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Abstract of the Thesis

Generating Video Frames with Depth Of Field and Motion Blur Effects

for 3D Animation

by

Karthik Sathyanarayana

Master of Science

in

Computer Engineering

Stony Brook University

2010

Researchers in the field of Image Processing and Computer Vision have been

working hard to understand and resolve the problems arising due to depth of field

(DOF) effects and relative motion between the scene and imaging system. The varying

degradation seen in the image of an object due to its depth characteristics is called

depth dependent defocus blur and the blurring effect observed in the images of moving

objects is called motion blur. We have developed a set of algorithms to generate
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shift-variant defocus and motion blur effects and have presented the same through

this thesis. Our algorithm precisely takes into account the rigid body motion of 3-D

objects which includes translational and rotational motion in any arbitrary direction.

Camera parameters such as aperture diameter, focal length and the location of image

detector are used to calculate the blur circle radius of Point spread functions (PSFs)

modeled by Gaussian and Cylindrical functions. We also describe a novel and simple

method of image inpainting used for filling the missing pixels that arise due to round

off errors occurred during interpolation or changes in magnification. Experiments

have been carried out on a set of 3-D shapes like, but not limited to, sphere, cylinder,

cone, etc. Results are documented to demonstrate the correctness of our algorithm.

The methods described through this thesis can be used in generating realistic 3D

animation. The results are also useful as simulated test data with known ground

truth in the testing and evaluation of image and video de-blurring algorithms.
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Chapter 1

Introduction

Blurring effects in an image can arise due to depth of field (DOF) and relative

motion between imaging system and the object being imaged. Such effects on one

hand are problematic for computer vision algorithms that try to extract details from

an image. And on the other hand they are useful for generating highly realistic

3D animation. At present, 3D animation video generated in computer graphics

applications does not seem to include realistic depth-of-field effects (i.e. depth

dependent defocus blur) and motion blur effects that are associated with human

vision as well as actual video cameras. Introducing such effects would enhance the

perception of animation video to be more realistic and natural.

In this thesis we demonstrate a set of algorithms to generate such images with

shift variant defocus and motion blur. We consider a set of 3D shapes such as cylinder,

cone, sphere, ellipsoid, etc for our experiments. Rigid body motion of 3-D objects

which includes translational and rotational motion in any arbitrary direction is taken
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into account. Camera parameters such as aperture diameter, focal length and the

location of image detector are used to calculate the blur circle radius of Point spread

functions (PSFs) modeled by Gaussian and Cylindrical functions. We present a novel

and simple scheme for filling the missing pixels that occur during the generation

of such images due to round off errors and magnification effects. This scheme for

addressing missing pixels is extended as a solution to the problem of Image Inpainting.

We have developed a software program titled ”Software Camera for Objects

with 3 Dimensions (SCO-3D)” to demonstrate our algorithms and view the results.

Our software allows the user to set the various camera, shape and motion parameters

through an intuitive user interface. The software is capable of producing video frames

with shift variant defocus and motion blur based on the specified object and motion

parameters. SCO-3D can be used as a research tool to generate test data for the

verification of image and video deblurring algorithms. The images generated by our

software can be compiled to result in animation video that shows depth of field and

motion blur effects as seen by human vision or as captured by a real video camera.

We can also use SCO-3D to generate stereo images of different 3D shapes with shift

variant defocus and motion blur effects. These images can be used for research in the

field of shape from defocus, shape from motion and shape from stereo.

1.1 Thesis overview

In Chapter 2 we describe the fundamentals of imaging such as pin hole camera

model and the image blurring process. We derive the equations for shift variant and
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shift invariant blurring which are used to generate images of 3D objects in subsequent

chapters. We also list the rigid body motion (translation and rotation) formulae that

will be used to simulate object motion in any arbitrary direction.

In Chapter 3 we choose a set of preliminary 3D shapes such as cylinder, sphere,

cone, plane and ellipsoid to generate images with shift variant defocus blur. For

generating such images we first derive the equations to determine the depth of all

visible points of a 3D shape relative to the lens of a camera. Using these equations

and camera parameters we determine the amount of blurring in the image based on

standard PSF models such as Cylindrical and Gaussian. We demonstrate the results

generated by our software SCO-3D.

In Chapter 4 we present our method to generate images of moving 3D objects.

The images that we generate contain shift variant defocus and motion blur. We resolve

the problem of missing pixels that occurs during the generation of such images using

a heuristic algorithm.

In Chapter 5 we extend our algorithm for the problem of missing pixels to address

the more general problem of image inpainting. Here, we show the results of our

method on a set of natural and synthetically generated test images.

In Chapter 6 we present the summary of our work that highlights its importance.

Finally, we discuss the future scope of our research.
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Chapter 2

Imaging Fundamentals

2.1 Motivation

The image of a planar object placed perpendicular to the optical axis facing the

lens such that it is not in focus, will contain the same amount of blur at every pixel

based on geometic optics. This is also called as shift invariant blur. However, the

image of a 3D object using a limited depth of field imaging system will contain varying

amount of blur at every pixel. This is also called as shift variant blur. Through this

chapter we try to understand the optics and derive mathematical relations associated

with the process of blurring.

This chapter describes three important aspects of imaging required to understand

the algorithm used for generating images with shift variant blur and motion blur.

Firstly, we explain the pin hole camera model and derive a relation between the object

point and corresponding image point. Next, we state the equations associated with
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rigid body motion which will be useful for simulating object motion in 3 dimensions.

Finally, we explain the image blurring process and the equations associated with both

types of blur namely, shift invariant and shift variant.

2.2 Camera model and perspective projection

Figure 2.1: Pin hole camera model

We use the pin hole camera model to understand the geometry of the image

formation process as shown below in Figure 2.1.

The projection of the object point P onto the image plane is obtained by locating the

point of intersection of the line OP with the image plane when extended towards the

image plane. Using this model we derive a relation between the 3D coordinates of

the object point and the image point. To avoid the inverted image problem we place

the image plane at a distance f in front of the optical centre as shown in Figure 2.2.

I(X’,Y’) is the image point corresponding to object point P. We observe that the

distance of point P from the z axis is R =
√

X2 + Y2 and the distance of point I
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Figure 2.2: Perspective projection model [1]

from the z axis is R’ =
√
X’2 + Y’2. Triangle IMO and triangle PNO are similar

triangles and thus we have the following relation:

f

ON
=

R’

R
(2.1)

Triangles IQM and PSN are also similar triangles. Thus we can have the relations:

X’

X
=

Y’

Y
=

R’

R
(2.2)

Combining equations 2.1 and 2.2 we obtain the following: For convenience we

denote the distance ON by z

X’

X
=

f

z
and

Y’

Y
=

f

z
(2.3)

Thus the coordinates of the point P(X,Y,Z) on the image plane is given by the

equations
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X’ =
f

z
X (2.4)

Y’ =
f

z
Y (2.5)

We will use the equations 2.4 and 2.5 later in Chapter 3 where we explain the

algorithm and equations to generate images with shift variant defocus blur and motion

blur.

2.3 Rigid body motion

To determine the new position of an object/scene point after translational and/or

rotational motion we use the rigid body motion formulae described in this section

[1]. By definition, rigid body motion assumes that there is no change in the shape

or size of an object during its motion. Translational motion can be described by

considering velocity of the object point in x, y and z direction with reference to

camera coordinates. Rotational motion can be characterized by the knowledge of

angular velocity about the x, y and z axis with respect to the object coordinates.

The origin of the camera coordinates is considered as the centre of the lens and

also called the Optical center, see Figure 2.2. The object coordinate system has its

origin at the center of the object. As an example, for a spherical object, its center is

considered as the origin of the object coordinate system. We will define the object

center in detail in Chapter 3.
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A brief description of the important parameters of translational and rotational motion

are as follows:

X0, Y0, Z0 - The x, y and z coordinates of the initial position of the object point

in camera coordinate system.

vx, vy, vz - The velocity of the object in x, y and z directions respectively.

X1, Y1, Z1 - The x, y and z coordinates of the object point after translational

motion with reference to camera coordinate system.

ωx, ωy, ωz - The angular velocity of object points about the x, y and z axis of

the object coordinate system.

θx, θy, θz - The angle made by an object point about the x, y and z axis

respectively after rotational motion with respect to the object

coordinates.

X’, Y’, Z’ - The final position of the object point after rotational and

translational motion as per camera coordinates.

t - The time interval between 2 consecutive frames of a video that

captures moving objects.

The relation between new position of the object point after translational motion

is given by the following equations :

X1 = X0 + vxt (2.6)

Y1 = Y0 + vyt (2.7)
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Z1 = Z0 + vzt (2.8)

The equations depicting the new angles made by the object points after rotational

motion only are :

θx = ωxt (2.9)

θy = ωyt (2.10)

θz = ωzt (2.11)

The relation between the new position (X’,Y’,Z’) of an object point initially at

(X0,Y0,Z0) after translational and rotational motion with parameters specified above

is given by


X ′

Y ′

Z ′

 =


X0 + vxt

Y0 + vyt

Z0 + vzt

+

 R

3× 3 rotation matrix



X1

Y1

Z2

 (2.12)

where Z2 is the distance of the object point after translational motion from the

xy-plane in the object coordinate system. It can be computed using the equation

below

Z2 = (z-coordinate of the object center in camera coordinate system)− Z1 (2.13)
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The 3× 3 orthonormal matrix for rotation R is given by

R =


rxx rxy rxz

ryx ryy ryz

rzx rzy rzz

 (2.14)

The entries of the rotation matrix R are defined in the equations below

rxx = cos(θy)cos(θz) (2.15)

rxy = sin(θx)sin(θy)cos(θz) + cos(θx)sin(θz) (2.16)

rxz = −cos(θx)sin(θy)cos(θz) + sin(θx)sin(θz) (2.17)

ryx = −cos(θy)sin(θz) (2.18)

ryy = −sin(θx)sin(θy)sin(θz) + cos(θx)cos(θz) (2.19)

ryz = cos(θx)sin(θy)sin(θz) + sin(θx)cos(θz) (2.20)

rzx = sin(θy) (2.21)

rzy = −sin(θx)cos(θy) (2.22)

rzz = cos(θx)cos(θy) (2.23)

2.4 Image blurring process

The Figure 2.3 shows the image formation process using paraxial geometric

optics. For a convex lens, the light radiated by the object point P, intercepted by the

lens, is refracted by the lens to converge at a point P’ on the image plane (IP). The

distance of the point P can be determined by the well known Lens maker’s formula
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Figure 2.3: Image formation and blurring process [2]

below.

1

u
+

1

v
=

1

f
(2.24)

where, u = distance between the lens and the object point P, v = distance

between lens and image point P’ and f = focal length of lens.

If the image detector is moved to coincide with the image plane (IP) then a focused

image of the object point P is obtained. A point object at a distance u on one side

of the lens produces a point image at a distance v on the other side of the lens with

focal length f. If the image detector (ID) is displaced relative to the image plane by

a distance s - v, such that it still remains parallel to the image plane, then the point

object P no more produces a point image on the image detector. The light from the

object point P gets distributed over a circular region on the image detector. The
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circular region is called blur circle with radius R, see Figure 2.3. The distribution

of light in a blur circle is given by the 2D Point Spread Function (PSF) which is

denoted as h(x, y). The PSF can be modelled by using geometric optics or wave

optics. Although, the physical distribution of light as modelled by wave optics would

be more accurate, it is sufficient to assume Gaussian or Cylindrical PSF for our

purpose. A detailed analysis of the different PSFs using wave optics is given in [4].

We restrict our PSF models to be either Gaussian or Cylindrical in shape. For most

aberration free optical systems Gaussian PSF is regarded as a good assumption.

Assuming that the camera system is a lossless system we have

∫ ∫
h(x, y) dxdy = 1 (2.25)

The cylindrical PSF can be represented as

h(x, y) =


1

πR2 if x2 + y2 ≤ R2

0 otherwise

(2.26)

Here, the light from object point P is assumed to have a uniform distribution

within the circular region or the blur circle.

A more accurate model for the PSF would be the Gaussian model which can be

represented as

h(x, y) =
1

2πσ2
e−

x2+y2

2σ2 (2.27)

where σ is a spread parameter corresponding to the standard deviation of
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Gaussian distribution.

In practice, it is found that σ is proportional to the blur circle radius Equation

2.33 i.e.

σ = kR′ for k > 0 (2.28)

In most practical cases

k =
1√
2

(2.29)

is a good approximation [5, 6].

For all practical purposes we assume that the area under Gaussian, effective for

calculating PSF coefficients is a circular region with radius 2σ from the peak. We

normalize the PSF coeffients to maintain the condition in Equation 2.25.

The blur circle is observed for both positive and negative displacements of image

detector. We take into consideration that the object point is defocused on the image

detector only if the blur circle radius R ≥ 0.5.

Next, we derive a relation to express the blur circle radius in terms of known

parameters of the optical system using geometric optics. Let R = Radius of blur

circle, D = Diameter of the lens aperture, s = Distance between the image detector

and the lens. From similar triangles in Figure 2.3 we have

2R

D
=
s− v
v

= s

(
1

v
− 1

s

)
(2.30)
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Using the value of 1
v

from Eq.2.24 we have

2R

D
= s

(
1

f
− 1

u
− 1

s

)
(2.31)

Therefore,

R =
sD

2

(
1

f
− 1

u
− 1

s

)
(2.32)

R can be positive or negative depending on the position of the image detector

being towards or away from the lens with reference to image plane. We introduce

a magnification normalization factor corresponding to s = s0. The normalized blur

circle radius is given as R’ = s0R
s

. Thus Eq. 2.32 can be written as

R′ =
s0D

2

(
1

f
− 1

u
− 1

s

)
(2.33)

A brief discussion on magnification normalization can be seen in [7].

We will use Eq.2.33 in Chapter 3 to determine the blur circle radius for every

object point in a 3D scene.

We now derive a relation between the focussed image and the blurred image

using linear system theory. We can express the shift variant blurred image in terms

of the focused image and noise component as follows

g(x, y) = H[f(x, y)] + η(x, y) (2.34)

where g(x,y) = intensity of the blurred image at (x,y) , f(x,y) = intensity of
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focused image at point (x,y) , η(x, y) = is the random noise and H[] is the linear

blurring operator. The focused image can be represented as

f(x, y) =

∫ ∞
−∞

∫ ∞
−∞

f(α, β)δ(x− α, y − β) dα dβ (2.35)

where δ(x−α, y−β) is the Dirac delta or point object function. Using Eq.2.35 in

Eq. 2.34 we can write the expression for blurred image ignoring the noise component

as follows:

g(x, y) = H[f(x, y)] = H[

∫ ∞
−∞

∫ ∞
−∞

f(α, β)δ(x− α, y − β) dα dβ] (2.36)

Using the property of linear operator H we get

g(x, y) =

∫ ∞
−∞

∫ ∞
−∞

H[f(α, β)δ(x− α, y − β) dα dβ] (2.37)

As f(α, β) is independent of x and y we can rewrite the Eq.2.37 as

g(x, y) =

∫ ∞
−∞

∫ ∞
−∞

f(α, β)H[δ(x− α, y − β) dα dβ] (2.38)

The term

h(x, α, y, β) = H[δ(x− α, y − β)] (2.39)

is called as the 2D Shift Variant Point Spread Function (SVPSF) of the optical

system. This means that the PSF at every point on the image varies depending on

the depth and the position of the object point.

Thus, we can express the blurred image g(x, y) in terms of the focused image
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f(x, y) and the 2D SVPSF h(x, α, y, β) as shown below

g(x, y) =

∫ ∞
−∞

∫ ∞
−∞

f(α, β)h(x, α, y, β) dα dβ (2.40)

Eq. 2.40 is also called Fredholm integral of the first kind.

In case of the shift invariant blur we can represent the blurred image as follows :

g(x, y) =

∫ ∞
−∞

∫ ∞
−∞

f(α, β)h(x− α, y − β) dα dβ (2.41)

This expression represents the convolution integral. A good descripton of the

related theory is given in [8].

In further chapters we will use the concepts and equations related to shift variant

blurring for generating realistic synthetic images of 3D objects.
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Chapter 3

Generating Images with

Shift-Variant Defocus Blur for

Stationary Objects

3.1 Introduction

In Chapter 2 we derived the relation between focused image of an object and

its corresponding blurred image under the shift invariant (Equation 2.41) and shift

variant blurring model (Equation 2.40). In this chapter we present an algorithm,

related expressions and results for producing shift variant blurred images of objects

with different shapes under known conditions. We use the Gaussian PSF model in

most of our experiments due its the smooth decay.

The chapter begins with a literature survey where we talk about related work.

We then introduce our algorithm along with the assumptions and steps involved to
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compute the images of different shapes. Next, we derive the expression for depth

’Z’ of object points based on the object shape. We also provide experimental results

(images) for each object shape listed below. Finally, we provide a generalized method

for computing the image of any quadratic surface.

The different shapes of the objects considered in our experiments are

� Planar

� Cylindrical

� Spherical

� Conical

� Elliptical

3.2 Literature survey

Michael et al. [9] describe a method to produce synthetic images with shift

variant blur. Using a table of sampled values of Z (distance between object point

and the lens) and corresponding PSFs they calculate the blur at every pixel. Subbarao

et al. [10] have demostrated a method where they simulate the formation of defocused

images as taken by a CCD camera.
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3.3 Algorithm to generate synthetic images of 3D

shapes

In this section we explain the algorithm to generate shift variant blurred images

of stationary 3D objects (except for Planar being 2D) and provide resultant images

with test data.

3.3.1 Assumptions

For stationary 3D objects we work under the following assumptions:

� The centre of all objects under consideration lie on the optical axis (This will

be more clear in the ray diagram corresponding to every object given in further

sections).

� The optical medium does not introduce any degradation effect on the light

passing through it.

� All shading and shadow effects in the image of the object are ignored.

� Object sizes are chosen in a manner as to restrict the maximum blur circle

radius to (around) 6 pixels. This limits the time required for the computation

of blurred image in software.

� We do not take into consideration the diffraction effects which are caused due

to finite aperture size.
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3.3.2 Input Parameters

The algorithm requires the following values as input.

� Camera Parameters

– Focal length of lens - f

– Aperture diameter - D

– Pixel size - p

– Distance between image detector and lens - s

– Magnification normalization factor - s0 (assumed to be equal to f)

Note: All parameters are reduced to the same scale.

� Object shape - Planar/Cylindrical/Spherical/Conical/Elliptical

� Object shape parmaters - This will be listed for every object in later subsections.

� Test image is considered as the input focused image of the object. The focused

image is used as the texture for the object under consideration.

3.3.3 Blurred image computation

The steps involved in computing the blurred image of an object can be listed as

follows:

1. Read the test image and store its intensity component values into a 2D array.

2. Choose a pixel at location [i,j] within the 2D array and compute its position

(x,y) in reference to the axis passing through the centre pixel as shown in Fig

3.2 using the Equation 3.1 and Equation 3.2
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Figure 3.1: Image formation ray diagram

Figure 3.2: Representation of the image detector with m rows and n columns. [i,j]
is the 2D array index notation for a pixel whereas (x,y) is the 2D coordinates of the
centre of a pixel

x = p

(
(j − 1)−

(
n− 1

2

))
(3.1)

y = p

(
−(i− 1) +

(
m− 1

2

))
(3.2)

3. Compute the Z value (depth) using shape information and perspective
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projection formulae (see Equation 2.4 and Equation 2.5). We will derive the

general expression to compute Z value for every shape listed in section 3.1 going

further in this chapter. A generic correspondence diagram is given Figure 3.1.

4. With the depth information i.e. Z value of each pixel we calculate the blur circle

radius R′ corresponding to it using Equation 2.33.

For Gaussian PSF we compute the value of σ using the equation below

σ =
√

2R′ (3.3)

5. For every object point the PSF coefficients are computed using Equations 2.26

or 2.27 and are normalized. Next, we distribute the intensity of the chosen pixel

in the focused image onto the blurred image based on the PSF.

6. Repeat the above steps for every pixel in the focused image to compute

the blurred image effectively implementing the Equation 2.40 also called as

Fredholm Integral of the first kind.

The common test image of a brick wall for our experiments is shown in Fig 3.3

The default values of the lens parameters in our experiments were as follows:

� Focal length of the lens - f = 20.0 mm

� Aperture diameter - D = 10.0 mm

� Pixel size - p = 0.01 mm

� Distance of Image plane from lens - S = 21.739 mm
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Figure 3.3: Test image that will be used as texture for all shapes

� Magnification normalization factor - S0 = 20.0 mm

As per the above values all object points with a depth of field centered at 250

mm will be focused in the image.

3.4 Challenges in implementing the algorithm

1. During the generation of such images we need to efficiently take care of occlusion

effects and conditions under which any part of the object is not within the scope

of the camera. We resolve the occlusion problem by considering the pixel closest

to the lens when compared to overlapping pixels farther away from the lens.

Parts of the object which are out of scope of the camera are ignored during

processing.

2. The Z value (depth) determined can result in a complex number in which case,

that pixel in the focused image does not contribute to an object point. It plays
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the role of a background pixel with intensity 0.

3. We stated before that we will be using the Gaussian PSF model in most of our

experiments. This is because prominent quantization error and round off error

in case of cylindrical PSF introduces discontinuity at the pixels separating the

regions with different blur circle radii. However, due to smooth change in the

Gaussian PSF compared to a step function resemblence of a cylindrical PSF we

do not face such issues.

3.5 Software Camera for Objects in 3 Dimensions

(SCO-3D)

At the Computer Vision Laboratory, Department of Electrical and Computer

Engineering, Stony Brook University, we have developed a software titled ”Software

Camera for Objects in 3 Dimensions (SCO-3D)” in MATLAB supported by an

intuitive UI. This software allows the user to easily select the required input

parameters associated with the camera and object shape to generate images with shift

variant defocus blur and motion blur. Further details of the software and selected

source code are provided in the appendix section of the thesis.

3.6 Shape based depth estimation of object points

For all object shapes listed in section 3.1 we derive a closed form expression

for the value of Z (depth) of the object points. Z will be expressed in terms of

known parameters such as position of the corresponding focussed image pixel, shape
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constants (such as slope of a plane, radius of a sphere, etc) and focal length of the

lens.

We can express the depth Z of an object point as a function of its x and y

coordinates (see Fig 3.1) based on its geometry i.e.

Z = F (X, Y ) (3.4)

Substituting the value of X and Y using perspective projection relations (see

Equation 2.4 and Equation 2.5) we rewrite the Equation 3.4 as

Z = F

(
xZ

f
,
yZ

f

)
(3.5)

3.6.1 Planar object

The standard equation of a plane in 3D is given by

BX + CY +DZ + A = 0 (3.6)

We can rewrite the above equation representing Z in the rest of the terms as

Z = a+ bX + cY (3.7)

where a = −A
D

denotes the distance between the centre of the plane and the lens,

b = −B
D

denotes the slope along x axis and c = −C
D

denotes the slope along y axis.
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Using perspective projection formulae we get

Z = a+ b

(
xZ

f

)
+ c

(
yZ

f

)
(3.8)

Grouping terms with Z we get

Z

(
1− bx

f
− cy

f

)
= a (3.9)

Thus, a closed form equation for Z in terms of x,y and f is given by

Z =
a(

1− bx
f
− cy

f

) (3.10)

The results based on our algorithm to generate images of a planar object with

texture as shown in Fig 3.3 are as shown in Fig 3.4 and Fig 3.5.

Figure 3.4: Left: Image of a planar object parallel to the lens which is out of focus i.e.
b = 0, c = 0 and a = 230 mm, Right: Planar object titled along y axis i.e. b = 1.5,
c = 0 and a = 250 mm
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Figure 3.5: Left: Planar object titled along x axis i.e. c = 0.7, b = 0, a = 250 mm,
Right: Planar object titled along both x and y axis i.e. c = 1, b = 1, a = 250 mm

Figure 3.4 left image shows the image of a planar object that is out of focus and

with shift invariant blur. This implies all object points are at the same depth from

the lens.

Figure 3.4 right image shows the image of a tilted planar object. The image

contains shift variant blur such that the amount of blur is increasing as the object

points move away from the y axis or in a direction perpendicular to the y axis.

Figure 3.5 left image shows the image of a tilted planar object. The image

contains shift variant blur such that the amount of blur is increasing as the object

points move away from the x axis.

Figure 3.5 right image shows the image of a tilted planar object. The image

contains shift variant blur such that the amount of blur is increasing as the object

points move away from the main diagonal.
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3.6.2 Cylindrical object

In this section we derive the expression for the distance ’Z’ of any point on a right

circular cylindrical object from the lens as shown in Fig 3.6 and 3.7. The cylindrical

object is assumed to be aligned such that the line passing through the centre of the

cylinder parallel to its surface is perpendicular to the optical axis. The shape specific

constant for a right circular cylindrical object is the radius ρ and the position of the

centre ’C’ of the object (see Fig 3.6).

Figure 3.6: Ray diagram illustrating the side view geometry associated in imaging a
cylindrical object with radius ρ

Using the property of right angled triangle CPR in Fig 3.7 we can write the

expression for radius as

ρ2 = X2 + (c− Z)2 (3.11)

Rearranging the terms and substituting the value of X using perspective

projection formulae we get
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Figure 3.7: Ray diagram illustrating the top view geometry associated in imaging a
cylindrical object with radius ρ

(c− Z)2 +

(
xZ

f

)2

= ρ2 (3.12)

Further we reduce equation 3.12 to derive a quadratic equation in Z as follows

c2 − 2cZ + Z2 +

(
x2Z2

f 2

)
= ρ2 (3.13)

(
1 +

x2

f 2

)
Z2 − 2cZ + (c2 − ρ2) = 0 (3.14)

Denoting a′ =
(

1 + x2

f2

)
, b′ = −2c and c′ = c2 − ρ2 we can write the quadratic

equation in Z as

a′Z2 + b′Z + c′ = 0 (3.15)

29



The general solution for Equation 3.15 is given by

Z =
−b′ ±

√
(b′2 − 4a′c′)

2a′
(3.16)

The above Equation 3.16 represents the closed form equation for the value of Z

for every point on the surface of a cylindrical object shown in Fig 3.6 and 3.7. We

choose only positive and real values of Z.

An important characteristic of a cylindrical object is that, all points with the

same x coordinate (according to the object coordinate system) on the surface of the

cylinder will be at the same distance from the lens irrespective of their y coordinate.

This implies that the blur in the image will change only along the x direction for an

arrangement as shown in Fig 3.6.

The results based on our algorithm to generate images of a cylindrical object

with texture as shown in Fig 3.3 are shown in Fig 3.8 and 3.9.

Figure 3.8: Left: Image of cylindrical object under cylindrical PSF model. Right:
Image of cylindrical object under Gaussian PSF model
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Figure 3.9: Images of cylindrical object with depth dependent defocus blur

Fig 3.8 on the left shows the image of a circular cylindrical object using a

cylindrical PSF model. We can clearly observe the increase in blur as the object

surface moves away from the lens. The position of the cylinder has been chosen such

that the central area is in focus.

Fig 3.8 on the right shows the image of a circular cylindrical object using a

Gaussian PSF model. The rest of the conditions remain same as the left image.

Fig 3.9 shows the images of the cylindrical object with the centre of the cylinder

placed at varying distances from the lens to illustrate the effect of depth dependent

defocus blur.

3.6.3 Spherical object

In this section we derive the expression for the distance ’Z’ of any point on a

spherical object whose centre lies on the optical axis as shown in Fig 3.11 and 3.10.

The shape specific constant for a spherical object is the radius ρ and the position
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Figure 3.10: Ray diagram illustrating the top view geometry associated in imaging a
spherical object with radius ρ

Figure 3.11: Ray diagram illustrating the geometry associated in imaging a spherical
object with radius ρ

of its centre C (see Fig 3.11).

The general equation of a sphere with radius ρ and centre at (i, j, k) is given by

(x− i)2 + (y − j)2 + (z − k)2 = ρ2 (3.17)
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From Fig 3.11 right angled triangles CRP and PR’C are congruent. Thus, we

have the relation

X2 + (c− Z)2 + Y 2 = ρ2 (3.18)

Using the perspective projection relations and rearranging the terms we get

(
x2 + y2

f 2

)
Z2 + c2 + Z2 − 2cZ = ρ2 (3.19)

Reducing further we have

(
x2 + y2

f 2
+ 1

)
Z2 − 2cZ + (c2 − ρ2) = 0 (3.20)

Denoting a′ =
(

1 + x2+y2

f2

)
, b′ = −2c and c′ = c2− ρ2 we can write the quadratic

equation in Z as

a′Z2 + b′Z + c′ = 0 (3.21)

The general solution for Equation 3.21 is given by

Z =
−b′ ±

√
(b′2 − 4a′c′)

2a′
(3.22)

The above Equation 3.22 represents the closed form equation for the value of Z

for every point on a spherical object shown in Fig 3.10 and 3.11. We choose only

positive and real values of Z.

The results based on our algorithm to generate images of a spherical object with

texture as shown in Fig 3.3 are shown in Fig 3.12 and 3.13.
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Figure 3.12: Left: Image of spherical object under cylindrical PSF model. Right:
Image of cylindrical object under Gaussian PSF model

Figure 3.13: Images of spherical object with depth dependent defocus blur

Fig 3.12 left image shows the image of a spherical object using a cylindrical PSF

model. We can clearly observe the increase in blur in the radially outward direction

i.e. as the object points move away from the lens. The object points on the surface
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of the sphere near the centre are in focus as they lie in the depth of field region of

the imaging system.

Fig 3.12 right image shows the image of a spherical object under the Gaussian

PSF model.

Fig 3.13 shows the images of a spherical object with the centre of the sphere

placed at varying distances from the lens to illustrate the effect of depth dependent

defocus blur.

3.6.4 Conical object

In this section we derive the expression for the distance ’Z’ of any point on the

outer surface of a right circular cone object whose centre lies on the optical axis as

shown in Fig 3.14.

Figure 3.14: Ray diagram illustrating the side view geometry associated in imaging
a conical object with apex angle 2θ

The shape specific constant for a cone object is the apex half angle θ and the

position of its apex point - C (see Fig 3.14).
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We derive the relation between the distance of any point P on the outer surface

of the cone from the lens. The distance Z will be expressed in terms of known

parameters related to camera and object shape.

From Fig 3.14 we can write

tanθ =

√
X2 + Y 2

Z − c
(3.23)

Terms in Equation 3.23 can be rearranged to as follows

(Z − c)2 = cot2 θ(X2 + Y 2) (3.24)

Using perspective projection formulae we can reduce Equation 3.24 to

(Z − c)2 = cot2 θ

((
xZ

f

)2

+

(
yZ

f

)2
)

(3.25)

We can reduce the Equation 3.25 to be able to express Z in terms of known

parameters as follows:

(Z − c)2 = cot2 θ

(
Z2

f 2
(x2 + y2)

)
(3.26)

(Z − c)2 = Z2 cot2 θ

f 2
(x2 + y2) (3.27)

(Z − c)2

Z2
= cot2 θ

(
(x2 + y2)

f 2

)
(3.28)

36



1− c

Z
=
(
±
√
x2 + y2

) cot θ

f
(3.29)

Lets denote a′ =
(
±
√
x2 + y2

)
cot θ
f

Thus Equation 3.29 becomes

1− c

Z
= ±a′ (3.30)

1± a′ = c

Z
(3.31)

Z =
c

1± a′
(3.32)

The above Equation 3.32 represents the closed form equation for the value of Z

for every point on a conical object shown in Fig 3.14. We choose only positive and

real values of Z.

The results based on our algorithm to generate images of a conical object with

texture as shown in Fig 3.3 is shown in Fig 3.15. The radius of the circular cone is

assumed to be greater than the field of view of the imaging system. Thus the image

of the conical surface covers the complete image detector area.

Fig 3.15 on the left shows the image of a conical object based on cylindrical PSF

model. The object points on the surface of the cone near the centre are in focus as

they lie in the depth of field region of the optical system. On the right we have an

image correponding to the Gaussian PSF model for the same object.
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Figure 3.15: Images of conical object with depth dependent defocus blur

3.6.5 Elliptical object

In this section we derive the expression for the distance ’Z’ of any point on the

outer surface of an ellipsoid whose centre lies on the optical axis as shown in Fig 3.16.

Figure 3.16: Ray diagram illustrating the side view geometry associated in imaging
an ellipsoid object

The general equation of an ellipsoid with semi-major axis = a, semi-minor axis
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= b, semi-vertical axis = c and centre at (0, 0, 0) is given by

X2

a2
+
Y 2

b2
+
Z2

c2
= 1 (3.33)

The shape specific constants for a ellipsoid object are the semi-major axis = a,

semi-minor axis = b, semi-vertical axis = c and position of its centre ’C’ (see Fig

3.14).

In our experiments we consider a simplified version of the ellipsoid with semi-

major axis = a, semi-minor axis = b, semi-vertical axis = b and centre is at (0, 0, c)

as shown in Fig 3.16

Thus in our case we can rewrite the Equation 3.33 using the Fig 3.16 as

X2

b2
+
Y 2

b2
+

(c− Z)2

a2
= 1 (3.34)

Using the perspective projection relations and expanding a few terms we get

x2 + y2

(bf)2
(Z2) +

c2 + Z2 − 2cZ

a2
= 1 (3.35)

After simplification and rearranging the terms we get

Z2

(
b2 +

(x2 + y2)(a2)

f 2

)
− 2cb2Z + b2(c2 − a2) = 0; (3.36)

Denoting a′ =
(
b2 + x2+y2

f2

)
, b′ = −2cb2 and c′ = b2(c2 − a2) we can write the

quadratic equation in Z as
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a′Z2 + b′Z + c′ = 0 (3.37)

The general solution for Equation 3.37 is given by

Z =
−b′ ±

√
(b′2 − 4a′c′)

2a′
(3.38)

We choose only positive and real values of Z.

Figure 3.17: Images of conical object with depth dependent defocus blur

The results based on our algorithm to generate images of a ellipsoid object with

texture as shown in Fig 3.3 is shown in Fig 3.17.

Fig 3.17 on the left shows the image of a ellipsoid object based on cylindrical

PSF model. The object points on the surface of the ellipsoid near the centre are in

focus as they lie in the depth of field region of the optical system. On the right we

have an image of the ellipsoid object under Gaussian PSF model.
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3.6.6 General Quadratic Surface

Through our analysis and derivations in Sections 3.6.1 - 3.6.5 we have addressed

the method of depth calculation for points on objects with specific shape in terms of

known camera parameters and shape constants. We can generalize our algorithm for

any 3D quadratic surface which is expressed as follows

a200X
2+a020Y

2+a002Z
2+a110XY +a011Y Z+a101ZX+a100X+a010Y +a001Z+a000 = 0

(3.39)

As illustrated in the previous derivations we can use perspective projection

formulae and reduce Equation 3.39 to a quadratic equation in Z and solve for real

and positive values of Z.

Using the above expressions we can extend the algorithm to support complex

objects made up of the primary shapes described in this chapter.

3.7 Summary

Through this chapter we have presented our algorithm and results for generating

shift variant defocus blurred images of 3D objects. The camera parameters such as

aperture diameter, focal length and the distance of the image detector from the lens

are known. These methods and results can be applied to generate highly realistic

animation with depth of field effects.

So far our algorithms have been restricted to stationary objects. In the next chapter

we introduce the methods to generate shift variant blurred images of moving objects.

41



Chapter 4

Generating Images of 3D Objects

in motion

In the previous chapter we presented an algorithm and results associated with

the generation of images of stationary 3D objects simulating the presence of depth

dependent defocus blur. In this chapter we extend our algorithm to moving objects.

We consider rigid body motion (translation and rotation) of 3D objects. We

make use of equations 2.6 to 2.14 for determining the new position of an object point

after translational and rotational motion.

Motion blur is an important visual effect that indicates the motion of an object

in an image. Images of 3D objects under motion will not only contain shift variant

defocus blur but also contain motion blur. Motion blur is caused due to change in

object’s position relative to the camera within the exposure time during imaging.

The exposure time is understood as the duration for which the shutter is kept open.

During this period the image sensor accumulates the incident light energy to result
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in an image.

4.1 Literature survey

Potmesil et al [11] present a method to simulate motion blur in computer

generated images. They model the degradation function due to motion as a shift

invariant PSF (SIPSF). The blurred image can then be computed by the time

domain convolution based approach or the frequency domain Fourier transform based

approach. They have demostrated the results on a scene with 3D objects, each moving

in a different path and velocity. Gonzalez et al. [8] provide similar analysis of shift

invariant motion PSF. They derive the expression of 2D SIPSF in case of objects

moving under uniform linear motion.

4.2 Modeling Motion Blur

4.2.1 Simplified model of the PSF for motion blur

The PSF is modeled as a step function for simplicity. This can be explained

as follows. Let the initial position of an image point corresponding to an object

point P be I(a, b). During the exposure time of the imaging system the object point

P moving at constant velocity results in the displacment of the image point I. Let

the final position of the image point be I(a + ∆x, b + ∆y) after having travelled

a distance of
√

∆x2 + ∆y2 (see Fig 4.1). We model the blurring process by equally

distributing the intensity of the image point over all the pixels in the path from I(a, b)

to I(a+ ∆x, b+ ∆y) in the direction of motion. This model can be represented as a
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2D PSF as follows

h(x, y) =


1√

∆x2+∆y2
a ≤ x ≤ (a+ ∆x), b ≤ y ≤ (b+ ∆y): in direction of motion

0 otherwise

(4.1)

which is in agreement with the property of a lossless imaging systems i.e.

∫ ∫
h(x, y) dxdy = 1 (4.2)

Fig 4.1 shows an example of the motion blur model that we adopt for our

simulation.

4.2.1.1 Limitations of the PSF model to represent motion blur

Our model does not account for PSF with respect to non-uniform or accelerated

motion. In case of non-uniform motion where the object velocity varies, the co-

efficients of the PSF will not be equal. The coefficients of the motion blur PSF will

have higher weight at pixels where the object’s velocity has been lower. This effect

is not realized by our model.

4.2.1.2 Software implementation of motion blur model

Our model has been implemented in software similar to multiple exposure

photography and CEMENT (Computer Enhanced Multiple Exposure Numerical
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Figure 4.1: Illustration of motion blur model used in our experiments. The intensity
of the moving object has been equally distributed over the line of displacement

Technique). We compute a set of frames which are at equally sampled time instants

of the total exposure time and average them to determine the motion blurred image.

A sample frame computed by our algorithm reflects the object’s position at that time

instance which is calculated based on the the rigid body motion equations (Equation

2.6 to 2.14). An example of such image is shown in Fig 4.2 and 4.3.

4.2.2 Classification of motion blur

Motion blur can be broadly classified into two types based on the motion of

objects in the scene as listed below:
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1. Shift invariant motion blur

2. Shift variant motion blur

4.2.2.1 Shift invariant motion blur

Figure 4.2: Image of a planar object moving in the x direction with constant velocity

The blur caused due to the uniform linear motion of object points such that all

their corresponding image points move exactly the same distance. This can happen

under the condition that all moving object points are at the same depth or at the

same distance from the lens. For example, a planar object placed parallel to the lens

moving in x and/or y direction only, with constant velocity but without change in its

depth. The image of such an object will contain shift invariant motion blur. Under

shift invariant motion blur it is needless to say that the PSF at all points on the

image plane due to motion is the same.

Fig 4.2 shows an image of a planar object moving with a constant velocity in the
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x direction and containing shift invariant motion blur. Details of how we generated

this image will be given in section 4.3

4.2.2.2 Shift variant motion blur

Figure 4.3: Image of a spherical object moving in the x direction with constant
velocity

When the blur at every point on the image due to motion of the object points

varies we can say that the image will contain shift variant motion blur. This can be

caused due to the following reasons:

1. Different object points move at different velocities in the scene.

2. Magnification effects of all optical systems. This effect is largely seen due to

the varying depth characteristics of scene points.

Due to the magnification effects, objects points at different depths in the scene

appear to travel varying distances on the image detector inspite of experiencing
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uniform linear motion. Thus the PSF at each point on the image plane varies and is

dependent on the distance and direction of travel of object points.

Fig 4.3 shows an image of a spherical object moving with a constant velocity in

the x direction. It contains shift variant motion blur. Details of how we generated

this image is given in section 4.3

4.3 Algorithm to generate images of moving

objects

Our algorithm computes the image of 3D objects under motion. These images

will include the effects of defocus blur and motion blur based on the shape of the

object and motion parameters. Our software SCO-3D generates synthetic images

which are close to the images produced by a real digital camera with limited depth of

field. The software is capable of generating images equivalent to frames captured by

a video camera used to shoot moving objects. As an example, the image of moving

sphere can be seen in Fig 4.3 which contains shift variant defocus blur and shift

variant motion blur.

In this section we explain the assumptions, input parameters and algorithm to

generate images of 3D objects under motion. The motion can be translational and/or

rotational in 3 dimensional space.

4.3.1 Assumptions

� The opening and closing of the shutter is considered to be instanteneous and

thus we do not need to take into account degradation due to shutter PSF.
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� The optical medium does not introduce any degradation effect on the light

passing through it.

� All shading and shadow effects in the image of the object are ignored.

� Our PSF model for motion blur does not account for non-uniform motion of

the object points.

� The image is considered to be smooth in a 3x3 neighborhood around any pixel.

4.3.2 Input parameters

Along with the input parameters listed in 3.3.2 and their default values we will

need the following input parameters to specify object motion.

� vx, vy, vz - The velocity of the object in x, y and z directions respectively (Unit:

mm/sec).

� ωx, ωy, ωz - The angular velocity of object points about the x, y and z axis of

the object coordinate system (Unit: deg/sec).

� t - The time interval between 2 consecutive frames of a video that captures

moving objects (Unit: secs).

� n - Number of video frames to be genarated
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4.3.3 Computation of blurred image with motion blur and

defocus blur

We sample the interval between 2 frames into equally spaced time instants and

generate an intermediate frame at each time instant. This intermediate frame not

only captures the motion of individual object pixels (using Equation 2.6 to 2.14)

but also contains the respective amount of defocus blur based on object shape. The

number of intermediate frames has been chosen to be 5 for our experiments. This

number is based on the fact that modern digital cameras support multiple exposure

photography with 3 to 10 shots taken in succession to produce one final image. This

number can be changed based on the constraints posed by the optical system. The

intermediate frames are then averaged to give the image of the moving object with

motion blur. It is worth noting that the image points corresponding to object points

nearer to the lens undergo farther displacement than the ones away from the lens.

Magnification effects governed by the perspective projection relations demonstrate

this phenomenon. For ex. let us consider 2 object points, one at a depth of 250 mm

from the lens and the other at a depth of 285 mm from the lens. If these points move

by a distance of 10 mm in the x direction, then the displacements of their image

points will be 80 pixels and 70 pixels respectively given that the image detector is

placed at the focal point (which is at a distance of 20 mm from the lens).

The computation of intermediate frames is performed in the following manner:

1. Store the intensity and depth information (Z value) of all object pixels calculated

based on steps 1 to 3 of section 3.3.3 described in Chapter 3.

2. Using the rigid body motion formulae (Equation 2.6 to 2.14) and the values of
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the motion parameters provided as input, compute the new position (in 3D) of

each object point.

3. Based on the new position determine its respective image plane position using

the perspective projection relations.

4. If the image pixel is within the scope of the image detector then re-calculate the

PSF due to defocus blur with its new depth value and generate the image with

defocus blur as described in steps 4 to 6 of section 3.3.3 described in Chapter

refchap:2.

5. Finally, all intermediate images between 2 frames are averaged to produce a

video frame with shift variant defocus blur and shift variant motion blur.

We maintain a matrix of values called Validity map for every intermediate frame

which indicates if a pixel has a valid intensity and depth value. Background pixels will

have complex values for depth and a set of other pixels will have unknown intensity

and depth values. These pixels with unknown values are termed as “ Missing pixels”

and the reason of their occurence is explained in detail through Figures 4.4, 4.5, 4.6

and section 4.3.4.

We show 3 sample video frames (along with intermediate frames) (see Fig 4.4,

4.5 and 4.6) generated by our software (SCO-3D) of a rotating sphere to demonstrate

the effects of defocus blur and motion blur on moving objects. In the intermediate

frames and the motion blurred frames we notice regions of low intensity (dark) pixels.

This problem is referred as the Missing Pixel problem which is explained in detail in

the next section. The set of all missing pixels in all the images (Fig 4.4, 4.5 and 4.6)
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Figure 4.4: Intermediate frames (1 to 6) of a rotating sphere (about the y axis with
angular velocity ω = 5 deg/sec) and sampled at every 1

5
sec or 1◦ of rotation

has been cumulatively presented (white colored pixels) in Fig 4.7 which is also called

as Mask image.

4.3.4 Problem of missing pixels

In images presented in Fig 4.4 and 4.5 we observe different patterns of missing

pixels in each intermediate frame and motion blurred frame. This is the result of

non-uniform movement of image points on the image detector resulting because of

magnification effects of the lens. As we have previously stated that even though

object points (at different depths) experience uniform motion (linear or non-linear),
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Figure 4.5: Intermediate frames (7 to 15) of a rotating sphere (about the y axis with
angular velocity ω = 5 deg/sec) and sampled at every 1

5
sec or 1◦ of rotation

they undergo dissimilar displacement on the image detector due their varying depth

characteristics. Such effects lead to the phenomenon of missing pixels. For our context

we define the problem of missing pixels as “The non-uniform displacement of image

points corresponding to the uniform motion of 3D object points with different depths
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Figure 4.6: Video frames of a rotating sphere (about the y axis with angular velocity
ω = 5 deg/sec) captured every 1 sec containing motion blur and defocus blur

Figure 4.7: Cumulatively presented missing pixels from Fig 4.4, 4.5 and 4.6

resulting in regions of missing or unknown intensity pixels”. Thus two object points

of different depths that get mapped to neighboring pixels on the image may not get

mapped as neighbors after the object points undergo uniform motion. Even in case

of non-uniform motion i.e. different object points moving at different velocities such

phenomenon is noticed.

We provide examples of such images with missing pixels generated by our software

in several cases of moving objects (see Fig 4.8 to 4.12).

Through our experiments we have observed that these regions of missing pixels
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Figure 4.8: Left: Image of a spherical object with shift variant defocus blur. Centre:
Image of a spherical object after a 45◦ rotation about the x axis with missing pixels.
Right: Mask image corresponding to missing pixels

Figure 4.9: Left: Image of a planar object in focus. Centre: Image of a planar object
after a moving a distance of 10 mm away from the lens with missing pixels. Right:
Mask image corresponding to missing pixels

display specific patterns and the missing pixels are not concentrated in a particular

region. In our experiments we have a single object under translational and/or

rotational motion. We observe that the missing pixels are surrounded by a set of

so called known (non-missing) pixels. Known pixels are the image points for which

the intensity and depth value of their corresponding object points (after motion)

are known. These known pixels can be useful in filling the missing pixels by using
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interpolation techniques. In the next section we provide a heuristic solution to the

problem of missing pixels with analysis and results.

4.3.5 A heuristic algorithm for filling missing pixels based on

interpolation techniques

As per our observations the missing pixel patterns display certain properties

which can be exploited for developing algorithms to resolve them. We have seen

that missing pixels are not clogged in one area of the image to create a big hole

or a randomly shaped region of missing pixels. The patterns of missing pixels are

such that for any missing pixel there are a few known neighbor pixels (maximum

upto 8 in a 3x3 neighborhood). The information of these known neighbors can

be used to fill in an appropriate value into the missing pixel. The missing pixel

not only represents a missing intensity value but also represents a missing depth

value (Z value). Naive linear interpolation methods have been observed to perform

Figure 4.10: Left: Image of a planar object in focus. Centre: Image of a planar
object after a 45◦ rotation about the z axis with missing pixels. Right: Mask image
corresponding to missing pixels
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Figure 4.11: Left: Image of a cylindrical object with shift variant defocus blur.
Centre: Image of a cylindrical object after a 30◦ rotation about the z axis and 10
mm translational in the z direction away from the lens showing missing pixels. Right:
Mask image corresponding to missing pixels

Figure 4.12: Left: Image of a conical object with shift variant defocus blur. Centre:
Image of a conical object after a 20◦ rotation about the x axis and 10 mm translation
in the z direction away from the lens showing missing pixels. Right: Mask image
corresponding to missing pixels

ineffectively. The distances of nearest known pixels from the missing pixel can vary

in many cases. For example, in Fig 4.9 we see that the pattern of missing pixels

is seen as straight lines. Thus, given a pixel at the intersection of 2 lines we may

not have any known neighbor pixels in either x direction or y direction. Thus any

linear interpolation technnique based on 4 neighbor approach will fail in this context.
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However, we observe that there are known diagonal pixels in the 3x3 neighborhood

which can be used for interpolating a value to the centre missing pixel. We have

developed an algorithm based on nearest known neighbor pixel of a missing pixel,

preferably in a 3x3 neighborhood and fill it using Adaptive Interpolation Technique

(AIT). The algorithm is supported by the assumption that the image is considered

to be smooth in a 3x3 neighborhood.

Our algorithm is split into 2 parts with the first part focused on detection of

missing pixels and the second part based on assigning appropriate values to (filling

up) these missing pixels.

4.3.5.1 Detection of missing pixels

Before employing interpolation techniques to fill the missing pixels we need an

algorithm to efficiently detect the missing pixels. We use a technique based on row-

wise and column-wise scanning to detect missing pixels. The steps involved can be

listed as follows:

1. Using the validity map constructed through our algorithm (see section 4.3.3)

perform a row-wise scan of the the intermediate frame and determine a set of

end point pixels (left end point and right end point) which have known values

of intensity and depth.

2. If the left end point and right end point pixels are the same or if there are no

end point pixels detected then we will attempt to detect and resolve pixels in

the column wise scan.

3. If the end point pixels detected have distinct positions then we search for missing
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pixels between the end point pixels of the row under consideration by checking

for their validity. These missing pixels will be immediately filled using the

algorithm described in section 4.3.5.2. Pixels that are filled are marked as valid

but interpolated.

4. The above steps are repeated during a column-wise scan so as be able to spot

pixels that were undetected during row-wise scan. These missing pixels will be

immediately filled using the algorithm described in section 4.3.5.2. Pixels that

are filled are marked as valid but interpolated.

Pixels marked as valid but interpolated are not used for interpolating values into

missing pixels until one iteration (one row wise scan and one column wise scan) of

the algorithm is performed. This is done so as to reduce the propagation of error in

subsequent frames.

4.3.5.2 Algorithm to resolve the problem of missing pixels based on

adaptive interpolation techniques (AIT)

We will use an adaptive combination of 3 simple methods in a specific order

of preference to compute the intensity and depth value for all missing pixels. A

particular order is followed so as to ensure faster computation.

1. Interpolation using least distant neighbors (3x3 neighborhood) - The 3x3

neighborhood of the missing pixel is scanned to determine two known pixel

values. Both of these known pixels will be selected from either the horizontal

direction, vertical direction or any or the diagonal directions in the respective

order as mentioned. The centre pixel which is the missing pixel, is filled via
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linear interpolation of the two selected known pixels.

2. Neighbor replication - If we do not find such pairs of neighbors we will copy the

first found nearest neighbor in a 3x3 neighborhood of the missing pixel.

3. Boundary processing - Missing pixels along the border of the image i.e. the first

row, first column, last row and last column will not have all the eight neighbors

(3x3 neighborhood). Thus for such pixels we use the linear interpolation of

nearest known pixels in either horizontal (for row-wise scan) or vertical direction

(for column-wise scan).

The above algorithm has been tested over several images of different object

shapes that were mentioned in section 3.1. Our experiments have shown that the

solution based on adaptive interpolation techniques (AIT) provides good results for

our missing pixel problem. It has also been observed that in most cases the algorithm

resolves all missing pixels with just one row-wise and one column-wise scan of the

image. However, in some rare cases another interation of AIT may be required. This

is handled adaptively by tracking the number of missing pixels and number of pixels

resolved during the current iteration.

Our software SCO-3D incorporates the above mentioned algorithm. The results

of our algorithm on images shown in Figures 4.8 to 4.12 can be seen in Figures 4.13

to 4.17.
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Figure 4.13: Left:Image of a spherical object with shift variant defocus blur. Centre,
Right: Image of a spherical object after a 45◦ rotation about the x axis with missing
pixels and after processing using AIT. Number of missing pixels resolved - 68804

Figure 4.14: Left: Image of a planar object in focus. Centre, Right: Image of a planar
object after a moving a distance of 10 mm away from the lens with missing pixels
and after processing using AIT. Number of missing pixels resolved - 19680

4.3.6 Other challenges faced during the implementation of

our algorithm

4.3.6.1 Occlusion detection and solution

During the generation of such images we efficiently take care of occlusion effects

and conditions under which any part of the object is not within the scope of the
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Figure 4.15: Left: Image of a planar object in focus. Centre, Right: Image of a planar
object after a 45◦ rotation about the z axis with missing pixels and after processing
using AIT. Number of missing pixels resolved - 36993

Figure 4.16: Left: Image of a cylindrical object with shift variant defocus blur. Centre,
Right: Image of a cylindrical object after a 30◦ rotation about the z axis and 10 mm
translational in the z direction away from the lens with missing pixels and after
processing using AIT. Number of missing pixels resolved - 36784

camera. The occlusion effects are seen due to the mapping of two or more object

points to the same pixel on the image. This happens due to non-uniform motion of

corresponding image points of moving 3D objects points. We resolve the occlusion

problem by considering the pixel closest to the lens when compared to overlapping

pixels farther away from the lens. Parts of the object which are out of scope of the

camera are ignored during processing.
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Figure 4.17: Left: Image of a conical object with shift variant defocus blur. Centre,
Right: Image of a conical object after a 20◦ rotation about the x axis and 10
mm translation in the z direction away from the lens with missing pixels and after
processing using AIT. Number of missing pixels resolved - 26122

4.3.6.2 Generating multiple frames from a given test image

We use the initial blurred image (with defocus blur only) of the stationary object

to determine and generate all the rest of the intermediate frames simulating object

motion. We do not use the previous frame information to generate the next frame

so as to avoid the propagation of noise which gets cumulatively added. Noise in

our context is defined as round-off errors and errors introduced due to interpolation

during the generation of subsequent video frames. Thus, we will always use the

original blurred image of the stationary object (with intensity map and depth map)

to generate the next set of video frames.

4.3.7 Limitations of Adaptive Interpolation Technique (AIT)

The AIT algorithm has been observed to provide good results in resolving the

problem of missing pixels in intermediate frames in our experiments. The intermediate

frames were generated by our algorithm (see section 4.3.3) for the simulation of
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defocus blur and motion blur present in images of 3D moving objects. The patterns

exhibitied by missing pixels display a characteristic of not having large random

regions. This characteristic is exploited by AIT. However, in cases of large regions of

randomly distributed missing pixels the performance of AIT may not be guaranteed.

The steps in the algorithm (see section 4.3.5) display an inherent direction bias

(initially in the horizontal direction) during interpolation. This algorithm may not

be utilizing useful information of other neighboring pixels which are at the same

distance away from the missing pixels as the two pixels selected for interpolation.

Thus, we would need a more generic algorithm useful for filling missing pixels

that are randomly distributed over large regions of the image. Several instances

where such images with large missing pixel regions occur, have been quoted in

[12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. The problem is also referred to as Image

Inpainting with reference to work published by [17, 16, 14, 12, 21]. We present a

description of current methods, our novel algorithm and a qualitative analysis to

address this problem in the next chapter.

Finally we present a set of results generated by the help SCO-3D. The image

in Fig 4.19 is equivalent to a video frame captured by a video camera mounted on a

moving car. The camera optical axis makes an angle of 30◦ to the road. The images in

Fig 4.18 represent the top view and intermediate frames constructed by our software

to generate the motion blurred frame as shown in Fig 4.19.
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Figure 4.18: Top view of road and intermediate frames (1 to 5) as would be captured
by a video camera mounted on top of a moving car.

4.4 Summary

In this chapter we have presented an algorithm to generate images of moving 3D

objects. These images will contain both shift variant defocus blur and shift variant

motion blur. We also resolve the problem of missing pixels which occurs during the

generation of such images using an adaptive interpolation technique. These methods

and results can be applied to generate highly realistic animation with depth of field

and motion blur effects.
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Figure 4.19: Image representing a single frame as would captured by a video camera
mounted on a moving car.
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Chapter 5

Generic Algorithm for the Problem

of Missing Pixels

In the previous chapter we presented our algorithm and results to generate

images of 3D objects under motion. We also described the problem of missing pixels

and proposed the Adaptive Interpolation Technique (AIT) to resolve it. The AIT

technique exploited the patterned nature of missing pixels that occured in synthetic

images generated for moving 3D objects. In cases of randomly distributed regions with

arbitrary size and shape we found that the AIT does not provide satisfactory results.

This was because of the direction bias of the algorithm (initially during horizontal

direction). AIT does not provide a rotation invariant solution to the problem of

missing pixels in general. In this chapter we present a novel approach to resolve the

problem of missing pixels independent of a pattern that may be associated with the

occurence of missing pixels.
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5.1 Problem of missing pixels and image

inpainting

The missing pixel problem has been encountered in different applications of image

and video processing. In some papers [17, 16, 14, 12, 21] this problem has been referred

to as Image Inpainting. It is also referred as hole filling in images.

Some examples where the missing pixel (or image inpainting) problem arises and

an efficient solution is necessary are:

� Restoration of ancient pieces of art in museums, which were degraded over time

due to their prolonged exposure to the atmosphere.

� Removal of objects from an image in a manner such that it is imperceptible to

the viewer. For example, removal of people from Google street view images.

� Transmission errors (holes) that occur during the transfer of streaming

image/video data over wired or wireless networks.

� Missing pixels may occur in archived motion picture films or in image sequence

from high speed camera [20]. Missing pixels are spotted as regions of random

intensity due to physical damage or particles caught in the film during

transportation.

Fig 5.1 shows a tampered image with ramdonly distributed regions of missing

pixels.
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Figure 5.1: Tampered image of a crowd with randomly scattered missing pixels (white
colored pixels)

5.2 Literature survey

Kokaram et al. [20] address the missing pixel problem in the context of archived

motion picture film. They provide a solution based on markov random field model

and 3D autoregressive model of an image. Their methods involve multiresolution

block matching utilizing the spatial and temporal features of a video frame. They

also employ multilevel median filter for noise suppresion.

Efros et al. [13] apply texture synthesis methods based on non-parametric sampling.

Methods based on growing the known region into the missing region by continuing

isophote lines discontinued by the border of the missing region are demostrated in

[12].

Bornard et al. [15] draw motivation from texture synthesis based algorithms. They

provide a spatio-temporal synthesis approach with coherence search to fill missing

pixels in video frames.
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Bertalmio et al. [14] discuss a simultaneous texture and structure image inpainting

approach. Their approach is based on decomposing the image into a sum of two

functions (also referred to as sub-frames). The first function represents the image

structure and the other function represents its underlying texture. Image inpainting

algorithm is applied on the structure information sub-frame and texture synthesis is

applied on the sub-frame reflecting texture. Then the two reconstructed sub-frames

are added to obtain the restored image.

Criminisi et al. [16] provide an exemplar based region filling and object removal

method. Their idea is based on assigning priorities to determine the order of filling

the missing pixels, propagating surrounding texture with structural information into

the missing pixel region by setting confidence values to filled in pixels.

A low level global deterministic approach based on correspondence maps has been

demonstrated by Demanet et al. [17]. A method based on texture generation

inpainting using multiresolution analysis has been shown the work by Mustafa et

al. [18].

5.3 Algorithm to resolve the problem of missing

pixels

Our algorithm is divided into three stages as explained in the following sections:

5.3.1 Stage 1 - Mean and Median value interpolation

We make use of the capabilites of mean and median operators for image

inpainting. These are simple operators exhaustively used in image processing and
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computer vision applications. Our method is based on growing the surrounding

region of known pixels inwards towards the centre of the missing pixel region. The

direction of growth is as shown in Fig 5.2. By filling in a set of missing pixels on

the border of the unknown region at the first iteration, we fill the complete area of

missing pixels through subsequent iterations. The procedure of filling missing pixels

is based on two well known methods of image filtering - Mean filter and Median filter.

We use mean and median values of a set of neighboring pixels in a 3x3 region to

interpolate a value for the missing centre pixel. The methods are addressed as Mean

Value Interpolation Method (MeanVIM) and Median Value Interpolation Method

(MedianVIM) respectively. We assume that the exact positions of missing pixels is

provided as an input to the algorithm.

Figure 5.2: Diagram illustrating the direction of region growth for missing pixels. Ω
denotes the missing pixel region.

We also assume image smoothness in all 3x3 regions over the image. We use

the above methods to fill in a missing pixel having at least 4 known neighbors in

its 3x3 neighbourhood. Experiments have shown that interpolation (MeanVIM or

MedianVIM) based on less than 4 known neighbours does not produce satisfactory

results.
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To decide between MeanVIM and MedianVIM we perform pre-processing of

the image. In the pre-processing step we evaluate a goodness measure of using

MeanVIM and MedianVIM. The goodness measure is the mean square error between

known pixels and their estimated value using MeanVIM or MedianVIM. The goodness

measure is calculated for every value of number of known neighbors (mimimum 4)

in a 3x3 neighborhood over the known region. In the known pixel region every pixel

will have 8 known neighbors. Thus, to evaluate the goodness measure in case of four

known neighbors we randomly choose a set of 4 neighbors for every known centre

pixel. Next, we estimate its value using MeanVIM and MedianVIM and compute the

error. The error is defined as the absolute difference between the estimated value

and the actual value. Using this error for every known pixel we compute the Mean

Squared Error (MSE) over the known pixel region. Thus, MSE measurements in each

case of four to eight known neighbors is performed and the method that offers a lower

MSE in each case is noted. This information is used during the initial stage of our

algorithm.

For example Fig 5.3 shows the MSE evaluation of MeanVIM and MedianVIM over

the tampered image of a crowd (see Fig 5.1). We observe that values of MSE for

MeanVIM are higher compared to MedianVIM in cases where the number of known

neighbor pixels are greater then 5. Thus, for filling missing pixels with more than 5

known neighbors we will use MedianVIM, otherwise MeanVIM is used.

Fig 5.4 shows the image of the crowd after performing MeanVIM/MedianVIM

procedure over the tampered image shown in Fig 5.1.
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Figure 5.3: Graph illustrating the MSE with respect to MeanVIM and MedianVIM
for Fig 5.1

Figure 5.4: Resultant image after performing MeanVIM/MedianVIM procedure over
tampered image in Fig 5.1

5.3.2 Stage 2 - Image smoothing

The image smoothing procedure involves repeated median filtering (size 3x3)

over the filled in region (inpainted region). In this process the centre pixel is
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omitted in the 3x3 region. This results in noise filtering along with conserving the

edges in the inpainted region. The number of times the median filtering has to be

applied repeatedly has been experimentally determined to be around 20 after visual

verification of the result on a set of test images.

Figure 5.5: Resultant image after performing image smoothing operation on image
in Fig 5.4

The result of image smoothing operation on crowd image after performing

MeanVIM/MedianVIM procedure is shown in Fig 5.5

5.3.3 Stage 3 - Border blending

The last step of the algorithm is border blending procedure. This is done so

as to ensure a smooth blending at the border of the known and inpainted regions.

Border pixels in the context of our algorithm are defined as those pixels in the known

region with atleast one missing pixel in its 3x3 neighborhood. For the purpose of

border blending we make use of the median filter. Experiments have shown that it is
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best to run the border blending operation on only a few selected border pixels with

a high gradient magnitude value. We use the Sobel filter to determine the gradient

magnitude value at a pixel. To select the set of pixels for border blending, we first

compute the histogram of gradient magnitude values of the border pixels. Next, we

determine a threshold value of the gradient magnitude such that all border pixels

above this value will be considered for border blending. Experiments have shown

that it is best to choose top 40 percent of the border pixels with highest gradient

magnitude measures. The experimental results can be best verified via visual analysis

of the resulting images.

Figure 5.6: Histogram of the gradient magnitude of border pixels. All pixels with a
gradient magnitude value ≥ Threshold, will be subjected to median filtering

Fig 5.6 shows the gradient magnitude histogram of the border pixels evaluated

over the smoothed image in Fig 5.5. The threshold value determined is 47. All

border pixels with a gradient magnitude value greater than or equal to the determined
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threshold value will undergo median filtering.

Figure 5.7: Resultant image after performing border blending operation over the
smoothed image in Fig 5.5

Fig 5.7 shows the final restored image after performing border blending on

smoothed image in Fig 5.5.

We can visually observe the improvement in the quality of the restored image

through the results of different stages in our algorithm.

5.4 Inpainting software

We have built a software program that takes as input the image to be inpainted

and the mask image that clearly identifies the missing pixels. The output of the

program is the inpainted image (restored image) along with the MSE graph and

gradient magnitude histogram graph. The mask image must be of the same size as

the original image with missing pixels. The pixels corresponding in location to the
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missing pixels (in the original image) must be denoted by the intensity value 255 in

the mask image. The remaining pixels in the mask image must be assigned a value

0.

5.5 Summary of the steps involved in

implementing our algorithm

Steps involved in our algorithm to resolve the problem of missing pixels are as

follows:

1. Pre-processing: The given image is scanned in the known regions to evaluate the

goodness mesasure of the MeanVIM and MedianVIM methods in five different

cases of the number of known neighbors ranging from 4 to 8.

2. Mean/Median value interpolation: Every pixel in the unknown region (location

provided by the mask image) is checked for having 4 or more neighbors. All

pixels that qualify this condition shall be filled by using the mean or median

value of its known neighbors (based on goodnees measure). The remaining

unknown pixels shall be filled in subsequent iterations. For every subsequent

iteration the interpolated pixels in the previous iteration shall be included in

the known region.

3. Image smoothing/denoising: A 3x3 median filter is iteratively run on the

inpainted region excluding the centre pixel.

4. Border blending: We blend the border pixels which are found in the immediate

surroundings of the unknown region. To do this we first evaluate the histogram
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of the gradient magnitude value of border pixels. We then select a certain

percentage (determined experimentally) of border pixels with highest gradient

magnitude and run a median filter over them.

In our algorithm we make use of simple methods based on median and mean

filters. We utilize the gradient magnitude histogram information for border blending.

These methods are computationally simpler compared to any of the methods

described in [12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. We can also observe that

the computation of all unknown pixels considered in one iteration of step 2 of the

algorithm can be done in parallel. This is possible as no interpolated value in an

iteration will be used in the same iteration by MeanVIM or MedianVIM.

5.6 Experiments and results

We present the results of our algorithm on a set of both natural and synthetically

generated test images with missing pixels. Some of the test images have been taken

from [3] with written permission from the author.

5.6.1 Test image obtained by scanning a photograph that has

been damaged due to natural deterioration

The images in Fig 5.8 and Fig 5.9 show the damaged image and its respective

mask image.

Fig 5.10 represents the MSE evaluation graph obtained from the damaged image.

This gives us the information of which method namely MeanVIM or MedianVIM is

better with respect to the number of known neighboring pixels. With this information
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Figure 5.8: Damaged image showing 3 girls. Source: [3]

Figure 5.9: Mask image corresponding to damaged image shown in Fig 5.8.

we proceed with step 2 of our inpainting algorithm (see section 5.5). The results after

completion of step 2 of our algorithm which fills in the missing pixel region is shown
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in Fig 5.11.

Figure 5.10: Graph representing the MSE evalution for image in Fig 5.8

Fig 5.12 is the result of image smoothing operation described in step 3 of our

algorithm (see section 5.5).

Next we execute the final procedure of border blending on the image obtained

after the smoothing step. The result after border blending is shown in Fig 5.14. The

selection of threshold using gradient magnitude histogram is shown in Fig 5.13.

We find that the visual quality of the restored image by our algorithm is equally

good compared to the result demostrated in [12].
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Figure 5.11: Image obtained after MeanVIM/MedianVIM (step 2 of our algorithm)
on image in Fig 5.8

Figure 5.12: Image obtained after smoothing operation (step 3 of our algorithm) on
image in Fig 5.11
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Figure 5.13: Gradient magnitude histogram and thresholding for border blending

Figure 5.14: Image obtained after border blending procedure (step 4 of our algorithm)
on image in Fig 5.12
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5.6.2 Tampered test image synthetically generated by

software

Fig 5.15 shows the image which has been tampered using a software program

and the corresponding restored image using our algorithm.

Figure 5.15: Left: Tampered image with missing pixels. Right: Restored image using
our algorithm

5.6.3 Example of object removal in a tampered image

Fig 5.16 shows the tampered image of a horse cart where the region of missing

pixels is considered as the areas covered by the english alphabets imprinted in red.

The associated mask image is shown in Fig 5.17.

The restored image is shown in Fig 5.18.
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Figure 5.16: Tampered image of horse cart. Alphabets imprinted in red represent
areas of missing pixels

Figure 5.17: Mask image corresponding to Fig 5.16

5.6.4 Example of object removal in a natural image

Fig 5.19 shows the image of a jumper. Here, the removal of the rope object tied

to the jumper’s ankle needs to be established. The removal of the rope object should
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Figure 5.18: Restored image corresponding to the tampered horse cart image in Fig
5.16

be imperceptible in the resultant image. Fig 5.20 shows the resultant image using

our algorithm.

Figure 5.19: Original image of a jumper where the rope object needs to be removed
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Figure 5.20: Processed image of the jumper where the rope object has been removed

5.6.5 Logistics from test images

Fig 5.21 shows the details of the number of missing pixels, number of border

pixels, gradient magnitude threshold and the number of iterations of step 2 of our

algorithm with respect to the test images that we have used.

Figure 5.21: The table shows logistics based on our algorithm and test images
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5.6.6 Limitations of the algorithm

The simplicity of our algorithm is also accompanied by a set of limitations. This

is because of the fact that we do not exploit the structure and texture information in

an image.

The MeanVIM and MedianVIM use only a 3x3 neighborhood. A larger neighborhood

under consideration may result in better interpolation as we can use more known

region data in the image. However, larger neighborhood consideration will result in

higher computation especially in case of MedianVIM method.

5.7 Summary

In this chapter we have proposed a novel and simple scheme to resolve the

problem of missing pixels under different scenarios. Our method is based on repeated

and intelligent usage of the mean and median filters. Test results have been presented.
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Chapter 6

Conclusions and Future scope

Through this thesis we have presented algorithms for generation of shift variant

defocus and motion blurred images of moving 3D objects. We consider different

geometrical aspects of the the 3D object being imaged and its motion parameters. 3D

shapes used in our experiments are cylinder, sphere, cone, ellipsoid, etc. We precisely

take into account the rigid body motion of these 3D objects in any arbitrary direction.

Camera parameters such as aperture diameter, focal length and the location of image

detector are used to calculate the blur circle radius of Point spread functions (PSFs)

modeled by Gaussian and Cylindrical functions. We also describe a novel and simple

method of image inpainting used for filling the missing pixels that arise due to round

off errors that occur during interpolation or changes in magnification. Through our

software SCO-3D, we have demonstrated the results that prove the correctness of our

algorithms. The results can be used as test data with known ground truth in the

testing and evaluation of image and video de-blurring algorithms. These methods

can also be used to generate highly realistic 3D animation video.
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We plan to expand our algorithms and software in the future to support

additional features such as:

1. Combination of several shapes into one image and controlling their respective

position via software.

2. Efficient calculation of forward blurring process using Rao transforms [22].

3. Using an accurate model of motion blur accounting for non-uniform motion of

objects.

4. Generating blurred images using shift variant PSF from wave optics, in the

presence of aberrations [4].

These additions will help the on-going research in the field of image restoration

and deblurring. It will also provide versatile test data for research in the field of shape

from defocus and shape from motion.
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Appendix A

Fig 6.1 shows the screen shot of the user interface (UI) of our software SCO-3D.

Figure 6.1: Screen shot of the user interface of SCO-3D

The UI mainly consists of five different panels that are used for setting different

parameters for the program and two buttons to click.

Panels and their specifications are listed are follows:

1. Input Image File: The path or name of the input image file can be specified

which is used as the focused image.

2. Select Object Type: One among the following list of object shapes can be

selected. (a) Planar (b) Cylindrical (c) Spherical (d) Conical (e) Elliptical
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3. Select Object Properties: The object properties panel changes its attributes

according to the object selected (in Select Object Type panel). User is allowed

to manually enter the values related to the 3D position of the object and its

shape attributes.

4. Motion parameters: Translational and/or rotational motions can be chosen for

the object. The velocities of the object in x, y, z direction and the angular

velocity about x, y and z axes can be set in the given text boxes. We can

choose the number of frames to be generated and the inter-frame interval.

5. Camera Specifications: Different camera parameters can be set as per the

requirements.

6. Reset button: When clicked resets the panels listed in items 2 to 5 to their

default values.

7. Generate button: When clicked generates and stores the resultant images (video

frames) based on the settings.
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