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Abstract

In many applications of thermal systems, line of sight (LOS) stability is a critical issue.
This research aims to find out the effect of mechanical tolerances and temperature
changes on the line of sight, this study is divided into two main sections. In the
analytical study, equations were derived to calculate LOS deviation as a function of
lens perturbation in a thermal system resulting from mechanical tolerances. In the
practical section, experimental setups were designed in order to validate these equations
experimentally providing clear demonstration of LOS movement during mechanical
compensation of temperature change effect. To boost this study with a product a
computer software was written to carry out the optical and LOS calculations based on
this study on the one hand and to provide statistical analysis on the other hand, so the
optical and mechanical designers can predict the potential LOS deviation values
resulting from mechanical tolerances in any similar thermal objective.
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Imm] all pcads Al daall 453K pal) ASLaud) 2t
Imm] el pads Al ddall ) land) (g8 ylad Canai 1Ry
[mm] Apad) Aaall a8 jaall 2l 2B

alinll g5ig axe e Jmas dppeay Alaa 51 8(9.2) ANl alasin) Koy 4l zalgll (g
Apuigl 5laally Cilbal sl apen 35 Cun 38 Luaad) (Dle il Al die Lyl
ADL 8 42al) By ded b

DI 5 Y) Aall (Dl L3l Appeas dles (O il Ik il iS5y

6, = (n; 1)%(RFR—F BS) (10.2)
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Lens Decenter Lilae duwmnll 743 .3.2

aal b Apadl dleall jime (o Lases dudall g 255 ) Al 2LV g b,
2 yne dudall o3¢ JSEY D laiay gyeadl Henall e Audall canlil 136 cculalany]
(4.2 JSall) el i dleal) jsae ce i

S3 S4

Chief Ray

~att & Ll
AL

Lilisje dunell 2Ll Alla 6 aasisll £ Leikl] et 4.2 JS3)

£ il i cuy = 0 Ll Apad) Alaal e e 3l oanst g bl it JIA (3
.S3 C.k.ul\ e <ahadl e daall e

toh LS paall jsaall ) Lsuia S3, S4 adandl dic AadY) (il jalie o ()6

u; =0, y;=D (11.2)
Olall daslia
n,—1 n,—1
w, =—D ‘*n Cs, yi=D-—t,D 4n Cs (12.2)
4 4
n —
U, = —D(ny —1)|Cs — Cy + 4n—t4C3C4 (13.2)
4
D
U= —— (14.2)
> f

Aleadl jsma ) Rugaia ()5S 0liall 038 a8 £ lals
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y - _D - y‘; - t4Dn4 C3 (15.2)
Ny
D
Us = U5 = —— (16.2)
5 5 f
el JSE (g5inne Yo g el g ) (35S, Aagiilys
_ ng,—1 t_5
ys =D (—m £.Cs + f) (17.2)
:[20] JSAIL duasl @Lj\ (_gj;.d\ Axll axgg
. ftla-1)
bfl =f — "R, (18.2)

1(17.2) A8l & Lmasaillg

ys =D (1 - % + %) (19.2)

oeball e 5yeal) 2L Aad S5 cAppeanl) dleall AT Ejaall aadl i g of L
AL Al L3l Aainy lall Jad Cahaty Alieally (5l

ep =D (BS;LBL + 1) (20.2)
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Imm] olall s il sall Jladll S paal sadl o,
Imm] Ayead) dleall &l S paal seddl 2B

aliall g 535 200 e e Ay ey Alea 51 8 (20.2) AN alasiiasd (S a5l malsll (e
Auigl 5ally lialsal) asen 7T Cua 3yaY) Luaall Z L3 3 A die Ayl
AL 8 A2l By dad b
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0, = %(BS ;L By 1) (21.2)
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Lens Rotation 4wl o)),54 .3.2
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(5.2 JSa) clalaayl aal L U5V et 550 e |

Dt /\\p
A
A

N R

el oo 5.2 Uil
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Al Sy Veha ~ Ly e

¢ =1[1— cos(a)] (22.2)
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(0 Al Al e 4 Bpmall LIl G aa Jege 58
AL S Slaje AL e

D = —al (23.2)

Aagiy il bad Gihady ABedls (hall peleall Ll gypeall £l dad 058 U,

tauandl 50

SR = ET + ED (242)

_ Tl—l RF_BS BS_BL )]
eR—oc[ - t( R ) l( 7 +1 (25.2)
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Loysall st il el sale LS Ay tn
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0, = %[n n_ 1 (RFR_FBS) —1 (BS;LBL + 1)] (26.2)
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£R=a[n;1t<1—&>—RD(%+n_1L)] (27.2)

Rp f n Rp

Tl—lt RD
= - —_——— 28.2
o = B, |~ = (28.2)
OHA-.U

1 n-1 t
el 29.2
=D~ t RDRFl (29.2)
il
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€R=aBS(n—1)(D RF ) (30.2)
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Zemax aladiuly 4a Ay asaal

daia 1.3

A0 laall adimins byl 238 (Blas (3 ABES a3 Jilatl) aling elal (e (R Cargy
dpalyll zalall Hlodly Zemax pladiul 4)0a) dews araad AR e Zemax galin ae
Zemax lgshey 31 i) me Jalail) cilajiie 4 liag Legle Loae

el el ae Aplall sl ClyulS 8 daaduall Glasal) aped glud 4l
S e deadfisd) Ayl Slsall o dgad Lus Jeud (sS0  sales ¢dgiyall 4 puadll
o Dltie) o ol Bl 4l V) L)) g3l 5 Laliasl ety Lo dadiiye sl

S 8 deadiiall A pandl algall Jlaial) callba

Zemax aladiuly azaail) Gighd 2.3
asonll o Gite (o (5 A A e e ldl 5 1 sl L L
tcuall sded 4l Cildial sall (1.3 dj-ﬂ_éj‘) O e Zemax gealip aladiul

sl 1 ol uecenl] Luidl) licalsell [ .3 Jpn

8-12um ikl Jadl
75mm Jladl) B aal) s

1 fiInumber A8 aall sl
384x288 RN
2oum busal) 33kt

ALy A8 cala Ayl Jia Glua Y
EFFL =75 mm
Hypq = 384 X 0.025 = 9.6 mm

Vipa = 288 % 0.025 = 7.2 mm
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fpa/2
— -1
FOV = 2tan (EFFL (1.3)
Hppy = 2t —1( 96 )—7324°
Fov = ~tan 2x75)
_ -1 ' — o
Vroy = 2tan (2 » 75) = 5.496

adadl) 235 Gl —Lal

(2.3)

V. = 20 lp/mm

T 2%0.025

alaill Entrance pupil Jad) i clwa —

_f
D_f# (3.3)
75
D =T= 75 mm

Gslball Al ) AT (pits (e ¢ sSa al i) ad Gilua —lay),

d = 30mm (Sl Adlie Leginy Jumah (piiUaiia (pfiste (e (gsSa allatl) () (i

1A sy

Doy =D, + 0, —dD, D, (4.3)
B, =B, d=30 Jal
da Ll miy

@, = 0.008 dp
.30mm Ailus Leginy Jaaiiy 5i50 0.008 logie S 348 liwsae Lyl oyl
leiSlaws Omsbuiia Lpadan Uil Caliadl cdiage LD Giwaell (pe dude JS o i
Gllanall 038 Jal (e Gluall pilia 38 Jady Smm o<l A jide

1 1 tn-1)
—(n-1|=—-=
Do =(-1) R, R, T RiRn

(5.3)

R =37.5mm Ja Ly mii
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Zemax (& clibyll Jlaa) —luald
LS L) g dapenai alyal) aUsill AEI5N) all (V) i Lgle Ulias ) Uil Jias
e

338U (ye pdaws Jgl 2ic Aperture stop «aisill A Lol Jaall gis ded Jlaa) e

(1.3 Jsall) General

eGeneral @ |

Files 1 Mon-Sequential ] Polarization ] Ray Aiming I Miscellaneous I

Aperture Title/Notes ] Units I Glass Catalogs I Enwvironment I
Aperture Type: |Entranca Pupil Diameter j
Aperture Value |75
Apodization Type: [Uniform =l
Apodization Factor |C

[ Telecentric Object Space

[ Afocal Image Space
Zemax gzelip 4 General 516 1.3 S
Gagall sk aas3s Wavelength data 330 3 oUaill Jeal Laikl) Jlaall Ji3) o

(2.3 JSa) sie dpal V) cilhluad) JlelaY o)

Wavelength Data

Use Wavelength (um) Weight Use Wavelength (um) Weight
1 B [1 ™13 |05 [

2 [ [1 14 [o55 [

2 7 [1 15 [055 1

r4 [oss [ ™16 [0ss [

s |oss 1 17 [055 1

s [oss [ ™18 [oss ]

rz [oss [ e T

Zemax <Ly 4 Wavelength data 5346 2 .3 J<if
Jlas e dad (e ST JA0) & sales cField data 530 3 4yl Jis Jka) e
(3.3 JSill) aadll oda die cililual) o Jsanll 4y )l Jia

Field Data
Type: © Angle (Deg) " Object Height " Paraxial Image Height " Real Image Height
Field Normalization: ’m
Use  X-Field Y-Field Weight VDX VDY VX vey VAN
F 1o [o |1.0000 [o.o0p00  [oo0DDO [0.00000  [D.00DDO  [0.0D00D
~ 2 o |2 |1.0000 [o.00p00  [o00DDO [0.00000  [0.00D00  [D.0D000
¥ 3o 32 [1.0000 [o.opcon [ococor [oocooo [p.oooco  [o.ooooo
4 [0 47 |1.0000 [o.0oo00  [oooDDO [0.00000  [0.000D0 | [D.0D000
s |o [0 [1.0000 [oooooo | ooonon T

= —

o [

Zemax gzl 4 Field data s34 3 .3 Jsi
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Lens data editor 538U 8 lgsbua 23 LS alaill digl) aleSU 4500y adl) Jlay|
i Ailud) Ly Marginal ray height ¥ sdaudl ASlad) Ja Ayl laals
(4.3 Jall) alall dal) 8l sl ) gl s pemal) ) g bl Jsaa

£ Lens Data Editor

Edit Solves View Help
Surf:Type Comment Radius Thickness Glass
CBJ Standard Infinity Infinity
5TO Standard 37.500 5.000 GERMANITUM
2 Standard 37.500 30.000
3 Standard 37.500 5.000 GERMANITUM
4 Standard 37.500 41.380
IMA Standard Infinity -
<

Zemax <Ly 4 Lens data editor siiti 4 .3 J<i/
538U (e aUaill 138 iy (5.3 JSE) cpauy SN aUaill JLiS) ddadill 238 die
oul5 70.91099 Jladl) 3 yaall anall () ulilll 38 (e JasDlys ¢Prescription data
gyl 358l Clua 8 d=30mm Ailuall Leadind Wl Hlac) e )5 1385 75
Lozic ddlaall o3 of a8 (pfiusanll b1 Ol fisall (g ALl 2385 Uil

COtaal) ada G ALl & maliyll B LAy o

€2 1: Prescription Data = | = pcd

Update Settings Print  Window
System/Prescription Data -

File : C:\Users\Yamen\Documents'ZemaxSAMPLES\LENS.ZMX
Title:
Date : 13/10/2019

GENERAL LENS DATA:

Surfaces H 5

Stop H 1

System Aperture : Entrance Pupil Diameter = 75
Glass Catalogs : SCHOTT INFRARED
Ray Riming : Off

Apodization : Uniform, factor =
Temperature (C) 2.00000E+001
Pressure (ATM) 1.00000E+000

0.00000E+000

Adjust Index Data To Environment : COff

Effective Focal Length T70.910%8 (in air at system temperatur
Effective Focal Length : 70.91092 (in image space)

Back Focal Length H 41.37951

Total Track H 81.37951

Image Space F/# 0.9454798

Paraxial Working F/# 0.9454738

Working F/# 0.5255873

Tmage Space NA& 0.4674874 il
L L3

Zemax gLy 4 Prescription data s34 5 .3 J<ii/

sl daulie sl leys pe il e agill Jlaaly oaldY) sagal) Al s
35l Capag b Lady alaill Z86HD ABGY) eha) aie o) e sl
PRGN |
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EFFL Judl) 8l sl o
MNCA Liall 45lsell daloal) o
MXCA oadanl) 435l daloall o
MNCG Liall dualall ddludll o
MXCG  oeaall dualaill daldl o
MNEG Liall =l dils dSkaws o
il 2le) &l AR dlee 8 i 06K of Jiii Al alad) aas e
DY) aladinly 485 A8 dles e hals (Js¥) mlanll ag el i) ) daLayl
Jsia allas ) Jgea sl Hammer Optimization
laa Lld 25 (6.3 JSall) 3 salasd Al alatll ) Jsaagll &5 Akl cilysasac any @
OSars (7.3 JSa) Lpglladll dppad)l Glaalsd) Biny asea€ gpadl sl
Slluall ae duball 238 e miti Al Glleall Alad 2s e area€ salaic!
cpaanail) 13gd Zemax el eadnuw Al

.
¥ Lens Data Editor

Edit Solves View Help
Burf:Type Comment Radius Thickness Glass Semi-Diameter Conic
OBJ Standard Infinity Infinity Infinity 0.000
ST0 Standard 67.800(WV 7.000(W GERMANIUM 38.228 -0.074(V
2 Standard T1.700(V 100.000(WV 35.915 0.000
B Standard 27.200(V T7.000(WV GERMANTUM 18.723 0.000
4 Standard 26.300|V 20.897| M 15.465 0.000
IMA Standard Infinity| - 4.670 0.000

e pLLS il yall gyl wllaill dyqpaill widll 6 .3 SN

-
¥ 4: Prescription Data = | 5 e
Update Settings  Print  Window
System/Prescription Data -
File : D:\Master Files\Project\Work\Zemax\2018.07.04 Attl\obj.ZMX
Title:
Date : 13/10/2019
GENWERARL LENS DARTA:
Surfaces H 5
Stop H 1
System Aperture : Entrance Pupil Diameter = 75
Glass Catalogs : SCHOTT INFRARED
Ray Aiming : Off
Apodization : Uniform, factor = 0.00000E+Q00
Temperature (C) H 2.00000E4001
Pressure (ATM) H 1.00000E+000
hdjust Index Data To Enviromment : Off
Effective Focal Length T5.13577 (in air at system temperatur
Effective Focal Length : 75.13577 (in image space)
Back Focal Length H 20.89702
Total Track H 134.8971
Tmage Space F/# : 1.00181
Paraxial Working EF/# : 1.00181
Working F/# H 1.000405
Image Space NA H 0.4465667 s
L L3

g w LIS sl yall (gpemil] Ll il 7 .3 JS
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A s DA e (gl alaill ool apis o
MTF Jpaaill J& aqli o
) pmall glzmd e cplall JB e g peall plail) 58 Joawill Ji8 0l iy
Jal€ s e aaldll Jay G aallly jdiall (g 45ed 510 3y guall o liad
2l 138 a8 06 ) aveail) dlee A Bole xdy 8ysaall s liad ) ol
im0 el adaill aap ) Ygeay S a0l Lalis Caline ve
cedadll 3355 vie 0.5 2gmy died CuilS L 1) e 1aY1 aam alail b Jaing ez 1Y)
g o)) IS e Jaadiy camnaall alaill Joaedll Ji 0l (8.3 JSE) s
Ll Jiall Jal (10 0.6 g5k 20 Ip/mm 2053 vie Juasil) J& ol

TS Diff. Limit TS 3.6000 mm
TS 0.0000 mm TS 4.6000 mm
| |TS 1.7000 mm
1.0 LI T T T T T

0.8
os
=]
2 \
O o7 -
o
L o0& [
i}
5 e ]
B oo [ -
a
ja]
a L 4
]
=
01 - -
0.0
° z 1 & 8 10 12 14 16 18 20
Spatial Frequency in cycles per mm
Polychromatic Diffraction MTF
14/10/2019

Data for 8.0000 teo 12.0000 pm.
Surface: Image

obj . ZMX
Configuration 1 of 1

sl 2ULil] el Ji5 2ils 8 .3 S/

Spot diagram <uidil) dady JS& o
S gie ) amall sliad 8 3k e 5l AedY) WS e e
O sial Al RMS il GlibatY) s A ()58 O amis (3ypual
Cun caaadl Al b codll da (9.3 JSA) caws coebeall JuSy
&5l (g ynall Jiall Jaf o RMS condill dady e Canmi () JSAIN (e LD
119,53 um sl uatigl) Ciiil) dady Hla Cauaig 11,19 pm
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+ 8.0000
s 12.0000
Da: 0000 m Do 1700 m
HHH
s
[ —— Da: 3N m Da: 4.6 m
Spot Diagram
14/10/201% TUnits are pm.
Field : 2 3 L]
BM5 radius : 11.192 11.293 12.364 22.050
GEO radius : 16.346 23.17¢ 33.081 70.09%8 obj.ZMX
Scale kar : 200 Reference : Chief Ray Configuration 1 of 1

o) AL § il ek 9 .3 JS

Encircled energy cuidil) dsdy 3Sa Jga d3Ual) duud
ALK ALY ) il Ak Spe Jm 85003 8 )il AL dus Y i
Axslill codall dagy 3 A8l g6 Saie (10.3 JSA) g cAdas (e Bl
Aady Craa B3sase ddlall e 80% O JSEN (e LaaDlig cannad) alail) e

20 pm 253 laylad (auay

Diff. Limit 3.6000 mm
0.0000 mm 4.6000 mm
1.7000 mm

Fraction of Enclosed Energy

0.0 I 1 1 1 1 I I 1 1
o 10 20 n 40 50 &0 0 -1 &0 Loo

Radius From Centroid in pm

FFT Diffraction Encircled Energy

14/10/2019
Wavelength: Polychromatic
Surface: Image

obj . ZMX
Configuration 1 of 1

peadl pLhil e iUl i) deds Spe Jsn Al g 55 10 .3 JSI
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P e Aldaill uhal) 8 ds e G daa o Gl ) Jaad) 138 Caagy
Dbl o dppadl dleall (8 it Gigas dai daly Bysea il latal 4 pal) clulall
Glasbual) o8 ()5S (Rxddl S5 8 ) gsll (B 55 Y Apadl Al Gilaslis o
Badd) S5 alay) o Ladie) ady kil lad Gabatl o i @lld aa (S0 Taa Byha
(A Galdl) JuSull (e sl 48y aa L35S JEN S50 daa) sa o

Ladl) yuad 2.4
& Gl Al dadla Y lgha) & Al Cplaill alall 23l (1.4 JSAN) o
] ALl Al 8 Lea) it

©)
/

)

©
g
(1

Ol ===

il Joall alafl z3gaill 1.4 JSLI

tCua

-

Aplsie dadl USG5 o auall jlaia) (uSay = 1700mm sl ooy g)la (B .1
Gl Giadl b anall png a2
DLEAY) amse Ganeadl ApalaY ) dall .3
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DU am g Lpanall Ll doal) 4

25 pum 435k (384x288) salal (8-12um) Jlaall (& Jary ()b (ubos .5

10pm Lajlaie 4 dap)si jral zy0e Hsase Janlsy X7 (g5l (3 AS5all Q6 2iss .6
DVR i) 5038 Jause .7

§geall (B Jalall L) dadl (uld e Jpanll o yatl) Jaall sha) (e o)
138 dady LAY aanse Lpenall Al Zuaall e )0 a1 aaY Uik Ao
1% daf o Jsandl dphal 758 ) Lady cAuhall ad Hhall Jas Calas) Jia LY

sl

Lial) 3y 9l .1.2.4

e Apadll 10 avalls dljme 8 dgagall anall 33505 dad] g)hal) Biaal) laxy
e Gl ama o Hliels cie cuj aua oo Baball i) ADA e e Gl e
I 8 10um dasdl Jsb sa 4ihe 5S50 Wha leled] ey Gueulal 3)all 4o
atY) o3 i ¢iaal) e Anpla il Aplgia Bypea o Joeanll IS R e Cajadll
Aady JS5 e il 13gl s ary s (D) ulead) Y a5 i) Adaall e

3igall Jaansd .2.2.4

cosbend) mA 5L} Alase ] Jsease DVR (oa8) 5028 Jase ddaulss )suall Jrass o
ogall J8 a5 ¢(720%576 Pixel) 43 Snapshots <ulad e J gandly Jasall 138 ransy
Gy casthall Gl e Jpanl) Gitgs Lalladd caslall ) Lo dyat) AL
cooladl P 3 ald) cllilll saaY due (2.4 JSal)
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bl e gyl Ginall mpi] LR Y/ 38 Dyl Ul (oIS 0 5y penl] 2 .4 JSLI

39l dallas .3.2.4
lelad) o Ayl G 3 el g1 o oy (2.4 JSA) (e eaaly 5o WS
Al Falee il Glals g pall e Joalill) o S (gsat Alcanall )5l ol La
ol 50 Bl 8 il e Asll) Al dadll 5) e o Lailady Jualdill sda 203
oo Aalladl) oda Caa Mg gl Jals Aaidl i) adgdll 8 Sl 5ygall sl 3
oda Jadiiy ¢ oapaill Jaall 138 b 4 gladl) dadbead) 2000 43lS Caad gl zalin DA

tdadladl)

K RGB sl sl (e Jd Greyscale ol zyxi ) 8yeall Jisad @
& A Jualh ains Jadh 448 45 gl 308l P e o)rasi ) 3yseall 8 Jusy
el Jandl Josd

(2.3.4 JSEN) Cp ol mpcagily ¢ Jpualitll Ay Cidag Apndd) Aa8d) e Y1
ad S pa 830 3200 8ySe Ly Alasnd) Ailaiall pa (2.4 JSAN) 8 Al (i
aaad e JUal Qi e Al oda 3 (D34 JSAN) lgd Jus JS e L)
Adatilall A8lel) 3)geall racinn Lgie B 2 Lo JS Caldag 160 Lyl be i) diic
Eigas dafi lealil Jlaie Gopuin ) deid) 5y0a ay (€34 JSE) L LS
gyead) Aleall b <y
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5003200 5480 duunall deil] 5)pn A.0.4 JSE Sy IS 6 50 LnY) 508 o panall i) 5500 B.0.4 JS2I

Dalleall 2e (2.4 JSH) Gl 5 )50 C.3 4SS

b L) Giluag 3yguall S8 3Se wans .4.2.4
gl Gty danlyy AdEilall Bpall JE 3Sye alag) o Aald) S50 paaS A Ladicl
el b Aile y5em JB 50 OIS 13 4o s lgile Aallaall cililee (gya (g3 (asmlal
(i2, j2) adsall (& dppead) Alasll b s a2y Akaiile (A1 8y3m JE S 5a5 ¢(in, i)

ully haie sl 138 Gats 8ypeal) 8 Jealad) # L) s

S = \/(iz —i)?+ (fz _jl)z (1.4)
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Aaiilal) 5y pually @) Galead) cp slady) Jisad 3.4

Lpulal) Cliagusl) lae (b i sed Bl 0o ST b Pixel JuSul) i aadiiy
LS Aiye Bysem b allgan 4 oSadll (Say juaic jaual e il Computer graphics
sl dlile ) an il Jeadl 138 PIA adiidl seall bmp Gueti 3 Jall s
oyl Glils & (Hardware Ll ULS JuSull Jiay of oSay cRaster images 4uaal)
CihpelSl gl Agstiaal) Glubuall 3y RS 3 led) jaic jreal JuSall Jia
Adghadl b ulua geaie jraal g JuSall e dglal) Sl 4l

Adailall ) eall JuSally 55080 Al (& V) i Lle Ulias i) 573 50al) - L3l A )
5038 Jase ) (384288 Pixel) solad (slus o Ji5 Ailall 028 ol dagall 8 oSl
(720576 Pixel) Walaad dsad) bysem (o Al 8 jedil

(i 2001 Aol 25 5 Aadilal 3pmally (gl obuand cae Sla) asadt At sl
oelan) dlpat Aa i sygeall b2 L) ke (ald 5 G (1.4 JSA) b ) 23 5aill
S paiall el aladily Imm lajlaie dysliie Culshady X emall iy Ciludall i ae
dgpad) jualiall il ae sluad) dlas o) Ligpad) dleal) 580 e hal (50 ¢ )5Sl
Al 5Se e Al o) ol cap ¥ by DY) e Aadd) I3 e e Y
(14 Jsaall) (8 e s LS pituall el

Ahiilel) 5y seally polend! S les¥) s HLERT bl 255 ] 4 Jsan

bobdl) jlaia | pLIN) e | JED 3$4e cililaal Skea oabual) dalj)

[Pixelim] Sim[Pixelim] ] i [Pixelepa] [mm]
0 0 343.40 153.60 0 0
66.44 66.44 343.04 220.04 40 1
65.56 132.00 342.81 285.60 80 2
67.91 199.91 342.49 35351 120 3
66.98 266.90 34151 42049 160 4
65.78 332.67 340.45 486.26 200 5
66.94 399.61 339.94 553.20 240 6
66.99 466.61 339.25 620.19 280 7
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Y SimSrpa — (X Sim) (X Skpa)
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_ 2(Sepa —A) X Sim
B n

(3.4)

B (4.4)

Lbal) 4Dl sda e Jsanll (Ko MLS. Excel A iSIY) Jshaall maliyy dileinl s
oeleall e 3ygall = L3l ADle (4.4 JSAN) Cous clesbund Aalall 90 apus pilie JS
(14 d}d&l\) @ M '“_ \ (ﬁgﬂﬂ Slm (H—M \ CL})—"\}“ ZJ\XL’ SFPA
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= .
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saakhall

-

SFPA = 0.601 X SITTL (5.4’)
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<0.2 Pixel (5) 0.005 MM (55t 535 ASpp, Csbuall Aaly) 56 Uas ) ddlia) Aliasdl)

AP = Aj = 0.4 Pixel (A Galdl) J&ll 3850 calilaa) aaas Uad o) (oajiy

(1.4) 3l (e Ll 6 L

' (i —ig)Ai + (J — jo)Aj
(i —i)? 4+ (G —jo)?

IS LS afine ADle Jiai illy (5.4) Al Ll

AS;, = 2S (7.4)

Srpa = MSpy

_ Srpa

m= (8.4)
Sim
Sl
Am AS AS
m Skpa Sim
AS AS,.. S
Am = FPA N ImOFPA (10.4)

Slm Slmz

(1.4 Jsaall) 8 52))s0 luldl) Jal e Lysuaall LY a8 (2.4 Jsaall) Cous

Sypually wlend) Gy oles¥) s i) 4 lalidl] ol (o Zosunall oli)Y) 2 2 4 Jpaa

Am ASim [mm] Sim [Pixel] [mm] Cubeall da)f
0.000 0.000 0 0
0.0031 0.006 66.44 1
0.0015 0.003 132.00 2
0.0010 0.002 199.91 3
0.0008 0.001 266.90 4
0.0006 0.001 332.67 5
0.0005 0.001 399.61 6
0.0004 0.001 466.61 7

Ll 58 b
Mmax =M + Am = 0.601 + 0.001

Mpin = M — Am = 0.601 — 0.001
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Ghela o ALadl) 7 Ailudl) 4y cAlead) Jasal Alsell cliludll (6.4 JSA) Cps
asal) Gils A ((pfissal)

il dondl CHLRT (§ Slilaall bl oauinsi JS3 64 JS
fgsled t Ofiaall (o Al sel) Adlial) (6.4 JSA) (e eals g8 S
t=z,+z+2,—t; — 2, (11.4)
) duaal) dSlaws 1ty Cua
tleindia (e S o)l A8

B,—B
£D=D( S L+1)

fu
Bs[mm| B, [mm] _f, [mm]
25.227 42.737 46.467

b LS il Ll 2 LS cililal) o8

z,[mm] Z,[mm] z[mm|] t;[mm] z,[mm]
23 23.9 52.5 4 16

POWEAY) 2 Ul dvigll sl

Rifmm] tymm] Ry,[mm] tlmm] Rz[mm] ¢t,Jmm] R,u[mm]
52.16 4 55.8 63.6 37.38 4 46.95
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G (e Luppat syseall =Ll (20.2) ADall (e Aplail 3ypall # L3 ded lua,y
(3.4 Jsal)) 4 leluans & Al clulial) =5l il (6.4) 5 (1.4)

Ll Aell iliapell = Lii¥) L) bl il 3.4 Jpaa

‘el-,u{\z‘\ Eor Sim €ih JEN e clilaa) | Lusad) da)
(il (mm] | [Pixelm] | [mm] i i [mm]
-5.07 -0.473 | -3155 | -0.499 | 290.74 |326.62 -0.8
-5.85 -0.411 | -27.38 | -0.436 | 293.73 |329.53 -0.7
-5.46 -0.354 | -2357 | -0.374 | 296.34 |332.31 -0.6
-4.59 -0.297 | -19.82 | -0.312 | 299.00 |[334.95 -0.5
-3.87 -0.240 | -15.98 | -0.249 | 301.86 |337.53 -0.4
-5.54 -0.177 | -11.77 | -0.187 | 304.63 |340.70 -0.3
-4.26 -0.119 -7.95 -0.125 | 307.38 | 343.35 -0.2
-0.08 -0.062 -4.15 -0.062 | 310.11 | 346.00 -0.1
0.00 0.000 0.00 0.000 313.00 |348.98 0
-1.40 0.061 4.10 0.062 315.99 |[351.78 0.1
0.42 0.125 8.34 0.125 318.98 | 354.80 0.2
-4.12 0.179 11.95 0.187 321.36 | 357.52 03
-5.45 0.236 15.71 0.249 324.02 | 360.18 0.4
-4.55 0.297 19.83 0.312 327.02 | 363.00 05
-5.90 0.352 23.46 0.374 329.81 |365.34 0.6
-5.80 0.411 27.39 0.436 332.24 | 368.48 0.7
-5.33 0.472 31.47 0.499 335.12 | 371.36 08
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e
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:[20] of Las
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M Agal o) Gl ol LERY) g ol ol Go NI=50000 e 5 o
:L;A:‘ LS Al
Mynax = 0.633
Mypin = 0.613

Momean = 0.623
0, = 0.004

RSD = —2™_ — 0.006

mmean

(8.4 JSall) Aull 53] Jlasy! &35l

3000

2500

2000 1

1500

1000
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0.61 0615 0.62 0625 0.63 0635

Llsil) A o L gunall Ll el iliapel] =~ jiY] s/ Ll de pane Jro il sy £l 8 4 S

Lial) 2l cililsy .2.1.4.4
dasall 3yseall o daddl J& 3850 aaas 8 Uadd) o 5LaaV) e 3 Gl Uad jalias
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As
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m s

Am= 254
m=7

AD

D
AD.s
DZ

(16.4)
Sl
(17.4)

(18.4)

el bl 46 ae Juad) aiall Jse e LoV (s bl

_ 25(i—ip)Ai+ (G—jo)Aj AD.s

- D (I —ig)?+ (G —Jjo)? D?

(19.4)

(3.4 Jsaall) 852yl lulidl) Jal e Lysunall QLY 2 (4.4 Jsaall) s

Ll Anel] iyl LY i) 8 laldl) SaS o Dopenall LY ad 4 4 S

Am s [mm] [Mmm] dwad) dal))
0.025 0.473 -0.8
0.028 0.411 -0.7
0.033 0.354 -0.6
0.040 0.297 -0.5
0.050 0.240 -0.4
0.066 0.177 -0.3
0.100 0.119 -0.2
0.201 0.062 -0.1
0.000 0.000 0
0.200 0.061 0.1
0.100 0.125 0.2
0.067 0.179 0.3
0.050 0.236 0.4
0.040 0.297 0.5
0.033 0.352 0.6
0.028 0.411 0.7
0.025 0.472 0.8

) (S5 m = 0,623 Akl Llill Ailae JuadY) afid) Jie of Las

Mpmax =M + Am = 0.623 + 0.064 = 0.687

Mypin = M — Am = 0.623 — 0.064 = 0.559

s zatual oml)l sl acx Al @hlaa¥l ol s dalall <50 DA o
el 2l DA (e dalla 2Dl
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Lasell Gy Uy culad] soiiosell Ginell 4 5y00m 10 .4 JC3

tleada e SN ol pall 48Nl

_ Tl—l RF_BS BS_BL )]
ER_O([ n t( Ry ) l( fi +1

Bs[mm| B, [mm]| _ f,[mm]
25.270 42.737 46.467

ol LS CilS (6.4 JSA) con Lol o3 LS lilisall o8

z,[mm] Z,[mm] z[mm|] t;[mm] zZ,[mm] l[[mm]
23 23.9 57.9 4 16 15.9

LAY g se alaill Al 2yl

Ri[mm] t;fmm] R, mm] ¢t[mm]|] Rzmm| ¢t,[mm] R,[mm]
52.16 4 55.8 63.3 37.38 4 46.95

S (e Luppad Byseall =Ll (25.2) ALl (he Aplail 3ygeall 2L ded Clua,y
(5.4 ) 8 Lehans o5 Al cluldl 25 jadli (6.4) 5 (1.4)

Ll Laell Sy L) luld il 5 4 s

%L"HJ.Y‘ Epr Sim |8th| JE s bl '
(o) . : : af’]
: [mm] [Pixelim] [mm] j i

26.786 0.000 0.000 0.000 326.00 | 383.99 0
26.140 0.009 0.582 0.012 326.28 | 384.50 5
17.467 0.018 1.174 0.024 326.84 | 384.81 10
27.744 0.030 1.968 0.036 327.45 | 385.32 15
12.166 0.034 2.296 0.048 327.73 | 385.50 20
16.950 0.052 3.489 0.060 329.34 | 385.00 25
16.437 0.059 3.959 0.072 329.66 | 385.50 30
12.990 0.070 4.648 0.083 330.36 | 385.60 35
17.640 0.083 5.531 0.095 331.03 | 386.29 40
21.874 0.088 5.890 0.107 331.27 | 386.62 45
26.786 0.093 6.208 0.119 331.66 | 386.54 50
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(25.4)

Ll dewsel] e L] 6 bl SaT o dpsenall LY 8 6 .4 Jsoa

Am [mm] s [mm] a [arc min]
0.0000 0.000 0
0.0033 0.0087 5
0.0017 0.0176 10
0.0011 0.0295 15
0.0008 0.0344 20
0.0006 0.0523 25
0.0005 0.0594 30
0.0004 0.0697 35
0.0004 0.0830 40
0.0004 0.0883 45
0.0003 0.0931 50

m = 0.0025 mm 4ykail) Lalaill dilae Jead) agiiced) Jpe of Laas

Mpmax =M + Am = 0.0025 + 0.0010 = 0.0035 mm
Mopin = m — Am = 0.0025 — 0.0010 = 0.0015 mm

Oy zoatuall ml)l sl acx Al @hlaayl ol s dalall <5t DA o
el ) DA (e dalla 2D

liala jgaa Jea Al dual) a8 L33 .6.4
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e Bypeall U Gl SLERY) dlee Jadiy lalis DG 3 A Gl unls e

(134 J<a) 60° Lysii Leia JS (g5l Llg o Al duanad) 5 dniis Gulasal

lisals sae Jon Dol dusell yypti JLIRY (gusall g liisall 3000 13 4 S

ool JS vie Aailil) dagl) J& 3856 Glihal (7.4 Jsasl)) Gaw
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JEY e cildlaa)

j i
281.63 378.59
282.64 379.67
289.49 379.17
290.41 378.02
286.48 372.02
284.33 372.73
281.36 377.88
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Displacement calculations according to tolerancing data

At 20.15C At-20C
Tilt['] 5 0.00157 0.00146
Decenter [mm] (0.2 0.115 0.1156
datum [*] 5 |27.2 0.02118 0.0214
Rot ["][mm] 5 16 -0.01181 -0.01199

Calc. Displacement
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Displacement calculations according to tolerancing data

At 20.15C
Tilt["] 5 0.00157
Decenter [mm] |0.1 0.0575
datum ['] 5 27.2 -0.02118
Rot [ " ][mm] 0 0 0

Calc. Displacement
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el alasinly LAY Lpevall mpenad 3 Al duaad) e clpail) o3a (uin Jlaaly
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£} Lens Data Editor

Edit Solves View Help
Glass Semi-Diameter Conic Par O (unused) Decenter X Decenter ¥ Tilt About X
CBJ Standard 0.000 0.000
= Standard GERMANTIUM 38.061|0 -0.073
2% Standard 35.740|0 0.000
3| Coordinat. . = 0.000 0.000 0.100 0.000
) Standard GERMANITUM 17.538|T 0.000
5% Standard 14.370|T 0.000
6| Coordinat. . = 0.000 0.000| P -0.100| P 0.000| P|
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™A Standard 0.108 0.000
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:Matlab A giSall galipd) pai

R=1/1.7*%55/1000;
p=0.025; ps=0.015;
xx0=0; yy0=0.0;
R2=R"2;

np=3;

dx=ps/50; dy=ps/50;
x0=xx0; y0=yy0;
kmax=fix ( (x0+R) /p+ps/2/p) ;
lmax=fix ((y0+R) /p+ps/2/p) ;
kmin=fix ((x0-R) /p-ps/2/p)
Imin=fix ((y0-R) /p-ps/2/p)

14

14

fi=0:pi/100:2*pi;
ggx=x0+R*cos (f1i) ;
qgqy=y0+R*sin (fi) ;
plot (ggx,qqy, 'k")
hold on

for k=kmin-1:kmax+1
for 1=Imin-1:1max+1

qgx=[k*p-ps/2 k*p+ps/2 k*p+ps/2 k*p-ps/2 k*p-ps/2];
qqy=[1*p-ps/2 1l*p-ps/2 l*p+ps/2 1l*p+ps/2 l*p-ps/2];
plot (qgx,qqy, "k")

hold on

end
end

kk=0; ni=5000;

axc=[1; qyc=I[1;

s n=2;

for i=1:ni

x0=xx0+ (2*rand-1) *np*p; yO0=yy0+ (2*rand-1) *np*p;
xc=0; yc=0; g=0; stot=0; s=[];

for k=kmin-1l-np:kmax+l+np
for 1=Imin-1-np:lmax+l+np
g=q+l;
s (q)=0;
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end
end

for x=k*p-ps/2:dx:k*p+ps/2

gx=(x-x0)"2;
for y=1l*p-ps/2:dy:1*
if (y-y0) "2+gx<=R2
s (q)=s(q)+1;
end
end
end
sn=s (q) * (1+randn/s_n);
xc=xc+k*sn;
yc=yc+l*sn;
stot=stot+sn;

if stot~=0
xc=xc/stot;
yc=yc/stot;

kk=kk+1;
gxc (kk)= xc-x0/p;
gyc (kk) = yc-y0/p;

ptps/2

end

disp([num2str (i/ni*100) '%$ done'])
end

figure (1)

plot (1:kk,gxc,1l:kk,gyc)

figure (2)
subplot(2,1,1)
hist (gxc, 40)

xlabel ('Horizontal error

title('Statistical distribution')

subplot(2,1,2)
hist (gyc, 40)

xlabel ('Vertical error

(in pixels) ')

title('Statistical distribution')

disp(['dx: ' numZ2str (mean (gx

c)) '"+-

disp(['dy: ' num2str (mean(gyc)) '+-
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'

'

num2str (std (gxc)
num2str (std(gyc)
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L) e ds ganal dijlha JadY) 504l Glua — B alal)
1Al alflay) A sl Aslaa aad

x2+y?+ax+by+c=0 (B.1)

P AL s S

(x —x0)*+ (y —y0)* = R? (B.2)

x2+y% —2xxy — 2yyo + x0° + Vo2 —R* =0 (B.3)

(B.1) ABall xa Zisllaally

a
Xo =3 (B.4)
b
Yo=—5 (B.5)
R=x®2+y,2—c (B.6)
rhalill de gena Jal (e (B.1) dbedl e (gynall hlagyall Gyl Gl
n
A= Z:(xl-2 + yZ + ax; + by; + ¢)? (B.7)
i=1
A n
Fr z 2x;(x} +y? +ax;+ by, +¢c)=0 (B.8)
i=1
%:ZZyi(xl?+yi2+axi+byi+c)=0 (B.9)
n
=22(xl-2+yl-2+axi+byi+c)=0 (B.10)

Ll iy s siall 23

x3+xy2+ax?2+bxy+cx =0 (B.11)
yx2+y3+axy+by2+cy=0 (B.12)
x2+yZ+ax+by+c=0 (B.13)

— xyZ
] I l [—yx2 - y3 (B.14)

3|
<
<3 g
Rl
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MATLAB alasiuly L &y phay i) Ll galy pageai — C galal

Liliaye Zuanll 23 ae 8ypeall 2 L) Al b)) Ao aling i 1Yl

ni = 50000;

sur = 4;

Nn = 10;

lamda = 0.0006328;

m = zeros(size(ni));

B = zeros(size(ni));

fil = zeros(size(ni));

fl = zeros(size(ni));

fi2 = zeros(size(ni));

f2 = zeros(size(ni));

Bl = zeros(size(ni));

B2 = zeros(size(ni));

R(1, 1) = 52.16; C(1, 1) =1 / R(1, 1);

R(1, 2) = 55.8; C(1, 2) =1 / R(1, 2);

R(1, 3) = 37.38; C(1, 3) =1 / R(1, 3);

R(1, 4) = 46.95; C(1, 4) =1 / R(1, 4);

t(l, 2) = 4;

t(l, 3) = 63.6;

t(l, 4) = 4;

t(l, 5) = 0;

n(l, 1) = 1;

n(l, 2) = 4.0043799419502;

n(l, 3) = 1;

n(l, 4) = 4.0043799419502;

n(l, 5) = 1;

h(l, 1) = 32;

h(l, 2) = 30;

h(l, 3) = 23;

h(l, 4) = 22;

dR1 = ((R(1, 1)*R(1, 1))/ (h(l, 1)*h(1l, 1)))*Nn*lamda;
drR2 = ((R(1, 2)*R(1, 2))/(h(1l, 2)*h(1l, 2)))*Nn*lamda;
dR3 = ((R(1, 3)*R(1, 3))/(h(l, 3)*h(1l, 3)))*Nn*lamda;
drR4 = ((R(1, 4)*R(1, 4))/(h(1l, 4)*h(1l, 4)))*Nn*lamda;
dt = 0.1;

u= [000O0O0];

y =1[1 000 0];

= (n(1l, i-1)*u(i-1))/n(1, 1) - (y(i-1)*(n(1, i)-n(1, i-
1))*Cc(1, i-1))/n(1 ,1);

y (1) y(i-1) + t(1, 1)*u(i);
end
t(l, 5) = -y (4)/u(5);
for 1 = 2:5
u(i) = (n(l, i-1)*u(i-1))/n(1, 1) - (y(E-1)*(n(1, i)-n(1, i-
1))*Cc(1, i-1))/n(1, 1i);
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B(1) = t(1, 5);
fil(l) = (n(l, 2) - 1)*(C(1, 1) - C(1, 2) + ((n(l, 2)-1)/n(1,
2))*t(l, 2)*C(1, 1)*C(1, 2));

£f1(1) = 1/£11(1);

fi2(1) = (n(1, 4) - 1)*(C(1, 3) - C(1, 4) + ((n(l, 2)-1)/n(1,
2))*t(l, 4)*C(1, 3)*C(1, 4));

f2(1) = 1/£i2(1);

B1 (1) f1(1) -
B2 (1) £f2(1) -

for k = 2:ni+1
R(k, 1) = R(1, 1) + dR1*(2*rand - 1); C(k, 1) 1/R(k, 1);
R(k, 2) = R(1, 2) + dR2*(2*rand - 1); C(k, 2) = 1/R(k, 2);
R(k, 3) = R(1, 3) + dR3*(2*rand - 1); C(k, 3) = 1/R(k, 3);
R(k, 4) = R(1, 4) + dR4*(2*rand - 1); C(k, 4) 1/R(k, 4);
t(k, 2) = t(1, 2) + dt*(2*rand - 1);
t(k, 3) = t(1l, 3) + 5*dt*(2*rand - 1);

t(k, 4) = t(1, 4) + dt*(2*rand - 1);

:5

n(l, i-1)*u(i-1))/n(1, i) - (y(i-1)*(n(1, 1i)-n(1, i-
k, i_l))/n(l ri);

(i-1) + t(k, i)*u(i);

for 1 = 2
u (i) (
1)) *C(
y (1) y
end

t(k, 5) = y(1, 4) /-u(l, 5);

for i = 2:5

u(l, i) = (n(1, i-1)*u(l, i-1))/n(1, i) - (y(1, i-1)*(n(1l, 1i)-

n(l, i-1))*C(k, i-1))/n(1, 1);
y(, 1) =y, i-1) + t(k, i)*u(l, 1);
end
B(k) = t(kr 5)/
fil(k) = (n(1, 2) - 1)*(C(k, 1) - C(k, 2) + ((n(1, 2)-1)/n(1,
2))*t(k, 2)*C(k, 1)*C(k, 2));
fl(k) = 1/£i1(k);
fiz (k) = (n(1, 4) - 1)*(C(k, 3) - C(k, 4) + ((n(1, 2)-1)/n(1,
2))*t(k, 4)*C(k, 3)*C(k, 4));
f2(k) = 1/fi2(k);
Bl (k) = fl(k) - (fl(k)*t(k, 2)*(n(1, 2)-1)/(n(l, 2)*R(k, 1)));
B2 (k) = f2(k) - (f2(k)*t(k, 4)*(n(1, 4)-1)/(n(l, 4)*R(k, 3)));
m(k) = (B(k)-B2(k))/f2(k) + 1;
end
max m = max (m);

min m = min(m);

mean m = mean (m) ;

hist (m, 35);

stdiv = std(m);

rel prec = std(m)/mean m;
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s Jgn ddnll (e

ni = 50000;
sur = 4;
Nn = 10;
lamda = 0.0006328;
m = zeros(size(ni));
B = zeros(size(ni));
fil = zeros(size(ni));
fl = zeros(size(ni));
fi2 = zeros(size(ni));
f2 = zeros(size(ni));
Bl = zeros(size(ni));
B2 = zeros(size(nl)),
1 = zeros(size(ni));
R(1, 1) = 52.16; C(1, 1) =1 / R(1, 1);
R(1, 2) = 55.8; C(1, 2) =1 / R(1, 2);
R(1, 3) = 37.38; C(1, 3) =1/ R(1, 3);
R(1, 4) = 46.95; C(1, 4) =1 / R(1, 4);
t(1l, 2) = 4;
t(l, 3) = 60.4;
t(l, 4) = 4;
t(l, 5 = 0;
n(l, 1) = 1;
n(l, 2) = 4.0043799419502;
n(l, 3) = 1;
n(l, 4) = 4.0043799419502;
n(l, 5) = 1;
h(l, 1) = 32;
h(l, 2) = 30;
h(l, 3) = 23;
h(l, 4) = 22;
1(1) = 15.9;
dR1 ((R(1, 1)*R(1, 1))/(h(1, 1)*h(1, 1)))*Nn*lamda;
drR2 = ((R(1, 2)*R(1, 2))/(h(1l, 2)*h(1l, 2)))*Nn*lamda;
dR3 = ((R(1, 3)*R(1, 3))/(h(l, 3)*h(1l, 3)))*Nn*lamda;
dRr4 ((R(1, 4)*R(1, 4))/(h(1l, 4)*h(1l, 4)))*Nn*lamda;
dt = 0.1;
dl 0.1;
u=[0000O0 0],
y =1[1 000 0];
for i 2:5

u (i) (n(l, i-1) ) /n i) - (y(i-1)*(n(1,
1)) *C(1 ) /n , 1)

y(i) = y(@i-1) + t(1 ) *u (1)
end
t(l, 5) = ) /u
for i = 2:5
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u(i) = (n(1, i-1)*u(i-1))/n(1, i) - (y(i-1)*(n(1, i)-n(1, i-
1))*Cc(1, i-1))/n(1, 1);
y(i) = y(i-1) + t(1, i)*u(i);
end
B(1l) = t(1, 5);
fil(1) = (n(1, 2) - 1)*(C(1, 1) - C(L, 2) + ((n(l, 2)-1)/n(1,
2))*t (1, 2)*C(1, 1)*C(1, 2));
£f1(1) = 1/£1i1(1);
fi2 (1) = (n(1, 4) - 1)*(C(1, 3) - C(1, 4) + ((n(l, 2)-1)/n(1,
2))*t (1, 4)*C(1, 3)*C(1, 4));
£f2(1) = 1/£f1i2(1);
B1(1l) = £f1(1) - (£f1(1)*t(1, 2)*(n(l, 2)-1)/(n(1, 2)*R(1, 1)));
B2 (1) = £2(1) - (£2(1)*t(1, 4)*(n(l, 4)-1)/(n(1, 4)*R(1, 3)));
m(1) = abs(((((n(1,4) - 1)/n(1,4))*t(1, 4)*((R(1, 4)-B(1))/R(L,
(((B(1)-B2(1))/£f2(1) + 1)*1(1)))*(pi/10800));
for k = 2:ni+l
R(k, 1) = R(1, 1) + dR1*(2*rand - 1); C(k, 1) = 1/R(k, 1);
R(k, 2) = R(1, 2) + drR2*(2*rand - 1); C(k, 2) = 1/R(k, 2);
R(k, 3) = R(1, 3) + dR3*(2*rand - 1); C(k, 3) = 1/R(k, 3);
R(k, 4) = R(1, 4) + dR4*(2*rand - 1); C(k, 4) = 1/R(k, 4);
t(k, 2) = t(l, 2) + dt*(2*rand - 1);
t(k, 3) = t(1, 3) + dt*(2*rand - 1);
t(k, 4) = t(1l, 4) + dt*(2*rand - 1);
1(k) = 1(1) + dl*(2*rand - 1)
for 1 = 2:5
u(i) = (n(l, i-1)*u(i-1))/n(1, 1) - (y(E-1)*(n(1, 1)-n(1, i-
1))*C(k, i-1))/n(1 ,i);
y(i) = y(i-1) + t(k, 1i)*u(i);
end
t(k, 5 = y(1, 4)/-u(l, 5);
for i = 2:5
u(l, i) = (n(1, i-1)*u(l, i-1))/n(1l, i) - (y(1, i-1)*(n(1, i)-
n(l, i-1))*C(k, i-1))/n(1, i);
y(l, i) = y(1, i-1) + t(k ) *u(l, 1i);
end
B(k) = t(k, 5);
fil(k) = (n(1, 2) - 1)*(C(k, 1) - C(k, 2) + ((n(l, 2)-1)/n(1,
2))*t(k, 2)*C(k, 1)*C(k, 2));
fl(k) = 1/£fil1(k);
fi2 (k) = (n(1, 4) - 1)*(C(k, 3) - C(k, 4) + ((n(l, 2)-1)/n(1,
2))*t(k, 4)*C(k, 3)*C(k, 4));
f2(k) = 1/fi2 (k) ;
Bl(k) = fl1(k) - (fl1(k)*t(k, 2)*(n(l, 2)-1)/(n(1, 2)*R(k, 1)));
B2 (k) = f2(k) - (f2(k)*t(k, 4)*(n(l, 4)-1)/(n(1, 4)*R(k, 3)));
m(k) = abs(((((n(1,4) - 1)/n(1,4))*t(k, 4)*((R(k, 4)-B(k))/R(k,
4)))-(((B(k)-B2(k))/f2(k) + 1)*1(k)))*(pi/10800));
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min m = min (m);
mean m = mean(m);

hist (m, 35);
stdiv = std(m);
rel prec = std(m)/mean m;

93






[1]

[2]

3]

[4]

[5]

[6]

[7]
8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

&bl

Burge JH. An easy way to relate optical element motion to system pointing
stability. Proc. SPIE 6288, Current Developments in Lens Design and
Optical Engineering VI, 62880I. 2006

Schwertz K, Burge JH. Field guide to optomechanical design and analysis.
Washington:SPIE Press; 2012. 154 p.

Fischer RE, Tadic-Galeb B, Yoder PR. Optical sytem design. 2nd ed. New
York:McGraw Hill; 2008. 809 p.

Bass M. (Editor). Handbook of optics fundamentals, techniques, and design.
2nd ed. New York:McGraw Hill; 1995.

Kruse PW. Uncooled thermal imaging arrays, systems and applications.
Washington:SPIE Press; 2001. 91 p.

Havens KJ, Sharp EJ. Thermal imaging techniques to survey and monitor
animals in the wild, a methodology. London:Elsevier; 2016. 354 p.

Kingslake R. Optical system design. Florida:Academic prss; 1983. 323 p.

Daniels A. Field guide to infrared systems, detectors and FPAs. 2nd ed.
Washington:SPIE Press; 2010. 174 p.

Williams TL. Thermal imaging cameras caharacteristics and performance.
Boca Raton:CRC Press; 2009. 212 p.

Laikin M. Lens design. 4th ed. Boca Raton:CRC Press; 2007. 463 p.

Sharma UC. Infrared detectors. M. Tech Credit Seminar Report, Electronic
Systems Group, EE Dept. 2004.

Childs PRN. Mechanical Design Engineering Handbook. 2nd ed.
London:Elsevier; 2019. 982 p.

Smith GH. Practical computer aided lens design. Virginia:Willmann-Bell;
1998.

Burge JH. Mounting of optical components, mounting of lenses. University
of Arizona; 2011.

Yoder PR. Opto-mechanical systems design, 3rd ed. Boca Raton:CRC Press;
2006. 835 p.

Bach H, Neuroth N. The properties of optical glass. 2nd ed. Berlin:Springer;
1998. 414 p.

95



[17]

[18]

[19]

[20]

[21]

Zemax LLC. Optical design program user's manual. 2014

Rayces JL, Lebich L. Thermal compensation of infrared achromatic
objectives with three optical materials. International lens design conference.
1990; SPIE Vol.1354. pp. 752-759.

Daiker J. Athermalization techniques in infrared systems. OPTI 521
Introductory optomechanical engineering class, University of Arizona. 2010.

Smith WJ. Modern optical engineering. 4th ed. New York:McGraw Hill;
2008. 754 p.

Tan L, Jiang J. Digital signal processing, fundamentals and applications. 3rd
ed. London:Elsevier; 2019. 903 p.

96



