Z ~ J I O  .A 1 8  29 2 1 . 8 4  - 8 

-- - (f 18  29 ,30.;; 6 7 5  43 1 6 . 6 ~  G ~ l 1  59 53.3 I )  o 16 _ 
1 S A~sullda H . S .  2165 

18 26 52',37 @ 75 0 3.4'1 I (; 2 2 7  ,32 1 '8  

Latitude* 

(3 2 2  48 48'54 
A 2 2  47 26.71 
C; 2 2  47 29.91 

Lo"k!ilude* 

0 . N 

-- 0 7,; 1 0  56.60 

0 7 5  33  10.15 

Long S. 
Bombay, Colaba 

Obey. S. 
l i t ~ r n r ~ j n  H . .  

Kal~kcsvlrr 11.3. 

-- 
Aliba~gl~ Obay. S. 

Knlaubui B.S.  

Xira Doltpel. H.A. 

l l i ~ ~ d v i  H . 3 .  

Mnl~ut~aleswar H,S.  

- tI 

-- 
+ """ 
-- 
-- 
- I 4 -- 
+ 0.3 

---7 

- - , . 2  

-- - 8.9 
-._ 

-- 
, 3.2 _- - 
+-- - 
+ ".' 
_.- - J . 0  - 
+ 6.0 

120,  S 

-- 
181 4WB 

-- 
132 I 

- 
153 J 

-. - . - - -- 
134 L 

6 3 
- 

997 
-- 

1260 

10 

-. 

5400 
-- 

186.3 

4121 

- 
4719 
- 

123 

IZJ 

125 

12b 

- 
12: 

128 

/- 

129 

IS0 

13' 

- 
IY2  - 
I3d 

- 134 

E V P l l P S T ' S  d P H  lCItOI1) .  

A 166 5 h . 2  
G 1 6 6 5 1  59.8 

A zLIR 5 z 7 T  
G 288 j 24.5 
A 173 1 0  2.5 
(+ 173 Q 56.1 

A 73 2 1 4 . 5  
a 7.3 2 11.8 

A 271 l j  9 . 9  
C f 2 7 1  1,; 7 ' 8  

H Y 473 

Kern H.b. 

C l ~ ~ ~ u l i o l a  H.h. 

Ajnid D 0 7- 

Kurunja E 1 7 

'I'rombuy 1) 0 4 

Ki111&11drug1) 1 1 

Ulphi D 0 66 

+ 9.3 

Aziuluth 

h 167 2 11 .4  A C I ~ I ~ I P  D 0 1 2  

--- 
+ 18.; 

+ 7.6 

- 
- 11.6 

+ 13 .1  

1951 

- 
2794 

( A - Q )  cut A 
azinlurll or 

(d - a )  COB A 
for luwitude 
ohserrationst 

S s m e  and 
all,,ular ~l~~~~~~~ 
or ~epl .eseiul l  

sturioll 

C I 

D 0 9 

- 
-11.2 

I 

A 18  l o  4;'68 
(f  I R  l o  4R.90 

A 15 55 24.194 
- 
K ~ ~ m l ~ l r i r ~  H.a  

-1. 1 . 9  

- 

-- 
- 3 ' 9 1 1 6  

- 5'7 
- 3.2 
-- - 5 ' 6  

-- 

/ a  1: 5 .  , 1 4 4  
A I ;  y 4.31 
I t  1;  9 I ' H O '  

~ 

l i , - ~ . a ~ n i r  H.- .  
- 
.Llan~alora LI,II# h. 

bleridia~, 
beflea. 
~iont 

117 

lit) 

- 
119 

-- 

Cf 75 1 8  23.92 

- 
2525 

186 

d 
8 . 
; 
'5 m 

- 6'3 

1'37.3 59 21.1.1 

0 7 4  17 47'20 

I-- 
.\ 166 14 1 3 . 4 .  V ~ I V U I I  I )  U 6 -1- 0.7 
l M 6  14  1 ,321  
A I I ;  1 I D U 30 
(; 154 15 33'4 

A 1 4  H I 71 
(; 14 n 6 ' ;9  

- 

,\ 1 2  5, 1 j . 7 6  
G 1 2  1 4 ' 7 6  

+ 1 4 

--. -- 

0 7 4  58 2 4 ' O i  

.4 74 50 ~ 4 ' ; o  
6' 74 ;o 42.71 

- 11'5 

-- --- 
+ 5" 

A 235 28 6 . 8  
( t  2.35 28 1 ) ' ;  

A 20.5 51 50.8 
(; 205 52  49 '6  

llcinllnvnlli E O 3 

--__. 
hlljir E 0 1 7  



UPBLlCU'I'IONa OF THN CLUMP-LINE. 
# 4 

xcv. 
in terms ot any Spheroid. 



'IUE EARTB'S AXE8 AND TRIANQULATION. 

I ? 

2'B B L B  

Deflections of  the Plumb-line 

- 
i 
a .- 

5 
x 

136 

136 

Obserred nl 

2 
$ 
2 
m 

18N 
-- 

bl 

EVEREST'S S P H E R O I D .  

/- - 0.9 160 
--- 

- ,30, I 167 

-. 
-- - 27.6 168 

-- 
A ~a 58 41 .6  Eogle'a Nest - a. 8 -30.5 

159 

-- G . a a 5 8 5 3 . 9  - D R l 2  -I- 

- 43.3 -32.7 

0b.y. H.8. 

A - A.tronomioml Valoe. Minvr nign indimtea tlmaterly or Northerly D10totlon Of plumb.linc 
( I -Tr~anmulald or O.odrtw Value. 

A 64 43 36.5 
G 64 4.3 41.6 

Hiu D O 5 4  

Sudhiwal D O 4 I 
Kl~iinpur  D 0 3 

tlarowdha D u 6 

E O  1 

280~tiin D 0 6 
- 

A 14 16 30.76 
G 14 16 32-46  

9 3  1 G 1 I 0 

Height. 
in 

feet  

G 75 1 0  58.48 

(7 76 II 58.72 

Lntitnde* 

L ' ,I G ,  , I 
Navalur 

(: 15 23 31 '17 
K n n d ~ o l  

-- G I ;  I S  15.28 

Longitude* 

137 

138 

199 

140 

141 

142 

143 

144 

146 

146 

147 

148 

149 

160 

151 

152 

- 

- ' 8 q  

+ 4'8 

- 1 . 0  

+ 4'8 

- 

- 0.9 

0 , ,, 

0 7 5  .3 15'42 

G 7 5  14 46'64 

G 3 o  3R 20.01 

-- 
"" Ti '2 10 2 0  j 0 2 9  

141 U Kheri T.J. 822 
-- G 30 5 9.30 
142 U Rikhi  T.Y. --&- A 29 17 20.76 
- - -  - G z g  1 7  21 '28 
143 El Lauihutach H.Y. A .31 o 34.38 

I 
- - - 1  Q 31 1 8 .46 

Azimnth* 

Name and 
angular ~l~~~~~~~ 
or of 
observed station 

- 2 ' 7  

-- - 0.8 

-- 
- 1 ' 7  

-- 

-- - 4'0 

-- 

-- - 0 ' 5  

-- 
-3 j .1  
-- 
-38.4 

-- 
-28'8 

-- 
-30' I 

-- 
-16.9 

-- 
-29.1 

-- 
-29'6 

-- 
-29.0 

-- - 13.6 
-- 
- 9.7 -- 

-. 

G 7 6  6 40.41 

(7 76 6 .39-00 

ff 76 5 54'58 

Q ; 6  6 47.49 

G ; h  j4  2 .93 

(7 77 54 0 ' 7 3  

Q;7 41 14.77 - 
i 7  58 30'74 

z 7 7  j z  58.67 
' 

(777 57 .30'61 

(7 77 52 19 '58 

8 1 7  59 11.27 

0 77 40 14-59 

(f 77 54 2.98 

(7 77 39 6 -03  

Cf 77 38 56.31 

136 

136 

+ 0 . 2  ---- 

A a08 37 15 .2  
G ~ O R  17 1 2 - 4 1  
A 2 1 2  55 1 6 - 6  
G a l a  55 17.2 
A 208 30 j8 . z  
G z o 8 ~ 0 5 5 ~ 5  - 

P 

- 

- 

~ 1 6 ~ 1 8 4 6 . 4 D a h e r a  
(3 164 18 4 6 . 9  

h 
Q 18 44 34.2 

144 

-- 
145 

- .;" 
-- 

- 5'4 1166 

F 

F 
-- 

~ a j n ~ r r n r o  H.Y. 

d z 
-, 
'5 
a 

(A-G) cot A 
for azimuth or 
(A- 0) COB A 
for longitude 
observationst 

146 
_ 
147 

14-9 

- 

Meridian 
Deflec. 

tiont 

Al~isot H.Y. A 30 2 2  16.02 
(3 30 2 2  44 '86  

9681 A 30 4 j  27'79 
(3 .ZO 45 56'20 

F, Uehra lJun Haae-11ne A 30 16 37.26 

_ i u 30 17 7'3.5 
F, l i b ~ ~ j r m u r  8. 

I --- 
Fi > h o r v ~ ~ r  H.S. 

-- , 
119 I Fi Hat111 h e .  3069 A 3 0  1 2  31.9.3 

G 30 1 3  1.52 
24-32 A $30 6 2 2 . ~ 2  

2576 

2916 

-, 
150 

A 30 15 56.70 
G 30 16 23'6.3 
A 30 1.3 I j j0 

0 3 0  1.3 44'43 

- -- 
F Buliiaile : h 9. 

-- 
1 

152 
- .- 
153 

/ ( 3 3 0  51'29 
G I  Xojli 

--I 29 5.1 3 7 ' i b  
Gi Gocilrns T.8. 901 A 29 37 n.71 

-~ (i 19 -37 18.46 
n - - -  3. 828 A 29 30 47.98 

U 11) 30 54'iO 
,G - f i i ~ n l m i r i  T 3. 767 A 28 43 j8.67 

( i  Z R  44 4.40 - -- - 



DEFLECTIONS 08 Tl lE PLUMB-LINE. 

I I xcv. 
in terms of any Spheroid. 



THE EARTH'B AXES AND TRIANGULATION. 

T A B L E * '  
Deflections of the Plumb-line 

I l l  I E V E R E B T ' B  S P H E R O I D .  I 
d z 
2 .- : 
m 

162 

-- 
163 

164 

-- 
165 

166 

167 

-- 
168 

169 

170 

171 

172 

173 
-- 
174 

*A - Astronomical Valuc. t dfinrrr sign indicntes Easterly or Norlherly Deflection oE plumb-line. 
C) -Tr i sn~u la ted  or Qeodet,ic Valuo. 

-- 
175 

L 

L 

L 

- - 
O 

d 
z 
% 
2 
m 

'53 J 

J 

J 

J 

J 

J 

J 
-- 

J 
-- 

J 
-- 

J 

J 

-- 
K 

1; 

KSarbi i ra  1.. 

Sirsa T.8. 

Uinsgopil 6 .  

Gankrio T.6. 
-- -- - - .. - 
Btrond H.S. 

Observed a t  

Jharipeni ( lX)  11.0. 

Spur  point (VIII)  
11.s. 

ltujpur h.s. 

V I  . . . 
V .. 

I V  ... 

111 ... 

Dehra I)un Obsy. 
(Old) S. 

Uehm Uun H n ~ g  
Obsy. s. 

Lacl~kuwa 11.8. 

n in igs rh  H.S. 

tlarpilsid S .  

Jlahesltr~ ' 8 .  

761 

7.39 

677 

670 
- 

6967 

b~ K ~ l i i n p u r  T.8. 629 

-- -- 
181 54 A 'l'ising HA. aojo 

-- 
182 H Binskho H.Y. 1870 

-- 
183 C Kinkra F3.f'. 1652 
-- 
184 I) Gurir ia  

H.8. 

T.8. 7 

0 2 0  15 14.1;  

G2R 33 1 1 . 1 0  

A 27 .52 59.49 
G 27 ;2 59.47 
A 26 50 2.37 
G 26 so  ;.Rq 

A 2 j  .3; 58 .7 j  
G 25 37 59.53 
A 24 25 3 1 . 9 8  
G 24 25 32.46 

G 24 14 10.67 

A 27 50 53.13 
(3 27 50 5.3.08 
A 27 9 41.43 
Q 27 9 4;'R6 

0 26 57 ' 6.22 

A 25 46 41.57 
G 25 46 .15.81 

187 

188 

169 
- 

Height 
in 

feet 

5 I jo  

3850 

.q,joo 

3050 

2980 

2780 

2660 

2289 

2240 

2674 

705j 

1000 

821 
G 2 6  l o  1 R . 2 1  

A z g ~ g j ; . o q  
G 29 I ;  46.91 
A 28 54 30.2; 
Q 28 54 39.64 
A 2R 3.3 2.3.28 
0 28 33 zR'oR 
A 28 2 28.92 
G 2R 2 ~ 9 . 0 0  
A 29 14 29.72 

Latitude* 

------- 
0 . I, 

A 30 zq I 7 ' 55 
0 30 2; 1 0 . 0 j  

A 30 2.3 44.5 j 
G 30 2 4  ,37.j2 
A 30 2.3 9 .  I 1; 
U 3 o  23 56.83 
A 30 2 2  44.90 
Ct 30 23 .qo.;9 
A 30 2 2  7 ' 4 6  
G ,3o 2 2  51.83 
A 30 2 1  26.78 
G 30 22  R.9.3 

A .zo 2 1  5.57 
G 30 2 1  46.61 
A 30 19 19.56 
Q 30 19 57.07 
A 30 18 51.80 
G .?0 19 28'7.3 
A 30 4 5.34 
(7 .30 4 34.24 
h .zo 34.80 
G 30 4 4 . 4 7  

A 29 39 22.24 
G zg 39 50.84 
4 20  20 8 .  18 

Longitude* 

0 , I ,  

6 7 8  ; 20.92 - 
0 7 8  s 35.96 

G 7 8  ,< 5- 

Q 7R 6 2 . 0 2  

(778 5 21'.38 

0 78 4 .30'87 

Q i 8  4 7.39 

Q 7R 3 34 '70 
A 78 2 56.47 
9 78 .1 Z Z Z I 2 .  

78 1 4 1 . ~ 7  

(378 42 54.38 

Q 78 33 20.R1 

Cf 79 42 57 '00  

Q i 9  44 33.75 

-- 
h 

-- 
P 

f f  78 8 51 ' iO 

ff 58 32 Z O ' I R  

C f  i R  32 6 .14  

Q ;A 31 59 ' ; r  

Q 78 32 2.97 

Azimuth* 

A 1 8 j ~ o 1 8 . 4  
G 1 8 i 3 0 1 7 . i  

A 77 55 36.5 

Agra-group W. Point 

Usirs H.B. 

0 I N 

A I 4 2.4 59 9 
<; 14 25 18.0 
A 1 7 59 32 ' 4  
0 17 59 49 .1  
A 24 1 5  4.4 
G 2 4 1 5 2 1 ' 8  

A 16 j  lo  j 8 - 6  
6 1 6 5  1 1  1 0 . 2  

A 1 4 9 j g 1 ; * 1  
Q 149 5.5 20.5 

A 1 8 ; 4 4 2 0 . q  
G 18; 4.4 18.8 

550 

n l o  

Ci K ~ n r i  -1 H.3. 

Uorll~o 1 ) O  4 

Jilo E 0 13 
Q 76 1 2  11.56 

G 7 6  8 20.42 

G'i6 7 27'1.; 

a 7 6  5 2 .16  

f f  76 36 49.20 

-Q 7 7  38 45.56 

(2 ;; 56 25 .2  6 v0.50 
0 77 37 52'58 

Q 77 40 49.02 
1487 

0 I 

1)alanwila 
1) 4 38 

Dalanxvila 
D 2 4 8  

L)rrlnnwila 
1) 2 26 

Banog E b Y O  

pp 

+ 1'3 

+ 9.5 

Rimgarh E O  2 

Bhojpur L) 0 18 

I(iten1pura 1) 0 4 

Sartal 1) O 16 

M i n p ~ ~ r  U 0 6 

W M a d h o n i  

bi~ l ik  D O  4 

Sukrora L ) O  8 

G -77 55 .31'6 
A 1 4 8 4 0 5 j . 6  
Q 148 40 51.9 

A1453 .3  8 . 7  
G 145 33 6 .9  
A3004156.8 
G.400 41 56.2 
A 1 8 1  .?I .35.0 
3 181 R I  3 4 . 3  -- 
A so  2 2  16.5 
G so  2 2  33.4 

0 146 5 5  25.9 
A20641  g8.B 
C) 206 4 1  40.1 

- 30.8 

- 28'5 

- 29'7 

-- 19'5 

- 2 2 . 1  

Din - 2.7 

4 

- 6.2 

185 

I Y i  

- 
188 - 

--- 

- 2 8 . 6  1173 ,, 
- 5 2 . 5  

-- 
- 5 3 . 2  

-- 
-47.7 
-- 

- 4 5 ' 9  

-- 
-44'4 
-+ 

- 4 2 . 1  

-- 
-41.0 

-- 
- 3 7 . 5  
-- 

-36.9 
-- 

- 2 8 . 9  

+ 3'9 - 0 ' 1 ' 1 i 8  

- 9 - 4 1 7 6  

-- - 4.8 
-- 

+ 1'6 

+ 5'9 

--------- 
+ 2.6 

162 

163 

I64 

165 

166 

16; 

168 

169 

IS0 

171 

I77 

O 1  

, 4.4 - - 5 ' 7  

- 2 9 . 7  172 



DEBLEC'I'IONB O P  TEE PLUMB-LINE. . 
' ' xcv. 

in terms of any Spheroid. 
- 

FOR CHANGES OH AXES. 11 F O R  CHANBHS O F  ORIOlN. HELM EHT'CI BPHEROID* 

d z Cane 111 : Lstitude Cane 1V : Azimutl~ 
a-e378200 metres, 1/1-288.3 - u,- 1'' w p l "  

- 3 
Deflection Deflec- 

-0.2.3 -4 '88 0.30 + 1.00 + 1 . 8 0  - 2 . 1 1  +2.11 - 33'4 -50'4 162 
----------- +0 '02  -0 .01  

- - - - _ _ _ - _  
163 + 1'31 -0.23 -4 '87 0'00 + 1 ' 0 0  t 1 ' 8 0  - 2 . 1 1  + ~ ' I z  -.,3,3.1 -51 .1  163 

- 
165 t I ' j O  

-------- 
166 + 1.30 -4'8.5 + I '00 - 0 - 0 1  

167 + 1.30 

-%-- 

-38 .9  Iti8 
----- 

169 + 1.30 - 0 . 2 1  -4'82 

---- 
170 + ~ . s o  - 0 ' 2 4  -4'81 t0.0.3 - 2 2 . 1  - j q . 8  170 

------ 
171 + I .26 -4.64 + 1.00 -0.01 -2h.9 171 

------- 
172 t 1 . 2 6  -4.64 + 1.00 - 0'0.2 - 1 - 9 8  - 2 7 . 5 .  172 

---- - 
173 + I . 2 0  -4'35 + 1 .00  - 0 . 0 2  - I . 8 . ~  - 26'8 17s 
- -------- - - - - - - - - - - 
174 t1 .18 -4 '23  + 1.00 -0 '01 -1 '75 - 8 .2  174 
- 5 t 1 . 1 4 - - - - - - - - - - -  

-4 .06 + 1.00 - 0 . 0 2  - 1 - 6 6  - 1 0 . 1  175 

--- - - -  --- --------- 
I76 + I .og -oU4R -.1'8o +0 '02 + I . O O  + o ' o . ~  - 0 . ~ 2  + 1.89 - I . -  a .i + z . o z  - 8 . 6  - g 176 
- - ----- ---- 

-0.01 - 1.40 - 3.4 177 
- 17s+o.g.l 

+ o . o . ~  -0  01 +2 '0g  + 1 ' 4  + 1 .1  178 

- 
to.40 + 0 ' 8 9  -1 .26  -0.10 + 1.00 -0.06 + 0.03 1 8 3 -  - - -  

---- 185 

- 
186 +0.89 -- - t 0 ' 0 1  - 3.00 0.00 + 1 . 0 0  0.00 0.00 - 
187 fo.i5- - 2.48 - 

+ 1'00 -0'01 - 
1 8 8 ~ 1 - -  ----- - -- 

0'00 + 1'00 0 '00 0'00 

0'09 + 1 '00  0 '00 0 '00  



THE EARTH'B AXES AN1) TRIANGULATION, 

. A - Antro~~ornicml Value. t Minu* sien indioutes Esslerlp or Northerly Deflecl.ion of plumb'linea 
0 -Triangul.Ced or Geodetic Vnlus. f 1)crrlved from group of nkLio118 surrounding Kuliillpur. 



* 
I * 
XCV. 

DEPLECTIONB OF THE PLUMB-LINE. 



Thh; ILABTLI'8 AXES AND TRIANGULATION. 

* A - Awtronornicnl Value. t dlinua eign indicates Eastorly or Northerly Deflection of plumh-linem 
-Triangulated or Ueodetic Vnlue. 



DEFLEOTIONB OB TH1 PLUMB-LINI. 
'9' 

0 

' ' xcv. 
in terms of any Spheroid. 



1 LIE EABTH'S AXEY AND TRIANGULATION. 

T A B L E ' ' '  
Deflections of the Plumb.line 

Z" 
2 
f c "  
'I: 

Ohscrred n1 

& 
s 
m 

EVEREST'Y B P H E R O I D .  

0 ,I 

A 132 . q j  5 7 2  
(3 1.72 35 59'2 

A 105 o 48.0 
G lo; 0 49'0 -- 

25 57 3 5 . 8  
( r  25 5; 35.8 - 
A I 15 5 
(; 154 15 5 , ; ' l :  

, . 
XItt,apnlle D 0 li 

-- 

Nsrsula 1) 0 12 
-- 

246 568 Darnr 
--I .- - - -. -- G 16 I.? .35'40 
ZC6 HI Tusgnt I A 16 9 46-73 

0 16 9 51.66 
122.; , A lh ; 48.95 

h.9. , 1 G 16 7 54.81 
13.32 ! A I(> 6 31 .gR I G)  16 6 37.2; 

I 1 . Y .  2093 i A 17 51 58'32 
- -- I G 17 5.3 2.81 

P.W.1). 1971 I A I ;  30 7.36 
G I ;  .?o 13'41 

H.Y. 96; A 19 49 26.87 
(3 l g  49 32.5; 

Height. 
in  

feet 

Q f i  39 .36'51 

C f i ;  34 11.59 

(7 7; 45 51-00 

@ 7; 41 26-21 

Cf ;8 35 50'98 -- . 

A 7 8  .?I 7 .84 
0 7 8  31 1 1 . 1 2  

Cf79 .f2 28-62 

Lntitnde* 

- 6:9 
'' 

U i ~  

Longitude' 

(379 36 25.70 

Q 79 41 36.96 

Q f 9  .?I 42-36 

Cf 79 J; 57.98 

(379 2 2  20.70 

Cf 79 43 29.;R 
A 76 55 38.89 
Q 76 s ;  9 . ; ~  

Cf 76 58 17.56 

Hyderibid Nnubat- 0'0 - 6.1 
palinr n 0 13 

H.Y. 1463 A 19 24 26.63 
Q 19  24 34.75 

H.S. A 1 8  54 3 '48 

-- O 18 54 7.20 
qjq  N! Yirnyir H.S. 1772 I A 1 8  .q j  26.90 

Azlmath* 

Name and 
angular Elevation 
or Depression of 
observed station 

243 

247 

2481 

2 9  

250 

- 
- .?.I 

- R ' l  ,252 
I 

-- 
- 3 . ;  1253 

1 

-- 

- 6.7 ;256,  

-- - 7 . ;  i25i 
I 
I _- 
j 258 

I -  
t 4.1 / 269 

- -1 
255 01 Bolikondn H . Y .  

--. - 
256 Oj Vini rondn  H . J .  

i 

237 ( ) I  S l i l a m u r ~  H.S. 

r n h  D 0 8 - 2.5 -;;K! I-- 
- I- 

-- 
- 4'9 
-- 
- 5 ' 9  
-- 
- 5'3 
-- - 4.5 

-- + 2 . 1  I263 

-- - + 3.1 1 2 ~  

.- ' - 
I _ - -  

t 3-4 26s 

+ 6.3 267 

.. 
A 44 1 2  19 .7  811npaloro Brim-line + 1 . 7  

Cf 44 .qi  19..? L w .  E n d E  0 0 
A arq .?I 21  .; Hnngalorr Hasemline + 0 ' 4  
0 2 2 4  31 1 1 . 6  N.E.  End Do l 3  -- 

-- 
A a65 47 36.0 tlnbh6pnlle I )  0 
Q 265 47 39'4 -- .- - - -- - - 3 o 272 

I I 

i n d i r u t r ~  Emrterlj or Korthvrly Deflection of plomb.linc 

- 3.8 

- 2.5 

- 0.; 

- 1 1 . 2  

~- -- 
A 142 8 7.5 Recllni D 0 8 

142 R 8 . 8  1 

A I 4 I 

C; 180 4 15 '3  

A 54 31 .p-,. I 

1 " 1-1 R 15 R 3.3.06 
I . .  1698 A 14 4~ 27.31 

I (; I J 48 2,3.16 - 
f I;! . \ ~ ~ p l ~ a l l ~ b i t ~ a  H.8. 3140 

G)  18  .3; 26.12 -I 1,363 A I T  42 29.08 
G 17 42 35.82 

76 28 32.46 

O i 7  36 26.91 

Q i i  1 1  6..39 

Q ji 0 36.91 

0 7 7  6 2.60 

@ T i  1 1  ~ l ' i R  

@ i 7  16 42'46 

1 / 7  18 4.3'96 

0 77 39 16.2.4 
A 77 34 57.29 
Q 7; 35 0 .19  

0 7 7  .77 .73.25 

I 
-- -- ,---- (; 13 I 32.9; 
261 Y. 3n110tnabsd 0. 1169  A 15 5 51.7; 

I . - . . - -, 15 5 52.40 
262 Y C  Ull ika lq rk~  e. 1516 A 14 59 5.  16 
- - 1 4  59 4.5.3 

F: HmndLr P. 1447 A I J  5 ;  4 4 4 1  
Q 1 4  57 41.32 

2(;4/ I'; Hhnnirr H . 8 .  1579 A 14 55 2 2 . 2 0  

(3 14-55 18 '96 i - - - -- -- - 
1;. Nlrnbigml 1 A 1 4  ; I  56.14 

14 51 52'4,1 
Yi I'irmgnda H.H. 3022 A 14 6 1R.nt-1 

--I- i -- - 0 1 4  6 1 5 : 2  
W71 I , ;  Hnfotrnarbndra s 2005 A 13 59 41.6.3 
._ 1 _ :  -- 13 59 36.34 
269 (1 t:nnpblore Bmre-!lno .qo16 A 1.2 4 5.7 I: 

I -- - - . - S.E End 8. O 1.4 4 56.0; 
26x4 U Hsrsgnlore t%mse.line 312h A 1.3 o 36.12 

I I n.\v. Lnrl R u 13 o 40.91 , . _ -  _ _  

d 
2 
-, 
% 31 

(A-Q)  cot 
azimnt,h or 

( A -  Q) cOB 
lor longitnde 
observationst 

~ ~ r b  1 0 1 

Sitenl~al l i  R 0 3 

1654 

- 
I 114 

MeridIan 
f l edec .  

tiout 

0 54 ./I 41'7 -- ! 

A I ;  .30 0 . 2 2  

Cf 15 36 6.8; 
A 17 I 25'9.4 
(5 I ;  I 33.6.3 

P;I 1 bl! lhnspn  1i.H. 

, -  ' _ - 

A I Z  59 51.52 
(3 1 2  5.9 55.76 

' f i l l ,  11 I~riddmuunls r. 
I 

-- 

.qOO.? 

130 A I S  5 5  59.69 

Z i Z  )I #Irr1111ppm A 15 0 3.4'52 
i (J 15 o 36.47 0 79 5; 1 l n 9 a  

A - Animnonnirml Vmlur. 9 Y i n r r r  ripn 
4 .  - 9  r~mnvulm~rd m ( I aodr t~ r  Ymlur. 

I (1 1s 56 0 .14  @ 79 5 0 . 9  



DIClrLEOTIONB OF THE PLUMB-LINE. 

* # xov. 
in tepms of any Spheroid. 



THE EARTH'B AXES AND TRIANQULATION. 

Deflections of the Plum-line 

2 
2 .- 

$ 
f 

i 
I 

Observed a t  

A 1 ; $ 

E V E R E S T ' S  S P H E R O I D .  

Heigl~i 

I 
273 187 K 

In 
feet 

Knme and 

nr 
2 i 5  

-- 

Lntitude* Longitude* 

(A-G) 

-- 
P 

-- 
58 E 

I 
Kistnnin 

Q 14 2 7  14'56 
*nandnl:~niuln~ H.3. ill 

O I N 

Q ; 9  q j  18.51 

Q 79 23 46.76 

Q77  j o  47.10 
276 A 167 34 2.4 

Azimuth* 

(3 1 2  35 50'7.3 
A I I  .Z 52 .10  
( 3 1 1  3 j o - o o  

Pettimnlni S. 

9 1 11 

80 I j 4  I 
Q 80 I 55.6 

A171 57 36.3 
G I ; I  57 37.6 -- 

61; 

0 lo  50 39.88 G 7 7  37 2 j .80  (316; .34 1 . 2  _ E 0 40 
878 A lo 56 ib- + 0 ' 7  2ii 

lo 56 3.5'9; Q 77 40 50.6.3 - - 
.3.Z.3 A 9 32 1 j . 5 3  + 2'3 276 

Q 9 ,3: 13.28 a ;; 56 51.22 
A 8 ; I .; A j 55 25.4 1 K~ldankulam Obsy. + 8.9 + 2.1 

D O  4 

---r 
1% Q 8 16 59.44 Q i 7  42 i " i 1  Q 5 5.i 2 4 . 1  

~. -~ ---- - I 
176 A 8 1.3 57.50 

Q 8 13 55.39 Q i 7  38 5.3'81 

j j  A 8 I.3 41 .96 
-- Q 8 1.3 39.52 Q 77 44 30.98 

S.  90 A 8 1 2  10.6; + 2.3 12~2 
Cf 8 1 2  8.34 Q77 46 . ? j ' ~ ?  - 

11; Ni~garkoil Long. Y.  I l o  A77  26 1'82 - 1.7 
-I 1 G 8 1 1  z , ; . ~ o  0 7 7  26 3 .56  1 
LJ' Kt1d111il111am Obsy. 175 A18j j j  18.8 H i d l ~ i p l ~ r u ~ n  
- S. G A lo  21.5; Q;; 41 26.26 G 1 8 j  j; 18.6 D O  6 
"8.5 I 1 1  t'unllcc (~bsy.  S. 48 .\ 8 1) 29.92 

i - _ I  8 9 27.79 ~ 7 7  37 35.33 
LYU / 1 ;  Kanjuninlai H.S. 3236 1 

1 ; - 1-1 13 I I 16  5i .q .  Q;8 36 -- 
257 1 h h I i ~ ~ ~ l . y n ~ ~ t l i  .; 6 A178 o 47.2 / hIul~iknn~kntn 

1 I 
_ I  .-- - I I G q J G  1 5 . 1 3  Q ;R 5; 20.14 a 1 7 8  o .;0.3 I n o  1 : 1 1 427 ,  258 1 kj ~ l ; , ~ k  
_- 1 - 0 9 j l  I ' j o  0 7 8  2 58.;; 
"$9: K,L(lllipirai pp 

s. I 347 A 9 28 47.09 A z j ~ ;  6 ~ z l K o i l p a t i  D O  4 + 3.6 
G 9 28 44.87 Q 7 8  o 37.76 G 25 1 7  6 .8  ! - 

~ a n t l ~ ~ l n g u t l i  s. 1 2 1 ;  A 9 2.3 30.55 I 
I I (3 o 2.3 27.69 0 ;8 5 5 4 ' 1 1  

2!411 l i l m - - -  S.  1 J R  A 5; j; 54.9 I~ t t a rakos l i s rn r rn~a i  - 7.9 
I -- - i - G q 2 1  51.96 O;R 49 17.66 Q .ij 57 56.2 ' E O  0  

2:'' ' A'! Knlla],ut Trestle 3. 199 / A214 -14 19.0 1 Y I ~ ~ n ~ n ~ ~ k k u l  - 4 ' ;  \ 8 -- 1 Cf 1 1  j; 12'30 R 79 .Z,Z 52.96 a214 44 2 0 . 0  D o  1 
i __- . - - _ - 

! 1 1  44 .3i'64 0 7 9  42 45.80 

233 a'', 'I'ir~~vi.ndipnrnrn s. ... , A I I 44 4.3.40 
I i - i ->I' ~ t ~ y ~ n i p ~ r i y i n  1 ~ 8  A I  j z  57 0 '  I Kachipiromil i + 13'7 

- .- l 'rrstle 9. 1 C: I I ; ~ q . 0 6  0 7 9  zo $ 1 . 1 9  I3152 56 57.4 
-- 

E 0 12 - -- - 12'4 2%: ~ht l ln rn l  k o r K  7. A I  79 40 40'6 aukhrukor~~  

C11c1111imnlai 

angular Elevation 
or D~~~~~~~~~ of 
observed stabion 

A 1 0  ,;g 4 0 . ~ I  I.'! Pach:~piilaipnrn s. 

0 I 

Pnlln~kOndyl 0  16 

P U ~ ~ L I I ~  I4 o 23 

970 

-- - 
Zgf; 6 2  l l ' ~ I B l l r  ( O I ~ I )  T.H: 
-- .. . 
2:*7 63 A .Jmri~ru T.W. 

lo' az'muth or Meridinn 
(A-  Q) COB A l)Bfiec. 
for longiLude 
~bservationet 

+ 6.2 

.- 
+ 5.2 

m 

+ 0'9 276 
-- 

- 

- j .7  

I-- -_-_. 
204 1 a Sirnkitr T.Y. 
--- 
?!I3 , 1% Etoru T 8. 

I I - -- 
3 l f l J l  B. ~ c ~ e r m i i n  ' 

G 10 28 2'.3I 
17 I A z R  21 0 . 1 0  1 G 2 1  2 2  I 1.04 
I 

5.36 ' A 2 7  59 50'22 

- -. , -  -- 
- l o "  '"'" I 

-- - ,i. i 1 :!17 

- 1:1 I i l 3  
-- 

,171 

A -Antronomicml Velue. f Minwr sign indicolo, Esetcrly or X o r t h e r l ~  Pcflection of plumb.1ine' 
O -Triangulated or Geodetic Value. 

0 7 9  1 2  43'59 

Q80 28 38.33 

-- + 2 ' 1  

_ /  (3 2 i  19 s;.n4 
486 A 2 7  2 1  8 . 1 6  , 0 2; 2 1  R.09 

275 

Q R O  28 10.9s 

QRo 29' 6.67 

ORo 39 3R.26 

0 8 0  18 14'46 

e l 7 9  40 42'9 
A ~ O P  56 33.7 
(3.302 56 30.9 

429 
- 

439 

D O  4 
Ri~llnnpnr D o 6 

I 

A f h  ;J zz'b3 
G 26 5 4  I ; ' R s  
A zb 15 58.32 
C r h  15 s r ' 8 9  

I 1- _ _  -- --I 

~ 1 7 8 ; ~ 2 8 . 0 1 L ) 1 1 ~ 1 1 w n I  U O  6 + 14'1 + 0 ' 1 i 2 ! 1 9  

a 1 7 8  58 20.7 
+ , .R ' r 8 9  



* 6 a - ~ ' 9 a 4 9  a b - o . , ~ ~ ,  t r ,=o. .q~,  cro- t e n ) .  T i d e  p. a. 





DEFLECTIONS OP PLUMB-LINE . 
' * XCV. 

in terms of any Spheroid. 

F O R  CHANGES O F  AXES. 11 FOB CHANGES 01 0 1 ~ 1 0 1 ~ :  HELMEBTY SPEEBOID. 

i- d 
Case 111 : L n ~ i t u d e  C'abe 1 V : A c i ~ n u l h  Z 

~ ~ e l : ) a - l k ~ l l  C s ~ e I J : 6 b = l k 1 n  uO=ln wo - 1" a-6378200 rnetl-er, 11.-898.8. - 
'5 --- .g 

I I I U e H e e ~ i o ~ ~  .l)aHeo- m 
V COB A W 00th U O COEh I0 COLA I1 D CO8h W COLA U V COBA W COtA u o co8A c COW in Yrlme tion in 

Verticnl Ye r i d i n~ t  I I 
301 +0 '41 -1'44 + 1 '00 

908 t 0 . 8 1  

- -- -- . . - - -- - - - - -- 
31313 t o . 6 6  - 2'06 -0'06 -0.68 

- -------- - 2 ' 0 2  - 1.79 +0.19 + 1'00 309 + O ' S Y  

- -- -- -- 
-1.53 + 1 '00 + 6 .7  KO 

- 
-2.13 YIA 

f 0 . 3 2  + 1 '00  

- .  - - 1.06 

I 

- --- 

.. - -  _ - -- '- - - 
+ 1 ' 0 0  - 13.; 1 3 ~ 1  

- -  
I-0.0b - 0 . 3  ' 322 

1 t a'o;, 
I 

I - - _- _ 
i 

- -- - 

! 

' (a -o 'g r4 ,  8)-o';jj. W,-O'JI, u,,- ~ . a p .  Ii'didr p 1 



THE BABTH18 AXEB AND TBIANQULATION. 

T A B L E  4 ' .  

Deflections of the Plumb-line 

6 
r. 
r. 
L 
0 

0 
P. - 
X = 
r 

Obrewed nt 

0 , ,a 

A 2 2  12 jo.66 
(4 2 2  1 2  5 5  61 

A 2 1  42 5 5 . j 6  
4.7 3.07 

A 1 1  24 4.3 8.3 
(; 2 1  2 4  5 0 . ~ 4  
A 2 2  19 30.2,; 
(; 2 2  19 .q.z 62 
A 2 1  48 4.1.06 
O 2 1  48 45.96 
A 2 0  5 6 5 0 . ~ 1  

l o  56 5 1 . 4 7  

G 20  I i  .3.?.64 
A 17 4 j  8 .7  I 
(3 17 .I; lo.?R 

A 1 6  2 j  j.3.4; 

0 , "  

Q 8 o  z 49.79 

Q 8 o  7 .36..30 

QUO 19 26-66 1 
0 8 2  I 31.2;  

QRz 16 46.96 

0 8 2  R 18.53 

Q R j  39 42.8.3 

Q 80 56 9.04 

1409 
-- 

1400 

-- 
33111 C' Si t ip i r  H's 1 '"" 
- - -- -- - 

1622 

' I S  1- 
3-0 PUI l ~ i i d i  T6. 879 

K 

E V Y H E S T ' s  S P H  Y I ~ O I I ) .  

334 L tiurnai . 
-,- 
335 I l' Sindur H.5.  
-- 
336 65 C s i , , , i w i r a ~ ~ ~  S 

131.3 

2918 

- 
714 

-- 0 16 25 56 ' ;s  Q 80 5 29'59 (+ 1 2 :  5.3 30 9 - .  16 0 47 
333 Ci P J I . B I I I ~ U , ~ ~  H S. 684 A 17 I I -32 6.3 A 114 1 2  9 .2  IUiipaldurgnln - 12.9 

-- I t  17 1 2  36.28 OR1 1 2  10.06 (1 114 1 2  1.3'2 16 0 I5 

-- U 19 51  42.34 - 0 8 2  I 25.96 
H.S. 2014  A 19 1 2  2 (17 A 2 0 1  4.3 17.4 h l ~ c i - t l ~ ~ ~  J3 U 4 

pp - 1 . 4  
O 1 9  1 2  5 9R 0 A2 7 7'97 C; 201 1.3 17.9 

A 189 4 1  2 j  o lin~uriilbidi~~g + 0 .6  
- - C) I ;  49 42 44 QRz 18 40.6;  (+ 189 4 1  24.8 I )  0 25 

pppp 

H.S.  2142 A 17 31 1 2 . j 2  A 135 3R 16.0 l)llir E u 55  + 0.3 

-- A 

(3 1 7  .?I 18.6H OR2 41 24. ,30  (4 1.3: 38 1 j . 9  
H . 5 .  8 i 4  A 18 32 4.73 o .o  
-- Q 18 32 q.22 OR.? 3.3 11.6.3 I f  317 29 :'o 

344 N -I'izauetprttitn Base- 18' -1 18 0 36.66 o.o 
I N n S - G 18 I 2'9.1 Q 8.3 1.3 4.3.,36 G 203 44 24.5 - -. 

3 5  0 iVa l~a i r  I,UII:. a Z o o  d 17 43 20.44 A 8.3 19 0 . 1 7  - 3 . 2  

- -  G 17 43 29'31 0 8 3  19 3'.;2 
a4ti 66 A o u ~ ~ ~ l e  

-- U I ;  29 56.8: 0 8 0  z 27.7) 
34; 1: U u d a ~ ~  A 1 4  I 10.65 

( 1  14 I 9 .4 ;  0 80 I 13.36 

Heieht 
in 

feet 

0 , I, 

A 19R 2.3 42.8 
(i 198 2.3 43.3 
A 22.3 I j 2.3'2 
O 22.3 I j 2.3.8 
A 201 20 4.4 
G 201 20  10.3 

I\ 249 3 4 .9  
249 .3 6.5 

A I 25 5.3 37 '6  S 24; 

A - Aatronomlcal Vnloe. t Minur sign iodicatra Eaeterly or Northerly 1)etlection of Ylnmb-line. 
O - l ' r i a ~ ~ ~ u l a t s d  or Oeoderic Value. 

-- 
- j 7 
-- + 0 .3  

- 3 . 3  
-- 

-- - 6'4 

-- 
- 4.5 
-- 

- 6 . 6  
-- - t l , 9  

-- - 4.0 

-- 
+ 1 . 2  

-- 
+ 4.8 

-- 
t 5 .9  
-- 

-- 
-- 

+ ' . I  

-- 
+ 7'7 
-- 
+ 8'.3 

7% 

+ 10.8 

348 

349 

366 

-- 

Latitudes h"gi'ude* 

0 I 

l i o ~ ~ r i r ~ u r l ~  U 0 5 

Kl~nl i r i  E U 9 

Lakh Pnl.br11 
1) 0 35 

i iRt . ik~ndu E 0 29 

liaahnfilboru 

- 5 ' 0  

-- - 7 ' 7  
-- - 6.7 

-- 

333 

339 

340 

- 
34 1 

34d 

343 

144 

3 6  

346 

347 

348 

349 

351) 

$51 

'f~' 
363 

"" 

- 
y50 

328 

330 

331 
- 

Cl 
-- 

C 

-- 
D 

361 72 U 
I -- 

:,62 Ir 

GI< -- -. 
364 

1 
i ~ $  I- 

Az'mnthb 

- 

- 1.6 - 1 . 1  334 

Xnme and 
~ l ~ ~ ~ ~ , i ~ ~  

or I)epression of 
stution 

( A - 0 )  Cot A 
(0' a ~ i m l l t l ~  or 
( A  - Q) COB A 
1.0' IoneiLude 
ohserrationst 

- 16.0 

5.0 
- 7 . 8  

Madrtss 0n~rrvnlul.y 54 A I I 4 H'y7 J Fo 14 47 '06 
1 . 0 .  - 1  1 "  1.3 I 4 . 1 7 1 Q H o  1 4  54 ,311 I - 7" 

bl. ' l ' l ~ o ~ ~ a ~ e ' e  b1u1111t 
'1 '>r~tle b 

I n l e m ~ i h ~ i ~ ~  f l .3 

. \ n u ~ o a ~ ~ g a r l ~ l  '1 B. 

J u ~ i ~ p u r  T.Y. 

.. U ~ I I  8 .  

!Icu~#upnr 'I,.>. 

.'I'-OIIIS H ~i 

Iferidia~, 
~ ) e ~ e o .  
tiont 

- 

- 1 . 7  

- 3'3 

N ~ I ~ ~ * I I I ~ U ~ I I I I I  
i l  0 7 

' \ ; ~ I ~ I I I I I I I ~ ~ ~ H I I I  

E 0 2  
ltlnkwu U 0 7 

l i l t i a i r p l ~ r l , O  3 

- -- 
U I ~ U I I I I L I ~  11 U 6 

~ ~ , - f i i l r i ~ ~ ~ ~ ~ r  H -. 

o 
Z = 
5 
ol 

336 

%% 

337 

- 3 .9  

- 6 . j  

- 9.2 

+ 3.1 

- 7 .5  

Khai1.s r indu  
D U  4 

250 
- 

29 

344 

2 . i ~  

251 

.?,I,; 
-- 

- A 128 1 8  18..3 
u 128 18  24.0 

-1 A 14 2 16.74 
11 24 2 5 9,) 

A 1 2  .?o ,;. .3 
ci 1 2  jo h 2 

A 1~9 ,+ 39.  I 
(+ 09 4 40.fl 
A 10 ;  F Z  4.3. I 

1; 107 52 47.R 
A 1 1 1 5 2 4 1 . 5  
U 1 1 1  52 40.0 

A 2 1  j 46 10.0 

G 1 1 ;  46.34.5 

f3 R q  2 1  50 '58 

;)o A 24 49 76 
(i 2 4  34 jR.qq 

A I J  o 20.64 
ti 13 o 14 ' ;9  

( 3  1 2  J;J S I . I A  

G 26 ;g 10.19 

A 16 ,3 45 56 
~r 26 .3 .3q 4 2  

A 2; 34 45.6.1 
1 4  2: 34 .37.94 
,125 .;22.3; 
1 1  2; r, 1 4  0 2  

0 8 4  lo  16.41 

Ro I I  41.,38 

QRo 15 1 1 . 2 :  

0 8 4  2.3 46.86 

Q 84 23 9.46 

0 8 4  14 1s 86 

C R j  z z  6 0,; 



DEFLEOTIONB OB THE PLUMB-LINE. 
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in terms of any Spheroid. 



TllE EABTE'E AXES AND TRIANOULATION. 

P A  B L ~  
Deflections of the Plumb-line 

S 
$ 
n 

367 
- 
358 

- 

Observed a t  

Konlia H.S. 
- . . - - - - - - 
Mnlr~~tleoPokre H.S. 
-- 

G 
w 

m 

72 E 
- 

E 
- -  

"I _ I  
3fi0 

361 

- 
362 

363 

364 
- 
365 

- 
366 

- 
367 

ass 
- 
3c;g 

370 

5 
-- 
372 

a73 
- 
374 
- 
376 

LongitudeL 
Height  

in  
feet  

E V B H E Y T ' M  S P H K B O I D .  

Po" T.J. 

- -- 
F Ps11ladpu1- T S. 

Dilb11111i 9 .  

Lntltude* 

A 180 4 5.0 
Q 180 4 8 ' 3  

--  

Name and 

Madanput 1) 0 4 2 2 2  

- 

-- 
U 

H 

- 
J i  

-- 
,\i 

-- 
O 

78 

i051 A 27 48 z 5 . j  

- -. 
trihnv H.Y. 

-- 
bInl1a1. 8.9. 

Bicl~wi R.b. 

Chilli  T.S. 

Sirknnde T.S. 

A ~ ~ l b u l  ELs. 

(A-a) cot A 

- 
709j 

-791 

1606 

321 

19' 

132 

3352 

.?I53 
-- 

2271 

I 442 

- 6.7 
G 26 2 2  401.7 

I 
6 

(3 27 48 58 '6  Q 85 I J 20 .7  

A 27 40 j.7.6 
(3 27 41 31 '5  0 8 5  31 19.9 ' I  

+ 6 . 8  
- 

-- 

(787 5 4 1 - 8 6  

0 8 5  26 20.33 

71 blohrar i  H.S. 
- - 

A (  L:l1111.su E.S. 

1 -  j 
L'I Bl~dlluri H.Y. 

I 

i T  El Chendwir(~lcI)  H.J. 

Azimuth* 

% , ,, 

17 j 

189 
- 

961 
- 

- 

-- 
-- + 6.1 

OR7 44 .77'29 

0 8 7  8 1 9 . 1 9  

'387 Sz 3'.72 

A 25 la  39.27 
Q 25 12 26-05 
A z 4 4 4 3 1 ' 1 2  
Cf 24 JJ 20.88 

Q 25 Y 4 9 - 1 5  

0 1 6  1 1  4 . 7 2  

0 23 27 47'43 
A a3 37 5.3'44 
Q 23 37 44'6.3 
A 23 26 9.28 
-- Q 2.3 26 4 -96  

O z j  I ;  j j ' 1 .3  

A 74 46 32.3 
Q 74 46 35.7 

1 

-- 
1 

-- 

369 

360 

+13 2 

-- 
+ 1 0 . 2  

-- 

Q 8 j  30 .31..73 

0 8 5  9 5 j . 1 3  

0 8 6  8 3.99 

Q 8 7  2 52.80 

Q 8 7  8 2.7'57 

(384 26 13.94 

6 8 4  54 I .;5 

6 84 44 19.21 

- 5.7 

- 19'5 

L)urgopnr I) 0 1 

A 206 49 9.1 
Q 20649 5 '5  
A 115 7 20.2  

(3 1 1 ;  7 1;'7 

i 

A 357 4.9 29‘7 
(4 357 49 32'4 
d 1 8 j 4 9 . 3 9 ' 4  
( i 1 8 j q 9 4 0 . 0  

Outtuck H 

-- 
l'zil.nsnith I1.S. 

T~luban i  H.S. 

J lul inche H.B. 31 

856 

377 
-- 
378 

angnlor Elevation 
or I)epression of 
observed etation 

0 I 

362 

363 

364 

0 8 4  1 4  57.17 

G 85 26 9.29 

(f 85 52 1 ' 4 3  

OR6 8 10.86 

O 86 .73 I 4.64 

A 26 4 27.24 
Q 26 4 21.01 
A 25 40 22.99 
G 2; 40 16.2.7 

Perhst  U 0 0 

liulibuni 1) 0 1 

-- 

-- 
Ekgora E 0 40 

hllnei 1 ) O  4 

375 
- 

- 7'7 

281 7 

133 

4481 

blndhpur T.8. 

Kulaibl~inge 1.0. 

U a r ~ i p o r  1 .  

L1 

N 

O 

-- 

U -=Triangul@ted or Oeodetic Value. 

Q 8 ;  2 7  1.7.16 

6 8 5  20 16 .53  

h 145 31  17'2 
C: 14; .74 21.8 

- 

A 149 58 57';  
0 1.19 50 0 .8  

A 1 7  40 39.6 
0 17 40 4.7.1 
A 92 35 20.3 
Q 92 3; 2 0 . ;  

A 1 5 5  9 j  54.6 
0 155 35 54 '3  
A 1 4 j  7 2 1  - 0  

G 145 7 22'9 
A 272 58 2.7.5 
O 272 58 2.3.1 

376 

- 
a17 

378 

+ o ' ~  

-- 
+ 8 ' 4  

+ 6 - 1  

(3 21  57 39-56 
A 2.7 57 16.82 
G 2.3 57 I= 

A 20 28 j2.05 
(; 20 29 0 . 6 8  

0 2.7 57 34'89 

970 
-- 

379. 

-- 
380 

-- 
301 

- 
a82 

- 
883 

Purer~i  U 0 4 

- 

Bagro E 0 38 

Gnrpati 1) 0 1 

l<asiitu 1) 0 16 

Kelplis E 1 21 

H i ~ ~ ~ a n i  D 1 2 

S i a l ~ ~ ~ a  L) 0 ti 

I 

-. -- 

-- 
+ 0 . 9  

Patne T.Y. 

Chondipur T.8. 

K l ~ n ~ ~ d i b o l u  H.Y. 
. -. . - - - . 
Ueodot~gsr H.J. 
- - 
blel 

A 23 54 29.64 
Q 2.7 54 29.02 

180 

-- 
l o 3  

63 

0 

0 

74 A 

- 
L1 

- 
B 

Z 
a 
'g P 

nzimnth 01 

( A -  B) COO A 
for longitude 
observationst 

1)tintiin 1) 0 3 

Nilgiri E 0 59 

- 
Chiklikhii D O 27 

1 Thnladi 1) 1 21 

( 3 6 6  
366 

367 
- 
368 

189 
- 
370 

371 

972 

373 

fi 
- 

- 9'7 

- 7.2 

- 8.7 

- 0'5 

+ 0.8 

- 4'3 

+ 0.9 

(3 2.7 9 5 . 7 2  

Q 2 2  2 0  2j.Ro 
A 2 1  47 28'82 
G 2 1  47 27'95 

1329 

0 8 7  1 1  45'5.7 

a 8 7  2 3.66 

(784 5R 17'4.3 

M e d d h ~  
Dedee. 

tiont 

- 

a'9 

390 

"' 
_- 

382 

- 
383 - 
884, 

--- 
+ 8.8 

- 
+ 4'3 
-- 

-- 
+ 3.1 

-- - 8.6 

-- 
- -- 

I 
. -  G 2.3 24 59.87 

A 18  47 6 '75  
(4 18 47 16.97 
A 2 7  1 2  4.30 
0 2 7  1 2  40.86 

80 

j j  

3115 
-- 

4534 
- 

A 207 38 56.0 
Cf 207 3R 5 8 ' 5 '  

A 96 49 54.7 
Ct 96 49 55'1 
A 196 41 21 - 2  

Cf 196 41 22.9 
A 146 26 29.1 

0 8 8  I 0 .96 

- 6.3 I-- - j'6 

I 
H.Y .  

384 78 A \  k'hallot, 

--!-I 
11.a. 

-33'1 357 

* A -Astronomical Value. 

A 2 1  47 17 '28 
a 2 1  47 20.83 
A 2 1  26 .74,03 
G 2 1  26 36.99 

A 19 51 7 .03  
(2 19  51 "'90 

G 1 8  54 32'.37 

I 

0 84 .? . ? j ' 8 ~  

0 8 4  .?o 44.31 

- 1 . 0  

- 4 . i  

- 11'4 

~.-  - 
483 

11815 

-37'9 

t Minwr mign indicate, Hoeterly or Northerly Deflection Of plumb.1ine, 

G 146 26 33'01 

I 

! 
I----- 

-- - 3'' 

-- - 5.9 
- 

- -  , - 1 0 . 2  

-66.6 

368 



in terms of any Spheroid. 



A - A ~ L r o ~ ~ o r n i c ~ l  Valuo. t M i n u r  sign i~ldicutes Ensterly or Northerly r)efleclion of Plumb-'ine' 
O -Trisngulshd or Geodetic Value. 

THE EARTH'S AXES A N D  TRIANGULATION. 

T A B L B  ' 

* 

d 
7, - 

0 
z 
u 

Deflections of the Plumb-line 

Height 
in 

feet 

10073 

8600 

4428 

401 

280 

2 49 

t o j  

160 

149 

1.33 

14.3 

10.3 

88 

80.1 

4455 

92 

67 

98 

1.3 

18 

67 

60 

5 1  

54 

20.; 

410 

Observed a t  

Tonglu 11.8. 

Senchal 11,s. 

Kurseollg h.s. 

Siliguri 8 .  

Jalpaiguri Long. 8. 

K ~ I I I ~ ~ I I J  S .  

-- 
Lollbrgare T.S. 

Cl lnndur~a T.S. 

CLarnldinga . 
F A t n r o B i n k i  T.S. 

Alansjini T.8 

Ualkichur T.S. 

Aloikindi T.S. 

Kaik~~anl  H.S. 

Rangsanobo H.Y. 

Medhupnr T.S. 

anandbi .  T.R. 

Longitude* 

0 1 1, 

0 8 8  5 2.9.3 

0 8 8  17 J J  78 

0 8 8  15 54.68 

0 8 8  2.1 49.54 
A 8 8  4.3 52. 42 
Q 88 44 1 2 . i i  

(3 88 I ;  30 4.7 

Q 88 2 1  56.60 

0 8 8  2 2  17.15 

a 8 8  23 4.21 

Q 8 g  28 3 . 1 0  - 

0 8 9  45 41 19 

Q 84 42 48 42 

0 8 9  .38 42.19 

Q90.39 47.24 

8 9 1  43 20.86 

0 8 8  29 7 .66  

0 8 8  2 2  4 0 . 3 ~  

OR8 3 6 66 

8 8 8  2 2  54.4.7 
A R8 2 1  17 84 
l2R8 21 29.10 

QRr, 52 11.99 

OR0 42 57 76 

0 90 45 43.08 

O g o  27 zR.0.7 

f J 9 1  2 0  16.63 

0 9 1  47 38.49 

1 0 9 1  48 .3042 
A 9 1  50 4'f)l  

Latitude* 

0 , I, 

A 2 7  I 1 1 - 3 0  
Cf 27 1 53'54 
A 26 58 3.3 . O I  

(3 26 50 8 '25 
A rb 5 1  15 .05  
C )  26 52 5.56 
A 26 41 18.10 
0 26 41 40'.71 
A 26 .31 I 1 .44 
G 26 31 17.39 

G 26 1 8  55 '51  
A 26 2 1 4 . 1 7  
0 26 2 1 2 . 0 2  

A 25 44 31.9.3 
G 2 ;  44 27 47 
A 24 52 45 j 6  
la 24 52 4.3.95 

Cf 26 q 50.62 

C. 25 59 6.81 

(3 25 9 55'94 

G 2 4  45 29 .80  

G 2 6  8 11.17 

25 15 19 60 
A 2.3 56 42 Uz 
G 2 3  56 .JB 9: 

G 2.3 2 1  1 9 . 2 4  

0 2 2  5 4  22.R5 

G 2 2  36 55.68 

A 2 2  .3t 5j ' ,~,R 
Cf 2 2  32 54.67 

Q 2.7 5 7  24.45 

G 2.3 R 43 -76  

G 2.q o .i9.7; 

(4 2 2  59 34.77 

Q 2.3 qc 17'63 

d 
; 
m 

396 

-- 
386 

-- 
387 

-- 
388 

-- 
389 

-- 
39U 

-- 
391 

-- 
392 

-- 
393 

-- 
391 

-- 
395 

396 

-- 
397 

398 

399 

- 
400 

n 

78 A 

kl 

B 

li 

H 

B 

H 

C 

1) 

(3 

-- 
Q 

R 
-- 

J 
- 
0 

7 9  

xyl 

N; Holnu '1'611 H.8 
- 

N ~ g i r k l ~ h n a  H . 8 .  

G 1 2  2 0  18.4.3 

K V E R L S T ' S  

Azimuth* 

0 1 11 

A 321 3.3 25 .3  
Q 321 .3.3 .33'0 
A 218 5 1  56'2 
C3 218 52 8.5 

A 70 52 20.4 
G 7 0  52 32'5 
A z g j  0 4 6 . 2  
Cf29.1 0 57.3 
A 145 54 38.0 

145 .i4 48.9 
A 205 I 7 22.4 
Q205 I 7  2 R . j  

A 136 38 I 2.9 
Cf1.16j824.2 
A I z j  49 I I 9 
G I ? $  49 1 8  j 
A I 7 2  57 2 j  , g  
G17257  31'7 
A 6 58 55'2 
C: 6 gR 58 6 

A 147 41 I 4 j 

G 147 4 1  15'7 
A I 77 1 0  27.3 
(; 177 10.30.3 

A 1 5 6 3 j j z . K  
(9 166 .IS '5.7 
A 2 0 2  .3t4 51.3 
C: 2 0 2  .3R 49..7 
A Ks q 44.7 
'a 85 2 7  39.6 
A 1 5 1 1 9 ~ 8 . t )  
G 131 19 49.0 

A r 7.7 I R  ;= 
0 17.7 I R  5.3.0 
A 2 j 2 2 0  5;. 4 
(3 172  2 0  57.1 

I\ I 5; 4: 1,3..3 
(3 1;s 47 16 .6  

40% 
- 

403 

404 

4.5 

-- 
4 0 8  

407 

406 

- - 
4 

-- 

~on~.:% 
0 91 50 16.68 

B Aknipur -1 T.Y. 
-- 

B Calcutta Bnee.line 

-- 8. End T.S. 
B; Co~lcutts Long. s. 

-- 1 
E T e p r i  T.8. I 

E Dalrlatl,ur T.S. 

-- 
1: Lahllinagar T.*. 

-- 
. I !  t j angap~l r  T.H. 

I 
M Dnaa H .  

1 - 

- 

226 

rqo 

S P H E R O I D .  

Name rind 
nnpulur or ~~~~~~i~~ 

of 
slet,ion 

0 I 

Ulil~r~lmpur 
D O  2 

l i a ~ ~ c l ~ i b i r i  
0 0  2 

Chundrapur 
D O  3 

b i u ~ d i u g  E O  1 

J i i n c l ~ ~ p i r n  
D O  5 

Gaborgram I )  0 4 

- 
Bhnirllber Chura 

E 0 34 
K s i 1 1 ~ 1  E 1 21 

I r n i n ; ~ ~ a g e r  
D O  3 

J e o d h i r ~ ~  l) 0 3 

Hibisbipur 
- D O  4 
C U ~ C I I ~ L I L  Base-line 

N. Rnd D 0 2 

- 
Bangeon l ) 0  4 

- 
Mahesl~purl) 0 6 

- 
hil ishpur  D 0 4 

Mnlgunn D O  6 

I,al~lbussrsl) 0 6 

Bllalti Moin 
E 1 22 -- 

C ~ I I I I I ~ ~ U I I I I ~ ~ I  
E O 22 

(3 2 2  48 I R . J R  --- 
A 2 2  2 2  57.08 
O 2. 2 2  56.40 

(A-G) Cot 
for ~ z i m u ~ . h  or 
( A -  Q) cos A 
fur loncilude 

observationst 

- 15.4 

- 24 9 

- 24'7 

- 22.8 

- 2.3'2 

- 1.3.' 

- 23.0 

- 1 4 ' 0  

- 14.0 

- 7'9 

- 2'8 

- 7.2 

- 10.4 

- 6'5 

+ 4'7 
_.- 

+ l a "  

- O" 

--- - 3 . 9  

---- - 4'0 

- 8 .0  

- 10'9 

Meridian 

tiont 

U 

-42.8 

-- 
-35.2 

-50.5 
-- 

-zz'.q 
-- - 6.0 

-- 

-- 
+ 2 . 2  

-- 
+ 4'5 
-- 
+ 1.4 

-- 
-- 
-- 

-- 
-- 
- 

--- 
+ 1'9 - 
- 
-- 
-- + 0.9 

-- 
-- 
- 
- 

-- + 0 .7  

- -  

'5 ffi 

386 

386 

%T 

388 

389 

390 

391 

392 

393 

394 

396 

396 

397 

398 

399 

400 

z!i 
- 
402 

403 

4U4 

4U6 

4% 
- un 

408 

- 
410 

4'1 

412 



DEFLECTIONS OF THE PLUMB-LINE. 



THE EABTH'S AXES AND TRIANQULATION. 

*A - Astronomical Value. t Yinur eign indicate8 Easterly or Nor~lrerly Deflection of Plumb-line. 
(t-Trinngulrbd or Osocletio Valuo. 

T A B L E \ *  

Deflections of the Plumb-line 

d 
R - 
d .- 

d 
Z - 
w Obser-ved nt .. 

0 
a 

413 

414 

415 

416' 

Height 
9 - 

EVEHEST'S 8 P H  D R U I D .  

angular lilevution in 

G 24 14 3 - 0 3  

C; 2 1  49 20.78 
A 20 8 14.87 
G z o  8 1 3 . 1 0  
A 20 14 51.83 
0 20 14 $5 '91 

G 2 0  I 3  14.44 

O 23 40 52'06 

G 2.3 2 ;.3..30 

G 2 2  16 33.89 

G 2 2  .3 0 . 7 1  

(3 20 41 52.71 

A 19 47 37 .qz 
C f  19 4; 38.55 

O 18 49 20.9.; 
A 4') 18.62 
G 18 49 14.28 

ior uzillluth or 

41'7 

-- 
418 

-- 
419 

420 

- 
421 

-- 
422 

423 

-- 
424 

_ 

. 

G 2; 38 1;.48 

G 24 4h 44.32 

(f 23 29 48.36 

G 23 I 4 1.3.07 

0 2 2  5; .3;.;1 

G 2 2  I 56.87 

G 2 1  41 45.04 

-- 0 19 34 7'27 
8. 186 

Cl I R  56 1 . 5 4  - -  
430 H MyayabeingkyoH.B. 141 I 

O 18 2 1  33.93 
I . .  27.3 A 16 .31 39.6 

0 16 31 ~ ~ ' 0 8  

Latitude* 
Merid i~n  

'I'honbinztn H.Y. 

F i  T i n  H.S. 

Akyab Long. S .  

Yeponetaung H.S. 

bat taung H.S. 

Ubjetaung H.8. 

Mnla H.S. 

Sheinmagu E.S. 

k' 

84  L' 

D 
-- 

-\I 

N 

5 

- _  I 

f J g j  58 8.16 

(392 8 16.02 

A g z  5.3 38.03 
O 9 2  53 49'6.3 

Cf9.3 41 49'34 

( f93  1 9 '09 

(f 9; 57 42'75 

Ef9; 57 18.09 

0 9 5  58 1.5'79 

0 9 5  59 41'41 

a 9 5  53 4.50 

(393 28 1.3'32 

0 9 . ;  1 2  55'40 
~ 9 5  12 42.20 
O 9 j  1 2  57'44 

I feet I 

1932 

563 

20 

2819 

4 j j  

2766 

848 

4 j 6  

0 1 N 

G zq 44 28'17 

G 25 0 i ' i 6  

(3 24 39 9 .33  

C f  24 35 37 '84  

(7 97 .q 34.06 

CJ 97 9 17'40 

0 9 6  4; 45'79 

a 07 37 24.,38 

a 9 8  o , < ~ . ? 8  

(3 98 4 3 0 . J ~  

Cf09 :3 57'51 

0 9 6  28 38.76 

(7 96 25 s1;.21 

0 9 6  2 2  53-46 

(797 36 59'57 

Longtude* 

83 H 
-- 

6 

-- 
L 

-- 
1' 

.- 

134.3 
-- 

1 0 1 2  

- 
I 5 8 2  

... 
-- 

loo 

125 
- 
426 

427 
-- 
4% 

JZY 

A z i m u t *  

0 , ,I 

09.3 4.3 44.79 

43 46.98 

B g 4  36 48'01 

( f 9 j  45 33'72 
8 2 7 7  46 1.3'1 
G 277 46 21.h I 
A 256 2.3 22.7 
G 256 23 zq.2 

-- 
A 74 I 7 1 0  6 
G 74 1 i  23 .3  
A I ~ I Z ~ Z R ~  
a 171 2 7  31.0 

A ,303 38  45 ' 7 
(; ,30,3 .?A 50. I 

A 316 .31 54 '4  
(i.716 .zz 0 - 8  

A.354 2 3  2.3'8 
(;3,;42.331'; 
A I 74 2.3 57. 7 
0 174 24 5 . 6  
A 240 2.3 1 j . 5  

Loijing H.6. 6610 1- 
Thyoliclr~ng H.Y. 6566 I - 

S1 J I I I I ~ U D  H.Y. 

- 18.9 

- 16.2 

- 10.3 

- 10.0 

- 7 '3  

- 10.0 

- 15.0 

- 18 8 

- 19.5 

- 4 '0  

+ 0 . 6  

- 11'4 

- I‘,., 

Katlla E; U 37 

Lnrair~tongE 1 34 

Kur~gdol~g 1) I 1 

Ller~zara N O 3 7  

'Laguu~tgtaunz 
1) 0 17 

Wupy~iduu~~t :  
E 1 12 

M ~ I I ~ ~ I I  E O 31 

S ~ ~ e l n l ~ l n g a  IJ o 4:i 

Yuba E U 50 

'I'alnunja H.8.  
- 

Meikpu H.Y. 

l' 

8.3 E 

A .3o8 ;J 40.0 
(; ,308 54 4 6 . 8  
A 2 1 0  24 26.5 

210 24 3 2 ' 9  
A 162 2 20.3 
(3 162 2 25.8 
A 188 ,35 42 .8  
(f 188 35 4 ~ ' 4  
A 2 1 0  r8 3 6 - 0  
(; 2 1 0  Z A  4.3.6 

A 154 30 44.7 
(3 15-4 ,zo 53.0- 
A 115 ,;.l 1 5 . 6  
0 115 5.3 22.4 
A 174 46 24.5 
- 174 46-.31:5 
A 30 46 3h.9 
(+ 30 46 42.5 
A 169 .3.3 42 .4  
(f t6r) 3.3 43.8 

- 14'2 

- 13 9 

- 12.7 

-- - 1.5'4 

- 18.0 

3387 

3857 

l'aungpila H.S. 

Retkamuuk H.J. 

kyuunggy i  S. 

dlaruli Bum 
1) 2 7 

lilu~un UUIII 
I )  0 17 

'Luungkalut 
T) 0 32 

Loi Song E 1 11 

LoiTuow E 0 13 

-- 

Loi Hslmu E 0 2 

H. b ~ .  

Uyingye E O 36 

t i l t u r ~ d a ~ ~  L 0 49 

Kbengdun I U 82 

:=:: of 
observed arbtion 

-- 
-- + 1 . 8  

-- - 4 '1  

-- 
-- 

-- 

I-- 
-- 

-- 

-- 
- 1 ' 2  

-- 

-- 
t. 4.3 
-- 

- I 
-\': Prollla ~ o n g .  

G 240 23 17.0 1 

1 
~~:~~~$!~; 

- 8.7 

- 7.3 

- 0.4 

- 27'3 

0 1 11 

A 1 2 0  58 1 2 ' 0  

G 1 2 0  58 16.0 

A 11.3 3 3 ' 9  
c.II~l_t_l 
A I 16 36 2h.7 
G 116 :6 26.9 
A 2j8 .ZZ 2 j .1  
C' 258 32 ,37.b 

417 

418 

419 

490 

41 1 

$22 

1?1 

424 

~ : ' 5  

426 

C17 

42 8 

499 

-- 
- 

A 229 44 59 4 
(2 220 44 50 '2  
A 1 0 9 z b j z . 1  
G 109 26 46.0 

0 I 

Pangkibot L) 0 48 

Sirol~iEurarE 1 15 

K l ~ a n ~ b l c h ~ l ~ _ v  
E 1 34 

Mndltun E 0 17 
-- 

410 

4 1  

A 

43: 

- --- 
433 

111gruuluit11g 
D 0 14 

P r o ~ l ~ e  E 3 4 5  

- 20'5 

- 1 7 . 1  

Duflec. 1 
lio11t 

- 19.7 

- 16.~3 

- 4'2 

1 

-- 
-- 
-- 
-- 

413 

414 

416 

416 

-- 
-- - 
-- + 6 5  

437 

4.38 

- 
439 

- 



DEFLECTION0 O F  THE PLUMB-LINE. 

* XCV. 

in terms of any Spheroid. 

FOR CHANGES OF AXES. FOR C H A N G E S  O F  ORIGIN. HELM ERT'B BPHEHOI  D* 

0 
zi csse I : 6a = 1 km C~lae 11 : 6b= l k ~ n  

Cum 111 : Lati tude Case I V  : A z i ~ r ~ u t h  
a _  63,8200 I,s32 g8.8. - uo=l" wool" .- --- 

I I I I ,, .COB A w coth u v cosA w coth u v cosA w r o t h  u v COEA ruco t~  

,I 1) 
X . I ,, 

41 3 + 1-14 + o e 6 6  + 2 - 0 9  41a 

414 414 
-- 

415 + 2 . ~ 9  41 6 
--- 

+ 2 08 416 

417 
-- ----- -- -- - 

418 - 9 . 4 8  + 1'3.3 + 0.6; 

- ------ --------- 
+ . ? . d o  + 1 . 2 9  -0.24 -0 .08  + 1 ' 8 j  -7 .52  419 - 0  79 -9  11 + 0 ' g j  + 0.09 

- - ----- -- -- --------- 
420 -0.69 -11.20 + j  -3; + 1 . 7 0  + 0 . 9 6  +o.80 -0.2.4 + 2 j q  + I 8.3 - 5  ji - 5 2 - ,+.I, 420 
- ------ ---- 

-10'77 + "59 t 0'7; t 2 . 5 5  -.i 2 4  - 1- - 
421 2 0 44 1 

---- 
+ l . j f l  

-- --- - -  ----- 
4'2 - 1 1  01 + 2.16 -.i'YY - 4'2 4 2 2  

423 - I  1.a8 + 1'115 -I 2 ' 2 1  -6.01) - 9.1 423 

---- --- 
- I I '63 + I  75 -+ 0.83 + 2  - 6 . 2 4  - 1.4.1 424 

291 -- 
+ I.;8 
- -- - --- 

425 - I  1'75 + 0.84 + 2  31 425 

4261-rIT3---- + I .yR - -- +o.nR + 2-45 - 6 . 5 4  + 2 ' 0  4'6 . 

- 
I ------- 

-- -------- - -  
k27 -0'88 -I 1'29 + j . 8 0  + I  71 + 0 . 9 6  + o . 8 1  -0 .25 + 2.60 + I .gy -5 .56 )  + j 4 I- J ' Z  42; 
-- ----- --- I=- I 
428 - 1.3'04 + 2  18 + 0.941 

--- 
t 4.70 + 1.4,; +0.95 + g ' l o  

1- I - -  + I .og' + I  99 430 

+ 1 3.; + 2'05 

- 11.5; 

- "'55 + 0 90' 4.14 

--- 
- 1.3'01 + Z'0.T 

---- + 2.31 

- j ' . 4 . 5  + 1 ' . 4  ! 

I 
I 



1 LIE EARTE'B AXEB A N D  TRIANGULATION. 

P A  B L E ' ~ ~  
Deflections of the Plumb-line 

' 

: 

A - Ant ronon~~c~t l  Value. t d l rnua  rlgn ~~~cl icures  llnpterly or hor~ l l r r ly  ~)eOection of pln~~lb-llne. 
f *  - 'l'tll,f,c?lllnl~tl ,,, ( ~ ~ , , C I ~ I ! P  V,,I,l,. 

* r.. . - . . .  . . .- .. '=E 

! -I-: . 

c, .\djuwted value. **Prorisionnl vnlne. 

-- 
A 178 40 55'7 Zebra E 0 6 + 10.3 45U 

Q 28 57 44.43 a 6 6  35 18 .70  G 178 40 50 o -- 
A 227 39 50.4 Nerh D 1 6 - 5 . 5  451 

-- 
A 30 j z  6.8 Goylp~~t r i  B 1 24 - 30 o 452 - G 34 4 j R ' i 0  Q 74 49 53.68 Q 30 52 27 I --- - 

I- !- :-- I 

e 
1, 

5 n 

441 

442 

443 

444 

445 

-- 
446 

447 

- 
44.9 

450 - 
460 

461 

462 

1 I A d d e n d a .  I I 
+ 10.4 449 

Observed nr 

MoulmeinLong. S. 

Taungrun H .  
-- 

-out,her~l bloscos . 

H.J. 
bandnw:rt H.d.  

h'at.kul~nlaung H.S. 

blercui !lane-line 
E. Ermd T.S. 

Mrrgui I%we- l~ne  

= 
z ' 
a" 
m 

94H 
-- 

H 

-- 
95 (2 

-- 
L 

-- 
I. 

L 
-- 

L 
.- 
95 L 

- 25.6 - 
- -  - R.O 

- (** - 
- 9** 

H.S. 8790 A .34 3 33.50 
0.74 3 59.14 (3 74 5.1 3.94 - -  

H.S. 5447 A 9.3 45 17.74 1- G3.4 45 25.76 a 7.) 59 52.05 
T.9. 307 A 26 28 zj** 1- G 26 28 .?I 88 17 35 
T.h 264 A 26 14 53.. 

I 

I - 

G z 6 2 ;  z G~RR 7 4 5  

E V  E R E S T ' B  S P H E R O I D .  

W. End Q l z  2 1  32 57 
\ l i ~ ~ t h n n g t a ~ ~ n g  

Q 1 2  19 35.05 

. -. -. . -- 

Height  
in 

feet  

go 

854 

I I 86 

-- 
7 19 

888 

20 

1 8  

- 

, _- _- __ - - - - - . 

I 
-. -- 

.- 

I.ntitude* 

0 1  1 

A 16 30 2.97 
G 16 29 54.90 
A 16 z j  56.2 
(3 16 2,; 48.55 

G 1.3 49 59-67 
A rz 28 o .  I 
Q 1 2  2 7  51.87 

(f 1 2  25 .73'42 
A I Z  22 z 9 . j  
G l z z 2 2 1 . 1 7  
A 1 2  21 41 .3  

0 9 8  4.3 5 9 7 9  

0 9 8  4 7  47.RR 

LongitudeL 

- 

.- - 

-- 

Azimuth* 

Nrrnle and 
anFular ~ l ~ , , ~ t , ~ ~  
or 1)epreesion of 
observed 8tatic,n 

- 

-- - -- - - 

-..--- 

-- i -- 

0 I I, 

A 9 7  37 23.41 
0 9 7  37 4 0  0.1 

0 9 7  40 18 .59  

Q 97 I;? 4'49 

Q9R 40 31.46 

0 9 8  43 33.26 

Q 9 8 4 6 3 6 . 4 9  

0 252 29 15 .7  

A I j; 5 40 y 
( 4  157 ; 43 2 

I 
I 

-_E. End n 0 2 
Merrui Base-line 

E. End 1) 0 26 

6 
$ 
3 
'5 
P 

- 
448 

(A-G) A 
for azimuth or 
( A  - Q, COB A 

longitnde 
observationst 

- - l O ' j  

- 

Meridian 
Deflec- 

tiont 

- + 9.1 

0 I 

A 3 1  1 6  1 8 . 9  
C )  ,31 1 6  12.7 
A 162 2 0  54'.; 
(f 1 6 2  20 5.4.6 

A 127 ~ 6 3 5 . 9  
(f 1 2 7  46 37 6 
A 72 29 47 9 
(; 7 ~ 2 9 4 9 . . 3  
i\ 252 29 14 .0  

441 

44% 

413 

414 

445 

446 

447 

- 15'9 

11.9 - 

- 4.5 

7-- 

- 6.4 

- 7 8 

Konluh U O 34 

Middle Moscoe 
n o  9 

S u n d a w ~ ~ t  D 0 22 

Margui Base-line 
W . E n d  110 2 

hiergul bee - l ine  

+ 8 . 1  

-- 
+ 7 . 7  
-- 
-- + 8 z 

-- + 13.3 

-- 
+ 8.7 



DEFLECTION0 OF TEB PLUMB-LINE. 

1 'xcv. 
in terms of any Spheroid. 

1 

FOR CHANGE0 O F  AXES. 11 PVK C R I N G E S  OF ORIGIN.  BBLMEBT'L1 EPEEROID* 

Z"- 0 
Cnse I I 1  : Lnti tude cu8e l V  : Azimuth 

0-6978200 ,/.- 298.8. 
Z - ~~~g 1 : 6.-l knl  uO-1" wo 0 11* 

I 
Csae 11: 6 b - l  k m  - 

-6 ppp 

ro I I L)ol lect io~~ LbeHec- a 
u vcos A w cotA U V COBA tUCot,A N V OOUA W C(*lh U COMA W COCA U u cosA s colh i n  Prime t ion i n  

Vertical Meridian 

U 1, 

I I  I 
411 -1.88-11.86 +6:9/+1 '66 4-0-94 + o m l o  - 0 . 1 1  - 0 . 1 5  - 6.0 + 4 . 8  441 
- - - _ _ - -  ---- -I- -- --- 
Nr - 1-90 -16.69 + j ' o o  +3 '38  +0.94 + I ' Z I  - 0 ' 3 1  +3 '04;  + 3  33 -8.61 - 6.0 + 4 ' 4  449 
----- - -p .- - - 

1 - , - -- - - - - 
443 - I 9'85 ' 4 '5 "  + ' ' 45  + 3.58, 443 

444 -3.64 +I I o j  + 0'03 +O 3.3 

- ---- 
445 - 2 1 . 7 7  +.i'7h + I '67 

- 
446 -3.68 -22'91 +I I *14 + 5.8' t o 9.3 + 1.68 -0.33 

-22'90 +11'16 + 5.81 + 0 ' 9 3  + 1.b8 -0'3.3 

-2 j .01 + I I  ~q + j 'R;  +o.0.3 + 1.69 - - o ' j j  

-- 
A d d e n d a .  

-- 
+ 11.4 449 

+ 5 . 9 2  - 0 ' 2 2  - 0.40 

~ 2 ' 1 2  - 0 ' 1 3  

8 ,  . .- . . -,7-'y- ,~ ~ 

I '. 1-1 -I-- . - i 
I .  I I l i p -  - I -- 
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To complete the statement of data concerning gravity values of the reoiduals, observed miv1 

theoretical values ere now given. These have been taken from Professional Paper No. 15 and for a 

full explanation reference should be made thereto. It is only necessary to explain that r,, 7,. are 
the t.heoretical values of gravity based on Helmert's formula :- yo= 978 -030 (1  + 0 005302 sin2+- 
0-000007 sin22+) and assuming the corrections according to the Free Air, Bouguer and HaJ-ford 
hypotheses respectively. 

TABLE XCVI. 

No. 1 Name 

I 
2 
3 

5 
6 

7 
8 
9 

10 
11 
12 

13  
1 
15 

16 
1 7  
18 

I9 
20 
21 

22 
23 
24 

25 
26 
27 

28 
29 
30 

31 
32 
33 

. 

g -  y,- 

dynrs 
+.006 

- .002 

+ .015 - 

... 
+ .0]9 
+ ,027 

. . .  

. . .  
+ -011 

+ ,002 
+ a015 
--025 

-moo6 
-t -052 
- ,005 

+.014, 
- .007 

. . .  

-.005 
... 

--016 

... 
+ .020 

... 

. . .  
-a008 
-'006 

+ .(I08 
- '081 
-.018 

Agra . . .  . . .  
Aligarh ... ... 
_Allah5bad ... . . .  

... Aingaon . . 

... Amraoti ... 
Arrah ... ... 

Asarori ... ... 
Asirgarh . . .  . . .  
Badn~ir . . .  . . .  

Rangalore ... ... 
Bassein .. ... 

... Bhopd . . .  

... Bilispur . . .  
Bina ... ... 
Buxar ... ... 

... ... Chatra 

... Colaba ... 

... Cuttack ... 

Daltonganj ... 
Damoh ... ... 

... Darjeeling . . .  

Dehra DCn ... 
Dera Ghizi Khin .:. 

... Dholpur ... 

Edgar Shaft (Surface) ... 
Ellichpur ... ... 
Fatehpur ... ... 
Perozepur ... ... 
G a p  ... ... 
Gesupur ... ... 

... Goona ... 
... Gorakhpur ... 

Gwalior ... ... 

g-?,+ .030 

dynes 

- .019 
+ .006 

- .009 
+ .017 
- .033 

- -101 
+ ,023 
+ .015 

-a050 

+ .004 

+ -005 
+ ,010 
-.017 

3 . 0 1 4  
+ a092 
+ -033 

+ .013 
- ,012 
- -124 

- . I15  
-.080 
- .008 

' - -005 
+ -016 
-.089 

+ -015 
-moo2 
- .013  

+ a003 
- so95 
-moll 

Latilude 

0 1 

Longitude Heigbt g - y o -  .Oil I l l  
2 7 1 0  
27 54 
25 26 

21 22 
20 56 
25 34 

30 14 
21 28 
21 54 

13  1 
1 6 1 7  
23 16 

22 4 
2 1 
25 35 

24 1 3  
18  54 
20 29 

2 -  2 
23 50 
27 3 

3 0 1 9  
30 4 
26 42 

12 56 
21 18  
3 0 2 6  

30 56 
2 4 4 8  
2 8 3 3  

24 39 
26 45 
26 14 

dJne8 
- .012 
-a039 
- .O23 

- . O l i  
+ a014 
- 

-- .061 
+ -046 
+ .045 

+.01-1. 
+a006 
+ ,018 

-.OOG 
+ .015 
- .051 

-a025 
+ .052 
- -005 

- ,004 
- '012 
+ .044 

- .085  
- -108 
- .030  

+ -053 
+ a019 
- .085  

- a004 
-so31 
-.OSl 

+ a015 
- .  127 
- .030 

o 
f i e r  

78 11 535 
78 1 ' 612 
81 55 1 288 

60 28 1032 
77 46 1 1123 
84 39 1 186 

1 
I 

77 58 1 2467 
76 1 8  2077 
77 54 ' 2103 

i 

77 35 1 3118 
9 4 4 4 1  23 
77 25 

82 12 
78 12 
83 59 

88 23 
72 49 
85 52 

84 4 
79 26 
88 16 

78 3 
70 46 
77 55 

78 16 
77 31 
7 7 4 4  

74 37 
85 0 
7 7 4 2  

77 19 
83 23 
78 1 3  

1630 

878 
1355 

207 

64 
34 

1 92 

707 
1213 
6966 

2239 
397 
57" 

2945 
1314 
1434 

647 
361 
691 

1569 
257 
658 



DEFLECTIONS OF THE PLULlB-LINE. 

TABLB XCP1.-(Continued). 

g - 7 r  + ,030 

rly?les 
- . l 0 6  
+ .001  
t . 0 0 8  

+ .007 
+ .038 
+ -015 

- .091 
- .00(;  
+ .008 

+ .009 
- .051 
+ -021 

- .074 
-.090 
- .011 

-.037 
+ .040 
- '035 

+ . 0 3 8  
- ,049 
- -117 

- '015 
- '040 
- -103 

+ -016 
-a018 
- .071 

- -026 

Hciglll 

,reek 
949 
587 
46 

LOO:! 
183 
700 

268 
47-1, 
858 

14.(;7 
810 

1763 

2202 
1684 
1264 

204 
1014 

K4,9 

113 
7665 
4913 

1199 
835 

3522 

20 
1161 
219 

244 
3-1-95 
799 

734 
1903 
706 

257 
3685 
1660 

164 
557 
576 

60. 

34 
35 
36 

37 
38 
39 

40 
41 
42 

43 
44 
45 

46 
417 
48 

4.9 
50 
51 

52 
53 
54 

55 
56 
57 

58 
59 
60 

61 
62 
63 

64 
65 
66 

67 
68 
69 

70 
71 
72 

8-7.- .O ]  1 

dynes 
-e l17 
- -020 
- .031 

.000 

.OOO 

- 2 
- .031  
- -001. 

+ ,017 
- .065 
+ .039 

- .045 
- ,084 
-.010 

- .071  
+ ,033 
-- '054 

+ a001 
+ ,156 
- .011 

- a016 
- .053 
- ,032 

- ,084. 
-.020 
- . l o 5  

- a028 
+ .Oh0 
- -003 

-.035 
- ,002 
-.004. 

- ,040 
+ a063 
-.0S1 

-a067 
- .011 
- 4 3 2  

I Name 

Hardwgr . . .  . .. 
Hathras . . .  ... 

. . .  Henzada ... 

Hosl~angabad ... 
J;lcobnbid ... ... 
Jalgaon . . .  . . .  

Jalpaiguri . . ... 
Japla ... ... 

... JliInsi ... 

Juhbulpore .. 
Kaliina ... ... 
Kaliinpur ... ... 

Kalka ... ... 
Kilsi ... ... 
Katni ... ... 

Kesarbiri ... ... 
Khandma ... ... 
Khorja ... ... 

Kisnapur ... ... 
Kodaikiinal . . .  
Kurseong ... . . .  

Lalitpur ... ... 
Ludhiina ... ... 
Mach ... . . .  

Madras ... . . .  
. . .  blaihar 
... hlajhauli ~ i j  

Mandalay . . .  . 
Maymyo . . .  . . 

. . .  Meiktila . . .  1 

... Meerut ... 
Mhow ... , 

Miin Mir . . ... 

Moghal Sarai , 

Mogok ... . .  
Mohan ... ... 

Mon,shyr ... .., 
h1ontgomery ... 
RIortakka ... . 

... + a011 

... - '019 
- '025 - -0.26 
+ .013 + -039 

- .008 -.016 
... - -020 
... -*(JgY 

- -031 - '036 
+ .011 +.OO8 

0 0 0 .  - '006 

dynes 
. . .  
000 

. . .  

+ .010 
+ ,027 
+- so09 

- .031 
- 009 
+ 

+ 
-.(I18 
+ .028 

. . .  

... 
- .004 

+:036 
- -030 

i a028 
... 
. . .  

- '019 
... 
... 

-.064 
- '014 
- '068 

... 

... 

I Lntitude 

0 ,  

2 9 5 6  
27 37 
17 39 

22 4.5 
28 17 
21 0 

26 31 
24. 32 
25 27 

23 9 
29 31 
24 7 

30 50 
30 31 
2 3 5 0  

26 8 
21 50 
28 I 4  

25 2 
10 1-1, 
26 63 

24 4~1 
30 55 
29 52 

13 4. 
24, 16 
26 18 

22 0 
22 1 
20 51 

29 0 
22 33 
31 32 

25 17 
22 5 5  
30 11 

25 23 
30 40 
22 13 

, 

Longi~udr 
1 / 1 1  

0 8  

78 9 
78 8 
95 27 

77 44 
63 27 
75 34 

88 4.1 
84 0 
78 34 

79 5 9  
77 39 
77 39 

76 56 
77 50 
80.26 

88 31 
76 22 
77 52 

88 28 
77 08 
X 8  17 

78 24 
75 51 
67 18 

80 15 
80 (1.8 
83 58 

96 6 
96 28 
95 52 

77 1,2 
75 -1.6 
74 23 

83 6 
96 30 
77 55 

86 8 s  
73 6 
76 3 
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II'A BLE XCVI-(Continued). 
L 

No. 

feet 
986 
-14 1-1- 

6924 

7129 
562 
179 

dynes 
- .039 
- .066 
+ .074 

dynes i - .OZg  
- a039 
- .093 

Mukhtiira . . . 
Ml~ltan . . . . . .  
Mussooree (Camel's Back) 

Mussooree (Dunsever~ck) 
Muttra . .. . . .  
Muzaffarpur . . .  

Myingyan . . . 
Mysore . . . 
Nojli . . . 

Ootacamund 
Pathfinkot . . . 
Pendra . .. 

Raipur . .. 
Rajpur . . . 
Rirnchlndpur 

Rinchi . .. 
Rangoon . .. 
Roorkee . . .  

9-i Salem . . .  
9.5 Sandakphu 
96 Sasarim . .  . 

97 Saugor ... 
98 Seoni . . .  
99 Shahpur . . .  

Sihi . . .  
Siliguri . . . 
Simla . . . 

103 1 S i p ~ i  ... 
10-1. 1 Sultinpur . . . 
105 'l1oun~oo . .  . 

I 



C H A P ' I ' E R  X. 

Deflections of the Plumb-line and values of "g" derived in 
Turkistan (Ferghana) by the Russian observations. 

1. The problem of the origin of the Himalayas has already been attacked from the geodetic 
point of view making use of the deflection results ant1 gravity anomalies obtained in India. All 
these results relate to  points south of the main chain. It is now possible to  pu t  certain results obtained 
by the Russian surveyors into the  same terms : and it  has accordingly been considered suitable to  do 
this, so that  all geodetic data  closely related to  the Himalayas will be conveniently available in one 
volume. 

2. Values of cleflection can be found for Us11 base, N.W. end, the starting point of the  
Russian triaugulation which links u p  with the  Indian l'amir triangulation. The Russian triangula- 
tion emanates from a base near Osh latitude 40' 31', longitt~tle 43' 30' E. of P~ll l io~va.  Latitude and 
azimuth were observed astronomically while the  longitude of O s l ~  was found by electric telegraph 
from Tashkent, ancl trausferred from Osh t o  the north-west end of the base by chronometer. 
Presumably the  longitude of Tashkent is in terms of astronom~cal longitude measured from Pulko~va 
(Poulcovo) which is 2'l 1111 189.57 of time E. of Greeunricl~ ( r , ~ t l r  Nautical Almanac). This converted 
becomes 90" 19' 38".55 which mas t  be added t o  the values of longitudes espressed in Russian terms. 
Calculations of the Russian triangulation were performed on Bessel's spheroid. Suppose t h e  
deflections a t  Osh are [, q in prime vertical and meridian (positive il' S. or \IT.). Then thc  ceode ic 
elements are found by cleducting q =  - 11, E sec A = - 11, tan I= - IU from the astronomic \~alues of 
the latitude, longitude and azimuth respectively. The  Astronomic elements of the N.W. entl Osh 
base are :- 

Latitude 10 '37 '  l C i ' a ( i 7  
Longitude 72 5(i  11 .17* 
Azimuth not stated. 

From this astronon~ic origin ant1 a measured Imse triaugul:ttiol~ was ci~rriccl to ;t statiou 
Kukhtek of the Indian triangulation, the dedl~cctl lat,it~tdc being 37' 1.7' ,1.3''.DS ant1 the longitude 
7 4 O  59' 55".53*. 

I t  is necessary t o  express these in terms of thc geodetic valuc of Osll xntl t , l~e  1Irlnlert 
spheroid. This can be done approximatc.ly by rllcans of the tables already prepnretl \\ it11 r t ~ f c ~ ~ e r ~ c c  to 
Kalianpur as origin. Kukhtek is 2' 3 44".3R east of the Osh origin, and as  the tables 1)repxred 
for Kalianpur are shown in absolute longitude the  corresponding l o n g i t ~ ~ d e  required is that of 
Kalianpur increased by this i .e .  77" 39' 17".57 + 2' J' 44".36 =79'  43' 2" =7!1°.7. 

-- 
* This iucludos 30' 18' 38".GG, tbo dlfferance of lot\g~tucle of G ~ ~ u e u a l c l i  and I' tr lkow~.  
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3. Suppose corresponding to changes u, v ,  w a t  Osh, changes uf, o', w' occur a t  Kukhtek 
end that  both are due to imaginary changes rc,, o,, W, a t  an origin 0 on the longitude of Osh and at 
the latitude of Kalianpur together with a change of axes from those of Bessel to those of Helmert 
for whicll 6a = + a803 and I b  = + .739 (v ide  Appendix). 

Prom tables XVII-XX a change a t  0 of w,, I*,, and iis, causes changes of ?I,,, r,, -+ -370 m,, 
1 .20  w, a t  Osh and from the axes change the further changes (from tables XXIX-XXXIV) at 
Osh are +.80Y ~ 1 . 2 1 - . 7 Y Y x 1 0 ~ 5 6 ,  . 8 0 5 x O + . 7 3 9 x O l  ~ 8 0 Y x O + ~ 7 Y Y x O i . e . - 0 ~ 8 0 8 ,  0,o. 
The total changes a t  O s l ~  accordingly are u, - 0.808,  z.,, i .370 lo,, i 1 20 u.,. The rllallges at 
Kukhtek, 2' 3' -1q1." E. of ~neritlian origin and latitude 37'. 5 may be found in the same tables 
under lon~itrlcle 7!j0. 7. 

which reduce to 11' = 11, - .032w, - 5.3G9 v'= v, + .027u, + . 284w0 - 1.084 w r =  luo + .04511,+ 1 . 1 4 5 ~ ~  1 - -645 

They are /I,, - .OJ2 w,, 
+ ~ 8 0 ~ 3 x 1 ~ 6 2 6 - ~ 7 3 9 x 9 ~ 0 3 3 - ~ 8 0 3 x 1 ~ 5 2 5 + ~ 7 3 9 x ~ 1 9 1 /  

1.306-G.675 

Now a t  Osh zc= u, -Ge8O8, v=v0 + .370 w,, 1u=1.2 c,, 
I n  terms of vertical deflection u= - 11, v =  -6 sec h ,  w= - E tan h which determine u,, I,,, w ,  in 
terms of E and q as follows :- 

v0 + .027 14,  + .2H4 wo w,, + '0-1 5 ri, + 1 el45 7c0 
- . 8 0 3  x . 7 5 2 - . 7 3 9 ~ . 0 5 6  

- 1 . 2 2 5 +  . I 4 1  -*604- .041 

1 
u, = -7-t 6.808,wo= -= E tan A,vo= -5 sech + -308 5 tan A when X = 40" 37' 

Hence u'=-7 t 6 . 8 0 8  +.023E -5.369,  ~ ' = - 1 . 0 5 3  E + .027(-11+6.808)- .203[  -1.084 
and w' =-.715E + . 0 4 5  (-q+G.808) - .8185 - . 6 4 5  

= u,' = - q  + - . 0 2 3 6  + 1 . 4 3 9 , r ) ' = - 1 . 2 5 6 f - . 0 2 7 7  .-.90OIt" =- l .533E- .045. r l - .339.  

These are the corrections which have to be applied to  the Russia11 values of coordinates of 
Kukhtek, to bring them into terms of the Indian triangulation. 

The Indian values have to be corrected to  bring into terms of the Helmert spheroid and the 
observed values of the elements a t  Kalianpur, corresponding to u,= ,31,  v,=O*, rco=1.29, 
6a= .924, 66 = -743. Denoting the corrections by u", v", w" the corrections a t  Kukhtek latitude 
37" 3 and longitude 75". 0 are :- 

The values obtained by the Indian triangulation for latitude and longitude of Kukhtek are :- 

37' 17' 32".97 75' Of 12"-19 
26' - 4  - 8 8  vw + 2 .oo 

-- 
Values in terms of Helmert spheroid 37 17 28.09 75 0 14.19 

Values obtained by Russian triangulation are 
37" 17' 43".94 74' 59' 55".63 

and to  bring these into accord with the Indian values i t  is necessary to apply - L6'.85 to the 
latitude and + 18"-66 to the longitude. 

This io zero because Ihe deflection a t  Krlirnpur in prime vertical hod never been tabon recount of, rIthoud' it 
w u  implied by the raluen of e z i a r t ~ t l ~ ~  adopted. 



DEFLECTION8 OF THE PLUMB.LINP. 

The following equations are formed giving the quantities E and 7)  at Osh :- 
- q i  ,023 t +  1.499=-15.86 

-.027 9-1.256 5 -  .900= + 18.66 
whence q = +  .023 [+  17-29 

1.256 l j  = - -027 q -  19-58 
= - -001 t - ~ 4 6 7 - 1 9 . 5 6  

q =17.29- .37= t 1 6 . 9 2  1 
The values found by tlie Russian observers i ~ i  terms of Tashkent vertical are l j =  -6.04 

and 7 =23.43, vide table XCVIII. 
4. It is possible to bring these resnlts into agreement with tlie values deduced from the 

Indian side by supposing that  the vertical a t  Tashkent, latitude 41' 21' and longitude 69' la', i r  
deflected with reference to Kalianpur. 

Consider the effect of changes a,,, I*,, w, a t  Tashkent longitude ancl Kalianpur latitude, and 
from Bessel to Helmert spheroid for which 6a= t . 803 ,  66= +.739. 

From tables XVII-XX a cllange a t  origiu of PI,,, t ~ , ,  10, causes changes of u,, v, + .372 w,, 
1.204 W, a t  Tashkent ancl from axes changes the further changes from tables XXIX-XXXIV at 
Tashkentare -7.962, 0, 0. The total changes a t  Tashkent accordingly are 16,-7.962, v,+.372 w,, 
1.204 w,. 

The total changes a t  Osh A 4.0' 37'. L 81" 17 , { = 77' 89' t (71' 56'- 69' 18'))  

calculated from the same tables are :- 

+ . 9 9 8 ~ , - . 0 5 9 ~ ~  --67911u0+ .05Lx, + .35iub- e.olsl+ .osluO+ i . i g 7 ~ , - i . z s s  
The following equations are formed : - 

+ ' 9 9 8 ~ "  -.059w,, - 6.791 =v=li.5 (1) 
v, t ,0521+, + .357w, - 2.015 =v=9.9 secX = 13.042 (2) 

+ .081x,+ 1 . 1 9 7 ~ ~ ~  - 1.283 =zu=t)-9 tank= 8'490 (3) 
in which the numerical quantities 6.5 ancl 9.9 are the corrections necessary to 6 and q as dehrmined 
by the Russian observers, to bring them into agreement with the Kalianpur terms. 
Hence u, = -059 w,, + 15.318 (1) 

1.197 wo = -.081 11, + 9.778 (3) 
= -.005 ?I],, - 1.079 + 9.773 

or 1.202 ru, = 6.69-I. 
or w,= 7.23 
. . y, = -427 + 13.318 =13.75 (1) 
and v ,  = -.715 - 2.581 + 2.015 + 13.042 =1lS76 (2) 

5. With these origin changes the corrections a t  certain degree squares have been computed 
from the tables and the results are exhibited in table XCVII.  

T A B L E  XCPIr .  



2'4 THE EARTH'S AXES AND TRIANGULATION. 

6. The results of the Russian observations* are now given first in terms of Tashkent end 
Bessel's spheroid and then corrected to the Kalianpur vertical and Helmert's spheroid. The stations 
are shown in chart NO. VI. 

TABLE XCVII I .  

c . j  Compb-a.Rendur de L' Asnociation aeodesique Internntionole for 1898 (Annexe A 11% p. 268). 
t Converted from Pulkows Longitude b~ applying + 30' 20'  n no re accurately 30. 19' 38"'65). 

G - 9 .- 
L. 
o 
m 

1 
2 
3 

4 
5 
6 

5 
8 
9 

10 
11 
12 

13  
14 
15 

16 
17 
18 

19 
20 
21 

22 
23 
24 

25 
26 
27 

28 
29 
30 

31 
8 2  
33 

34 
35 
36 
37 

Station 

Tashkent ... ... 

ChodscLenL ... 
K~ratschekum ... 
Kangbadnm ... 
T ~ c l ~ i l .  hlachrarn ... 
Hegobvat (south) ... 
l'unt~in ... ... 
Sary.liurgan ... 
Pap ... 
Clrgorn~~l, (north) ... 

Kn1.niil-tjube ... 
Warspk ... ... 
Kntput ... ... 

Gurt-tjube ... ... 
K ~ S S I I I I  ... ... 
Chalmion ... ... 
Samangan ... ... 
Jfartelnn ... ... 
Bjalajlr .. ... 

Knra-tjube ... ... 
tlalyktsclii ... ... 

... Utsch-Rurgan I 

Ulnch-Kurgan I1 ... 
Knwa ... ... 
Tasch-tjube ... 
Tschurnbagyech ... 

... Ishnsken ... 
Mill-tjube ... ... 

... Ar~dischnn ... 
K~syl-Knrgan ... 
Salb.tjube ... ... 
Massy . . ... 
Cl~odsche-Byrjan ... 
Tjulka-ljube ... 
 OR^ ... ... 
Clluret  Ujunyo ... 
I\l~riy ... ... 

... IJscl~alabad 

Latitude 

4: 2; 

40 17 
16 
19 

33 
19 
44 

20 
54 
38 

3 1 
41 7 
40 16 

50 
41 15 
40 11 

41 0 
40 23 
41 4 

40 37 
53 

41 6 

40 14 
31 
40 

54 
41 2 
40 29 

47 
20 
38 

41 6 
40 48 

18 

3 I 
46 
34  
65 

Qree~wic l l  Longitadat 
Terms 

690 i d  

37 
'70 5 

26 

33 
43 
48 

71 2 
4 

14 

15 
:6 
20 

28 
96 
39 

41 
47 
60 

60 
5 1 

72 3 

4 
4 

10 

13 
21 
22 

2 4 
24 
34 

39 
43 
4 6 

49 
66 
66 

73 1 

3 

Helmert's Sphnroid 
and 

Kalianpnr Vertical 

Deflection Deflection 
in  in 

Bessel's Splleroi(1 

T a s h k e ~ ~ ~ e 1 . l i c n l 1  

Deflection Deflection 
in in 

Prime Verticrl 

- g'.'g 

+ 2 . 9  
- 6 .4  
-14.7 

... 

... 

... 
- 0 . 6  

... 

... 
+ 8 . 2  

.., 

... 

... 

. . , 
-12.8 - 6.6 

... 

... 

... 

... 

... - 9.6 

... 

... 

-16.8 

... 

... 

... 

... 

... 

... 
-15'9 

... 

... 

... 

Prime Vert~cal 

0 ~ 0 0  

+ 13.06 
+ 3.71 
- 4.63 

... 

... 

... 

+ 9.47 
... ... 

+18.14 
... 
... 
... 
... ... 

- 2.94 
+ 3 .53  

... 

... 

... 

... 

... 
+ 0.42 

... 

... ... 
- 6.84 

... 

... 

... 

... 

... 

... 

- 6.04 
... 
... 
... 

Corrections 

- - I c o l A  
Yeridikn 

- 6.6 

- 3.1 
+15.6 
+15.8 

- 4.4 
+36,0 
- 14'8 

t 2 3 . 6  
-27.4 
+ 2'3 

t 1 0 ' 0  
-33.3 
+34.4 

-10.6 
-2G-6 
+42.7 

-16'1 
+26 '9  
-19.6 

+ 10.6 
- 8.3 
- 17.0 

+ 34.9 
+21'8 
+ 12'5 

- 6.8 
-18.7 
+27'2 

+ 6 . 2  
+26 ,8  
+ 19.4 

-22.0 
+ 5.1 
t 26.1 

+I6" 
+ 7 ' 3  
+ 16.3 
- 1 .9  

Meridian 

O'!OO 

+ 3.83 
+22 .52  
+2'2.65 

+ 2'36 
+42.82 - 8 .13  

+ 3 0 e 3 4  
-20'69 
+ 8.92 

+16.64 
-26.87 
+4La13  

- 4.13 
-20.30 
+49.41 

- 9 .73  
+32.56 
-13'08 

+17.17 - 1.87 
-10.63 

+41.63 
+ 28.40 
+18.97 

- 0 .38  
-12.36 
+33 .74  

+ 1 2 - 6 3  
+32.39 
+25.86 

-15.71 
+11.49 
+32.71 

+23.43 
+ 13.70 
+22.80 
+ 4 '38  

-6.94 
- 6 . 8 9  
-6 .83  

-6 .72  
-6.80 
-6 .62  

- 6  77 
-6.63 
-6.tiO 

- 6 - 6 5  
-6.40 
-6.76 

-6.51 
-6 .31  
- 6 . i 6  

- 6 - 4 1  
-6.65 
-6.37 

-6.57 
-6.46 
-6 .33  

- 6 . 5 0  
-6.58 
-6.51 

-6.41 
-6.34 
-6.66 

-6.43 
-6.63 
-6.50 

-6 .27  
-6 .38  
-6.59 

-6.5n 
-6.38 
-6.47 
-6.32 

I 

-10.12 
-10.09 
-10.05 

... 

... 
' 
i ... 
-10.03 

... 

... 
- 9.97 

... 

... 

... 

... 

... 
- 9 . 8 3  
- 9.99 ... 

... 

... 

... 

... 
- 9.94 ... 

... 

... - 9.94 

... 

... 

... 

... ... ... 
- 9.90 

... ... 

... 



DEFLECTION8 OF THE PLUMB-LINE. 
2 ' 5  

The following description is extracted from Con~ples-Rendus rle V Association Geodesiquc 
Internationale for 1896 (Annexe B X I  p. 309):- 

" The researches recently completed on the deviation of the plumb-line in Perghana (Turkishn) 
are of special interest,. This valley lying between 40' 15' and 41' 15' in latitude and 39" 30' and 
42" 45' in longitude, east of Pulkowa is a deep depression the walls of which are pierced in their 
western part by the narrow bed of the Syr Daria. The bottom of the valley has an approximately 
elliptic figure with its major axis 250 krn. long following the direction of the parallel, and its minor 
axis 110 km. that of the meridian. On the north the valley is enclosed by chains of mountains of 
an average height of 2500 to 3500 m. and on the south are the Alai, the Trans Alai, the Pamirs and 
the ~ i n c l u  Kush. S ~ c h  a posit,ion leads one to expect considerable deviation particularly in latitude 
and explains the investigations which have been made in order to verify this supposition. To this 
end 37 determinations of latitude have been made of poi~its equally distributecl over the district and 
10 of longitude a t  points nearly on the same parallel. Taking Bessel's Ellipsoid, and the point 
Ralyktschi as zero, we obtain for the deviation in latitude values for A- G from - 25" on the north up 
to +51' on the south of the valley, in longitude the deviation of opposite sign amounts to 25"". 

7. A table of gravity residuals in the same district* is also given for the sake of completeness. 

. c. f. C. B. 1911-Volume I11 pp. 166.168. 

Stntion L ~ ~ t i t u d e  

3 i  10 .0  
38 2 2 . 2  
38 24.5  

38 27.3 
38 9 . 7  
38 42.0 

39 6 . 4  
39 41.9 
39 48 .6  

40 1 . 5  
40 2 . 2  
44019.0 

40 23.7 
40 24.6 
4 .031 .4  

4 0 4 . 5 ' 8  
41 19.5  
42 30.9 

40 17.1  

Pamir Post . . . . . .  
Kala-i-Wanj . . . ... 
Sar-i-pul . . . . . .  

Kala-i-Chamb ... . . .  
Rabat Ak Baital ... 
Rabat hlaskol . . . ... 

Kara Kul Lake ... 
Irkeshtan Fort . . . ... 
Ak-bossaga ... ... 

SufiKurgan ... ... 
Karaul K~shlak. .  . ... 
Gultsha ... ... 

New Marghilan ... 
Langar . . . ... 
Osh . . .  ... 

Andijan . . .  . . .  
Tashkent . . . ... 
WysokojiKhojand ... 
Chodient . . . 1 

' 
-4 
E 
rn 

' 
LJ 

Longitude 

7; 58'-2 
71 27.0 
70 5 . 5  

70 46.5 
73 51.5  
73 31.7 

73 31-2  
73 55.5  
73 13.7  

73 30- 0 
72 6 . 0  
73 25.7 

71 46.7 
73 5 . 7  
72 46.6 

72 20 6 
69 17.7 
70 33.9  

69 34.7 

H-ght go - Vu 
I !  Cln 

Met res 10-3 x 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

13  
14 
15 

16 
17 
18 

19 
71 38.7 

3700 
1795 
1500 

1315 
4100 
4:!00 

3920 
2850 
2675 

21 15 
1300 
1583 

581 
1665 
1021 

530 
478 

1060 

320 
440 20 

- 30 
- 177 
- 100 

-152 
+ 74 
+ 169 

+ 35 
- 56 
- 128 

- 91 
-157 
- 126 

- 159 - 67 
- 106 

- 195 
- 50 
- 1 

- 140 
- 178 Knmangan . .. 





A P P E N D I X .  

Various Determinations of the Axes of the Earth. 

For convenience of reference the principal values of t h e  elements of the figure of the earth 
obtained from time t o  time are  given below, expressed in uuits of 1000 feet and kilometers. I t  
is to  be observed t h a t  the clatum of height in different c ~ n t ~ i n e n t s  is only in the  same terms on t h e  
assumption t h a t  the  geoid is identical with the spheroid. The quantities cletermined really refer t o  
the several concentric splleroicls through these sea level datum points. 

1. R A D I U S  OF TEE E A R T H  C O N S I D E R E D  AS A S P H E R E .  

2. A X E 3  OF TEE EARTH CONSIDIERED A S  A S P H E R O I D .  

J e a n  Richer  ( r l .  1696) pointed o u t  t h n t  t h e  Enl.tl1 mas not  a syllere. 

Dnta 118ecl 

Arc from Syene (Upper Enypt) to  A!exandria. 

Arc fro111 Londou to  York. l\Ieun Lat. 52" 42' 30". 

Arc from I'nrio to Amiens. 3lenn Lat. 49" 36'. 

z RADIUS 1 A~~thor i ty  Date 1 
in 1,000 feet in kilometres 

260 B. C. 24.570 

'1 Tlre i m ~ n ~ ~ ~ l i a t e  
I iulerenccwns that 
. thede~rwdimini -  
>shing with the ln- 
crensinp 1.1titude. 

: the F x t b  I ~ U S ~  be 
1 n p1'0lalrsj~krl~old. 

RADIUS OF C'URTATURE IK 
e E A x  Z A T I T ~ U E  OF Anc 

in 1,000 feet in kilometres 

I 

DEDUCED 

in feet 

I 

2 

3 

. 4  

nfenu Lnt. 1 '31'o" S. 
~ O I I W I L P ~ .  la 

A ~ C  I h n ~ .  ,) 7 
Condumine 

Era tos thones  ... 
Posidonius ... 
Riohard No]-wood ... 

J e n n  Picard  ... 

80 ,. 

1637 A. 1'. 

1609 ,, 

Arc lrolu I'nris to 
Dmllruk. 
Menu Lat. 49' 51;' 8". 

Arc from Puria to 
Collioorc. 
alenu Lnt. 4.5'40'42''. 

Bouguer and  D e  In 

5 

(; 

1735.1761 

23190 

21038 

20806 

I Coudaminr. &I*II- 

J. a n d  D, Casrini ... 

J. a n d  D. Cussini ... 

( 

i 128  

7069 

I213 

6 3 2  

209S.5 I 316.82 

2U;U5.4 

l6R4-1718 

. . . 

6338.8 1 

8 
Arc ill Finl.,lld, ' L)e Thur? *n,l 1, 

C l s i r a ~ ~ l t  

2OS69.2 I 83liO.S 

Mnupertuia and 

:(1910.J 

9 

1736 

FSi6. I 

1 
De l.ucuille ... 

(=6397.3k111i~ 1 I pr tu is .  Clairn~~lr.  

?IVJR.J I ~ A I ? . . ~  i(i.lo,s,,, 1 : T.~c-aille prwr; 

Oood H o p .  
1762 20'97.4 6869.4 
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218 THE E A R T H ' S  AXEY A N D  T R I A N G U L A T I O N .  

e 
3. A X E Y  OF THE E.4RTH C O N S I D E R E D  A 8  A S P H E R O I I )  T)E1'EI(hllPU'ED F R O M  A GROUP O F  ARCS, G R A V I T Y  ETC, 

a n a h t i t i e s  g i v e n  b y  a u t h o r i t y  n a m e d  are ~h0n .n  i n  r o m a n  f i g u r e s ;  d e d n c e d  q u a n t i t i e s  are i n  i t l~ l i c s .  

2 SEMI Maron AXIS (=n)  is 1 Authority 1 D a t e  1 SEMI MINOR AXIS ( = I )  

E i n  l.OW feet I in ki lometres  

10 

11 

12 I 

13 

14 

15 

16 

17 

I8 

19 

in l.OO0 feet  I 
2u862.322 

,, 63.28403 

( ,, 55.37458) 

,. 53,610 

,, 63.296 

,, 66,233 

,, 55.316 

,. 66.121 

,, 54.806 

., 66.262 

., 66.888 

... 

,, 65.301 

,, 66.886 

,, 66.721 

,, 66.019 

,, 56.978 

,, 54.871 

... 

... 

... 

1790 

1.30 1 
I830 

1841 

1857 

1863 

1866 

1880 

. . . . . .  

. . . . . .  

IB80 

. 

19m 

I907 

1909 

... 

- 
L n p l o c e  ... 

Everest 
... 

... Airy 

U e ~ s e l  ... 

C l u r h e  ... 

Pra t t  ... 

C l n r k e  ... 

C l a r k e  ... 
C l a r k e - B r s s e l  

C la rke -Beese l  

the  bloon's pnrallux. 

in  kilometree 

6355,935 

,,, 66.076 

... 

., 66.236 

,, 56,079 

,. 66.669 

,, 66.696 

,, 66'636 

,, 66.871 

[,, 66.9803 

[,, 66.8691 

... 

,, 50.716 

,, 56.868 

., 60.818 

,, 56.800 

,. 56.806 

,, 58.5tl 

... 

... 

... 

Dnta uaed etr. 

I 
312.20 i 
300.8017 

... 

299.33 

599.15 

294.26 

295.26 

204.98 

293.47 

299.15 

200.16 

206.4 

290.15 

207.8f 0.9 

298.3 

297.0i0.5 

297 

[204.2] 

2g9.7i0.3 

287 

Z H . 4 i l . 6  

20919.768 

,, 22.84096 

( ,, 22.93180) 

,,23.713 

,, 23.237f 7 

,, 26.348 

., 26.189 

,, 26.062 

,, 26.202 

,. 20.101 

,,26.839 

... 

., 26.320 

,, 26.lrak.112 

,, 26.871 

,, 26.488f .O69 

., 26.436 

Arcs in Peru, India, h n c e ,  
EngI:lnd, nnd Sweden. 

Arc from Damargida t o  Kalianpur 
Neon Lat. 21' 6' 13". 

As expressed hy Everest in terms of 
Indian 1V.foot bnr A (=0.99905658leet). 

14 meridinn ILICB and4 arcs 01 parallel. 

From 10 n~eridian arcn. 

Arcs: Anglo-Gallic, Russiun, Iudian, 
Prusmnn. Peruviun, Hanuverian, 
1)nnish. 

Semi axes nndelli ticityof theMean 
Figure 01 t h e  ~ n r t % .  From a com- 
parison of the  Anglo.0nllic. Rllssiln 
and lndiau nrcs kc. 

Arcs: Anglo- Gallic (rejectina211at. 
stations), 2nd Indinn, Russian, Peru. 
vian, Cape. 

From Clnrke'a valueof 1868 with 
old conversion factor. 

F rom consideration of preceseion. 

( I .  0001) x Beasel's value : adopted 
the centrnl Borenu, lnternatiod 
Geodetic As~ocintion. 

~~~m grav i t j  ~ 1 e t e r m i u a t i ~ ~ ~ -  

1 
Adopted for  International a msp' 

Obtuined by 5. Wnllicch tRkP8 
Helmert's vnlue n i th  weipht=unltY 
nirA the  malditied Huyfurd vfilues 
with weight=*. 

From ~ u n n r  ihcory. The rnluewi1l 
make the  o1,served moli?nn 
perigee and node ngrre with the 
theoreticnl valuee. 

Adopted in the conference or 
Nolltical Aln~onnc directors. 

From P I O O ~ ' R  pnrolltlx nt Greenwich 
nud (.npc. Ohtoinell by n hundred 
,,&ire of limuItn~wous obaervntionn 
a t  the (.ripe nud Grrenmicll Ob8er. 
vatories by a compnrison between 
thsoretirnl and observed rnluea of 

20 

2 1 

22 

23. 

24 

25 

26 

27 

28 

29 

6376.340 

,, 77.276 

... 

,, 76.642 

,, 77.397i.214 

,, 78.3% 

., 78.297 

,, 78.268 

,, 78.301 

,, 78.301 

,, 78.190 

... 
,, 78.035 

,, 78.283k.034 

,, 78.200 

,, 78.3885.018 

,, 78.378 

., 78.24 

D a r w i n  ... 

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

B s y f o r d  
(C .andG.8 . )  ... 

H e l r n e r t  ... 
H a y f o r d  

(C.andG.8.) .. 

H e l m e r t - H a y f o r d  

I n t e r n a t i o n a l  M a p  
C o m m i t t e e  ... 

E.W. B r o w n  ... 

N a u t i c a l  A l m a n a c  

C r o m m e l i n  

... 

... 

... 

1014 ... 

1911 

. . . . .  

... 

... 



VARIOUS D E T E R M I N A T I O N 8  OF T H E  A X E S  OF T H E  E A R T H .  

4. A X E S  OF T H E  E A R T H  C O N S I D E R E D  AS AN ELLIPSOID. 

R E F E R E N C E S .  

1. Eartll's circ~cmference was rrckoned t o  be 250,000 stadia ( 1  stadia = 50.563 f ee t )  r i d e  h'ncyclopadia Metropolitans 1848, Art. 
Figure of the Z a r t h :  also Encyclopmdia Britanniou I l t h  Edi t ion ,  Vol.  8 ,  Ar t .  Frgsre of the Earih. 

2. Earth's circnnlference = 2443,000 stadia-lbid. 
3. 1°=367176 feet-l bid.  
4. 1°=670R0 toises-lbid. 
5. 1"=h(iYl50 ,, Ib id .  
6. 1°=57097 ,, ]b id .  
7. lo-56767 ., l b id .  
8. 1°=57183 ,, Vide  Eac,~cloprPdia Metvopolitana 1848, Art. Figtrre of the Earth. 
9. 1°=67037 ,, TSde Encyclopedia Br~ tann ica  11th Edi t ion ,  Vol.  8 ,  Ar t .  Figtire of the Earth .  

10. Account of' tLe 0bse1,uations a i d  Calcc~lations of the Principal Y'riurrgulations &c. p. 733 b y  Capt. A. R.  Clarke, R .  E., F. R. A. 8. 
11. Vide pp. 1 ,  2 
12. Account of the Obxeruatious a ~ i d  Cnlculations o f  the  Principal Tria~rgnlations t c .  p. 7 3 1  b y  Cnpt. A. R. Clarke, R .  E., F. R. A. S 

~ l s o  Geodesy p. 303 by Col. A. K. Clarke, C. B. 

13. Encyclopedia Britannica l l t l l  Edit,ion, V o l .  8 ,  Art. Figure of the Enr th ,  p. 8'37: also The  Figure of the Earth and 18osta~y f rom 
measurements in  the United States 1909, p. 172 b y  John F. Hayford. 

14. Geodesy 1880, p. 306 by Col. A. R .  Clarke, C.  H. : nlso Arco~o,t  of the Observotions and Cal~ulat ions  o f  the Principal Triangulationr 
cfc. p. 771 hy Cnpt. A. R .  Clurka, R. E , F .  R. A. S. 

16. A Treatise O I L  Attraction, Laplace's Function, and the Figure of the Eat-th. 1868, p. 134 b y  John H .  Pratt ,  M.A. 
16. Encyclopedia Brilannira l l t l l  Edition, Val .  8 ,  Art.  Figrrre of the Xarth, p. 808:  also Smithsonian Geographical Tal ler  (1906) 

p. S L I I I .  

Dab uaad 

. 

Arcs: French, English. 
Ruasiao. Indian, Cnpe, 
Pruasian and Peruriau. 

Area : French, Enulimh, 

17. Geodesy 1880, p. 31 9 by Col. A .  R .  Clarke, C. B. : nleo &ncycloprPdia H~. i ta t~niea 1 ltll Edition, Vol .  8, Art.  E g u r e  of the Ear th ,  
p. 803. 

I Indian, Bnssiau, Prnasian, ( I'eruvian, Cape. 

0 

P 
bg - 
fi 

30 

81 

18. Semi  major t~xie  o f  Clnrke, 1880 (V ide  17)  and ellipticity o f  Besse1 (T'ide 13).  
19. Philosophical T r a n s n c t i o ~ , ~ ,  Series A, V o l .  206 pp. 289-318-On the Intensity and Direction of the Torcs  of gravi ty  i n  I n d i a  

by Lieut-Colonel S. G.  Burrard, It. E . ,  F .  R. S. 
20. Proceeditags of the Royal  Society, Vo1. L X ,  p. 119-The Z'lieory of the P'igrrve of the Eorlh. 
21. Gncyclopedia  Britntrtricn 1ltJ1 Edition, Vo l .  8 .  A l t .  Figure o f  the Earth ,  p. 813. 
22. The Figure of the Earth  and Isostasy f rom n~easur~ements i n  thr United States 1909, p. 172 by John F. Hayford. 
23. r i d e  p. 3 : nlso The  Figu1.e of the Earth  and Isostasr, fronr measrcren~ent< in the United States 1909, p. 173 by  John F. Hayford.  
24. S trpple~nentnr~ Inurstigntion i n  1909 of the Figure ~ the Earth und Isostasy 1910, p. 77 by  Job11 F. Hayford. 
26. Vide Nature No. 2411, V o l .  96, January 13, 1916. 
26. Vide  Resolutions and P r o c e e d i ~ t ~ s  of the International Map crrnln~ittec asse~nbled in London, No~embe l* ,  1909. 

27,28&f9. r i d s  O p e n i i l ~  Adclc.ess by PIOF. x. w. Bl.o\\-n, F. 11. Y. t ~ t  tlla Austrnlinn hleeting o f  tllr Brit,isl~ Association,-h7alure NO. 2346, 
Vol .  94, Oct.  16, 1914. 

30. Menloirs of the Ro,yol Astrono,iricnl Society 1859.60 Val. XXIX, p. 2 6 :  also Xonthly  Not i~ ,ec  of Rogal drtrono~nicnl Socir'y, Vo l .  
XX, pp.  104-107. 

31, Geodesy 1830, p. 308 by Col. A. R. Clarke, C .  B. :  nlso P/~ilosoohical .Uagnzine. August 1878. 

For soine ot,ller vrrlues see L a  Fi.guve de L a  Terra, Pnris, 1001, hy  Cllpt. G. Penier.  
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Poshkar H. S. and Gogipatri H.S. 
Poshkar H. S. and Gogipatri  H. S. are  two geodetic stations of Capt. T .  G. Montgomerie's 

Kashmir Principal Series which was adjusted in 1921 in terms of t h e  Gilgit Series and its exteusion, 
the Indo-Russian Connection, involving small corrections t o  the  valoes of their geodetic coorclinates. 

Latitrrdr! obeervaiione 
I n  1860 Capt. Montgomerie observed astronomical latitudes both a t  Poshkar and Gogi- 

patri with a 14-inch vernier theodolite by circum-meridian altitodes; b u t  as tlie results by N. stara 
differed by  20". 76 and 20". 90 respectively from those by S stars, they mere not accepted as reliable. 

I n  1922 Major  K. Mason reobserved a t  both these stations by Talcott method \\,it11 
the Zenith telescope. His  deflectiou results (S.  1:3".8) a t  Poshkar differed by 1" from the mean of 
Montgomerie's (S. IS".8).  A t  Gogipatri  Major  Mason's ~ e s n l t  (S. J V . 0 3 )  was almost identical 
with t h a t  of Montgomerie (S. 3"sOS). 

Pamir Boundary Pillar No. 1 
Lat i tude  observations. 
Dur ing  t h e  Piimir Boundary Commission in 1893, Col. R. A .  Tl'ahab (\Yar~hope) observe11 

astronomical latitudes of this point. 
Lo~zgztude obeervat~ons,  
Col. Zalesky of the  Russian Commission during the same work obtained the  longitude 

(7Y" 46' 32') of the  same point by comparison of local time with t h a t  shown by six chronometers 
brought from Osh the  longitude of which had been determined telegraphica1l~- from Pulkonra. H e  
consiclered his probable error not greater than 5 seconds of arc. 

T h e  trigononaelricnl observatioias. 
This point was fixed triqonometrically by  the  British Commission. To  bring all the 

Boundary Commissiou work in conformity with the adjusted triangulation of India, mean corrections 
of - 4".7 in X, - 3" .3  in L,  and + 176  feet  in height have been applied. 

Though the  resnlts thus  obtained are  not highly accurate yet the!. show tha t  no great 
l~lumb-line cleflections exist here. 

Pyr. de la base S. W. (Kizil-Rabate). 
I n  19 12-13 during the  Indo-Russian Connection, tlie Russians observed a s t r o ~ ~ o n ~ i c a l  

latitude and astrononlical azimnth a t  their station P y r .  de  la base S. \V. The triangulated value> 
have been expressed in Indian terms through Kukhtek and Sarblock. (Tr',/c~q~. 211-12). 

Depsang Transit S. and Leh Transit S. 
Lal i t7~de  n t ~ d  L o f ~ g i t u d e  obsercations. 
I n  I!) 14 during the  D e  Filippi Espedition astronomical latitudes and lo~lpitudes of n e p ~ i i u g  

Lell and other six stations were observed. Longitudes were detertnitied b!. mealis of wirelras sic!~inl~ 
transmitted from Lahore ~vliich were simr~ltaneously timed and recorded a t  Dehrn nut i ,  in the 
Transit room adjoining the Dome Observatory (new). 

I ' l ~ e  tt-igowot,tetricnl observntiot~s. 
T h e  Point a t  Leh was intersected from two statious of Kashniir t r ia l~gr~lat ion autl that  a t  

Depsarlg was resected from known pealis, by 3 f ~ j o 1 .  H. Wood (Survey of Intlia) attachetl to  the 
exl~edition. 

Dumdangl H. 6 .  and Thakurganj H S 

Latitr~dr! observations 
I n  1923 Major H. T .  Morshead observed astro~~onlicnl  latitudes a t  these two stnt io~ls  wit11 

a 6-iuch Transit theodolite. As the work mas done wit11 a snlall i t l s t r r ~ r ~ l e ~ ~ t ,  the vn111es of tletlection 

are given to t h e  nearest second. 



TEE EARTH'S AXES AND TRIANGULATION 

Adclelzdu to T A B L B 

Deflections of the Plumb-line 

d 
z 
2 .- 
i 
u 
m 

I 

S. 

H . 9 .  
- -- 
M1 142 GI P h i r  Boundary 

i I Pillar S o .  1 1896 
.. -,- 

452 I K! Prr.  de la base 8.w. 
' I (Kizil-Rahate) 1912 

G??~YG~ Ynrree Obq. s .  
1860 , , 

451'- J I  Rustamgarhi h 9. 

1 1862 
_,d-- 
45.5 JI Poshkar H.s. 

i 1922 

5 
'A 

0 
s m 

OIj~erred at 

EVEREST'S SPHEROID. 

~ ~ i ~ h t  
in 

feet 

3099 

7922 
- 

1.35;4 

;4j8 

5.351 

8323 

456 / J '  Zebanuan H.8. 8799 A 34 3.3.50 
1922 G .14 .3 59.14 c) 74 54 2.94 

Zebanwan E 0 29 

_I-,.- 

458 1 B Rel~nn 

Latitude* 

A .& &16  
0 29 48 58'7; 

(; 28 57 44'43 
A 37 26 3.3 
G 37 36 27 
A 37 26 40.28 
G 3 i  26 38.80 

G .I.I 54 ~ i . . 7 6  

G 34 -t 38.70 
A 3 4  2 a.78 

34 1 48.98 

Longitude* 

L I I, 

0 60 55 10.90 

0 66 3; 18.70 

A 73 46 32 
Q 7.3 46 .30 

8 74 44 24.05 

a 73 24 25.67 

(2 i 4  49 5.3.68 

G 7 4  zg 5 1 . 2 ~  
456 

q57 

2% 

- q . 6  

t 9 . 4  

- 4 . 9  
-- 

~ i l  Kopa 
: 1924 -- 

%., 
--- - J Sirwara 

19'4 
46.7 .I l~paol  
-. - -- . 1924 -- 
4% K 1:arnapnm 'r.9 1 156 1 A 15 45 3'1.3 

1924 - - - -. - - - - -- - G 1: 44 55.09 G 8 1  5 40.5R - 
41.;' M Ea~d..ma T.B. 1 315 1 A 2; 1 I 16.36 

19'14 G 27 1 1  16.3.3 G 8.3 21 18.45 
.&I: >I -5lnthi;L 

1 w:{ I - -. . . . . - - . 
7 S 1:ajal~an 

192.7 

Azimuth* 

0 . I, 

A 178 40 55 '7  
G 178 40 50 .0  

9 2 j5  45 2 2 . 7  

G 255 45 25.7 
A 217 39 50 '4  
9 227 99 54.1 
A .qo 52 6 . 8  
(3 30 52 2 i l y  

A 318 14 0.7  
Q .318 1.1 5 4 ' 0  

+ 3.0 

- 8 .0  

- 2.8 

- 8 .7  

- 

- 14.5 

-- - 2'50 

-- 
+ 9 . ~ 0 4 6 2  

- 
+ 5 ' 3 8  

-- + 8.14 

-- 
- 9'97 
-- - 10.27 

-- - o.s2 

-- - . 

I d 
Z 

observed station 

460 

461 

- - 
463 

404 

465 

466 

- 
467 
- 

0 d 

Z e r a  E 0 6 

-- 
Nerh D 1 6 

Ciogipatri E 1 24 

Gogipatri D 0 30 

1 '472 ( 1 r f 1 1 t  1 ( IRR 7 4 6  

_ . 

- 

-- 

. 

' uuc - -  3 iiinlr+-~- - . 

8 I 
1!!24 

4 f H l  O ~enarrr;. 
It424 

- ~ 
. - 

4 2 A : r r  T.U. , 3 1 1  : A l i  50.43 

observRtionst 

+ 10 .~1  

+ 2 

- 2.6 

- j . 5  

- .3o'o 

+ 9.9 

468 

489 

- 
4 i O  

271 
- 
471 

z5 
- 
474 

-- 
476 

+ 7.78 
--- 
+ 9.76 

1 wz4 -- ~- " .17_ .9  4 . 9  
4 A 91x1. T . S . ,  i f 1 7  1 .\ 1 7  1 .31'91 

- -- 

- 

_ ~- .-- 

- 

(3 Rd 19 35.56 

+ 
-- 

-- 
+ 6 

- + 1.5 

- 
-- 

+ 1 f . 8  

- 1.1.66 

- 11.07 

- -- 6 .  tR 

- - 
+ 0.36 

- ~- - - b 

---- - tJ 

449 

450 

451 

-. 
452 

453 

454 

1 (a:i (1 1 7  1 44.04 0 8 4  49 54.56 
. .. . i - -  

472 P Ulnarln r.*.  1.39 A 16 45 6.17 I 
I WL4 '. (' 16 43 1 1 .  $5 i e R 3  15 54.15 

~ .. - - - . - - - - -- 

I 4 t Hhalnlrur .1'.8. 17.3 ' A 26 14 41.T.3 
1922 ! 0 16 14 4 ~ ' . 1 7 _ . ~  83 47- J1:17_ 

474 7h b I r u n , h ~ ~ y ~  T.H. , 3 o ; - ; ~  rb iR a s  
I!rlZ 1 f i ~ h l . ' , l l  -- ! " ? . ' 1 7 ' I _ _  

- - ..--- 
4 I t a n  H 4 , A I I 53 I 

. . .. 

_ _  __ 

- .- 



DEFLECTIONS OF TEN PLUMB-LINE - 
XCV. (Corbtinued from pp. 206 8 207) 
in terms of any Spheroid. 

FOR CTtANGES OF AXES. FOR CHANGES OF ORIGIN. HELIIERT'E SPHEROID* 1 
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DEFLECTIONS OF THE PLUMB-LINE. 210a 
XCF'I 

TA B L  E -(Continued). 

No. I Name Latitude Longitude Height 9-7 . -  .Oil 0 - 7 s  + .OYO g-7 , -  .011 I l l 1  
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To be pasted o lver the column below g-  y, - 
2OP, 209 and 210 respectively. 
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