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TECHNICAL tiiOTE 
The 1985 Horizonta l  Survey 

P a r t  1. t % X k U m e R t S  

R. E. Thern 
Apr i l  28, 1986 

1 1 MTHQDUCT I ON 

During 1985 a p a r t i a l  s u r v e y  of t h e  r a d i a l  p o s i t i o n  a+ t h e  AGS magnets was 
done. The r a d i a l  s u r v e y  was i n t e r r u p t e d  t o  allow t h e  crews t a  d o  a v e r t i c a l  
rea l ignment  - t h e r e  was n o t  t h e  time and manpower t o  d o  b o t h  b e f o r e  t h e  AGS 
turn-on i n  t h e  f a l l  of 1985. T h i s  r e p o r t  shows what h a s  been accomplished so 
f a r .  

The pr imary r e f e r e n c e  f o r  t h e  r a d i a l  p o s i t i o n  is t h e  set o+ 24 c o n t r o l  
s t a t i o n s ,  or monuments, p laced  e v e n l y  around t h e  r i n g ,  about  110 i n c h e s  a u t s i d e  
t h e  beam l i n e  a t  each 10 f o o t  s t r a i g h t  s e c t i o n .  These monuments are on 20 f a o t  
steel p i p e s  i s o l a t e d  from t h e  f l o o r ,  b u t  t h e y  have n o t  proved t o  b e  s t a b l e  over 
t h e  long  term e i t h e r  h o r i s a n t a l l y  or v e r t i c a l l y  (1).  The magnet s t a n d s  are on 
t h e  " p i l e  c a p s i t 5  which are s u p p o r t e d  by f o u r  50 f o o t  p i l e s  and are also 
i s o l a t e d  from t h e  f l o o r .  The p i l e  c a p s  may b e  more s t a b l e  t h a n  t h e  pr imary 
monuments, b u t  t h e y  under t h e  AGS r i n g  and are p o o r l y  a c c e s s i b l e ,  and d o  n o t  
have any h o r i z o n t a l  s u r v e y  r e f e r e n c e s  on them. [The p i l e  c a p s  do, however, 
have a v e r t i c a l  r e f e r e n c e  on them.) 

The magnets themselves  have s u r v e y  sockets on t o p ,  n e a r  each end above t h e  
p o l e  f a c e  c e n t e r l i n e  of t h e  magnet. These sockets are measured wi th  r e s p e c t  t o  
t h e  pr imary monuments to g i v e  t h e  r a d i a l  and az imutha l  p o s i t i o n  of t h e  magnet. 

A series of h o r i z o n t a l  s u r v e y s  was done d u r i n g  t h e  c o n s t r u c t i o n  and e a r l y  
o p e r a t i o n  of t h e  AGS, s t a r t i n g  i n  1958. The monuments and magnets were 
remeasured, and t h e  magnets r e a l i g n e d ,  i n  1962. T h i s  p r e s e n t  s u r v e y  is 
a p p a r e n t l y  t h e  f i r s t  complete  fassuming t h a t  i t  w i l l  b e  completed)  r a d i a l  
s u r v e y  s i n c e  then .  

2. SURVEY 

The pr imary monuments are e v e n l y  spaced around t h e  r i n g  on at 5165.4 i n c h  
(430.45'1 r a d i u s  circle. The monuments are i d e n t i f i e d  w i t h  one ar two letters 
t e l l i n g  t h e i r  p o s i t i o n  i n  t h e  r i n g .  For example, LA is n e a r  magnets L-20 and 
A-1, and A is n e a r  A-10 and A-ll* One monument, FG, is o b s t r u c t e d  by t h e  SEb 
l i n e ,  and a temporary monument, denoted F W ,  is used i n s t e a d  i n  t h e  t r a v e r s e  t o  
de termine  t h e  monument l o c a t i o n s .  The permanent monument FG, which is needed 
for  g e t t i n g  t h e  magnet p o s i t i o n s ,  is determined by a n g l e  and l e n g t h  from 
monument G. 

The t o p  of each monument c o n s i s t s  of a d i s k  wi th  a bushed h o l e  which is 
used t o  locate t h e  s u r v e y  i n s t r u m e n t s .  A f t e r  t h e  i n i t i a l  survey ,  i n  1958, t h e  
o r i g i n a l  d i s k s  were r e p l a c e d  by d i s k s  w i t h  h o l e s  o f f s e t  t o  p u t  t h e a  a t  t h e  
d e s i r e d  l o c a t i o n s .  Thus t h e  monuments were a l l  o r i g i n a l l y  a t  t h e i r  " i d e a l "  
p o s i t i o n s  on a r e g u l a r  24-sided polygon ( w i t h i n  riurvey errorsf, and any real 
d i f f e r e n c e s  from t h a t  now, or i n  t h e  1962 s u r v e y 9  must b e  due to monument 
motion. 

* 
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For the i n i t i a l  surveys of the monuments, the magnets were not yet i n  
place, and from each monument i t  was possible t o  s ight  t o  two adjacent 
monuments on each side. Thus there was a large degree of redundancy i n  the 
or ig ina l  measurements, wi th completely measured tr iangles,  three angles and 
three sides, farmed a t  each three consecutive monuments. Such redundancy i s  no 
longer possible, because with the magnets i n  place, only the immediately 
adjacent monusnents are v i s i b l e  t o  each other. Thus the present monument survey 
consists only of the distances between adjacent monumentsi, and the angle a t  
each vertex = 

0 

The angles were measured with a Wild T3 t rans i t ,  taking f i v e  sets of 
readings, reading three crosshairs i n  each set, g iv ing 15 measurements which 
are averaged. The surveyors expect an accuracy of .&-.a seconds of arc; the 
man~facturer’s l i t e r a t u r e  claims a standard deviat ion of 0.5 second, The 15 
independent measurements of each angle have an r m 5  of  t y p i c a l l y  about .& sec; 
thus the average may be expected t o  have a standard deviat ion of ,Qf E or 
about .1J seconds, but claiming such accuracy does not appear t o  be warranted. 
A l l  angles were l a t e r  reduced by 0.3 sec t o  correct f o r  a miscentering of the 
instrument [ the b a l l  which locates the instrument i n  the hole i n  the monument 
was not centered on the a i s  of the instrument). Af ter  t h i s  correction, the 
5um of the 24 angles d i f fe red  from 360 degrees by 3.1 seconds, which i s  
consistent w i t h  an r m s  er ror  of 3.11’ 24 = 0.63 seconds i n  each. 

0 

Although the survey group was prepared t o  measure the distances between 
monuments wi th  a laser interferometer, there was not sufSic ient time t o  do 
th is5 so the distances were measured with an invar tape instead. Qne 
intermonument distance was measured wi th  the interferometer, and th is was used 
t o  ca l ib ra te  the tape i n  the morning and afternoon of each of the four days f o r  
th is  job. These eight ca l ibrat ions of the tape have an r m s  spread of .014“, 
which i s  an order of magnitude larger than would be expected from the 
temperature variat ions. these e ight  tape ca l ibrat ions was then 
used t o  calculate the intermonument distances. Three of the distances (F-FG’, 
FG’-G, and GH-HI were measured with a surveyors tape measure instead and are 
thus subject t o  larger errors. 

The average of 

In  what follows, the random errors  i n  angle and length are estimated t o  be 
sigma-angle = 0.6 sec 
sigma-length = 0.014 inch 

except f o r  the distances measured with the tape measure, which are estimated t o  
have errors  twice the above. 

3. ANALYSIS 

The 24-sided f i gu re  determined by a traverse around the ring, measuring 
angles and lengths, w i l l  i n  general not close on i t s e l f ,  and the measured 
quant i t ies m u s t  be adjusted s l i g h t l y  t o  A leas t  squares 
f i t  should give the best [i.e,$ most probable) resul t ,  I f  the deviat ions from 
a per fec t l y  symmetrical f i gu re  are small, the computation of the f i t  can be 
done i n  a r e l a t i v e l y  simple way (l , itf ,  but i n  our case the symmetry i s  ruined 
by the use of the temporary monument instead a# FG. FI general leas t  squares f i t  
f o r  a traverse l i k e  ours, which has a very low level  of redundancy, i 5  al5o 
qu i te  simple, requi r ing only a three-by-three matrix equation. This i s  shown 
i n  Appendix A, along with a comparison with other methods of achieving closure. 

g ive a closed f igure. 

Using a leas t  squares f i t  should give S i t ted  values which are closer t o  
the t rue  values than were the or ig ina l  measurements. However5 the improvement 



to be expected in a case like this, where the degree of overdetermination is 
small, is !zliyht. With 48 measurements, we have for the expected value of the 
sum of errnrs squared (where the sum ranges over the 24 angles and 24 lengths) 0 

where the truE values, of course, are not known. After a fit with only three 
degrees of freedom, we have, for the sum of residuals squared, 

These fitted values still have errors with an expected value 

which is not much better than the measured values. (This relationship is 
explained in Appendix A). The real virtue of the fitted values is that they 
describe a elosed figure, without a discontinuity between the starting and 
ending points. As is shown in Appendix A, other methods 04: enforcing closure 
on the data give answers which are slightly "different" but probably not 
significantly "less correct". 

4. RESULTS 

After adjusting for angle closLw-e, the monument data fails to close by 
0.210 inches (dx=-.209, dy=.Ul?). The least squares fit to close the figure 
gives a chisquare of 9.44, compared to an expected value of 3 for the number of 
degrees of freedom here. The discrepancy may be due to bad luck (2% confidence 
level), an underestimate of the random errors, or mistakes Cblundersl in the 
data. Mistakes? if any, are most likely in the length data, since the angles 
were measured multiple times and averaged. 

Table 1 gives the data, and Table 2 thefitted coordinates OQ the 
monuments, making the calculation to use permanent monument FG. A150 shown are 
deviations of the monuments from their ideal positions, in both x-y and polar 
coordinates. The absolute coordinates of the monuments a m  not, of c#~wse, 
determined by this survey. The survey data only gives a 24-sided polygon, 
which must. be oriented using some extra criteria. The coordinate system has 
been chasm here by translating and rotating the 24-sided polygon, so that the 
average of the deviations from the ideal monument positions in x, y, and 
azimuth are zero. (Or, to visualize it another way, the centroid of the 24 
paints is put at I O , t 3 ) ,  and the figure rotated to make the points lie a5 close 
as possible to rays from the center at 15 degree multiples from 'east'). The 
average readial deviation of the points reflects a change in the "radius" of the 
monument qigiire. It is, of course, real, and can not be made zero by any 
choice 0.L: cnordinate system. Figure 1 shows these radial deviations. The 
average radial position is 0.113" inside the original positions an the ideal 
figure. This much deviation could be due to a systematic undwmeasurement of 
the intermonument lengths by 

Such a systematic effect, which would have to come from the tape calibration 
with the :laser interferometer, is considered unlikely by the surveyors. 

s 113" x 2 Tr / 24 = .030" 

fils# shown in Figure 1 are the radial deviations determined in the 1962 
survey. The present deviations are larger by a factor of approximately four. 
Figure 2 5hons the 1362 deviations magnified by a factor of four, compared with 
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t h e  p r e s e n t .  There is an  i n d i c a t i o n  t h a t  i n  t h e  r e g i o n  of t h e  r i n g  away from 
t h e  e x t e r n a l  l i n e s ,  which have been e x t e n s i v e l y  changed s i n c e  1962, t h e  
monument motion which o c c u r r e d  from 19b0 t o  1962 h a s  c o n t i n u e d  and is nuw about 
f o u r  times as g r e a t .  There are some c a v e a t s  t o  t h i s  i n t e r p r e t a t i o n .  Monuments 
FG, t, GH, H, and I J  were a p p a r e n t l y  g iven  new u f f s e t  d i s k s  a f t e r  t h e  19b2 
s u r v e y  so t h e i r  motion s t a r t e d  over from 'zero '  a g a i n  then .  The monument a t  IJ 
showed a v e r y  l a r g e  motion i n  t h e  1962 s u r v e y ?  presumably due  t o  t h e  removal of 
t h e  a d j a c e n t  wall f o r  t h e  c o n s t r u c t i o n  ai: t h e  c o n j u n c t i o n  area; it h a s  behaved 
like its n e i g h b o r s  s i n c e  then.  

F i g u r e  3 shows t h e  x and y d e v i a t i o n s  f o r  t h e  p r e s e n t  d a t a ,  added t u  a 
f i g u r e  from r e f .  1 which gave  results f o r  t h e  1962 and o l d e r  d a t a .  [ F i g u r e  B12 
shows t h e  p r e s e n t  d e v i a t i o n s  at, a smaller scale and is p e r h a p s  less c a n f u s i n g ) .  
The p r e s e n t  d e v i a t i o n s  are s u b s t a n t i a l l y  l a r g e r  t h a n  before .  I t  should  b e  
remembered t h a t  t h e  a b s o l u t e  o r i g i n  is a r b i t r a r y  f o r  each survey.  Thus t h e  
motion of a s i n g l e  monument Cor tine measuring m i s t a k e )  w i l l  c a u s e  an a p p a r e n t  
motion of a l l  monuments. 

S i n c e  t h e  r a d i a l  s u r v e y  of t h e  magnets depends on t h e  monument s u r v e y ,  i t  
is c r u c i a l  t h a t  t h e  monuments b e  carrect. The p r e s e n t  d a t a  g i v e  a 
d i s c o n c e r t i n g l y  h igh  c h i s q u a r e ,  s u g g e s t i v e  of a p o s s i b l e  b l u n d e r  somewhere. 
But t h i s  survey ,  u n l i k e  t h e  o r i g i n a l  s u r v e y s  b e f o r e  t h e  magnets were i n s t a l l e d ,  
h a s  no c o n s t r a i n e d  s u b s e t s  of t h e  d a t a  which can  b e  i n d e p e n d e n t l y  checked t o  
allow d e t e c t i o n  and i r ; o I a t i a n  of a m i s t a k e .  The weakest e1Emenk i n  t h e  
p r e s e n t  s u r v e y  are t h e  l e n g t h s  between monuments, which u n l i k e  t h e  a n g l e s ,  were 
measured o n l y  once,  and n o t  wi th  t h e  most r a r e f u l l  t echniques .  (Although n o t e  
t h a t  t h e  t h r e e  l e n g t h s  measured wi th  t h e  t a p e  measure are e s s e n t i a l l y  
perpendicudar  t o  t h e  c l o s u r e  error and t h u s  are probably  n o t  t h e  c u l p r i t s ) .  
Although a Honte Carla a n a l y s i s  i n  Appendix B shows t h a t ,  even w i t h  t h e  
r e l a t i v e l y  h igh  randum errors assumed h e r e  f o r  t h e  l e n g t h  measurements, t h e  
a n g l e  errairs are t h e  dominant c o n t r i b u t o r s  t o  a l l  b u t  t h e  v e r y  low harmonics,  
t h a t  d o e s  noit mean we are t o l e r a n t  of mistakes i n  t h e  l e n g t h  measurements. 
When t h e  remainder  of t h e  magnet o f f s e t  measurements are made, i t  s h o u l d  b e  
worthwhile  t o  r e p e a t  t h e  intermonument l e n g t h  measurements, wi th  more care f u r  
accuracy ,  and measuring each  more t h a n  once  so m i s t a k e s  can b e  d e t e c t e d .  

a 
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Appendix Pt. CLOSURE QF SURVEY DATA 

S i n c e  t h r e e  more numbers from o u t s i d e  t h e  s u r v e y  are needed t o  o r i e n t  t h e  
r i n g  - f o r  example, t h e  two c o o r d i n a t e s  of t h e  f i r s t  p a i n t  and t h e  b e a r i n g  t o  
t h e  second1 - t h e  redtindancy i n  the 4% measurements is o n l y  t h r e e "  O r ,  as 
a n o t h e r  way of l o o k i n g  a t  it, t h e  s h a p e  of t h e  24-gon can b e  determined by 
measuring 23 s i d e s  and t h e  22 a n g l e s  Oeween them, l e a v i n g  t h e  fa5t s i d e  and two 
a n g l e s  as redundant  measurements. I d e a l l y ,  this overdetermined set of 
measurements w i l l  b e  used t o  g i v e  a least squares f i t  -for t h e  p o s i t i o n s  of t h e  
monumentsi. T h i s  Appendix shows 5uch a least squaree f i t ,  done i n  a way which 
d o e s  n o t  r e q u i r e  t h e  h a n d l i n g  of l a r g e  matrix e q u a t i o n s .  Also shown is a 
camparisan wi th  wther s u r v e y o r s  methods of c l o s i n g  t h e  t r a v e r s e .  These methods 
have t h e  v i r t u e  of be ing  c o m p u t a t i o n a l l y  s i m p l e  enough t o  b e  done w i t h  pocket  
c a l c u l a t o r s ,  or, i n  p a r s  p a s t ,  by hand. 

S t a r t i n g  a t  p o i n t  1 and a p p l y i n g  the measured d i s t a n c e s  and anglec; around 
t h e  N-cided mortciment f i g u r e  b r i n g s  LE back t o  p a i n t  M+l, which s h o u l d  b e  t h e  
5ame as p a i n t  1. The error i n  c l o s u r e  c o n s i s t s  of dX and dY, t h e  c o o r d i n a t e  
errors3 and d& t h e  d i f f e r e n c e  between t h e  sum of t h e  t u r n i n g  angler;  and 360°. 
The measurements are a d j u s t e d  t c t  e l i m i n a t e  t h e s e  c l o s u r e  errors u s i n g  what. are 
c a l l e d  'c lcrsure  rules'. In al l  cases, t h e  a n g l e s  are f i r s t  a d j u s t e d  t o  
e l i m i n a t e  t h e  a n g l e  measured angles; t h i s  
is n o t  a c t u a l l y  n e c e s s a r y  i n  t h e  f u l l  least squares f i t  because  t h e  f i t  w i l l  
t a k e  care of a n g l e  Cl#i;ure too. Then t h e  dX and dY clasure errors are 
el i m i  na ted  by t h e s e  r u l  es: 

error by s u b t r a c t i n g  d $ J N  from a l l  

1. 

2. 

3. 

4. 

Compass Rule(41. Each l e g  of t h e  t r a v e r s e  emsists of a dx and a dig and 
h a s  a l e n g t h  l2 = dx* + dy2. The sum of a l l  l e n g t h s  is L. Each 6): is 
a d j u S t e d  by dx' = dx - dX*l/L, and r ; imi la r ly  +or dy. 

T r a n s i t  Rttle (4)  L i k e  Compass Rule,  e x c e p t  t h e  f r a c t i o n a l  dx c o r r e c t i o n  
far  each l e g ,  i n s t e a d  of be ing  1 / L ,  is idxi fsumldxi ,  and s i m i l a r l y  f o r  dy. 

Crandal l  FZule(4). T h i s  is a least s q u a r e s  ad jus tment ,  b u t  o n l y  t h e  
l e n g t h s  and not t h e  a n g l e s  are a d j u s t e d ,  so it i5 v a l i d  o n l y  i f  t h e  a n g l e  
d a t a  are oi: much h i g h e r  q u a l i t y  t h a n  t h e  l e n g t h  d a t a .  This  l i m i t e d  least 
s q u a r e s  f i t  is l i n e a r  and l e a d s  t o  o n l y  two s i m u l t a n e o u s  e q u a t i o n s ,  and is 
t h e r e f o r e  easy t c t  do. 

Least Squares;. (Derived below). 

A l l  these methods are r e l a t i v e l y  easy t o  implement an a s p r e a d s h e e t ,  which 
is being  used t o  c a l c u l a t e  t h e  monument and magnet p o a i t i o n s  9rom t h e  s u r v e y  
d a t a .  A l l  p r o v i d e  a g e o m e t r i c a l l y  correct c l o s e d  f i g u r e .  However, the t r a n s i t  
r u l e  is n o t  r o t a t i o n a l l y  i n v a r i a n t  - its adjustments .  depend an t h e  chcsire of 
t h e  x and y d i r e c t i o n s  - so it  i5 n o t  l i k e l y  t o  b e  a good choice.  F i g u r e  A1 
shows t h e  r a d i a l  d e v i a t i o n s  of t h e  monuments from t h e i r  i d e a l  p o s i t i o n s ,  u s i n g  
t h e  f o u r  methods af  c l o s u r e .  F i g u r e  A 2  shows the r a d i a l  d i f - f e r e n c e s  r e l a t i v e  
t o  t h a t  f a r  t h e  least s q u a r e s  f i t .  The o r i g i n  i n  each of the f o u r  case5 has 
been chosen independent ly  t o  c a n c e l  t h e  a v e r a g e  x ,  y 3  and azimuth d e v i a t i o n s  
from t h e  i d e a l  monument f i g u r e .  f h ~ ~ i  t h e  a p p a r e n t  s i n e  wave diffErEnCe between 
t h e  Crandal l  and least s q u a r e s  so lUt i#n5 ,  which looks l i k e  i t  c o u l d  b e  due  t o  a 
s i m p l e  d isp lacement  of one system, is not - t h e r e  are azimuth s h i 4 t s  c a u s i n g  
it. The d i f f e r e n c e  i n  r a d i i  between t h e  v a r i o u s  C105ure r u l e 5  is less t h a n  



0.025 inch, which is signi#icant, but much le55 than the radial deviatiuns 
themselves. 

A2. LEAST SWARES FIT 
d 

Figure A 3  shows 
turning angles Q; are 
The direction of each 1 

a simplified traverse where N=4. The lengths 1; and 
measured with estimated errors and ei respectively. 
eg is given by 

where 6 ,  is an arbitrary direction, chosen (with x, and y,3 to orient the 
-Figure a5 desired. 

The closure errurs are 

E Y N + \  

0 
We want an adjusted set of lengths and angles, 1: 
closure errors. 

and @: , that eliminate the 
Denote the length and angle residuals by d and a: 

The conditions on the d's and a's ta close the figure are nonlinear, but 
if they are small we can write &linear approximation. It is clear from Figure 
A3, by considering the effect uf d ;  o r  a; on the point Nt.1, that closure 
requires 

7- = Ca, 
i 

The least square.; 5olution requires minimizing the "chisquare", 

subject to the constraints A4. This can be done by using Lagrange multipliers, 
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minimizing a modified chisquare, 

where A, B, and C are the Lagrange multipliers. This is minimized by requiring 

d y '  = o  -- 
& ?: 

for f: = d'f;, a's, A, B, and C. Taking the derivative with respect t o  the 
Lagrange multipliers just recovers the constraint equations 84. Taking the 
derivatives with respect to the residuals gives the conditians 

Solving far d and a gives 
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Regroup t c r  get three simultaneous equations t o  solve f o r  A, B, and C: 

14[cctyyJ +. 8 [ s c - x y ]  + c c y l  = x a 

0 

14 C Y 1  
- 

+I3 [ - x ]  + C [ l ] =  I 

where the coef f i c ien ts  i n  brackets [ I  are shorthand f o r  the sums 

The values. of A, 8, and C determined from A10 are then used i n  A& [and A 3  t o  
give the adjusted lengths and angles. 

The covariance matrix f o r  A, B, and C i s  the inverse of the 'matrix' i n  
A10. The errors  and correlat ions on the monument coordinates could be obtained 
by prapagating the errors  on A, B, and C through A 8  and A 3  to the adjusted 
lengths and angles, and then through the geometry equations t o  the coordinates. 
Instead, resu l t5  from a Monte Carlo simulat ion w i l l  be presented i n  Appendix B. 

How close i s  t h i s  adjusted set of values t o  the lunknawnl t rue  values? I f  
the estimates of the random errors  are correct, then lusing x and 5 t o  mean the 
value and error f o r  both lengths and angles) 

CAllb1 

where the values 3 and 48 are the number of constraints and the number of 
variables, respectively. A measure of correctness of the adjusted values i s  

- 8 -  



A little a:tgehra shows that 

&s earlier, u5e d and a for length and angle differences CadjustEd - measured), 
and use d’ and a’ for the differences (adjusted - true). Then, using equation 
A% far d aind a, the last term may be rewritten 

Since both the adjusted and the true Value5 satisfy the constraints, the A, B, 
and C terms vanish, by equation A4, and thus 

Note that A15 1s true nat only for expected values, but for actual values in 
each individual case. 

- ? -  



appendix b. HONTE CARLO OF SURVEY TECHNIQUE 

B1. MONTE. CARLO 

Simulated sets of survey data were created by adding random gaussian 
(normal) deviates to the lengths and angles of the ideal monument figure 
(1348.44 in. and 15 degrees). The gaussians were generated from the formula 

where r i s  a random number with a uniform distribution from 0 to 1, and g is a 
random number with a gaussian distribution with mean=0 and sigms=l. (This 
formula ici in common use but its derivation is not obvious,; perhaps a note 
should be published showing why it works). Note that two independent gausisian~. 
are generated from each pair af uniform random numbers. 

This simulated data was then 'closed' by the same methods as the real 
data. The least squares fit an the average gave the answer clusest tu the true 
values, although occassionally one of the other methods was better. Figures B1 
- I33 show the distributions of the weighted sum o-f squares for each of the 
three differences between the true, measured, and adjusted values. These 
should be! chi-square distributions with 3 !for measured-ad jUsted) 48 
(measured--true), and 45 (adjusted-true) degrees of freedom. 

All Elonte Carlo results here use the ideal monument figure <i.e., equal 
sides and 15 degree angles) as the starting point. 

82. FOUR II ER ANALY S IS 

Since the magnets are surveyed relative to the monuments, the errors in 
the monuments will propagate to the magnets and thus affect the beam. Thus it 
is intere.jting to see the harmonic content of the survey errors. For each of 
the 250 Monte Carlo runs, the radial deviations were Fourier analysed, with the 
average arnplitctdes of the components shown in Figure B4. The first harmonic 
corresponds mly to a uniform shift of all monuments and will have no effect on 
the machine; it is nonzero here because the center was not redefined for each 
of the Monte Carlo runs. The distribution of amplitudes for the 9th harmonic 
is shown in Figure 85. 

Separ-ate Monte Carlos were pun with only length errut-5, ar  only  angle 
errors, with the results included in the Figure E4. With the sigmas used here, 
the length and angle error have comparable contributions to the lowest 
harmonics!, but the relative effect of the length errors decreases at higher 
harmonics. For the 9th harmonic the average amplitudes are 

si q-l en si g-ang (amp. -9th 3 

0.014 in 0.6 set 0.000498 in 

(3.014 none 0. 000218 

none 0. 6 0.000463 
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Note , t h a t  t h e s e  resLtlt5 were o b t a i n e d  u s i n g  e s t i m a t e d  l e n g t h  and a n g l e  
errors which gave, on t h e  a c t u a l  survey ,  a l a r g e  chi-square.  I f  t h e  l a r g e  
ch i -square  is due t o  an  u n d e r e s t i m a t e  of t h e  errors (and n o t  a mistakef, t h e n  
t h e  e s t i m a t e d  errors 5hould b e  i n c r e a s e d  by a f a c t o r  of 9.4/5 = I.& and t h e  
Monte Carllo estimates w i l l  a l l  i n c r e a s e  by t h e  same f a c t o r .  

B3. ERRORS IN CQORDIPIATES 

The pos i . t ion  03 each monument is determined by  t h e  scsrvey t o  w i t h i n  s m m e  
e r r o r  ellipse. By symmetry ( i g n o r i n g  t h e  c o m p l i c a t i o n  due  t o  t h e  use a3 t h e  
temporary monument i n  t h e  real w o r l d ) ,  t h e  error e l l i p s e s  s h o u l d  have t h e i r  
axes a l o n g  t h e  r a d i a l  and azimuthal  d i r e c t i o n s ,  and should  be t h e  same f a r  each  
monument. Of: more i n t e r e s t  are t h e  errors of #ne monument r e l a t i v e  to  a n o t h e r ,  
t a k i n g  C o r r e P a t i o n s  i n t o  account .  These can be determined from t h e  Monte Carla 
d a t a ,  b u t  t h e r e  are many pae,s ible  ways to d o  it, depending on just which 
c o r r e l a t i o n s  a r e  chosen t o  be removed and which o n e s  t o  s t a y .  We want t u  see 
the e f f e c t  of "bumpiness" i n  t h e  monument f i g u r e ,  b u t  nmt t h e  e f f e c t  of t h i n g s  
l i k e  t r a n s l a t i o n s  or r o t a t i o n s  of t h e  whole f i g u r e ,  which d o  not a f f e c t  t h e  
p h y s i c s  of t h e  AGS. The r e s u l t s  h e r e  are frmm one  chmice, which i5 a 
compromise between t r y i n g  ta unders tand  what is p h y s i c a l l y  s i g n i + i r a n t ,  and 
what was computakional ly  f e a s i b l e .  

F i g u r e s  336 - 1E8 5huw t h e  r a d i a l  and az imutha l  error5 of e a c h  poif i t ,  
r e l a t i v e  t o  monument LA. F a r  each of t h e  t h r e e  f i g u r e s ,  250 d a t a  seta were 
g e n e r a t e d  w i t h  b a t h  l e n g t h  and a n g l e  errors, l e n g t h  errors o n l y ,  or a n g l e  
errors only.  Each of t h e  d a t a  sets was clured, t r a n s l a t e d ,  and r o t a t e d ,  as 
d e s c r i b e d  f o r  t h e  a c t u a l  s u r v e y  d a t a ,  t o  g i v e  a set of monument c o o r d i n a t e s .  
What is p l o t t e d  is t h e  rms errors, r e l a t i v e  t o  t h e  f i rs t  monllrnen't, projected 
i n t o  t h e  r a d i a l  and az imutha l  d i r e c t i o n s :  

0 0  where ( x ;  ryi  ! i5 t h e  i d e a l  l a c a t i o n  of menument i ,  and 9; is t h e  az imutha l  
p o s i t i o n  of monument i ( m u l t i p l e s  of 15 degrees , ) .  

The wrw e l l i p s e s  far t h e s e  r e l a t i v e  errors d o  not n e c e s s a r i l y  have their 
axes a lonq  the r a d i a l  and az imutha l  d i r e c t i o n s .  The c e r r e l a t i m n s  which g i v e  
t h e  axis d i r e g t i a n s i  c o u l d  be c a l c u l a t e d  from t h e  M~nte Carlo d a t a  i d  needed, 
but i t  is not. dane  here .  

The e f f e c t  af t h e  v a r i a t i o n  i n  a v e r a g e  r a d i u s  h a s  not been removed from 
t h e  f i g u r e s ,  a l t h o u g h  p e r h a p s  i t  shocrld be, because  a change i n  a v e r a g e  r a d i u s  
w i l l  n o t  c a u s e  o r b i t  d i s t o r t i o n s .  The amount of average r a d i u s  c h a m p ,  dR, i f 3  
shown belaw. Also shown, i n  t h e  last  two columns, are t h e  rms r a d i a l  and 
az imutha l  errorsj, r e l a t i v e  to t h e  c e n t e r  a4 t h e  f i g u r e  (not r e l a t i v e  t o  
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a monument L.C1). 

si g-1 en si g-ang dR (rms) 

0.014 i n  0.6 sec 0.0115 

0.014 nane 0.01 25 

none , 0.6 0 

34. EFFEC:T OF SINGLE ~ ~ ~ S ~ ~ E ~ E N T  ERRORS 

d r  I r m s )  

0.0134 

0.0134 

0.0074 

da (rmsf 

0.0158 

0.015t) 

0 = 0049 

I t  i E i  n o t  i n t u i t i v e l y  obviai ts  how a s i n g  e measuring errar - eitier a 
statist ical  error or a b lunder  - p r o p a g a t e s  through t h e  c l o s u r e  calculations 
and affect.5 t h e  monuments. F i g u r e s  B9  and E10 show t h e  manument d i s p l a c e m e n t s  
caused by a s i n g l e  l e n g t h  error (.014 i n c h )  ctr a n g l e  errar f0 .d  5ecj9 
r e s p e c t i v e l y .  F i g u r e  bll shows t h e  f o u r i a r  components caused by t h i s  
dii=tortionl. F i g u r e  E12 shows t h e  d e v i a t i o n s  of t h e  real monuments from t h e i r  
i d e a l  l o c a t i o n s  (wi th  a v e r y  d i f f e r e n t  m a g n i f i c a t i o n )  i n  case anyone would l i k e  
to guess where t h e r e  might be b l u n d e r s . i n  t h e  s u r v e y  d a t a .  
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FIGURE CAPTIONS 

I. Radia l  d e v i a t i o n s ,  p r e s e n t  s u r v e y  and 1?&2 survey.  

2. P r e s e n t  r a d i a l  d e v i a t i o n s ,  compared with 1962 d e v i a t i o n s  m u l t i p l i e d  by 4. 

3. X and y d e v i a t i o n s  of p r e s e n t  s u r v e y  and o l d  s u r v e y s .  The p r e s e n t  p o i n t s  
are p l o t t e d  u s i n g  dx and dy, and because  of t h e  s i z e  of t h e  d e v i a t i o n s ,  
and t h e  c u r v a t u r e  of t h e  p o l a r  c o o r d i n a t e  systeml d o  n o t  a c c u r a t e l y  
r e p r e s e n t  d r  and da. See F i g u r e  B12 f o r  a n o t h e r  p i c t u r e .  

A i .  Radial  d e v i a t i o n s  f a r  v a r i o u s  c l o s u r e  methods, r e l a t i v e  t a  i d e a l  
p a s i  t i  an  5. 

A2.  Radial  d e v i a t i o n s  f o r  v a r i o u s  c l o s u r e  methods, r e l a t i v e  t o  least: s q u a r e s  
f i t .  

A3. Simple t r a v e r s e ,  shabuing geometry fat- least s q u a r e s  f i t .  

81. D i s t r i b u t i o n  of weighted sum-of - squares  of "measured" minus- "ad j t t s ted"  
v a l u e s  (i.e. , "chi-square")  f o r  250 Monte Carlo runs.  These p l o t s  u s e  b a r  
c h a r t s  t o  s i m u l a t e  h is tograms;  t h e  number t i c k s  s h o u l d  be i n t e r p r e t e d  a5 
t h e  l e f t  edge  of t h e  b in .  

B2. D i s t r i b u t i a n  a f  weighted me-of - squares  of "measured" minus  true'^ values .  

B3.  D i s t r i b u t i o n  of weighted sum-of - squares  of " a d j u s t e d "  minus " t r u e "  va lues .  

84. F o u r i e r  a m p l i t u d e s  of Monte Carlo d a t a .  (The 1 2 t h  harmonic 5hould b e  h a l f  
t h a t  shown). 

BJ. D i s t r i b u t i o n  of a m p l i t u d e s  a4 9 t h  harmonic. 

36. Radial  and azimuthal  errors (rms) r e l a t i v e  t o  monument LA, from Monte 
Carlo d a t a  w i t h  l e n g t h  and a n g l e  errars. 

B7. Radial  and azimuthal  errors (rms) r e l a t i v e  t o  monument LA, from Monte 
Carlo d a t a  wi th  l e n g t h  errors only.  

88. Radia l  and azimuthal  errors Irms) r e l a t i v e  t o  monument LA, from Monte 
Carlo d a t a  w i t h  a n g l e  errars only.  

89. Monument d i s p l a c e m e n t s  f a r  a s i n g l e  ,014 i n c h  l e n g t h  measurement error. 

B10. Monument d i s p l a c e m e n t s  f o r  a s i n g l e  0.6 5econd a n g l e  measurement error. 

811. Harmonics g e n e r a t e d  by t h e  d i s p l a c e m e n t s  of F i g u r e s  B? and B10. 

812. Displacements  of " a c t u a l "  monuments from i d e a l  l a c a t i o n s .  Note t h a t  t h e  
scale of t h e  d i s p l a c e m e n t s  is much d i f f e r e n t  from F i g u r e s  B? and B10. 
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TCLBLE 1. Hcinunent survey data with least-squares f i t  for coordinates. 
The data and coordinates in this table use 'teaporary' monument fg'. 

I I 

Itionunent I deg ain 

I l l a I 1 5  0 
I 2 a I 1 4  59 
I 3 a b I 1 5  0 
I 4 b I 1 5  0 
: 5 bc 1 14 59 
t 6 E I 1 4  59 
I 7 cd I 14 59 
I 8  d I 1 5  0 
I 9 de I 14 59 
I 1 0 e  : 1 5  0 
I 11 ef f 14 59 
: 12 f I 12 11 
I 13 fg' I 16 42 
1 1 4 4  I 1 6  5 
I 15 gh ! 15 0 
I 16 h I 14 58 
t 17 hi I 15 0 
1 1 8 i  I 1 5  0 
I 19 i j  I 15 0 
t 20 j i 14 59 
I 21 jk I 15 0 
t 22 k I 14 59 
I 23 kl t 15 0 
I 2 4  1 f 1 5  0 
It11 ( la) :  
----------------._--- 

I Heasured Adjusted I Residuals f Coordinates I 
sec angle length t angle length I angle(sec1 length I X Y I  ......................................................................................... 
8.7 15.002417 1348.408 : 15.002470 1348.407 0.193 -0.0004 ! -4989.331 1336.864 : 

49.6 14.997111 1348.370 I 14.997138 1348.371 t 0.100 0.0017 I -5165,298 -0.012 I 
5.3 15.001472 1348.401 t 15.001474 1348.404 I 0.0036 I -4989.331 -1336.853 i 
3.9 15.001083 1348.423 I 15.001062 1348.427 I -0.074 0.0052 I -4473.316 -2582.615 I 

59.6 14.999889 1348.424 I 14.999848 1348.430 I -0.144 0.0066 I -3652.423 -3652.378 I 
56.3 14.998972 1348.378 I 14.998918 1348.385 I -0.194 0.0074 I -2582.625 -4473.230 I 
49.6 14.997111 1348.401 I 14.997049 1348.408 I -0.223 0.0078 I -1336,880 -4989.236 I 
10,5 '15.002917 1348.399 I 15.002853 1348.406 I -0.227 0.0076 I -0.016 -5165.308 I 
53.7 14.998250 1348.345 I 14.998192 1348.352 I -0.207 0.0069 I 1336.855 -4989.308 t 
19.3 15,005361 1348.458 I 15.005315 1348.463 : -0.164 0.0058 I 2582.587 -4473.358 
41.4 14.994833 1348.452 I 14.994805 1348.455 I -0.101 0.0042 I 3652.347 -3652.402 t 
14.3 12.187306 1036.920 I 12.187299 1036.930 I -0.022 0.0109 I 4473.269 -2582.626 I 
57.7 16.716028 1664.079 I 16.716040 1664.081 I 0.045 0.0021 I 4316.647 -1645.247 I 
56.8 16.099111 1348.392 I 16.099155 1348.390 I 0.160 -0.0017 I 5165.442 0.110 I 
39.2 15.010889 1348.317 : 15.010958 1348.302 : 0.252 -0.0143 I 4989.426 1336,963 
54.4 14.981778 1348.444 t 14.981870 1348.438 I 0.335 -0.0052 t 4473.194 2582.528 I 
21.9 15.006083 1348.438 I 15.006195 1348.431 I 0.404 -0.0066 I 3652.443 3652.409 I 
4.0 15.001111 1348.406 I 15.001237 1348.398 I 0.454 -0.0074 t 2582.664 4473.287 I 
4.5 15.001250 1348.422 I 15.001384 1348.414 I 0.483 -0.0078 I 1336.898 4989.276 I 

46.1 14.996139 1348.383 I 14.996274 1348.375 I 0.487 -0.0076 t 0.012 5165.225 I 
13.6 15.003178 1348.450 I 15.003907 1348.442 I 0.467 -0.0069 I -1336.831 4989.259 I 
42.6 14.995167 1348.457 I 14.995284 1348.450 I 0.424 -0.0058 t -2582.607 4473.178 I 
2.9 15.000806 1348.382 15.000905 1348.377 I 0.361 -0.0042 I -3652.437 3652.334 t 
1.0 15.000278 1348.400 I 15.000356 1348.397 I 0.283 -0.0024 i -4473.302 2582.613 t 

I -4989.331 1336.864 I 

0.009 

I I 

......................................................................................... 
Raw Fitted Sure of squares: 

Closuri: errors: Angle: -3.1 O.OE+OO seconds 1.9E+00 1.0E-03 
X: -0.209 -1.1E-07 inches Ueighted: 
Y: 0.017 -1.4E-06 inches 5.400827 4.039403 

Total Chisquare: 
9.440231 Data to locate perranent aonuwent fg:  

Distance frow fg to  g: 1348.392 
Angle $9-g-gh: 15.008611 
(turning angle) 
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TABLE 2. Honulaevrt coordinates [X-Y and polar) and deviations from ideal toordinates. 
This table use5 permanent taonurent 34. 

t t Coordinates I Polar Coord. t Deviations !x-y)t Dev. {polar) t 
IHonuaent I 3( Y I radius aziruth I dx dy I dr da I 

I 1 l a  I -498'1.331 1336.864 I 5165.330 165.000246 I 0.062 -0.040 I -0.070 0.022 I 
I 2 a : -5165.298 -0.012 : 5165,298 -179.999863 t 0.102 -0.012 1 -0.102 0.012 I 
I 3 ab I -4986.331 -1336.853 I 5165.327 -165.000370 t 0.062 0.051 I -0.073 -0.033 I 

----------------._--------------------------------------------------------------------------- 

I 4 b : -4475.316 -2582.615 i 5165.313 -150.000531 I 0.052 0.085 I -0.087 -0.048 I 
I 5 bc I -3652.423 -3652.378 I 5165.274 -135.000354 I 0.067 0,112 I -0.126 -0.032 I 
I 6 c I -1582.625 -4473,230 I 5165.244 -120.000045 : 0.075 0.137 t -0.156 -0.004 t 
I 7 cd I -133h.880 -4989.236 I 5165.242 -105.000200 I 0.024 0.158 -0.158 -0.018 I 
: 8 d I -#.016 -5165,308 I 5165.308 -90.000181 I -0.016 0.092 t -0.092 -0.016 I 
i 9 de I 3336.855 -4989.308 I 5165.305 -75.000279 i -0.049 0.085 I -0.095 -0.025 I 
I 10 e I 2582.587 -4473.358 I 5165,335 -60.001029 I -0.113 0.010 I -0.065 -0.093 : 
I 11 ef I 365:!.347 -3652.402 I 5165.238 -45.000429 I -0.142 0.087 I -0.162 -0.039 I 
I 12 f i 4475.269 -2582.626 I 5165.277 -29.999836 I -0.099 0.074 I -0.123 0.015 I 
I 13 f g  I 4989.257 -1336.722 I 5165.221 -14.998439 I -0.137 0.182 I -0.179 0.141 I 
I 14 g I 5ib5.442 0.110 I 5165,442 0.001225 I 0.042 0.110 I 0.042 0.110 I 
I 15 gh I 498V.426 1336,963 I 5165.447 15.000542 I 0.032 0.059 t 0.047 0.049 I 
I 16 k I 4473.199 2582.528 I 5165.168 29.999277 I -0.168 -0.172 I -0.232 -0.065 I 
I 17 hi I 3652.443 3652.409 I 5165,310 44.999729 I -0.046 -0.081 I -0.090 -0.024 I 
I 18 i I 2582.664 4473.287 I 5165.312 59.999895 t -0.036 -0.081 I -0.088 -0.009 I 
I 19 i j  I 1336.898 4989.276 I 5165.285 74.999727 I -0.006 -0.117 I -0.115 -0.025 I 
I 20 j I 0.012 5165.225 I 5165.225 89.999863 I 0.012 -0.175 I -0.175 -0.012 I 
I 21 jk I -1336.831 4989.259 I 5165.252 104.999608 I 0.072 -0.134 I -0.148 -0.035 I 
I 22 k I -2582.607 4473.178 I 5165.190 120.000163 I 0.093 -0.190 I -0.210 0.015 t 
I 23 kl I -36531.437 3652.334 I 5165.253 135.000807 I 0.052 -0.155 I -0.147 0.073 I 
I 24 I I -4479.302 2582.613 I 5165.299 150.000474 I 0.066 -0.087 I -0.101 0.043 I 
I(11 [ la) !  -4989.331 3336.864 : 5165.330 165.000246 I i I 
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Figure A3 . 

22 



7
 

W
 

‘p
 

d- 
r
 

N
 

_I 
t--. 

m M 
0
 

RJ 

23 



N
 

w
 

J
a
q

w
n

u
 

24 



0 

m 

aJ 

m 

I I I I I I I 
0 

u3 
M 

0 
M 

0 
'i- 

0 a o 
t- 

m 
0 
U 
3 a 
v) 

I * 
0 
I 
E 

L 

3 
(0 



w 

t 

26 



-- 
, - x  ' f  

I 

.. 
' : 

cs 
U3 

0 * 0 
M 

Q 



28 



Figure  B7 Monte Carlo Errors Relative to Monument LA 
sigma-length = 14 mils, sigma-angle = 0.0 sec 
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