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ABSTRACT

In the design of digital image coding systems, the principal objective is to achieve
high quality receiver image reconstructions with a minimum number of transmitted code
bits. Bit rate reductions are achieved by exploiting statistical redundancies within an
image. This is combined by transmission of only those portions of the mathematical image
representation which the human observer is most sensitive tc. This dissertation describes
research intended to extend current image coding techniques io the coding of sequences of
digital images transmitted over a digital communications channel. The emphasis is directed
towards definition of an image coding system that expioits temporal as well as spatial
image redundancies.

A primary objective of this investigation is to develop a class of interframe hybrid
transform/predictive coders having near optimum levels of performance. The interframe
hybrid coder implementations considered employ two-dimensional unitary transforms in
the spatial domain coupled with first-order DPCM predictive coding in the temporal do-
main. Based on a statistical image representation, a model is developed for the hybrid
coder transform coefficient temporal difference variance matrix. With this model, theo-
retical MSE performance levels for the hybrid coder with zonal coding are determined as
a function of spatial subblock size.

Implementations of the interframe hybrid coder using discrete cosine and Fourier
transforms are experimentally evaluated. High quality image reconstructions are demon-
strated for reductions of 32:1 in average pixel bit rate. Operational considerations investi-
gated for the hybrid interframe coder include initial conditions, spatial and temporal adap-

tation, reinitialization, and total transmission bit rate. Also, sensitivity of the interframe

hybrid coder to channel error is studied.
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Comparisons are drawn between hybrid transform/predictive and three-dimensionai
transform interframe coders. Theoretical zonal sampling and zonal coding MSE perform-
ance for three-dimensional cosine transform coders are evaluated for different frame storage
requirements and spatial subblock sizes.

A tabular summary of experimental performance and system design parameters for

the main classes of interframe coders is presented.
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1. INTRODUCTION

PROBLEM DEFINITION

In the design of digital image coding systems, the principal objective is to achieve
high quality receiver image reconstructions with a minimum number of transmitted code
bits. Reduction in the number of transmitted code bits allows for reduced channel band-
width requirements, higher image transmission frame rates, and lower transmitter power
requirements.

Numerous single framre digital image coding systems have been developed. Most of
these systems empluy transform, linear predictive, or combinations of transform and linear
predictive techniques to lower the average number of bits transmitted per picture element.
These bit rate reductions are achieved by exploiting statistical redundancies existing within
an image combined with transmitting only those portions of the mathematical image repre-
sentation to which the human observer is most sensitive.

This dissertation describes research which extends these image coding techniques
to the coding of frame-to-frame sequences of digital images transmitted over a digital
communications channel. The emphasis is directed towards definition of an image coding

system that exploits temporal as well as spatial image redundancies.

INTERFRAME CODING SURVEY

A property fundamental to the transmission of digital image sequences is that new
information is transferred by changes in a relatively small number of thie picture elements or

pixels transmitted each frame. From a statistical viewpoint, frame-to-frame similarity repre-

sents a high level of intcrframe correiation between temporally adjacent pixels.




Many different image coding techniques have been investigated for interframe image
coding. For example, interframe coding experiments have been performed using three-
dimensional Fourier and Hadamard transforms [1]. These simulations have shown that
improvements by a factor of five in average pixel bit rate can be achieved with interframe
coding when compared with intraframe coding techniques.

A three-dimensional transform coder based on the Hadamard transform has been
implemented [2]. This coder uses a block size of 4 X 4 pixels with the storage of 4 frames
in time. It is designed for real-time bandwidth compression of standard National Television
Standards Commit.ee (NTSC) television signal transmission. In general, multidimensional
transform coder implementations are characterized by serious computational complexity
and frame storage requirements.

For these reasons, investigations have also been made of frame differential inter-
frame coding techniques. The design of these systems is based on the premise that only a
small percentage of pixel values actually change between successive frames. For example, in
frame replenishment interframe coding, only those pixel values having changes betweer.
frames that exceed a threshold are transmitted [3]. Replenishment of the previous frame at
the receiver is accomplished with the transmitted data. Experiments using typical Picture-
phone television images have achieved good coding results at one bit per pixel using condi-
tional frame replenishment techniques.

A major disadvantage of frame replenishment techniques is the requirement for data
buffering prior to transmission. Data buffering is needed because the data are generated at
an uneven rate due to frame-to-frame variations in the number of pixels having changes
exceeding a fixed threshold. Also, the buffer size determines how well motion within the
image sequence can be reproduced at the receiver. It has been experimentally determined
that a buffer size of ten frames is required to transmit television images containing a moder-
ate degree of motion.

Several variations of the basic frame replenishment techniques have been proposed
[4]—[6]. Two of these variations are transmission of clusters of data to reduce the buffer
size requirements and transmission of only the change in pixel values for those pixels whose

value changes have exceeded a fixed threshold.

(3]




A significant shortcoming of frame differential image coding techniques is that only
temporal correlation in the data is exploited. Thus, the overall efficiency of frame differen-
tial coders is low since the spatial correlations within each frame are not utilized.

Another approach investigated is that of three-dimensional, third order differential
pulse code modulation (DPCM) predictive coding [7]. In this technique, pixel value esti-
mates are generated as linear combinations of adjacent previously scanned pixels in the
present and previous frame. Experience gained in the operation of three-dimensional, third
order DPCM coders indicates an extreme sensitivity to frame-to-frame variations in image

statistics. Adaptation for local statistical differences is required for successful operation.

RESEARCH OBJECTIVES

Within the broad context of the interframe image coding problem as defined above,
several specific research objectives have been identified. The primary objective of this re-
search is the development of a class of hybrid interframe coders with near optimum levels of
performance. The theoretical and experimental levels of performance achieved are com-
pared with those of three-dimensional transform coders.

A closely related objective is to establish the degree of performance degradation that
would result from simplified hybrid interframe coder implementations.

A further objective is the investigation of hybrid interframe coder sensitivity to
channel error.

Since the performance of intcrframe coders is dependent on frame-to-frame signal
correlation, effects of subject and camera motion and procedures for both spatial and trans-

form domain motion compensation are presented.

DISSERTATION ORGANIZATION

Chapter 1 provides a brief definition and historical survey of the basic concepts
involved in interframe image coding. This chapter also defines the primary objective of the
dissertation to be the extension of conventional intraframe image coding concepts to in-

clude exploitation of interframe temporal correlations in sequences of digital images.
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Specific research objectives are identified and a brief overview of the dissertation structure is
presented.

Chapter 2 is mainly tutorial in the sense that it reviews the significant techniques
used in intraframe image coding. The most commonly used transform coding and predictive
coding techniques are presented in detail. This chapter concludes with a discussion of an
important concept in intraframe coding—that of hybrid transform/predictive image coding.

Chapter 3 discusses the application of three-dimensional transform coding approach-
es to interframe image coding. Consideration is given to the development of three-
dimensional Fourier and cosine transform coders. An analysis of both theoretical and
experimental performance levels for the three-dimensional cosine transform coder is
presented.

Chapter 4 introduces a new concept in interframe coders—that of hybrid two-
dimensional transform/DPCM linear predictive coders. Two interframe hybrid coder imple-

mentations are defined. The first employs discrete cosine transforms and the second uses

discrete Fourier transforms. Investigations of simplified coder implementations and effec-
tive channel bit transfer rates are also presented.

Chapter 5 investigates the sensitivity of interframe hybrid coders to the presence of
channel error. Simulation results indicate image degradation effects as a function of channel
error rate.

Chapter 6 identifies interframe coding image degradations resulting from camera
motion. Discussions of spatial and transform domain techniques for introducing motion
compensation into the interframe hybrid coders are presented.

Chapter 7 presents a tabular summary of the main classes of interframe image cod-

ers. Conclusions are given regarding the interframe hybrid and transform coders investi-

gated.

IMAGE FIDELITY CRITERIA

To objectively evaluate the coding efficiency of the various interframe coders
investigated, two image fidelity criteria measures are used. The first criterion, normalized

mean square error (NMSE), is a measure of the normalized mean square error between a
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single frame input to an interframe coder {(j,k,%) and its output ?(j,k,Q) averaged over the
2th frame. Here, j and k are spatial coordinates, £ is the temporal coordinate denoting frame
number, and M X M is the frane size. Normalization is achieved by dividing the mean
square error by the mean signal energy within the frame. The expressicn for the NMSE at

the 2th frame is

M-1 M-1
# > > [k -6,k 0]
0 e
NMSE = M=T M= ’ (1.1)
s o 556y )12
M=
j=0 k=0
The second criterion, SNR, measures the ratio of peak-to-peak signal to RMS noise for the
£th frame,
M-1 M
1 . A 2
= [f(J, k, Q) -1(G, k, 9]
M =
SNR = -10logy J Y2 y (1.2)
MAX

where "M AX Tepresents the maximum luminance value of f(j, k, 2), typically 255. These
criteria are used extensively throughout this dissertation and serve to support subjective

comparisons of coder performance.

EXPERIMENTAL INTERFRAME DATA BASES

In order to experimentally evaluate the various interframe coding schemes investi-
gated, it was necessary to generate several multiframe data bases. The data base used
throughout most of this research consists of 16 images digitized from 16 sequential trames
of a 16-mm, 24-frame-per-sec (fps) motion picture. This sequence of 16 frames, referred to
as the “head and shoulders™ data base, provides a close-in view of a subject engaged in con-
versation. The relatively few number of frames available corresponds to only 2/3 of a second
in real time. Thus, the amount of subject motion during the 16-frame sequence, although

readily apparent, is not extreme. Approximately 50 percent of each image in this data base is

devoted to background material which, except for slight frame-to-frame misregistration ef-
fects, remains essentially constant. Frames 1, 8, and 16 of the “head and shoulders” data base

5




are illustrated in Figure 1-1 (a), (b), and (¢), respectively. The “head and shoulders” data
base is monochromatic and has a resolution of 256 rows by 256 columns. Each individual
picture element or pixel was digitized to one of 28 intensity levels.

The “head and shoulders” data base is suitable for interframe coder simulations
designed for picture telephone-like applications. However, other newer application areas
require examination of image sequences that contain more detailed objects and which illus-
trate the translational and geometric distortion effects that result from camera motion.

For the above stated reasons, a secend multiframe data base was generated. This
second data base was digitized from a sequence of consecutive frames of a 35-mm motion
picture film. The scene is an aerial view showing an approach to a complex of buildings and
roads photographed from an airborne platform of known altitude, velocity, and look-down
angle. The film contains geometric distortions and translational effects due to camera mo-
tion. This “moving camera” data base consists of 64 sequential frames with 512 by 512
row and column resolution. The data are monochromatic with 28 bits of intensity resolu-
tion per pixel. Figure 1-2 (a) through (e) shows, respectively, frames 1, 16, 32, 48, and 64
of the “moving camera” data base. From these frames, it is seen that the original images do

contain highly detailed structures and that translation and distortion effects resulting from

.camera motion are present.
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(a) Frame 1 (b) Frame 8

(¢) Frame 16

Figure 1-1. “Head and Shoulders” Data Base




(d) Frame 48

Figure 1-2. “Moving Camera” Data Base

(e) Frame 64




2. INTRAFRAME IMAGE CODING

The primary techniques developed for single image or intraframe image coding in the
spatial domain are transform, linear predictive, and hybrid transform/linear predictive. This

chapter contains operational descriptions and comparisons of these coding methods.

TRANSFORM IMAGE CODING

The basic components comprising an intraframe transform image coding system are
illustrated in Figure 2-1. In this system, the input to the intraframe coder, denoted as
f(,k), is a discrete two-dimensional spatial domain representation of the original image to
be coded. Separable row and column one-dimensional unitary transforms are applied to the
complete image or to subblock partitions of the image. From the resulting array of trans-
form domain coefficients F(u,v), a subset is selected for qi'antization, encoding, and subse-
quent transmission over a digital communications channel. At the receiver, a spatial domain
image reconstruction f(j,k) is obtained by application of inverse one-dimensional
transforms.

Transform coding techniques have been explored extensively both in theory and by
simulation. It is shown that significant bit rate reductions can be achieved in many applica-
tionis with minimal image degradation. Simulation results indicate that a bit rate reduction
to 1.5 bits/pixel is obtained for monochrome image transform coding in 16 X 16 picture
element blocks, whercas color images require about 2.0 bits/pixel [8]. The bit rate is re-

duced even further with an adaptive transform coding system.
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Unitary Transforms

This section presents a brief tutorial discussion of unitary transforms [9].
Transform image coding is based on the premise that the transform domain representa-
tion of an image has an energy distribution that is more compact and therefore more i
efficient to code than its spatial domain representation. For image coding applications, the
transform operator is usually chosen from the class of linear unitary operators, i.e., opera-
tors [T] having the property that [T] [T]1* = [T]1*[T] = [I] where the symbol * denotes
the conjugate transpose of the complex operator. When restricted to real valued variables,
[T] is termed an orthogonal operator.

Properties of unitary transformation include: length or energy preservation of vec-
tors undergoing transformation; transforiation of sets of orthonormal basis vectors into
other sets of orthonormal basis vectors; and transformation of sums of squares into sums of
squares. This latter property implies that mean square error computations are equivalent in
both the transform and spatial domains, and that the total energy in both domains is
preserved.

Unitary transforms commonly used for image coding applications include the
Karhunen-Loeve, cosine, Fourier, Slant, Hadamard, and Haar transforms [10] —{13). Of
these, only the Karhunen-Loeve transform results in completely uncorrelated components in
the transform domain. However, the remaining transforms do offer the advantages of fast
computational algorithms.

Equations 2.1 and 2.2 define the general forms for the two-dimensional discrete
teinsform of an image. The two-dimensional transform of a J X K image array is itself a
J X K array of transform domain coefficients. The forward transform operation can be
expressed as

J-1 K-i

F(u,v) = z z £G, k) aG, k, u, v) | 2.1)
=0 k=0

where j and k are spatial coordinates, u and v are transform domain coordinates, and a(j,k,
u,v) is the forward transform rernel. The corresponding reverse transform is
J-1 K-1

£6.%) = z Z Fau,va-lgk u vy, 2.2)
#=0 v=0




where a~! (j,k,u,v) is the reverse transform kernel. When the function f (j,k) is equivalent to
f(j,k), equation 2.2 is called an inverse transform. The transform kernel, a(j,k,u,v), is called
separable if it can be expressed in the form

a(,k,u,v) = aj(j,u) ap(k,v) . (2:3)

Computationally, transform separability means that a two-dimensional transform of an
image can be performed by first applying a one-dimensional transform along the rows of
f(G,k)
J-1
Fuk) = ) 16,056, 2.4)
=0
followed by a one-dimensional transform along the columns of F (u,k) which yields
K-1

Fy = > Fukalv) . 2.5)
k=0

Often, it is useful to write separable two-dimensional transforms in matrix form.
When [f] is an image matrix representation of the array, f(j,k), and {F] is the transformed
matrix representation of F(u,v), then a separable two-dimensional transform may be
expressed as

(F1 = [Aj] (f] [Ag] (2.6)

where [Aj] and [Ak] are cne-dimensional transform matrices along the image rows and
columns. In the case where [Aj] and [Ak] have inverses, the corresponding two-

dimensional inverse matrix transform is

(11 = (A7 (F) (AL Q.7)

KARHUNEN-LOEVE TRANSFORM. The Karhunen-Loeve transform provides an
uncorrelated transform domain representation and is a special case of an eigenvector matrix
transformation. By letting [fj] be a column vector which represents the rows of image

matrix [f], the covariance matrix [Cj] of vector [fj] becomes
() = E{ 150 -E{GO} 15 -E{5@ht | . (2.8)
where i,1i=0,1, ..., J-1. The eigenvectors of matrix [Cj] are column vectors, [xji] .

which satisfy the relationship

12




[Cj] [in] = )\ji [in] (2.9)

fori=0,1,...,J~1, where Aj; are the eigenvalues of matrix [Cj]. The Karhunen-Loeve row
transform matrix, [Xj] , is constructed from the set of j column vectors as

[Xj] = [xjo, le""’xjj-ll y (2.10)
For eigenvalues located on the diagonal of matrix [)\j] , the row eigenmatrix relationship is

[Cj] [Xj] = [Xj] D\jl - 2.11)

In a similar fashion, the Karhunen-Loeve column eigenmatrix is
(C ] Xl = X [N . (2.12)
Using row and column transform matrices [Xj] and [X], the separable two-dimensional

Karhunen-Loeve transform of image [f] can be written as

(F1 = [X;1 [f] (X1t @.13)

When the Karhunen-Loeve transform is used for image coding, significant problems
exist due principally to the excessive amounts of computation required. For example, the
image covariance matrix must first be estimated. Then, the covariance matrix must be diag-
onalized to find its eigenvalues and eigenvectors. Finally, the transformation operation
must be performed. In general, no fast computational algorithm exists for the Karhunen-
Loeve transform. However, when it can be computed, the Karliunen-Loeve transformation

is useful as a standard of performance for comparisons of image coding techniques [14].

DISCRETE COSINE TRANSFORM. For image arrays, £(j,k), which are real valued,
the two-dimensional discrete cosine transform is
J=

1 K-1
e 4 -
=0 k=0

. [cos% [(Zﬁjl) 4 +(2k';(l) v] 4 cos% [(2'“]11“ -Qk-;(]) v]l .(2.14)

The inverse two-dimensional discrete cosine transform can be written as
J-1 K-1
(G = > > Fv)
u=0 v=0

) [cos’—zr [/2!-.;12u+g2k-;(1) v] +cos% [gzi-;l! u_(2k-i(lgv]} (2.15)
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The multidimensional discrete cosine transform is separable. In two dimensions, the trans-

form kernel,

a [ Q2j+tDu, 2k+l) v Qjthu_ 2kt v
cosz[ | B s ]+c52[ K ]

’

can be written in the form of equation 2.3 by employing the trigonometric relationship
cos(A+B) + cos(A~-B) = 2 cos A - cos B. Thus, the two-dimensional discrete cosine traris-
form can be computed as two sequential one-dimensional transforms; one transform per-
formed on the rows of the array of image intensity values, followed by another transforma-
tion along the columns. The expressions for the resulting forward and inverse one-

dimensional discrete cosine transforms are

F(u) =—} z ) cos A1) ur ”)“” (2.16)
and
I-1 :
fG) = > F(cosZUT 2.17)

u=0
respectively. The expressions of equations 2.16 and 2.17 differ from those of Ref. [12]
only by a normalization constant.

Tlie matrix formulation for the cosine transform,

(€] = [\}Tcos(2j+2lj) ‘”’] (2.18)

is real and orthogonal. Tlus, the forward and inverse matrix forms for the two-dimensional

cosine transform of the imr age {f] can be written as

[F1 = (€] (f] (€]t (2.19)

and

(f1 = [(CI(F] (€] . (2.20)

DISCRETE FOURIER TRANSFORM. The two-dimensional discrete Fourier trans-

form of a complex square image array, £(j,k), can be expressed in series form as

J-1 K-I

F(u,y) = Z }: £, k)exp[ 2mi (W4 K)] . (2.21)
=0 &




The inverse Fourier transform is
J-1 K-1

£G,k) = uZO vZo F(u, v) exp [27ri (UTJ‘“%)] : (2.22)

The two-dimensional Fourier transform can also be computed as two sequential

one-dimensional transforms since its transform kernel

+2mi (W, Yk
exp [_21“( J+K)]

is separable and symmetric. In one dimension, the discrete Fourier transform of a complex

vector f(j) of length J is given by

J-1
F) = § z £G) exp (-%’—‘uj) : (2.23)
=0
The corresponding inverse one-dimensional discrete Fourier transform is
J-1 :
fG) = z F(u) exp (%’Lluj) ) (2.24)
u=0

The discrete Fourier transform is well suited for real-time image processing applica-
tions as it can be implemented by a combination of multipliers and filters. By substituting
2ju=j“+ u? - (j—u)2 into equation 2.23, the expression for the one-dimensional Fourier

transform becomes

J-1
& miuZ) 1 y 1ri(j-u)2 Wijz
F(u) = exp o f(j) exp G L G (2.25)
j=

Equation 2.25 defines the Chirp-Z transform (CZT) representation of the discrete
Fourier transform: {15]. It can be interpreted as a multiplication of the vector to be trans-
formed by a discrete chirp, periodic convolution of the muiltiplied vector by a discrete chirp,
and post multiplication by a discrete chirp. A configuration for the CZT with parallel im-
plementation of the complex arithmetic operations is shown in Figure 2-2 [16].

The two-dimensional Fourier transform can be expressed in matrix form by defining

the symmetric unitary matrix, [f], as

270

[F] =[—\}T‘exp (-TJU)] . (2.26)
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Thus, in matrix form, the forward transform of image [f] can be written as

{tFl = [F1 [f] [TF] . (2.27) ‘

Also, the inverse transform can be expressed in the form i
il = (R FLigT (2.28) ;

|

Bit Allocation and Quantization

In transform image coding, the effective bandwidth reduction achieved is deter-
mined by the size of the subset of transform coefficients selected for transmission and the
number of bits allocated to code each selected coefficient. Commonly used coefficient '
selection strategies include zonal sampling and threshold sampling. !

In zonal saripling, a subset of the total number of transform coefficients is selected
for transmission. In the simplest case of zonal sampling, the selected transform coefficients
all lie within a single predetermined geometric zone and are quantized to the same number
of levels. In terms of a mean square error criterion, the optimum form for this zone has
been determined to be the maximum variance zone [10]. The maximum variance zone is
defined by the subset of transform coefficients having the largest variances based on hori-
zontal and vertical correlation matrix models of the image.

Extension of the above concept to include multiple zones is termed zonal coding. In
zonal coding, transform coefficients within each zone are quantized to the same number of
levels. Quantizer bit allocations for each zone are based on the logarithm of the transform
coefficient variances. Here, coefficient selection is implicit in the number of code bits allo-

cated for each zone. Those coefficients in zones allocated a non-zero number of bits define

the subset of selected transform coefficients. Detailed descriptions of optimal bit allocation
and quantization techniques used in zonal coding applicatings are presented in, respectively,
Appendices A and B.

By contrast, the subset of transform coefficients selected by threshold sampling
consist of those coefficients which exceed a preset threshold value. In this technique, the
location of each selected transform coefficient as well as its value must be transmitted.
Thus, for most image coding applications, threshold sampling is less efficient than the more

commonly used zonal sampling methods.




o g Tds e s

"

PREDICTIVE IMAGE CODING

In predictive image coding, the high degree of correlation between a given pixel
value and its nearest neighbor allows an image to be represented by coding only the dicfer-
ence between each pixel value and its predicted value, where the predicted value is based on
previously scanned pixels. In a predictive coding system, each pixel value is subtracted from
its predicted value and the resulting difference signal is quantized and coded for transmis-
sion. At the receiver, the quantized difference signal is combined with its predicted value to
form the reconstructed pixel value.

There are two main types of predictive coding schemes which have been applied to
image coding. These are termed Delta Modulation and Differential Pulse Code Modulation

predictive coders.

Delta Modulation

The delta modulation coder is the simplest implementation of a predictive coder. It
generates positive or negative pulses depending on the polarity of the difference between an
input signal and its predicted value where the predicted value is based on the single previous
pixel value. The resulting sequence of positive and negative pulses is then encoded in a
binary representation for transmission.

A limitation of the delta modulation system is that the difference pulse is quantized
to just two levels. In general, large changes in signal amplitudes cannot be followed accu-
rately as the quantizer step sizes are normally kept small to reduce quantization errors.
Modifications to the basic delta modulation system include multiple level outputs and
adaptation of quantization levels to reduce slope overload [17]—[19]. However, such

implementations do result in increased coder complexity.

Differential Pulse Code Modulation

The use of a multilevel quantized difference signal based on a previous pixel value or
values to generate a predicted pixel value is termed a differential pulse code modulation

(DPCM) coding system. First order linear prediction schemes are commonly used in DPCM

18




coding systems to produce the quantized difference signal which is coded and transmitted.
A block diagram for a first order linear predictor DPCM is shown in Figure 2-3. In this
system, quantization is performed with a quantizer designed for the probability density of
the difference signal. Thus, efficient design of a DPCM system requires knowledge of the
statistics of the input data difference signal.

The first-order DPCM predictor of Figure 2-3 is parametric in the quantities ag and

aj. The values for constants ag and a) are normally chosen to minimize the mean-square

error,
&=E {lf(i)-f‘(j)lz} : (2.29)
between the input f(j) and its estimate f (j), where the first-order linear estiinate of f(j) is
given by
fG) = ay fG-1) +ag . (2.30)

Minimizing equation 2.30 to solve for a( and a| requires simultaneous solution of the two

equations:

06 ; ;

dag - 2%~ 2E{f@}+24; E{fG-D} = 0 (2.31)
and

) D) ; !

a_% = 23 E {f2G-1)} - 2E {fG) fG-D} +2ag E{fG-D} = 0 . (2.32)

The general forms for the solutions are

_ E{t@}E{2G-D} -E{fG) fG- D} E {fG-1} (2.33)

By E{r2G-1} - E2{rG-1)}
and
ay = BA@G-D} ~E {fG- D} E {fG)} (2.34)
E{f2G-D} - E2 {fG-1)}
Under the assumption of a zero-mean random process, these equations simplify to
ag = 0 (2.35)

and

AP
- E{fG) fG-D} (2.36)

T E{RG-1)
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Adaptive DPCM coder implementations are also possible [20]. For example, the
quantizer reconstruction levels can be made adaptive by adjusting them to match the input
data. Equivalently, adaptation can be achieved by simply scaling the quantizer input data

to fit preset quantizer parameters.

Difference Signal Quantization

In systems which encode difference signals, maximum performance is achieved when
the form of the quantizer is matched to the statistics of the difference signal. In general,
differential signals are characterized by Laplacian densities [21], [22]. Thus, basic DPCM
coding systems, such as that of Figure 2-3, will require quantizers tailored to Laplacian

difference signal densities.

HYBRID TRANSFORM/PREDICTIVE CODING

In the previous sections, applications of both transform and DPCM predictive tech-
niques to image coding have been discussed. A unifying theory which relates transform
coding using lower triangular operators tc DPCM coders has been developed for Markov
data [23].

Characteristics of conventional transform coding which make this class of techniques
preferable over DPCM for certain image coding applications include: higher image fidelity
reconstructions at low bit rates; distribution of image coding degradations in a more visually
pleasing manner; greater immunity to variations in statistics between different images; and
lower sensitivity to channel error effects. However, certain other advantages occur when
DPPCM image coding techniques are employed. These include: superior image coding per-
formance at higher bit rates; less complex hardware implementations with minimal delays in
signal coding; and virtual elimination of the storage requirements common to transform
coders [24].

Habibi has proposed a hybrid intraframe transform/DPCM couing technique which
retains many of the attractive characteristics of both techniques [25]. This system employs

a one-dimensional unitary transform coder cascaded with parallel DPCM coders. A block

21




diagram of the hybrid coder is shown in Figure 2-4. This coder performs one-dimensional
transforms on successive segments along each row of the image. The bank of parallel DPCM
coders is then applied to the transform coefficients in each column. Since only one-
dimensional unitary transforms are performed along individual rows or row segments of
the image, the resulting hybrid coder equipment complexity and total computations are
considerably less than that required for two-dimensional transform coders.

The hybrid transform/DPCM coder encodes differences between vertically adjacent
transform coefficients. Efficient operation is achieved when the number of bits for the
quantizer in each DPCM coder is allocated on the basis of the transform coefficient vari-

ances. Since transform coefficient differences are being encoded, each DPCM quantizer is

designed for difference signals having Laplacian densities.
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3. INTERFRAME TRANSFORM IMAGE CODING

In high repetition rate sequences of images, such as those encountered in television,
new information is contained in only a relatively small number of picture elements or pixels.
The vast majority of pixels within each frame represents background material which does
not significantly change between frames. From a statistical viewpoint, the similarity of
pixel values from one frame to the next implies interframe correlation between temporally
adjacent pixels. Thus, the class of statistical coding techniques developed to exploit spatial
correlations for coding single frames of data can, in principle, be extended to include frame-
to-frame correlations, thereby achieving still further reductions in channel bandwidth
requirements.

This chapter investigates a previously uninvestigated technique for three-dimensional
transform interframe coding. This coding technique emplioys discrete cosine transforms iit
three dimensions, i.e., two spatial dimensions plus the temporal dimension. This approach
offers near optimum levels of performance combined with an efficient computational imple-
mentation of the basic transform. In addition, implementation comparisons are made be-
tween three-dimensional cosine transform and three-dimensional Fourier transform inter-
frame coders.

In Chapter 2, applications of the Karhunen-Loeve, cosine, and Fourier transforms to
intraframe coding were described. Although optimum in the sense of completely decorrelat-
ing image data in the transform domain, it was indicated that the Karhunen-Loeve transform
has primarily received only theoretical consideration, due principally to excessive computa-
tional requirements. However, other transforms which approach the optimum performance
levels of the Karhunen-Loeve transform but without the attending computational problems
have been intensively investigated. It should be noted that a serious drawback to the poten-
tial implementation of these transforms for interframe coding is the requirement for multi-

ple frame storage of the transform coefficients. This characteristic of three-dimensional
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transform coders severely limits their usefulness for implementation in practical interframe
coding systems.

The typically large quantities of data which must be accommodated in an interframe
image coding system can be conveniently represented by the three-dimensional array of
pixel values shown in Figure 3-1. In this array, corresponding pixels in successive frames ace
treated as being temporally adjacent.

To facilitate dealing with these interframe three-dimensional data structures, a new
notation is presented. The three-dimensional array denoting the sequence of length L
frames oi two-dimensional images will be denoted as {f}, where

{f} = {ifpl, 1], ..., [f 11} - (3.1)
In this definition, [fp], [f}],. .., [fL-I] represents an ordered sequence of equal size
two-dimensional image arrays. Due to computational considerations, the individual frames
are commonly partititioned into subblocks for processing. As illustrated in Figure 3-1,
temporal alignment of subblocks within each image results in the formulation of multiple

three-dimensional data arrays, or subcubes.

MATHEMATICAL FORMULATION

In interframe transform coding, three-dimensional discrete unitary transformations
are performed on the data. Let f(j,k,R) denote a three-dimensional array of pixel intensity
values for a sequence of digital images. Also, let F(u,v,w) be the thrce-dimensional array
obtained by taking the three-dimensional transform in the (j,k,%) domain. If the size of the
three-dimensional image array is J X K X L, then the transform coder can be described in

the general form

1= K=l 11
Fuvw = D D > 16,K0 6vwik9 . 32
j=0 k=0 2=0
The inverse operation is expressed by
¥=1 k-1 L=
£G,k,Q) = z z z Fu,v,w) ¢~ (u,v,w,j.k,Q) , (3.3)
u=0 v=0 w=0
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where j and k are spatial coordinates, £ is the frame number, u,v,w are transform domain
coordinates and ¢ (u,v,w,j,k,%) represents a set of three-dimensional basis functions.

For the three-dimensional discrete Fourier transform, equations 3.2 and 3.3 assume

the form
3d Kal Tl ,
Pares) = Tk]'i z z £G,k, 9 exp [-2m (l‘Ji+‘1K5+‘—"L—Q)] (3.4)
=0 k=0 =0
and
-1 K-l Lol LN
RIEES (uj vk, w8
£G.k.9) 2 > z P o) [21r1 (J 2 )] ; 3.5)
u=0 v=0 w=0

Since the three-dimensional Fourier kernel,

exp [t 2wi (%J—+%(l—( + \—VLX)]

is separable, the ihree-dimensional transform is computable as a one-dimensional transform
in the temporal direction followed by a two-dimensional transform in the spatial domain.
The two-dimensional spatial transform is, in turn, computed as a one-dimensional tsansform
along the rows followed by a one-dimensional transform along the columns. The basic
one-dimensional discrete Fourier transform that must be performed is given in the previous
chapter as equation 2.23. The discrete cosine transform is likewise separable and its one-

dimensional form is that of equation 2.16.

TRANSFORM COEFFICIENT PROBABILITY DENSITIES

As a preliminary to the specification of parameters for quantization of transform
coefficients for transmission, the general nature of the transform coefficient density func-
tions must be established. In this section, certain assumptions are made regarding the statis-
tical character of these density functions. Experimental verification of these assumptions
are made using the 16 frame “head and shoulders” data base.

In the three-dimensional array of transform coefficients resulting from successively
applying separable one-dimensional transforms to a J X K X L array of intensity values, the
term F(0,0,0) corresponds to the three-dimensional dc term. Since the dc terms are posi-

tive valued, this coefficient can be considered as a sample from a distribution of
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non-negative values. For this investigation, the distribution of dc terms is modeled by a

scalar Rayleigh density,
p(x) = —xaexp (x2/20%) U(x) . (3.6)
o

The remaining coeificients in the three-dimensional array are characterized by both

positive and negative values. For these coefficients, a Laplacian density model is assumed, i.e.,

1 V2 Ix|
p(x) = — exp (- ) : (3.7)
\/'

20 g

The 16-frame “head and shoulders’ data base has been used to validate the above stat-
ed assumptions. From this data base, the statistics of the dc and higher order terms resulting
from successive applications of discrete one-dimensional cosine transforms were extracted.
In this analysis, the sequence of frames was partitioned into 2048 subcubes of size 8 X 8 X 8.

Figure 3-2 is a histogram of the dc cosine transform coefficients computed from
each subcube of the “head and shoulders” data base. This figure shows that the density
function assumed for the three-dimensional cosine transform dc coefficients can be approxi-
mated by a Rayleigh model.

In a similar manner, the assumption of Laplacian densities for the higher order trans-
form coefficients was investigated. Figure 3-3 shows the histogram for one of the low-order
cosine transform coefficients adjacent to F(0,0,0). This histogram illustrates that the high-

er order transform coefficient densities may be reasonably modeled as Laplacian.

BANDWIDTH REDUCTION

The property of image transforms exploited for bandwidth reduction is the compres-
sion of the image energy into a relatively small number of transform domain coefficients.
This property stems from the inherent correlation existing between spatially adjacent and
temporally adjacent pixels in sequerices of natural images.

Bandwidth reduction is achieved by selection for transmission of only those trans-

-form domain coefficients which contain the most image energy. The measure of image

energy employed for coefficient selection is the variance of the transform domain coeffi-
cients. Thus, based on a three-dimensional array of variances of the transform coefficients,

those coefficients which contain the greatest amounts of image energy can be selected.
28
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Transform Coefficient Variance Array

An expression for the three-dimensional array of transform coefficient variances,
{VE}, can be obtained based on an assumed model for the autocorrelation function of the

transform coefficients in the image sequence. This tliree-dimensional autocorrelation func-

tion, R(il,jz,kl ,k2,21,22), may be modeled as

RG1,ip.k1kp,21,0) = exp (- lij —jol = kg = kol =7 18] - &) .
Under the assumption of spatial and temporal invariance to translation, the autocorrelation

function is wide sense stationary. Thus, equation 3.8 may be rewritten as

R(4j,Ak,A) = exp(- a|Aj| - B |Ak| -y |AL]) .

The autocorrelation function of equation 3.9 is separable in the two spatial directions as
well as in the temporal direction.
If the original image sequence is considered as consisting of samples from a Markov

process, then horizontal, vertical, and temporal correlation matrices may be modeled as

2

C =
bl
C ()
[ ==

and

- i
[CfQ] — UQ

1

P

p2

J-1

P

|

02

P

pJ-l

J-2

K-1

K-2

(3.8)

(3.9)

(3.10a)

(3.10b)

(3.10¢)
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where aj2 i aﬁ, and a% represent pixel intensity variances in, respectively, the horizontal,

vertical, and temporal directions.

By application of the separable matrix form of the discrete cosine transform, [C),

the corresponding transform domain horizontal, vertical, and temporal correlation matrices

are
[cFu] = (€] :ij] et (3.112)
¢ ] = te1 fe ] iert, (3.11b)
v L k]
and
[CFW} = (€] :cfQ] et . (3.110)

Horizontal, vertical, and temporal transform domain variance vectors, [VF] , can be defined
as consisting of the transform domain variance values which lie along the main diagonals ot

the correlation matrices of equation 3.11, i.e.,

T £
VF, t < Cr, © 0),CFu(1,1),...,CFu(J—1,J—1)] , (3.12a)
[vg ]t = rCFv(O,O),CFv(I,l),...,CFv(K—I,K—l)] , (3.12b)
and
s 18 = fee @ m.Ca (LD, G -G I-B] 3.12
Vg, ]* = [CF, ©0:CF, (LD g )] (3.120)

The variance vectors, [VF] , contain transform variances ordered by decreasing mag-
nitude. Figure 3-4 is a graph of cosine transform variance components of [Vg] versus trans-
form component number for an assumed correlation of 0.95. For comparison purposes,
variance vector components for the Karhunen-Loeve, Slant, Fourier, Hadamard, and Haar
transforms are also included [26]. From this figure, it can be observed that the cosine
transform variances lie extremely close to the Karhunen-Loeve variance function which, for
the assumed Markov model, provides the optimal image energy compression in the trans-
form domain.

In order to perform a statistical evaluation for the performance of the assumed
model of the three-dimensional cosine transform coder, it is necessary to express the three-

dimensional array of transform variances, {VF}, in terms of the variance vectors, [VF ] 5
u
[VF ] , and [VF ] . This expression is
% w
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{VF} = {¥p, @ [VPLvg (D [VEL....vp (L-DIVE]} , B3
where the two-dimensional variance matrix [VFI is computed as

Vgl = [VFu] [VFV]t : (3.14)

and the scalars vip () are the elements of variance vector |V ¢
Fy Fy

Zonal Sampling of Transform Coefficients

The first coefficient selection technique considered is zonal sampling. In this meth-
od, a sample bandwidth reduction is achieved by defining a zonal partition of the transform
space. Coefficients within the zone define the subset of transform coefficients selected for
coding and transmission. Selection of a subset of transform coefficients results in a loss of
image fidelity at the receiver since not all coefficients are available for image reconstruction.

The zonal sampling coefficient selection process can be conveniently represented by
a three-dimensional binary selection operator in the transform domain S(u,v,w). The form
for the reconstructed image f G,k,Q) is

J-1 K-1 L-1
fG,k,0 = Z z z F(u, v, w) S(u, v, w) 61 G, k, &, u, v, w) (3.15)

u=0 v=0 w=0
where S(u,v,w) is unity for values of u,v,w corresponding to transform coefficients selected
for coding and transmission and zero, otherwise.

Figure 3-5 conceptually illustrates the structure of the resulting three-dimensional
array of selected transform coefficients. In this figure, the single dc transform coefficient is
shown in the upper left hand front corner with the remaining solid regions indicating higher
order selected coefficients.

The mean square sampling error for a sequence of length L frames is

J-1 K-1 L-1

&= > > E{lGK Q)-f(j,k,sz)lz} (3.16)

=0 k=0 £=0
By substitution of equations 3.3 and 3.15 into equation 3.16, the mean square sampling

error becomes
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1 Esl Ll T} K=l 1
& = E{ > P > FevwelGrLuyw -
=0 k=0 £=0 u=0 v=0 w=0

(1 ~S(u,v,w)l . (3.17)

Chen [26] shows that, for transforms having the orthonormality property, the mean square
sampling error reduces to the form

J-1 K-1 L-1]

z 2 z {[F(U,V,w)[l-S(u,v,w)]]z} (3.18a)

u=0 v=0 w=0

I

&g

or

J-1 K-1 L-1

z Z z {Fz(u,v,w)}. (3.18b)

u=0 v=0 w=0
S(u,v,w) =

&g

Thus, the mean square error for coefficient selection by zonal sampling is merely the sum of
the second moments of the discarded transform coefficients.

The results of a theoretical performance evaluation for the three-dimensional cosine
transform coder using maximum variance zonal sampling with no quantization error are
presented in Figure 3-6. In the generation of this figure, the original image was described
statistically as a Markov process having the form of equation 3.10. Assumed correlation
coefficients were 0.95 for the vertical, horizontal, and temporal directions. A 32:1 sample
reduction was used, based on those transform coefficients having the largest variances. The
fidelity criterion employed to evaluate the three-dimensional coder performance is the
percentage mean square sampling error.

The curve exhibiting the highest percentage mean square sampling error in Figure
3-6 represents a temporal sequence of length one (L = 1). This is the case for which the
three-dimensional interframe cosine transform collapses into a two-dimensional intraframe
coder. The remaining curves illustrate the effects of increasing image sequence length. In all
cases, the effect of additional frame sequence length provided further reductions in the

sampling error. In addition, increased spatial subblock size (J X K) also resulted in reduced

sampling error.
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Figure 3-6. Theoretical Performance Evaluation for Three-Dimensional Cosine Transform

Coder with Zonal Sampling
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Zonal Coding of Transform Coefficients

A more efficient technique for transform coefficient selection and coding is zonal
coding. Here, the number of code bits allocated is different for the transform coefficients in
each zone. Transform coefficients with the least transform domain energy are assigned zero
bits and are not coded for transmission to the receiver.

Optimal mean square error bit assignment algorithms for Gaussian distributed varia-
bles ha'¢ been developed by several researchers. (A discussion of optimal bit assignment
procedures is given in Appendix A.) Application 9f an optimum bit assignment algorithm to
the three-dimensional array of transform coefficients results in a new three-dimensional
array of bit assignments which defines the number of quantization levels for each transform
coefficient.

For transform coefficients having a non-zero bit assignment, an optimal quantization
process is performed in accordance with the number of bit coding levels specified in the bit
allocation array. (Optimum mean square error quantization techniques are presented in
Appendix B.) Computation of the bit allocation array allows the mean square error to be

expressed for the zonal coding case. This expression is

Bl K=t - 25(u,v,w)
g=> > E {F? (u,v,w)}—z R2 (u,v,w)
u=0 v=0 w=0 n=1

3.19)

b

P {Dn(u,v,w) < F(u,v,w) < Dy (u,v,w)}

where D;;,D 11, and R, are optimum MSE quantizer decision and reconstruction levels,
b is the number of bits allocated to the transform coefficient at location u,v,w, and P{ } is
the probability that F(u,v,w) lies between decision levels D, and D4, (27].

As shown previously the probability densities for the dc and higher order terms of
the three dimensional cosine transform can be approximately modeled as Rayleigh and

Laplacian, respectively. For this case, equation 3.19 assumes the form




16(0,0,0) 5 :
) - -D2(0,0,0) -D2, 1 (0,0,0)
& = 202- Y R1(0,0,0) fexp| —D———) _exp

=, 2 o? 202
J-1 K-1 L-1 | b (u, v, w)
+ 2 2 z az(u,v, w)-1/2 z erl(u,v, w)
u=0 v=0 w=0 n=1
(u,v,w) #(0,0,0)

o (u,v,w) o (u,v,w)

V2D, (u,v, V2D Vs
exp< e p it W)>— exp( iy O W)> (3.20)

Figure 3-7 illustrates a theoretical performance evaluation of the three-dimensional
cosine transform coder with zonal coding. Tlie three-dimensional bit allocation array used
resulted in a 32:1 bit rate reduction, i.e., from 8 to 0.25 bits/pixel. The original image used
to obtain the performance results of Figure 3-7 was the same statistical model of a Markov
process previously used in the zonal sampling performance evaluation.

This figure illustrates percentage MSE as a function of spatial subblock size for
different temporal sequence lengths. The relative efficiency in terms of theoretical coding
performance between zonal sampling and zonal coding is evident by direct comparison of
Figures 3-6 and 3-7. This comparison shows that for the same 32:1 effective reduction in
bandwidth, zonal coding techniques achieved superior levels of performance. It can also be
seen that the results of Figure 3-7 demonstrate a continued improvement in coding perform-

ance for increasing subblock size and for sequences of increasing length.

EXPERIMENTAL EVALUATION OF CODER PERFORMANCE

For the results presented in this section, a three-dimensional cosine transform coder
was employed using zonal coding with separate Max quantizers for the Rayleigh distributed
dc coefficient and the higher order Laplacian distributed coefficients. The same bit assign-
ment was used for each subcube of the image data array. Thus, no attempt was made in the

three-dimensional cosine transform coder to adapt to local variations within the data.
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Figure 3-7. Theoretical Performance Evaluation for Three-Dimensional Cosine Transform

Coder with Zonal Coding
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The simulation evaluates performance of the three-dimensional cosine transform
coder as a function of frame number. Figure 3-8 illustrates the results of this experiment
for average pixel bit rates of C.1, 0.25, 0.5 and 1.0 bits/pixel/frame. Photographs corre-
sponding to frame numbers 1, 8, and 16 are shown in, respectively, Figure 3-9 (a), (b), and
(c), to illustrate the performance of the three-dimensional cosine transform coder at the

0.25 bits/pixel/frame rate.

RESTORATION OF QUANTIZED SIGNALS

The Max quantizer employed in the previous section is based on the assumption of
uncorrelated Laplacian samples. Under this assumption, each higher order coefficient was
separately quantized with no consideration given to possible correlations with the distribu-
tions of neighboring higher order coefficients.

Recent results by Huhns [28] show that MSE improvements are achieved by opti-
mum nonlinear restoration of quantized samples from multivariate correlated distributions.
However, the degree of improvement depends on the residual correlation in the transform
domain variables. Huhns indicates that the three-dimensional discrete cosine transform is
highly efficient in terms of decorrelating samples in the transform domain. Consequently,
although optimum restoration techniques could, in principle, be applied to the three-
dimensional cosine coder, this approach is not pursued as only slight improvements in cod-

ing performance would be realized.
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(a) Frame 1 (b) Frame 8

(¢) Frame 16

Figure 3-9. Coding Performance of Three-Dimensional Cosine Transform Coder at 0.25

Bits/Pixel/Frame
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4. INTERFRAME HYBRID TRANSFORM/PREDICTIVE IMAGE CODING

In the previous chapter, interframe coding techniques using three-dimensional uni-
tary transforms were presented. The performance of these interframe three-dimensional
transform coders greatly exceeds that of conventional intraframe coders. However, when
implementation considerations are taken into account, three-dimensional transform coders
are often undesirable due to excessive storage requirements. In general, for a subcube size
of L in the temporal domain, these coders require memory sufficient to store L frames of
transform coefficient values. For example, the experimental results reported for the three-
dimensional cosine transform coder used image sequences of length 16 and required storage
of 16 frames of transform coefficients.

To alleviate problems associated with three-dimensional transform coders, a new
class of interframe hybrid coders has been proposed [7], [29]. These interframe hybrid
coders employ two-dimensional unitary transforms within each frame coupled with first
order linear predictive coding between frames. Thus, interframe hybrid coders utilize both
spatial and temporal correlations while, at the same time greatly reducing memory storage

and computational requirements.

SYSTEM DEFINITION

A block diagram &f the basic interframe hybrid coder is shown in Figure 4-1. in this
coding system, a two-dimensional unitary transform is performed on each partition or spa-
tial subblock of the image data. One of the bank of paralle]l DPCM linear predictive coders
is then applied to each set of transform coefficients in the temporal direction. The resulting
sequences of transform coefficient differences are quantized and coded for transmission.

Image reconstruction occurs at the receiver where the transform coefficient differences are
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decoded and a replica of each transmitted image is reconstructed using the appropriate

two-dimensional inverse transformation.

Advantages of hybrid interframe coders include the requirement for only a single
frame of storage for first order linear prediction and fewer computations than three-
dimensional transtorm coders. An additional benefit of the interframe hybrid coder’s use of
DPCM rather than transform coding in the temporal direction is a less complicated hardware
implementation.

The basic implementations investigated for the interframe hybrid coder were two-
dimensional discrete cosine transformations and two-dimensional discrete Fourier trans-
forms in the spatial domain with DPCM temporal coding. For notational convenience, the
interframe hybrid coders employing two-dimensional cosine transforms and .vwo-
dimensional Fourier transforms are denoted as, respectively, CCD and FFD.

Since the discrete Fourier transform is expressible in equivalent real and imaginary
or amplitude and phase components, two versions of the hybrid FFD coder are possible.
The cosine transform, however, is real and only a single formulation for the hybrid CCD
coder exists.

A general expression for the spatial domain processing of the interframe hybrid
coder can be obtained by letting £(j,k,?) denote a three-dimensional airay of amplitude
values for a digital image sequence of length L frames. Also, let F(u,v,?) be the three-
dimensional array obtained by taking the two-dimensional transform in the j,k domain for
each frame.

Mathematically, this transformation pair can be described in a general form by

J-1 K-1

Fv®) = > > 6,59 9(,v,5,K) @1
j=0 k=0

and
J-1 K-1
£G,k,9) = 2 > Fuv9elwvik (4.2)

u=0 v=0
where j and k are spatial coordinates within a subblock of size J X K, u and v are transform
domain coordinates, { is the temporal coordinate indicating frame number, and ¢(u,v.j, k) is

a set of two-dimensional orthogonal basis matrices.
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In the case of the two-dimensional discrete Fourier transform, equations 4.1 and 4.2

assume the form

J-1 K-1
F(u,v,0) = ﬁ( Z z £3, k, £) exp [—27ri (%+‘%)] (4.3)
=0 k=0
and
J-1 K-1 :
£G.k,9) = Z Z F(u, v, £) exp [Zni (—‘}H‘I'(—k)] ' (4.4)
u=0 v=0

where F(u,v, %) is the array of two-dimensional Fourier transform coefficients for the £th
frame. Since the two-dimensional Fourier transform is separable, spatial domain transfos
mations are accomplished by sequentially applying a one-dimensional transform to each row
and then reapplying the transform to each column. For the discrete Fourier transform, the
form for the one-dimensional forward transform is given in equation 2.23.

For image processing applications, f(j,k) is a positive real function representing
brightness of the spatial sample within a frame. The two-dimensional Fourier transform of a

real-valued function has the property of conjugate symmetry, i.e.,

F*(u,v) = FJ-u,K-v) , (4.5)
whereu,v,=1,2,... ,—; - 1. The Fourier transform consists of 212 components, i.e., the real
and imaginary or magnitude and phase components of each spatial frequency. However, as
a result of the conjugate symmetry property, only J 2 compcenents are required to complete-
ly define the Fourier transform [30].

In the Fourier transform, a shift in the spatial domain variables results in a multipli-
cation of the Fourier transform of the unshifted image by a phase factor. If the input image

£(,k, Q) is shifted by the amount Jg in the j-direction and kg in the k-direction between

frames 21 and 522, then the phase corrected Fourier transform of the image in frame Ry is

(Yo, ko
Fpc(u,v,29) = F(u,v, &) exp [Zm (T + -K—)] ] (4.6)
This shifting property is potentially useful for detecting and compensating for effects of
motion between frames since many types of motion, such as panned motion, produce signif-
icant changes in phase components and small changes in amplitude components. Thus,
compensation for comera motion may be implemented directly in the array of phase compo-

nents by application of appropriate phase correction factors.




In a like manner, equations 4.1 and 4.2 have the following form for the discrete

two-dimensional cosine transform:

Fv.9) = ¢ z z (G, k, 9

T 2+1 12k+1)v T |QjitDu (Ck+tD)v
cos2 X ]+cosz[ j K ]] 4.7)

P —

and

£G,k,9) = z Z F(u, v, 9)

u=0 v=0

: [cos—g [(2j-l:'1)u+(2k+l)v] +COS% [(2j+1)u_(2kl+(1)v]l _(4.8)

K J
The two-dimensional cosine transform is also separable. The basic one-dimensional cosine
transform that must be performed on individual image rows and columns is given by equa-
tion 2.16.

Once the transform domain coefficients have been computed, the interframe hybrid
coder uses first-order linear predictive DPCM techniques to code differences between tempo-
rally adjacent transform coefficients. The defining equation for the first-order linear mini-
mum mean square error estimate of input signal f(j, k,), as given in equation 2.30, is

£G,k,2) = aj £G,k,2-1) + ag 4.9)
Under the assumption of f(j,k, %) being a zero mean sequence of transform coefficients, the
quantities ag and a| used to form the estimate ? (,k,9) are given by equations 2.35 and
2.36. These equations define the form for the predictors used in each of the parallel

DPCM coders shown in Figure 4-1.

TRANSFORM COEFFICIENT DIFFERENCE PROBABILITY DENSITIES

In order to properly encode temporal sequences of transform coefficient differences

for each image subblock, the underlying structure of their probability density functions

must be determined. Such a determination will allow selection of quantizer configurations

which are optimally matched ‘o the statistics of the difference signal.
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Previous research based on frame difference intensity values has shown that, for a
large class of natural images, the underlying density is double-sided exponential or Laplaci-
an. However, the question of the statistics of interframe transform coefficient differences
has received little attention. To determine these densities, the 16 frame “head and
shoulders” data base was transformed using two-dimensional cosine transforms. A subblock
size of 8 X 8 was employed to generate 1024 subblocks of cosine transfoim coefficients in
each frame.

The proposed model for the transform coefficient differ:nces is that of a Laplacian
density. The scalar form for this density is given by equation 3.7. Figures 4-2 and 4-3 show
normalized histograms of the dc and a typical lower order cosine transform coefficient
difference sequence. For these figures, a histogram generation technique was used which
tabulated the composite transform coefficient differences for all of the spatial subblocks.
This approach was employed because of the small number (15) of coefficient differences
available for the temporal sequences within an individual subblock. The plots of Figures 4-2
and 4-3 validate the assumed scalar Laplacian form for the density of cosine transform
coefficient differences in the temporal direction.

An investigation of multidimensional Laplacian densities was not undertaken as the
two-dimensional cosine transform is known to be extremely efficient in terms of decorrelat-
ing transform domain coefficients. Thus, little residual correlation would be anticipated

between t2mporal sequences of cosine transform coefficient diffcrences.

BANDWIDTH REDUCTION

The primary goal in the design of image coders is to reduce channel bandwidth
requirements. The basic rationale for the inclusion of transform coding in interframe hybrid
coders is that multidimensional transforms of an image exhibit energy distributions wiich
readily lend themselves to image coding. This property stems from correlations existing
between pixels and results in the compression of transform domain energy into a relatively
small number of transform domain coefficients.

As an illustration of this property in two-dimensions, separable one-dimensional

cosine transforms were applied to the 16th frame of the “head and shoulders™ data base. A

49




SIOUBIJJI( JUSDYJI0D) WIOJSUBL] dUISO) D(J 10) Aysua(y uewoe[de] jo weidelsy “7-p 2Insig

0€ e




51

SIOURIJJI( JUSIDIJI0)) WIOJSUBL], SUISO)) JIPIQ-MOT [BIIdA ], 10] AJ1sua(] uerde[de] jo werdoisiy “g-f Insrg




subblock size of 64 X 64 pixels was used to partition the 256 X 256 image into 16 subim-
ages. The results are illustrated in Figure 4-4. In this figure, the general pattern of energy
about the dc and low frequency terms in the upper left hand corner of each subblock is
clearly visible although there are noticeable variations between subblocks. The logarithm of
the magnitude of the transform coefficients was displayed in this figure to compensate for
the large dynamic range of the transform domain coefficients.

The hybrid interframe coder employs DPCM techniques in the temporal direction to
code differences between temporally adjacent transform coefficients. The coding strategy
employed is based on the matrix of transform coefficient difference variances. In the fol-
lowing sections, a model of the transform coefficient difference variance matrix for the
interframe hybrid coder is developed. The performance of the interframe hybrid coder for

modeled images is analyzed using a zonal coding strategy.

Transform Coefficient Difference Variance Matrix

Use of zonal coding schemes requires knowledge of the two-dimensional distribution
of the transform coefficient difference variances. To model the distribution of the transform
coefficient difference variances, it is necessary to formulate an expression for the transform
coefficient difference variance matrix, [VD] . The variance matrix represents the variance
for each temporal sequence of transform coefficient differences within an image or image
subblock.

An expression for variance matrix [VD] can be derived by modeling the transform
coefficient differences which result from DPCM coding in the temporal direction. For the
class of interframe hybrid coders, the two-dimensional transform domain representation for
two temporally adjacent images or image subblocks is computed. Under the assumption of
a wide sense stationary process, the two-dimensional autocorrelation function may be ex-
pressed as

R(Aj,Ak) = exp (- a|Ajl - |AK]) . (4.10)

Assuming that the images may be treated as samples from a Markov process, the

respective horizontal and vertical correlation matrices, | Cy, | and ka] , may be modeled
J

by equations 3.10a and 3.10b. For the case of the discrete cosine transform, the corre-

sponding horizontal and vertical transform domain correlation matrices, [CF ] and
u
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Figure 4-4. Two-Dimensional Cosine Transform
Domain Representation of Frame No. 16 of

“Head and Shoulders’ Data Base
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(CF ] are given by equations 3.11a and 3.11b. In a similar fashion, the transform domain
v
horizontal and vertical variar ce vectors, [VF ] and [V F ] , are computed by, respective-
u v
ly, equations 3.12a and 3.12b. Thus, for the interframe hybrid coder, the two-dimensional

matrix of transform coefficient variances, [VF], is easily computed as

el = [vpu] [vFth. (4.11)

The relationship between the matrix of transform coefficient variances [Vg] and
the matrix of transform coefficient temporal difference variances [VD], for first order
DPCM predictive coding, is given by Habibi [20]. This relationship is

[Vpl = [VEI {1 -exp (=295} . (4.12)
where exp(-7) is the temporal correlation of the transform coefficients. Equation 4.12
allows the matrix [Vp] to be modeled for interframe hybrid coders using unitary trans-
forms and first-order DPCM predictive coding with specified horizontal, vertical, and tempo-

ral correlations.

Zonal Coding of Transform Coefficient Differences

In zonal coding, the number of code bits allocated for quantization is different for
each zone of the transform coefficient difference variance matrix, [ VD]. Those transform
coefficient difference variances having zero allocated bits define the subset of transform
coefficient differences which are discarded. The bit assignment algorithm used is known to
be optimal in a mean square error sense for Gaussian distributed variables. However, good
experimental results have been obtained for sequences having underlying Laplacian densi-
ties. This is due in part to the similar nature of the Gaussian and Laplacian densities, espe-
cially at points far from the mean.

Figure 4-5 illustrates the zonal coding bit assignment for a 16 X 16 matrix of cosine
transform coefficient difference variances computed for the Markov model of equation 4.10,
with horizontal and vertical correlations of 0.95. With this bit assignment, a bit rate reduc-
tion of 32:1 is achieved. The measure of bit rate reduction is the ratio of the average num-
ber of bits allocated for image coding compared to an 8 bits/pixel representation of the
original image. Thus, a 32:1 bit rate reduction implies that, on the average, 0.25 bits/pixel/

frame are available for coding each temporal sequence of transform coefficient differences.
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Figure 4-5. Zonal Coding Bit Assignment Array for Markov Model of Cosine

Transform Coefficient Difference Sequences with a 32:1 Bit Rate Reduction
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Equation 3.19 presented the general form for mean square error due to zonal cod-
ing. For the interframe hybrid coder, this expression is defined in terms of quantizer deci-
sion and reconstruction levels, bit allocation and the probability distribution of the trans-
form coefficient differences.

The form for the probability density of the dc and higher order cosine transform
coefficient differences was experimentally determined to be Laplacian. Thus, the mean

square error expression for hybrid interframe coders has the form

31 K-l 2b(u,v)
& = z z olz)(u, v)-% z Ri(u, V)
u=0 v=0 n=1
~v/2Dj(u,v) ~VZDpy(u,v)
eXp <——W—'~— - EXp OD(U, V) ,(4]3)

where UZD is the variance of the transform coefficient differences at location (u,v), & S
Dy +1-and R, are optimal Laplacian 'quantizer decision and reconstruction levels and b is
the number of assigned bits.

The theoretical performance of the interframe hybrid coder was evaluated using
separable cosine transforms and first order DPCM predictive coding. The original image was
modeled as a Markov process having the form of equation 4.10 with horizontal, vertical and
temporal correlations of 0.95. In these simulations, zonal coding with Max quantizer deci-
sion and reconstruction levels was used to achieve bit rate reductions of 32:1. The bit as-
signment was that of Figure 4-5. The results of the hybrid interframe coder theoretical

performance evaluation are presented in Figure 4-6.

OPERATIONAL MODES

There are several possible modes of operation for interframe hybrid coders. Defini-
tion of an operational mode includes specification of initial conditions assumed for the
transmitter and receiver and the extent to which the coder is spatially and temporally

adaptive.
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Figure 4-6. Theoretical Performance Evaluation for Hybrid CCD Coder with Zonal Coding
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Initial Conditions

Selection of initial conditions includes specification of the assumed knowledge of
transform coefficient statistics at both the transmitter and receiver and the availability
of the first frame at the receiver. Three proposed sets of initial conditions are sum-
marized in Table 4-1.

In the no a priori information available case of Table 4-1, the first frame is not as-
sumed to be available at the receiver. Consequently, the initial difference signal to be quan-
tized, coded, and transmitted by the DPCM coder is the transform domain representation of
the first frame. The remaining statistical parameters are also not assumed to be available
initially. Values for these parameters must be continuously refined with the coding of
subsequent frames. The resulting mode of operation is an extreme case requiring several
frames for the coder to settle. This situation is of little practical value as at least simple
initial estimates of the first frame and the necessary statistical parameters can normally be
obtained.

The second set of initial conditions is intended for operation under assumptions of
limited or imperfect initial knowledge of the first frame and statistics of the frame sequence.
For example, the interframe hybrid coder might employ a current mean estimate of the first
frame to be coded. Alternately, an intraframe coded version of the first frame could be
used if available. In a similar fashion, the statistical parameters could be based on statistical
models or on mean values. This set of initial conditions is perhaps the most realistic from
the viewpoint of system implementation. Actual specification of the initial conditions will,
of course, depend on hardware design configurations for the hybrid coder and its intended
operational environment.

The maximum information set of initial conditions is primarily intended for expe -
mental evaluation of the interframe hybrid coder’s performance. Here, it is assumed that
the first frame is initially available at the receiver. In addition, frame sequence statistical
parameters are assumed to be available prior to coding. These statistical measures are the

mean value and correlation for each temporal sequence of transform coefficients, i.e.,

L-1
Flu,v) = { z F(u, v, ) (4.14)
=0
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and

L-1
EIIT z Bu v 0 By v o)

p(u,v) = — &1 : (4.15)

|y

! >

i E F<(u, v, 9
£=0

and the variance of the estimated temporal transform coefficient differences

Lol L-1 2
T L g z F2u v, 0 - [ z Foi, v, 9) (4.16)
B Tl g L7 2 Fotv o) :

In equation 4.16, the sequence of L-1 estimated transform coefficient differences,

f:D (u,v,R), is generated by
Fp(w,v,0) = F@,v,0) - p(u,v) * Fu,v,2-1) 4.17)

for £=1,2,...,L-1, where the term p (u,v) * F(u,v,%-1) represents the effect of DPCM first
order linear prediction with perfect quantization.

In the interframe hybrid coder, the transform coefficient temporal correlation is the
gain coefficient in the DPCM predictor feedback loop for each sequence of transform coeffi-
cients. Also, tlie mean value provides biasing to achieve a zero-mean input sequence of
transform coefficients. The computed transform coefficient difference variances are used to
generate optimal bit assignments. Finally, the standard deviation of each sequence of trans-
form coefficient differences is employed as a pre- and post-scaling factor for normalization

of the quantizer inputs.

Spatial Adaptation

The implementation of the interframe hybrid coder used for experimental perform-
ance evaluations is spatially adaptive in the sense that transform coefficient difference statis-
tics for each spatial subblock are separately estimated. Thus, the resulting two-dimensional
bit assignments, predictor feedback loop gain coefficients, and scaling factors are, in general,
different for different subblocks. Although the subblock bit allocations are different, the
total number of bits available for coding within all subblocks is constrained to be equal. An

even higher level of spatial adaptation would be to make the total bits available to each
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subblock a variable based on subblock-to-subblock variations in image energy. For the

experimental results reported in this chapter, only the simpler form of adaptive interframe
coding is employed.
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