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Lenses with an ultra wide angle of view are usually called fisheye lenses since a fish can see an ultra wide panoramic view
under water. As the angle of view for these kinds of lenses reaches a wide angle, the illumination on an image sensor is reduced
by a rapid drop. In this paper, we discuss the causes and the ways to correct for a rapid drop. First, it is treated for the sign
convention of directional cosine vectors and normal vectors on the curved surface by means of analytic geometry. And, from
the fundamental discussion for these vectors, the rapid illumination drop is numerically analyzed for various kinds of causes by
utilizing geometrical optics and radiometry as well as Fresnel equations derived from electromagnetic boundary conditions. As
a result, we are able to get the full understanding for the rapid illumination drop and to propose ways to correct effects due

to an wide angle of view.
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FIG. 1. Right hand coordinate system and direction cosine vector,
where P(x, y, z) represents a point in 3 dimensional space. +Z axis,
optical axis; O, origin or vertex on optical surface.
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FIG. 2. Local coordinate system and optical direction cosine vector,
where P(x, y, z) represents a point on spherical surface with the
radius of curvature r. And the radius = is equal to the reciprocal
of curvature c.
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FIG. 3. The directions of normal vectors according to signs of radii
and intersecting points formed by rays on optical surfaces. n,, n,,

_
refractive indices; 1/, normal vector.
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FIG. 4. The schematic diagram for calculating the angle of
incidence when direction cosine vectors are given to a ray and a
surface normal. n,, refractive index for the plane of incidence; n,,
refractive index for the plane of refraction; €, angle of incidence;
M, N, Optical direction cosines for a ray; /3, 'y', direction cosines
for a surface normal.
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FIG. 5. The fisheye lens properly chosen from the database of
CODE V.
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TABLE 1. Direction cosines of rays(14, V) and surface normals(3’, /) for each surface obtained by a principal ray coming from HFOV

of 89° and passing through the center of aperture stop marked by 12 in FIG. 5. And angles of incidence(¢) are calculated from the direction

cosines such as A, N, 3, and ¥

Surf. No. M N Index(n) g Y 0

OBJ. 0.99985 0.01745 1.0000 0.00000 -1.00000

1 1.21280 1.04350 1.6000 -0.20321 -0.97913 77.3

2 0.71051 0.70369 1.0000 -0.82826 -0.56034 6.6

3 0.92945 1.32724 1.6204 -0.33130 -0.94353 25.9

4 0.53511 0.84478 1.0000 -0.63285 -0.77427 4.3

5 0.38484 1.57396 1.6204 0.20184 -0.97942 44.0

6 0.36585 0.93067 1.0000 -0.02951 -0.99956 12.0

7 0.50464 1.63435 1.7106 -0.19350 -0.98110 10.3

8 0.57477 0.81831 1.0000 0.08563 -0.99633 22.1

9 0.68468 1.64790 1.7847 -0.13134 -0.99134 27.5

10 0.67329 0.73938 1.0000 -0.01254 -0.99992 21.8

11 0.67329 1.45066 1.5994 0.00000 -1.00000 423

STOP 0.67329 0.73938 1.0000 0.00000 -1.00000 24.9

13 0.79236 1.43864 1.6425 -0.16788 -0.98581 32.7

14 0.46569 0.88495 1.0000 -0.50815 -0.86127 1.7

15 0.91552 1.49787 1.7557 -0.59167 -0.80618 8.5

16 0.64527 0.76396 1.0000 -0.34555 -0.93840 11.2

17 0.73157 1.57858 1.7400 -0.10535 -0.99444 34.1

18 0.83274 1.35335 1.5891 0.40975 -0.91220 49.1

19 0.59431 0.80423 1.0000 -0.39828 -0.91727 8.1

20 0.43833 1.53871 1.6000 0.20773 -0.97819 48.5

21 0.14728 0.98910 1.0000 -0.46799 -0.88373 12.0

IMG. 0.14728 0.98910 1.0000 0.00000 -1.00000 8.5

Sur face Number vs.
Angle of Incidence

ORA

Data Trend

90.

80.

Angle of Incidence (Degree)

) 1" 13
Sur face Number

FIG. 6. Angles of incidence for the fisheye lens of FIG. 5
composed of 21 surfaces, which come from TABLE 1. And the
image surface represented by surface number 22 is excluded from
numbering surfaces of fisheye lens.
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FIG. 8. Shapes of exit pupil on image plane formed by on-axis and
off-axis object points. And P and P' represent intersecting points on
image plane marked by principal rays coming from on-axis and
off-axis.
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FIG. 9. Relative Illumination according to half field of
view(HFOV) for the fisheye lens of FIG. 5.
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FIG. 10. Schematic diagram for rays coming from F1(0°), F2(30°),
F3(60°), F4(80°), and F5(89°) which pass through relative positions
of -1, 0, and +1 on aperture stop marked by 12.

F1(0 Degree for HFOV)
£2(30 Degree for HFOV)
F3(60 Degree for HFOV)
F4(80 Degree for HFOV)
F5(89 Degree for HFOV)

Ray Relative Position vs. Angle
of Incidence FOR 1ST SURFACE
ORA

F5
b F4

5. F3

F2

Angle of incidence on ist Surface (Degree)

0
Ray Relative Position on Entrance Pupil

FIG. 11. Angles of incidence for rays shown in FIG. 10 which
pass through relative positions of -1, 0, and +1 on aperture stop.
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FIG. 12. The characteristics of transmittance according to each
surface number for F1(0°), F2(30°), F3(60°), F4(80°), and F5 (89°).
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FIG. 13. Transmittance of fisheye lens system according to F1(0°),
F2(30°), F3(60°), F4(80°), and F5(89°).

o, 29 13 AHREA}L 29 132 0°(F1), 30°(F2), 60°(F3),
80°(F4), 89°(F5)2] HEAJofztol tigt XA of sl =A|e] Fat
otk e s AuEE F39] AJofztoA Fiakg
o] A5tE]7] AJAstod, F4ol A= 77.8 %, F5olA& 65.5 %
£ YehiA w27 "ol 2R 1 o tisiA
© F42} F59] Alopzto] tl-e-5= A2l R919 69.1°(F4)
HHE] 77.3°(F5) AfoloflA 2|4 9) BalgS 7 =5 s, F
T 7IE2 I8 133 22 WA ol =AY Rk
o] =ofoF star, I 133h= Hh2A WA Alokzre] W eje
A Eﬂh%gl w A3} gl o] FofAof Tt of2gt 23

Yo Bl wEEY) oy, F o By o

- - _l

Futnel olgt BYHAS Be e Fckn Yz ey
R B LI = DI CE G
A=§ 131 A|E ol FEZ|Hal HhAo] g BE =

r
é
_ﬁ
N
r m

SAE
OlE R AL Erlsy] i, & =Foli= ohaaret
o] Bag sh= Holl thgt 1zt I Aol ik 2R
SF 4l W77 &S AAS= ARe R 7|&sFel 7HAE a1
2} Btk gkek ARl FEXAA7} dlRAALL AA =]
oo 0]8011 thal 73k, SeoiXl A9 A Hlo]
B 2ZEYojZ o ookl =e] 1¥ Hol $xzos B
2] o] 4= 911, o|RHE AuF £Heo] Hrhe o]Fo
A 2= 9le Ao|th o|d WAL Ea|A T AA L} W=
ol AT vlew apgs WO AR B4 otz
HAstE FE A7 dojA a1, AatF oz o7kl e o
To zalo|A] & Aofzto] FolA AL /AT 4= Q)

wete] & 4 9l ol

_1

ul

Z2EAsHe] A3t et ek

e

T — dHA 187

7F B $8 4= ok dlE S, A Y e
Hetg Aol Fhdete] QlojA Fopztke] Eirrste] o
3 Alokzto] Fotdl dAre] WASH 2 BAIS o3 4=
olr,}

2 =M ol Aokl
He o7 2ds0 dsf 27 %
S AFRES dYs) Bl
oMol Artzre] whE HAA7A QL 2 HRAL (2) Aokt
Tdshe IS = A Aol 2%t ESAks A9 A4,
(vignetting) &3, (4) =A1FA2] AI7154 (S Watt/ster), (5)
A7 ARlel whE Ak WAL (6) AR Ak

Al dAR

old Qs A4 HEH A, HA, F7de] FeaA A
© & vFo] AR e WFIEARIME S| Foqfera
BT PR mhE HWH“EH ol disiA 47
Pt oz geqleh ojolA, si47|stetalQl =9 E v
O 7ehgetyt A S QL W, 1Al Aol A <
Futel] digt AA71A S o|E7HA B3t A4S Al=st
ﬁ—J J‘lOl‘ﬁi t'“E‘ 7544* EW u‘UH‘L”&M

FE

ol

o T 1A el el o agy; e
3 A AN Al i 24 skl el 9

ZAtel 2

lg wmo 2129 shdtfelm
. o]l ZPAr=g Uk

awufah

LA o]l

References

1. R. Kingslake, A History of the Photographic Lens (Academic
Press, San Diego, USA, 1989), Chapter 10.

2. Yahoo, http://images.search.yahoo.com.

3. G. M. Smith and R. M. Green, “Estimating forest canopy
closure using hemispherical photography,” Swansea Geo-
grapher 31, 1-16 (1994).

4. E. Schwalbe, H. G. Maas, M. Kenter, and S. Wagner,
“Hemispheric image modeling and analysis techniques for
solar radiation determination in forest ecosystems,” Photo-
grammetric Engineering and Remote Sensing 75, 375-384
(2009).

5. P. M. Marine and O. A. Rawashdeh, “A first-person view



188 ksl A23d AlsE, 20124 109

system for remotely operated vehicles using a fisheye-lens,”
AIAA Infotech at Aerospace 2010, 2010-3513 (2010).

. S. Thibault and J. C. Artonne, “Panomorph lenses: a low
cost solution for panoramic surveillance,” Proc. SPIE 6203,
62030S (2006).

. H. M. Spencer, J. M. Rodgers, and J. M. Hoffiman, “Optical
design of a panoramic, wide spectral band, infrared fisheye
lens,” Proc. SPIE 6342, 63421P (2006).

. W. A. Ayres, “Cycloramic optical system,” U.S. Patent
2,244,235 (1938).

. T. Hiyashi, “Wide angle optical system for door viewer,”
U.S. Patent 4,082,434 (1978).

10. D. Faklis and G. M. Morris, “Spectral properties of multiorder

11.

12.

13.

14.

15.

16.

diffractive lenses,” Appl. Opt. 34, 2462-2468 (1995).

W. J. Smith, Modern Optical Engineering (McGraw-Hill
Inc., NY, USA, 2001), Chapter 2, 8.

Optical Research Associates, Inc., “CODE V version 10.2,”
http://www.opticalres.com.

M. L. Boas, Mathematical Methods in the Physical Sciences
(John Wiley & Sons, NJ, USA, 2005), Chapter 6.

S. S. Lee, Geometrical Optics (Kyohakyongusa, Seoul,
Korea, 1985), Chapter 1.

E. Hecht, Optics (Addison Wesley, MA, USA, 2001),
Chapter 4, 9.

C. S. Rim, J. H. Jo, and S. Chang, CODE V for Fundamental
Optical Design (Dasung Press, Seoul, Korea, 2001), Chapter 4.



