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ABSTRACT

The Kern § Company Limited o f  Aarau, Sw itzerland re c e n tly  

developed a l iq u id  compensating mechanism which rep laced  th e  standard  

double image coincidence bubble. They combined th is  fe a tu re  w ith the  

a lready  proven design  o f  Dr. H einrich  Wild in to  a new Second Order 

T heodolite  which would ho p efu lly  provide th e  sm all eng ineer and survey­

ing company w ith second o rder c a p a b i l i t ie s  and p o ssib ly  f i r s t  o rder a t  

a lower c o s t. Assessment o f  th i s  in stru m en t’s c a p a b i l i t ie s  were under­

taken in  as complete a manner as p o ss ib le . The reading  e r ro rs  were 

found to  be nom inale the  g raduation  e r ro rs  in  th e  c ir c le s  were found 

to  vary a t  most by +_ 1 . 5 " which corresponds to  a displacem ent o f only 

0.05 mm. The m icrom eter was found to  d ev ia te  in  run only by 0,012’' 

p lus a m oderately f l a t  s ca le  v a r ia t io n  curve. The instrum ent performed 

admirably in  th e  f ie ld  under adverse cond itions though i t  d id  tend to  

be u n re lia b le  a t  co ld e r tem peratu res, 50°F to  60®F, and down. The 

abso lu te  measures as compiled by the instrum ent were no t commensurate 

w ith i t s  p re d ic te d  c a p a b i l i t ie s .  This v a r ia t io n  i s  under in v e s tig a tio n  

and w il l  be ho p efu lly  remedied soon. The v e r t ic a l  c i r c le  co llim atio n  

compensating mechanism d id  perform  according to  p re d ic te d  values and 

beyond.

v i i



CHAPTER 1

INTRODUCTION

The q u a lity  o f  a th e o d o lite  i s  not determ ined by i t s  s iz e  nor 

by the le a s t  reading of. .the m icrom eter. The b e s t  measure o f  excellence 

i s  the  in s tru m e n t's  performance in  ac tu a l f ie ld  work. For an u n tr ie d  

th e o d o lite  being used fo r  th e  f i r s t  time i t  i s  necessary  to  apply o th er 

t e s t s .

A p re lim in ary  exam ination w il l  show a g rea t deal about workman­

sh ip  and accuracy in  the  in strum ent. The fiv e  s tr u c tu r a l  fe a tu re s  which 

must be evaluated  to  form a r a t io n a l  estim ate  o f  accuracy o f  th e  in s t r u ­

ment a re : ( 1) g raduation  o f th e  c i r c le s ;  ( 2 ) g raduation  and co n s tru c tio n

o f  th e  m icrom eter; (3) q u a li ty  o f  th e  te le sc o p e 's  o p tic s ; (4) ease o f  

opera tion  w ith  re sp e c t to  tangent screw s; and (5) the  co n stru c tio n  o f 

th e  c e n te rs .

In th e  l a s t  50 years p re c is io n  eng ineering  has undergone many, 

advances. The most rev o lu tio n ary  change came in  th e  development o f  

g lass  c i r c le  th e o d o lite s  o f  high p re c is io n . The t r a d i t io n a l  th e o d o lite s  

req u ired  c i r c le s  having diam eters o f  228.6 nan to  achieve a u su a lly  

debatab le  le a s t  reading  o f  01 .0". The o p tic a l  th e o d o lite  has changed 

th i s  by employing a c i r c le  o f  d iam eter equal to  75 mm and g iving a 

p re c is io n  to  0 .5" o r b e t te r .

The Kern DKM2-A is  an instrum ent out o f th i s  e ra . I t  remains 

only to  be te s te d ,  and proved in  th e  f i e ld .
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CHAPTER 2

DESCRIPTION OF THE INSTRUMENT

The DKM2-A Double C irc le  T heodolite i s  designed f o r  t r ia n g u la -  

t io n ,  tra v e rs in g , sim ple geodetic  astronomy, p re c ise  in d u s t r ia l  measure­

ments, and o p tic a l  to o lin g . The design i s  based p rim a rily  on p r in c ip le s  

in troduced  in  the  DICM3 by Dr. H einrich Wild.

Telescope

The te le sco p e  can be plunged in  both  d ire c t io n s ,  i t s  o b jec tiv e  

lens has an ap e rtu re  o f  45 mm, a minimum focussing d is tan ce  o f  1.7 m, a 

s ta d ia  m u ltip lic a tio n  constan t o f  1 00  and an ad d itio n  co n stan t equal to  

0. The eyepiece provides a m agn ifica tion  o f  30X.

C irc le  Reading

The instrum ent i s  a r e i te r a t in g  one; the  h o riz o n ta l c i r c le  can 

be d isp laced  in  e i th e r  d ire c t io n . The diam eters a re : v e r t ic a l  = 70 m b ,  ,

h o riz o n ta l = 75 mm.

Both c i r c le s  are  made o f o p tic a l  g la s s . Each c i r c le  c o n s is ts  

o f  two co n cen tric  s e ts  o f sexagesim al g raduations; th e  o u te r  s e t  con­

s i s t s  o f s in g le  lin e s  and th e  in n e r s e t  o f  double l in e s .  The images o f 

d ia m e tric a lly  opposed p o rtio n s  o f th e  c i r c le s  are viewed in  th e  micro­

m eter eyep iece , one superimposed on the  o th e r . The o p tic a l  micrometer 

moves each image o p tic a l ly  w ith re sp ec t to  one an o th er. S e ttin g s  fo r

. 2



readings are  made by "symmetry" r a th e r  than "co in c id en ce ."  The s in g le  

g raduation  i s  p laced  sym m etrically  w ith in  th e  double g raduation . Theo­

r e t i c a l ly  th is .s y s te m .o f  reading  ensures g re a te r  p re c is io n  as the 

observer balances the  m icrom eter s e t t in g  in  th e  same manner he balances 

the  te lesco p e  co ilim a tio d . I t  a lso  g ives d i r e c t ly  th e  mean o f  two 

d ia m e tric a lly  opposed c i r c le  readings in  a s in g le  reading  which i s  free" 

o f e c c e n tr ic ity . With th e  DKM2-A th e re  i s  no need to  count c i r c le  

g raduation  l in e s .  S e ttin g  th e  micrometer causes a b rack e t to  autom ati­

c a lly  frame th e  ap p ro p ria te  ten-m inutes in te rv a l  number (the  f in a l  zero 

i s  om itted  fo r  e a s ie r  read in g ). The balance o f  the reading  i s  taken 

from th e  micrometer s c a le  which i s  used fo r  e i th e r  c i r c le .  The value o f 

the  angle to  th e  n e a re s t minute i s  taken from the  la rg e  d ig i t s  on th e  

upper s id e  o f  th e  m icrometer s c a le . The rem ainder o f  the  reading  to  th e  

n e a re s t second i s  taken from th e  sm alle r numbers on th e  lower s id e  o f 

the  micrometer sc a le  p lus th e  count from th e  s c a le . This may be made to  

the  n e a re s t te n th  o f  a second by es tim atio n  (see F igure 1).

The l ig h t  req u ired  to  read  both c i r c le s  i s  fu rn ish ed  by a s in g le  

m irro r which can be ro ta te d  and t i l t e d .  When e le c t r i c  illu m in a tio n  i s  

d e s ire d , th e  m irro r may be fo lded down and a l ig h tin g  f ix tu r e  plugged 

in to  the  illum ination  opening.

The images o f  th e  c ir c le s  and th e  m icrom eter s ca le  are  seen 

through a green f i l t e r  which reduces eye fa tig u e .
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Figure 1. Optical Micrometer
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Levels and Compensator 

The p la te  le v e l ,  s e n s i t iv i ty  o f  20" p e r 2 mm, i s  s e t  deeply in to  

th e  a lidade to  p ro te c t i t  from e x te rn a l in flu en c es .

The v e r t ic a l  co llim a tio n  lev e l has been rep laced  w ith a new 

mechanism. I t  i s  based on th e  p r in c ip le  o f  to ta l  r e f le c t io n  o f l ig h t  

rays from th e  su rface  o f a liq u id . This type o f  compensator i s  used 

because o f i t s  favorab le  damping p ro p e r tie s  and i t s  sim ple and rugged 

co n s tru c tio n . The range o f  in c l in a t io n  over which the  compensator w il l  

operate  i s  ± 0 1 ', th e  compensator p re c is io n  i s  b e t t e r  than  ± 0 .3" and 

the  compensator adjustm ent time i s  approxim ately 3 seconds.

A s tr id in g  le v e l w i l l  be provided a t  e x tra  co s t and has a 

s e n s i t iv i ty  o f  approxim ately 6 " p e r  2 mm.

O ptical Plummet

The instrum ent has an o p tic a l  plummet mounted in  th e  a lid ad e .

I f  th e  plummet is  not in  proper adjustm ent the  mean o f two d ia m e tric a lly  

opposite  p o s itio n s  lo ca te s  th e  p ro longa tion  o f  th e  v e r t ic a l  a x is . The 

e lim in a tio n  o f  an adjustm ent system means g re a te r  s t a b i l i t y .

Physical F eatures 

The instrum ent i s  p a in ted  a yellow green , weighs 6 , 8  kg and the  

v e r tic a l axis measures 17.1 cm.



CHAPTER 3

LABORATORY ANALYSIS

The exam ination o f  th e  q u a lity  o f  a th e o d o lite  i s  dependent on 

a knowledge and understanding  o f  th e  in s tru m en t's  in n a te  c h a r a c te r is t ic s .  

Knowledge o f th e  values and lo ca tio n s  fo r  graduation  e r ro rs  i n t r i n s i c  in  

the  graduated c i r c le s  and micrometer sc a le s  i s  paramount. Hence th e  

f i r s t  s te p s  in  th is  exam ination were aimed a t  studying  the  p re c is io n  in  

read ing  th e  m icrom eter, micrometer sc a le  g rad u a tio n s, c i r c le  g rad u a tio n s, 

and th e  v e r t ic a l  co llim a tio n  system.

Reading E rro r

The reading  e r ro r ,  th a t  e r ro r  i n t r i n s i c  in  every measurement 

a t t r ib u ta b le  to  th e  v isu a l re so lu tio n  l im it o f  g raduation  coincidence, 

was examined in  the  follow ing manner.

I t  was assumed th a t  due to  th e  symmetry involved in  th e  p h y sica l 

co n s tru c tio n  o f  th e  DKM2-A th a t  a mean e r ro r  based on readings taken on 

only one c i r c le  would be re p re se n ta tiv e . The h o r iz o n ta l c i r c le  was 

chosen p rim arily  because o f th e  ease and convenience o f read ing  the 

micrometer over a wide range o f  ac tu a l c i r c le  g raduations. I t  i s  c le a r  

from th e  design o f the  instrum ent th a t  in  o rder to  read over the e n t i r e  

v e r t ic a l  c i r c le  would be la rg e ly  im possible un less  the  instrum ent were 

equipted w ith diagonal eye p iec e s . Readings on d i f f e r e n t  p o rtio n s  o f  

the c i r c le  were angu larly  e q u id is ta n t to  e lim in a te  g raduation  e r ro r s .
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This program was implemented by tak in g  four s e r ie s  o f  ten  

read ings. Hie mean reading  e r ro r  and th e  maximum d ev ia tio n  from the 

mean fo r  each s e r ie s  i s  tab u la ted  below.

TABLE 1.

Reading E rro r

S erie s  Mean E rro r Maximum D eviation

I ± 0.961" + 1 . 6 " - 1 .4"

I I ± 0.777" * 1 . 0 " 1 GO

I I I ± 0.769" 1.7" - 1 . 8 "

IV ± 0.552" 0 . 6 " - 0 . 8 "

The mean read ing  e r ro r  o f  th e  h o r iz o n ta l c i r c le s  was:

& 0.778"

O ptical Micrometer 

The o p tic a l  m icrometer was considered in  two s te p s . F i r s t ly  the  

angular value o f  the  o v e ra ll g raduation  o f the micrometer i t s e l f  was 

v e r i f ie d  and secondly the  g raduation  e r ro r  o f various d iv is io n s  o f th e  

micrometer sc a le  was determ ined.

The value o f  th e  whole g raduation  o r th e  micrometer run was 

e f fe c te d  in  the follow ing manner. The m icrom eter was s e t  to  zero; th en , 

using the  c i r c le  s e t t in g  slow-motion screw , the  h o r iz o n ta l c i r c le  gradu­

a tio n s  were s e t  to  co incidence; n e x t, using  th e  m icrom eter, a coincidence



was made on th e  ad jacen t graduation  and a reading taken . The m icro­

m eter was read tw ice in  each p o s itio n  and the mean used. The operation  

was app lied  in  18 p o s itio n s  o f  the  c i r c le  spaced 1 0 ° ap a rt to  a id  in  

e lim in a tio n  o f h o r iz o n ta l c i r c le  graduation  e r ro r .  This e r ro r  tends to  

be p e r io d ic .

The micrometer run was taken to  be the  mean o f a l l  observations 

and i t s  mean e r ro r  was computed from th e  means o f th e  double readings# 

using  th e  equation  {Examination o f  the P rea ision  o f  Kern DKM3 Theodo­

l i t e s  ̂  M ilita ry  Geographic I n s t i t u t e ,  F lo rence, I t a ly ,  p . 10, [F ondelli 

1955]).

m s v2 / 2n (n -1) .

The angular value found was:

10' 00.012" ± 0.090" .

The determ ination  o f the  g raduation  e r ro r  o f th e  various 

d iv is io n s  o f  the  micrometer sc a le  was accomplished by comparing th e  

micrometer s c a le  w ith th e  in te rv a l  between th e  two lin e s  o f th e  gradu­

a tio n s  on th e  in n e r  h o r iz o n ta l graduated c i r c le .  The d iam e tric a lly  

opposed s in g le  g raduation  o f the o u te r h o r iz o n ta l graduated c i r c le  was 

used as an index.

The scheme o f observation  was as fo llow s: (1) w ith th e  micro­

m eter s e t  to  ze ro , coincidence was made between the s e le c te d  index and 

the  l e f t  hand l in e  o f th e  double graduation  using th e  c i r c le  s e t t in g



slow motion screw; ( 2 ) coincidence was then s e t  ex ac tly  w ith the  m icro­

m eter and th e  s c a le  read ; (3) coincidence o f  th e  index and the  r ig h t  

hand l in e  o f  th e  double g raduation  was made w ith th e  m icrom eter and the 

sca le  read ; (4) the  c i r c le  s e t t in g  slow motion screw was then used to  

d isp lace  th e  l e f t  hand l in e  back to  th e  index .w ithout a f fe c tin g  the  

m icrom eter; (5) coincidence was made ex ac tly  w ith th e  m icrometer and 

the  sc a le  read ; (6 ) th i s  procedure was repeated  n ine tim es to  cover th e  

run o f  th e  m icrom eter. Each s e t t in g  o f  the micrometer was executed 

twice so that each reading  i s  the mean o f  th re e  s e t t in g s .  The complete 

sequence was then reversed  working from r ig h t  to  l e f t ,  s ta r t in g  from th e  

1 0 ' d iv is io n .

I t  was assumed th a t  th e  mean o f  a l l  the  values ob tained  was the  

most probable value o f  th e  in te rv a l  between th e  two lin e s  o f  the doable 

g raduation .

I f  &£ and are  the  readings a t  th e  ends o f an in te r v a l , 

and th e  r e la t iv e  graduation  e r r o r s ,  and v^ , *1  th e  d iffe re n c e  

between th e  mean in te r v a l ,  a ,  and th e  d iffe re n c e  in  read in g s, ,
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The graduation  e r ro rs  o f  the  micrometer d iv is io n s  working from l e f t  to  

r ig h t  (O' to  10 ') are then given by

e U l  = e i  * vi -

The graduation  e r ro rs  working from r ig h t  to  l e f t  (10' to  O') are given 

by

s i* i  = Ei  - v  •

The i n i t i a l  g raduation . O ', was assumed to  be c o r re c t .  The 

e r ro r  in  the 1 0 ' g raduation  was taken as the  excess determ ined from the 

micrometer run measurements. The re s u l t in g  values fo r  two complete such 

s tu d ie s  were raeaned hence assu rin g  a good re p re se n ta tio n . The graduation  

e r ro rs  found are  p lo t te d  in  Figure 2. The two graphs ( r ig h t  to  l e f t ) ,  

( l e f t  to  r ig h t)  were averaged y ie ld in g  a curve which rep re sen ts  a p lo t  o f  

the most probable values o f  th e  g raduation  e r ro r  o f the  micrometer s c a le .

H orizon tal C irc le  Graduation E rro r

The method suggested by the U nited S ta te s  Coast and Geodetic 

Survey (see pages 38 to  41, Specia l P u b lica tio n  No. 247, U. S. Dept, o f 

Commerce, Coast and Geodetic Survey, Manual o f  Geodetie T viangulation , 

[G osse tt, 1959]) was chosen fo r  eva lu a tio n  o f  th e  h o r iz o n ta l c i r c le  

g rad u a tio n s .

Six prominent ra d io , te le v is io n  transm ission  towers equally  

spaced around th e  horizon were chosen. These towers are  1-1/2 m iles o r 

more from s ta t io n  C, E, (U. S. C. and G, S. 1 s t Order T r ia n g u la tio n ).
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Table 2 i s  the  a b s tra c t  o f d ire c tio n s  re s u l t in g  from occupation o f 

s ta t io n  G. E. w ith th e  th e o d o lite . S ix teen  p o s itio n s  were taken w ith a 

r e je c tio n  l im it o f  ± 5 .0" from the  mean. This l im it  r e su lte d  in  9 

re je c te d  d ire c tio n s  which were redeterm ined the  same evening. A ll 

observations were made from about 7:30 P.M. to  9 : 0 0  P.M. Though the  

v e r t ic a l  angles to  th e  towers were about 1 ° the  instrum ent was leveled  

With th e  s t r id in g  le v e l (2mm equals 0 5 .8 ").

The means o f  a l l  d ire c tio n s  were computed to  the n e a re s t ten th  

o f a second. The re s id u a ls ,  the  amounts necessary  to  c o rre c t each obser­

v a tio n  to  the mean, are  tab u la te d  in  Table 3. In column "A" th ese  are

zero , as Tower 1 was used as the i n i t i a l .  Column 6  i s  a l i s t  o f the

average re s id u a ls  fo r  each p o s it io n , w ith the  sign  rev ersed . This 

average value was determ ined by adding up th e  s ix  re s id u a ls  a lg e b ra ica lly , 

m u ltip ly ing  by - 1 and d iv id in g  by s ix ,  Note th a t  th i s  sum includes th e  

re s id u a ls  fo r  a l l  d ire c tio n s  inc lud ing  th e  i n i t i a l .

Table 4 con ta in s the co rrec ted  re s id u a ls .  These values were

derived  by applying a lg e b ra ic a lly  fo r  each p o s itio n  th e  values in  Column 

6  to  those in  the  o th e r columns. The numbers in  paren theses in d ic a te  

the  p o rtio n  o f  the  h o r iz o n ta l c i r c l e ,  to  the  n e a re s t degree, a t  which 

each re s id u a l was generated . In  the  general a p p lic a tio n  o f th is  method 

the  p o rtio n  of th e  c i r c le  s tu d ied  i s  from 0  to  180 degrees because the  

re s id u a ls  a re  the  r e s u l t  o f the  combined p o rtio n s  o f  the  c i r c le  180 

degrees a p a r t. Due to  th e  con cen tric  c i r c le  design in t r i n s i c  to  the 

DKM2-A the  e n t i r e  c i r c le  (0 to  360 degrees) was analyzed.
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TABLE 2. 

A bstract o f D irec tions

P o sitio n
No.

Tower 1 
0* 00'

Tower 2 
39° 13'

Tower 3 
109® 58'

Tower 4 
204* 42'

Tower 5 
239® 47 '

Tower 6 
327® 59'

1 0.00 05.6 27.9 35.5 49.4 22.7
2 0.00 03.5 31.9 31.8 . 47.4 : 20.3
3 0.00 08.1 34.8 35.4 52.2 17.7
4 0.00 03.9 28.8 33.3 51.7 19.6
5 0.00 06.4 29.9 34.4 46.8 20.6
6 0.00 08.6 33.4 35.8 46.8 25.9
7 0.00 08.3 35.6 37.5 46.1 22.9
8 0.00 05.4 29.7 33.5 52.8 23.0
9 0.00 05.4 35.2 34.5 46.0 19.2

10 0.00 02.1 31.7 35.1 51.1 23.2
11 0.00 10.0 28.7 31.3 51.6 21.9
12 0.00 04.3 31.6 30,8 45.4 17.1
13 0.00 03.7 28.7 31.3 50.0 19.0
14 0.00 03.3 31.3 32.8 44.4 20.3
15 0.00 05.7 32.1 35.7 48.0 19.7
16 0.00 02,0 29.6 31.8 52.8 18.4

Sum 86.3 500.9 540.5 782.5 331.5

Average 05.39 31.31 33.78 48.91 20.72
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TABLE 3. 

R esiduals

Pos.
A B C D ■ E F G

Tower 1 Tower 2 Tower 3 Tower 4 Tower 5 Tower 6 Sum
6

1 0.0 -0 .2 +3.4 -1 .7 -0 .5 -2 .0 +0,2

2 0.0 . +1.9 -0 .6 +2.0 +1,5 +0.4 -0 .9

3 0.0 -2 .7 -3 .5 -1 .6 -3 .3 +3.0 *1.4

4 0.0 *1.5 +2.5 +0.5 -2 .8 *1,1 -0 .5

5 0.0 -1 .0 +1.4 -0 .6 +2.1 +0,1 -0 .3

6 0 .0 -3 .2 -2 .1 -2 .0 +2.1 -5 .0 +1.7

7 0.0 -2 .9 -4 ,3 -3 .7 +2.8 -2 .2 +1.7

8 0.0 0 .0 *1.6 +0.3 -3 .9 -2 .3 +0.7

9 0.0 0 .0 -3 .9 -0 .7 *2.9 + 1.5 +0,0

10 0.0 *3.3 -0 .4 -1 .3 -2 .2 -2 .5 +0.5

11 0.0 -4 .6 +2.6 +2.5 -2 .7 -1 .2 +0.6

12 0.0 +1.1 -0 .3 +3.0 *3.5 +3.6 -1 .8

13 0.0 *1.7 +2.6 +2.5 -1 .1 +1.7 -1 .2

14 0 .0 *2.1 0.0 +1.0 +4.5 +0.4 -1 .3

15 0.0 -0 .3 -0 .8 -1 .9 +0.9 *1.0 +0.2

16 0.0 +3.4 +1.7 *2.0 -3 .9 +2.3 -0 .9
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TABLE 4. 

C orrected R esiduals

Pos. Tower 1 Tower 2 Tower 3 Tower 4 Tower 5 Tower 6

1 +0.2(0000 +0.0(039) +3.6(109) -1.5(204) -0.3(239) -1.8(327)

2 -0.9(011) +1.0(050) -1.5(120) +1.1(215) +0.6(250) -0 .5(338)

3 +1.4(022) -1 .3(061) -2.1(131) -0.2(226) -1.9(261) +4.4(349)

4 -0.5(033) +1.0(072) +2.0(142) 0.0(237) -3.3(272) +0.6(000)

5 -0.3(044) -1 .3(083) +1.1(153) -0 .9(248) +1.8(283) -0.2(011)

6 +1.7(055) -1.5(094) -0.4(164) -0.3(259) +3.8(294) -3.5(023)

7 +1.7(066) -1.2(105) -2.6(175) -2 .0(270) +4.5(305) -0 .5(033)

8 +0.7(077) +0.7(116) +2.3(186) +1.0(281) -3 .2(316) -1 .6(045)

9 0.0(088) 0.0(127) -3 .9(197) -0 .7(292) +2.9(327) ❖1.5(055)

10 +0.5(099) +3.8(138) +0.1(208) -0 .8 (303). -1 .7(338) -2.0(066)

11 +0.6(110) -4 .0(149) +3.2(219) +3.1(314) -2 .1(349) -0.6(077)

12 -1.8(121) 00.7(160) -2 .1(230) +1.2(325) +1.7(000) +1.8(088)

13 -1.2(132) +0.5(171) +1.4(241) +1.3(336) -2 .3(011) +0.5(099)

14 -1.3(143) +0.8(182) -1.3(252) -0 .3(347) -3 .2(022) -0 ,9(110)

15 +0.2(154) -0.1(193) -0.6(263) -1.7(358) +1.1(033) +1.2(121)

16 -0.9(165) +2.5(204) +0.8(274) +1.1(009) -4 .8(044) +1.4(132)
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F ig u re ;3 shows the p lo t t in g  o f  the re s id u a ls  a t  th e  correspond­

ing p o rtio n s  o f the  c i r c le .  A s e r ie s  i s  p lo tte d  fo r  each column and the  

p o in ts  connected by s t r a ig h t  l in e s .  A s e r ie s  o f  mean values were then 

computed a t in te rv a ls  o f 10® and a mean curve p lo t te d . Figure 4 i s  the  

re s u l t in g  mean curve.

B e tte r  r e s u l ts  could have been obtained  in  a la b o ra to ry , employ­

ing co llim ato rs  as s ig h tin g  ta r g e ts .  The r e s u l ts  ob tained  are  a very 

good approxim ation to  th e  tru e  s i tu a t io n  and i t  i s  f e l t  th a t  th ese  

g raduation  e r ro rs  would be the  ones most probably "seen" by th e  eng ineer 

o r surveyor purchasing th is  instrum ent.

V e rtic a l C ollim ation

The most s ig n i f ic a n t  fe a tu re  o f  the  DKM2-A i s  th e  v e r t ic a l  

c i r c le  co llim a tio n  mechanism. To study th is  mechanism a v e r t ic a l  angle 

t e s t  range was construc ted  in  th e  p a t io  area  o f the C iv il Engineering 

B uild ing , U n iv ersity  o f  A rizona. A ll measurements were made a t n ig h t 

w ith lig h te d  ta r g e ts .

The ta rg e ts  were marked on p ap er, and a ffix ed  to  th e  no rth  w all 

o f  the b u ild in g  w ith paper cement. Three such ta rg e ts  were s e t .  T arget 

A was 1.60 m eters; Target B was 5,79 m eters; and T arget C was 10.15 

m eters above th e  p a tio  f lo o r .  The instrum ent was s e t  up 38.47 m eters 

d is ta n t  to  th e  south from the  lin e  o f ta r g e ts .  The instrum ent was c a re ­

fu lly  lev e led  w ith th e  p la te  lev e l and then re fin e d  w ith the s tr id in g  

le v e l. A wooden r u le r  was glued to  an e x is tin g  concrete w all some 3 to  

4 m eters d is tan ce  from the  instrum ent and once th e  instrum ent was
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read ied  the r e la t iv e  o r ie n ta tio n  was checked by s ig h tin g  on the  r u le r  

w ith th e  v e r t ic a l  c i r c le  s e t  to  90® 00' 00". By c a re fu lly  bucking th e  

instrum ent in ,  th e  r e la t iv e  h e ig h t o f th e  instrum ent was m aintained to  

w ith in  ± 0.01 cm. The tr ip o d  fe e t  f i t  firm ly  in to  ho les d r i l l e d  in to  

th e  p a tio  f lo o r ,  and f in a l ly  the instrum ent was co n s tra in ed  to  being 

cen tered  over a re fe ren ce  mark to  w ith in  ± 0.1 cm.

The values o f th e  angles were determ ined w ith an instrum ent 

whose r e l i a b i l i t y  fo r  p re c is io n  and a c c e p ta b il i ty  as a one second theo­

d o l i te  was beyond q u estio n . The DKM2-A was then  used to  measure these  

an g les . The d ev ia tio n  between r e s u l ts  i s  in s ig n if ic a n t  fo r  angles A 

and B. The d ev ia tio n  fo r  angle C appears la rg e  but i s  s t i l l  w ith in  the  

standard  d ev ia tio n  o f th e  f ie ld  r e s u l t s .  The re s u l ts  fo llow  in  Table 5.

TABLE 5.

V e rtic a l Angles

A and B

Record: + 0° 18 ' 10.1" ± 0 .5" * 6® 31' 13.4" ± 0 .3"

DKM2-A: + 0® 18' 10.0" ± 0 .2" + 6° 31' 14.0" ± 0 .9"

C

Record: ♦ 12® 49' 16.0" ± 0 .7"

DKM2-A: .♦ 12® 49' 14.6" ± 0 .6"

Number o f  m easures: Record: 3, DKM2-A: 18



Once th e  in s tru m en t's  c a p a b i l i t ie s  had been proven a ta rg e t  

was s e t  and th e  angle measured under in c reasin g  angles o f in c l in a t io n . 

The in c l in a t io n  was c a re fu lly  m onitored w ith the in s tru m en t's  s tr id in g  

lev e l up to  a value o f  20". The t i l t i n g  was extended to  th e  l im its  o f 

the p la te  v ia l  or about 40".

The in c l in a t io n  angle o f  in te r e s t  i s  th e  angle measured in  the 

p lane o f the cross  h a ir s  when th e  instrum ent i s  on the  ta r g e t .  No in ­

crease o r decrease in  c i r c le  index e r ro r  o r change in  th e  value o f the 

angle could be seen fo r  the e n t i r e  in c lin a tio n  range. I t  should be 

noted th a t  a t  35" o f  in c l in a t io n  th e  mechanism appeared to  hang up and 

a variance o f  sane 20" was seen in  the  d ire c t  read ing . The cross h a i r  

was moved o f f  o f  th e  ta rg e t  and p laced  on ag a in , th e  read ing  taken and 

found to  back a t th e  accepted value . A ll measurements fo r  th is  t e s t  

were made in s id e  o f the C iv il Engineering D epartm ent's surveying 

lab o ra to ry .



CHAPTER 4

FIELD ANALYSIS

Once th e  in t r in s ic  p ro p e rtie s  and p re c is io n  o f th e  instrum ent 

were mapped th e  next lo g ic a l s te p  was to  f ie ld  t e s t  i t .  During the  

f i e ld  te s t in g  ca re fu l a t te n t io n  was pa id  to  the  ease o f s e t t in g  and 

cen te rin g  th e  instrum ent over th e  monuments, ease in  han d lin g , e f fe c t  

o f  wind and sun and th e  e f f e c t  on the  human elem ent.

The work co n sis ted  o f th re e  op era tio n s th is  grade o f instrum ent 

would probably be purchased fo r . These were: Azimuth determ ination  by

astronom ical means, t r ia n g u la tio n  and trig o n o m etric  le v e lin g .

Azimuth

O bservation o f P o la ris  fo r  azimuth was chosen as an id ea l f ie ld  

study o f th e  DKM2-A. S t r i c t  adherence to  f i r s t  o rder techniques as o u t­

lin e d  in  Specia l P u b lica tio n  No. 237, Manual o f  Geodet-ie Astronomy3

U. S. Department o f  Commerce, Coast and Geodetic Survey, [A lbert J ,  

Hoskinson and J .  A. Duerksen, 1952], was m aintained on the  assumption 

th a t  by being over cau tious the tru e  m erits  o f  th e  instrum ent would 

no t be masked by o th e r sources o f e r ro r .

The o bservation  program co n s is ted  o f generating  34 sep ara te  

observations over two n ig h ts  observing tim e. Eighteen p o s itio n s  were

observed th e  f i r s t  n ig h t and s ix te e n  ex ac tly  one week l a t e r .

21
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Upon completion o f a l l  reductions a range o f from 111® 05’

55.5" to  1116 06' 13.9" (based on South equal to  0° 00 ' 00 .0") re s u l te d . 

Taking th e  premise o f f i r s t  o rder the  re je c t io n  l im it  o f ± 5 .0" was 

app lied  re s u l t in g  in  r e je c t io n  of 10 o f th e  34 p o s it io n s .  The r e s u l t ­

ing probable e r ro r  o f the  mean azimuth was found to  be ± 0 .40", The 

c r i te r io n  fo r  f i r s t  o rder azimuth i s  ± 0 .30". That fo r  second o rd er. 

Class I being a lso  ± 0 .3 0 ". The value determ ined d id  q u a lify  as second 

o rd e r. C lass I I  as th e  c r i te r io n  i s  t  0 .50".

I t  i s  f e l t  th a t  sev era l p o ss ib le  sources o f  e r ro r  were a t work 

h ere . Under the cond itions o f o bservation , th a t  is  co ld  enough to  

modify the e f f ic ie n c y  o f  the  lu b ric a n t used on the  coarse h o riz o n ta l 

c i r c le  s e t t in g  d ia l ,  the  in strum ental e r ro r  due to  in c l in a t io n  tended 

to  grow during each p o s itio n . To be more e x p l ic i t  i t  appeared as 

though the  torque generated  by s e t t in g  the  c i r c le  to  a new i n t i a l  

tended to  compromise the " le v e l"  s ta tu s  o f th e  in strum ent. In th e  

beginning o f the  observa tion  cycle  the presence o f c i r c le  drag appeared 

to  be non e x is te n t  bu t as the tem perature dropped the  read ings began 

to  in d ic a te  some form o f e i th e r  unsystem atic dragging o r hanging up o f 

the c i r c le .  At any r a te  i t  i s  f e l t  th a t  th ese  two fa c to rs  aided in  

the compromise o f azimuth accuracy.

T rian g u la tio n

For th is  study a long time e s ta b lish e d  q u a d r i la te ra l ,  loca ted  

in  a lo ca l a e r ia l  camera c a lib ra tio n  range co n tro l n e t ,  was chosen.
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Each d ire c tio n  was measured e ig h t tim es, as suggested fo r 

second o rd er work. The probable e r ro rs  computed fo r  each d ire c tio n  

v a ried  from ± 0.66" to  ± 0 .27". There were only two re je c te d  d ire c tio n s  

in  the  e n t i r e  program. The geom etric angular c lo su res were not a t a l l  

commensurate w ith th ese  v a lu es . The e r ro r  o f c lo su re  fo r  the  q u ad ri­

l a t e r a l  was + 18.07", th a t  fo r  each o f the four included tr ia n g le s  

were * 19.48", - 19.88" + 27.95" and - 1.41". These r e s u l ts  ra ise d  

many questions as to  p o ss ib le  sources o f  e r ro r .  A ll ta rg e ts  were 

cen tered  and plumb as was th e  instrum ent hence ru lin g  out any la rg e  

e c c e n tr ic i ty .  All observations were made during the l a te  afternoon .

The instrum ent was not shaded as th is  t e s t  was to  resemble the  f ie ld  

cond itions imposed by the  consumer. I t  should be noted th a t  the  sky

was overcast about 60% o f the  observing tim e.

Due to  these  dismal r e s u l ts  the DKM2-A was used to  measure

o th e r angles in  the  co n tro l n e t and was found to  vary a c o n s is te n t •» 5"

to  6" from the  accepted v a lu es.

A ca re fu l study once again in d ica te d  an apparent unsystem atic 

dragging in  the h o riz o n ta l motion. I t  i s  not ev ident a t  th is  time as 

to  what the  cause o f  th is  v a r ia tio n  i s ,  bu t the instrum ent w il l  be 

re tu rn ed  to  Kern in  hopes th a t  th is  is  j u s t  the  malady o f a p a r t ic u la r  

in strum en t.

The tr ia n g le  whose e r ro r  was only - 1.41" was ad ju sted  and a l l  

d is tan ces  computed. The agreement w ith record  was on th e  o rd er o f one 

p a r t  in  40,000. This value is  q u ite  re sp ec ta b le .
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I t  should be noted th a t the  angles which were compared with 

record  c o n s is te n tly  v a ried  as much as 10" on the average, w ith 

reasonable c lo sures being  observed only in  the above ad ju sted  t r ia n g le .

Trigonom etric Leveling

In conjunction w ith the tr ia n g u la tio n  t e s t  the  DKM2-A was 

employed to  measure the  v e r t ic a l  angles to  each s ta t io n  fo r  th e  reason 

o f determ ining th e i r  e lev a tio n s  by trigonom etry .

Trigonom etric lev e lin g  has taken on a new face w ith the ever 

in c reas in g  demand fo r  high d en sity  lower o rder e lev a tio n s  in  photo- 

grammetric co n tro l system s. The DKM2-A is  p a r t ic u la r ly  w ell s u ite d  to  

th is  a p p lic a tio n  as are  a l l  second o rd er th e o d o lite s . The author has 

w itnessed  r e s u l ts  q u a lify in g  fo r  high th i r d  o rd er accuracy generated 

trig o n o m etrica lly  and being checked c lo se ly  by h igher o rd er d a ta . The 

method does req u ire  good ground cond itions and optimum s ta t io n  lo ca­

t io n s ,  however, b efo re  such work i s  p o ss ib le . The cond itions do e x is t  

on the camera c a l ib ra t io n  range and in  p a r t ic u la r  on the  t e s t  q u ad ri­

l a te r a l  p rev io u sly  s tu d ie d .

Reciprocal v e r t ic a l  angles were observed, c o n tr ib u tin g  to  the 

h ig h est p o ss ib le  accuracy. The p rev iously  d iscussed  t r ia n g le  was used 

and the  loop c lo su re  c a lc u la te d . The e r ro r  was * 0 .04". The th ird  

o rder c r i te r io n  fo r  a loop o f th is  length  (6,000 fe e t  p lu s) is  ± 0 .0 6 '.



CHAPTER 5

CONCLUSICMS

The DKM2-A proved to  be very s ta b le  under adverse wind condi­

t io n s . I t  operated  r a th e r  s lu g g ish ly  a t  tem peratures below 60°F though 

th i s  i s  probably due to  the  lu b ric a n ts  used. The instrum ent i s  a very 

com fortable one to  use from the  s tan d p o in t o f  reading microscope 

o rg an iza tio n  and eye p lea s in g  yellow -green l ig h t .  The two speed tangen t 

screws are  c e r ta in ly  a s s e ts .  The locks and tangent screws were located  

in  a symmetric fash ion  though a good observer soon develops a s ix th  

sense about h is  instrument and th e i r  lo ca tio n  ceases to  be o f  g rea t 

im portance. P ossib ly  because o f  the  lu b ric a n t again bu t no app reciab le  . 

out o f balance could be noted in  th e  te le sc o p e . The sm all f in d e r  c o l­

lim ato r proved to  be very usefuly e sp e c ia lly  a t n ig h t.

Features o f the DKM2-A which were no t favorab le  were few in  

number. The most s ig n if ic a n t  being th e  coarse c i r c le  s e t .  I t  i s  

f e l t  th a t  th e  p resen t lo ca tio n  i s  not the  b e s t nor i s  i t s  design com­

mensurate with predicted a p p lic a tio n s . The fact e x is ts  a t lea st for  

the p articu lar DKM2-A under ev a lu a tio n  th a t  under adverse weather 

conditions the s e t t in g  o f  new i n i t i a l  d ire c tio n s  tended to  generate a 

lev e l destroying to rque . This change was observable through m onitor­

ing  the in c lin a tio n  o f  the str id in g  le v e l a x is . I t  i s  f e l t  that by
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re lo c a tin g  th i s  motion so th a t  th e  f in e  motion and coarse motion s e ts  

would operate  c o -a x ia lly  to  be to  th e  b e s t advantage. The p ro p o sitio n  

o f having two such motions i s  d e f in i te ly  a s tep  toward b e t t e r  accep t­

ance o f th e  instrum ent. Another fe a tu re  needing m od ifica tion  was the 

m irro r used to  illu m in a te  th e  cross h a i r s .  I t  was too s e n s i t iv e  to  

p o s itio n  and th e  s l ig h te s t  brush o f th e  hand s e t  th e  te le sc o p e  in to  

darkness.

I f  the  p rev io u sly  re fe r re d  to  malady o f high r e la t iv e  p rec is io n  

bu t poor abso lu te  accuracy can be overcome th e  DKM2-A w il l  f in d  much 

use as a second o rder th e o d o lite . I t  was found th a t  b e s t r e s u l t s  were 

ob tained  i f  the  micrometer was read to  th e  n e a re s t ± 0 .5 " . This i s  due 

to  th e  la rg e  reading  e r ro r  in t r in s ic  w ith graduations so c lo se ly  spaced 

on the micrometer s c a le .



APPENDIX I 

PHOTOGRAPHIC DISCUSSION OF THE DKM2-A

27



DKM2-A Canister and Pyramid Carrying Case.



DKM2-A, Tripod.



30

Back view, DKM2-A - (a) striding level, 5.8" per 2mm 
graduation, (b) horizontal axis clamp, (c) electrical 
light source, (d) horizontal axis tangent screw, (e) 
optical plummet, (f) leveling cam control knob, (g) 
power input, (h) vertical axis clamp.
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Side view, DKM2-A - (a) vertical axis tangent 
screw, (b) battery pack.
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