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Fig. 1. Surface frame and global frame.
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0. = 3v/6e + 1000v/3|tin,| + 4000/ 3e|t;]

+ 4000V/3¢|t;n;|. (22)

PPN AL T T 1] d(1000, 1000, 1000v/3) 7 d(v/5/5,
V5/5,v/15/5), W7 [ 1] 5 A 5 AR 258

6o = 3V2e + V5 /5(|tim,| + 4e|ti| + 4eltimi]),
&y = 3V3e + V5/5(|time| + delti] + 4eltine),

6. = 3V6e + V15/5(|time| + 4v/3elts| + 4V/3eltim)).
(23)

R ROCLR AR A AR ZET v/ 2e , /32 Fl
Ve, W75 1 1] B ARG T AR (23) SIA B AR
ZEGACETTT R (22) M 3 B AR,

JEZE P(t) = o+ td (5 1A [l i d(Li, My, No) A1
IG5 24>, A RR A d(sLi, sM;, sN;), Hob s g4k
TR T T5 I S AR A ABRZE, ML
TEJT 1] )4 d( L, M, N;) A 22 X

|SNZ‘| NS |Nz‘ (24)
M AREE (24) AT, B
1
T BVITR MI N )

Ho, B2 77 1a) ) B d(Li, My, Ny ) B8 38 46 R
B, MBS 1, (26) PR, ERIEEAS I
o S d (L, My, N;) BB/ L7 + M? + N7
B EIRE AR R A (B A S WA 2 61K

0< LZ+M1+NZ<10,

1
’ R
NS
=110, 10< ”LR”L L <100, (26)

JIZ ¥ MELN?
100, 100 < L+ M7+ N7

R

M (26) 2T LAFE AR 7 1) 1) e AR5 a2 5
FPEAR AR, %757 L5 77 ) 1] A Y15
ZERRAR 2 R 2L

3.3 EUEZETHR

MARZERRD (11) X ATLAAE 1, eZbfb o5 A
158 22 AL AE 1% 22 Be|ai|, 3elyi| il 3elzi], e &I
PLIETA B 22, R AL (111 x 10719) H ISk .
XPAS[AAHBLIN S, YIFEIAECE ToK, A 2 {35 108
WY, WA 4 AR BR AR SR IR O B A
ARITFOCLGEIB AT S Pr, 64 AR L Po (BUE MR
500 km) %58 s PLY 2 A BRDTRR 1R 220 3e|zi| =
3x1.11x 10710 x 5 x 108 = 1.67 x 107, Tk
IBIRASRAVER 7 OA BT CEANER, A ksa
IR, W F BRI E R, K, T
R W B AR DG 2 b s 5 AR & AR 25 — )
M, A BERRAOCE AR AR E i, v Tl 20, B AT
VPR 1R 22 Be i, Belya| il ez MMl 2 FAR. B
OCLAR R AR =, ys Bl 2, WAL 4 FoR, LA
T TR, QoA A s R gy, g7 i 1 A% SR Ak A
Ry, SRIFHOCL G S P2 8 B 4 b 5 Py
b, HOCLAG AL PR 2 ALFRZEXHE ISR Tz i
FPRNE. & Bk AR RE, Bt in S Py
1) 2 A bRfE 5 AR (AR LU T 53/, AR
U s POl o Ay A bR AR ASORH B R R iSO
25 M pY 52 AR bR, B IRZERIRL SRR (11) AT,
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FIAR B ABRZERGAR T /. [FBL, T 2R
HRARDR R 2"y 2" My 2" AEC LR R PR,
Py 531 B 1] i 181 T0L PN PR Ak, SRR Al A 2RI
JEAAR KA HEE R G AR & ARZE.

4 AetrAsfh

Fig. 4. Transformation of coordinates.

3.4 SEMIERFEEESTE

MG SFTE @ bl Pt R B AR
i+ 1 PRI A A P N, 52K AR IR At? + Bt+
C =0, I FF AR TAET 00, Al B3R H
— T W BRRW AKX E T RN M 12 =
—BE ij_w, M B2 > 4ACH, £ IS
AHIH (cancellation error) L4 25 (R E(E 4231 1)
PIAEOAHI B AR 0 MRS IR ), S BUE T
RAUEPEAE 22, ¢ oRAR R BB R IR 22, K BE K.
i, 24 A=1, B=—22345678, C' = 1 i} 5t =
—B —/B% —4AC

oA , PR

N —B—+/B2—-4A

Tk t= C,
2A

N —-2C

i t= .

J B — B2 - 4AC

E1DP0E 1 RE -t e Mnkning G LIRS
Jiik st = 4.47034835815430 x 1078 (4R,
Tt =4.47513832428804 x 108 (IEH).

T5 i e TR TS T ERR AR, Tk

— PR AT R 3 AR, Rk e

I B, X B G| ARl As & D:

. {B — VB2~ 4AC, B <0,

B+ /B2 —4AC, B > 0.

M (27) XA, TCie B/NVF 0 2R TEET 0, it
Bl s D EM R, HBCA R RAE,

(27)

MNTTRETF T 905 5 R G PEATE LG K A= AR s —
TC_ R RERR A, Hoh—AMRy D/ (24), A
BXARA 1, Bt = D/(2A), W15 1K€ Bl i,
F— Mty = 2C/D . FPRICERTTRR, Lk
HREASAYHE L, it = min(ty, ts).

A FIARRE, PR RS R W EERR
P, BB R E PR = A TR, Rl RRAR T ¢, SR fif
Fuy L e ECROR =T

4 fFELE

N T B UEAS SR DA E I B Y T RS
B, NP ZRTT R H LS. B miEfotL S
BAANTHAE sATH RN I, A A T e b i
FELAHRHEME, HIDCLGE AR5 2 A7 BE . H
b s R AR LA R 5, RO & A
] A A i, 15 LR ) %) ) 2 B 3k Zemax E
FrEUE AL, [FIEDEE B A8 SACA LT R T
AR 2E R AR

4.1 REHRSASINRERIE

OEFE RGP I T IO, KRR
Zead Z AT S BIRAR P, A AXH- T K H OG
LTI, B AR AR 2E. i AR ZETL
FFNER Z X045 EL45 B 0 MER P AR e A
M. 4 &l 5 PR, A3 bR HETH 5 FR Fx,y, 2) = 22+
Y2+22—64=0, JLHE 5K 00,0, —4v2(v/3 + 1)),
J5 i d(0,1,v/3). B 5 UM e &R, TS
T B SHRIETAE SR BR R P(0,4v2, —4V/2).

MPFR (Multiple Precision Floating-point
Reliable) P& —Fh SR 2245 BE V7 A 802 5 1y 15
PE RO He b iR LN AR R R, BT
MPFR W] PSS TC RS B ) S 808 3 A .
VUKGEE MPFR % 580 39 17 A 2080, BORG
TSRS B RO 1516 7 A s T, I
MPFR UAE B2 s BN HT 16 1747 SO8CFE D <k
HERE , B iEAS SOG2GBS i e AR PR R
RS B MPFR IR 4v2 11T 15 07 3080
K (4V2)mpie = 5.65685424949238 | HoAF Sk Kh v %L
98, MDCZGEIEHAE R P(0, 4v/2, —4v/2) ERR{E T
TFH Panpie (0, 5.65685424949238, —5.65685424949238),
A5 Prpti AT AR Ry BLOGEFN BA T A2 A5 A SR AR, T
FIRO LGB EE R UE 55, 8] 5 TP E B IR A
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FUEE MG, O ZZAE B 5 O, J7 [0 [] 4 d ToTT U D'
i A Os B 8 2 O, DL N ICIR iz
ARZ B BB B AR e . B YEEB I 2
AT AR 1 Fs4aiR.

M1 AT LI, B LR U 10948
e 10%, BUA YELGE I T7 3 KT IR 58 O /Y
8 LA AR Ik /D B i O5 19 2 A7 A7 BRECY

P(0,44Z,—4V7)

d(0,1,43)
0(0,0,—4y2(¥3+1))

i 5, Oa, Os YRR 58 48R WA SO E— A
PREFT 14—15 DERRERE . UL 45 AR ATy
FEF(z,y,z) =2* +y* + 22 — 64 =0, 53 jliH 55k
2 |F(v,y,2)|, WATLAFE Y, JFA M O #4E
Os TR ZE WG R, e KF% 22155 2.044 x 103, A
SRR R LRRETE 1.279 x 10713 RIAA .
PR R, B AR e Mg

_A16

01(0,—105,— 10— 4y2(\3+1))
05(0,—106,—105y3—42(V3+1))

05(0,—109,—10%3—442(\/3+1))

&l 5

03(0,~107,~107V3—42(V3+1))
04(0,~10%,~ 1053 —4y2(y3+1))

\

JUIH3 5 MPFR 454 50 F Y6 2858 70 R

Fig. 5. Verification of ray tracing precision combining geometric computing and MPFR.

1 OGN CEIBIE AR
Table 1.  Results of ray tracing algorithm with different ray original points.
2 P AR
TR kI %2 |F(Py, Py, P;)|
Py P, P,

MPFR 0  5.65685424949238 —5.65685424949238  1.42108547152020 x 10~ 14
0(0,0, —4v2(v/3 + 1) ARICHHE 0 5.65685424949238  —5.65685424949237  1.27897692436818 x 10~ 13
AT 0 5.65685425535717  —5.65685423933425  3.04772385106844 x 102
MPFR 0  5.65685424949238 —5.65685424949238  1.42108547152020 x 10~ 14
01(0,—10%,—10°v/3 — 4v/2(v3+1) A3T7L 0 5.65685424949238  —5.65685424949237  1.27897692436818 x 1015
JFAH: 0 5.65685252461116  —5.65685719583416  1.38192605021459x 105
MPFR 0  5.65685424949238 —5.65685424949238  1.42108547152020 x 10~ 14
02(0,—105, —106+/3 — 4v/2(v/3 + 1) A3k 0 5.65685424949238  ~5.65685424949237  1.27897692436818x 10~ 13
AT 0 5.65709940693341  -5.65642958320677  2.03067029689663 x 103
MPFR 0  5.65685424949238 —5.65685424949238  1.42108547152020 x 10~ 14
03(0,—107, —1076+/3 — 4v/2(v/3+1) AXTIE 0 5.65685424949238  —5.65685424949237  1.27897692436818 x 1013
AT 0 5.66135398671031  —5.64906043559312  3.71872321756541 x 102
MPFR 0  5.65685424949238 —5.65685424949238  1.42108547152020 x 10~ 14
04(0,—108, —108v/3 —4v2(v/3+ 1) ATk 0 5.65685424949238  —5.65685424949237  1.27897692436818x 1013

AT 0 6.69213041663169 ~3.86370331048965  4.28718721530413 x 10°
MPFR 0 5.65685424949238 —5.65685424949238  1.42108547152020 x 10~ 14
05(0,-10%, —109v/3 — 4v/2(v/3 + 1) A3T7E 0 5.65685424949238  —5.65685424949237  1.27897692436818 x 10~ 13

FATE 0 -15.9352867603302 ~43.0555386543273  2.04371277294824 x 103
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4.2 BHXES5BR/IEITA s
y, i)

A B (0,1) 73 AT B BENLER &1, &N s,
R B 24 5 LA KB FhE MO Sk B9 pR B B 2R
MPFR J H ) i b BE R A 5, 0 M sin R
MPFR J i 4 B 1E 5% R 8, A (28) A1 (29)
o 3 Az B A B ) BE LB S Poa(z,y, 2) M
Prpte(z,y, 2) .

x = 2c0s(2n€2) /&1 (1 — &1),
y = 2sin(2né2)/§1(1 — &),

z=1-26. (28)

Tmptr = 2M _cos(2 x M_m x &) M _sqrt(&1(1 — &),
Ymptr = 2M_sin(2 x M_m x )M _sqrt(&1(1 — &1)),

Zmpfr = 1—2¢&. (29)

M Poa(x,y, 2) R LABEHLEL &4 = & + 100, 1EH
P BR IR O A B G ER rea 19 J7 1) 1) 5, BDA
doa (&4, &0y, Ea2), INILIEER 164 = 0 + tdga. BRATE
Lra FIEAALERITRE, ALK HAZ A P, 5 HEH
Prpte (2, y, 2) FT LIAE R VPRI 5 1 Pk BE e A1 i) S
{8, BRS LA 6. Segagi insk 2 frgl. 3k 2 m]
DIE th, A t4aB il 45 5 MPFR £ 4L
ot e —8, JRA O LIB I 45 R 5 MPFR 2
HEREAR LU AT 8 ARG BE I % . R A W Zkia i
Srh, TR S I A A, JGZ T 1] ] Y
BB /N CEGE A B A B . ] 1A
SCHYSE, AR i T HREORE R i HORE 5 ] [n]
R AR A D CEGB IR AT HEAS B, BUE R
FEPEAR R T LRE.

TPQ\;
N\

!
1
1
.
.
-
S
.
.
.
.

[ 6 MPFR JUAE i 5 H00R H#E
Fig. 6. MPFR's quadruple precision floating-point numbers

on unit sphere.

4.3 FEBRNEZEBEILEFERS

R FERE RIS I w25 RN AR ML 2%
R4, Holpsb i id 7 fiw, R T EREH A
17, BECR M, B s, AgHh
R B U IR R LRGSO . U &R
FwAAE, RAKIEMERZE, HILALEN RS
M, LLERRRIARERZE . 520 B 85 ThT 5
55 2 TS 3 T AN AR ERR T, HOG2AEE S8
gk 3 prgl. seBUH—1b)E Y tia KAk bR, IH—
1Y St kA AR, B (0, 1, 0, 1) X AHOLLSL

B 7 RIERPRAL 2 [E] AR L

Fig. 7. Cassegrain space camera.

AL TT k45 R

Results of different ray tracing algorithms.

P

&ﬁ%—':'F(PZvavPZ)'

-0.750185830858461
-0.750185830858461
-0.750185794801938

3.33066907387547 x 10~ 16
3.33066907387547 x 10~ 16
9.61269086552363 x 108

0.289991128719866
0.289991128719866
0.289991114781891

0
0
9.61269088772809x 10~8

%2
Table 2.
HART ST AP
Py Py,

MPFR 0.379693092393262 0.541344968359402

1 ACH: 0.379693092393262 0.541344968359402
JFA R 0.379693074143900 0.541344942340492

MPFR  —0.278818336478534 0.915513779528807

2 AICHY: -0.278818336478534 0.915513779528807
JFA T -0.278818323077561 0.915513735526051

MPFR  -0.831816250860921 ~0.330299029958951

3 AR -0.831816250860921 ~0.330299029958951
A -0.831816210880958 0.330299014083639

0.446076535598833
0.446076535598833
0.446076514158853

2.22044604925031 x 10~ 16
2.22044604925031 x 10~ 16
9.61269082111471 108
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HRERMADE RGBS, RSG5 HAC AL b S
FHE DA Zemax OpticStudio (M4 18.4.1)
PEATRGBE AR, B4 RNk 4 pirsl). AR SOt

NS S 14 07, Zemax HAE R 11 AL
BT, AT Zemax TR 11 (iA RCFE5E
L5

# 3 RIEEMMEIZS MABNLS 513
Table 3. Parameter list for Cassegrain space camera.
Fr s FmH T i Rt S JERE kL B2 PR
0 Y bRifETE Inf 500000000.000000 0 0
1 (FL£2) brufEmm Inf 4500.000000 _ 0 0
2 Sl (FLAE) bR -10, 478.500000 -3686.000000 MIRROR 0 ~1.05000
3 Frifii -3, 846.00000 3689.000000 MIRROR 0 ~2.50000
4 FRfETT Inf 807.00000 0 0
5 R(HI] Inf 2, 700.000000 e 0 0
6 FrfETa 1560.200000 150.000000 SILICA 0 0
7 BT 5398.400000 210.000000 — 0 0
8 Frifii —2746.700000 110.000000 SILICA 0 0
9 Frifii 4516.200000 185.000000 0 0
10 Frifiie ~2790.900000 100.000000 SILICA 0 0
11 ZR(HI] 1837.600000 150.000000 e 0 0
12 ZRI] Inf 0.700000 BK7 0 0
13 BT Inf 0.750000 — 0 0
14 &I ARUE Inf — — 0 0
F4 RIEMMIZS AHNLCEE 25
Table 4.  Results of ray tracing algorithm for Cassegrain space camera.
e A ZAp R $% |F(Pr, Py, P.)|
Py Py P,
AT 0 4.00000000000000 x 106 0
OB EEBE R Zemax 0 4.00000000000000 x 106 0
LS @RS 0 1.53512783172994 x 103 0 6.86463863530662x 10~
! L Zemax 0 1.53512783170000 x 103 0 2.30754721997073x 108
ARSI 0 1.49999999999948 x 103 ~1.07335208171627 x 102 4.68958205601666 x 10~ 13
? FHEEL A Zemax 0 1.50000000000000 x 103 1.07335208170000 x 102 1.70095404428139x 10~
AT 0 4.16656071439095 x 102 ~2.24707333697088 x 10* 1.70530256582424 x 10~ 13
’ EEBE R Zemax 0 4.16656071440000 x 102 ~2.24707333700000 x 101 1.93832505601677x 1010
LS @RS 0 1.25622942628122 x 102 0 1.14219744773436 x10~°
! LEFDL R Zemax 0 1.25622942630000 x 102 0 3.02019032005774x 109
ARSI 0 6.23424396084419 x 10! 0 9.31940746795590 x 10~ 10
’ FHEEL A Zemax 0 6.23424396090000 x 10! 0 1.49004364402572x 10~
‘ AT 0 ~1.49943013287087 x 102 7.22185051869110 % 10° 2.16459739021957x 109
‘ EEBE R Zemax 0 ~1.49943013290000 x 102 7.22185051870000 x 10° 8.48085619509220 x 10~7
A 0  -1.53288434563366x 102 2.17676371435573 x 10° 4.69299266114831x 10~ 10
! ZEBEAM Zemax 0 -1.53288434560000 x 102 2.17676371440000 x 10° 1.51018321048468 x 106
ARSI 0 ~1.62777534965079 x 102 ~4.82758062839639 x 10° 1.53522705659270 x 10~
i EEFVH Zemax 0 ~1.62777534960000 x 102 ~4.82758062840000 x 10° 1.67483449331485x10~6
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a8
Table 4 (continued).

RIEMS MY S A AR SR LS5 5

Results of ray tracing algorithm for Cassegrain space camera.

Zri P b

5 GRS Bz | F (Pr, Py, P:)|
Py Py P,
AT 0 ~1.68760549772527 x 102 3.15420842636740 x 10° 1.62981450557709x 10~
EEE M Zemax 0 —1.68760549770000 x 102 3.15420842640000 x 10° 1.14553768071346 x 106
A7 0 1.84834455036683 x 102 6.12729217781634 x 10° 4.67116478830576 x 10~7
v EEBE I Zemax 0 ~1.84834455040000 x 102 ~6.12729217780000 x 10° 1.32187415147200x 106
AT 0 ~1.94567071101658 x 102 1.03295178756579 x 10 3.26690496876836 x 109
H EEFVH Zemax 0 ~1.94567071100000 x 102 1.03295178760000 x 10* 1.89214915735647 x 106
AT 0 —2.18853927906069 x 102 0 5.68434188608080 x 10~ 13
2 LEPE WM Zemax 0 —2.18853927910000 x 102 0 3.93043819713057 x 1079
A7k 0 2.18933499087856 x 102 0 1.08002495835535x 10~ 12
" EERB M Zemax 0 ~2.18933499090000 % 102 0 2.14291162592417 %102
AR 0 ~2.19063914207259 x 102 0 7.95807864051312x 10713
H LEFW M Zemax 0 ~2.19063914210000 x 102 0 2.74022227131354x10~9
# 5 BRI AN S R
Table 5.  Parameter list for off-axis three-mirror-anastigmat space camera.
e R iR S JERE R B B B2 LS
0 Wyim-bRiEE Inf Inf 0 Inf Inf 0
1 BT Inf 633.705045750000 0 367.133805130855 367.133805130855 0
2 {BYCIEEKIE -2692.02764249986 ~633.705045750000 MIRROR, 0 271.014896814696 271.014896814696 —2.60071000000000
3 JCH-RYCIEERTE -963.158099999982 633.705045750000 MIRROR 0 45.500175946250 45.500175946250 —0.76689900000000
4 BRARERIE  -1476.14695499995 ~1132.48912577100 MIRROR 0 251.605408250266 251.605408250266 0.01160100000000
5 fRim-brifEm Inf 0 231.196769640532 231.196769640532 0
44 EBFIKENBEH=R=ZTEHBIILZE —7.657286584362001 x 102, 2.004316824874000 x

R4

B = R G AT R R R KRR
SERE AL, BT BT A EARALBE T, HORas
ey an el 8 fr . BB = 25k S B 3k 5
B, 1M S4B ) 25 A THEAS P s o 1T, 329 4 8 U
BRif. e T 2 19 6 A 8 [ ARBKIE R K

8

B = S B A R AR L

Fig. 8. Off-axis three-mirror-anastigmat space camera.

10723, TiTEAY 4 1) 6 BaEskim R 4Ch-4.379306666667000
x10718, B HUH—fb G Y M7 E KAk br, IH—1k
Y Gl R AR, B (0, 1, 0, 1) X 48Rk 255
B = D R GG, YRS A5 RS AR bR 5
B B b KA Zemax FE 17 RS BE B0 0IF, BE 45 5
2% 6 Fral. ARSCHHER)/INEUE G 14 67, Zemax H
AEm N 11 A R, AT TR Zemax R
) 11 A OB 58 4 — 3.

5 % #
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SRS R B 27 k. AR SCHE S THOLZIB IR
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(12848 | 1) 1) o A EBRE MR —
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R6 = A AILOLEGRIE S Zemax BH L

Table 6.  Single ray tracing for off-axis three-mirror-anastigmat space camera.

X p bR X
iy AR 5%2% |F(Py, Py, Ps)|
Pz Py Pz
KN Wi 0 Inf Inf 0
o)
BJ
SR Zemax 0 Inf Inf 0
ARICTT 0 ~2.01651556349517 x 102 0 4.62705429526977 x 10~ 11
1
EEEW M Zemax 0 ~2.01651556350000 x 102 0 4.36727987107588 x 1010
ARICTT 0 ~1.03337392022989 x 102 ~1.98221886405031 x 10° 6.78487441703801 x 10~ 13
2
EEEW M Zemax 0 ~1.03337392020000 x 102 ~1.98221886410000 x 10° 1.63615205928275x 1010
ARICTT 0 4.55199992296308 x 101 ~1.07580474621568 x 10° 3.79696274421804 x 10~ 14
3
EEEW M Zemax 0 4.55199992300000 x 10* ~1.07580474620000 x 10° 3.30953042748661 x 10~ 11
ARICTT 0 2.52430579518327 x 102 ~2.17467853091218 x 10! 1.98810369209101 x 1013
4
EEEW M Zemax 0 2.52430579520000 x 102 ~2.17467853090000 x 101 4.12472341438513 x 10~ 10
ARICTT 0 2.32101258958268 x 102 0 6.82121026329696 x 10~ 13
5
EEFHMZemax 0 2.32101258960000 x 102 0 1.73130842995306 x 102

(R 2 TS BT S AR SE B, Xof 2% Aol i 2R
. DASORZe 5 A | BRI AR R R JEAR AR
TS (AR AR Y b = S =S TR AR LG R GE AT T
K BERAIE, B JTIETERTE LR T 5—6 14K
w4, ESNE DA B n] s RS
JE LRI T 4 B g, BAR2EPFREI N 341
Wi AR A RS B B EkE TR PR R A S
TER R R e BT SR B T SR, TRl
R EAT B3R A [ s 0 B FR
BT RIATHEOT .
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Abstract

Ray tracing plays a key role in lens design area, and it is an important tool to study the problems in
physics like optics. Nowadays, ray tracing becomes ubiquitous and is widely used in optical automatic design,
such as aberration analysis, optimization, and tolerance calculation. With the impulse of application
requirements, optical systems like space camera develop towards large scale, high degree of accuracy and
complication. The magnitude of aberrations increases exponentially with the growth of focal length and
aperture, even a minor perturbation error can result in severe degeneration of image quality. As a consequence,
the stringent requirements for precision, accuracy and stability of ray tracing turn higher. Reliable commercial
software, for example, America’s Zemax, has high precision in ray tracing, because of commercial purpose, the
process of ray tracing is a black box. It is now more important to understand what error factors are formed for
ray tracing, and how these running errors can be reduced effectively. In this paper, from floating point
arithmetic perspective, an error model for ray tracing is provided. This error model is suitable for not only
meridional rays, but also skew rays. Starting from IEEE Standard for Binary Floating-Point Arithmetic,
presentation error and rounding error are analyzed, followed by the computation process of ray’s intersection
point with a quadratic surface, then rounding error expression for the intersection point is presented. In
addition, error expression for distance along the ray from the reference surface to the next surface is also
induced. These two error expressions are called error model, and it clearly indicates that spatial coordinates on
the reference surface, direction vector and distance between the two adjacent surfaces are the main error
sources. Based on the error model, some of effective measures, for instance, reprojection, spatial transformation,
and direction vector’s normalization are taken to reduce the rounding error. Moreover, in the process of solving
quadratic equation, conjugate number method is utilized in order to avoid increasing substantially in relative
error called catastrophic cancellation. Numerical experiments and classical optical design for space camera are
also given. From numerical computing view, two precision tests based on Multiple Precision Floating-Point
Reliable (MPFR) library are introduced to verify our method mathematically. The experimental results show
that our algorithm has the same precision (14 significant digits) as MPFR, while the existing method fails to
pass tests, and has only 8 significant digits at most. Moreover, both the Cassegrain space camera and off-axis
three-mirror-anastigmat space camera are used to illustrate our method’s accuracy. Experimental results
indicate that our method has higher precision, more than 5 to 6 orders of magnitudes than the existing method.
In addition, our algorithm has higher precision than the commercial optical design software Zemax, and
residuals are 3 orders of magnitudes on average less than Zemax.

Keywords: ray tracing, error model, numerical algorithm, optical design, space camera
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