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 Abstract 
 The high precision assembly of a large experimental set-u ps is of a principal necessity for the 
su ccessfu l execu tion of the forthcoming L H C  research program in the TeV -beams.  The creation of an 
ad eq u ate S u rv ey& C ontrol M E TR O L O G Y  M E TH O D s are an essential part of the d etector constru ction 
scenario.  This w ork  contains the d imension measu rement d ata for A TL A S  had ron calorimeter 
M O D U L E # 8  ( 6 m long,  2 2 tons)  w hich w ere obtained  by L A S E R  and  by P H O TO G R A M M E TR Y  
method s.  The comparativ e d ata analysis d emonstrates the measu rements agreement w ithin ± 7 0 µm.  I t 
means these tw o clearly ind epend ent method s can be combined  and  lead  to the rise of a new  generation 
engineering cu ltu re:  high precision metrology w hen precision assembly of large scale massiv e obj ects.  
1. I n tro d u cti o n  

T h e A T L A S  h a d ron T il e C a l orim et er is c om p osed  [ 1 ]  of  one b a rrel  a nd  t w o ex t end ed  
b a rrel s ( F ig .1 ) . R a d ia l l y  t h e T il e C a l orim et er ex t end s f rom  a n inner 2 .8  m  ra d iu s t o a n ou t er 4 .2 5  
m  ra d iu s. A z im u t h a l l y ,  t h e B A R R E L  a nd  E x t end ed  B A R R E L S  a re d iv id ed  int o 6 4  M O D U L E S . 

D u b na  b eg a n m a ss p rod u c t ion of  B A R R E L  
M O D U L E S  in A p ril ,  1 9 9 9 . A p p e n d i x # 1 g iv es 
B A R R E L  M O D U L E  a ssem b l y  sc h em e. T o 
g u a ra nt ee v ery  h ig h  M O D U L E S  a ssem b l y  
p rec ision,  w e p rop osed ,  d ev el op ed  a nd  p ra c t ic a l l y  
a p p l ied  t h e u niq u e new  L a ser C ont rol  S y st em  [ 2 , 3 ] . 
T h e L a ser C ont rol  S y st em  inst ru m ent a t ion a nd  b rief  
m et h od  d esc rip t ion see in A p p e n d i x # 2 . 

I n J a nu a ry  2 0 0 0  t h e J I N R  a nd  C E R N  g rou p s 
m ea su red  t h e A T L A S  T il e C a l orim et er M O D U L E # 8  
d im ensions b y  t h e L A S E R  a nd  
P H O T O G R A M M E T R I C  m et h od s a t  C E R N . 
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The photogrammetric instrumentation and method are documented in Appendix#3 
D uring these measurements the M O D U L E  w as k ept at the same position w hich al l ow ed 

one to ob tain the data f or comparison of  b oth methods.  C l earl y ,  these measurement methods are 
f ul l y  independent.  

I t must b e al so noted that the M O D U L E # 8  w as measured b y  standard surv ey ing method 
using theodol ites f or industrial  3 D  metrol ogy  b ef ore the appl ication of  the photogrammetric 
method;  the standard dev iation ( 1  sigma)  according to the D I N  1 8 7 2 3  norm is giv en to 0 . 1 5  
mgon ( 0 . 5  ‘ ’ )  f or  b oth horiz ontal  and v ertical  angl es measurements.  S ee the resul ts in 
http: / / edms. cern. ch/ document/ 3 0 9 9 9 1 / 1  

A  smal l  ref erence netw ork  w as arranged around the M O D U L E  in such a w ay  that the 
theodol ites sights w ere nearl y  paral l el  to the f aces:  theref ore,  the accuracy  on the coordinate 
perpendicul ar to the f ace w as giv en b y  the high precision of  the angl e measurements.   

The surv ey  resul ts f or b oth of  the geometric methods,  and the comparisons hav e b een 
documented in the reports noted in Appendix#4  

I n tw o sets of  measurements ( P H O TO  and L A S E R )  w e had the f ol l ow ing 4  measurement 
l ines ( common f or b oth methods)  on the M O D U L E  surf ace [ 3 ]  ( see F ig.  2 ) :  
 
 
 
 
 
 
 
 
 
 

Fig. 2 M e a s u r e m e n t  l in e s  o n  t h e  M O D U LE  s u r f a c e . 
 

- B ottom l ef t1 )  of  the L A S E R  method coincides w ith the b ottom l ef t l ine G ex 1 2 )  of  the 
P H O TO G R A M M E TR I C  method;  

- Top l ef t coincides w ith G ex 4 ;  
- B ottom right1 )  coincides w ith B el 1 3 ) ;  
- Top right coincides w ith B el 4 ;  
                                                 
1)  T h e  l e f t  ( r i g h t )  s i d e  o f  t h e  M O D U L E  i s  t h e  s i d e  o n  t h e  l e f t  ( r i g h t )  o f  t h e  o b s e r v e r  l o o k i n g  f r o m  t h e  S M 1  a l o n g  t h e  M O D U L E  
2)  D i r e c t i o n  t o  t h e  t o w n  G e x  
3)  D i r e c t i o n  t o  t h e  t o w n  B e l l e g a r d e  

GIRDER 

S M 1 B el 1 ,  B ottom right 
G ex 1 ,  B ottom l ef t 

B el 4 ,  Top right G ex 4 ,  Top l ef t 

M e a s u r e m e n t  p o i n t s  b 

L 

H
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Comparison was made only along these lines. 
I n the P H O T O G R A M M E T R I C method the measu rement points were loc ated ( F ig. 2 )  on 

the su b modu le ( S M )  su rfac e at a distanc e of 1 / 4 ×b from the su b modu le edge ( b– is the 
su b modu le width) . T he M O D U L E  height H = 1 9 4 0  mm and its length is L= 5 6 0 0 mm. 

 
 
 

 
 
 
 
 
 

 
F i g . 3  D e f i n i t i o n  o f  s u bm o d u l e  m a x i m a l  t w i s t  a n g l e  ϕ 

 
I n the L A S E R  method the measu rement points were loc ated on the su b modu le edges. 

T his loc ation of the measu rement points was motiv ated b y the presenc e of the su b modu le twist 
angle ϕ ( F ig.3 )  and,  c onseq u ently,  only at su c h a positioning one c an detec t ( ob serv e)  the parts,  
going farthest b eyond the limits of the M O D U L E . W e note that the T op-lines data will 
ex pec tedly demonstrate the largest disc repanc ies in c omparison to the B ottom-lines data as it is 
in the narrow part of the su b modu le that one ob serv es the max imal twist angles ϕ reac hing the 
v alu e of 1 0 -4 rad.  
 
2. Coordinate Systems ( CS)  
 

R e q u i r e m e n t s  t o  t h e  C S  
W hen c hoosing CS  it seems natu ral to fix  it to some element of the M O D U L E . I t shou ld 

b e tak en into ac c ou nt that the dimensions and shape ( form)  of su c h element ( su rfac e,  edge)  may 
differ from its shop-drawing dimensions ( non-flat,  not straight-lined,  twisted etc ) . 

A s a resu lt,  systematic  errors may arise and deteriorate final measu rement prec ision. 
I n this sense it seems essential that the systematic  error shou ld b e at worse c omparab le 

with the measu rement prec ision. O therwise the c hoic e of the CS  c an giv e a distorted idea of the 
M O D U L E S  measu red.  

 

Assembly table 

f lat su r f ac e 
S U B M O D U L E  

ϕ
p er p en d i c u lar  to  th e su r f ac e 
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CS of JINR Laser method 
The choice of the CS is determined by the Dubna technology of the MODULE assembly 

[ 1 ] .  The center “ 0 L ”  of the CS is chosen in the middle of the bottom edge of the girder base 
surface from the side of submodule # 1  ( see F ig. 4 ) .  

• The Y L ax is goes along the line,  w hich connects the p oint 0 L ,  and p oint “ N ” ,  w hich is the 
middle ( center)  of the bottom base of the girder at the side of submodule # 1 9 .   

• The Z L ax is goes along the line connecting the p oint 0 L and p oint “ M”  in the middle of 
the edge of the narrow  p art of the sp ecial submodule from the side of the endp late.   

• The X L ax is is p erp endicular to the Z L and Y L ax es.  
 
 
 
 

 
 

 
 

 

 
 

 

 
 

 

F i g . 4  Coordi n ate Sy stem of the Laser method 
 

CS of the CE RN p hotog rammetri c  method an d measu red p oi n ts  
The four ex treme corners of the girder w ere measured and set in the same horiz ontal 

p lane w ithin a max  – min of 0 . 1  mm w ith using a p recise op tical lev el ( p recision of a direct 
measurement :  3 0  microns,  then p recision of a v ertical differences betw een 2  corners :  4 2  
microns) .   

The distances betw een the corners w ere measured w ithin an accuracy of 0 . 1  mm using a 
p recise electro-op tical distancemeter associated to a metrological class theodolite as mentionned 
abov e. Then the coordinate system for the p hotogrammetry is refered to the p lane of the girder,  
set horiz ontal,  and to the four corners of the girder,  altogether  w ithin 0 . 1  mm;  that margin v alue 
is refered to the p rocedure of setting the four ex treme corners of the girder horiz ontal by using a 
p recise op tical lev el.   
The Coordinate center “ 0 P ”  is the centroid of the four bottom corners of the girder ( F ig.  5 ) .  

SM1 
SM19  

ZL 

XL 

YL 

OL 

N 

M 



 5

• The YP a x i s  i s  i n  t he m ea n  p l a n e o f  t he f o u r  c o r n er s  a n d  p a r a l l el  t o  t he g i r d er  l o n g i t u d i n a l  a x i s  
• The Z P a x i s  i s  p er p en d i c u l a r  t o  t he m ea n  p l a n e o f  t he f o u r  c o r n er s  
• The X P a x i s  i s  i n  t he m ea n  p l a n e o f  t he f o u r  c o r n er s  a t  t he o r i g i n  a n d  p er p en d i c u l a r  t o  t he YP a x i s  
• The p l a n e X P0PYP  i s  ho r i z o n t a l  w i t hi n  0. 1  m m  i . e 0. 02  m r a d  a s  a  l o n g i t u d i n a l  t i l t  a n g l e 

a n d  0. 2  m r a d  a s  a  t r a n s v er s a l  t i l t  a n g l e;  t he  Z P a x i s  i s  v er t i c a l  w i t hi n  t he s a m e  a c c u r a c y  
a l o n g  t he t w o  a n g u l a r  c o m p o n en t s .  

• D es p i t e t he a c c u r a c y  o f  t he p ho t o g r a m m et r i c  p r o c es s ,  w i t hi n  5 0 m i c r o n s  s p a t i a l l y  a t  1  
s i g m a ,  a n d  i n  o r d er  t o  i n c l u d e t he u n c er t a i n t y  o n  t he d ef i n i t i o n  o f  t he C S ,  a l l  t he r es u l t s  
d o c u m en t ed   i n  t he r ep o r t s  w er e g i v en  w i t hi n  1 00 m i c r o n s  a c c u r a c y .  

I n  f a c t  t he f o u r  c o r n er s ,  m ea s u r ed  b y  s t a n d a r t  p r ec i s e l ev el  a n d  m et r o l o g i c a l  c l a s s  t heo d o l i t e,  
w er e a l s o  m ea s u r ed  b y  p ho t o g r a m m et r y  s o  t ha t  t he c o o r d i n a t es  g i v en  b y  t ha t  m et ho d  w er e 
d i r ec t l y  ex p r es s ed  i n  t he C S  a s  d es c r i b ed  a b o v e.   

E a c h s u b m o d u l e w a s  eq u i p p ed  b y  1 6  c o d ed  r et r o r ef l ec t i v e t a r g et s  ( 3  c m  *  3  c m ) ,  8  o n  ea c h s i d e 
a n d  a r r a n g ed  b y  2  a t  4  l ev el s  q u o t ed  r es p ec t i v el y  a t  0. 3 5  m ,  0. 8 8  m ,  1 . 4 4  m  a n d  1 . 7 7  m  f r o m  t he r ef er en c e 
m ea n  p l a n e o f  t he f o u r  c o r n er s  m ea s u r ed  a n d  s et  ho r i z o n t a l  a s  d es c r i b ed  a b o v e.  Tha t  r eg u l a r  a r r a n g em en t  
p er m i t t ed  t o  c a l c u l a t e t he t hi c k n es s  o f  t he m o d u l e a t  ea c h l ev el ,  t o  g i v e t he m ed i a n  p l a n e a t  ea c h l ev el  i . e.  
t he m i s a l i g n m en t  w i t h r es p ec t  t o  t he r ef er en c e a x i s  o f  t he g i r d er  a n d  t hen  t he s p a t i a l  b a n a n a  s ha p e o f  t he 
en t i r e M O D U L E .  F i n a l l y  t her e w er e 1 5 2  p o i n t s  m ea s u r ed  o n  ea c h s i d e f o r  t he d ef i n i t i o n  o f  t he 
M O D U L E  en v el o p e a n d  i t s  g eo m et r i c a l  p a r a m et er s ,  a l l  r ef er r ed  t o  t he g i r d er  a s  d ef i n ed  b ef o r e.   

I n  a d d i t i o n  t o  t he t hes e p a r a m et er s ,  t he b es t  f i t  p l a n e w a s  c a l c u l a t ed  f o r  ea c h s i d e,  t he 
d i f f er en c es  f o r  ea c h p o i n t  t o  t he m ea n  p l a n e a l s o  s o  t ha t  t he m a x  a n d  m i n  v a l u es  w er e i d en t i f i ed  ea s i l y .  
The w ed g e a n g l e w a s  c a l c u l a t ed  f o r  t he en t i r e M O D U L E  a n d  c o u l d  b e ex t r a c t ed  f o r  ea c h s u b m o d u l e.   
 
 
 
 
 
 
 
 
 

 
 

F i g .  5  C o o r d i n a t e  S y s t e m  o f  t h e  p h o t o g r a m m e t r i c  m e t h o d  
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Comments on the CS of the CERN PHOTOGRAMMETRIC method 
1. T h e  g i r d e r  m a y  h a v e  t h e  f o l l o w i n g  ( c o m p a r e d  w i t h  t h e  d r a w i n g ) d i s t o r t i o n s  m e a s u r e d  a t  
J I N R  b y  t h e  D u b n a  S u r v e y  g r o u p :  

А) T h e  g i r d e r  m a y  h a v e  t h e  “ t w i s t ”  a n g l e  ϕG ( F i g . 6 );  w e  m e a s u r e d  t h i s  a n g l e  b y  t h e  
M I N I L E V E L :  ϕG = 10 -4 r a d . 

 
 
 
 
 
 
 
 

Fig. 6 “Twist” of the girder 
B ) T h e  g i r d e r  m a y  h a v e  a  b a n a n a  s h a p e  ( F i g . 7 ).  

 
 
 
 
 
 
 
 

Fig. 7  S a ggin g ( “b a n a n a ”)  of the girder 
S a g g i n g  m a y  r e a c h  a  v a l u e  o f  δ = 0 .6  м м . A s  t h e  g i r d e r  b o t t o m  s u r f a c e  i s  n o t  f l a t ,  t h e  p o s s i b l e  
f i n a l  e f f e c t  i s  t h a t  t h e  C S  c a n  b e  n o t  o r t h o g o n a l !  I t  s e e m s  t o  u s  t h a t  t h i s  i s  p r a c t i c a l l y  i m p o s s i b l e  
t o  t a k e  i n t o  a c c o u n t  t h i s  e f f e c t  a s  o n e  c a n n o t  d e t e r m i n e  t h e  s h a p e  o f  t h e  b o t t o m  g i r d e r  b a s e  
( d o w n  p l a n e ) f o r  t h e  a l r e a d y  a s s e m b l e d  M O D U L E .  
2 . T h e  l i n e s  o f  t h e  l o n g  s i d e  e d g e s  o f  t h e  b o t t o m  g i r d e r  b a s e  a r e  n o t  s t r a i g h t -l i n e d  a n d  s a g g i n g  
m a y  r e a c h  δM A X = 0 .6  м м  ( F i g . 8 ). 
T h e  d i f f e r e n c e  δ1≠δ 2   m a y  l e a d  t o  t h e  a s y m m e t r i c  l o c a t i o n  o f  t h e  c o o r d i n a t e  c e n t e r  O P  
 
 
 
 
 
 
 

Fig. 8  S a ggin g of side edges of the girder b ottom  b a se  

δ2 

δ1 

ϕG 

Nominal 

δ 
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3. As was already said, the girder arrived from Romania with some residual “twist” along the 
longitudinal ax is and this twist may reac h ϕG =  ± 2 * 1 0 -4 rad ( our data for girder # 1 2 ) . O ne c an 
measure the twist b efore the M O D U L E  is assemb led, or b efore sub modules are p ositioned. After 
the M O D U L E  is fully assemb led, the twist amp litude will c hange in an unc ontrolled manner. I f, 
however, one assumes that this c hange is insignific ant, one c an c onc lude that the vertic al ax is of 
the girder is oriented an the angle ϕK =  ± 2 * 1 0 -4rad relative to the vertic al ax is of the sub module 
( see F ig. 9 ) . T his effec t ( twisting of the girder)  will finally influenc e the p hotogrammetric  data:  
the measured “distanc e” ( distanc e from the ideal M O D U L E  surfac e to the nearest p oints of the 
real M O D U L E )  will b e b igger on one side of the M O D U L E  and smaller on the other. I n other 
words, the p seudo-worsening of the p hotogrammetric  measurement data will tak e p lac e.  

I t must b e noted at that stage that one advantage of the p hotogrammeteric  method is to 
give a full c omp lete geometric al envelop e of the M O D U L E  refered to a p rop er referenc e 
attac hed to the ob j ec t itself, namely the girder whic h is the real b ac k b one of the assemb ly of the 
M O D U L E S . S ee the sec tion on the measured p oints.  

Comments on the CS of the JINR LASER method 
B ec ause of “item 3” ( see ab ove)  the systematic  error will ap p ear in determination of the 

c oordinates of the B ottom-line along the X  ax is. T he magnitude of this error ( for max imal 
ob served θ =  ± 2 * 1 0 -4 rad of the girder twist)  will b e ∆ =  6 0  µм, whic h is c omp atib le with the 
measurement p rec ision. N ote that following the M O D U L E  assemb ling tec hnology, the girder is 
to b e p ositioned on the b ase unit in suc h a way that its “twist” must b e symmetric  ab out 
horiz ontal line ( F ig. 9 ) . 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Relative position of the submodule and of the “twisted” girder 

ϕк 

ϕG 

∆ ϕк 

horizontal line 

v ertic al line 

SUBMODULE 

G I R DER  
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3. D a t a  p r e s e n t a t i o n . 
 

The results of both methods are presented in the form of the table (see Appendix#5 )  of 
dev iation of the measured points from the surfac e of the N ominal M O D U L E  (F ig . 1 0 ) .  
- Top siz e “ A ”  is the siz e that c oinc ides w ith the w idth of the narrow  part of the master plates in 
the indic ated plac e.  
- The  “ 1 -2-3-4 ”  c ontour c oinc ides w ith c ontour of the master plates.  
F or the L aser method the dimensions of the nominal M O D U L E  are:  
 
А =  223. 31  mm, - top (narrow )  base;  
В =  4 0 8 . 8 0  mm, - bottom (w ide)  base;  
С =  1 9 4 2 mm,  - heig ht;  
L  =  5 6 0 0  mm,  - leng th;  
B ’  = 4 1 4 . 1 6  mm, - theoretic al dimension deriv able as a result of master plates 
imag inary  ex tension on the 1 9 4 2 mm heig ht.  
The nominal M O D U L E  must be positioned in suc h a w ay  that positiv e max imal dev iations of 
both sides of M O D U L E  bec ame eq ual (sort of " simmetriz ation"  of the positiv e dev iations) .   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F i g .  1 0  P o s i t i o n  o f  t h e  N o m i n a l  M O D U L E  i n  t h e  L a s e r  m e t h o d  C o o r d i n a t e  S y s t e m  
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4. R e s u l t s  o f  c o m p a r i s o n  
 

Transformation of th e  L ase r d ata to th e  p h otorg amme tric  d ata 
Fig. 11 presents nontransformed (primary) data for both methods (see item 1 of our 

c omments on the C S  of the photogrammetric  method). R ec al l  that the tw ist angl e ϕ =  ± 2 * 10 -4 
w as determined for the girder of MO D U L E  # 10 . 

W e find it rather l ogic al  to assume that the MO D U L E  # 8  tw ist is al so ϕ≈± 10 -4. 
 I f so,  one may ex pec t that (attention! ) MO D U L E  # 8  in the L aser measurements w il l  be 

turned as a w hol e by an angl e of ≈10 -4 rad as c ompared w ith the photorgammetric  method. 
T his assumption is c onfirmed by the measurement data disposition Fig. 11. I ndeed,  if one 

turns the L aser set of measurements by an angl e θ0 =  0 .8 * 10 -4 al ong the Y  ax is the L aser data set 
prac tic al l y c oinc ides w ith the photogrammetric  series. 

 
F ig . 1 1  L ine  B e l 1  me asu re me nts d ata b y  th e  P h otog ramme tric  and  L ase r B ottom-rig h t me th od s 

w ith  no c orre c tion ap p l ie d  

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 20
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 1 0

Fig.12 Line Bel1 measurements data by the Photogrammetric and Laser Bottom-right methods  
af ter correction ( turn by 0 .8 x10 -4rad)  

 
O n e  m o r e  d i s a g r e e m e n t  b e t w e e n  t h e  d a t a  o f  b o t h  m e t h o d s  i s  c l e a r l y  v i s i b l e  ( s e e  

Appendix #5) .  T h e  e n v e l o p e  t o p  o v e r a l l  s i z e  c h o s e n  i n  t h e  p h o t o g r a m m e t r i c  m e t h o d  ( t h e  А-
v a l u e  i n  F i g .  1 0 )  i s  0 . 3  m m  n a r r o w e r  t h a n  i n  t h e  L A S E R  m e t h o d  ( s e e  Appendix #5 ) .  

Di r e c t  c a l i p e r  m e a s u r e m e n t s  o f  t h e  o u t e r  d i m e n s i o n s  o f  t h e  m a s t e r  p l a t e s  o n  t h e  n a r r o w  
p a r t  ( t h e s e  a r e  t h e  d i m e n s i o n s  w h i c h  d e t e r m i n e  t h e  e n v e l o p e  t o p  o v e r a l l  d i m e n s i o n )  i n d i c a t e  t h a t  
t h e  m a s t e r  p l a t e s  w e r e  m a n u f a c t u r e d  a b o u t  0 . 3 -0 . 4  m m  s m a l l e r  t h a n  t h e  n o m i n a l  s i z e .  I t  i s  i n  
f a v o r  o f  t h e  o v e r a l l  d i m e n s i o n  c h o s e n  i n  t h e  L A S E R  m e t h o d  ( s e e  i t e m  3 ) .  

T o  r e a c h  t h e  m o s t  c o m p l e t e  d a t a  c o i n c i d e n c e  w e  t u r n e d  t h e  L A S E R  d a t a  b y  a n  a n g l e  
θ0 = 0 . 8 * 1 0 4 r a d  w i t h  r e s p e c t  t o  Z -a x i s  a n d  a l s o  m a d e  t h e  o v e r a l l  d i m e n s i o n  n o n c o n t r a d i c t i n g  i n  
b o t h  m e t h o d s  ( F i g .  1 2 ) .  T h e  v a l u e  o b t a i n e d  f o r  θ0 a g r e e s  w i t h  t h e  a b o v e  e s t i m a t e  c o r r e c t i o n  
a n g l e  ≈ 1 0 -4 r a d .   

I n  f i g s .  1 1 -1 2  t h e  d a t a  a n a l y s i s  s h o w s  g o o d  a g r e e m e n t  f o r  t h e  s h a p e s  o f  t h e  c u r v e s  t o o .  
Appendix#6  r e p r e s e n t s  a  v e r y  f u l l  d a t a  s e t  a n d  s h o w s  t h a t  a f t e r  “ t u r n i n g ”  c o r r e c t i o n  ( s e e  a b o v e )  
L A S E R & P H O T O G R A M M E T R I C  r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  t h e  p r e c i s i o n  q u o t e d  o n  t h e  
h y s t o g r a m .  T h e  σ-v a l u e  o f  t h e  d i s t r i b u t i o n  o f  DL-D P  d i f f e r e n c e s  ( o r  “ d i s t a n c e s ’ ’ ) , m e a s u r e d  b y  
t h e  L A S E R  a n d  m e t h o d s  i s :   

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
- 0 , 3

- 0 , 2

- 0 , 1

0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

N

P H O T O
L A S E R

P H O T O  l i n e  B 1  a n d
L A S E R  l i n e  B O T T O M  R i g n t
f o r  m o d u l e  # 0 8
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 σb =  6 5  µm  f o r  B o t t o m -l i n e s ;  
 σt =  9 0  µm  f o r  T o p - l i n e s . 
A s  w a s  m e n t i o n e d  i n  t h e  i n t r o d u c t i o n ,  t h e  σt v a l u e  f o r  t h e  T O P  l i n e s  a l w a y s  t u r n  o u t  t o  b e  l a r g e r  
t h a n  σb. 

A l l  t h e  a b o v e  r e s u l t s  c o n f i r m  t h e  q u o t e d  m e a s u r e m e n t  p r e c i s i o n . T h e  c o i n c i d e n c e  o f  t h e  
s h a p e s  o f  t h e  d i s t r i b u t i o n s  o f  t h e  r e s u l t s  o b t a i n e d  b y  b o t h  m e t h o d s  i s  e n o u g h  t o  s t a t e  t h a t  b o t h  
m e t h o d s  a r e  c l o s e  i n  p r e c i s i o n s . 

 
5. C o n c l u s i o n . 
 

M e a s u r e m e n t s  p e r f o r m e d  b y  b o t h  m e t h o d s  i n d i c a t e  t h a t  M O D U L E  # 8  i s  w i t h i n  t o l e r a n c e  
( 0 .6  m m  f r o m  t h e  n o m i n a l  s i z e ) . 

I m p r e s s i v e  c o i n c i d e n c e  o f  b o t h  L a s e r  a n d  P h o t o  f u l l y  i n d e p e n d e n t  m e t h o d s  h a s  b e e n  
a c h i e v e d  b y  a p p l y i n g  t w o  c o r r e c t i o n s :   
- T u r n i n g  o f  t h e  L a s e r  m e t h o d  d a t a  b y  a n  a n g l e  θ0 =  0 .8 * 1 0 -4  r a d  w i t h  r e s p e c t  t o  t h e  Z  a x i s ;  
- C o r r e c t i o n  o f  t h e  N o m i n a l  M O D U L E  w i d t h  i n  t h e  N o m i n a l  M O D U L E  t o p  p a r t  ( s e e  i t e m  
3 ,  s i z e  “ А” )  c h o s e n  i n  t h e  P h o t o  m e t h o d ;  t h i s  c o r r e c t i o n  i s  b a s e d  o n  d i r e c t  m e a s u r e m e n t s  o f     
s i z e  “ А” . 

S o  t h e  r e s u l t s  o f  m e a s u r i n g  t h e  “ M O D U L E  g e o m e t r y ”  b y  b o t h  m e t h o d s  c o i n c i d e  w i t h  a n  
a c c u r a c y  o f  a b o u t  ( σb +  σt ) / 2  ≈ 8 0  µm . 

A l l  t h e  a b o v e -s a i d  a l l o w s  o n e  t o  c o n c l u d e  t h a t ,  a s  w e  u n d e r s t a n d :  
i t  s e e m s  v e r y  i m p o r t a n t  t o  u s e  B O T H  M E T H O D S  ( t h e y  a r e  I N D E P E N D E N T )  f o r  

f u l f i l l i n g  s u c h  a  c o m p l e x  t e c h n i c a l  t a s k  a s  t h e  p r e c i s i o n  a s s e m b l y  o f  t h e  B A R R E L  H A D R O N  
C A L O R I M E T E R  a n d  a  m u c h  m o r e  d i f f i c u l t  t a s k  l i k e  f i n a l  a s s e m b l y  o f  a l l  A T L A S  s y s t e m s  i n  
t h e  n e a r  f u t u r e . 

T h e  j o i n i n g  o f  t h e  J I N R  a n d  C E R N  g r o u p s ’  e f f o r t s  m i g h t  l e a d  t o  t h e  r i s e  o f  
E N G I N E E R I N G  C U L T U R E  o f  a  N E W  G E N E R A T I O N :  h i g h -p r e c i s i o n  m e t r o l o g y  w h e n  
p r e c i s i o n  a s s e m b l i n g  o f  l a r g e -s c a l e  m a s s i v e  o b j e c t s .  

 
A c k n o w l e d g e m e n t s   
T h e  C E R N  t e a m  w o u l d  l i k e  t o  e x p r e s s  t h e i r  t h a n k s  t o  t h e  J I N R  t e a m  f o r  h a v i n g  i n i t i a t e d  

t h a t  s t u d y  a n d  i n c o r p o r a t e d  t h e  p h o t o g r a m m e t r y  c o n c e p t s  a n d  r e s u l t s ,  s p e c i a l l y  P r o f e s s o r s  J u l i a n  
B u d a g o v  a n d  D j e m a l  K h u b u a . T h e  C E R N  t e a m  i s  g r a t e f u l  f o r  N i k o l a i  T o p i l i n  f o r  h e l p e d  w i t h  
t e c h n i c a l  d o c u m e n t e d  d e v e l o p m e n t . 
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Some other persons from the C E R N  tea m pa rti c i pa ted  to the reg u l a r mea su rements of the 
ti l e M O D U L E S :  K a ti a  N u mmi a ro, D i rk  M erg el k u hl , J ea n-F ré d é ri c  F u c hs for the 
photog ra mmetri c  pa rts – mea su rements, a na l y si s a nd  report -  J ea n N oel  J ou x  a nd  A nd ré  F roton 
for the g eometri c a l  prepa ra tory  w ork s.  

T he J I N R  tea m tha nk s I N T A S for the fi na nc i a l  su pport of the J I N R  tea m w ork  w i th g ra nt 
I N T A S-C E R N # 2 8 8 . 

T he J I N R  tea m tha nk s Y u .L oma k i n for hi s v ery  l a rg e c ontri b u ti on on a l l  sta g es of the 
M O D U L E  a ssemb l y  a t J I N R . W e a re g ra tefu l  to V .R oma nov , M .N a z a renk o, S.T ok a r a nd  
A .Shc hel c hk ov  for thei r hel p i n v a ri ou s sta g es on a ssemb l y  tec hnol og y  d ev el opment, 
a c c u mu l a ted  d a ta  pa sporti z a ti on, hi g h prec i si on mea su rements tool i ng  d el i v ery , sol v i ng  of a  
nu merou s c u stom& tra nsport prob l ems.  

 
R e f e r e n c e s 

[ 1 ] . A . A i ra peti a n et a l ;  C E R N / L H C C /   9 6 -4 2 ( 1 9 9 6 ) . 
[ 2 ] . M etrol og i c a l  i nspec ti on of M O D U L E S of ha rd on c a l ori meter for A T L A S d etec tor. 

B .A . A l i k ov  et a l . T i l e C a l  i nter N a t N ote #  7 9 ,1 9 9 7 . 
[ 3 ] . V . B a tu sov , et a l ;  " P a rti c l es a nd  N u c l ei , L etters" , J I N R , D u b na  2  ( 1 0 5 )  3 3 ( 2 0 0 1 ) . 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 1 3

Appendix #1 
B AR R E L  M O D U L E  AS S E M B L Y  S C H E M E  

 
T h e  A T L A S  B a r r e l  H a d r o n  T i l e  C a l o r i m e t e r  M O D U L E  p r o d u c t i o n  i s  a  m u l t i s t a g e  

p r o c e s s .  A  M O D U L E  c o n s i s t s  o f  t h e  f o l l o w i n g  m a i n  e l e m e n t s :  1  g i r d e r ,  1 9  s u b m o d u l e s ,  t w o  e n d  
p l a t e s  a n d  t w o  f r o n t -p l a t e s  ( F i g . 1 3 ) .  E a c h  o f  t h e  a b o v e  e l e m e n t s  i s  s u p p o s e d  t o  b e  p r o d u c e d  
w i t h i n  t h e  r e q u i r e d  g e o m e t r i c a l  t o l e r a n c e s .  T h e  m o s t  s t r i n g e n t  r e q u i r e m e n t  o n  t h e  M O D U L E  
a s s e m b l y  i s  t h e  p l a n a r i t y  o f  i t s  s i d e  s u r f a c e  ( 1 . 9  m  x  5 . 6  m ) ,  t h i s  t o  a l l o w  a  c o r r e c t  s t a c k i n g  o f  t h e  
c y l i n d e r  d u r i n g  t h e  f i n a l  a s s e m b l y  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13  S c h e m a t ic s  o f  t h e  M O D U L E  a s s e m b l y  
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Appendix #2 
L AS E R  M E AS U R E M E N T  S Y S T E M  ( L M S ) .  

Parts of the measurement eq ui p ment w e use are p rec i si on i nstruments i nd ustri al l y  
p rod uc ed :  C A LI PE R S  ( ± 2 0  µm p rec i si on) and  M I N I LE V E L ( ± 1 0 -5 rad / m p rec i si on).   
T he sp ec i al  Laser M easurement S y stem w e hav e d esi g ned  and  c onstruc ted  has a p otenti al  of 

p rec i si on of ± 5 0  µm w hen 
op erated  ov er a d i stanc e of 
ty p i c al l y  6  m of l eng th.  T he 
g ai ni ng  fac tor has b een i n the 
c omb i nati on of thi s p rec i si on to 
an op erati on and  mani p ul ati on 
si mp l i c i ty  for thi s d ev i c e.  

T he LM S  has b een 
d esi g ned  and  c onstruc ted  for 
the c ontrol  of the surfac e 
g eometry .  T he LM S  ( F i g . 1 4 ) 
c onsi sts of a l aser and  p hoto-
d etec tor ( PhD ) b ui l t up  b y  4  
i nd ep end ent p arts;  b oth the 
l aser and  the PhD  are fi x ed  on 
sp ec i al  and  hi g h p rec i si on 
ad j ustment uni ts.   
 

 
laser ray 

 
 
 

 
 

F i g . 1 4    L M S  m e a s u r i n g  p r i n c i p l e .  
 

T he LM S  measurement p ri nc i p l e w as p rop osed  b y  the authors for an earl i er [ 2 ]  
ap p l i c ati on.  I ts p ri nc i p l e i s b ased  on the measurements of the d i stanc e H ( ί ) b etw een the surfac e 
und er c ontrol  ( LL' ) and  the ax i s of the l aser b eam d i rec ted  i n a q uasi -p aral l el  w ay  to that surfac e 
( F i g . 1 4 ).  B y  p osi ti oni ng  the PhD  d etec tor at d i fferent p osi ti ons A ( ί ),  the assoc i ated  v al ues of H ( ί ) are 

PhD 

H ( i) H ( 0 ) H ( n) 

l a s e r  

L L’  
A ( 0 ) A ( i) A ( n) 
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determined by adjusting 
( using a system o f  a 
mic ro  sc rew s)  th e c enter 
o f  th e p h o to  detec to r 
rel ativ e to  th e l aser 
beam.  T h e f ul l  surf ac e 
geo metry is determined 
by a series o f  suc h  
measurements ( F ig. 1 5 ) .  
T h e measurement 
p rec isio n is l imited by 
th e p rec isio n o f  th e 
adjustment system and 
by th e air c o nv ec tiv e 

G irder 
O uter base 
c enters 

N o minal  
mo dul e 
 

M o dul e to  be 
measured 

P o ints to  be 
measured 

 Z  

 Y   

L aser 

P h o to detec to r 

φL 

X 

I nner 
submo dul e 
c enter l ine 

φR 

a 

b 

  ϕT 

Fig.15   LMS during assembly and quality control 
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fluxes, which can be noticeably improved by positioning the laser beam inside a special 
telescopic dielectric tube.  

M ultiple measurements done with our L M S  have shown that the standard deviation value 
for individual H  ( n)  measurements on a 6 -m long calibrated base is 3 0  µ m.   B y adding to this the 
intrinsic precision the precision of the positioning of the L M S  system on the surface to be 
measured ( specific submodules surface) , the resulting measurement precision for the entire area 
( 1 . 9 m x 5 . 6 m)  of the M O D U L E  side surface is within ± 5 0  µ m.  
 

 
 

2) 8 )  3 ) 1 )  6 ) 7 )   1 1 ) 

 4 ) 9 )  1 0 ) 5) 
 

L a s e r      1 ) 
 
P o w e r  m o d u l e    2) 
 
A d j u s t m e n t  m o d u l e   3 ) 
 
Q u a d r a n t  p h o t o d i o d e  d e v i c e s  

T y p e  I     4 ) 
T y p e  I I    5) 
 

P o s i t i o n i n g  m o d u l e  
T y p e  I     6 ) 
T y p e  I I    7 ) 
 

M a d n e t i c  b a s e  
T y p e  I     8 ) 
T y p e  I I    9 ) 
T y p e  I I I    1 0 ) 
 

M u l t i m e t e r s     1 1 ) 

1 0 cm 

DUBNA LAS E R  M E AS UR E M E NT  S Y S T E M  M AI N C O M P O NE NT S  
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Appendix#3 
  
 

 
 
T h e  M O D U L E # 8  w a s  m e a s u r e d  a t  C e r n  i n  J a n u a r y  2 0 0 0  f i r s t  b y  t h e o d o l i t e  – s e e  t h e  

r e s u l t s  i n  h t t p : / / e d m s . c e r n . c h / d o c u m e n t / 3 0 9 9 9 1 / 1  – t h e n  b y  p h o t o g r a m m e t r y   - s e e  t h e  r e s u l t s  
a n d  t h e  c o m p a r i s o n s  i n   h t t p : / / e d m s . c e r n . c h / d o c u m e n t / 3 0 9 9 8 7 / 1   
�)  t h i s  t r i p o d  w a s  a l s o  u s e d  f o r  t h e  f i r s t  m e a s u r e m e n t  b y  t h e o d o l i t e  :  s p e c i f i c  t a r g e t s  w e r e  h o l d  i n  
t h e  g a p  b e t w e e n  t w o  s u c c e s s i v e  p l a t e s  s o  t h a t  t h e  t a r g e t   w a s  r e f e r e d  t o  t h e  a v e r a g e  e x t e r n a l  
s u r f a c e  o f  f o u r  s u c c e s s i v e  p l a t e s  a p a r t  t h e  g a p .   

S c a l e  b a r s  :  a c c u r a c y  2 0  m i c r o n s   

GEOMETRICAL AND PHOTOGRAMMETRIC OPERATIONS   
F OR THE MODU LE# 8  

P l u g -i n  t r i p o d s  f o r  s e t t i n g -
u p  p r e c i s e  d i s t a n c e m e t e r s  
a n d  m e a s u r i n g  l o n g i t u d i n a l  
d i s t a n c e s  o f  t h e  t w o  s i d e s  o f  
t h e  g i r d e r  :  a c c u r a c y  1 0 0  
m i c r o n s . �) 

3 0  m m  *  3 0  m m  
R e t r o r e f l e c t i v e  c o d e d  t a r g e t  
f o r  p h o t o g r a m m e t r y   

G i r d e r  :  t h e  b o t t o m  p a r t  i s  h o r i z o n t a l i s e d  w i t h i n  
1 0 0  m i c r o n s  – a c c u r a c y  5 0  m i c r o n s  – b e f o r e  a n y  
f u r t h e r  m e a s u r e m e n t   

- DCS 460 - sensor CCD       6 mi l l i ons p i x el s /  p i x el  =  9 µm
- 1 8  mm,  2 0 mm,  2 4 mm l enses
- R ol l ei  DP A / CDW  Sof t w a re P a c k a g e

CERN main photogrammetric equipment …

usual retro-reflective targets
f/ 1 6 ,  f/ 2 2      un d er-ex p osed  p h otos

strip s an d  cod ed  lab els

image p rocessin g p recision  =  1 / 3 0  p ix el =  0 . 3 -0 . 4  µm

n ecessity  of reflective targets an d  an n ular flash
good  con trast
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Appendix#4 

What is Digital P ho to gr am m e tr y  ?
…  3 - D c o o r d in ate  m e asu r in g te c hn iq u e

•  G E O M E T R I C A L  P R O C E S S  :
1 - Multi-image orientation
Resection = process that enables to know the camera position
and  aiming  ang les
T r ia ng u l a tion = intersecting  lines in space,  compu tes the
location of  a point in all three d imensions
⇒  A p p r ox im a te p ositions a nd  a p p r ox im a te coor d ina tes

=  3  tr a nsl a tions +  3  r ota tions

A t  l e a s t  2  i m a g e s  f r o m  2  d i f f e r e n t  l o c a t i o n s .  O n e  n o t  m e a s u r e  t h e  o b j e c t  i t s e l f … b u t  i t s  i m a g e .

Image processing

Rea l  ob j ect w ith
ta r g ets X Y Z  coor d ina tes

G eomet rical
process

2 -Perspective rays adjustment  :

Need to use calibrated
scale bars an d/ or k n ow n
distan ces on  th e obj ect

least squares� 3 D  o b j ec t c o o rd i n ates� stati sti c al an aly si s� erro r b ud g et…
g eo m etri c al m o d eli n g … as b ui lt/ rev erse en g i n eeri n g  . . .

• S C A L I N G  P H O T O G R A M M E T R Y  :

What is Digital P ho to gr am m e tr y  ?
…  3 - D c o o r d in ate  m e asu r in g te c hn iq u e

in terior ( im ag e sy stem  -  self  calibration         sy stem atic error cam era)  an d ex terior orien tation s ( obj ect
sy stem )  of  th e cam era adj usted tog eth er

Forms ! Dimensions ? Forms ! Dimensions !
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Appe n d i x # 5  
D E V I AT I O N  O F  T H E  M E AS U R E D  P O I N T S  

 F R O M  T H E  S U R F AC E  O F  T H E  N O M I N AL  M O D U L E  
The results of the LASER (BotR, T op R, T op L , BotL )  a n d  P H O TO G RAM M ETRY  

(Be l 1 , Be l 4 , Ge x 4, Ge x 1 )  m ethod s a re p resen ted  i n  the form  of the ta b le of d ev i a ti on  of the 
m ea sured  p oi n ts from  the surfa c e of the N om i n a l M O D U LE for ea c h sub m od ule.  The left (ri g ht)  
si d e of the M O D U LE i s the si d e on  the left (ri g ht)  of the ob serv er look i n g  from  the SM 1  a lon g  
the M O D U LE 
 

Right side L ef t side 
D i sta n c es for 
B O TTO M  li n e 

D i sta n c es for 
TO P  li n e 

D i sta n c es for 
TO P  li n e 

D i sta n c es for 
B O TTO M  li n e 

Be l 1  BotR Be l 4  T op R 

 
N u m b er  
o f  su b -
m o du l e Ge x 4  T op L  Ge x 1  BotL  

-0 . 1 2  -0 . 1 8  0 . 0 4  -0 . 2 8  1 .   0 . 2 2  -0 . 2 3  0 . 3 0  -0 . 1 8  
-0 . 1 0  -0 . 1 4  0 . 1 1  -0 . 1 4  2 .   0 . 1 3  -0 . 3 5  0 . 2 3  -0 . 2 1  
-0 . 1 2  -0 . 1 7  0 . 1 7  0 . 0 6 3 .   -0 . 1 0  -0 . 4 4  0 . 2 8  -0 . 2 2  
-0 . 1 1  -0 . 2 1  0 . 1 4  -0 . 1 3  4 .   -0 . 0 2  -0 . 3 3  0 . 1 9  -0 . 1 7  
-0 . 1 6 -0 . 3 1  0 . 0 8  -0 . 3 4  5 .   0 . 0 0  -0 . 2 2  0 . 1 8  -0 . 1 2  
-0 . 1 5  -0 . 2 2  0 . 1 9  -0 . 2 2  6 .   -0 . 1 1  -0 . 2 4  0 . 1 0  -0 . 1 9  
-0 . 0 5  -0 . 2 9  0 . 2 1  -0 . 0 8  7 .   -0 . 2 1  -0 . 4 4  0 . 0 6 -0 . 2 8  
-0 . 0 6 -0 . 1 8  0 . 1 4  -0 . 1 1  8 .   -0 . 1 0  -0 . 1 2  -0 . 0 7  -0 . 2 5  
-0 . 0 3  -0 . 1 8  0 . 2 2  -0 . 1 6 9 .   -0 . 1 2  -0 . 2 2  0 . 0 4  -0 . 1 9  
0 . 0 4  -0 . 2 3  0 . 2 9  0 . 0 6 1 0 .   -0 . 2 7  -0 . 2 6 -0 . 0 4  -0 . 1 8  
0 . 0 2  -0 . 1 8  0 . 0 7  -0 . 3 2  1 1 .   -0 . 1 6 -0 . 2 8  -0 . 1 4  -0 . 2 9  
0 . 0 3  -0 . 2 5  0 . 1 2  -0 . 4 1  1 2 .   0 . 0 6 -0 . 0 5  -0 . 0 4  -0 . 2 1  
0 . 1 2  -0 . 2 1  0 . 0 8  -0 . 4 0  1 3 .   0 . 0 0  -0 . 0 1  -0 . 1 1  -0 . 2 5  
0 . 0 5  -0 . 2 1  -0 . 0 6 -0 . 5 4  1 4 .   0 . 0 6 0 . 1 8  -0 . 0 4  -0 . 1 9  
0 . 2 4  -0 . 2 1  -0 . 0 5  -0 . 4 9  1 5 .   0 . 1 8  0 . 1 4  -0 . 0 3  -0 . 2 0  
0 . 2 9  -0 . 2 0  -0 . 1 6 -0 . 7 0  1 6 .   0 . 3 3  0 . 2 6 -0 . 0 6 -0 . 2 4  
0 . 2 3  -0 . 1 8  -0 . 0 9  -0 . 5 8  1 7 .   0 . 3 8  0 . 5 2  -0 . 0 6 -0 . 1 7  
0 . 2 4  -0 . 2 4  -0 . 2 5  -0 . 8 6 1 8 .   0 . 3 3  0 . 3 5  -0 . 1 4  -0 . 2 2  
0 . 2 4  -0 . 2 1  -0 . 2 9  -0 . 9 6 1 9 .   0 . 3 8  0 . 4 8  -0 . 1 6 -0 . 2 1  
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Appendix#6 
R E S U L T S  O F  C O M P AR I S O N  

L i n e  B e l 1  m e a s u r e m e n t s  d a t a  b y  t h e  P h o t o g r a m m e t r i c  a n d  L a s e r  B o t t o m -r i g h t  m e t h o d s  
a f t e r  c o r r e c t i o n  ( t u r n  b y  0 . 8 x1 0 -4 r a d )  

 
 

L i n e  G e x 1  m e a s u r e m e n t s  d a t a  b y  t h e  P h o t o g r a m m e t r i c  a n d  L a s e r  B o t t o m -l e f t  m e t h o d s  
a f t e r  c o r r e c t i o n  ( t u r n  b y  0 . 8 x1 0 -4 r a d )  

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
- 0 , 3

- 0 , 2

- 0 , 1

0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

N

P H O T O
L A S E R

P H O T O  l i n e  B 1  a n d
L A S E R  l i n e  B O T T O M  R i g n t
f o r  m o d u l e  # 0 8

 
 

De
via

tio
n (

mm
)

N u m b e r  o f  s u b m o d u l e

-0,10 -0,05 0,00 0,05 0,10
0

2

4

6
N

R M S  ( m m )

M e a n   =  . 0 1  m m
S i g m a  =  . 0 6  m m

P H O T O  l i n e  B 1  a n d  
L A S E R  l i n e  R i g h t  B O T T O M
d a t a  u n b a l a n c e

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

- 0 , 3

- 0 , 2

- 0 , 1

0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

0 , 5

N

P H O T O

L A S E R

P H O T O  l i n e  G 1  a n d  
L A S E R  l i n e  B O T T O M  L e f t
f o r  m o d u l e  # 0 8  

 

De
via

tio
n (

mm
)

N u m b e r  o f  s u b m o d u l e

-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15 0,20
0

2

4

6

8
N

R M S  ( m m )

M e a n   =  - . 0 1  m m
S i g m a  =  . 0 7 6  m m

P H O T O  l i n e  G 1  a n d  
L A S E R  l i n e  B O T T O M  L e f t
d a t a  u n b a l a n c e
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Line Bel4 measurements data b y  th e P h o to g rammetric  and Laser T o p -rig h t meth o ds 
af ter c o rrec tio n ( turn b y  0 . 8 x 1 0 -4rad)  

 
 

 

Line G ex 4 measurements data b y  th e P h o to g rammetric  and Laser T o p -lef t meth o ds 
af ter c o rrec tio n ( turn b y  0 . 8 x1 0 -4rad)  
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PHOTO line B4 and 
L A S E R  line TOP R ig h t
f o r  m o du le # 0 8
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dat a u nb alanc e

N

R M S  ( m m )

M ean  =  - . 0 3  m m
S ig m a =  0 . 1 0  m m

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
- 0 , 4

- 0 , 3

- 0 , 2

- 0 , 1

0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

0 , 5
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L A S E R  line TOP L ef t
dat a u nb alanc e
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