




C om puter V ision: A M odern A pproach
!

C om puter V ision: A lgorithm s and A pplications

P robabilistic R obotics!

M obile R obotics: M athem atics, M odels, and M ethods!





































O ptics!





n1sinα1 = n2 sinα2 n1α1 = n2α2



• Sim plification of geom etrical optics for w ell-behaved lenses 

• A ll parallel rays converge to one point on a plane located at the 
focal length f 

 

• A ll rays going through the center are not deviated 
–H ence sam e perspective as pinhole 

f 



• Start by rays through the center 



• Start by rays through the center 

• C hoose focal length, trace parallels 

f 



• Start by rays through the center 

• C hoose focal length, trace parallels 

• You get the focus plane for a given scene plane 

–A ll rays com ing from  points on a plane parallel to the lens 
are focused on another plane parallel to the lens 

f 



f 

• To focus closer than infinity 

–M ove the sensor/film  further than the focal length  
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http://toothw alker.org/optics/vignetting.htm l!



http://toothw alker.org/optics/vignetting.htm l!





R ,T!

P B!

P C !



C P!

f!

(X ,Y, Z)!
(fX /Z,fY /Z, f )!

(X , Y, Z) !  (f X /Z, f Y /Z, f ) !  (f X /Z, f Y /Z) in im age!

!
Im plicit assum ptions: (1) O nly coordinate fram e centered at C P. !
(2) O rigin of im age plane = intersection point w ith z-axis. !
(3) Im age plane is uniform !
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C P!

f!

P’ = (X’,Y’, Z’)!

x!
y!

z!

x’!

!

y’!

!

z’!

O rigin of im age plane!

Let (R ,T) = Euclidean transform ation from  global to cam era fram e s.t. 
R *P’ + T = P is expression for P’ in cam era fram e. !
(u,v) = coordinates of principal point (intersection of z axis of cam era 
fram e w ith im age plane) in im age plane. !
 Plane has skew  θ and scale factors α and β (assum e θ = 0 for sim plicity).!
!

P = (X ,Y, Z)!

(u,v)!
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= K 3x3E 3x4P = M 3x4P
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R eal sensor plane!

V irtual sensor plane!(x,y)!(x’,y’)!

y’!x’!
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P. Vuylsteke and A. O osterlinck, “Range im age acquisition w ith a single binary-encoded light pattern”, IEEE Transactions on Pattern 
A nalysis and M achine Intelligence (PA M I), Volum e 12, Issue 2, Pages 148-164, February 1990□
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C lasses m ay overlap and 
have large variance!

C auses of variation:!

A lbedo variation!
Pow er of illum ination!
Spectral content of illum ination!
Illum ination and view ing geom etry!
N oise!
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450nm  
im age!

550nm  
im age!

650nm  
im age!

800nm  
im age!



G -R -IR !B -G -R !



650nm  im age! 800nm  im age! 650:800 ratio im age!

C lassified im age!

: = 
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H SV(i, j) =  f ( RG B(i, j) )!



(a)! (b)!

(c)! (d)!





Finlayson et al, “O n the 
rem oval of shadow s from  
im ages”, IEEE Transactions 
on Pattern A nalysis and 
M achine Intelligence, 28(1), 
January 2006!



source!

surface!
reflection!

surface!

incident!
direction!

   body!
reflection!

B ody R eflection:!
!D iffuse R eflection!
!M atte A ppearance!
!N on-H om ogeneous M edium !
!C lay, paper, etc!

Surface R eflection:!
!Specular R eflection!
!G lossy A ppearance!
!H ighlights!
!D om inant for M etals!

Im age Intensity  =  B ody R eflection + Surface R eflection!



source!

B ody R eflection:!
!

!D iffuse R eflection!
!M atte A ppearance!
!N on-H om ogeneous M edium !
!C lay, paper, etc!

Surface R eflection:!
!

!Specular R eflection!
!G lossy A ppearance!
!H ighlights!
!D om inant for M etals!

M any m aterials exhibit both R eflections:!



sr -1!f(θi,φi,θr,φr)

f(θi,θr,φi−φr )

(θi,φi) (θr,φr)



f(θi,φi,θr,φr)= k

Ei = E cosθi

Lr = kE cosθi



S cience
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O bserved Im age C olor  =  a  x  B ody C olor +  b  x  Specular R eflection C olor!

R !

G

B!

C olor of source!

C olor of surface!
(diffuse/body reflection)!D oes not specify any specific m odel for!

diffuse/specular reflection!

C olor of specularity!



Theory of R eflectance and E m ittance S pectroscopy



V isible!

LW IR!




