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Abstract
New techniques are presented for simulating com­

plex surface reflection phenomena. The approach 
involves the modeling of surface and subsurface 
microstructures, the simulation of how light interacts 
with this geometry, and the recording of the scattered 
light as a bidirectional reflection distribution function. 
Previous light simulation techniques employed in this 
method are extended to include subsurface refraction 
and multilayer interference effects. A complicated 
modeling and simulation example is presented that 
involves the structure of a hummingbird feather and 
multilayer interference. Light reflection measurements 
are recorded from paper samples, and a second model­
ing and simulation exercise is undertaken in an attempt 
to reproduce the measured results. In both cases, first 
order agreement is achieved between the simulations, 
the available analytical models, and the measured data.

Keywords: BRDF, local illumination modeling, 
multilayer interference, reflectance measurement, 
surface modeling.

1 Introduction
Computer graphic techniques that were developed 

to simulate light reflection in large scale environments 
have recently been applied to the modeling of light 
interactions at much smaller scales. In the traditional 
approach to computer graphics, large objects such as a 
table and chair are modeled and then placed in a room 
containing light sources. Each of the objects in the 
environment is assigned surface reflection properties, 
and a global illumination model is used to produce a 
picture of the scene from a specific viewing direction. 
The application of these techniques to much smaller 
scales begins with the modeling of a minute portion of
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an object's surface. The microstructures above and 
below this surface are defined and a narrow beam of 
light is directed at the material. A technique such as ray 
tracing is used to model the interaction of the light with 
both the surface and subsurface. The simulation is 
repeated for other incident directions and the resulting 
bidirectional reflection function (BRDF) is recorded. 
This BRDF can be assigned as a surface reflection 
property when simulating large scale environments.

There are a number of advantages to using simula­
tion techniques to create new surface reflection 
properties. The current analytically defined local 
reflection models used in computer graphics have 
limited capabilities. While much effort has been put 
into refining the specular term in these models, little has 
been done to better characterize the diffuse term. It is 
also difficult to use these models when the surfaces 
exhibit anisotropic reflections and interference effects. 
In many cases it is also not clear what values to assign 
to the free parameters in the model in order to match 
specific reflection results. The simulation of surface 
reflection phenomena also has application beyond the 
field of computer graphics. For example, the simulation 
tool, when it is fully developed, could be used in the 
paint and coatings industries to explore the reflection 
properties of proposed new materials before they are 
actually fabricated.

This paper extends, in three important ways, the 
use of computer graphic techniques to model light 
reflection at very small scales. First of all, in Section 
3, the range of optical phenomena that have previously 
been included in such simulations is increased. The 
index of refraction is allowed to vary with wavelength 
and the resulting effects are modeled. In addition, the 
problems inherent in simulating multilayer thin film 
interference are addressed. Secondly, in Section 4, 
modeling techniques are developed to deal with 
complicated subsurface microstructures. The example



c h o s e n  i s  th e  h u m m in g b i r d  f e a th e r .  F in a l ly ,  in  S e c t io n  

5 ,  a n  a t t e m p t  is  m a d e ,  u s in g  p a p e r  a s  th e  t e s t  m a te r ia l ,  

to  a c tu a l ly  " c lo s e  th e  lo o p "  a n d  c o m p a r e  s im u la te d  

r e s u l t s  w i th  m e a s u r e d  d a t a .  T h i s  m a k e s  it  p o s s ib le  to  

u s e  t h e s e  t e c h n i q u e s  to  a n s w e r  s o m e  r e a l  w o r ld  q u e s ­

t i o n s  a b o u t  r e f l e c t io n .

2 Background
M u c h  o f  th e  p r e v i o u s  lo c a l  i l lu m in a t io n  w o r k  h a s  

f o c u s e d  o n  c o m p o n e n t - b a s e d  a n a ly t ic a l  r e f l e c ta n c e  

m o d e l s  ( B u i - T o n g ,  1 9 7 5 ,  B l in n ,  1 9 7 7 , C o o k  a n d  

T o r r a n c e ,  1 9 8 2 ,  H e  e t  a l . ,  1 9 9 1 ) .  S o m e  o f  th e s e  m o d e ls  

a r e  c o m p u t e d  u s in g  p h y s i c a l l y  b a s e d  p a r a m e te r s ;  

h o w e v e r ,  t h e s e  m o d e l s  in h e r e n t l y  la c k  th e  g e n e r a l i ty  

n e c e s s a r y  t o  s im u la te  a r b i t r a r y  s u r f a c e  l ig h t  s c a t te r in g  

f u n c t io n s .  T h e  m o s t  g e n e r a l  m e th o d  o f  d e s c r ib in g  l ig h t  

s c a t t e r in g  p h e n o m e n a  i s  p r o v i d e d  b y  th e  b id i r e c t io n a l  

r e f l e c t a n c e  d i s t r i b u t i o n  f u n c t io n  ( K a j iy a ,  1 9 8 6 ) . A  

B R D F  r e l a t e s  th e  r a t i o  o f  r e f l e c t e d  r a d i a n c e  to  in c id e n t  

f lu x  d e n s i ty  f o r  a l l  a n g le s  b o th  in  th e  in c id e n c e  a n d  

e x i t a n c e  d i r e c t i o n s .  In  a d d i t i o n ,  th e s e  r a t i o s  s h o u ld  b e  

s e p a r a t e l y  a v a i l a b l e  a c r o s s  th e  e n t i r e  s p e c t r u m  o f  v is ib le  

l i g h t  in  o r d e r  to  a c c u r a t e l y  r e p r e s e n t  th e  r e f l e c ta n c e  

p r o p e r t i e s  o f  s u r f a c e s  w h o s e  s p a t i a l  a n d  s p e c t r a l  

s c a t t e r in g  c h a r a c t e r i s t i c s  a r e  in t e r r e la te d .  F o r  e x a m p le ,  

th e  s p e c u l a r  c o m p o s i t i o n  o f  l ig h t  s c a t t e r e d  f r o m  

s u r f a c e s  s u c h  a s  t h in  f i lm s  i s  d i r e c t l y  r e l a te d  to  th e  

s p a t i a l  g e o m e t r y  o f  th e  i l lu m in a t io n  a n d  v ie w in g  

c o n d i t i o n s .

C a b r a l  e t  a l .  ( 1 9 8 7 )  u s e d  a  B R D F  to  r e p r e s e n t  th e  

s c a t t e r in g  f u n c t io n  o f  t h e  l i g h t  r e f l e c t e d  f r o m  a n  e x p l i c i t  

s u r f a c e  m o d e l .  I n  t h i s  a p p r o a c h  a n  a r r a y  o f  t r ia n g u la r  

m i c r o f a c e t s  w a s  u s e d  to  r e p r e s e n t  a  s u r f a c e  a n d  a  

r e f l e c t a n c e  f u n c t io n  w a s  th e n  c o m p u te d  b y  c o n s id e r in g  

th e  s e l f - s h a d o w i n g  a n d  m a s k in g  e f f e c t s  th a t  a  b e a m  o f  

l i g h t  c o v e r i n g  a  s i g n i f i c a n t  a r e a  o f  th i s  s u r f a c e  w o u ld  b e  

s u b j e c t  to .  T h e  r e s u l t i n g  r e f l e c t a n c e  d i s t r i b u t io n  is  

c a p tu r e d  in  a  h e m i s p h e r e  w h ic h  h a s  b e e n  d is c r e te ly  

d iv i d e d  i n t o  a  n u m b e r  o f  c e l l s  a n d  p o s i t i o n e d  a to p  th e  

s u r f a c e .  A  s p h e r ic a l  h a r m o n ic  r e p r e s e n ta t io n  o f  th e  

B R D F  is  c o m p u t e d  f r o m  th e  r e f l e c t a n c e  v a lu e s  o f  th e s e  

c e l l s .  R e s e a r c h  d o n e  b y  W e s t in  e t  a l .  ( 1 9 9 2 )  

e x t e n d e d  th e  w o r k  o f  C a b r a l  w i th  m o r e  e la b o r a te  

s u r f a c e  r e p r e s e n t a t i o n s  a n d  a  m e th o d  th a t  a l l o w e d  th e  

d i r e c t  c o m p u t a t i o n  o f  th e  s p h e r i c a l  h a r m o n ic  f u n c t io n  

d u r i n g  a  r a y  c a s t i n g  s i m u l a t i o n .  W e s t in  u s e d  th i s  n e w  

a p p r o a c h  t o  p r o d u c e  r e a l i s t i c  r e f l e c t a n c e  f u n c t io n s  f o r  

a n i s o t r o p i c  s u r f a c e s  s u c h  a s  b r u s h e d  a lu m in u m  a n d  

t e x t i l e s .

T h e  s p h e r i c a l  h a r m o n ic s  r e p r e s e n ta t io n  o f  th e  

B R D F  is  u s e f u l  f o r  c h a r a c t e r i z i n g  th e  e n t i r e  s p a t ia l  

d i s t r i b u t i o n  o f  th e  l i g h t  s c a t t e r e d  f r o m  a  s u r f a c e .  

H o w e v e r ,  i t  d o e s  n o t  c o n t a i n  a  p r o v i s io n  f o r  th e  s p e c t r a l

c o m p o n e n t  o f  th is  s c a t t e r in g .  A  s e p a r a te  s p h e r ic a l  

h a r m o n ic  fu n c t io n  m u s t  b e  u s e d  f o r  e a c h  w a v e le n g th  in  

o r d e r  to  c a p tu r e  th e  s p e c t r a l  a s p e c t  o f  th e  s c a t te r in g  

f r o m  a  s u r f a c e .  T h i s  h in d e r s  th e  e f f ic ie n c y  o f  th e  

r e p r e s e n ta t io n  a n d  c o m p l ic a t e s  i t s  c a lc u la t i o n .  A  B R D F  

r e p r e s e n ta t io n  p r e s e n te d  b y  G o n d e k ,  M e y e r ,  a n d  

N e w m a n  ( 1 9 9 4 )  a d d r e s s e s  th i s  i s s u e .  T h i s  r e p r e s e n ta ­

t io n  in t e g r a t e d  th e  s p e c t r a l  a n d  s p a t i a l  c h a r a c t e r i s t i c s  o f  

th e  B R D F  in  a  s in g le  d a t a  s t r u c tu r e  w h ic h  w a s  th e n  

u s e d  in  a  M o n te  C a r lo  r a y t r a c e r  to  g e n e r a t e  r e a l i s t ic  

im a g e s  o f  c o m p le x  s u r f a c e s ,  in c lu d in g  p ig m e n te d  

p la s t i c ,  th in - f i lm s ,  a n d  in t e r f e r e n c e  p a in t .  T h e  s o f tw a re  

d e v e lo p e d  f o r  th e s e  s im u la t io n s  w a s  d e s c r ib e d  a s  a  

v ir tu a l  g o n io s p e c t r o p h o to m e te r .  A n  a c tu a l  g o n io s p e c -  

t r o p h o to m e te r  is  a  d e v ic e  w h ic h  i s  u s e d  to  m e a s u re  th e  

s p e c t r a l  a n d  s p a t ia l  s c a t t e r in g  o f  l i g h t  f r o m  a  s u r f a c e .

T o  g e n e r a t e  r e f l e c t a n c e  f u n c t io n s  w ith  th e  v ir tu a l  

g o n io s p e c t r o p h o to m e te r ,  n u m e r o u s  s im u la te d  l ig h t  r a y s  

a r e  s h o t  i n to  a  s u r f a c e  m o d e l  f r o m  a  r a n g e  o f  in c id e n t  

d i r e c t i o n s :  T h e  m o d e le d  s u r f a c e  c a n  b e  c o m p o s e d  o f  

v a r io u s  o p a q u e  a n d  t r a n s m is s iv e  g e o m e t r i c  p r im i t iv e s  

a n d  te s s e l l a te d  h e ig h t  f i e ld s .  P o la r i z a t i o n ,  p h a s e ,  a n d  

a m p l i t u d e  a r e  c o m p u te d  f o r  in d iv id u a l  r a y s  a s  th e y  

p r o p a g a te  th r o u g h  th e  m o d e l .  T h e s e  o p t i c a l  c h a r a c t e r ­

i s t i c s  a r e  a f f e c te d  b y  a b s o r p t io n ,  m a t e r i a l  in te r f a c e s ,  a n d  

g e o m e t r i c  d i s t a n c e s .  T r a c k i n g  p o la r i z a t i o n ,  p h a s e ,  a n d  

a m p l i t u d e  a l lo w s  th e  m o d e l  to  b e  u s e d  f o r  c o m p u t in g  

c o m p l e x  s u b - s u r f a c e  s c a t t e r in g  e v e n t s ,  s u c h  a s  th e  

r e f l e c t a n c e  f r o m  in t e r f e r e n c e  p ig m e n ts .

T h e  s c a t t e r in g  th a t  r e s u l t s  f r o m  th e  in t e r a c t io n s  o f  

th e s e  m u l t ip le  r a y s  w ith  th e  s u r f a c e  m o d e l  is  c a p tu r e d  

b y  a  n o v e l  d a t a  s t r u c tu r e  w h ic h  i s  t a i l o r e d  f o r  th is  ty p e  

o f  s im u la t io n .  A  g e o d e s i c  s p h e r e  i s  u s e d  to  r e p r e s e n t  

th e  e x i t in g  d i r e c t i o n s  a b o v e  a n d  b e lo w  th e  s u r f a c e ,  w ith  

e a c h  f a c e t  o f  th i s  s p h e r e  d e s i g n e d  to  c a p tu r e  th e  e x i t in g  

r a y s  o v e r  a  d i s c r e te  r a n g e  o f  p o s s ib l e  e x i t  d i r e c t io n s .  

T h e  s p h e r e  d y n a m ic a l ly  s u b d i v id e s  d u r i n g  th e  c o u r s e  o f  

th e  s im u la t io n  s o  th a t  r e g io n s  c o n ta i n in g  h ig h  d e g r e e s  

o f  v a r i a t i o n  a r e  m o r e  f in e ly  d i s c r e t i z e d  th a n  m o r e  

u n i f o r m  r e g io n s .  T h e  r a y s  c a p tu r e d  in  e a c h  f a c e t  o f  th e  

d o m e  a r e  th e n  u s e d  to  c a lc u la te  a n d  s to r e  th e  s p e c t r a l  

r e f l e c t a n c e  r a t i o  w ith  r e s p e c t  t o  th e  in c id e n t  d ir e c t io n .  

T h i s  r a t i o  r e p r e s e n t s  th e  s p e c t r a l  r e f l e c t a n c e  f o r  th e  

r a n g e  o f  e x i t  a n g le s  th a t  th e  f a c e t  c o v e r s .  S p e c tr a l  

t r a n s m i ta n c e  r a t io s  a r e  s im i la r ly  c r e a t e d  b y  c a p tu r in g  

th e  r a y s  e x i t in g  th e  b o t to m  o f  th e  m o d e l .  F r o m  th e  

d i s c r e te  in c id e n t  s a m p le  d i r e c t i o n s ,  r a t io s  f o r  a  g iv e n  

a r b i t r a r y  in c id e n t  a n g le  a r e  g e n e r a t e d  b y  in te r p o la t in g  

th e  r a t io s  a c r o s s  th e  f o u r  n e a r e s t  d i s c r e t e  a n g le s  w h ic h  

w e r e  s a m p le d  in  th e  s im u la t io n .  T h i s  d a t a  is  u s e d  to  

r e p r e s e n t  th e  B R D F  o f  th e  m o d e le d  s u r f a c e  in  a  M o n te  

C a r lo  r a y t r a c e r  w h ic h  e n a b le s  s y n th e t i c  im a g e s  o f  th e s e  

s u r f a c e s  to  b e  g e n e r a te d .
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3 Optics Model Extensions
T h e  o r ig in a l  o p t i c s  m o d e l  d e s c r ib e d  in  G o n d e k  e t  

a l. in c lu d e d  w a v e le n g th  d e p e n d e n t  a m p l i t u d e ,  p h a s e ,  

a n d  p o la r iz a t io n .  B y  t r a c k in g  a n d  c o m p u t in g  th e s e  

p h y s ic a l  o p t i c s  c h a r a c t e r i s t i c s ,  it  w a s  p o s s ib le  to  m o d e l 

th e  r e f l e c t io n  f r o m  s t r u c tu r e s  th a t  p r o d u c e  in te r f e r e n c e  

th r o u g h  th in - f i lm  m e c h a n is m s .  T h e  o p t i c s  m o d e l  u s e d  

in  th e  v ir tu a l  g o n io s p e c t r o p h o t o m e t e r  h a s  b e e n  e x ­

te n d e d  in  tw o  im p o r t a n t  w a y s  to  a l l o w  f o r  th e  s y n th e s is  

o f  a  l a r g e r  c la s s  o f  l ig h t  s c a t t e r in g  p h e n o m e n a .  F u n c ­

t i o n a l i ty  a d d e d  to  th e  o p t i c s  m o d e l  in c lu d e s  a  m u l t i ­

la y e r  th in  f i lm  s o l v e r  w h ic h  o v e r c o m e s  th e  c o m p u ta ­

t io n a l  p r o b l e m s  a s s o c ia te d  w ith  r a y - c a s t i n g  th r o u g h  

m a n y  d ie l e c t r i c  th in - f i lm  la y e r s .  In  a d d i t io n ,  a n o th e r  

o p t i c s  m o d e  w a s  a d d e d  in  w h ic h  a  s in g le  r a y  i s  c a s t  fo r  

e a c h  w a v e le n g th  o f  l ig h t  to  a l l o w  w a v e le n g th - d e p e n d e n t  

r e f r a c t io n  e f f e c ts .

W h e n  s im u la t in g  l ig h t  r a y s  in c id e n t  u p o n  a  th in  

f i lm  s y s te m  w ith  m a n y  la y e r s ,  e a c h  la y e r  g iv e s  r i s e  to  a  

n u m b e r  o f  r e f l e c t e d  a n d  t r a n s m i t t e d  r a y s .  T h e  to ta l  

n u m b e r  o f  r a y s  th a t  p r o p a g a te  th r o u g h  th e  s y s te m  a r e  

e x p o n e n t i a l  w i th  th e  n u m b e r  o f  f i lm  la y e r s ,  m a k in g  

s a m p l in g  b y  t r a d i t io n a l  r a y  c a s t in g  im p r a c t ic a l .  O n e  

s o lu t io n  to  th i s  p r o b l e m  is  to  u s e  r a y  c a s t in g  to  d e t e r ­

m in e  w h e r e  m u l t i l a y e r  s t r u c tu r e s  e x is t .  O n c e  a  

m u l t i la y e r  f i lm  is  d i s c o v e r e d ,  a n  a n a ly t ic a l  s o lv e r  is  

e m p lo y e d  to  d e te r m in e  th e  r e f l e c t a n c e  a n d  t r a n s m i t ­

ta n c e  o f  th e  f i lm . T h i s  s o lu t io n  is  th e n  b r o u g h t  b a c k  

in to  th e  r a y  c a s t i n g  s y s te m  a n d  u s e d  to  p r o p e r ly  m o d ify  

th e  f i e ld s  o f  th e  r e f l e c t e d  a n d  t r a n s m i t t e d  r a y s  f r o m  b o th  

s id e s  o f  th e  m u l t i l a y e r  s t r u c tu r e .

T o  im p le m e n t  th i s  s t r a te g y ,  a  m u l t i l a y e r  f in d in g  

a lg o r i t h m  is  e m p lo y e d  e a c h  t im e  a  r a y  s t r ik e s  a  d ie l e c ­

tr ic  s u r f a c e .  T h e  m u l t i l a y e r  f i n d e r  p r o c e e d s  to  c a s t  

t r a n s m i t t e d  r a y s  a n d  n o te s  th e  p a th  le n g th s ,  in c id e n t  

a n g le s ,  a n d  in d i c e s  o f  r e f r a c t io n  f o r  e a c h  a d d i t io n a l  

la y e r  th a t  is  f o u n d .  T h e  f i n d e r  te r m in a te s  w h e n  it  c a s t s  

a  t r a n s m i t t e d  r a y  th a t  e i t h e r  s t r ik e s  a  n o n - d i e le c t r ic ,  o r  

s t r ik e s  a  s u r f a c e  th a t  h a s  a  n o r m a l  th a t  is  d i f f e r e n t ,  to  

w ith in  a  s m a l l  to l e r a n c e ,  f r o m  th e  n o r m a ls  o f  th e  

p r e v io u s  la y e r s .  I f  a  m u l t i l a y e r  is  d i s c o v e r e d ,  a n  

a n a ly t ic a l  m u l t i l a y e r  s o l v e r  is  c a l l e d  w ith  th e  d a t a  th a t  

w a s  c o l l e c t e d  b y  th e  f in d e r .  T h e  s o lv e r  c o m p u te s  th e  

c o r r e c t  r e f l e c t e d  a n d  t r a n s m i t t e d  f i e ld s ,  a n d  r e tu r n s  

th e s e  r e s u l t s  b a c k  to  th e  r a y  c a s t in g  s o f tw a r e .  T h e  

f ie ld s  th a t  r e s u l t  f r o m  m u l t i la y e r  in te r f e r e n c e  c a n  

e f f i c i e n t ly  b e  c o m p u te d  u s in g  d y n a m ic  p ro g r a m m in g  

te c h n iq u e s  ( f o r  e x a m p le ,  s e e  A h o  e t  a l . ,  1 9 7 2 ) .

T h e  m u l t i l a y e r  s o lv e r  w o rk s  b y  s u c c e s s iv e ly  r e ­

p la c in g  th r e e - l a y e r  s y s te m s  w ith  tw o - l a y e r  s y s te m s ,  o r  

s im i la r ly ,  o n e  m a y  th in k  o f  th e  s o lu t io n  a s  r e d u c in g  

tw o - in te r f a c e  s y s te m s  to  o n e - in te r f a c e  s y s te m s .  T h is  is

\

F ig u r e  1: R e f l e c t a n c e  g e o m e t r y  o f  t h r e e - l a y e r  f i lm

a c c o m p l i s h e d  b y  c o m p u t in g  th e  r e f l e c t a n c e  a n d  t r a n s ­

m i t t a n c e  c h a r a c t e r i s t i c s  o f  th e  tw o - i n t e r f a c e  s y s te m ,  a n d  

th e n  r e p l a c in g  b o th  in t e r f a c e s  w i th  a  s i n g l e  in t e r f a c e  

th a t  s im u la te s  th o s e  c h a r a c t e r i s t i c s .  F o r  a  s t a c k  o f  f i lm s  

w h e r e  t h e r e  a r e  m o r e  th a n  tw o  in t e r f a c e s ,  th e  a l g o r i t h m  

s im p ly  p r o c e e d s  f r o m  th e  to p  d o w n ,  c o l l a p s i n g  th e  

in t e r m e d ia t e  l a y e r s  o n e  a t  a  t im e  u n t i l  a  s i n g l e  in t e r f a c e  

r e m a in s .  T h e  r e f l e c t a n c e  a n d  t r a n s m i t t a n c e  f r o m  th e  

f in a l  in t e r f a c e  is  th e  s o lu t io n  to  th e  p r o b l e m .  T h e  

c o m p u t a t i o n  t im e  a s s o c i a t e d  w ith  th i s  a l g o r i t h m  g r o w s  

l in e a r ly  w i th  th e  n u m b e r  o f  f i lm  la y e r s ,  a n d  th u s  t h i s  

m e th o d  p r o v i d e s  a n  e f f i c i e n t  s o l u t i o n  to  th e  e x p o n e n t i a l  

e x p lo s io n  o f  r a y  i n t e r s e c t io n s  n e e d e d  to  c h a r a c t e r i z e  a  

m u l t i l a y e r  f i lm  s y s te m . S im i l a r  m e t h o d s  f o r  c o m p u t in g  

th e  r e f l e c t a n c e  a n d  t r a n s m i t t a n c e  o f  m u l t i l a y e r  s y s t e m s  

h a v e  b e e n  u s e d  in  th e  f i e ld  o f  o p t i c s  ( f o r  e x a m p l e ,  s e e  

H e a v e n s ,  1 9 5 5 ) .

T h e  m u l t i l a y e r  s o l v e r  w il l  b e  d e s c r i b e d  in  t e r m s  o f  

a  s in g le  p l a n e  o f  p o l a r i z a t i o n  f o r  l i g h t  i n c i d e n t  u p o n  a  

tw o - in te r f a c e  s y s te m . T h e  s o l u t i o n  f o r  th e  o r t h o g o n a l  

p la n e  o f  p o l a r i z a t i o n  is  s im i la r .  F r e s n e l 's  e q u a t i o n s  g iv e  

a m p l i t u d e  c o e f f i c i e n t s  f o r  th e  r e f l e c t e d  a n d  t r a n s m i t t e d  

r a y s  f r o m  l ig h t  in c id e n t  u p o n  a  d i e l e c t r i c  b o u n d a r y  

( H e c h t  1 9 8 7 ) .  T h e s e  e q u a t i o n s  a r e  u s e d  to  c o m p u t e  th e  

a m p l i t u d e  c o e f f i c i e n t s  th a t  r e s u l t  f r o m  m u l t i p l e  r e f l e c ­

t io n s  w ith in  th e  tw o - in te r f a c e  s y s te m .

F ig u r e s  1 a n d  2  s h o w  th e  g e o m e t r y  o f  a  tw o -  

in te r f a c e  s y s t e m .^  In  th e s e  f i g u r e s ,  n t , n2, a n d  n2 a r e  

th e  th r e e  in d i c e s  o f  r e f r a c t io n ,  Rm a r e  th e  r e f l e c t e d  

r a y s ,  a n d  Tx...Tm a r e  th e  t r a n s m i t t e d  r a y s .  F o r  th e  

p a r t i c u l a r  in c i d e n t  a n g le s  o f  l ig h t  u p o n  e a c h  in t e r f a c e ,  

F r e s n e l 's  e q u a t i o n s  g iv e  th e  r e f l e c t e d  a n d  t r a n s m i t t e d  

a m p l i t u d e s  d e n o te d  b y  rn , tn , r , 3 , r , 3 , r2 [ , a n d  r , ,  

fo r  b o u n d a r i e s  nl:n2, n2:n3, a n d  n2:n] , r e s p e c t i v e ly .  

T h e  m a m p l i t u d e  c o e f f i c i e n t s  f o r  r e f l e c t e d  r a y s  th a t  

r e s u l t  f r o m  m u l t i p le  b o u n c e s  a r e  g i v e n  b y  

r \ . a  =  f i :

R 2.A = t \ 2 r 2 i h l
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F i g u r e  2 : T r a n s m i t t a n c e  g e o m e t r y  o f  t h r e e - l a y e r  f i lm

a n d  in  g e n e r a l ,  f o r  m>  2 ,

R m . A  =  *12 ( r 2 3 r 21 )  *23*21 •

S im i l a r l y ,  th e  a m p l i t u d e  c o e f f i c i e n t s  f o r  th e  t r a n s m i t t e d  

r a y s  a r e  g i v e n  b y

T \ , a  ~  *12*23

a n d  in  g e n e r a l ,  f o r  m > 1 ,

T m .A  =  *12 (* 2 3 * 2 1  )  * 2 3 -

T h e s e  a m p l i t u d e  c o e f f i c i e n t s  a r e  u s e d  in  c o n ju n c t io n  

w i th  p h a s e  in f o r m a t io n  f o r  e a c h  r a y  to  c o m p u t e  th e  f in a l  

r e f l e c t e d  a n d  t r a n s m i t t e d  f i e ld s .

I t  is  n e c e s s a r y  to  c o m p u t e  p h a s e  c h a n g e s  f o r  th e  

e x i t i n g  r a y s  in  o r d e r  to  a c c o u n t  f o r  in t e r f e r e n c e  e f f e c ts .  

T h i s  i s  d o n e  b y  s e t t i n g  th e  p h a s e  o f  th e  in c id e n t  r a y  to  0  

a n d  c o m p u t in g  th e  p h a s e s  o f  t h e  e x i t in g  r a y s  b a s e d  o n  

o p t i c a l  p a th  le n g th s .  T o  d e t e r m i n e  th e s e  p h a s e  d i f f e r ­

e n c e s ,  th e  o p t i c a l  p a th  le n g t h s  m u s t  b e  c o m p u te d  to  a  

w a v e f r o n t  t h a t  is  o r t h o g o n a l  t o  th e  d i r e c t i o n  o f  p r o p a ­

g a t i o n .  T h e  s p e c i f i c  p o s i t i o n  o f  th e  w a v e f r o n t s  u s e d  in  

th e  c a l c u l a t i o n s  a r e  s h o w n  a s  Wr a n d  Wt , in  F ig u r e s  1 

a n d  2 .  T h e s e  w a v e f r o n t  p o s i t i o n s  a r e  im p o r t a n t  b e c a u s e ,  

a s  p r e v i o u s ly  m e n t io n e d ,  th e  tw o - in te r f a c e  s y s te m  is  

r e d u c e d  to  a  s in g le  in t e r f a c e .  W h e n  a  r a y  s t r ik e s  th e  

s i n g l e  in t e r f a c e ,  th e  r e f l e c t e d  a n d  t r a n s m i t t e d  ra y s  

o r i g in a t e  f r o m  th e  p o in t  o f  in c id e n c e .  T h e r e f o r e ,  th e  

c h a n g e  in  p h a s e  th a t  th e  r e d u c e d  in t e r f a c e  im p a r t s  u p o n  

th e  r a y  m u s t  c o r r e s p o n d  to  a  w a v e f r o n t  o r ig in a t in g  a t 

t h e  p o i n t  o f  in c id e n c e .  W i t h  r e s p e c t  to  th e  w a v e f ro n t  

Wr , th e  o p t i c a l  p a th  le n g t h s  f o r  th e  r e f l e c t e d  r a y s  a re  

Rm.p = (m -\){ ld n 2 - a rnt)
w h e r e

ar =  2d  s i n  B2 s in  0 , .

S im i l a r l y ,  th e  o p t i c a l  p a th  l e n g t h s  f o r  th e  t r a n s m i t t e d  

r a y s  w i th  r e s p e c t  to  w a v e f r o n t  Wt a r e

Tm.p =  (2m -\)(dn2 - a ,n 3)

w h e re

a, =d  s in  02 s in  G}.

F in a l ly ,  th e  f i e ld s  o f  e a c h  o f  th e  r e f l e c t e d  a n d  

t r a n s m i t t e d  r a y s  a r e  s u m m e d  b y  w a v e le n g th  to  p r o d u c e  

a  s i n g le  r e f l e c t e d  a n d  t r a n s m i t t e d  f i e ld  a t  e a c h  w a v e ­

le n g th .  T h e  r e s u l t i n g  f i e ld s  g iv e  th e  c h a n g e  in  

a m p l i t u d e  a n d  p h a s e  f o r  l i g h t  in c i d e n t  u p o n  th i s  s y s te m . 

T h e  d a t a  is  u s e d  f o r  f u r th e r  r e d u c t io n  o f  a  m u l t i l a y e r  b y  

r e p l a c in g  th e  tw o - in te r f a c e  s y s te m  w i th  th e  s in g le  

in t e r f a c e .  D u r in g  l a t e r  c o m p u t a t i o n s  w h e n  r a y s  s t r ik e  

th i s  in t e r f a c e ,  th e  c o m p u t e d  a m p l i t u d e  c h a n g e s  a r e  u s e d  

in s te a d  o f  F r e s n e l 's  c o e f f i c i e n t s  t o  p r e d i c t  c h a n g e  in  

a m p l i t u d e  o f  i n c i d e n t  r a y s ,  a n d  p h a s e  c h a n g e  is  a c ­

c o u n te d  f o r  b y  a d d in g  th e  p r e - c o m p u t e d  p h a s e  c h a n g e  

to  th e  p h a s e  o f  e a c h  r a y  in c i d e n t  u p o n  th e  r e d u c e d  

in t e r f a c e .  N o te  th a t  a  tw o - i n te r f a c e  s y s te m  c a n  o n ly  b e  

r e p l a c e d  b y  a  o n e - i n te r f a c e  s y s te m  b y  c o m p u t in g  th e  

r e s u l t i n g  r e f l e c t e d  a n d  t r a n s m i t t e d  f i e ld s  f o r  r a y s  

in c i d e n t  f r o m  b o th  th e  n ,  m e d i u m  a n d  th e  n3 m e d iu m . 

T h i s  s o l u t i o n  i s  n e e d e d  b e c a u s e  f u r th e r  c o m p u ta t io n s  

m a y  s i m u l a t e  r a y s  in c i d e n t  u p o n  e i t h e r  s id e  o f  th e  

in t e r f a c e .

T h e  h y b r i d  o p t i c s  m o d e l  th a t  c o m b i n e s  r a y  s a m ­

p l in g  a n d  th e  m u l t i l a y e r  th in  f i lm  s o l v e r  e n a b le s  th e  

s i m u l a t i o n  a n d  in v e s t i g a t io n  o f  r e f l e c t a n c e  fu n c t io n s  

f r o m  c o m p l i c a t e d  s t r u c tu r e s .  A s  a  f i r s t  a p p l i c a t i o n  o f  

th e  m u l t i l a y e r  s o lv e r ,  a n  id e a l  m o d e l  o f  th e  in t e r f e r e n c e  

s t r u c tu r e  f o r  th e  M o r p h o  b u t t e r f l y  w a s  c r e a t e d  b y  

s im p ly  s t a c k in g  a l t e r n a t in g  h ig h  in d e x  f i lm s  s e p a r a te d  

b y  a i r .  T h e s e  f i lm s  w e r e  a s s ig n e d  a n  in d e x  o f  r e f r a c t io n  

o f  1 .5 3  to  m a tc h  th a t  o f  th e  M o r p h o  ( A n d e r s o n  a n d  

R ic h a r d s ,  1 9 4 2 ) ,  a n d  th e  t h i c k n e s s e s  w e r e  ta k e n  to  b e  

5 0  nm f o r  th e  h ig h  in d e x  f i lm s ,  a n d  1 5 0  nm f o r  th e  a i r  

g a p s  b e tw e e n  th e  f i lm s .  F ig u r e  3  s h o w s  th e  r e s u l t s  o f  

th e  s i m u l a t i o n  f o r  th e  d e s c r ib e d  m u l t i l a y e r  c o n f ig u r a ­

t io n  w ith  a n  i n c r e a s in g  n u m b e r  o f  la y e r s .  T h e  M o r p h o  

b u t t e r f l y  h a s  tw e lv e  m u l l i o n s  o n  e a c h  s c a l e ,  s o  th e  

im a g e  f o r  th e  tw e lv e  h ig h - in d e x  l a y e r  f i lm  ( b o t to m , 

r i g h t  o f  F ig u r e  3 )  m o s t  c lo s e ly  c o r r e s p o n d s  to  th e  

r e f l e c t a n c e  f r o m  th e  a c tu a l  b u t t e r f l y .  I t  s h o u ld  b e  n o te d  

th a t  t h i s  i s  a  l a r g e  s im p l i f i c a t i o n  o f  th e  s t r u c tu r e  o n  th e  

w in g  o f  th e  M o r p h o ;  th e  m u l l i o n s  a n d  a i r  s p a c in g s  h a v e  

s o m e  v a r i a n c e  in  th e i r  th i c k n e s s e s ,  a n d  m o r e  im p o r ­

ta n t ly ,  th e  s t r u c tu r e  o n  th e  M o r p h o  a p p e a r s  to  b e  

a n i s o t r o p i c  d u e  to  th e  d i r e c t i o n a l  a r r a n g e m e n t  o f  th e  

s c a l e s .  S e c t i o n  4  p r o v i d e s  a  d e s c r ip t i o n  o f  m o r e  

a d v a n c e d  m o d e l in g  t e c h n iq u e s .  A n  a n a ly t i c a l  f o r m u la  

f o r  th e  r e f l e c t a n c e  f r o m  th i s  c o n f i g u r a t io n  w a s  u s e d  b y  

S m i t s  a n d  M e y e r  ( 1 9 9 1 )  t o  p r o d u c e  th e  i r id e s c e n t  

c o lo r s  o f  th e  M o r p h o  b u t t e r f l y  in  a  c o m p u t e r  g e n e r a t e d  

im a g e .
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Figure 3: Computer generated example of multilayer 
interference for stacks of one to twelve high index films

In addition to the multilayer solver, the original 
Gondek et al. optics model was also extended to 
synthesize wavelength-dependent refraction effects. 
This was done by simply assigning a field representing 
a single wavelength to each ray cast at the surface 
model, and casting enough rays to sufficiently sample 
the spectrum of visible light. Refraction effects are 
computed during the simulation by assigning wave­
length based refraction tables for each object in the 
model. An example structure that demonstrates the 
effect of wavelength dependent refraction is the Chris­
tiansen filter, a spectral filter that was used for early 
optical applications such as spectroscopy (Evans, 1948; 
McAlister, 1935; Rayleigh, 1885). This filter is unique 
because it relies upon optical dispersion to produce a 
narrow-band light filter. Construction of the filter is 
accomplished by immersing finely ground glass 
particles in a transparent medium, where the wavelength 
dependent index of refraction for the glass and the 
medium share the same value at a specific wavelength, 
and are different at all other wavelengths. For the 
wavelength where the indices are the same, light passes 
through the filter with virtually no internal scattering. 
As the difference between the indices of the two 
dielectrics increases for different wavelengths, more 
scattering occurs. The result is a nearly perfect trans­
mission of certain wavelengths of light, and a diffuse 
scattering of the complementary color. Lord Rayleigh 
(1885) pointed out the fact that diffuse illumination of 
the filter produces little visible color due to the mixing 
of complementary colors; directional lighting is re­
quired to properly view the phenomena.

A Christiansen filter was simulated by suspending 
approximately 14,000 microspheres in a matrix, where 
the indices of refraction for the particles and matrix are

Figure 4: Indices of refraction for glass particles and 
surrounding substrate for a Christiansen filter

given in Figure 4. Rays representing twenty unique 
wavelengths of light were cast at this model to record 
the dispersion that occurs within this system. Figure 5 
shows a computer generated scene where the measured 
scattering function for the Christiansen filter has been 
applied to a square spectrophotometer cell. The left 
half of this figure shows the transmission characteristics 
of the filter from bright light propagating from an area 
light source, through a window into a dim room. Note 
the green appearance of the directly transmitted light, 
which corresponds to the wavelength where the curves 
in Figure 4 cross. The diffusely transmitted light 
corresponds to a mixture of the wavelengths near the 
500 nm position. The more the indices vary for a given 
wavelength, the more scattering occurs. The greatest 
difference in the indices of refraction for this example 
occur at the red and blue regions of the visible spec­
trum. At these wavelengths, the scattering is so prolific 
that much of the incident light is not transmitted through 
the filter; instead, this light is scattered back toward the 
incident side. This effect is visible in Figure 5 (right) 
where the viewpoint is now positioned outside the dim

Figure 5: Computer generated images showing the
transmitted and reflected scattering of light from a 
simulated Christiansen filter.
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F ig u r e  6 : C o m p a r i s o n  o f  r e f l e c t a n c e  f u n c t io n s  f o r  id e a l  

th in  f i lm s  a n d  a n  i r i d e s c e n t  h u m m in g b i r d  f e a th e r .  ( F r o m  

G r e e n w a l t ,  1 9 6 0 )

r o o m ,  a n d  th e  l i n e  o f  s i te  is  d i r e c te d  th r o u g h  th e  

w in d o w ,  a t  th e  f i l t e r .  T h e  v iv id  m a g e n t a  d i f f u s e  

r e f l e c t a n c e  is  d u e  to  th e  m ix in g  o f  th e  s c a t t e r e d  r e d  a n d  

b lu e  w a v e l e n g t h s  o f  in c i d e n t  l ig h t .  T h u s  th e  C h r i s t i a n ­

s e n  f i l t e r  p r o v i d e s  a n  in t e r e s t in g  l ig h t  s c a t t e r in g  

f u n c t io n  w h e r e  th e  o b s e r v e d  c o l o r  f r o m  th e  f i l t e r  is  

d e p e n d e n t  o n  th e  s p a t i a l  d i s t r i b u t io n  o f  th e  o b s e r v e d  

r e f l e c t a n c e .  N o te  th a t  th e  s im u la te d  g la s s  p a r t i c l e s  a n d  

s u s p e n d in g  m a t r ix  u s e d  to  c r e a t e  th e  f i l t e r  w e r e  c o m ­

p le t e ly  t r a n s p a r e n t ;  i t  is  th e  d i s p e r s io n  o f  l i g h t  th a t  

im p a r t s  t h e  s p e c i f i c  c o lo r s  u p o n  th e  f i l t e r  s h o w n  in  

F ig u r e  5 .

4 Advanced Modeling
In  t h i s  s e c t io n ,  s u b s u r f a c e  m o d e l in g  t e c h n i q u e s  a r e  

e m p l o y e d  t o  e x p lo r e  th e  s u r f a c e  r e f l e c t a n c e  p r o p e r t i e s  

o f  a n  i r i d e s c e n t  h u m m in g b i r d  f e a th e r .  P r e v i o u s  s tu d ie s  

h a v e  u s e d  a  v a r i e ty  o f  e le m e n ta r y  g e o m e t r i e s  to  r e p r e ­

s e n t  s u b s u r f a c e s  a t  th e  m ic r o s c o p ic  le v e l  in  o r d e r  to  

s i m u l a te  lo c a l  r e f l e c t a n c e  f u n c t io n s  ( H a n r a h a n  a n d  

K r u e g e r  1 9 9 3 ,  G o n d e k  e t  a l .  1 9 9 5 , a n d  D o r s e y  a n d  

H a n r a h a n  1 9 9 6 ) .  B y  d e v e lo p i n g  d e ta i l e d  m o r p h o lo g ic  

m o d e l s  o f  a n  a n im a l  s t r u c tu r e ,  it  is  s h o w n  h o w  th e  

v i r tu a l  g o n i o s p e c t r o p h o t o m e t e r  c a n  b e  u s e d  to  a n a ly z e  

s t r u c tu r e s  w h ic h  a p p r o a c h  th e  c o m p le x i ty  o f  th o s e  th a t  

h a v e  b e e n  o b s e r v e d  in  n a tu r e .  T h e  i r id e s c e n t  c o lo r s  

f o u n d  in  c e r t a in  h u m m in g b i r d s  a r e ,  l ik e  th a t  o f  th e  

M o r p h o  b u t t e r f l y  d e s c r ib e d  p r e v io u s ly ,  s t r u c tu r a l  in  

n a tu r e .  S i n c e  th e s e  b i r d s  h a v e  b e e n  s t u d ie d  b y  o r n i ­

t h o l o g i s t s ,  b io l o g i s t s ,  a n d  o p t i c a l  s c i e n t i s t  a l ik e ,  th e  

r e s u l t s  o f  t h e i r  s t u d ie s  c a n  b e  u s e d  a s  a  b a s i s  f r o m  

w h ic h  a  m o d e l  o f  th e s e  i r id e s c e n t  f e a th e r  s u r f a c e s  c a n  

b e  d e v e l o p e d .  T h e s e  m o d e l s  a l s o  p r e s e n t  a  m o r e  ro b u s t  

c a s e  f o r  t h e  m u l t i l a y e r  s o l v e r  d e s c r ib e d  in  th e  p r e v io u s  

s e c t io n .

A n  e l e c t r o n  m ic r o s c o p y  s tu d y  p e r f o r m e d  in  1 9 6 0  

b y  G r e e n w a l t ,  B r a n d t ,  a n d  F r ie l  e s t a b l i s h e d  th a t  th e

ir id e s c e n t  c o lo r  f o u n d  in  s o m e  h u m m in g b i r d s  is  m o s t  

l ik e ly  th e  r e s u l t  o f  m u l t i p l e  s t a c k s  o f  th in  f i lm - l ik e  

s t r u c tu r e s  e m b e d d e d  in  t h e i r  f e a th e r s .  A l th o u g h  th e  

o b s e r v e d  r e f l e c t a n c e  f u n c t i o n s  f o r  th e s e  f e a th e r s  s h o w  

s im i la r i t i e s  to  id e a l  t h i n  f i lm s ,  th e r e  e x is te d  s o m e  

a n o m a l ie s  th a t  w e r e  a t t r i b u t e d  to  s t r u c tu r a l  d e v ia t io n s  

f r o m  id e a l  th in  f i lm s .  T h e  i r i d e s c e n t  f e a th e r  b a r b u le s  

w e re  fo u n d  to  c o n ta i n  m u l t i p l e  l a y e r s  o f  th in  p la t e le t s  

s t a c k e d  in  a  v e r y  r e g u l a r  p a t t e r n .  T h e s e  f l a t t e n e d ,  

e l l ip t i c a l ly  s h a p e d  p l a t e s  w e r e  c o m p o s e d  o f  m e la n in ,  

w h ic h  h a s  a  h ig h  in d e x  o f  r e f r a c t i o n .  P la t e le t s  lo c a te d  

in  th e  i r id e s c e n t  s e c t i o n s  o f  th e  f e a t h e r  a l s o  h a d  f o a m ­

l ik e  a i r  p o c k e t s  in  t h e i r  c e n t e r .  M o s a ic s  o f  th e s e  

p la t e le t s  w e r e  d i s t r i b u t e d  in  e v e n ly  s p a c e d  la y e r s  

e m b e d d e d  in  k a r a t in ,  a  lo w  in d e x  m a te r i a l .

T h e  d im e n s i o n s  a n d  p e r i o d i c  n a tu r e  o f  th is  s t r u c ­

tu r e  s u g g e s t s  th a t  t h in  f i lm  in t e r f e r e n c e  is  p o s s ib le .  

H o w e v e r  c o m p a r i s o n s  o f  th e  t h e o r e t i c a l  c u r v e s  f o r  id e a l  

th in  f i lm s  to  th o s e  o b s e r v e d  in  th e  i r id e s c e n t  f e a th e r s  

r e v e a l e d  s o m e  a n o m a l i e s .  A n  e x a m p l e  c o m p a r i s o n  is 

s h o w n  in  F ig u r e  6 .  T h e  t h e o r e t i c a l  c u r v e  o f  a n  id e a l  

s e v e n  l a y e r  s t a c k  o f  a l t e r n a t i n g  h ig h  a n d  lo w  in d e x  o f  

r e f r a c t io n  m a t e r i a l s  i s  s h o w n  a lo n g  w ith  th e  e m p i r ic a l  

r e f l e c t a n c e  c u r v e  o f  th e  i r i d e s c e n t  f e a t h e r  f r o m  a  R e d  

G o r g e t  h u m m in g b i r d .  T h i s  f e a t h e r  w a s  fo u n d  to  h a v e  

s e v e n  la y e r s  o f  p l a t e l e t s  o f  s i m i l a r  d im e n s io n s  to  th o s e  

o f  th e  th in  f i lm s  r e p r e s e n t e d  in  th e  id e a l  c a s e .  T h e s e  

c u r v e s  s h o w  th a t  th e r e  a r e  n o  s e c o n d a r y  p e a k s  in  th e  

e m p i r i c a l  c a s e .  G r e e n w a l t  a t t r i b u t e s  th i s  a b s e n c e  to  

" s u r f a c e  f l u c tu a t io n s  i n  t h e  p la t e le t s " .

A  s e c o n d  d i s c r e p a n c y  b e tw e e n  th e  tw o  c u r v e s  is  th e  

s h a r p e r  p e a k  e x h ib i t e d  in  th e  e m p i r i c a l  c a s e .  T o  

a c c o u n t  f o r  th i s ,  G r e e n w a l t  d e v e l o p e d  a  th e o r e t i c a l  

m o d e l  f o r  i n t e r f e r e n c e  o f  o p t i c a l l y  non-homogenous 
m a te r ia ls .  I t  w a s  a r g u e d  th a t  th e  s t r u c tu r a l l y  r e in f o r c e d  

a i r  p o c k e t s  in  th e  p l a t e l e t s  c a u s e d  a  t r a n s i t io n a l  in c r e a s e  

in  th e  in d e x  o f  r e f r a c t i o n  a s  a  f u n c t io n  o f  th e  d i s ta n c e  

a lo n g  th e  z  a x i s  f r o m  th e  c e n t e r  o f  th e  p la te .  In  th i s  

w a y , th e  in d e x  o f  r e f r a c t i o n  o f  th e  p la t e le t s  c o u ld  b e  

r e p r e s e n te d  b y  a  s m o o th l y  v a r y i n g  f u n c t io n  w h ic h  c o u ld  

th e n  b e  i n t e g r a t e d  o v e r  th e  t h i c k n e s s  o f  th e  p la te le t s .  

B y  u s in g  m e t h o d s  o f  d i f f e r e n t i a l  c a l c u lu s  th e  a u th o r s  

w e re  a b le  to  g e n e r a t e  a p p r o x i m a t e  a n a ly t ic a l  s o lu t io n s  

f o r  th is  m o d e l  o f  th e  p l a t e l e t s  t h a t  b e t t e r  a g r e e d  w ith  th e  

e m p i r ic a l  c u r v e s .  T h e i r  s o l u t i o n  in v o l v e s  r e p l a c in g  th e  

n o n - h o m o g e n o u s  p o r t i o n s  o f  th e  p la t e le t s ,  n a m e ly  th e  

c e n te r  a i r  p o c k e t s ,  w i th  a  h o m o g e n o u s  m a s s  th a t  h a s  

th e  e f f e c t iv e  r e f r a c t i v e  i n d e x  c a l c u l a t e d  b y  in te g r a t in g  

o v e r  th e  n o n - h o m o g e n o u s  a r e a s .  W h i l e  th e i r  n e w  

a n a ly t ic a l  s o l u t i o n  w a s  m u c h  c l o s e r  in  s h a p e  to  th e  

e m p i r ic a l  r e s u l t s ,  th e  i s s u e  o f  th e  a b s e n c e  o f  s e c o n d a r y  

p e a k s  r e m a in e d  u n r e s o lv e d .
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T h r e e  m o d e l s  o f  a n  i r i d e s c e n t  C a ly p te  A n n a ,  o r  

G r e e n  G o r g e t  h u m m in g b i r d  f e a th e r ,  w e r e  d e v e lo p e d  f o r  

u s e  in  th e  v i r tu a l  g o n io s p e c t r o p h o t o m e t e r .  T h e  s u r f a c e  

r e f l e c t a n c e  f u n c t io n s  t h a t  w e r e  g e n e r a t e d  f ro m  th e s e  

s im u la t io n s  w e r e  t h e n  c o m p a r e d  w i th  th o s e  o f  th e  

G r e e n w a l t  th e o r y .  B y  a d o p t i n g  a n  a p p r o a c h  th a t  

p r o g r e s s i v e ly  r e f in e d  th e  m o d e l  in  o r d e r  to  m o r e  

a c c u r a t e ly  r e p r e s e n t  th e  m i c r o g e o m e t r y  o f  th e  f e a th e r ,  

s u r f a c e  r e f l e c t a n c e  f u n c t io n s  w e r e  g e n e r a t e d  w ith  

s i m i l a r  c h a r a c t e r i s t i c s  t o  th o s e  f o u n d  in  th e  s tu d y . T h e  

s t a g e s  o f  th i s  r e f in e m e n t  in c l u d e d  m o d e l in g  th e  f e a th e r  

s u c c e s s iv e ly  a s  a  c o l l e c t i o n  o f  id e a l  th in  f i lm s , a  s t a c k  

o f  b r o a d  r e c t a n g u la r  p l a t e s  a n d  a n  a r r a y  o f  in te r lo c k in g  

b r i c k s .

W h i l e  th e  t h e o r e t i c a l  s o l u t i o n s  o f  G r e e n w a l t  w e re  

n o t  u s e d  d i r e c t l y  in  t h e s e  s i m u l a t i o n s ,  o n e  o f  th e i r  

t e c h n i q u e s  w a s  u s e d  t o  s i m p l i f y  th e  m o d e l .  I n s te a d  o f  

d e v e lo p i n g  a  m o d e l  o f  th e  p l a t e l e t s  in  w h ic h  th e  in te rn a l  

a i r  p o c k e t s  a r e  e x p l i c i t l y  i n c l u d e d ,  th e y  w e r e  r e p la c e d  

w i th  u n i f o r m  s u b - r e g io n s  o f  th e  s a m e  o p t i c a l  th ic k n e s s  

r e p o r t e d  in  t h e i r  s t u d y .  E v e n  w i th  th e  m u l t i - l a y e r  

d e t e c t io n  a lg o r i t h m ,  t h e  r u n n i n g  t im e  o f  th e  s im u la t io n s  

w o u ld  h a v e  b e e n  u n r e a s o n a b ly  lo n g  w ith o u t  th is  

s im p l i f i c a t i o n .

T h e  f i r s t  a p p r o x i m a t io n  to  th e  f e a t h e r  s t r u c tu r e  w a s  

c o n s t r u c t e d  w i th  s i m p l e  t h in  f i lm s  s i m i l a r  t o  th o s e  u s e d  

in  th e  m o d e l in g  o f  th e  M o r p h o  b u t t e r f l y .  1 4  la y e r s  o f  

a l t e r n a t in g  h ig h  a n d  l o w  r e f r a c t i v e  m a t e r i a l s  w e re  u s e d  

to  r e p r e s e n t  th e  s e v e n  l a y e r s  o f  p l a t e l e t s  in  a  G re e n  

G o r g e t  f e a th e r .  T h e  h ig h  r e f r a c t i v e  la y e r s ,  w h ic h  w e re  

m e a n t  to  r e p r e s e n t  t h e  m e l a n in  b o d y  o f  th e  p la te le t s ,  

w e r e  g iv e n  a n  in d e x  o f  2 .0 ,  a n d  th e  lo w  r e f r a c t iv e  

la y e r s ,  w h ic h  r e p r e s e n t e d  th e  a i r  p o c k e t s ,  w e r e  a s s ig n e d  

a n  in d e x  o f  1 .5 0  in  a c c o r d a n c e  w i th  th e  v a lu e s  fo u n d  b y  

G r e e n w a l t .  T h e  h ig h  in d e x  l a y e r s  w e r e  1 4 8  nm th ic k ,  

e x c e p t  f o r  th e  f i r s t  a n d  l a s t  l a y e r s  w h ic h  w e r e  h a l f  th a t ,  

o r  7 4  nm th ic k .  T h e  l o w  in d e x  l a y e r s  a l l  h a d  a  th ic k n e s s  

o f  9 8  nm. T h e s e  v a lu e s  c o r r e s p o n d  to  th e  m e a n  

d im e n s i o n s  r e p o r t e d  in  th e  s tu d y .  A s  e x p e c t e d ,  th is  

m o d e l  p r o d u c e d  r e f l e c t a n c e  f u n c t io n s  w h ic h  w e re  

id e n t ic a l  to  a  m u l t i - t h in  f i lm  s y s t e m  a n d  in c lu d e d  a  

b r o a d  s p e c u l a r  p e a k  s i m i l a r  t o  th a t  o f  th e  th e o r e t i c a l  

c u r v e  in  f i g u r e  6 .

A n  in t e r m e d ia t e  s t a g e  o f  r e f in e m e n t  in v o lv e d  r e ­

p l a c in g  th e  id e a l  t h in  f i lm s  w i th  b r o a d  h ig h  in d e x  b o x e s  

e m b e d d e d  w i th  lo w  in d e x  c e n te r s .  B y  in c o r p o r a t in g  

g e o m e t r i c  p r i m i t i v e s  r a t h e r  t h a n  th in  f i lm s ,  w e  w e re  

a b le  to  c o n f i r m  th a t  t h e  m u l t i - l a y e r  a lg o r i t h m  w o u ld  

f u n c t io n  p r o p e r ly  w i th  m o r e  c o m p l i c a t e d  m o d e ls .  

T h e s e  b r o a d  p l a t e s  w e r e  1 7 2  nm t h i c k  a n d  c o n ta in e d  

r e c t a n g u la r  c o r e s  w ith  a  9 8  nm th i c k n e s s .  T h e  id e n t ic a l  

in d i c e s  o f  r e f r a c t i o n  u s e d  in  th e  t h in  f i lm  c a s e  w e re  u s e d  

h e r e ,  a n d  th e  s i m u l a t i o n  r e s u l t s  p r o d u c e d  m a tc h in g

F ig u r e  7 : C o m p a r i s o n  o f  r e f l e c t a n c e  f u n c t io n s  f o r  a r r a y  

o f  b r i c k s  m o d e l .

r e f l e c t a n c e  f u n c t io n s  t o  th o s e  o b t a i n e d  b y  th e  p r e v i o u s  

th in  f i lm  m o d e l .

N e i th e r  o f  th e  m o d e l s  u p  to  th i s  p o in t  h a d  r e p r e ­

s e n t e d  th e  in d i v id u a l  p l a t e l e t s  f o u n d  in  th e  f e a th e r .  A l l  

th e  p la t e le t s  o n  o n e  le v e l  w e r e  r e p r e s e n t e d  o n ly  a s  a  

c o n g lo m e r a t e  f i lm  o r  b o x .  B y  f u r th e r  r e f in in g  th e  

m o d e l  to  i n c l u d e  th e  in d iv id u a l  p l a t e l e t s ,  r e f l e c t a n c e  

f u n c t io n s  w i th  b e t t e r  c o r r e l a t i o n  t o  th o s e  o b s e r v e d  in  

G r e e n w a l t ’s  s t u d y  w e r e  g e n e r a t e d .  E a c h  o f  th e  b r o a d  

p la te s  o f  th e  p r e v i o u s  m o d e l  w e r e  b r o k e n  in to  a n  a r r a y  

o f  in t e r l o c k in g  b r i c k s .  S e v e n  l a y e r s  o f  t h e s e  b r i c k s  

w e r e  u s e d ,  c o r r e s p o n d i n g  to  th e  s e v e n  l a y e r s  o f  p l a t e ­

le t s .  T h e  h o r i z o n ta l  d im e n s i o n s  o f  th e  b r i c k s  w e r e  s e t  

e q u a l  t o  th e  a v e r a g e  d im e n s i o n s  o f  th e  p l a t e l e t s  a s  

r e p o r te d  in  t h e  s tu d y :  1 5 0 0  nm b y  2 0 0 0  nm. T h e  

th i c k n e s s  o f  th e  b r i c k s  a n d  th e i r  l o w  in d e x  c o r e  w e r e  

a ls o  th e  s a m e  a s  th e  p r e v i o u s  m o d e l .  T h e  r e f l e c t a n c e  

fu n c t io n s  g e n e r a t e d  b y  th e  s i m u l a t i o n s  a r e  s h o w n  in  

F ig u r e  7 . T h i s  r e f l e c t a n c e  f u n c t io n  s h o w s  s i m i l a r  

c h a r a c t e r i s t i c s  to  th e  o n e  g e n e r a t e d  b y  th e  G r e e n w a l t  

th e o r y .  T h e  b a n d w id th  o f  th e  p r i m a r y  p e a k  h a s  n a r ­

ro w e d  a n d  th e  s e c o n d a r y  p e a k s ,  w h i le  s t i l l  v i s ib l e ,  h a v e  

b e e n  a t t e n u a te d .  T h e  in c lu s io n  o f  t h e  e x p l i c i t  m o d e l in g  

o f  th e  p l a t e l e t s  in  th i s  c a s e  r e s u l t e d  in  b e t t e r  a g r e e m e n t .

B y  d e v e lo p i n g  th e  g e o m e t r i c  m o d e l  b e y o n d  s i m p l e  

id e a l  th in  f i lm s ,  th e  r e f l e c t a n c e  f u n c t io n s  g e n e r a t e d  b y  

th e  b r i c k  m o d e l  b e g in s  to  s h o w  s o m e  o f  s a m e  c h a r a c ­

t e r i s t i c s  t h a t  d i s t i n g u i s h  G r e e n w a l t 's  r e s u l t s  f r o m  th a t  

p r e d i c te d  b y  id e a l  th in  f i lm s .  W h i l e  th e  a r r a y  o f  b r i c k s  

m o d e l s  th e  m o s a i c - l i k e  s t r u c tu r e  o f  th e  f e a th e r s  p l a t e ­

le t s ,  f o c u s in g  o n  a  b e t t e r  r e p r e s e n ta t i o n  o f  th e  i n d i v i d u a l  

p la t e le t s  a n d  th e i r  s p a t i a l  r e l a t i o n s h ip s  w o u ld  f u r th e r  

r e f in e  th i s  m o d e l  a n d  im p r o v e  th e  r e s u l t i n g  r e f l e c t a n c e  

fu n c t io n s .

5 Measurement vs. Simulation
In  tu r n in g  o u r  a t t e n t io n  to  th e  n e x t  s u r f a c e  t o  b e  

a n a ly z e d ,  p a p e r ,  n o te  th a t  a l l  th e  c a s e s  r e v i e w e d  u p  to

Graphics Interface ’97



F ig u r e  8 a  a n d  8 b : M e a s u r e m e n t  r e s u l t s  f o r  7 5  d e g r e e s  

i n c i d e n t  i l lu m in a t io n  o n  th e  M a n u f a c tu r e d  a n d  -7 5  

d e g r e e s  o n  th e  H a n d - f o r m e d  s h e e t s .

t h i s  p o in t  h a v e  c o m p a r e d  s im u l a t i o n  r e s u l t s  to  r e s u l t s  

p r e d i c t e d  b y  e i t h e r  e s t a b l i s h e d  th e o r i e s  o r  p r e v io u s  

o p t i c a l  s t u d i e s .  F o r  th i s  e x p lo r a t i o n ,  m e a s u r e m e n ts  o f  

th e  s u r f a c e s  in  q u e s t io n  w e r e  a c tu a l ly  p r o d u c e d  fo r  

p u r p o s e s  o f  c o m p a r i s o n .  T w o  s p e c i f i c  p h e n o m e n a  w e re  

c o n c e n t r a t e d  o n :  a n i s o t r o p i c  r e f l e c t a n c e  f u n c t io n s  

c a u s e d  b y  f i b e r  o r i e n t a t i o n ,  a n d  r e f l e c t a n c e  in  th e  

i n c i d e n t  d i r e c t i o n  ( b a c k s c a t t e r ) .  S p e c i f i c  p a p e r  s a m p le s  

w e r e  c h o s e n  a n d  o p t i c a l  m e a s u r e m e n ts  w e r e  p e r f o r m e d  

u p o n  th e m  in  o r d e r  t o  c h a r a c t e r i z e  th e s e  e f f e c ts .  

M o d e l s  w e r e  t h e n  c o n s t r u c t e d  f o r  u s e  in  th e  g o n io s p e c -  

t r o p h o t o m e t e r  in  a n  a t t e m p t  t o  r e p r o d u c e  th e s e  e f f e c ts .  

I n s ig h t  i n t o  th e  m e c h a n ic s  o f  th e  th e s e  o p t i c a l  e f f e c t s  is  

g a in e d  b y  c o m p a r in g  th e  m e a s u r e m e n t  r e s u l t s  w ith  

t h o s e  o b t a i n e d  b y  s i m u l a t i o n s .

T w o  d i f f e r e n t  ty p e s  o f  p a p e r  w e r e  c h o s e n  f o r  th is  

s tu d y .  T h e  f i r s t  s a m p le  w a s  m a c h in e  m a n u f a c tu r e d ,  a n d  

h a d  a  s m o o th ,  w h i te ,  s o m e w h a t  g lo s s y  a p p e a r a n c e .  

T h i s  p a p e r  w a s  c o a t e d  w i th  a  c l a y  a n d  c a lc iu m  c a r b o n ­

a te  m ix tu r e  a n d  i t  w a s  h y p o th e s iz e d  th a t  th e  

m o r p h o lo g y  o f  th e s e  c o a t i n g  m a t e r i a l s  w a s  r e s p o n s ib l e  

f o r  s o m e  o f  th e  o b s e r v e d  r e t r o - r e f l e c t a n c e  f o u n d  in  th is  

s h e e t .  A d d i t i o n a l l y ,  i t  w a s  a l s o  p r e d i c te d  t h a t  th is  

s a m p le  w o u ld  d i s p l a y  a n i s o t r o p i e s  in  i t ’s  m e a s u r e d  

r e f l e c t a n c e  f u n c t io n s ,  s i n c e  i t  w a s  m a c h in e  m a n u f a c -

F ig u r e  8 c  a n d  8 d :  M e a s u r e m e n t  r e s u l t s  f o r  4 5  a n d  -4 5  

d e g r e e  in c id e n t  i l l u m in a t io n .

tu r e d  a n d  i t ’s u n d e r l y in g  f i b e r  w e b  h a s  a n  o r i e n ta t io n a l  

p r e f e r e n c e .  T h e  s e c o n d  s p e c im e n  w a s  ty p ic a l  o f  h e a v y  

w r i t in g  g r a d e  b o n d .  T h i s  s a m p le  w a s  m o r e  ro u g h ly  

t e x tu r e d  th a n  th e  p r e v i o u s ,  s l ig h t ly  y e l lo w  in  h u e ,  a n d  

d i f f u s e  in  a p p e a r a n c e .  T h i s  s h e e t  w a s  h a n d  f o r m e d  a n d  

d id  n o t  c o n ta i n  a n y  s e c o n d a r y  m a t e r i a l s  th u s  p r o v i d in g  

a  n u m b e r  o f  b e n e f i t s  f o r  th i s  s t u d y .  S in c e  i t  w a s  

c o m p o s e d  o n ly  o f  p u l p  i t  w a s  e a s i e r  t o  a c c u r a t e ly  m o d e l  

th a n  th e  p r e v i o u s  s p e c i m e n .  I t w o u ld  a l s o  p r o v i d e  u s  

w i th  a n  o p p o r t u n i t y  t o  c o n f i r m  o u r  s p e c u la t i o n  r e g a r d ­

in g  th e  r o l e  o f  c o a t i n g s  in  th e  b a c k s c a t t e r  p h e n o m e n o n  

s in c e  th i s  s h e e t  w a s  u n c o a te d .

5.1 Paper Measurements
T h e  o p t i c a l  p r o f i l i n g  w a s  p e r f o r m e d  b y  a  th i r d  

p a r ty  l a b o r a to r y  a n d  in v o lv e d  m e a s u r in g  th e  l ig h t  

s c a t t e r e d  f r o m  th e  s a m p le s  w h e n  i l lu m in a t e d  b y  a  la s e r .  

T h e  S c h m i t t  M e a s u r e m e n t  S y s t e m s  C A S I  S c a t t e r o m e te r  

u s e s  a  6 7 0  nm l a s e r  in  a n  ( S ) - p o la r i z a t i o n  s ta te  t h a t  w a s  

a r r a n g e d  s o  t h a t  th e  i n c i d e n t  b e a m  w a s  a t  a  s p e c i f i e d  

a n g le  w i th  th e  n o r m a l  o f  th e  s p e c im e n .  M e a s u r e m e n t s  

w e r e  th e n  ta k e n  b y  r e c o r d in g  th e  m a g n i tu d e  o f  th e  

r e f l e c t e d  l i g h t  a t  d i s c r e t e  l o c a t io n s  o n  th e  h e m i - c i r c le  

p e r p e n d i c u l a r  to  th e  h o r i z o n ta l  p l a n e  o f  th e  s p e c im e n  

th a t  is  f o r m e d  b y  s w e e p in g  o u t  th e  a n g le s  f r o m  - 9 0 °  to  

- + 8 0 °  w i th  r e s p e c t  to  th e  n o r m a l .  T h i s  ty p e  o f  m e a s -
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F ig u r e  9 :  M e a s u r e d  r e f l e c t a n c e  o f  th e  m a n u f a c tu r e d  

s h e e t  w i th  th e  i l lu m in a t io n  p a r a l le l  to  b o th  th e  c r o s s -  

a n d  m a c h i n e  d i r e c t i o n s .  I n c i d e n t  i l lu m in a t io n  is a t  7 5 ° .

u r e m e n t  s w e e p  w a s  p e r f o r m e d  f o r  a  f a m i ly  o f  in c id e n t  

a n g le s  o n  e a c h  s p e c im e n .  A  s im i la r  e x p e r im e n ta l  

m e th o d  w a s  e m p l o y e d  in  th e  1 9 9 1  L e t t e r i  e t  a l .  s tu d y  o f  

l ig h t  s c a t t e r in g  f r o m  g lo s s y  c o a te d  p a p e r s .  F o r  th e  

p u r p o s e s  o f  th e  c u r r e n t  s tu d y ,  m e a s u r e m e n ts  w e re  a ls o  

ta k e n  w i th  th e  s p e c i m e n s  r o t a t e d  9 0 °  in  th e  h o r iz o n ta l  

p la n e ,  in  o r d e r  t o  r e c o r d  a n y  a n i s o t r o p i e s  in  th e  r e f l e c ­

ta n c e  f u n c t io n s .  R e f le c ta n c e  f u n c t io n s  f o r  tw o  in c id e n t  

a n g le s  o n  th e  b o th  s a m p le s  a r e  s h o w n  in  F ig u r e  8 .

W h e n  p a p e r  i s  f o r m e d  b y  m a c h in e ,  f i b e r s  a r e  d e ­

p o s i t e d  o n  a  m o v i n g  s c r e e n  a n d  w il l  t e n d  to  a l ig n  

th e m s e l v e s  p a r a l l e l  to  th e  d i r e c t i o n  th e  s c r e e n  is  

m o v in g .  T h e  d i r e c t i o n  o f  th i s  o r i e n ta t io n  i s  c a l l e d  th e  

grain o r  machine d i r e c t i o n ,  a n d  i ts  e f f e c t s  o n  v a r io u s  

m e c h a n ic a l  p r o p e r t i e s  a r e  w e l l  d o c u m e n t e d .  H o w e v e r ,  

n o  r e s e a r c h  h a s  b e e n  d o n e  r e g a r d in g  th e  o p t i c a l  c o n s e ­

q u e n c e s  t h i s  a l i g n m e n t  te n d e n c y  m ig h t  h a v e .  T h e r e  is  

r e a s o n  to  b e l i e v e  th a t  f i b e r  o r i e n ta t io n  in t r o d u c e s  

a n i s o t r o p y  in  th e  o p t i c a l  p r o p e r t i e s  o f  th e  s h e e t  s im i la r  

to  th o s e  e n c o u n te r e d  in  th e  m e c h a n ic a l  p r o p e r t ie s .  

B e c a u s e  o f  th e  g e o m e t r y  o f  th e  f i b e r s  in  th e  w e b , 

in c i d e n t  l i g h t  t h a t  is  p a r a l l e l  to  th e  m a c h i n e  d i r e c t io n  

s h o u ld  r e f l e c t  l i g h t  in  a  m o r e  s p e c u l a r  f a s h io n  th a n  

id e n t ic a l  l i g h t  in c i d e n t  in  th e  c r o s s  d i r e c t i o n .  T h is  

p h e n o m e n o n  w o u ld  m a n i f e s t  i t s e l f  o n ly  in  a  fu ll  s p a t ia l  

p r o f i l e  o f  t h e  r e f l e c t e d  l ig h t .

S e p a r a t e  m e a s u r e m e n t s  w e r e  ta k e n  o n  th e  m a c h in e  

m a n u f a c tu r e d  s a m p le  f o r  in c i d e n t  i l lu m in a t io n  p a r a l le l  

to  b o th  th e  m a c h i n e  a n d  n o n - m a c h in e  d i r e c t i o n s .  T h e  

r e s u l t i n g  r e f l e c t a n c e  f u n c t io n s  s h o w  a  g r e a t e r  s p e c u la r  

p e a k  f o r  l i g h t  i n c i d e n t  a lo n g  th e  m a c h in e  d i r e c t i o n  th a n  

fo r  i d e n t ic a l  i l lu m in a t io n  in  th e  c r o s s  d i r e c t i o n .  T h is  

c o n f i r m e d  th a t  a n i s o t r o p y  e x i s t s  in  th e  r e f l e c ta n c e  

f u n c t io n s  f o r  t h i s  s h e e t .  F ig u r e  9  c l e a r ly  s h o w s  th is  

e f f e c t  f o r  15° i n c i d e n t  i l lu m in a t io n .

O n e  u n e x p e c t e d  r e s u l t  f r o m  th e  in i t i a l  s e t  o f  m e a s ­

u r e m e n ts  w a s  th e  s i g n i f i c a n t  b a c k s c a t t e r ,  o r  

r e t r o r e f le c t io n  f o r  th e  m a n u f a c tu r e d  s h e e t .  T h e r e  i s  a  

n o t i c e a b le  r i s e  in  th e  r e f l e c t a n c e  c u r v e s  a r o u n d  th e  

r e t r o r e f le c t io n  a n g le  in  a l l  c a s e s  a n d ,  f o r  2 0 °  in c i d e n t  

( n o t  s h o w n ) ,  th e  m e a s u r e d  b a c k s c a t t e r  is  a c tu a l ly  o f  th e  

s a m e  m a g n i tu d e  a s  th e  s p e c u l a r  r e f l e c t i o n .  ( T h e  

d i s c o n t in u i t i e s  in  th e  c u r v e s  a t  t h e  e d g e s  o f  t h e s e  b a c k  

s c a t t e r  p e a k s  a r e  a n  a r t i f a c t  o f  t h e  l a b o r a to r y 's  e x p e r i ­

m e n ta l  s e t  u p . )  T h e  d e c i s io n  to  f o c u s  o n  th i s  i s s u e  w a s  

m a d e  o n ly  a f t e r  d e t e c t i n g  th i s  f e a tu r e  in  th e  in i t i a l  

m e a s u r e m e n ts .

5.2 Paper Models
In  o r d e r  to  r e p r o d u c e  th e  a n i s o t r o p i c  e f f e c t  in  

s im u la t io n s ,  m o d e l s  o f  th e  p a p e r ’s  f i b e r  w e b  w e r e  

p ro d u c e d .  T h e  w e b  o f  a  s h e e t  is  c o m p o s e d  o f  a  c o l l e c ­

t io n  o f  s l e n d e r  t r a n s p a r e n t  f i b e r s  w h ic h  r e s e m b le  h o l l o w  

c y l in d e r s  a n d  a r e  o r i e n t e d  s o m e w h a t  r a n d o m ly  in  th e  

h o r iz o n ta l  p l a n e  o f  th e  s h e e t .  C o n c e n t r i c  c y l i n d e r s  w e r e  

u s e d  to  r e p r e s e n t  a  f i b e r  f o r  o u r  m o d e l .  T h e  s p a c e  

b e tw e e n  th e  tw o  c y l i n d e r s  r e p r e s e n t s  th e  f i b e r  w h i le  th e  

in t e r io r  c y l i n d e r  r e p r e s e n t s  th e  h o l l o w  c o r e .  In  th e  

p u lp in g  a n d  w e b  f o r m a t i o n  p r o c e s s ,  f i b e r s  m a y  u n d e r g o  

d e f o r m a t io n s  a n d  c o m e  to  r e s e m b le  th in  r i b b o n s .  

S tu d ie s  h a v e  s h o w n  th a t  f i b e r s  w i l l  g e n e r a l l y  d e f o r m  in  

p r e d i c ta b l e  w a y s  a c c o r d i n g  to  s u c h  f a c t o r s  a s  th e  f i b e r  

s o u r c e ,  p u lp i n g  t e c h n i q u e ,  a n d  m e t h o d  o f  c o n s t r u c t i o n  

( J a y m e  a n d  H u n g e r  6 2 ,  W r i s t  6 7  ) . F o r  th e  p u r p o s e s  o f  

th is  s tu d y ,  a  s i m p l e  d e f o r m a t io n  th a t  c o m p r e s s e d  th e  

f ib e r s  in  o n e  d i r e c t i o n  p e r p e n d i c u l a r  to  th e i r  lo n g  a x i s  

w a s  c h o s e n .  T h e  d im e n s i o n s  o f  o u r  c y l i n d e r s  w e r e  s e t  to  

b e  2  mm lo n g ,  .0 2  mm in  d i a m e t e r  f o r  th e  o u t e r  c y l i n ­

d e r ,  a n d  0 .0 1  mm d i a m e t e r  f o r  th e  i n n e r  c y l i n d e r .  T h e s e  

n u m b e r s  c o r r e s p o n d  to  th e  d im e n s i o n s  o f  ty p i c a l  w o o d  

p u lp  f ib e r s  ( D o d s e n  a n d  F e k ih  9 1 ) .

T h e s e  f i b e r s  w e r e  u s e d  to  c o n s t r u c t  th r e e  m o d e l s  o f  

a  s h e e t  s e c t io n .  T h e  f i r s t  " f u l ly  o r i e n te d "  s h e e t  c o n ­

s is te d  o f  a  s t a c k  o f  t e n  l a y e r s  o f  f i b e r s .  E a c h  l a y e r  

c o n s i s te d  o f  t e n  f i b e r s  p l a c e d  s id e  b y  s id e  a n d  o r i e n t e d  

p a r a l le l  to  th e  m a c h i n e  a x i s .  U s in g  th e  s a m e  n u m b e r  o f  

f ib e r s  a s  th e  f u l ly  o r i e n t e d  s h e e t ,  a  s e m i - r a n d o m  w e b  

w a s  a ls o  c o n s t r u c t e d  s o  th a t  th e  f i b e r s  w o u ld  h a v e  a  

m e a n  a n g u la r  v a r i a n c e  o f  1 5 °  f r o m  th e  m a c h in e  d i r e c ­

t io n . F in a l ly ,  a  f u l ly  r a n d o m  w e b  w a s  a l s o  c r e a t e d  

w h ic h  r e p r e s e n te d  a  s h e e t  w i th  n o  m a c h in e  in d u c e d  

d i r e c t i o n a l i ty .  In  o r d e r  to  s i m p l i f y  th e  c o n s t r u c t i o n  o f  

th e  r a n d o m  s h e e t s ,  th e y  w e r e  a l l o w e d  to  g r o w  u n c o n ­

s t r a in e d  in  th e  z  d i r e c t i o n  w h ic h  a l l o w e d  f o r  a  d e n s e r  

h o r iz o n ta l  p a c k in g ,  b u t  p r o d u c e d  m o d e l s  t h a t  d id  n o t  

c o r r e s p o n d  to  th e  z d im e n s i o n s  o f  a c tu a l  s h e e t s .  

R e f le c ta n c e  f u n c t io n s  in  b o th  th e  c r o s s  a n d  m a c h i n e



F ig u r e  1 0 a  a n d  1 0 b : S im u la t io n  r e s u l t s  f o r  a  fu l ly

o r i e n t e d  s h e e t  m o d e l  a n d  a  1 5 °  v a r i a n t  w e b  a t  -7 5 °  

i n c i d e n t  i l lu m in a t io n .

d i r e c t i o n  w e r e  g e n e r a t e d  u s in g  th e s e  m o d e l s  a n d  a r e  

s h o w n  in  F ig u r e  10.

A s  s e e n  in  f i g u r e  1 0 a , th e  s p e c u l a r  p e a k  in  th e  

c r o s s - m a c h i n e  d i r e c t i o n  o f  th e  fu l ly  o r i e n te d  c a s e  is  

s m a l l e r  t h a n  th e  c o r r e s p o n d in g  p e a k  in  th e  m a c h in e  

d i r e c t i o n .  T h e  c h a r a c t e r i s t i c s  o f  th e s e  c u r v e s  a re  

s i m i l a r  in  n a tu r e  to  th e  m e a s u r e m e n t  r e s u l t s  s h o w n  in  

F ig u r e  9 .  T h e  1 5 °  v a r i a n t  m o d e l  m o r e  r e a l i s t i c a l ly  

m o d e l s  t h e  o r i e n t a t i o n  th a t  w o u ld  b e  f o u n d  in  a n  a c tu a l  

s h e e t ,  a n d  th e s e  r e s u l t s  a r e  s h o w n  in  F ig u r e  1 0 b . T h e r e  

is  s t i l l  a  s i g n i f i c a n t  a n i s o t r o p y  e x h ib i t e d  in  th e  r e f l e c ­

t a n c e  f u n c t io n s  o f  th i s  m o d e l .  F ig u r e  1 0 c  s h o w s  th e  

r e s u l t s  o f  s i m u l a t i o n s  o n  th e  f u l ly  r a n d o m  m o d e l .  T h e s e  

r e s u l t s  c o n f i r m  th a t  th e  a n i s o t r o p i c  e f f e c t s  d i s a p p e a r  fo r  

a  w e b  t h a t  h a s  f i b e r s  o r i e n t e d  in  a n  e n t i r e ly  r a n d o m  

f a s h io n .

W h i l e  th e  a n i s o t r o p i c  r e f l e c t iv e  p r o p e r t i e s  o f  a  

s h e e t  c o u l d  b e  in f e r r e d  f r o m  i t s  m e th o d  o f  m a n u f a c tu r e ,  

th e  e x i s t e n c e  o f  r e t r o r e f l e c t a n c e  w a s  in i t i a l ly  a  s u r p r is e .  

T h i s  e f f e c t  w a s  d i s c o v e r e d  o n ly  a f t e r  e x a m in in g  th e  

r e s u l t s  f r o m  th e  f i r s t  s e t  o f  m e a s u r e m e n ts .  B a c k s c a t t e r ,  

o r  e n h a n c e d  r e t r o r e f l e c t a n c e ,  h a s  in  f a c t  b e e n  p r e v i ­

o u s l y  r e p o r t e d  f o r  a  n u m b e r  o f  a  m a te r i a l s  ( O e tk in g  

1 9 6 6 ,  E g a n  a n d  H i lg e m a n  1 9 7 5 , a n d  K u g a  a n d  I s h im a r u

-90 -60 -30 0 30 60
c) Exit Angle (degrees)
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F ig u r e  1 0 c : S im u la t io n  r e s u l t s  f o r  a  f u l ly  r a n d o m  w e b  

s h o w n  a t  - 7 5 °  in c i d e n t  i l lu m in a t io n .

1 9 8 4 , M e n d e z  a n d  O ’D o n n e l l  1 9 8 7 ) .  I n  th e  c a s e  o f  th e  

m a n u f a c tu r e d  s h e e t ,  i t  w a s  t h e o r iz e d  th a t  th e  g e o m e t r y  

o f  t h e  c o a t i n g  c o n t r ib u t e d  to  th e  r e t r o r e f l e c t a n c e .  T h e  

p a p e r  g e o m e t r i e s  m o d e le d  u p  to  th i s  p o in t  h a d  n o t  

p r o d u c e d  r e f l e c t a n c e  f u n c t io n s  t h a t  c o n ta i n e d  r e t r o r e -  

f l e c t i o n  p e a k s .  T h e  m a in  d i f f e r e n c e  b e tw e e n  th e s e  

m o d e l s  a n d  th e  a c tu a l  m a n u f a c tu r e d  s h e e t  w a s  th e  

a d d i t i o n  o f  a  c o a t i n g .  T h e  a s p e c t  o f  a  c o a t i n g  th a t  h a s  

th e  m o s t  in f lu e n c e  o n  th e  s p a t i a l  d i s t r i b u t i o n  o f  s c a t ­

t e r e d  l i g h t  i s  th e  s h a p e  o f  th e  p a r t i c l e s  u s e d  in  th e  

c o a t in g .

C la y  a n d  c a lc iu m  c a r b o n a t e  a r e  th e  tw o  p r im a r y  

c o m p o n e n t s  o f  th e  c o a t i n g  m ix tu r e  u s e d  in  th e  m a n u ­

f a c t u r e d  s p e c im e n .  T h e  p la t e le t - l ik e  s t r u c tu r e  o f  c la y  

t e n d s  to  e n h a n c e  th e  s p e c u l a r  r e f l e c t i o n  o f  th e  s c a t t e r e d  

l i g h t  ( C la r k  a n d  R a m s a y ,  1 9 6 5 ) .  C a lc i u m  c a r b o n a t e  is  

m o r e  s p h e r o id a l l y  s h a p e d ,  a n d  th u s  t e n d s  to  s c a t t e r  l ig h t  

in  a l l  d i r e c t i o n s .  T h e  s p h e r ic a l  g e o m e t r y  o f  c a lc iu m  

c a r b o n a t e  m a y  a l s o  c o n t r ib u t e  to  th e  o b s e r v e d  

b a c k s c a t t e r  in  th e  r e f l e c t a n c e  f u n c t io n s  o f  th e  m a n u f a c ­

tu r e d  s p e c im e n .  A  v i r tu a l  m o d e l  o f  c a l c iu m  c a r b o n a te  

w a s  c o n s t r u c t e d  to  e x p lo r e  th i s  l i n e  o f  r e a s o n in g .

T h i s  m o d e l  c o n s i s t e d  o f  a  v o lu m e  F illed  w i th  s m a ll  

t r a n s p a r e n t  s p h e r e s .  T h e s e  s p h e r e s  h a d  a  r a d iu s  o f  5 0 0  

urn, a n d  th e i r  in d e x  o f  r e f r a c t i o n  w a s  s e t  to  b e  1 .6  

c o r r e s p o n d in g  to  v a lu e s  r e p o r t e d  in  ( J o h n s ,  1 9 7 7 ) . T h e  

s p h e r e s  w e r e  p a c k e d  b y  a  s im p le  r a n d o m  in s e r t io n  

a lg o r i t h m  in  a  v o lu m e  w h ic h  m e a s u r e d  2 5 0  x  2 5 0  x  1 7 0  

mm. T h i s  m e t h o d  i s  s i m i l a r  to  th e  o n e  e m p lo y e d  b y  

G o n d e k  e t  a l .  ( 1 9 9 4 )  to  m o d e l  p ig m e n te d  p la s t i c s .  

S in c e  th e  g e o m e t r y  o f  s p h e r e s  w il l  p r o d u c e  r e la t iv e ly  

d i f f u s e  s c a t t e r in g ,  th e  r e s u l t i n g  r e f l e c t a n c e  fu n c t io n s  

s h o w e d  s i g n i f i c a n t  a m o u n t s  o f  e n e r g y  in  th e  r e t r o r e -  

f l e c t i o n  d i r e c t i o n ;  b u t  th e s e  f u n c t io n s  w e r e  n o t  v e ry  

s u g g e s t iv e  o f  th e  o n e s  f o u n d  in  th e  m e a s u r e m e n t  r e s u l t s .

A  s e c o n d  m o d e l  w a s  d e v e lo p e d  in  w h ic h  th e  c a l ­

c iu m  c a r b o n a t e  c o a t i n g  w a s  p l a c e d  o n  to p  o f  a  

s im u la te d  b a s e  s t o c k  w e b .  S in c e  r e a l  c o a t in g s  h a v e  a



F ig u r e  11 : T h e  e f f e c t s  o f  s im u la te d  c a l c iu m  c a r b o n a te .  

R e f le c ta n c e  f u n c t io n s  f o r  th e  c a lc iu m  c a r b o n a t e  o v e r  

s i m u l a te d  w e b  m o d e l  a n d  a  s i m i l a r  w e b  w i th o u t  c o a t in g .

b in d e r  a p p l i e d  t o  th e m  in  o r d e r  to  s e c u r e  th e m  to  th e  

s u b s t r a t e ,  th e  s p h e r e s  in  th i s  n e w  m o d e l  w e r e  p a r t i a l ly  

e m b e d d e d  in  a  m e d i u m  w i th  a n  i n d e x  o f  r e f r a c t io n  o f

1.1 w h ic h  r e p r e s e n t e d  th e  b in d e r  ( J o h n s ,  1 9 7 7 ) . 

S im u la t io n s  w e r e  r e - r u n  o n  th i s  s e c o n d  m o d e l ,  a n d  th e  

r e s u l t s  a r e  s h o w n  in  F ig u r e  1 1 . T h e s e  r e f l e c ta n c e  

f u n c t io n s  s h o w  s i m i l a r  c h a r a c t e r i s t i c s  t o  th o s e  o f  th e  

m e a s u r e d  s a m p le .  T h e r e  is  b o th  a  s p e c u l a r  p e a k ,  a n d  a  

r e t r o - r e f l e c t a n c e  p e a k  p r e s e n t  in  th e  c u r v e .  S im u la t io n s  

ru n  o n  a  s i m i l a r  w e b  w i th o u t  th e  c o a t i n g  r e v e a l  th a t  th i s  

e f f e c t  i s  n o t  p r e s e n t  in  th e  a b s e n c e  o f  th e  c o a t in g s  a s  

s h o w n  o f  F i g u r e  1 1 . T h e  m e a s u r e m e n t  r e s u l t s  o f  th e  

h a n d m a d e  s a m p le  a l s o  s u p p o r t  th i s  c la im .  T h e  m e a s ­

u r e d  b a c k s c a t t e r  f o r  t h i s  u n c o a te d  s a m p le  w a s  

s i g n i f i c a n t ly  l e s s  th a n  th a t  o f  th e  c o a t e d  s a m p le  a s  n o te d  

in  F ig u r e  8 .

W h i l e  t h e s e  r e s u l t s  s u p p o r t  th e  t h e o r y  th a t  th e  g e ­

o m e t r y  o f  th e  c a l c iu m  c a r b o n a t e  c o a t i n g  c o n t r ib u t e s  to  

th e  o b s e r v e d  r e t r o - r e f l e c t a n c e ,  i t  m u s t  b e  n o te d  th a t  th e  

s p h e r e  m o d e l s  u s e d  in  t h e s e  s i m u l a t i o n s  r e p r e s e n te d  a  

f i r s t  o r d e r  a p p r o x i m a t io n  o f  th e  g e o m e t r y  o f  c a lc iu m  

c a r b o n a t e .  T h e r e  i s  r e a s o n  to  b e l i e v e  th a t  th e  g e o m e t ry  

o f  o t h e r  m a t e r i a l s  in  a  s h e e t  m a y  a l s o  p la y  s o m e  r o le  in  

th e  o b s e r v e d  b a c k s c a t t e r  p h e n o m e n o n  a n d  th a t  o th e r  

o p t i c a l  p r o p e r t i e s  m ig h t  a l s o  c o n t r ib u t e  t o  t h i s  e f f e c t .  A  

m o r e  p r e c i s e  m o d e l  o f  b o th  th e  c o a t i n g s  a n d  f ib e r  

s u b s t r a t e  w o u ld  b e  r e q u i r e d  to  c o n c lu d e  th a t  th e  

c o a t i n g s  a r e  th e  p r i m a r y  s o u r c e  o f  th i s  e f f e c t .

6 Conclusions
I n  t h i s  p a p e r  th e  t e c h n i q u e  o f  b u i l d in g  lo c a l  r e f l e c ­

t io n  m o d e l s  b y  s i m u l a t i n g  l i g h t  r e f l e c t io n  a t  v e ry  s m a l l  

s c a le s  h a s  b e e n  a p p l i e d  t o  s o m e  d i f f i c u l t  r e a l  w o r ld  

p r o b le m s .  I n v e s t ig a t in g  th e  r e f l e c t a n c e  o f  a  h u m m in g ­

b ir d  f e a t h e r  r e q u i r e d  th e  u s e  o f  s u b s u r f a c e  m o d e l in g

te c h n i q u e s  th a t  w e r e  f a r  m o r e  c o m p l i c a t e d  t h a n  th o s e  

u s e d  in  p r e v i o u s  e f f o r t s  to  m o d e l  l o c a l  l i g h t  r e f l e c t i o n  

th r o u g h  s im u la t io n .  T h e  e x e r c i s e  s h o w e d  th a t  i t  w a s  

p o s s ib le ,  b y  r e f in in g  th e  s u b s u r f a c e  m o d e l ,  t o  a p p r o a c h  

p r e v io u s ly  p u b l i s h e d  a n a ly t i c a l  r e s u l t s .  In  e x p l o r i n g  th e  

r e f l e c t a n c e  o f  p a p e r ,  m e a s u r e m e n t s  w e r e  t a k e n  u s in g  

s o p h i s t i c a te d  la b o r a to r y  e q u ip m e n t  a n d  s u b s u r f a c e  

m i c r o s t r u c t u r e s  w e r e  m o d e le d  in  a n  a t t e m p t  t o  m a tc h  

th e  m e a s u r e d  r e f l e c t a n c e  p r o p e r t i e s .  I n  th i s  c a s e ,  w h e r e  

th e r e  w a s  n o  e x i s t i n g  a n a ly t i c a l  e x p r e s s i o n ,  th e  m o d e l  

s u c c e s s f u l ly  c a p tu r e d  b o th  th e  a n i s o t r o p i c  a n d  r e t r o -  

r e f l e c t a n c e  p r o p e r t i e s  o f  th e  m e a s u r e d  d a ta .  I n  a d d i ­

t io n ,  th i s  p a p e r  e x te n d e d  th e  c a p a b i l i t i e s  o f  th e  

s im u la t io n  to o l  to  in c lu d e  r e f r a c t i o n  a n d  m u l t i l a y e r  

in t e r f e r e n c e .  T h i s  is  im p o r t a n t  b e c a u s e  s i m u l a t i n g  

s u b s u r f a c e  l ig h t  i n t e r a c t io n s  r e q u i r e s  a  r o b u s t  o p t i c s  

m o d e l .

A l l  o f  th e s e  d e v e lo p m e n ts  a r e  s t e p s  a lo n g  th e  p a th  

to  c r e a t in g  a  p r a c t i c a l  d e s ig n  to o l  f o r  c o l o r  t e c h n o l o ­

g is t s .  E v e n tu a l ly  it  w i l l  b e  p o s s i b l e  t o  s i m u l a t e  th e  

r e f l e c t a n c e  p r o p e r t i e s  o f  n e w  s u r f a c e  c o a t i n g s  a n d  to  

u s e  c o m p u t e r  g r a p h ic  r e n d e r in g s  t o  v i s u a l i z e  t h e i r  

a p p e a r a n c e .  T h i s  w il l  m a k e  i t  p o s s i b l e  t o  g o  f r o m  

d e s ig n  c o n c e p t  to  f in a l  p r o d u c t  w i th o u t  h a v in g  to  c r e a t e  

a  l a r g e  n u m b e r  o f  p r o to ty p e s .  W h e n  th i s  h a p p e n s  th e  

p a in t  a n d  c o a t i n g s  in d u s t r i e s  w il l  h a v e  th e  s a m e  t y p e  o f  

c o m p u t e r  a id e d  d e s ig n  to o l s  c u r r e n t l y  e n jo y e d  b y  th o s e  

in  th e  a u to m o t i v e ,  a i r c r a f t ,  a n d  e l e c t r o n i c s  in d u s t r i e s .
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