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ABSTRACT 

Image data compression is an active topic of research in image 

processing. Traditionally, most image data compression schemes have 

been dominated by digital processing due to the fact that digital 

systems are inherently flexible and reliable. However, H. R. Hunt 

(l97tsb) has demonstrated that optical processing can be used for 

spatial image data compression, using a method called interpolated 

differential pulse code modulation (IDPCM). This is a compression 

scheme which functions analogously with conventional digital DPCM 

compression, except that the specific compression steps are implemented 

by incoherent optical processing. 

The main objective of this research is to extend lDPCM to 

interframe compression, design such systems, and evaluate the 

compression performance limitation under no channel errors, given the 

subjectively acceptable image quality by means of digital simulation. 

We start with a review of digital spatial and interframe compression 

techniques and their implications for optical implementation. Then, the 

technological background of electro-optical devices which has made 

possible hybrid optical/digital processing for image data compression 

will be briefly discussed. Also. a detailed description of IDPCM coding 

is given, along with the ways that IDPCM can be extended to interframe 

compression. Finally, two architectures of hybrid optical/ digital 

interframe compression are proposed, simulated, and evaluated in order 

to discover potential performances of optically implemented interframe 

xi 
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compression systems. Excellent reconstructed image quality is obtained 

by the proposed adaptive hybrid (0/0) IDPCM/frame replenishment 

technique at an overall transmission rate of 3 Mbits/sec, average bit 

rate of 1.5 bits/pixel, and the average compression ratio of 5.2:1. 



CHAPTER 1 

INTRODUCTION 

The Image Data Compression Problem 

Image data compression is an active topic of research in digital 

image processing as well as picture communication communities. The 

purpose of an image data compression system design is to reduce as 

much as possible the amount of data necessary to represent images for 

transmission and/or storage, while maintaining a desired or acceptable 

image quality level for reconstruction and/or retrieval. Therefore, it 

is very important to consider both the characteristics of the source 

image and human visual perception. This approach, however, represents a 

clear departure from the conventional analog communication system 

design based on modulation and detection theories, as well as the 

digital data communication system design based on error detection and 

correction coding theory. 

Figure 1-1 shows a block diagram of an image transmission or 

image storage/retrieval system, originally presented as Shannon's 

channel model. To be more specific, the source image in the first block 

is a sampled and quantized continuous image which is sensed or acquired 

by a continuous sensor (e.g., a raster scanning camera) or an array of 

detectors arranged at the sampling grid. The next block, the source 

encoder or image data compressor, is a focal point of interest in our 

1 
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research. The channel encoder 

transmission over noisy channels. 

provides error protection for 

The sequency of binary digital 

signals is mapped into a train of short analog wave forms in the 

modulation process. After the modulated waveform is transmitted 

3 

through the noisy channel, it is detected and demodulated in such a way 

that the output of the detector/demodulator is a sequence of digits 

representing the best guesses of the transmitted data. The demodulated 

sequence of digits is decoded by both the channel decoder and the 

source decoder (image data "decompressor"), and displayed for human 

viewing. Thus, as can be seen in Fig. 1-1, there are several 

considerations in developing image data compression systems in addition 

to reducing the data rate while maintaining acceptable image quality. 

They include the complexity of the channel encoder/decoder, uniform or 

variable data rates, the size of the channel buffer, noise 

characteristics of the channel, and the compression performance trade­

off between the source encoder and the channel encoder, as well as 

synchronization, etc. All of the above aspects are not considered, but 

rather, this research concentrates on the trade-off between compression 

performance and subjective image quality, as well as experimental 

parameter adjustment for adaptive interframe coding, together with 

their effects on the image quality of the reconstructed images. 

The simplest and most fundamental form of image data 

compression is provided by a two-dimensional Nyquist sampling theorem. 

This theorem states that any bandlimited image signal g(x,y), sampled at 

a rate greater than twice its highest spatial frequency content, could 
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be reconstructed without any distortion or aliasing error. In other 

words, assuming uniform sampling for a bandlimited image g(x,y) with 

spatial frequency cutoffs of Wxc and Wyc' respectively, we are able to 

sample the image with a two-dimensional Dirac delta function such that 

= 

where 

00 00 

l. L g(x,y)o(x-i6x,y-j6y) 

i j 

1 
2Wyc • 

The two-dimensional sampling theorem guarantees perfect reconstruction 

(Andrews and Hunt, 1977). As for data compression, this also means that 

a continuum or infirdte number of image points is reduced to a single 

image sample per Nyquist sample area without any loss of information, 

assuming an ideal low-pass filter is available (Jain, 1981). The image 

sample (called a pixel, pel, or picture element) is subsequently 

quantized to a fixed but sufficient number of bits to represent the 

gray level of the image sample. This process is called pulse code 

modulation (PCM). For human viewing of the PCM coded image, 8 

bits/pixel often gives sufficient resolution. For a broadcast 

television signal whose typical spatial resolution is 525 lines per 

frame with 480 pixels per line and a frame rate of 30 frames per 
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second, the amount of the image data is more than 60 Mbits/sec without 

using the interlacing of fields. Therefore, it is evident that the 

enormous memory and/or channel capacity requirements of digital image 

transmission and storage make the use of data compression techniques 

imperative. 

In the last 20 years, many image data compression techniques 

have been proposed, such as transform coding, predictive coding, 

interpolative coding, hybrid transform/predictive coding, etc. The basic 

strategies of such techniques have been to exploit statistical 

redundancy or correlation in source images and/ or psychovisual 

redundancy in human visual perception. In other words, statistical 

redundancy is removed by reducing the number of bits needed to 

characterize the digital image. Psychovisual redundancy can be removed 

by distorting the image in such a way that it can be described by a 

smaller number of bits, while the distortion is not great enough to be 

noticeable or objectionable to the human viewer. Though it is possible 

to exploit the correlation among primary colors in a color image, that 

is, spectral or color redundancy, this topic will not be examined. The 

primary subject of the imagery in this research consists of monochrome 

multi-frame images, with each frame sequenced in time. Thus, we 

consider only data compression techniques in which temporal as well as 

spatial redundancy is eliminated. 

A final sophistication in digital image data compression 

techniques concerns the adaptability of the compression algorithm. A 

nonadaptive method processes all portions of an image in the same way, 
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i.e., the operating parameters of the compression algorithm are the same 

for all components of the image. Conversely, an adaptive scheme 

adjusts its critical operating parameters as a function of the 

statistical behavior of the image and the characteristics of the human 

visual system (Hunt, 1981). The concepts of both digital spatial and 

interframe compression techniques are described in Chapters 2 and 3 

(Hunt, 1975, 1978, 1982; Pratt, 1978, 1979; Netravali and Limb, 1980; Jain, 

1981; Huang, 1981). 

Hybrid Optical/Digital Processing Concept 

Most image data compression techniques are oriented toward 

digital processing and implementation because it is flexible and 

reliable. However, it has long been recognized that the parallel 

processing capability offered by optical processing can be effectively 

integrated into the great flexibility and interactive capability of 

digital processing. Especially, numerous applications of the above are 

found in pattern recognition problems such as medical radiograph image 

processing for screening a certain type of lung disease, and NASA's 

Earth Resources Technology Satellite (ERTS) for sensing earth's 

resources, etc. (Casasent, 1973; Casasent and Sterling, 1975; Stark, 1975; 

Thompson, 1977). 

In addition, there have been several applications of optical 

processing to image data compression problems (Hunt, 1977, 1978; 

McCaughey, 1978; Merola, et al., 1977; Hunt and Ito, 1980; Ito and Hunt, 

1981). The use of optical processing for image data compression has 

been oriented toward overcoming the excessive digital processing 
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requirements of digital image bandwidth compression techniques. The 

majority of existing digital data compression techniques have been 

dominated by a sequential, pixel-to-pixel or line-by-line mode of 

operation, with the exception of transform coding. Nevertheless, 

advanced opto-electronic device technologies such as the focal plane 

detector, the spatial light modulator, and the multimode optical fiber, 

have enabled a parallel, block-by-block/plane-to-plane mode of 

operation for optical image processing. Because of this hybrid 

optical/digital processing implementation, the algorithmic structure of 

the existing digital compression scheme may be reevaluated. The 

overall goal of our research is system architecture design, i.e., 

combining optical and digital technology to improve the performance of 

compression systems. Especially, it is essential for an adaptive scheme 

to be incorporated into the proposed hybrid optical/digital image data 

compression system for efficient processing. 

Objectives and Organization of Dissertation 

The scope of this research is limited to spatial domain 

processing for spatio-temporal redundancy removal, i.e., digital 

predictive interframe monochrome image data compression algorithms are 

subjected to reevaluation for hybrid optical/digital processing. Since 

the ultimate scheme must provide efficient adaptive processing, the 

final objective of our research is to conceive, simulate, and evaluate 

the compression performances and image quality of the reconstructed 

images of adaptive hybrid optical/digital processing systems for 

interframe image data compression. Before reaching that stage, it is 
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necessary to take the following steps: 

(1) Survey digital image data compression techniques and 

consider their optical implementation in order to establish the 

repertoire of data compression functions which can be carried out 

optically (incoherent or coherent mode), e.g., Fourier transform, 

convolution, correlation, subsampling, interpolation, differentiation, 

integration, addition, subtraction, multiplication, etc. In Chapters 2 

and 3, this is done by considering which computational processes or 

functions described in the digital techniques are useful in the 

development of hybrid optical/digital processing for both spatial and 

interframe compression. 

(2) Investigate an architectural configuration for optically­

implemented spatial image data compression. That is, try to find 

arrangements of both optical processor subcomponents and digital 

processor subcomponents in order to achieve compression calculations. 

In Chapter 4, this is done by briefly reviewing opto-electronics devices 

and describing an architecture called interpolated differential pulse 

code modulation (IDPCM) system for spatial image data compression. 

Also, we demonstrate by means of simulations that a proposed hybrid 

optical/digital IDPCM compression system would achieve a level of data 

compression that is competitive with a digital DPCM system. 

(3) Seek improved architectures by extending IDPCM spatial 

compression for interframe compression in order to increase the 

compression rates and transmission rates of the candidate systems which 

provide acceptable reconstructed image quality. In Chapters 5 and 6, we 
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propose a hybrid (0/0) IDPCM/frame-to-frame DPCM technique and an 

adaptive hybrid (0/0) IDPCM/frame replenishment technique. Given a 

subjectively acceptable image quality, we investigate the ultimately 

achievable bit rates and transmission rates by the adaptive hybrid (0/0) 

interframe compression systems and their relationship to some relevant 

parameters such as buffer sizes and threshold levels. Also, the effect 

of address coding will be brief ly considered. Finally, conclusions 

regarding the feasibility of optical computation for interframe 

compressions are made. 



CHAPTER 2 

HODELS AND CONCEPTS OF SPATIAL 

IMAGE DATA COMPRESSION TECHNIQUES: A REVIEW 

Numerous image data compression techniques have been proposed 

in the last 30 years for various image transmission or 

storage/retrieval environments such as still monochrome images, 

monochrome multiple-frame images, color or multi-spectral still and 

moving images, graphics and/or text images, etc. The primary purpose of 

this chapter is to briefly review the basic concepts of well-proven 

image data compression techniques mainly for still monochrome images. 

Typically they are predictive coding, transform coding, interpolative 

coding, and hybrid transform/predictive coding. We will not touch upon 

color image and graphics/text image coding, which are surveyed in detail 

by Limb and Rubinstein (1977) and Huang (1977), respectively. The 

specific data compression functions in digital computation that can be 

achieved by optical computation systems will be identified. 

Statistical Image Models 

In Chapter 1 we mentioned that the common strategies of the 

image data compression techniques for the removal of spatial redundancy 

are to reduce the statistical redundancy in the image, or to 

decorrelate the image data. The existence of correlation between data 

samples is obvious in view of the fact that the structural integrity of 

an object is generated by certain spatial arrangements of the image 

10 
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samples which possess similar or different gray levels. Thus, unless 

the gray levels of particular image samples such as edges or contours 

change drastically, the smoothly changing gray levels can be predicted 

with a high level of accuracy. This is the basic intuitive assumption 

of predictive coding, typically, differential pulse code modulation 

(DPCM). 

Before describing each technique, we will consider some ways to 

measure the statistical redundancy in the image, and model a class of 

images which may be used to portray some image data compression 

methods. In this context, an image model signifies an abstraction of 

the structure or nature of an image or class of images. There are two 

ways to measure statistical redundancy: entropy statistics based on an 

image histogram, and the image covariance matrix. 

Suppose a continuous image g(x,y) is sampled as an N by N 

matrix of samples, with each sample quantized to P bits, then a total 

of N2p bits is required to represent the digital image g(k,l) for 

storage or transmission using a standard PCM code (Hunt, 1978a). The 

image histogram is a tabulation of the relative frequency of occurrence 

of quantization levels, 2P ~ B where B is the number of bins in a 

histogram. When divided by the total pixels, N2, it is an approximation 

to the probability density function (pdf), which can be assumed to 

underlie the generation of image intensities. This image histogram 

function h(j) can be mathematically described as follows: 



N N 
h(j) = 

k=1 1=1 

for j = 1,2,3, ••• ,H=.2P 

k,l: integers, 

where Xj is the indicator function of the jth bin, i.e., 

otherwise 
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where bj -1 and bj are the lower and upper boundaries of the jth bin. 

The total number of counts in the histogram is 

j=1 

The normalized histogram is Ph(j) :a h(j)/N2, and Ph(j) is an 

approximation of the pdf of the original image (Hunt, 1977). 

The entropy statistic is defined as the average self-

information, I(Ph(j») - -log2 (Ph(j»), associated with the pdf underlying 

each image sample j :a 1, ••• ,B, where I is measured in units of bits. 

Thus, the entropy image statistic based on the normalized histogram Ph 

is 
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B 

H(Ph) .. L Ph(j)I(Ph(j) ) 

j=l 

B 

= - ~ Ph(j)log2 (Ph(j»)· 

j=l 

There is no question that the image histogram and entropy image 

statistics (bits/pixel) of the digital image g(k,l) serve to some extent 

as statistical models to characterize the behavior of a class of 

digital images g(k,l). However, they are only zero-order statistics, 

i.e., those associated with only individual pixels as if they were 

uncorrelated with their neighbors. This is not the case for real-world 

images. Therefore, entropy provides a limited measure of statistical 

redundancy without any knowledge of its source redundancy (Hunt, 1978). 

Also, it should be noted that there seems to be no reliable pdf 

underlying Ph(j) in real-world images, with the exception of a few 

special cases. 

Another way to measure the spatial redundancy indicated by a 

high degree of spatial similarity in local picture regions is by means 

of an image covariance matrix. Given the digital image g(k,l), k,l = 

1, ••• ,N, a N2xl image vector g is produced by lexicographically ordering 

g(k,l), i.e., the first column (or row) of g(k,l) becomes vector elements 

1 through N, the second column (or row) becomes vector elements N+l 

through 2N, etc. Thus, the image covariance matrix is given by 

lCgj = E (g-E(g»)(g-E(g»)T , (2-1) 
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where E denotes ensemble expectation over all possible samples from 

the underlying pdf, if any, and g is the vector formed from ordering 

the digital image g(k,l) and 

1 

E(g) = g = = 

1 

• 
• 

• 
1 

Thus, lCg] is an N2xN2 matrix made of partitions. Each partition is NxN. 

If gj signifies the column vector made up of the jth column (row) of 

g(k,l), i.e., 

.. 
g(j,l) 

g(j,2) 

• 
• 
• 

g(j,N) 

then the m,nth partition of lCg1 is 
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t2-2) 

Thus, the matrix lCg] is a block covariance matrix with the property 

that each partition lCmnJ is symmetrical, lCmn] = lCmnT], and 

furthermore, the entire matrix l cgJ is symmetrical, since l CmnJ = l CnmJ. 

The nature of statistical spatial redundancy in an image can be 

stochastically characterized by the properties of this image covariance 

matrix lCg] as well as by those of the mean vector, g, assuming that g 

is a sample from a multivariate class of random data governed by a 

Gaussian joint pdf: 

p(g) '" 

In other words, the above Gaussian joint pdf (Eq. 2-3) can be used to 

describe images that possess random fluctuations about the underlying 

structure represented by the mean value nonconstant vector g (Hunt and 

Cannon, 1976). For example, in the case of a facial image, the g may 

provide a crude representation of a face such as an oval, with 

implanted features for eyes, nose, mouth, etc. 

Furthermore, an image vector g--is called stationary in the wide 

sense if E{g} = IJ (a constant vector) and E { [tg-g)(g-g)t]} = lCg)' 

where lCg] has the property that elements on diagonals are the same, 

i.e., for a one-dimensional case, if j-k '" m-n, then 
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where j,m is the row number and k,n is the column number. For a two­

dimensional case such as a stacked vector g, if j-k = m-n and 

p-q = r-s, then 

and 

(2-5) 

where lCpqJ and lCrsJ are partition matrices defined in Eq. (2-2), and {} 

and subscripts denote elements of a matrix or vector. Matrices with 

this property (Eq. (2-4» are called Toeplitz matrices, and matrices 

with the above property (Eq. (2-5» are called block Toeplitz matrices. 

Also, if the covariance matrix is Toeplitz, the image characterized by 

the covariance matrix is called stationary. Otherwise, it is called 

nonstationary. It should be noted that the stationary image model, 

which is a basic assumption in predictive coding, is capable of 

characterizing rather gross properties of a class of images, whereas 

nonstationary models, which are more suitable for representing real-
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world images, can be expected to be more adaptive to the specific 

structure of an image. 

Ergodicity is also an important aspect of the statistical 

spatial redundancy in an image. In other words, under stationary and 

ergodic assumptions, spatial averages are equal to ensemble averages 

such that the ensemble mean value can be estimated by the spatial 

average 

N N 

<~> - L g(k,l). (2-6) 

If the mean-value vector g of an image is not a constant, which is 

essential in representing the underlying structure in the class of 

realistic images, then the statistical image model is neither stationary 

nor ergodic. Therefore, it seems that the nonergodic, nonstationary 

nature of a real-world image may cause severe analytical and 

computational complications in deriving efficient image data compression 

algorithms based on statistical image models. 

The statistical image models presented above are solely based 

on descriptive statistics and Gaussian assumptions for modeling a class 

of images. They are called parametric statistical image models. 

However, a more general class of models called nonparametric 

statistical image models can be developed by not specifying the 

amplitude of statistics of the image class or the joint pdf of the 

amplitude statistics, although the global properties of the covariance 

matrix described previously are still valid. Typical nonparametric 



18 

statistical image models can be considered as the image histograms and 

entropy statistics presented previously. 

Another example of nonparametric statistical image models is 

closely associated with the ~larkov process and the separability of the 

covariance matrix. In other words, if the covariance matrix is 

separable in the x and y directions, i.e., 

= (2-7) 

where [ex] and lCyJ are the covariance matrices in the x and y 

directions, then the variability of thu pixel in the x direction is 

unrelated to the variability of the pixel in the y direction. Thus, [Cx] 

and ley] are NxN matrices and 

(2-8a) 

(2-8b) 

where Ex and Ey are ensemble averages in the x and y directions, 

respectively, gx and gy are column vectors indicating x and y 

directions (rows and columns) in the image matrices, and 
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= (2-9a) 

= (2-9b) 

The Markov process in the context of statistical image modeling 

is defined as a sequence of pixels which are random variables, say gl' 

gz, g3' ••• , gj' etc. A process that generates the ordered sequence of 

random variables is Markov if the conditional density function of gj 

depends only on a finite number of g's prior to j. For example, a 

first-order Markov process is given by 

= (2-10) 

and its autocovariance function is given by 

C(j) = 
z . 

Og{ p)J, for j = 0,1,2,3, ••• , (2-11) 

where p is the adjacent element correlation. If an image is assumed to 

be modeled by a separable Markov process, then lCg] is defined as 

1 Z N-1 
1 Px Px • • • Px 

l CxJ 
2 1 

1· = Ox Px 0 

• 1 • • Px • 
N-l 1 • ·1 (2-12a) Px • • • • • Px 
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1 2 N-l 
1 Py Py • • • • Py 

l Cyl = 0
2 1 1. y Py 

" • 1 • • Py • 
N-l 1 • ·1 (2-12b) . Py • • • • • • Py 

where o~ and o~ are the x- and y-direction variances and Px and Py are 

the adjacent element correlations in the x and y directions. The above 

Markov image is stationary about the mean value. Thus, only g, the 

mean vector; ox' Oy; and Px and Py must be specified. Furthermore, the 

basic assumption of predictive coding, typically, two-dimensional DPCM 

coding, is this stationary Markov image model. Here, not only are the 

pixels and an image line correlated, but also the correlation among 

image lines is represented, as shown in Eqs. (2-12a) and (2-12b). The 

stationary Markov image model plays a particularly important role in 

designing a predictor in DPCM. 

Individual image data compression algorithms will be discussed 

in the following sections. 

Digital Predictive Coding 

The digital predictive coding technique consists of differential 

pulse code modulation (DPCM) and delta modulation (DH), the latter 

considered a special case of the former. Thus, we concentrate on DPCM 

coding as shown in Fig. 2-1. The continuous image g(x,y) is sampled and 

quantized into the digital image g(j,k). The statistical predictability 

or correlation between pixels in a line allows us to form an estimate 

of each pixel as a linear combination of previous pixels. The 

difference between the linear estimate of the pixel and the real pixel 
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value is then computed and quantized. The quantized difference is coded 

and transmitted through a communication channel. At the receiver, the 

symbols are decoded and the data are reconstructed by an Nth order 

linear predictor, which generates a pixel estimate to be added back into 

the difference. Thus, the efficiency of DPCM coding depends mainly on 

the prediction algorithm and the structure of the quatttizer. For 

Markov image data, the weighting coefficients to be used for a linear 

combination of previous pixels can be found in such a way that the 

difference signal is uncorrelated. The quantized difference samples do 

not vary as much as the original image samples and are used for 

transmission in order to take advantage of their coarse quantization 

requirement. It can be said that DPCM exploits the causal structures 

of a Markov image model to achieve fast on-line reconstruction of image 

data, and is sensitive to variations of image statistics (Jain, 1975; 

Habibi, 1971). However, a real world image is noncausal. It is only the 

scanning process of DPCM that imposes causality on the interpretation 

of the image. Therefore, theoretically speaking, the stationary, Markov, 

and causal nature of a DPCM coding algorithm applied to nonstationary, 

non-Markov, and non-causal real';"world images may result in image 

quality degradation of the reconstructed image, especially at the edges 

and contours where the stationary assumption breaks down. 

The DPCM coder design consists of predictor and quantizer 

designs. The determination of the following four parameters is 

necessary: 



,'" .-. 

(a) Predictor design parameters: 

(1) the order of the predictor: N 

(2) the value of the predictor coefficients: ai 

(b) Quantizer design parameters: 
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(1) the number of quantization reconstruction levels: rj 

(2) the number of quantization decision levels: dj. 

Both of the sets of design parameters have been extensively discussed 

and evaluated, for example, in Habibi and Robinson (1974), Hunt (1978a, 

1978b), Hax (1960), Rubinstein and Limb (1978), and Limb and Rubinstein 

(1978). Therefore, we will not describe them in detail here. 

Digital Transform Coding 

The basic operation of transform coding is to decompose the 

image data into a set of basis vectors or uncorrelated components of 

decreasing statistical significance, and to select those components of 

greatest statistical importance and discard the rest (Hunt, 1978a). 

This can be better understood by returning to the covariance matrix 

defined in Eq. (2-1). Matrix legJ describes the correlation of the image 

data in the natural xy space of the image coordinate system. It is a 

well known fact that coordinate transformation of a data set by the 

eigenvectors of its covariance matrix accomplishes a "whitening" or 

decorrelation of the data. This transformation, known as the Karhunen­

Loeve transform, provides a minimum mean-square representation of the 

data and is useful for data compression, 
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= (2-17) 

where l~j is the matrix of orthogonal column vectors ~i' and lAJ is the 

(diagonal) matrix of eigenvalues. Let the eigenvalues of legJ be 

arranged into decreasing .order and indexed so that 

(2-18) 

and let the eigenvectors associated with each eigenvalue be arranged in 

the same order. Then, the matrix (~J of eigenvectors has the property 

that the product of l~j with an (lexicographically ordered) image vector 

g. 

G ... l~]g (2-19) 

is such that vector G has uncorrelated components, and the components 

of G are in order of decreasing statistical variance (Fukunaga, 1972). 

If M<N2 components of G are selected and transmitted, along with 

"overhead" information to indicate the components used, the bandwidth is 

reduced by a ratio of N2:M. At the receiver, the M data components 

received are made into a vector of length N2 by inserting zero values 

in place of the N2-M components that are not transmitted. This padded 

vector, denoted by G', is then used to reconstruct the original image by 
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the inverse transformation 

= (2-20) 

and the mean-square error associated with the compression is 

(2-21) 

The Karhunen-Loeve transform provides the smallest mean-square error 

of all possible linear orthogonal transforms (Hunt, 1978a). 

The calculation of the Karhunen-Loeve transform is very 

demanding because it requires calculation of the covariance matrix and 

its eigenvectors, and there is no fast algorithm to implement it. An 

image of N2 points requires computation time proportional to N4, and 

for large image data sets this is an impossibly large amount of 

computation (Hunt, 1982). The question is whether orthogonal transforms 

exist which possess a fast algorithm and which can approximately 

decorrelate the image data. Fortunately, there are a number of such 

orthogonal transforms, such as Fourier, Hadamard, Haar, slant, cosine 

(sine) transforms, and discrete linear basis (Pratt, 1978; Haralick and 

Shanmugam, 1974). Although they do not provide perfect decorrelation 

of the data, they have been found to work efficiently enough to 

outweigh their marginal decreases in compression efficiency. 'l'he 

additional advantage of the above fast transforms is separability. 

Thus, not only can the two-dimensional transform be calculated by two 
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one-dimensional transform computations, but the mathematical 

description is simplified. Figure 2-2 shows a general block diagram of 

transform coding. 

Let the image to be compressed be denoted by g(k,1). The 

orthogonal transform of g(k,l) is given by the transform kernel 

A(k,l,m,n) as 

N N 

G(m,n) = L ~ A(k,l,m,n)g(k,l). (2-22a) 

k=l 1=1 

Also, a unique inverse kernel exists such as 

N N 

g(k,l) = I 1 8(k,1,m,n)G( m,n). (2-22b) 

m=l n=l 

For example, two-dimensional Fourier transform kernels are 

A(k,l,m,n) = [ 

_
i2'IT -J exp - N (km+ In) (2-23a) 

8(k,l,m,n) = (2-23b) 

If they are separable, then 
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A(k,l,m,n) = [ 
i2'TT -J exp - N (km+ln) 

(2-24) 

As noted previously, the essential concept of transform coding 

is found in the selective retention of the transform coefficient. 

Therefore, the sophistication of transform coding schemes results from 

comparisons of different transform operators, the development of 

procedures to determine the desired transform coefficients to select 

for retention, quantization of the selected transform coefficients, and 

coding of the quantized coefficients (Hunt, 1978a). 

The selection of a transform operator and the size of the image 

to be transformed have been extensively studied during the last ten 

years. It has been concluded that, in terms of mean-square error 

measurement, the cosine and slant transforms most nearly approach the 

Karhunen-Loeve transform, with Fourier, Hadamard, and Haar following in 

that order for small-picture (such as 16x16 or 32x32) subblocks (Hunt, 

197Ba). In addition, it should be noted that, above a certain size, the 

mean-square error shows little decrease as the transform size 

decreases, which has led to transform compression by blocks. In other 

words, the standard procedure is to subdivide the image into a set of 

contiguous, nonoverlapping blocks; the transform of each block is 

computed, and the compreSSion steps are executed on the transform 

domain of the blocks (Hunt, 1982). The most important operations in 
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terms of data compression are coefficient bit allocation and 

quantization. The details of the above can be found in Pratt (1978) and 

in Hunt (1982). 

Digital Interpolative Coding 

Interpolative coding is based on the approximation of the 

source image data by polynomials or interpolators, Le., a subset of· 

picture elements are transmitted and the remaining pixels are 

interpolated (Netravali and Limb, 1980). Fixed and adaptive 

interpolative coding are the two types of interpolative coding which 

have been used thus far (Kurtman, 1967; Hochman, Katzman and Weber, 

1967). 

In fixed interpolative coding, a fixed set of pixels is selected 

for transmission and the rest are interpolated. In other words, an 

image degraded by systematic operation is transmitted to its 

destination and the receiver reconstructs the original image by using 

one- or two-dimensional interpolations. For example, the systematic 

operations used to degrade the original image are to transmit every 

other sample, one sample out of four, every alternate scan line, or 

every alternate field or frame. The resulting image quality depends on 

the number of samples, and the type of systematic operation for 

subsampling and interpolation which are used. It appears that 

interpolation using straight lines is quite effective, and not much is 

gained by interpolation using polynomials of a higher degree (Netravali 

and Limb, 1980). 
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In adaptive interpolative coding, there are three basic 

operations: (1) choosing certain points for transmission, (2) 

constructing the interpolation of nontransmitted pixels, and (3) 

evaluating the interpolation error so that the approximated pixel 

values of an image along a scan line or over areas of an image are 

within some permissible error band. In other words, if the error is 

below a certain threshold, fewer points will be chosen for 

transmission; if it goes above the threshold, a larger number of points 

will be chosen for transmission (Netravali and Limb, 1980). The 

evaluation criterion of the interpolation error can be adjusted by 

incorporating into it the characteristics of the human visual system 

rather than the traditional mean-square error (Netravali, 1977). This 

error criterion depends on the spatial activity of the picture signal, 

which is measured by masking and visibility functions. 

Netravali (1977) for details. 

Hybrid Digital Transform/Predictive Coding 

Refer to 

It is natural to create hybrid coding by exploiting the 

advantages of transform and predictive coding, i.e., DPCM. The 

characteristics of transform coding and DPCM coding can be summarized 

as follows: Transform coding has the characteristics of (1) superior 

coding performance at low bit rates, (2) distribution of degradation in 

a manner less objectionable to a human viewer, (3) less sensitivity to 

image data statistics, (4) less vulnerability to channel error, and (5) a 

large memory ·requirement. DPCM coding requires {I} the direct space­

domain use of spatial correlation of the image data, (2) better coding 
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performance at a higher bit rate, (3) minimal equipment complexity and 

delay due to coding operations (fast operation speed for real-time 

coding), (4) no memory, (5) the high sensitivity of two-dimensional 

systems to picture statistics, and (6) vulnerability to propagation of 

channel error. 

Based on the above observations, the hybrid technique was 

designed to exploit both the excellent decorrelation property of 

trensform coding and the efficient operation/implementation of DPCM 

coding, while minimizing the equipment complexity of transform coding 

and the high sensitivity to picture statistics and the propagation of 

channel error of DPCM coding. Habibi (1971) has developed two hybrid 

transform/DPCM coding systems for spatial compression. The first 

system consists of applying a one-dimensional transform along each row 

(column) of the image data and then DPCM to each row (column) of the 

transformed data. The second system consists of applying a two­

dimensional transform to small blocks of size MXM, rearranging them as 

an M2-array, and applying two-dimensional DPCM to the array. At the 

receiving end, both systems involve differential decoding and one- or 

two-dimensional inverse transform. However, the ~econd system requires 

the rearranging of each M2-array as an (MxM) block. The results show 

an improved performance of code rates, that is, one to two bits per 

pixel with acceptable subjective image quality which, as a whole, 

surpasses the performance of both DPCM and two-dimensional transform 

coding. Also, the performance of the hybrid coding system is not 

impaired significantly by small to moderate levels of channel noise. 



32 

Further extension of hybrid transform/predictive coding to interframe 

image data compression can be readily made. This extension will be 

discussed in detail in the next chapter. 

Optical Implementation Considerations 

From the standpoint of optical implementation, all three coding 

schemes contain some essential data compression functions which can be 

achieved by optical computation systems. Some of these functions are, 

for example, the differencing process in predictive coding, the Fourier 

transform in transform coding, and bilinear interpolation and 

subsampling in interpolative coding. The advantages of the above data 

compression functions are in the high-speed parallel image-plane-to-

image-plane operation. Especially, bilinear interpolation and 

subsampling, as well as frame differencing, are quite amenable to 

optical implementation. We will discuss how the above functions can be 

used for a hypothetical hybrid optical/digital systems in Chapter 4. 



CHAPTER 3 

MODELS AND CONCEPTS FOR MOTION-ADAPTIVE 

INTERFRAME COMPRESSION TECHNIQUES: A REVIEW 

Strategies for Spatio-Temporal Compression 

It has been observed that in many natural television images a 

large number of pixels corresponding to the background do not change 

from one frame to the next. However, a small number of pixels do 

change from one frame to the next in order to convey new information 

generated by the movement of the object. In other words, besides 

spatial correlation, there is a great deal of correlation in the 

temporal direction between frames as well. Thus, the typical spatial 

image data compression techniques described in Chapter 2 can be readily 

extended to take advantage of this interframe correlation. There are 

at least three ways to implement spatio-temporal compression. The 

first is the direct extension of spatial compression techniques to 

spatio-temporal compression, such as frame-to-frame DPCM coding, three­

dimensional interframe transform coding, frame-to-frame interpolative 

coding, etc. (Pratt, 197~, 1979; Netravali and Limb, 1980); the second is 

a combination of spatial compression techniques for spatio-temporal 

compression, such as hybrid transform/predictive interframe coding 

(Habibi, 1974), and the third is ~n extension of spatial domain adaptive 

processing, i.e., adaptive quantization and prediction, to spatio-temporal 

compression. 
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One of the most difficult problems in spatio-temporal 

compression is how to measure temporal redundancy. Ideally, a three­

dimensional statistical image model is needed in order to evaluate the 

theoretical implications and limitations of the various interframe 

compression techniques. However, a sequence of real-world images has 

not been successfully modelled as a purely three-dimensional 

statistical image model due to a lack of understanding of interframe 

image statistics. It is known that interframe image statistics consist 

of stationary processes and nonstationary processes. The former can be 

found on a fixed background, which does not change much from frame to 

frame. The latter can be found on rapidly-moving objects whose spatial 

locations change from frame to frame. The real challenge is the 

nonstationary nature of moving image statistics. Burgmeier (1976) has 

assumed that the interframe data is a sample of a three-dimensional 

stationary random process whose covariance is separable and first-order 

Markov in each dimension. Under this assumption, an "optimal predictor" 

is proposed. It is based on seven pixels belonging to previous and 

present frames. Due to the nonstationarity of the interframe image 

data, the above predictor does not seem to work optimally. An adaptive 

quantization approach to interframe compression has not yet been 

attempted. Since the probability density function (pdf) of the frame 

difference signal can be approximated by a Laplace density (O'Neal, 

1966), adaptive interframe quantization may be possible if an image is 

segmented into subimages and the accurate pdf of each subimage 

difference signal is known. Then, the quantizer for these subimage 
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difference samples can be adjusted based on the local statistics of the 

subimage. This may be feasible in the case where the segmentation is 

done block by block, but not in the case where segmentation creates 

arbitrary boundary subimages. 

Even in the absence of a temporal redundancy measure, it is 

conceivable that three-dimensional transform coding could provide an 

extremely powerful decorrelation performance. Cosine transform coding 

over 16 x 16 x 16 cubes of pixels has attained excellent coding rates, down 

to 0.25 bits per pixel with NMSE = 0.49 %, i.e., acceptable image quality 

(Pratt, 1978), however, to an even greater degree than two-dimensional 

transform coding, three-dimensional transform coding has the 

disadvantage of computational and implementational complexities, and 

requires large amounts of storage. Hybrid transform/predictive coding 

can be more easily implemented. A two-dimensional transform is applied 

to an image block for spatial compression and one of the banks of 

parallel DPCM is applied to each set of transform coefficients for 

temporal compression. The resulting sequences of transform coefficient 

differences are quantized and coded for transmission. At the receiver, 

the transform coefficient differences are decoded and the original 

image is reconstructed by using the appropriate two-dimensional inverse 

transform. Figure 3-1 shows the interframe hybrid coding system block 

diagram. 

Motion Classification/Extraction Concepts 

The lack of a reliable three-dimensional statistical image 

model can be offset by considering two factors: (a) the temporal 
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characteristics of human visual perception of moving objects and (b) the 

deterministic interframe image model based on two-dimensional linear 

translational movement. In other words, efficient interframe 

compression algorithms can be derived from the above two observations. 

A recent study (Miyahara, 1975) of the spatio-temporal response of the 

human visual system revealed that, at high temporal frequencies, 

spatial contrast sensitivity is reduced. This indicates that the 

sensitivity of the human visual system to fine spatial detail in 

rapidly-moving objects is low and, at high spatial frequencies, there is 

an overall decrease in flicker sensitivity. For a nontracking task, the 

human visual system can tolerate a loss of spatial resolution in the 

moving area. This is attributed to the fact that rapidly-moving objects 

imaged by a TV camera are blurred due to integration of light from the 

objects in a relatively long frame time. This observation strongly 

suggests that the interframe coder can classify parts of images and 

adaptively apply efficient strategies to different regions of an image 

in accordance with the varied spatial and temporal resolutions required 

by the human viewer. The simplest method of this kind is called the 

"motion classification technique," i.e., the frame replenishment method 

using frame repeating, frame dropping, spatial and temporal subsampling 

and interpolation. 

A more sophisticated method, called the "motion extraction 

technique," consists of extracting the actual motion displacement 

between frames based on deterministic interframe image modeling while 

assuming two-dimensional linear translational movement. Typical motion 



includes linear translation, rotation of objects against a fixed 

background in a scene, zooming and panning of the camera, linear and 

rotational motion of the camera, etc. These motions can be 
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characterized by a deterministic function if a pixel or a group of 

pixels in a current frame correspond with a pixel or a group of pixels 

in the preceding frame (Jain and Jain, 1979). This function is referred 

to as a deterministic interframe image model. Such motion extraction 

and estimation approaches are still in their infancy and most past work 

has been restricted to linear translational movement (Huang, 1981; 

Thompson and Barnard, 1981). There have been three major approaches to 

estimating two-dimensional translation. These approaches are the 

Fourier transform method, the matching or correlation method, and the 

temporal-spatial gradient method. 

The Fourier transform method is based on the shift property of 

the Fourier transform. If the Fourier transform of a function f(x,y) is 

F(fx,fy)' then the Fourier transform of g(x,y) = f(x- flx,y- flY) is G(fx,fy) 

= F(fx,fy)exp[ -j2 1r(fxllX+fy llY»), where (x,y) denotes spatial coordinates, 

(fx,fy) denotes spatial frequencies in cycles ?er unit length, (flx,flY) 

denotes the amounts of two-dimensional translation, and j equals 1-1. 

The difference between the phase angles of the two Fourier transforms 

is 

(3-1) 

Thus, if we calculate llcjl at two frequency pairs (fx,fy)' we can solve 
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for 6x and 6Y. However, this approach possesses serious drawbacks. For 

example, a single moving object should be isolated with a uniform (zero) 

background. If the background is not uniform, frame differencing can be 

used to set the background to zero. Even so, if several objects exist 

which have complicated movements, this method breaks down. Therefore, 

the other two methods are used most often for estimating translational 

displacements for interframe compression in motion extraction 

techniques (Huang, 1981). 

Motion classification and motion extraction techniques will be 

discussed'in detail in the following sections. 

Motion Classification Technique 

The motion classification technique which is typically called a 

frame replenishment coder-decoder (FRODEC) has many variations. 

Basically, they exploit the ma~y similarities between successive frames 

in two ways (Haskell, 1979). First, the parts of the picture that do 

not change between frames are not transmitted; upon display they are 

reconstructed simply by repeating from the previous frames. Second, 

the changed parts of the picture are coded with varying resolutions, 

depending on both the subjective requirements for acceptable picture 

quality and the bit rate available for transmission. 

The typical system components of FRODEC are (1) a motion or 

significant change detector based on frame differencing operations, 

accompanied by a frame memory at the transmitter, (2) a transmitter 

buffer to smooth the data rate prior to transmission, (3) a receiver 

buffer, (4) a frame memory at the receiver to repeat from the previous 
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frame, and lS) an address generator which provides positional address 

information of the transmitted pixels. Figure 3-2 shows a block 

diagram of a simple frame replenishment coder. 

This simple scheme has been greatly improved by incorporating 

the following points: (1) address coding in clusters, (2) reduction of 

spa-tial and/or temporal resolution at the moving parts by using 

subsampling or filtering, (3) filtering out the isolated frame 

differences due to frame-to-frame noise, (4) adaptively changing the 

threshold level for motion-detection, depending on the buffer state or 

movement activity, (5) using multiple quantizers based on local picture 

properties and the buffer state, and (6) frame dropping and/or frame 

interpolation in the case of no significant movement. 

explanations of the above can be found in Haskell (1979). 

Detailed 

The most common code assignment techniques used in interframe 

coding are variable word-length coding for quantized difference signals 

and run length coding for moving pixels. The latter is used in some 

form in virtually all interframe predictive coders, while the former is 

becoming more common (Dubois, et al., 1981). A typical example of 

variable word-length code is the Huffman code. This is a uniquely­

decodable, minimum word-length code, whose average code-word length is 

bounded by H ~ i ~ H+1, where H is the entropy of the quantizer output. 

It is necessary to know the pdf or histogram of the quantizer output in 

advance in order to construct the Huffman code. However, it has been 

shown that a Huffman code with good performance can be designed by 

using the underlying pdf of the ensemble image (Gallager, 1968). 
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Run length coding is efficient for coding the lengths of 

stationary pixels or moving pixels in a scan line because th"e frame 

difference signal at the stationary part will be predominantly zero 

error. Thus, run length coding for indicating the run lengths of the 

moving pixels and the position of the run end is essential in the frame 

replenishment technique. There have been many variations of run length 

coding in terms of isolated noise point removal and correlation of 

positions of run lengths from line to line or frame to frame in order 

to reduce the addressing overhead. For example, the isolated noise 

point can be regarded as a moving pel if the frame difference at the 

moving pixel is greater than the threshold, and if eight vertically, 

horizontally, and diagonally adjacent pixel also simultaneously exceed a 

threshold. Otherwise, the pixel is regarded as a stationary pixel. The 

positions of runs are addressed with respect to corresponding runs in 

previously transmitted lines. This scheme, called differential 

addressing, can provide additional savings. Haskell (1976) has found 

that savings of about 50% in coding the runs can be achieved, depending 

on the amount of motion involved. 

A broader concept of the frame replenishment coder can be 

regarded as a multimode predictive coder. It consists of multiple 

modes of the operations described above, each of which is adjusted to 

the amount of motion so that a gradual and graceful degradation of the 

image quality occurs as the amount of motion activity is increased, 

given the desired transmission rate. The more operating modes there 

are, the better the overall image quality can be, however, as the 



43 

overall complexity of the coder increases, the optimization of the 

coding parameters becomes more difficult. Another essential problem is 

when to switch from mode Hi to Hi+1. Usually, the buffer memory 

occupancy against certain thresholds, Ti , is used as a switching 

criterion, but, it is by no means an optimal criterion. Therefore, 

optimization of a multimode coder involves the adjustment of large 

numbers of interdependent parameters. Moreover, the image quality is 

highly subjective. Thus, simulation either by software or hardware, 

together with subjective testing, plays an important role in designing a 

mul timode coder. 

A few multimode coders with real-time simulation capability 

have been proposed (Haskell, et al., 1977; Ishiguro, et al., 1976; Yasuda, 

et al., 1976), and commercial teleconferencing systems have been 

manufactured by Nippon Electric Company (NEC) (linuma, et al., 1977). 

Motion Extraction Technique 

The motion extraction technique is typically called movement­

compensated predictive coding. If the displacement field (or frame, 

equivalent hereafter) of the moving image sequence is known, a very 

good prediction of the current field in the moving sequence can be 

obtained by shifting and interpolating the parts of the previous field 

which have moved (Dubois, et al., 1981). This general approach has been 

classified into two methods: (1) the Pel-Block displacement 

estimation/compensation technique (Rocca and Zanoletti, 1972; Cafforio 

and Rocca, 1976; Brofferio and Rocca, 1977; Limb and Hurphy, 1975; Jain 

and Jain, 1981), and (2) the Pel-Recursive displacement 
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estimation/compensation technique (Netravali and Robbins, 1979; Stuller 

and Netravali, 1979; Jones and Rashid, 1981). 

In the Pel-Block displacement estimation/compensation 

technique, the image is divided into rectangular blocks and a single 

shift is estimated for that block. The block mayor may not be 

segmented into changed and stationary areas, depending on the size of 

the block. The previous frame is shifted, and interpolated if 

nonintegral displacement estimates are allowed to form the prediction 

for that block. The Pel-Recursive estimation/compensation technique 

updates the displacement estimate at each pixel. This update is based 

only on previously transmitted pels, so that no explicit displacement 

estimate need be transmitted. Figure 3-3 shows the general system 

block diagram of the motion-compensated predictive coder. Next, the 

algorithms of two types of motion-compensated predictive coders will 

be discussed in detail. 

As mentioned in the previous section, there are two viable 

methods for estimating translational displacements: (a) the matching 

or correlation method, and (b) the temporal-spatial gradient method. 

Both of them assume an object in translational motion, with velocity ~ 

= (V 1 ,V2) where V land V2 are velocities at a given point in time (x,t) 

in x and y directions, respectively. Then, the image intensity u(x,t), 

where x = (xl,x2)' satisfies 

= u(,!. - v( t-tO),tOJ (3-2) 
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for an arbitrary reference time to. Letting 1" be the time interval 

between frames, we have 

= (3-3) 

where d = 1"·v is the displacement which occurs in one frame interval. 

The basic idea of the matching or correlation method is to 

choose d from a set of possible displacements !?lJ to minimize some 

measure (usually the mean square measure) of the difference between 

the current frame and the previous frame displaced by d. Thus, d is 

the value which satisfies 

min (3-4) 

de:(i) ,!e:MA 

where MA denotes the moving area. 

Equation (3-4) indicates a large computational burden because it 

should be evaluated for each ~e:!?lJ. Thus, there exists a trade-off 

between computational accuracy and load. In practice, only a relatively 

limited number of integral displacements have been used. 

The strategy of the temporal-spatial gradient technique is 

based on the standard optimization procedure, which minimizes the 

squared difference between u(x,t) and Q(x,t) = u[x~( t-to),to] = u[x~1",to]. 

It has been shown that the spatial gradient of a moving object is 
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related to its temporal derivative (Schunck and Horn, 1981) as follows: 

au(x,t) 

at 
(3-5) 

where au(x,t)/ at and Vxu(x,t) are, respectively, the temporal derivative 

and the spatial gradient at the point where the object velocity is 

defined. We can approximate au(x,t)/ at and Vxu(x,t) with finite 

differences, i.e., 

and 

Thus, Eq. (3-5) becomes 

au(x,t) 

at = (3-6) 

(3-7) 

(3-8) 

Therefore, the velocity estimate V' is obtained by choosing J.. which 

provides the best mean-square fit over the moving area to Eq. (3-8), 

that is, which minimizes 

c = (3-9) 
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By setting VcC = 0, we obtain 

(3-10) 

Equation (3-10) was first proposed by Cafforio and Rocca (1976). Limb 

and Murphy (1975a, 1975b) give a simplified version of the above 

estimator as follows: 

1 6T(X,t)sign[6x (x,t)] 1 16x (x,t) I 
~HA - 1- ~MA 1-

v = 

(3-11) 

Using Eq. (3-10) or (3-11) and assuming that the displacement is small 

(one to two pixels per frame), we are able to estimate the displacement 

d = t:Y. 

The temporal-spatial gradient technique in general requires 

fewer computations than the matching/correlation method for a given 

level of accuracy. This is particularly important for real-time 

application in interframe coding. However, the accuracy of the gradient 

method is limited for large displacements, i.e., greater than several 

pixels per frame when there is a significant amount of detail. This is 
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because the temporal derivative in Eq. (3-5) is poorly approximated by 

the frame difference. 

This problem can be alleviated by introducing a temporal 

recursion as given by Netravali and Robbins (1979). The displacement 

estimate in the previous frame is recursively updated at each pixel in 

such a way that the displaced frame difference 

A 

lu(x,t) - u(x-d,t- >1 __ l' ~3-12) 

is minimized. This is done by changing d in the direction of the 

negative gradient of the displaced frame difference using a gradient 

algorithm, that is 

(3-13) 

where ai is the displacement estimate at pixel i of some scanning 

sequence. Inserting Eq. (3-12) into Eq. (3-13) yields 

= (3-14) 

Since u(x,t) is defined only at the sampling point, interpolation must be 

used to evaluate D(x,t,d) and Vxu(x-d,t-1'). It is adequate to use linear 

interpolation to evaluate u(x-d ,t- .. ), and Vxu(x-[d j,t- .. ) to estimate the 

gradient, where ld j is a rounded to the nearest grid point. This 

algorithm with e = 1/1024 further reduces the bit rate to around 1 to 



1.S bits/pixel for the displaced-frame difference with respect to 

simple frame difference. 

Optical Implementation Considerations 
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Optical implementation for interframe compression seems to be 

plagued by the feasibility of "optical delay or memory." First, the 

image information (visible light) is not in a suitable form for storing 

a frame, unless it interacts with a material which gives it the 

capability to do so. Second, the stored image information must be 

extracted from the storage material and reconverted to visible light. 

Finally, the extracted light representing the stored form must be made 

to interact with the light representing the new frame in such a way 

that temporal differences are generated. Therefore, reasonable concern 

exists that the above optical frame buffering problem may pose 

sufficient difficulty for interframe compression in optical 

implementation (Hunt, 1981). It should be noted that none of the above 

steps is impossible with the proper devices. However, a frame buffer 

or some form of frame differencing scheme is absoLutely necessary for 

interframe compression. Although electro-optical devices exist which 

can store a frame, they are of inferior quality when compared to 

digital frame buffers. Consequently, a feasible approach to optical 

computation for interframe compression seems to be a combination of 

optical processing for a spatial compression subsystem, and digital 

processing for a temporal compression subsystem, i.e., hybrid 

optical/digital processing. 
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So, which digital interframe compression method can be 

effectively adopted or incorporated into a hybrid optical/digital system 

for interframe compression? Since two major characteristics of optical 

processing are high operation rates and simple design, it is probably 

most desirable to use the digital interframe compression method which 

matches the high processing speed of the optical spatial compression 

subsystem. The motion extraction technique is probably more effective 

when it is implemented by all digital components. Because it tends to 

require complicated computations for motion displacement estimation, it 

would not operate compatibly with the optical spatial compression 

subsystem. Therefore, we pay special attention to motion classification 

techniques and reevaluate their system configuration for the concept of 

a new hybrid optical/digital interframe compression system. 



CHAPTER 4 

HYBRID OPTICAL/DIGITAL PROCESSING APPROACH 

Overview 

One of the most important elements in image data compression 

is efficient computation by means of an effective algorithm or 

architecture. Various environments exist where the bandwidth and 

throughput necessary for analyzing, transmitting or storing images are 

severely limited, such as in remotely-piloted vehicle control through 

continued updating of the remote pilot view, analyses or storage of 

medical x-ray pictures, analyses or storage of aerial or satellite 

pictures for monitoring weather and earth resources, and teleconference 

and TV signal transmission via digital means. It should be noted that 

for teleconference and digital TV applications, the image transmission 

technology discussed in Chapter 3 has evolved sufficiently to be 

practically implemented and marketed in digital hardware form lIinuma, 

et al., 1977). However, further improvement of the computational 

efficiency of image processing seems to be necessary, especially for 

remote sensing applications, where a staggering 1013 bits of data per 

day need to be processed (Schaefer and Fischer, 1982). 

There are three possible methods of coping with the excessive 

computational requirements of image processing operations such as data 

compression and feature extraction. The first method is the use of 

optical processing, which possesses higher operation rates by means of 

52 
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inherent image-plane-to-image-plane parallel processing. The second is 

to augment digital processing by exploiting the parallel~sm of the 

image through multiprocessor architecture. The third approach is a 

combination of optical processing and digital processing in such a way 

that the high-speed operation of optical processing and the flexibility 

of digital processing are fully utilized. As noted in Chapter 3, we 

choose to explore the last architecture: hybrid optical/digital (O/D) 

processing for the purpose of interframe image data compression system 

design. 

Recent advances in electro-optical devices such as charge 

transfer devices (CTD) used as focal plane detectors, and spatial light 

modulators such as liq~d crystal light value (LCLV), Pockels readout 

optical modulators (PROM), high-speed silicon-lithium-niobate (SiLiNb) 

devices, and others suggest that optical processing is a viable 

operation for image data compression. 

CTD is a generic term applied to a family of functional solid­

state electronic devices which include charge-coupled devices (CCD) and 

charge-injection devices tCID). Under the application of a proper 

sequence of clock pulses, these devices move quantities of electrical 

charge in a controlled manner across a semiconductor substrate. Using 

this basic mechanism, they can perform an amazingly wide range of 

electronic functions, including image sensing, data storage, signal 

processing and logic operations (Sequin and Tompsett, 1975). The 

difference between CCD and CID lies in the fact that CID is X-Y 

addressable in the matrix form and operates in a non-destructive 
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readout manner. Therefore, ClD needs twice as many lead lines and 

switches as CCD. Advances in the above focal plane detector technology 

have made available single fast detectors, one- and two-dimensional 

arrays of detectors, and segmented detectors. The output of these 

detectors can be analyzed in near real-time with the uce of on-line 

minicomputers and microprocessors (Thompson, 1978). Refer to Appendix A 

for a brief description of CTD operation. 

Spatial light modulators can be used for near real-time 

conversion of an incoherent input into a coherent output. They can act 

as transducers from acoustic or electrical signals directly to a 

coherent optical field. Some of these light values can be used for 

real-time generation of spatial filters for coherent optical processing. 

Though their physical nature and principles are beyond the scope of 

this study, it should be noted that spatial light modulators provide 

simple mathematical operations such as parallel image subtraction and 

addition (refer to Thompson (1977), Stark (1975), Casasent (1973), and 

Grinberg and Maron (1977) for more details). Casasent (1981) has also 

reviewed the basic architectures and algorithms of optical signal 

processing for spectrum analysis, correlation, ambiguity function 

computation, and other signal processing functions, based on bulk 

acousto-optic (AO) transducers. Since this study focuses on the 

developments of algorithms and system architectures for interframe 

compression, the specifics of spatial light modulators are not discussed 

in detail. Refer to Appendix B for a brief description of LCLV for 

real-time image subtraction. 
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It should also be noted that CID devices, as well as spatial 

light modulators, provide temporal image buffer and parallel frame 

differencing capabilities for interframe image data compression using 

optical processing. CTD smart sensors, in particular, are promising in 

the sense that an adaptively-coordinated spatial/temporal subsampling 

and interpolation between the spatial and temporal compression 

subsystems are feasible through the use of programmable resolution. 

For example, a CCD image can be sampled at different resolutions by 

varying the clocking rate and the sequence of readout commands. In 

addition, the programmable resolution or mask can be provided by 

currently viable spatial light modulators, i.e., LCLV. The main 

difference between the CTD approach and the spatial light modulator 

approach is that the former operates on incoherent image data and the 

latter outputs coherent image data. More importantly, the latter is 

more expensive and more complicated to operate than is the former. 

Also, CTD results in a simple real-time image processing system in 

which an incoherent optical processor, i.e., a CCD video camera plus 

appropriate optics, is suitably coupled with a television CRT (Ferrano 

and H~usler, 1980; Hunt, 19H1). Hunt (197H) has developed an incoherent 

optical processor for image data compression called interpolated 

differential pulse code modulation (IDPCM), which is based on the 

optical analogy of a digital DPCM data compression system. The IDPCM 

scheme is examined in the next section. 

The second approach to overcoming excessive computational 

requirements and, therefore, drastically speeding up processing 
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throughput, is a spatially parallel digital image processor using 

multiprocessors, i.e., thousands of processing elements (PEs) operating 

simultaneously on a bit plane, or an array of O's and l's. By the same 

token, instructions are generated in the format of an array that would 

simultaneously control the operations of every processing unit. The 

gray level of a picture is decomposed into layers of bit planes, and 

arithmetic operations of the picture are implemented by sequences of 

shifts within a plane and by Boolean operations, depending on the 

contents of adjacent planes (Schaefer and Fischer, 1982; Batcher, 1980). 

Within the context of image data compression, this parallel image 

processing concept can be interpreted as numerous PEs in an array that 

is spatially and parallely placed and applied to blocks of subimages in 

a frame simultaneously. At the same time, based on the properties of 

local statistics of the subimage block, an efficient coding operation 

can be adaptively applied to it. 

The third approach to parallel hybrid optical/digital processing 

may be the most efficient operation in terms of throughput. The main 

problem with this approach is how to allocate operations to optical 

processing and digital processing subsystems. The rule of thumb is 

that digital processing can best be utilized for controlling the overall 

operation and for interfacing with optical subsystems. Optical 

subsystems are best suited to Fourier transform and spatial filtering 

operations with negligible processing time. Most applications in hybrid 

optical/ digital processing have been oriented toward image analysis, 

pattern recognition, radar data processing, and various signal 
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processing problems. For example, HcHahon, Johnson, Teeter and Whitney 

(1975) have applied a hybrid technique to fingerprint identification. 

Kruger, Hall, and Turner (1977) have used a hybrid optical! digital 

radiography-based system for lung disease detection. Finley (1977) has 

developed an automated visual edge match system using a hybrid 

optical/digital approach, and Balasubramanian (1977) has tested and 

evaluated a hybrid optical/digital correlation system. Recently, 

Mantock, Sawchuk, and Strand (1980) have applied a hybrid system to 

cloud-texture analysis, and Brooks and Kemp (1977) have demonstrated 

moving-object detection using a hybrid optical/digital scheme. 

There have been several applications of hybrid optical/digital 

processing to image data compression problems (Hunt, 1977, 1978; 

McCaughay, 1978; Merola et al., 1977; Hunt and Ito, 1980; and Ito and 

Hunt, 1981). In the above research, both the availability and 

practicality of electro-optical devices such as CTD, LCLV, and PROM have 

been assumed for electro-optical subsampling and interpolation, as well 

as for electro-optical frame differencing and summation for image data 

compression operations. Emphasis is placed on the development of 

algorithms or system architectures that effectively incorporate viable 

optical processing into the dominant digital processing used for image 

data compression. The essence of optical processing for spatial image 

data compression proposed by Hunt (1977, 1978) will be discussed in the 

next section. 
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Hybrid (O/D) Interpolative DPCM Coding for Spatial Compression 

Figure 4-1 shows an incoherent optical subsystem for IDPCM data 

compression. Figure 4-2 shows a hybrid optical/digital interpolative 

DPCM system block diagram. This is not a direct optical analogy to 

DPCH, but an optical system which captures the essential features of 

DPCM without optical feedback. The essential features of this 

incoherent optical system are the encoding of low-frequency information 

and the generation of difference samples that can be coded with a 

small number of bits. The essential operation of the incoherent 

optical subsystem for IDPCM compression can be summarized as follows 

(Hunt, 1978): 

1. At the transmitter, the original image is sampled by a mask, 

and the samples are quantized and transmitted. The mask is an opaque 

screen with small holes periodically spaced in it. 

2. The sampled image is interpolated by an incoherent 

convolution fi(x,y) = h{x,y)*fs(x,y), where h is the point spread function 

of the interpolator, and fs is the sampled image created in (1). The 

incoherent convolution is done by using an apodized aperture and a 

misfocused lens. 

3. The difference image is computed d(x,y) = f(x,y) - fi(x,y) and 

all samples of it are quantized and transmitted. 

4. At the receiver, the mask samples, i.e., the samples of f s ' 

are again interpolated to form a low frequency version. 

5. The difference samples are added to the interpolator output 

to reconstruct the original •. 
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Hunt hypothetically compares the direct coherent optical 

analogy to DPCM compression as follows: The coherent optical DPCM 

system shown in Fig. 4-3 contains coherent spatial filters in both the 

compression and the reconstruction ends, as well as a fully parallel 

optical quantizer which can be implemented by nonlinear optical 

processing techniques such as the ones discussed by Dashiell and 

Sawchuk (l Y76). Two difficult problems are encountered in the 

utilization of such a nonlinear element integrated into a system with 

feedback optics: (a) errors could occur during the optical quantization 

process and the cumulative effects of these errors in the feedback loop 

are unknown, and (b) painstaking measures associated with optical 

feedback must be taken to ensure component rigidity and stability, 

freedom from random perturbations in the optical path, control of the 

coherence length of the illumination, etc. An incoherent optical 

system, however, does not possess the difficulties associated with the 

implementation of a coherent optical DPCM system. An incoherent 

optical subsystem connected to a digital uniform and Laplace 

quantization and transmission system (as shown in Fig. 4-2) has two 

advantages: (1) low frequencies in the image can be predicted, removed 

from transmission by a difference step, and then recreated at the 

receiver, and (2) high frequencies, which are not eliminated by 

prediction and differencing, possess only a small amount of the total 

image energy and can be accurately coded with a small number of bits. 
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There are several differences between IDPCM and DPCM. 

1. IDPCM does not assume causality of a pixel sequence in an 

image line; that is, DPCM is a pixel-to-pixel operation as opposed to 

IDPCM, which takes a parallel image-plane-to-image-plane operation. 

2. The pixel estimate of DPCM is replaced with a neighborhood 

smoothing of the entire image plane, which is called a low frequency 

image in IDPCH. 

3. The pixel difference of DPCM is replaced with the difference 

between the original image and the estimated or smoothed low frequency 

image, which is called a high frequency image in IDPCM. 

4. IDPCM has a nonfeedback structure, as opposed to a feedback 

structure in DPCM. The feedback of a pixel estimate in DPCM is used to 

cancel the accumulated quantization error from the quantized 

difference. However, by using two-channel incoherent optical system 

implementation, the feedback structure can be eliminated without 

accumulating the quantization error. This is due to the fact that the 

visibility of the distortion at the receiver is reduced by the two­

channel structure in which the high frequency image containing various 

distortions is added to the low frequency image. 

In hybrid optical/digital implementation, the subsampling and 

interpolation operation can be realized by CID, and the differencing 

operation can be implemented by an appropriate opto-electronics device, 

as previously discussed. 

The IDPCM spatial compression system in Fig. 4-2 has been 

simulated by a digital computer. In this simulation, the sampling by a 

mask in an incoherent optical system is replaced by every second or 
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fourth pixel digital uniform subsampling, and interpolation by 

incoherent convolution is replaced by digital bilinear interpolation. A 

low frequency image is uniformly quantized with a specified 

quantization level, low frequency uniform quantization (LFUQ), because 

the pdf of the low frequency image is unknown. A high frequency image 

is Laplace-quantized with specified quantization level, high frequency 

quantization (HFQ), because the pdf or histogram of the high frequency 

image has been shown to be similar to the Laplace pdf. 

The spatial compression performances of the IDPCM system for 

every second and fourth pixel subsampling and interpolations are given 

in Tables 4.1 and 4.2, when LFUQ levels and HFQ levels are changed from 

2 to 64. The bit rate per pixel of the IDPCM system has been 

calculated by the following equation: 

BR = 

for every second pixel subsampling and interpolation, and 

BR .. 

for every fourth pixel subsampling and interpolation where LFUQ is the 

low frequency uniform quantization level and HFQ is the high frequency 

Laplace quantization level. The overall best performance in terms of 

the normalized mean square error (NMSE) and bit rate per pixel is given 



Table 4-1. IDPCM Spatial Compression Performances (Bit Rate and NMSE) for Various HFQ 
and LFUQ Levels. Every Second Pixel Subsamp1ing and Interpolation. 

~ 4 2 
LFUQ 

2 14.07% 14.03% 
1 .0 B ITS/P I XEL 1 .75 B ITS/P I XEL 

4 2.516% 2.486% 
1.25 BITS/PIXEL 2.0 BITS/PIXEL 

8 0.507% 0.4745% 
1.5 BITS/PIXEL 2.25 BITS/PIXEL 

16 0.1956% 0.1630% 
1 .75 B ITS/P I XEL 2.5 BITS/PIXEL 

32 0.08715% 0.05403% 
2.00 BITS/PIXEL 2.75 B ITS/P I XEL 

64 0.06638% 0.0350% 
2.25 B ITS/P I XEL 3.0 BITS/PIXEL 

Optimal Parameter: HFQ = 2 LFUQ = 32 
NMSE = 0.08715% 
BR = 2.00 BITS/PIXEL 

8 16 

14.07% 14.08% 
2.5 BITS/PIXEL 3.25 BITS/PIXEL 

2.476% 2.478% 
2.75 B ITS/P I XEL 3.5 BITS/PIXEL 

0.4557% 0.4461% 
3.0 BITS/PIXEL 3.75 BITS/PIXEL 

0.1481% 0.1468% 
3.25 B ITS/P I XEL 4.00 B ITS/P I XEL 

0.03538% 0.02997% 
3.5 BITS/PIXEL 4.25 B ITS/P I XEL 

0.01619% 0.01017% 
3.75 BITS/PIXEL 4.5 BITS/PIXEL 

I 

I 
! 

0\ 
VI 



Table 4-2. IDPCM Spatial Compression Performances (Bit Rate and NMSE) for Various 
HFQ and LFUQ Levels. Every Fourth Pixel Subsampling and Interpolation. 

~ LFUQ 2 4 8 16 

2 13.52% 13.07% 13.04% 13.04% 
1.0 BITS/PIXEL 1.9375 BITS/PIXEL 2.875 BITS/PIXEL 3.8125 BITS/PIXEL 

4 2.784% 2.417% 2.271% 2.235% 
1.0625 BITS/PIXEL 2.0 BITS/PIXEL 2.9375 BITS/PIXEL 3.875 B ITS/P I XEL 

8 0.993% 0.6663% 0.4698% 0.4191% 
1 . 125 B ITS/P I XEL 2.0625 BITS/PIXEL 3.0 BITS/PIXEL 3.9375 BITS/PIXEL 

16 0.]209% 0.3787 0.2019% 0.1601% 
1.1875 BITS/PIXEL 2.125 BITS/PIXEL 3.0625 BITS/PIXEL 4.0 BITS/PIXEL 

32 0.632% 0.2928% 0.1082% 0.06094% 
1 .25 B ITS/P I XEL 2.1875 BITS/PIXEL 3.125 BITS/PIXEL 4.0625 BITS/PIXEL 

64 0.5988% 0.2696% 0.09273% 0.04108% 
1.3125 BITS/PIXEL 2.25 BITS/PIXEL 3.8125 BITS/PIXEL 4.125 BITS/PIXEL 

! 

Cl' 
Cl' 
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by every second pixel subsampling and interpolation where LFUQ = 32, 

HFQ = 2, SR = 2 bits/pixel and NMSE = 0.087%. This parameter setting is 

best in the sense that it provides lowest possible bit rate, given the 

subjectively acceptable image quality of the reconstruction. Figures 

4-4 and 4-5 show the original and reconstructed images of Walter 

Cronkite, respectively. 

Extension of Hybrid (0/0) Coding to Interframe Compression 

The demonstrated feasibility of hybrid (0/0) IOPCM coding for 

spatial compression suggests that it is also viable to investigate the 

use of optical processing for interframe compression. As discussed in 

Chapter 3, a variety of interframe compression schemes have been 

devised for digital computing technology. Thus, digital interframe 

compression system architecture can be readily utilized for conceiving 

a hypothetical hybrid (0/0) interframe compression system. For example, 

the basic concepts of frame-to-frame OPCM coding, frame replenishment 

coding, and motion-compensated coding can be combined with the optical 

implementations discussed previously. However, we shall restrict our 

attention to the hybrid (0/0) interframe compression architectures 

which utilize IDPCM coding as a spatial compression subsystem. This is 

because IOPCM coding is the simplest optical implementation for spatial 

image data compression whose compression performance (bits/pixel) is 

comparable to that of digital OPCM. Since optical implementation for 

interframe image data compression should be as simple as possible in 

order to take advantage of optical processing, it is viable to use 

simple IDPCM coding as a spatial compression subsystem. Moreover, this 



Fig. 4-4. Original picture of Walter Cronkite. 

Fig. 4-5. Reconstructed picture of Walter Cronkite: BR 
pixel, NMSE = 0.087%, LFUQ = 32, HFQ = 2. 
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architecture is chosen because it is difficult to achieve temporal 

compression by optical processing due to the optical frame buffering 

problem. Thus, we need to rely upon a digital temporal compression 

scheme. However, an overly sophisticated temporal compression scheme, 

such as motion-compensated coding, may not be suitable for hybrid (0/0) 

interframe coding. High-speed spatial comp·ression by IOPCM can be 

offset by the slow and demanding operations of such a sophisticated 

temporal compression scheme. Motion-compensation coding is more 

suitable for pixel-to-pixel sequential digital· processing of images than 

for plane-to-plane parallel processing of images, as described in 

Chapter 3. 

Therefore, we concentrate on the simpler digital-temporal 

compression schemes such as frame-to-frame OPCM and frame 

replenishment techniques, and their incorporation in hybrid (0/0) 

interframe compression architectures. In Chapters 5 and 6, the proposed 

system configurations and the simulation results of hybrid (0/0) 

IDPCM/ frame-to-frame OPCM and adaptive hybrid (0/0) IDPCM/ frame 

replenishment techniques are discussed, respectively. 



CHAPTER 5 

HYBRID (0/0) IOPCM/FRAME-TO-FRAME OPCM TECHNIQUE 

System Configuration 

The basic configuration which we propose for the hybrid (0/0) 

interframe compression system is shown in Fig. 5-1. The upper portion 

of the figure represents the portion of the system responsible for data 

compression, whereas the lower portion is the reconstruction system. 

It consists of five clearly segregated subsystems. These are the (1) 

optical spatial compression, (2) digital temporal compression, (3) 

digital reconstruction, (4) optical reconstruction, and (5) opto­

electrical subsystems. 

The optical spatial compression subsystem deals with the 

reduction of spatial redundancy. The original image is subsampled and 

the subsamples are used to reconstruct a low-frequency version of the 

original image by using optical bilinear interpolation. The low 

frequency version of the image is subtracted from the original image to 

produce a high frequency image through the electro-optical subsystem at 

the node 0 in Fig. 5-1. 

The digital temporal compression subsystem deals with the 

reduction of temporal redundancy. The structure of the digital 

temporal compression is similar to that of the conventional OPCM 

system. However, the difference between the two is that the temporal 

DPCM compression scheme adopts the parallel image-plane-to-image-plane 
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operation. In other words, it is successive frames of imagery which are 

buffered, used for prediction, differenced and quantized. Also, the 

quantization of the frame difference is done by a Laplace quantizer 

because the pdf of the frame difference signal can be approximated by 

Laplace density. 

The digital reconstruction subsystem uses similar parallel 

operations. That is, a frame buffer saves each successive frame and 

sums it, in parallel with the succeeding frame. 

The optical reconstruction subsystem generates a low frequency 

version from the subsamples, again using an optical bilinear 

interpolation. 

Finally, the opto-electrical subsystem at the node ® in Fig. 

5.1 combines the low frequency version and the high frequency version 

of images to reconstruct a successive frame. 

Componentry Considerations 

The implementation of Fig. 5-1 can be segregated into optical 

and digital components, with clearly defined interfaces between each. 

For example, in Fig. 5-2 the nodes marked CD represent where optical 

information enters a region of the system that is dominated by digital 

processing. Likewise, in the reconstructor, everything to the right of 

the point marked @ is optical processing, with digital processing to 

the left of 0). 
We now summarize the actual component prospects at each of the 

individual blocks in the diagram. 
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(1) Subsample A number of m~chanisms can optically subsample 

an image plane. For example, if a linear sensor array is used, with the 

array optically "push-broomed" across the image plane, then proper 

timing of the array readout can subsample the image plane, e.g., extract 

every nth pixel from every nth line. 

(2) Bilinear interpolation An optical bilinear interpolation 

can be constructed by writing the proper apodization function across a 

lens, and then throwing the lens out of focus. For Fig. 5-1, the 

subsamples extracted would be imaged on a matrix display, such as a 

CRT, and the optical interpolation executed from mis-focus on the 

display. 

(3) Image difference The difference between the original 

image and the low-frequency version is a pixel-by-pixel difference 

between the two image planes. Electro-optical mechanisms for this 

differencing operation have been demonstrated recently, including 

electro-optical effects in a liquid crystal used by Grinberg and Maron 

(1977 ). 

(4) DPCM processors Although the conceptual processes in 

these components are parallel image-plane-to-image-plane operations, it 

is direct to see how they could be implemented .serially. For example, 

subsamples extracted from an array would go directly into the DPCM 

loop, the loop being a "pass-through" around the quantizer to the frame 

buffer until the frame buffer is loaded with its reference image. Then, 

the frame buffer data would be extracted, passed into a working 

quantization loop, etc. The data could be processed serially through a 
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single DPCM processor, the data being serially extracted from the frame 

buffer and synchronized pixel-for-pixel with the image plane 

subsamples. Thus, although processed serially through a single DPeN 

processor, the pixel-by-pixel synchronization between subsamples and 

frame buffer would have the same effect as NxN parallel DPCM 

processors operating at a very low data rate. Note that sensing for 

subsamples with a suitable detector (such as an CCD array) could 

provide data in exactly a suitable format for input to the DPCM 

processes. Obviously, all operations in the DPCM processors would be 

digital. Similar comments can be directly applied to the DPCM loop, 

which temporally processes the high frequencies. 

(5) Reconstruction At the nodes marked ~ the incoming data 

circulates through frame buffers and is summed with incoming image 

plane pixels synchronized to the corresponding frame buffer pixels, to 

regenerate both low and high frequencies. 

(6) Reconstruction bilinear interpolator The processing here 

is the same as in the compression step. The reconstructed samples 

would be written on a matrix display which would be imaged out of 

focus. 

(7) Summation Again, a suitable electro-optical devices would 

be used to achieve summation, as in the corresponding difference 

operation in the compression portion of the system. This would require 

conversion of the samples from the high-frequency DPCM reconstructor 

into light intensities for the electro-optical summation. 
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As can be discerned from this discussion, the overall 

architecture mixes optical and digital processes in a hybrid system for 

interframe compression (Hunt and Ito, 1980). 

Simulation Results and Discussions 

To demonstrate the feasibility of the proposed architecture, a 

series of digital simulation experiments was carried out. That is, the 

optical subsampling and interpolations were replaced by digital 

subsampling and interpolations, and also the optical differences and 

summations by digital differences and summations. 

The source data for the simulation consisted of a sequence of 

14 digitized frames from a television broadcast of Walter Cronkite 

(head and shoulder image). The frames were digitized at 256x256 pixels 

resolution, with 8 bits of intensity per pixel. 

Figures 5-2 to 5-18 show how the original image is processed at 

each black box of the proposed interframe compression system in Fig. 

S-I. In other words, the first original frame of the Walter Cronkite 

image shown in It'ig. 5-2 is fed into the IDPCM spatial compression 

subsystem and low frequency version image shown in Fig. 5-3 and the 

high frequency version image shown in Fig. 5-4 are generated. The low 

frequency image of the first frame is uniformly quantized, which is 

shown in Fig. 5-5, and sent to the frame buffer as well as for 

transmission through the low frequency channel. The high frequency 

image of the first frame is Laplace-quantized, which is shown in Fig. 

5-6, and sent to the frame buffer as well as for transmission through 

the high frequency channel. These transmitted low and high frequency 
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Fig. 5-2. Original first frame. 

Fig. 5-3. Low frequency image of the first frame. 
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Fig. 5-4. High frequency image of the first frame. 

Fig. 5-5. Uniformly quantized low frequency first frame. 
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images are also stored at the frame buffers, at the receiving end. Now, 

the second frame shown in Fig. 5-7 is also subsampled into the low 

frequency version image in Fig. 5-8. In order to generate the high 

frequency image of the second frame shown in Fig. 5-10, the subsampled 

image shown in Fig. 5-8 is bilinearly interpolated as shown in Fig. 5-9 

and it is subtracted from the original second frame. Then, the buffered 

low frequency image of the first frame is subtracted from the incoming 

low frequency image of the second frame to form a difference image 

shown in Fig. 5-11. The same operation takes place in the high 

frequency channel to form a difference image between high frequency 

second frame and the first frame, shown in Fig. 5-12. Both of the 

difference images are Laplace-quantized to form the images shown in 

Figs. 5-13 and 5-14, respectively. They are transmitted through the 

communication channel. At the receiving end, the buffered low 

frequency first frame is added to the transmitted low frequency frame 

difference image to reconstruct the low frequency version of the second 

frame shown in Fig. 5-15. Since it is a subsampled version, it is 

bilinearly interpolated to form an actual low frequency second frame 

shown in Fig. 5-16. The same operation without bilinear interpolation 

takes place in the high frequency channel to form a high frequency 

second frame shown in Fig. 5-17. Finally, both of them are combined to 

reconstruct the second frame shown in Fig. 5-18. 

The 14th frame normalized mean-square error (NMSE)/bit rate 

(BR) performances for a sequence of Walter Cronkite images are 

summarized in Table 5-1. The NMSE performances across each frame for 
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Fig. 5-6. Laplace quantized high frequency first frame. 

Fig. 5-7. Original second frame. 
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Fig. 5-8. Low frequency image of the second frame. 

Fig. 5-9. Subsampled and bilinearly-interpolated second frame. 
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Fig. 5-10. High frequency image of the second frame. 

Fig. 5-11. Difference image between low frequency second 
and ·first frames. 
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Fig. 5-12. Difference between the high frequency first 
and second frames. 

Fig. 5-13. Laplace-quantized difference image between low 
frequency second and first frames. 
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Fig. 5-14. Laplace-quantized difference image between high 
frequency second and first frames. 
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Fig. 5-15. Reconstructed low frequency image of the second frame. 



Fig. 5-16. Bilinearly interpolated low frequency of 
the second frame. 

Fig. 5-17. Reconstructed high frequency image of 
the second frame. 
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Fig. 5-18. Reconstructed second frame. 
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various bit rates are given by Figs. 5-19 to 5-23, where the NMSE is 

used as an objective image quality measure. The NMSE and BR as system 

performance measur.e are defined as follows: 

NMSE == 

BR == 

2 i [fr(x,y)-f(x,y)j 
x,y 

~ 
x,y 

2 f(x,y) 
(6-1) 

(6-2) 

where LFQ is the low frequency quantization level and HFQ is the high 

frequency quantization level. 

According to Table 5-1, the NMSE performances are almost 

parallel to LFQ levels. In other words, for each LFQ level, NMSE 

performances are almost the same within the range of 1 % or less. 

Also, the HFQ levels have little effect on the NMSE performances of the 

14th frame at the same LFQ level. On the contrary, for the same HFQ 

level, the NMSE performance improves conSiderably along with the 

increasing LFQ levels. From the transitions of NMSE performances 

across each frame for various combinations of HFQ and LFQ as shown in 

Figs. 5-19 to 5-22, it can be said that it is essential to allow large 

LFQ levels (8 or 16) for acceptable objective image quality, regardless 

of the HFQ ~evels. The subjective image qualities of the 14th frame 

reconstruction associated with 1.5 bits/pixel (HFQ == 2, LFQ == 8) and 1.75 

bits/pixel (HFQ == 2, LFQ == 16) arr acceptable as shown in Figs. 5-23 and 
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Fig. 5-23. Fourteenth frame reconstruction at HFQ 
NMSE = 1.3%, BR = 1.5 bits/pixel. 
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Table 5-1. Fourteenth Frame NMSE/BR Performances Summary for Walter Cronkite Images. 

~ LFQ 2 4 8 16 

BR = 1 BIT/PIXEL BR = 1.75 BITS/PIXEL BR = 2.50 BITS/PIXEL BR = 3.25 BITS/PIXEL 
2 NMSE = 9.53% NMSE = 9.15% NMSE = 10.07% NMSE = 9.63% 

4 
BR = 1.25 BITS/PIXEL BR = 2.0 BITS/PIXEL BR = 2.75 B ITS/P I XEL BR = 3.5 BITS/PIXEL 
NMSE = 3.01% NMSE = 2.6% NMSE = 2.89% NMSE = 2.77% 

8 
BR = 1.5 BITS/PIXEL BR = 2.25 BITS/PIXEL BR = 3.0 BITS/PIXEL BR = 3.75 BITS/PIXEL 
NMSE = 1.3% NMSE = 1.24% NMSE = 1. 17% NMSE = 1.22% 

16 BR = 1.75 BITS/PIXEL BR = 2.5 BITS/PIXEL BR = 3.25 B ITS/P I XEL BR = 4.0 BITS/PIXEL 
NMSE = 0.92% NMSE = 0.96% NMSE = 0.83% NMSE = 0.89% 

\0 
tv 
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5-24. Figures 5-25 and 5-26 show the 14th frame reconstructions for 

the cases of BR = 1.25 bits/pixel (HFQ = 2, LFQ = 4) and BR = 1.0 

bits/pixel (HFQ = 2, LFQ =: 2), in which some artifacts due to the motion 

displacements are observed around his shoulders and his head, and at 

the center of his face and chin. Figure 5-27 is an original 14th frame 

for comparison. 

In addition, the transitions of NMSE performances for BR = 1.0 

bit/pixel in Fig. 5-19 show good NMSE performances about 1 to 2 % up to 

the eighth frame. Due to the large motion involved between the eighth 

and ninth frames, the subsequent NMSE performances are deteriorated 

rapidly. Thus if we allow the larger LFQ levels such as 8 or 16 at the 

ninth frame, the errors due to the motion displacement can be made less 

than the case of LFQ = 2. 

The bottleneck of this proposed hybrid (O/D) interframe 

compression scheme is mainly caused by the motion displacement 

contained in neighboring frames as well as in the frame prediction 

mechanism. The predicted frame used is just a previous frame, assuming 

the motion displacement between frames is small. This is not usually 

the case in real interframe image sequences such as Walter Cronkite 

images. Therefore, motion displacement errors between neighboring 

frames are accumulated as time and frames go on, and unacceptable 

distortion is generated in the reconstructed image if the low frequency 

quantization level is not large enough to allow the low frequency 

component which constitutes most of the motion displacement to be 

correctly coded. Also, the subjective image quality of the 
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Fig. 5-24. Fourteenth frame reconstruction at HFQ 2, LFQ 16, 
NMSE = 0.92%, BR = 1.75 bits/pixel. 

Fig. 5-25. Fourteenth frame reconstruction at HFQ 2, LFQ 4, 
NMSE = 3.01%, BR = 1.25 bits/pixel. 
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reconstructed 14th frame for 1.5 bits/pixel or 1.75 bits/pixel is not 

quite excellent. In addition, the transmission rates are not quite 

acceptable with a frame rate of 30 frames/sec and 256 pixels x256 

lines of the images are 2.Y Mbits/ sec or 3.4 ~lbits/ sec, respectively. 

This is an improvement over only the spatial IDPC~l compression scheme 

by 0.5 to 1 Mbits/sec, whose transmission rate per second with the same 

conditions as above is 3.9 Mbits/sec for LFUQ = 32, HFQ = 2 and BR = 2 

bits/pixel. The NMSE performance of this case is almost constantly 

0.08 % across 14 frames, which is excellent image quality. However, one 

has to pay for the degradations caused by the interframe frame-to­

frame DPCM. 

Therefore, we need a scheme to cope with the motion 

displacement so as to improve image quality at a small cost in 

transmission rate. Also, it should be the temporal compression scheme 

which possesses sufficiently simple structure and high-speed operation 

in order to match the high-speed optical spatial compression achieved 

by lDPCM. Within this constraint, we will utilize some motion 

classification techniques developed for digital interframe compression 

in the next chapter. 



CHAPTER 6 

ADAPTIVE HYBRID (O/D) lDPCM/FRAME REPLENISHHENT TECHNIQUE 

System Configuration 

The architecture that we proposed for an adaptive hybrid (O/D) 

lDPCM/frame replenishment technique is given in Figs. 6-1 and 6-2. It 

consists of five clearly segregated subsystems as follows: 

(1) Optical spatial compression subsystem using lDPCM 

(2) Digital temporal compression subsystem using motion 

detector and pixel selector 

(3) Digital address coding subsystem 

(4) Optical spatial reconstruction subsystem 

t5) Digital temporal reconstruction subsystem 

The optical spatial compression subsystem is the same as the 

IDPCM incoherent optical compression system described before. However, 

this lDPCM mode can be switched to frame replenishment mode by an 

adaptive decision mechanism incorporated in the motion detector. 

The digital temporal compression subsystem consists of a motion 

detector and a pixel selector followed by a uniform quantizer. The 

motion detector contains a frame buffer, a threshold mechanism, a 

moving pixel address generator, and an adaptive mode sWitching 

mechanism based on various ad hoc and adaptive rules. We will describe 

the adaptive decision mechanism in detail in the following section. The 

pixel selector chooses significantly moving pixels from the current 
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frame, based on the moving pixel address information generated at the 

motion detector. Then, the moving pixels are uniformly quantized due to 

the fact that the pdf of the moving pixels is not a priori known. When 

SWI is on, it is a frame replenishment mode, and when SW2 is on, it is a 

IDPCH mode. The switches are set in a mutually exclusive way and 

controlled by the motion detector, i.e., adaptive decision mechanism. 

The digital address coding subsystem generates address 

information on the moving pixels, that is, on their spatial locations. 

One way of efficient address coding is performed by run length coding, 

which codes only the run lengths of the moving pixels and position of 

the run end or run start points. However, if the number of moving 

pixels is not so many, a simple fixed length (8 bit) code may be 

sufficient as indicated later in this chapter. 

Optical spatial reconstruction subsystem is same as IDPCM 

reconstruction process as shown in Chapter 4. 

The digital temporal reconstruction subsystem consists of a 

frame buffer that stores the previous frame image, and the spatially 

addressable and switchable image summation systems. Under the IDPCM 

mode, a digitized image from the IDPCM receiver is passed through this 

image summation system and sent to the frame buffer or display. 

However, under the frame replenishment mode, the IDPCM channel is cut 

off and the previously transmitted image stored in the frame buffer is 

combined with the moving pixel values by the proper guidance of the 

address information. In this process, since the address information is 

provided by run length codes, proper translation processing from run 
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length code to spatial coordinates is needed in a line-by-line manner. 

If an 8-bit fixed-length address code is used in a line-by-line manner, 

this translation process may be greatly simplified. 

Adaptive Decision Mechanisms 

This proposed architecture allows a wide range of flexible 

operations to be performed by proper setting of the adaptive decision 

mechanism. For, example, (1) only IDPCM spatial compression with 

parameters (LFQ = 32,HFQ = 2, 2 bits/pixel) is applied to each frame, 

i.e., there is no temporal compression, (2) IDPCM spatial compression 

with the same parameter as above is applied to every other frame or 

every nth frame and the dropped frame is reconstructed by transmitting 

the significantly moving pixels and summing them to the stored 

preceeding frame, i.e., frame replenishment of every other frame or 

every nth frame, and (3) frame replenishment is applied to each frame 

until the motion detector detects a significant NMSE between 

neighboring frames above a certain threshold and changes the mode into 

IDPCM spatial compression, i.e., frame replenishment suspension. 

Thus, one of the functions performed by the adaptive decision 

mechanism is to select one of two modes: (a) the IDPCM spatial 

compression mode or (b) the frame replenishment temporal compression 

mode. The switching criterion should be based on "temporal image 

activity" measures. As has been discussed in Chapter 3, it is possible 

to calculate the velocity or motion displacement of moving pixels 

through "efficient" digital computations. However, its accuracy of 

estimation is limited to a few pixel displacements. That is, the motion 
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estimation may not work properly, depending on the actual displacement 

taking place in the sequence of images and whether the motion 'involved 

is restricted to a spatially uniform translation. It is apparent that 

the movement in the head and shoulder images (Walter Cronkite) is more 

complicated than the assumption,of the motion displacement estimation 

methods. Thus, we choose to use NMSE of the frame difference of the 

neighboring frames as an indirect image activity measure in the 

subsequent simulation experiments. 

Another function of the adaptive decision mechanism is to set 

the threshold value to classify the moving pixels from the stationary 

pixels. Since the number of moving pixels to be detected and 

transmitted is varied from one frame to another, a transmitter buffer 

for the moving pixels is needed in order to keep the data transmission 

rate constant. In other words, this buffer size limitation can be used 

for regulating the number of moving pixels to be transmitted by 

recursively raising the gray level threshold value until they can be 

fitted within the finite size of the transmitter buffer. In the 

subsequent simulation, the threshold value is sequentially increased by 

one hundredth of the variance of the frame difference from the mean 

value of the frame difference. 

We have discussed a variety of adaptive strategies that can be 

incorporated into the frame replenishment technique in Chapter 3. 

However, given the constraint of the optically implemented spatial 

compression system, the reduction of temporal resolution at the 

stationary part of the image may not be exploited because IDPCM is not 
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suitable for changing the temporal resolution of the limited region 

(stationary area) of the image. Also, spatial resolution of the moving 

area can be readily reduced by raising the threshold level or 

decreasing the buffer size. Rather, IDPCM spatial compression used in 

the proposed hybrid (O/D) inter,frame compression technique provides 

more efficient reduction of spatial correlation than the conventional 

frame replenishment. Because it is not at all designed to reduce 

spatial correlation, but, primarily, "temporal correlation" by not 

transmitting the temporally correlated stationary pixels. 

In summary, the adaptive decision mechanism we have adopted 

consists of indirect change detection strategy using adaptive 

thresholding of the frame difference based on the buffer occupancy 

state, and the replenishment suspension strategy based on thresholding 

the NMSE of neighboring frame difference. The proposed adaptive coding 

system can be viewed as multimode coding as discussed in Chapter 3. 

That means that it possesses a few interdependent parameters to be 

adjusted, such as buffer size, threshold value for replenishment 

suspension, etc. We need to rely on extensive simulation experiments to 

"optimize" them, which will be discussed in the next section. 

Simulation Results and Discussions 

In order to demonstrate the improved performance of the 

proposed architecture and adjust the interdependent parameters in the 

adaptive system, a series of digital simulation experiments was carried 

out. The same source data in Chapter 5 have been used, i.e., 14 



digitized frames from a television broadcasting images of Walter 

Cronkit~. 
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We assumed that address coding is accurate, no channel coding 

has been used, and no channel error has been added to the transmission 

channel. It is not useful to consider the channel error effects before 

coping with the distortion due to motion displacement. Thus, we have 

simulated the adaptive hybrid (O/D) IDPCM/frame replenishment technique 

with var.ious combinations of parameters, such as transmitter buffer 

size in terms of moving pixels to be stored (MAXBUF = 3000 or 8000), 

threshold value for mode selection in terms of NMSE of the frame 

difference (THD = 0.005 or 0.01). We used an 8-bit uniform quantizer to 

assure the accurate quantization of the moving pixels. Some 

preliminary simulation experience indicated that the subjective image 

quality of the reconstructed image is closely connected with the 

accurate quantization of moving pixels under frame replenishment mode. 

The proper selection of the above parameters may have significant 

influence on the compression performances measured by bits/pixel or 

bits/sec (with 30 frames/sec rate) as well as the subjective image 

quality of the reconstructed images. 

The basic frame replenishment operation can be illustrated by 

Figs. 6-3 to 6-7. For example, the third frame shown in Fig. 6-3, which 

is buffered in the motion detector, is subtracted from the incoming 

fourth frame shown in Fig. 6-4 to generate a frame difference image. 

The frame difference image is binarized by thresholding and shown in 

Fig. 6-5. It is used as a "map" to identify significantly moving pixels, 

and the pixel values corresponding to the white points on the map are 
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transmitted along with the address information (spatial coordinates) of 

the white points on the map. Then, the previously transmitted third 

frame shown in Fig. 6-6, which is stored in the frame buffer, is 

selectively replaced by the transmitted moving pixels to generate the 

fourth frame reconstruction shown in Fig. 6-7. 

Figures 6-~ to 6-13 show how the NMSE performances of the 

proposed systems change along 14 frames under various parameter 

settings. Table 6-1 summarizes the compression performances of 

adaptive hybrid (O/D) IDPCM/frame replenishment techniques in 

accordance with various parameters described above. 

Figure 6-8 shows NMSE performance transition of nonadaptive 

hybrid(O/D) IDPCM/frame replenishment technique. In other words, the 

first frame is transmitted after being spatially compressed by IDPCM 

and the subsequent frames are processed by frame replenishment without 

adaptive mode change. The maximum buffer size is set as 8000 pixels, 

or 64 Kbits for 8 bits/pixel. Figure 6-8 indicates the same kind of 

tendency as hybrid (O/D) IDPCM/frame-to-frame DPCM technique, i.e., the 

motion displacement error has been accumulated as frames and time go 

on. The subjective image quality of .the reconstructed images is totally 

objectionable. Thus, it is absolutely necessary to incorporate an 

adaptive decision mechanism to suspend a frame replenishment mode. 

Figure 6-9 shows NMSE performances of the adaptive hybrid (0/0) 

IDPCM/Frame Replenishment technique with THO = 0.01 for the cases of 

HAXBUF = 3000 and 8000. Due to the relatively high threshold value, 

frame replenishment mode continues until the eighth frame is processed. 
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Table 6.1. Summary of Objective Compression Performances of Adaptive 
Hybrid (O/D) IDPCM/Frame Replenishment Technique. 

THO: NMSE OF 
FRAME 

MAXBUF: ""DIFFERENCEI 0.01 (1%) 
MAX NO. OF 
MOVING PIXELS 

MAXBUF = 3000 I ABR = 0.89 BITS/PIXEL 

= 24 KBITS ATR = 1.75 MBITS/SEC 

ACR = 8.9:1 

0.005 (0.5%) 

ABR = 1.5 BITS/PIXEL 

ATR = 2.97 MBITS/SEC 

ACR = 5.2:1 

MAXBUF = 8000 

= 64 KBITS 

ABR = 1.18 BITS/PIXEL I ABR = 1.65 BITS/PIXEL 

ATR = 2.33 MBITS/SEC ATR = 3.25 MBITS/SEC 

ACR = 6.8: I 

ABR: average bit rate 
ATR: average transmission rate (30 frames/sec) 
ACR: average compression rate 

ACR = 4.8: I 

...... 

...... 
+=--
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The accumulation of motion displacement errors generates a ghost type 

of distortion on the facial part, but not on the background, shoulder, 

and the neck parts of the seventh and eighth frame images, shown in 

Figs. 6-10 and 6-11 for MAXBUF = 3000, and in Figs. 6-12 and 6-13 for 

MAXBUF = 800U, respectively. Under this parameter setting, frame 

replenishment is suspended only four times, thus providing low bits 

rates, i.e., 0.89 bits/pixel for NAXBUF = 3000, and 1.18 bits/pixel for 

NAXBUF = 8000. Consequently, low transmission rates are needed, i.e., 

1.75 Mbits/sec for MAXBUF = 3000, and 2.33 Mbits/sec for t-tAXBUF = 8000. 

It can be said that the size of buffer, MAXBUF = 3000 or 8000, does not 

have significant influence on improvement of the objective image quality 

of the reconstructed images. However, the buffer size inversely 

affects the average compression ratio. In other words, the smaller the 

buffer size, the larger the average compression ratio, e.g., 8.9:1 for 

MAXBUF = 3000 and 6.8:1 for t-tAXBUF = 80UO. 

Figure 6-14 shows NMSE performances of the same system with 

THD = 0.005 for the cases of MAXBUF = 3000 and 8000. Notice the NMSE 

scale change in Fig. 6-14. In this case, frame replenishment has been 

suspended nine times. Consequently, the overall objective image quality 

is excellent, whose NMSE's range from 0.08% to 0.35%. However, in this 

case, higher bit rates and transmission rates are needed for both 

MAXBUF = 3000 and 8000 than those in the previous case, as shown in 

Table 6-1. In other words, 1.5 bits/pixel and 2.97 Hbits/sec for HAXBUF 

.. 3000, and 1.65 bits/ pixel and 3.25 Mbits/ sec for MAXBUF = 8000. Also, 

there is a similar trend for the case shown in Fig. 6-14, that is, the 
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allocation of more buffer size (MAXBUF = 80UO) does not mean 

significant improvement of the objective image quality of the 

reconstructed images, but means a reduction of average compression 

ratio, i.e., 5.2:1 for MAXBUF = 3000, and 4.B:l for MAXBUF = BOOO. 

It is very difficult to ,evaluate the overall subjective image 

quality of sequence of images by only looking at the static frames. As 

discussed in Chapter 3, the insensitivity of the human visual system to 

rapidly-moving fine spatial detail may contribute to better subjective 

image quality of the reconstructed images, depending on how rapidly 

they are displaced. Thus, we developed a program to successively and 

repeatedly display 12 static frames stored in three refresh memories, 

with each refresh memory storing four (256x256) images. Each image is 

zoomed to fill the entire screen of size 512x512 and flashed on the CRT 

in a movie-like manner. We have conducted some subjective image 

quality tests of the reconstructed images obtained by the proposed 

interframe compression techniques at approximately 30 frames/sec, or 

32.5 msl frame for flashing the zoomed images onto the screen. The 

subjective image quality judgement results have been summarized in 

Table 6-2. It should be noted that the subjective image quality of the 

reconstructed images for THD = 0.005 is excellent and as good as that 

of the original image sequence, regardless of the MAXBUF size. However, 

the subjective image quality of the reconstructed images for THD = U.Ol 

is unacceptably distorted. In particular, jerky movement on his cheek 

and nose, and artifacts around the collar of his shirt are typical 

distortion. The appropriate paramater in the above program has been 



Table 6-2. Summary of Subjective Image Quality Judgement on Dynamic 
Image Sequence Viewing of the Reconstructed Images at 
Approximately 30 Frames/Sec. 

THD: NMSE OF 
FRAME 

MAXBUF: DIFFERENCE 

MAX NO. OF 
MOVING PIXELS 

3000 
(24 KBITS) 

8000 
(64 KBITS) 

0.01 (1%) 

DISTORTION VERY' 
VISIBLE: JERKY 

MOVEMENT ON CHEEK AND 
NOSE: ARTIFACTS AROUND 

COLLAR OF SHIRT 

DISTORTION VERY 
VISIBLE: JERKY 

MOVEMENT ON CHEEK AND 
NOSE: ARTIFACTS AROUND 

COLLAR OF SHIRT 

0.005 (0.5%) 

EXCElLENT IMAGE 
QUALITY WITHOUT 

JERKY MOVEMENT 

EXCELLENT IMAGE 
QUALITY WITHOUT 

JERKY MOVEMENT 

t-' ..... 
ex> 



chosen so that the experimentally measured frame time under this 

parameter setting approximates 30 frames/sec. 
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Therefore, given the acceptable image quality, the "best" 

overall compression performance provided by th~ proposed adaptive 

hybrid (O/D) IDPCM/frame replenishment technique is given at THD = 0.005 

and HAXBUF = 3000, and the average bit rate = 1.5 bits/pixel, the 

average transmission rate = 2.97 Mbits/sec, and the average compression 

rate = 5.2:1. This does not include address coding bits. However, 

assuming the most crude way of assigning fixed address code, that is, 8 

bits for each moving pixel in a line consisting of 256 pixels, we need 

to provide address code bits for at most 3000 moving pixels per 

replenished frame. Thus, 3000x8 bits/pixel = 24 Kbits/replenished 

frame. For THD = 0.005, there are only four replenished frames, i.e., we 

need at most 96 Kbits of address codes, which is only about 7% of the 

total number of bits transmitted across 14 frames. To be precise, for 

THD = 0.005 and MAXBUF = 3000, 8865 moving pixels are transmitted, thus, 

actually about 70 Kbits of address codes are necessary. Including the 

address codes, the average transmission rate is about 3 Mbits/sec. This 

means that at small cost in transmission rate, the subjective and 

objective image qualities of the images reconstructed by the adaptive 

hybrid (O/D) IDPCM/frame replenishment technique are greatly improved 

as compared with those of hybrid (O/D) IDPCM/ frame-to-frame DPCM 

technique. 

Although the obtained transmission rate may not be the same 

for other sequences of images containing different amounts of motion 
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displacement, it is an indication of the potential and feasible 

performance provided by the proposed adaptive hybrid (0/0) interframe 

compression system. It can be concluded that hybrid optical/digital 

processing for interframe image data compression is feasible and can 

provide excellent quality of the reconstructed images with about 3 

Nbits/ sec (30 frames/sec). Unfortunately, this performance is not quite 

competitive with the 1.5 Mbits/sec real-time digital interframe coder 

constructed by Haskel et al. (1977) and Yasuda et al. (1976), provided 

that the image qualities given by both coders are nearly equivalent. 

Haskel's coder utilizes a combination of digital DPCM coding and frame 

replenishment. There are 12 modes of operation in which various 

techniques to reduce spatial and temporal resolutions are used, such as 

temporal filtering, subsampling, isolated noise suppression, and 

switched quantizers (Dubois et al., 1981). Temporal filtering is placed 

in a DPCM loop as a multiplier a in front of the DPCM loop quantizer. 

Thus, the temporal filter u<l reduces the frame difference values. It 

is possible to incorporate temporal filtering into the hybrid (0/0) 

IDPCM/frame-to-frame DPCM technique. However, considering the not 

quite acceptable image quality given by the above technique, it does not 

seem to be viable to pursue temporal filtering for the improvement of 

hybrid (0/0) interframe compression performance. Haskell's spatial and 

temporal subsampling may be effective in reducing the bit rate. As we 

discussed in Chapter 3, a human viewer has low spatial resolution 

requirements for rapidly moving objects, and has low temporal 

resolution requirements for nonmoving parts. In all digital inter frame 
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compression systems, there is no difficulty in exploiting this 

psychovisual property by spatially subs amp ling the moving part and/or 

temporally subsampling the nonmoving part. Nevertheless, in a hybrid 

(0/0) interframe compression system using an IDPCM spatial compression 

subsystem, it is difficult to change the temporal resolution of the 

limited region (stationary area) of the image due to the single 

operation of subsampling which is applied to the entire image in a 

parallel manner. This may be one of the disadvantages of hybrid (0/0) 

inter frame compression. Isolated noise suppression can reduce the 

transmission rate to some extent in terms of reducing the addressing 

overhead of the moving pixels. This technique has not been incorporated 

into the adaptive hybrid (0/0) IDPCM/ frame replenishment technique. 

Such incorporation could be an area of future research. Also, the 

switched quantizer seems to be viable because in areas of the picture 

where there is very little motion activity, a fine quantizer can be 

used, and in areas with more motion activity, a coarse quantizer can be 

used. In adaptive hybrid (0/0) IDPCM/frame replenishment technique, 

uniform quantization levels for moving pixels can be varied or switched, 

resulting in further improvement of the compression rates at the cost 

of the quality of the reconstructed image. 

It may be possible to improve the compression performances of 

the adaptive hybrid (0/0) interframe coder by incorporating more 

adaptive modes as discussed above. However, the complex adaptive mode 

selection seems to be more suitable for all digital spatio-temporal 

compression than hybrid (0/0) spatio-temporal compression. This is 
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because the adaptive hybrid (O/D) interframe coder with an IDPCM 

spatial compression subsystem does not seem to be capable of fully 

exploiting temporal filtering and spatio-temporal resolution exchange 

through subsampling, which are elements of the main thrust to make all 

digital interframe coders achieve low transmission rates of 1.5 

Mbits/sec. In the end, it is hard to beat the flexibility and precision 

of digital processing for interframe compression! 



CHAPTER 7 

SUHMARY AND CONCLUSIONS 

The major contribution of this dissertation is the extention of 

an optically implemented IDPCH spatial compression scheme to the 

interframe compression situation. We have conceived two system 

configurations that are suitable for hybrid optical/digital 

implementation, and have simulated them by digital computer to obtain 

the potential and feasible compression performances, given an 

acceptable level of image quality. 

In the process of developing the proposed system 

configurations, we have surveyed the basic models and concepts of both 

digital spatial and interframe compression methods and briefly 

considered the implications of their optical implementations (Chapters 2. 

and 3). Then, the technological background of electro-optical devices, 

which motivated and enabled us to consider hybrid optical/digital 

processing for image data compression, were discussed. The advantage 

of this approach is in high-speed parallel image-plane-to-image-plane 

operation, which could be carried out 1n both optical and digital 

subsystems. Since parallel digital processing is beyond the scope of 

our research, we concentrated on the use of inherently parallel optical 

processing combined with digital processing for transmission, temporal 

compression, or adaptive control operations. Judging from the available 

electro-optical devices such as CTD, LCLV, PROH, etc. we have two 

123 
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choices to implement optical systems: one is coherent and the other is 

incoherent. Due to various advantages of incoherent optics, we selected 

incoherent optical implementation for spatial compression and discussed 

the operation of such a system, in detail (Chapter 4). 

The difficulties of applying a three-dimensional statistical 

image model to an interframe compression situation can be alleviated by 

considering the following: (1) the temporal characteristics of human 

visual perception of moving objects, i.e., motion classification method, 

and (2) the deterministic interframe image model based on two­

dimensional linear translational movement, i.e., motion extraction 

method. Within the constraint imposed by the hybrid optical/digital 

implementation, it is inferred that the latter approach demands too 

much digital temporal compression computation to match the high-speed 

operation of optically implemented IDPCM spatial compression. Thus, the 

proposed system architectures for hybrid optical/digital interframe 

coder are restricted to the following schemes (Chapter 4): (1) a hybrid 

(O/D) IDPCM/frame-to-frame DPCM technique and (2) an adaptive hybrid 

(0/ D) IDPCM/ frame replenishment technique. They have been simulated by 

digital computer and their compression performances are evaluated in 

order to obtain the potential performances of the proposed hybrid 

optical/digital interframe compression systems (Chapters 5 and 6). 

In case of the hybrid (a/D) IDPCM/frame-to-frame DPCH 

technique, the best overall objective image quality of the reconstructed 

images is obtained at HFQ = 2 and LFQ = 16, and ABR = 1.75 bits/pixel, 

and ATR = 3.4 Mbits/sec. This is an improvement over only spatial IDPCM 
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compression scheme by 0.5 Hbits/sec. In this case, since there is no 

temporal compression, the average transmission rate is 3.9 Mbits/ sec. 

However, the subjective image quality provided by the hybrid (0/0) 

IDPCM/ frame-to-frame OPCl{ technique is not quite acceptable due to the 

accumulated motion displacement. 

The subjective image quality of the reconstructed images has 

been greatly improved by using the adaptive hybrid (0/0) IOPCM/frame 

replenishment technique with proper parameter setting at THO = 0.005 

(0.5 %) and MAXBUF = 3000 (24 Kbits), excellent subjective image quality, 

which is almost identical with the original sequence of images, is 

obtained with ABR = 1.5 bits/pixel, ATR = 2.97 Mbits/ sec, and ACR = 5.2:1. 

Considering a simple fixed length address code, i.e., 8 bits for each 

moving pixel, the overall average transmission rate is about 3 

Hbits/sec. It should be noted that the number of replenishment 

suspensions has more positive effect on the subjective image quality of 

the reconstructed images than the increase of maximum buffer size. In 

other words, it is critical to choose appropriate threshold levels in 

order to assure the acceptable image quality of the reconstructed 

images. Finally, considering the performances of 1.5 Hbits/sec real­

time digital interframe coder constructed by Haskel et ale (1977), and 

Yasuda et ale (1976), the adaptive hybrid (0/0) interframe compression 

approach is not quite competitive against an all-digital interframe 

compression approach. 

If overly complex adaptive modes are incorporatt!d into the 

digital temporal compression subsystem, the advantage of the simple and 
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high-speed lDPCH spatial compression may be jeopardized. Hore 

importantly, there seems to be a fundamental inflexibility in the 

proposed hybrid (O/D) interframe compression scheme which does not 

allow more adaptive modes to be incorporated into it. For example, 

temporal filtering and spatio-temporal exchange of resolution through 

subsampling do not seem to be feasible or viable in hybrid (O/D) 

interframe compression. However, switched quantization and more 

efficient address coding may be useful in improving compression 

performances. Future research areas include: 

(l) evaluation of the switched or adaptive quantization 

approach, 

(2) evaluation of address coding overhead, 

(3) evaluation of channel error effect and channel coding, etc. 

Above all, real-time simulation capability is essential in order to 

achieve realistic evaluations of compression performances and image 

quality. 



APPENDIX A 

BRIEF DESCRIPTION OF CTD OPERATION 

The basis of many CTD's is the metal-oxide-silicon (MOS) 

capacitor shown in Fig. A-I: An isolated MOS capacitor formed by a metal 

electrode deposited in a thermally oxidized p-type silicon substrate. If 

a positive voltage is applied to the metal electrode, the majority 

carriers in the silicon, holes in this case, are repelled and a potential 

well is formed at the silicon surface which is initially depleted of free 

carriers. A channel stopping diffusion of the same polarity as the 

substrate, but a few orders of magnitude more heavily doped (here p+ 

type), limits the extension of the potential well laterally, since it 

keeps the potential of the oxide-silicon interface near zero. 

It is convenient to regard the potential well as a bucket or 

packet of charges and the minority carrier as flowing charges. There 

are several ways to make a bucket or packet of charges flow by using a 

proper sequence of clock pulses. They are two phase, three phase, four 

phase clock pulses, etc. Also, there are two basic modes concerning the 

part of the substrate to which the charges are transferred, that is, a 

surface channel mode (SCCD) and a buried channel mode (BCeD). In a 

surface channel mode, shown in Fig. A-2, a charge packet which has been 

injected electrically or optically under one electrode PI held at a high 

potential (Fig. A-2(a)) will spread along the silicon-silicon dioxide 
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(a) 

(b) 

Fig. A-I. Cross sectional view of a MOS capacitor, (a) the one used 
as a storage element for minority carriers, and (b) the 
potential well with the signal charge represented 
schematically as a liquid sitting at the bottom of the 
well. 
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(a) 

(b) 

(c) 

(d) 

(e) 

Fig. A-2. Schematic rendering of a 3-phase n-channel CCD. (a) Top 
view. (b,c,d) Cross sections of the silicon substrate 
showing charge-carrying potential wells, and (e) the 
corresponding time slots are marked in the diagram of the 
waveforms. 



130 

interface when the neighboring electrode is turned on to the same or a 

higher potential (Fig. A-2(b)). When the potential on the. original 

storage electrode is reduced, the charge packet is completely 

transferred into the new location (Figs. A-2(c) and (d)). Unfortunately, 

the performance of the surface channel mode tends to be limited by the 

interaction of the signal charge with interface state and by the rapidity 

with which the charge can transfer. These limitations can be 

circumvented by using a buried channel mode in which an epitaxial or ion­

implanted silicon layer, or both, of the opposite polarity to that of the 

substrate, is used in order to shift the maximum potential of the wells 

away from the interface and into the bulk. 



APPENDIX B 

BRIEF DESCRIPTION OF LCLV FOR REAL-TIME IMAGE SUBTRACTION 

A cross-sectional schematic of the AC photoactivated light valve 

is shown in Fig. B-1. A transparent conductive coating of indium-tin 

oxide is deposited on a glass or fiber optic substrate. This is followed 

by reactively sputtered CdS photo sensitive film of a thickness of 12 to 

50 llm that has its maximum sensitivity at 525 llm. Next, a 2 llm-thick 

film of CdTe, used to block visible light, is deposited followed by a 

broadband dielectric mirror that consists of alternate high and low 

refractive index films of sputtered Ti02 and Si02. The structure is 

completed with a transparent conductive counter-electrode (overlayed 

~;'ith an inert Si02 film) which provides the other contact, -and a spacer 

that provides thickness definition for the liquid crystal layer. 

An operating voltage of approximately 5-10 Vrms at several 

kilohertz is applied between the two electrodes. The signal is written 

into the liquid crystal from one side and the information read out from 

the other side. The dielectric mirror and the blocking layer combine to 

separate the photoconductor from the read beam; hence, simultaneous 

writing and reading can be accomplished. 

Grinberg and Maron (1977) have demonstrated the image 

subtraction scheme using two LCLVs as shown in Fig. B-2. The basic 

concept of the subtraction scheme is that the sum of the two light 
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Fig. B-1. Schematic a~rangement showing various layers of an AC liquid 
crystal light valve. 
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Fig. B-2. Schematic arrangement for the simultaneous formation of 
regular mode (for input 1) and complementary mode (for 
inpllt 2) images onto the output plane. 
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transmissions of LCLVI and LCLV2 should always be constant, independent 

of the incident radiation level as well as of the nonlinearity involved 

in the transmission function. If LCLVI is addressed in a re.gular mode 

and LCLV2 is a complementary mode, the composite image generated by 

superimposing the above two images in registration on a common plane is 

of constant spatial intensity. On the other hand, if one of the inputs 

slightly differs from the other one, the local differences should be 

observable in the output plane as changes in the contrast background 

level. This leads to a simple differencing mechanism. A regular mode is 

the case when the LCLV is placed between crossed polarizers, and a 

complementary mode is the case when the LCLV is placed between parallel 

polarizers. The polarized beam splitter in Fig. B-2 compactly generates 

the two imaging modes with a single step. A polarized beam splitter 

transmits one polarization (p) and reflects the second one (s), thus 

following the ray approaching LCLVl, an s-polarized beam impinges upon 

the valve, but only p-polarized components generated by image 

illuminated points pass towards the image plane. Therefore, LCLVI is 

addressed in a normal mode. On the other hand, LCLV2 can be placed 

between parallel polarizers when A/4 plate is added in front of LCLV2, 

in which LCLV2 is addressed in a complementary mode. 



LIST OF REFERENCES 

Andrews, H. C. and B. R. Hunt, Digital Image Restoration (Prentice-Hall, 
Inc., Englewood Cliffs, New Jersey, 1977). 

Balausubramanian, N., "Test and evaluation of a hybrid optical 
correlator system," Proc. SPIE, 117:116-125 (1977). 

Batcher, K. E., "Design of a massively parallel processor," IEEE Trans. 
Compo C-2Y(9):836-840 (1980). 

Brofferio, S. and F. Rocca, "Inter frame redundancy reduction of video 
signals generated by translating objects," IEEE Trans. Comm. COH-
25:448-455 (1977). 

Brooks, R. E. and R. F. Kemp, "Hybrid optical/digital image processor for 
exoatmospheric moving object detection," Proc. SPIE 218:119-125 
(1977). 

Burgmeier, J., "Three-dimensional DPCM with entropy coding and adaptive 
filtering," presented at Picture Coding Symposium, Asilomar, 
California, January 28-3U, 1976. 

Cafforio, C. and F. Rocca, "Method for measuring small displacements of 
television images," IEEE Trans. Inform. Theory, IT-22:573-579 (1976). 

Casasent, D., "A hybrid digital/optical computer system," IEEE Trans. 
Compo C-22(9):852-858 (1973). 

Casasent, D. and W. H. Sterling, "An optical/digital processor: Hardware 
and applications," Trans. Compo C-24(4): (1975). 

Casasent, D., "A review of optical signal processing," IEEE Comm. Hag. (?) 
19(5):40-48 (19~1). 

Dashiell, S. R., "Nonlinear optical image processing with halftone 
screens," U.S.C. IPI Report 11670 (1976). 

Dubois, E., B. Prasada, and M. S. Sabri, "Image sequence coding," in Image 
Sequence Analysis, T. S. Huang, ed. (Springer-Verlag, Berlin, 
Heidelberg, 1981), pp. 229-287. 

Ferrano, G. and G. Hausler, "TV optical feedback systems," Opt. Eng. 
19(4):442-451 (1980). 

Finley, J. D., "An automated visual edge match system for image quality 
assessment," Proc. SPIE 117, 76-88 (1977). 

135 



136 

LIST OF REFERENCES--Continued 

Gallager, R. G. Information Theory and Reliable Communication (John 
Wiley and Sons, Inc., New York, 1968). 

Grinberg, J. and E. Naron, "Optical subtraction of images in real time," 
Proc. SPIE 118, 75-79 (1977). 

Habibi, A., "Comparison of nth order DPCH encoder with linear transform 
and block quantization techniques," IEEE Trans. Comm. Tech. COH­
.!.2,:948-956 (1971). --

Habibi, A. and G. S. Robinson, "A survey of digital picture coding," 
Computer, pp. 22-34 (1974). 

Haralick, R. and K. Shanmugam, "Comparative study of a discrete linear 
basis for image data compression," IEEE Trans. 5yst. Man. Cyber. 
4:16-28 (1974). 

Haskell, B. G., "Differential addressing of clusters of changed picture 
elements for interframe coding of video telephone signals," IEEE 
Trans. Comm. COH-24:140 (1976). 

Haskell, B. G., "Frame replenishment coding of television," in Image 
Transmission Techniques, W. K. Pratt, ed. (Academic Press, New York, 
1979), pp. 189-217. 

Haskell, B. G., P. L. Gordon, R. L. Schmidt and J. V. Scattaglia, 
"Interframe coding of 525-line monochrome television at 1.5 
Hbits/sec," IEEE Trans. Comm. COH-25:1339 (1977). 

Hochman, D., H. Katzman and D. R. Weber, "Application of redundancy 
reduction to television bandwidth compression," Proc. IEEE 55:263-266 
(1967). 

Huang, T. S., "Coding of two-tone images," IEEE Trans. Comm. COM-
25:1406-1424 (1977). 

Huang, T. S., ed., Image Sequence Analysis (Springer-Verlag, Berlin, 
Heidelberg, 19tH). 

Hunt, B. Ro, "Digital image processing," Proc. IEEE 63(4):693-708 (1975). 

Hunt, B. R., "An optical analogy to DPCM digital image data compression," 
Proc. SPIE ill (1977). 

Hunt, B. R., "Digital image processing," in Applications of Digital Signal 
Processing, A. V. Oppenheimer, ed. (Prentice-Hall, Englewood Cliffs, 
New Jersey, 1978a). 



137 

LIST OF REFERENCES--Continued 

Hunt, B. R., "Optical computing for image bandwidth compression: Analysis 
and simulation," Appl. Opt. 17(18) (1978b). 

Hunt, B. R., "Optical computations for image bandwidth compression," 
Technical Report SIE/DIAL-81-005, Digital Image Analysis Laboratory, 
Department of Systems Engineering, University of Arizona, Tucson 
(1981). 

Hunt, B. R., "Digital image processing," in Progress in Electronics 
(Academic Press, Inc., New York, 1982). 

Hunt, B. R. and T. ~1. Cannon, "Nonstationary assumptions for Gaussian 
models of images," IEEE Trans. Syst. Han, Cyber. pp. 876-881 (1976). 

Hunt, B. R. and II. N. Ito, "Hybrid optical/ digital interframe image data 
compression scheme," Proc. SPIE 249:85-92 (1980). 

Iinuma, K., et al., "NETEC-6: Interframe encoder for color television 
signals," NEC Res. Devel. 44:92-96 (1977). 

Ishiguro, I., K. Iinuma, Y. lijima, T. Koga, S. Azami and T. Mune, "Composite 
interframe coding of NTSC color television signals," Proceedings of 
the National Telecommunications Conference, Dallas, Texas (1976), p. 
6.4-1. 

Ito, H. N. and B. R. Hunt, "A temporally adaptive hybrid optical/ digital 
interframe image data compression scheme," Proc. SPIE 292 (1981). 

Jain, A. K., "Image coding via a nearest neighbors image model," IEEE 
Trans. Comm. COH-23(3) (1975). 

Jain, A. K. "Image data compression: A review," Proc. IEEE 69(3):349-389 
(19Bl). 

Jain, J. R. and A. K. Jain, "Displacement measure and its application in 
interframe image coding," IEEE Trans. Comm. COH-29(12):1799-1808 
(1981). 

Jain, J. R. and A. K. Jain, "Interframe adaptive data compression 
techniques for images," Technical Report from Signal and Image 
Processing Laboratory, Department of Electrical· Computer 
Engineering, University of California at Davis (1979). 

Jones, R. A. and H. U. Rashid, "Residual recursive displacement 
estimation," Proc. PRIP, Dallas, Texas (1981). 



138 

LIST OF REFERENCES--Continued 

Kruger, R. P., 1::. L. Hall and S. F. Turner, "Hybrid optical/digital 
radiography-based system for lung disease detection," Appl. Opt. 
(1977). 

Kurtman, C. H., "Redundancy reduction--A practical method of data 
compression," Proc. IEEE 55:253-263 (1967). 

Limb, J. O. and J. A. Murphy, "Estimating the velocity of moving images 
in television signals," Compo Graph. Imag. Proc. 4:311-327 (1975). 

Limb, J. O. and C. B. Rubinstein, "Digital coding of color video signals­
-A review," IEEE Trans. Commun. COH-25:1349-1385 (1977). 

Limb. J. O. and C. B. Rubinstein, "On the design of quantizers for DPCH 
coders: A functional relationship between visibility, probability and 
masking," IEEE Trans. Comm. COM-26(5):573-577 (1978). 

Mantock, J., A. A. Sawchuk and T. C. Strand, "Hybrid optical/digital 
texture analysis," Opt. Eng. 19(2):180-185 (1980). 

Max, J., "Quantizing for minimum distortion," IRE Trans. Inform. Theory 
IT-b:525-536 (1974). 

McCaughey, D. G., "An image coding algorithm using spline functions," 
Proc. SPIE 149 (1978). 

McMahon, D. H., G. L. Johnson, S. L. Teeter and C. G. Whitney, "A hybrid 
optical computer processing technique for finger print 
identification," Trans. Compo C-24(4) (1975). 

Merola, P. A., et al., "Charge injection device focal plane processor for 
video band wid th compression," Proc. SPIE 119 (1977). 

Miyahara, M., "Analysis of perception of motion in television signals and 
its application to bandwidth compression," IEEE Trans. Comm. COM-
23:761-768 (1975). 

Netravali, A. N., "Interpolative picture coding with a subjective 
criterion, IEEE Trans. Comm. COM-25(5) (1977). 

Netravali, A. N. and J. o. Limb, "Picture coding: A review," Proc. IEEE 
68(3):366-406 (19S0). 

Netravali, A. N. and J. D. Robbins, "Hotion-compensated television coding: 
Part I," Bell System Technical Journal 58:631-670 (1979). 



139 

LIST OF REFERENCES--Continued 

O'Neal, J. B., Jr., "Predictive quantizing systems (Differential pulse code 
modulation) for the transmission of television signals," Bell System 
Tech. J. 45:689-721 (1966). 

Pratt, W. K., ed., Image Transmission Technique (Academic Press, Inc., New 
York, 1979a). 

Pratt, \01. K., Digital Imase Processins (Wiley, New York, 1979b). 

Rocca, F. and S. Zanoletti, "Bandwidth reduction via movement 
compensation on a model of the random video process; IEEE Trans. 
Comm. COH-20:960-Y65 (1972), 

Rubenstein, C. B. and J. O. Limb, "On the design of quantizers for DPCH 
coders: Influence of the subjective testing methodology," IEEE Trans. 
Comm. CON-26(5):565-572 (1978). 

Schaefer, D. H. and J. R. Fischer, "Beyond the supercomputer," IEEE 
Spectrum 19(3):32-27 (1982). 

Schunck, B. G. and B. K. P. Horn, "Constraints on optical flow 
computation," 1981 Conference on Pattern Recognition and Image 
Processing, Dallas, Texas, August 3-5, 1981, pp. 205-210. 

Sequin, C. and M. F. Tompsett, Charge Transfer Devices (Academic Press, 
New York, 1975). 

Stark, H., "An optical-digital computer for parallel processing of 
images," Trans. Compo C-24(4) (1975). 

Stuller, J. A. and A. N. Netravali, "Transform domain motion estimation," 
Bell Syst. Tech. J. ~:1673-1702 (1979). 

Thompson, B. J., "Hybrid processing systems--An assessment," IEEE Proc. 
65(1) U 977). 

Yasuda, H., F. Kanaya and H. Kawanishi, "1.544 Mbits/sec transmission of 
TV signals by interframe coding system," IEEE Trans. Comm. (1976). 


