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ABSTRACT 

This paper recommends techniques to use for data compression of video data 

used to point a telescope and from a camera observing a robot, for transmission from the 

proposed U.S. Space Station to Earth. The mathematical basis of data compression is 

presented, followed by a general review of data compression techniques. 

A technique that has wide-spread use in data compression of 

videoconferencing images is recommended for the robot observation data. Bit rates of 

60 to 400 kbits/sec can be achieved. 

Several techniques are modelled to find a best technique for the telescope 

data. Actual starfleld images are used for the evaluation. The best technique is chosen 

on the basis of which model provides the most compression while preserving the 

important information in the images. Compression from 8 bits per pel to 0.015 bits per 

pel is achieved. 

xi 



CHAPTER 1 

INTRODUCTION 

Research to reduce the cost of transmitting video data by sending a digital, 

rather than analog, video signal has been ongoing since the 1930's. Digital transmission 

is less costly than analog in at least two respects: digital transmitters use less power; and 

digital signals can use less bandwidth (Kaneko and Ishiguro 1980). To use less 

bandwidth a digital signal must be compressed, but compression usually results in the 

loss of some information in the signal; therefore research has focused on video 

compression techniques that reduce the bandwidth without compromising the quality of 

the image. 

This paper addresses the problem of how to compress two particular types of 

video images for transmission from the proposed U.S. Space Station to Earth. The first 

type of data will be from a telescope aboard the Space Station. The telescope is to be 

guided and controlled from Earth. The telescope controller on the ground will need 

video feedback to point the telescope. 

The second sort of video data will be from a camera observing a robot on the 

Space Station, and will allow the robot controller on the ground to see that the robot is 

basically performing properly. These images will consist of a stationary background 

with localized motion occurring when the robot moves, and therefore will be very 

similar to typical videoconferencing data. 

A video signal is digitized by dividing each frame into a grid of picture 
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elements (abbreviated pixels or pels). For good spatial resolution of a typical television 

image, the grid should be about 500 by 500 pels; for good color representation, each pel 

requires 11 bits, or 8 bits for monochrome; and for good temporal resolution, a frame 

repetition rate of 30 frames per second is needed (Bleazard 1985, Lynch 1985). For 

monochrome images, this is a total of 500 x 500 x 8 x 30 = 60 Mbits/second, or 60 

MHz. Analog television signals only require about 6 MHz of bandwidth to maintain 

good image quality, much less than a fully digitized television signal. Therefore a 

significant amount of compression is needed for a digital signal to use less bandwidth 

than an analog signal. Much progress has been made in finding techniques that 

compress a digital signal to less than 6 MHz, but by no means has an optimum technique 

been found. New methods are constantly evolving, particularly as the hardware to 

quickly perform extensive computations becomes cheaper and smaller. 

A video transmitting system is made up of a video data source which 

generates the video signal, an encoder which performs the compression, and a 

transmitter which formats the data and sends it across the channel. A receiving system is 

made up of a receiver, a decoder which decompresses the signal, followed by a display 

element or storage medium. The encoder and decoder are collectively known as a codec 

(from coder and decoder). Figure 1 shows a block diagram of a transmitting and 

receiving system that includes a codec. 
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Source XMTR 

Channe 1 

Observer RCVR 

Figure 1. Block diagram of a codec system. 

Codecs are effective at compressing the signal because much of the 

information in digital video images is redundant (Jayant and Noll1984). Redundancy in 

video images can be measured statistically with the autocorrelation function. If 

measured within a single frame of video data, the autocorrelation reveals the spatial 

redundancy within that frame. If measured from frame to frame, the autocorrelation 

reveals the temporal redundancy within that sequence of frames. A codec will achieve 

the maximum bandwidth reduction if it is designed to take advantage of the redundancy 

in the images of a particular application. For example, a typical videoconferencing scene 

contains a head and shoulders view of a talking person. There may be localized motion 

around the head, but the background will not change from frame to frame. Therefore, 

the pels comprising the background need only be transmitted once. For subsequent 

frames, the transmitter need only transmit those pels comprising the person. If the 

background covers 25% of the image, then a bandwidth reduction of 25% has been 

achieved. In fact, the more redundant the images, the greater the bandwidth reduction, 

assuming the nature of the redundancy is known. 
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Data compression techniques have been applied in many fields, such as 

television, videoconferencing, remotely piloted vehicles, target tracking with video data, 

medicine, astronomy, and meteorology (Huang 1981). Much of the preliminary work in 

data compression was done at Bell Laboratories during the 1940's, 50's, and 60's. 

Shannon (1948) laid the foundations for digital communication theory by deriving 

relations for the lower bound on the bit rate. The statistics of television signals and 

simple predictors were studied by Kretzmer (1952). More complicated intraframe 

differential pulse code modulation (DPCM) techniques which minimized the mean 

square error were also developed at Bell Labs (O'Neal Jr. 1966). DPCM was used in 

the Voyager spacecraft to transmit images to Earth (Rice and Plaunt 1971). 

Conditional replenishment, a type of interframe predictor, was introduced by 

Mounts (1969), who achieved an average word length of 1 bil/pel for monochrome 

images. A combination of conditional replenishment and DPCM was used by Limb, 

Pease, and Walsh (1974). Their algorithm was used in hardware created by Yasuda, 

Kanaya, and Kawanishi (1976), who found that the picture quality at 1.992 Mbits/sec 

was acceptable for monochrome images, while that at 1.544 Mbits/sec was not. 

Delta modulation and adaptive delta modulation were introduced by 

Bosworth and Candy (1969) and Jayant (1970), respectively. The overshoot that can 

sometimes occur in adaptive delta modulation was addressed by Weiss, Paz, and 

Schilling (1975). Frei, Schindler, and Vettiger (1971) introduced a hybrid technique 

that adaptively switched between DPCM and delta modulation. 

Bit rates were lowered further when motion estimation was introduced by 

Haskell (1975). Limb and Murphy (1975) suggested methods for measuring the speed 
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of moving objects. This work was improved on by Netravali and Robbins (1979 and 

1980), who developed the pel recursive method of motion compensation, which was 

further improved by Walker and Rao (1984). In 1981, Jain and Jain presented an 

algorithm to measure block displacement that lowered bit rates even further. Srinivasan 

and Rao (1985) proposed a new method for block matching. 

Transform coding was introduced because the video spectrum has more 

energy in the low frequencies, allowing the high frequencies to be ignored (Pearson 

1975). The Fourier, Hadamard, and Karhunen-Loeve transforms were compared by 

Habibi and Wintz (1971), who concluded that the Hadamard transform provided the best 

trade-off between performance and complexity. Habibi (1971) compared DPCM to 

these three transforms and concluded that DPCM provided the better performance if it 

was optimized to the particular video image. Then Habibi (1974) combined the best 

features of DPCM and transform coding by using a one-dimensional transform with 

DPCM, trying the Hadamard, Fourier, cosine, slant, and Karhunen-Loeve transforms, 

and achieved better performance than with transform coding or DPCM alone. The 

discrete cosine transform became popular with the development of a fast DCT algorithm 

(Chen, Smith, and Fralick 1977). Chen and Smith (1977) then applied the fast DCT to 

achieve average word lengths of 1 bit/pel for monochrome images. After comparing 

conditional replenishment, combinational difference coding (a combination of interframe 

and intraframe DPCM), an interframe Hadamard transform, and DPCM, Yasuda et al. 

(1977) created a system called TRIDEC, based on combinational difference coding. By 

1986, Farrelle and Jain had concluded that transform coding was generally superior to 

DPCM, and, in fact, a DCT is part of almost all the systems developed in recent years. 
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Work on delayed decision coders began in the 70's. Run length coding and 

bridging were first discussed by Candy et al. (1971). Run length coding, like transform 

coding, is effective because of the predominance of low frequencies in video image 

spectrums (Pearson 1975). An algorithm for a vector quantizer was described by Linde, 

Buzo, and Gray (1980). Goldberg, Boucher, and Shlien (1986) achieved average word 

lengths of 1.0 to 1.5 bits/pel for monochrome images using a vector quantizer. A hybrid 

vector quantizei/DPCM technique was proposed by Bage (1986). Trellis coding was 

introduced by Stewart, Gray, and Linde (1982). 

Data compression of color signals was addressed by Pratt (1971), who 

reviewed the principles of transform coding and determined that it is better to transform a 

luminance and two component signals than a red, green, and blue signal. Pearson 

(1975) also stated that it is better to use luminance and two component signals, because 

the luminance signal contains the most energy, whereas energy is equally distributed 

between red, green, and blue. Limb, Rubinstein, and Walsh (1971) achieved an average 

word length of 5 bits/pel for color images by using transform techniques. Run length 

coding was applied to color signals by Iinuma et al. (1975). Motion estimation and 

compensation was applied to color NTSC (National Television System Committee) 

signals by Sabri (1984). 

Some researchers have studied the human visual system to determine which 

compression techniques yield images that look better. Limb, Rubinstein, and Thompson 

(1977) and Sakrison (1977) addressed the psychophysics of color vision. Pearson 

(1975) described the eye as a low pass filter, saving bandwidth by allowing the video 

signal to be bandlimited before transmission. 
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Recent research has focused on dividing a video image, or a compressed 

version of the image, into regions or components where different compression 

techniques (mostly combinations of conditional replenishment, motion compensation, 

DCT, and vector quantization) are applied as appropriate. Several of these hybrid 

techniques achieve rates of 64 to 384 kbits/sec for monochrome videoconferencing data, 

although the reconstructed images are not broadcast quality. 

Little work has been done in applying data compression techniques to 

telescope images, although optical transforms have been used for other purposes, such 

as to convert infrared images into visible images (DeBatz et al. 1977; Gay, Journet, and 

Rabbia 1983). One group of researchers has applied a cosine transform and run length 

coding of the coefficients to astronomical images (Caponetti, De Biase, and Distante 

1986). Another group compared the results of a DCT and DPCM (Cafforio et al. 1984), 

and achieved average word lengths of 1.7 to 1.0 bits/pel. Neither of these groups was 

attempting to compress data for purposes of pointing a telescope, so these results are 

probably not directly comparable to the results achieved in this paper. 

Because little has been done in applying compression techniques to telescope 

images, this paper presents the results of modelling several data compression techniques 

using actual images of starfields. Using the results of the models, the best compression 

technique for pointing a telescope was chosen on the basis of three factors: greatest 

bandwidth reduction, preservation of the important information in the image, and 

consistent bit rates from image to image. It will be shown that average word lengths of 

0.015 biWpel can be achieved for purposes of pointing a telescope. 

Assuming that the robot data is most similar to videoconferencing data, then 
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a data compression technique can be chosen from among the several recently developed 

hybrids that achieve rates of 64 to 384 kbits/sec for videoconferencing data. None of 

these methods is able to reconstruct an image that is exactly like the original, so a method 

must be chosen based on how well it preserves the important information about the robot 

images. It can be assumed that some parts of the images are more important than others, 

such as the parts containing the robot arm or instrument panels with indicator displays or 

lights, or parts that change from frame to frame. In fact, a technique that is careful to 

reproduce the parts that change from frame to frame would capture all the most important 

information about an image, because it would respond to any robot motion or changes in 

instrument readings. 

Most of the techniques developed for videoconferencing data achieve rates as 

low as 64 to 384 kbits/sec only for monochrome data. However, it is probably 

important that the robot video data be in color, so that the observer can see that chemical 

reactions are occurring or read instrument panels more easily. Thus a method that 

reproduces the changing parts of the images and performs well with color images is 

desirable. 

Several recent codecs divide the image into changing and unchanging parts, 

and apply different compression techniques to each. Gerken and Schiller (1987) 

segment the image into moving and nonmoving regions, applying a DCT to the moving 

parts and DPCM to the nonmoving. Plompen et al. (1987) code only those parts that 

have changed by applying DCPM, then a DCT to the prediction results, then run length 

coding of the DCT coefficients. The unchanged parts of the image are not updated. A 

technique developed by Kaneko, Hatori, and Koike (1987) performs motion 
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compensated interframe DCPM, then applies scalar quantization to the large errors and 

DCT to the small errors. Buhler and Fortier (1987) apply a large block size DCT to the 

unimportant parts of the image (in this case the non-moving parts) and vector 

quantization to the rest. 

Some researchers have divided the image into edges or lines, and uniform 

grey level portions. These are treated differently to avoid edge effects or busyness 

around edges. Saghri and Tescher (1987) perform a DCT on the entire image, but 

preserve more coefficients in those areas that contain lines or edges. Lee and Nadler 

(1987) apply delta modulation or DPCM to edges and another form of delta modulation 

to the rest. 

Only one technique claims to achieve rates of 384 kbits/sec for color video 

data, and has the additional advantage of having portions used by the CCITT 

(International Telegraph and Telephone Consultative Committee) Specialist Group on 

Coding for Visual Telephony, which is attempting to standardize global video 

telecommunications (Chen and Hein 1987). Chen and Hein (1987) apply a DCT, then 

check whether the coefficients have changed from the coefficients in the same spatial 

location in the previous frame. If there has been a significant change, intraframe DPCM 

is applied to the coefficients; otherwise interframe DPCM is used. Then, temporal 

filtering and frame rate reduction are applied to achieve bit rates between 64 and 384 

kbits/second, depending on the desired image quality. Figure 2 shows a block diagram 

of this system. 



10 

CHANGED 

COEF PELS 

UNCHANGED 

DCT 

INTRA-
FRAME 
DPCM 

INTER-
FRAME 
DPCM 

COMPARE 
TO COEF FROM 

PREVIOUS 
FRAME 

Figure 2. Block diagram of videoconferencing compression system. 

The disadvantages to this technique are that motion may not appear entirely 

smooth due to the frame rate reduction, small spatial details may not be very clear due to 

the filtering, and some blockiness can occur due to the DCT. However, in spite of these 

disadvantages, it is expected that the reconstructed images will be more than adequate for 

the particular application being considered here. Therefore, this technique is 

recommended for the robot video data. This concludes the discussion of the robot video 

data. 

The remainder of this paper is focused on compression of telescope video 

data used to point a telescope. Chapters 2 and 3 review the statistics of general video 

images and provide a general description of encoding techniques. The starfields used in 

the evaluation of compression techniques are described in chapter 4. In chapter 5 the 

models of encoding techniques and the recommended data compression technique are 

discussed. 



CHAPTER 2 

THE STATISTICAL PROPERTIES OF VIDEO WAVEFORMS 

This chapter begins by describing the properties of the signal produced by 

the video data generator. Following that is a discussion of the statistical quantities that 

are important in video data compression. The properties of the source signal and the 

signal statistics are used to explain how encoding can reduce the required bandwidth. 

The Video Data Source 

The video data generator could be a camera, charge coupled device (CCD) 

array, or other light gathering device. It will be assumed that the source digitizes and 

quantizes the video signal into a discrete waveform and outputs the waveform one pel at 

a time, generating a new grey level amplitude once every t seconds, where t is a flxed 

time interval consistent with producing an entire frame in 1/30 of a second. When this 

waveform is sampled every t seconds, a stochastic process x(n) results, where n 

represents location within the frame. Therefore each frame of data output from the 

source is modelled as one realization of a stochastic process x(n), and each pel is a 

realization of an individual random variable (rv) with sample space X = {0,1, ,N-1}, 

where N is the number of grey levels. 

The video data source is generally modelled in one of two ways for video 

data compression purposes (Jayant and Noll 1984, Lynch 1985): 1) as a discrete 

memoryless source, where each sample of x(n) is statistically independent of all other 

samples; or 2) as a discrete source with memory, where some dependency exists 
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between samples. For video images, a memoryless source would be an appropriate 

model for a scene with lots of spatial detail. A source with memory would be more 

appropriate for large areas of constant luminance. 

Stationarity 

A stochastic process is wide-sense stationary if its mean and variance are 

constant and its autocorrelation depends only on the difference in time between samples 

(Papoulis 1984). The stochastic process x(n) is usually assumed to be wide-sense 

stationary (Jayant and Noll 1984) and will be in this paper too. 

Ergodicity 

Since each frame of data is modelled as one realization of a stochastic 

process, statistics such as mean, variance, and autocorrelation would have to be 

computed over the ensemble of realizations, i.e. from frame to frame. However, the 

stochastic processes are usually assumed to be ergodic; that is, time-averaged statistics 

can be used instead of ensemble-averaged statistics (Jayant and Noll 1984). The 

assumptions of stationarity and eigodicity will allow the computation of statistics such as 

mean and variance using only one frame of data. 

Probability Density Function 

Stochastic processes are characterized by a probability density function (pdf). 

The pdf describes the probability of occurrence of any particular grey level Xj, where x-

can assume values from 0 to N-l, where N is the number of grey levels: 

prob { x = jq } = P { x = jq } = pj. Osxj.i^N-l (1) 

The pdf is used to derive the statistical measures of a stochastic process such as mean, 
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variance, and autocorrelation. Figure 3 shows a pdf for a frame of typical monochrome 

videoconferencing data (Jayant and Noll 1984), where 0 is black and 255 is white. 

P ( x )  o . 5 . _  

1 2 7  2 5 5  

Grey Level 

Figure 3. Probability density function for a typical frame of videoconferencing data. 

It is roughly uniform, indicating that most grey levels are present in equal amounts. 

Mean and Variance 

The mean of a discrete ergodic stochastic process is defined as follows 

(Papoulis 1984): 

N 

H = E{x(n)} =]£piXi, (2) 
i = 1 

where N is the total number of grey levels and E is the expectation operator. 

The variance is defined as 

N 

O2 = L Pi (Xi - n)2. 
i = 1 

(3) 

and the standard deviation is the positive square root of the variance. 

The mean and variance can be estimated given a sample of the stochastic 
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process. The estimates are themselves random variables and are computed as follows 

(Papoulis 1984): 

n 

estimate of mean = tj = _J_ Xj, (4) 
n i = l 

n 

estimate of variance = s2 = 1 £ (xj - ri)2, (5) 
n-1 i = l 

where n is the number of samples and x- is the grey level of pel i. These equations can 

be used to estimate the mean and variance of an ergodic stochastic process given only 

one frame of video data. 

Entropy 

The concept of entropy comes from information theory (Shannon 1963). 

Entropy is used to measure the amount of uncertainty or randomness in an rv and 

provides a lower bound to the amount of data compression that can be achieved. 

Each outcome from the sample space of the rv x(n) has an information 

content that is proportional to the probability of that outcome. Less likely outcomes 

carry more information. The entropy ofx(n) is obtained by averaging the information 

content of all possible outcomes. Entropy is defined as follows for a discrete 

memoryless source: 

N 

H(x) = - Yi Pi 1°& (Pi) bits> (6) 
i=l 

where p, is the probability of occurrence of grey level i, and N is the total number of 
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grey levels. The entropy of a source is upper bounded by the following relation: 

H(x) * log2 N, (7) 

with equality if pj = 1/N for all i. 

The encoder for a memoryless source assigns a binary code word of length nj 

to each grey level from the source. Since the probability of codeword is pi( the 

average code word length will be given by (Mansuripur 1987): 

N 
n = E Pi °i bits> (8) 

i=l 

where N is the total number of grey levels. The objective of the encoder is to minimize 

n. 

Shannon (1963) showed that for a binary code, n cannot be less than the 

entropy of the source. It has been proven that an optimal coding technique exists which 

minimizes n for a memoryless source. Such a code is called a Huffman or variable 

word length code. When variable word length coding is used to encode a source, the 

resulting /ihas been shown to satisfy the following relation (Mansuripur 1987): 

H(x) £ n * H(x) +1. (9) 

Thus by using Huffman's technique to encode the data from a memoryless 

source, n can be made at least as small as the entropy plus one. Variable word length 

coding will be described further in chapter 3. 

A source with memory is generally a better model for video data than a 

memoryless source, since there are usually large portions of each frame of data that have 

fairly constant luminance, indicating that there is a large correlation between samples. In 

this case, the encoder would first attempt to remove this redundancy and then apply 
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variable word length coding to the resulting rv, y. If the redundancy removal is done 

properly, H(y) should be lower than H(x), so that when variable word length coding is 

applied to y a lower average word length results than if x were used directly. The 

autocorrelation is a measure of redundancy and can be used to create y. 

Autocorrelation 

The autocorrelation function is a measure of the amount of correlation 

between samples as a function of sample separation (lag). The autocorrelation can be 

computed in both the horizontal and vertical directions (intraframe), as well as from 

frame-to-frame (interframe), and generally has the same shape in all three directions. A 

plot of a horizontal autocorrelation function for a frame of typical videoconferencing data 

is shown in Figure 4 (Jayant and Noll 1984). It drops off exponentially from a lag of 

zero, and peaks again when the lag is the length of an entire line, which indicates vertical 

correlation. 

r ( k )  0.5 

0 --
-0.1 

0 m 

Lag 

Figure 4. Autocorrelation function for a typical frame of videoconferencing data. -- m 
is the width of a line. 

The specific video images that will be addressed in chapters 4 and 5 consist 

of real-valued data, and since they are wide-sense stationary the autocorrelation is strictly 
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a function of lag and is defined as follows (Papoulis 1984): 

p(k) = E { x(n +k)x(n) } k = 0, 1, 2,.... (10) 

where k is the lag and E is the expectation operator. Given a sample of the stochastic 

process, the autocorrelation can be estimated as (Haykin 1986) 

M - k - l  

i(k) = —I— J] x(n) x(n + k), k = 0, 1, 2 M-1 (11) 
M-k-l n=o 

where M is the number of samples. 

Autocovariance 

The autocovariance function is the autocorrelation of a centered process 

x^n) = x(n) - n. It allows the correlation of the function to be determined independent 

of the mean, and is defined as follows for a wide-sense stationary process: 

c(k) = p(k) - jj2. (12) 

The autocovariance can be estimated from a sample of the stochastic process 

by using r) (as defined in Equation 4) as an estimate of n, and r(k) (as defined in 

Equation 11) as an estimate of p(k). 

The pdf, autocorrelation, autocovariance, and entropy are the main 

mathematical tools used to design codecs that minimize redundancy. Frequently, 

however, these statistics are very difficult to compute or measure, or the video signal is 

not truly stationary, therefore there are some codec designs that do not use the signal 

statistics. Generally they are not as effective as codecs that use the signal statistics. 

Both sorts of codecs will be discussed in chapter 3. 



CHAPTER 3 

VIDEO DATA COMPRESSION TECHNIQUES 

A great variety of compression techniques have been developed, mostly for 

videoconferencing applications. The ability of a particular codec to reduce the 

bandwidth of the signal will depend largely on how successful that codec is in removing 

the redundancy from the signal. The average codeword length, in units of bits/pel, will 

be used to measure the redundancy removing capability of a codec, to compare codecs, 

and ultimately to compute the total bandwidth required to transmit the video signal. 

Average code word lengths will be given only for monochrome images. 

Codecs are generally grouped into two classes, reversible and irreversible 

(Lynch 1985). A reversible codec preserves the image information content so that the 

reconstructed image is exactly like the original. Irreversible codecs lose some 

information, and in some cases this may be unacceptable. In general, those codecs that 

achieve the lowest average codeword lengths also lose the most information. Each of 

the codecs in this chapter will be described as reversible or irreversible. 

Every major type of coding technique is described in this chapter. There are 

many variations and many of the techniques can be combined to lower the bandwidth 

even further, but it would not be possible to discuss all of these variations and hybrids 

here. 

Pulse Code Modulation 

Pulse code modulation, or PCM, is the direct transmission of the 8 binary 

18 
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bits of each pel without encoding. In terms of average word length, PCM is the worst 

case encoder because it ignores any redundancies in the data, and transmits all 8 bits per 

pel. Its only advantages are that 1) it can transmit any kind of video image, independent 

of the statistics of that image, so that it might be useful if the statistics of the images are 

entirely unknown, and, 2) none of the data is lost in the encoding process so that images 

are reproduced exactly, i.e., PCM is a reversible coding method. 

Variable Word Length Coding 

If the pdf of the video data is known, Huffman coding, also called variable 

word length coding, can be used to reduce the average word length per pel. This 

method assigns codewords that are shorter than 8 bits to those grey levels that occur 

most frequently, thereby reducing the average number of bits requiring transmission. 

As an example, suppose we wish to variable word length encode the output of a source 

that outputs five possible values (instead of 256 for 8 bit video images) with 

probabilities 0.3, 0.25,0.25, 0.1, and 0.1. Without variable word length coding, 3 bits 

per value would be required to represent each of the Ave values uniquely. However, by 

using Huffman's technique to assign variable word lengths, words with length 2 bits are 

assigned to those values with probabilities 0.3, 0.25, and 0.25, and 3 bit words are 

assigned to the less probable values that have probabilities 0.1 and 0.1. This reduces the 

average word length from 3 to Xiyjj = 2(0.3 + 0.25 +0. 25) + 3(0.1 + 0.1) = 2.2 

bits/value. 

The effectiveness of variable word length coding in reducing the average 

word length will depend entirely on the pdf. Using Equation 7, for the case of 8 bit 
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video data, H(x) £ log2(256) = 8 bits/pel, with equality if all p£ are equal. In most 

applications, all pj are not equal, allowing a significant reduction in the average word 

length. Variable word length coding is a reversible coding technique. 

Differential PCM 

Differential PCM, or DPCM, uses a linear combination of the grey levels that 

have already been transmitted to predict the next grey level. The difference between the 

actual level and the predicted level is what is transmitted over the channel. The first pel 

is transmitted in its entirety to give the decoder a reference level. For subsequent pels, 

the differences the decoder receives are simply added up cumulatively to recreate the 

image. 

Letting y(n) represent the stochastic process output by the predictor, each rv 

of y(n) can be expressed as 

y(n) = x(n) - wt x(n-l) - .... -wMx(n-M), (13) 

where the wk are the weights applied to the grey levels x(k), M is the number of 

previous grey levels used in the prediction, and x(n) is the grey level being predicted. M 

is the order of the predictor. Figure 5 shows a block diagram of this encoder. 

Any number of previous grey levels can be used for the prediction, both 

within the frame or reaching back to pels in previous frames. It has been found, 

however, that more than three or four previous pels provide little decrease in average 

word length and are unnecessary for videoconferencing data (O'Neal Jr. 1966, Jayant 

and Noll 1984). 
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FigureS. Block diagram of a differential PCM encoder. — The top row of boxes are 

delay elements, where z-1 represents a signal delay of one pel. The middle 
row of boxes are multipliers, and the bottom row are summers. 

When the predicted grey level is close to the actual, the difference is small, 

and y(n) will have a pdf with zero mean and a small standard deviation. If, for 

example, y(n) has values between -24 and +25 (a total of 50 different values), the 

entropy of the predictor output could be no more than log2(50) = 5.6 bits/pel, a savings 

of 2.4 bits relative to PCM. 

DPCM is usually not a reversible coding process, because the difference 

between the predicted and actual value is usually a number with a fractional portion. 

Some fractions cannot be fully represented with a limited number of bits, therefore some 

loss of information usually occurs. 

Wiener Filter 

When the predictor is designed to minimize the mean squared error (MSE) 

between the actual and predicted values, the predictor is a Forward Linear Prediction 

Error Filter (Haykin 1986), and the filter weights are designed using Wiener Alter 

theory. The weights are determined by solving the following matrix equation: 

w = R-ir, (14) 

where w is the M x 1 vector of weights 
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wT = [w1(w2, wM], (15) 

R is the M x M autocorrelation matrix 

r(0) r( 1) r(2) r(ti-l) 

r( 1) r(0) r( 1) r(M-2) 
R = 

r(M-l) r(M-2) K O )  

(16) 

r is the M x 1 autocorrelation vector 

rT = [r(l),r(2), r(M)], (17) 

and where r(k) is the autocorrelation for a lag of k, computed using Equation 11. 

If the autocorrelation is unknown, an adaptive filter can be implemented that 

will gradually adapt the filter weights to reduce the error (Haykin 1986). 

The effectiveness of DPCM will partially be determined by how much 

motion there is from frame to frame. An interframe DPCM encoder uses pels in the 

neighborhood of the one being predicted, but from one frame earlier. If there is no 

translative motion from frame to frame, these pels will probably be very good 

predictors. If, however, there is translative motion of more than 1 pel per frame, this 

interframe encoder will not be as effective as an intraframe encoder or an interframe 

encoder that uses pels from better spatial locations. If the amount of translation from 

frame to frame remains constant, the weights can be determined using the frame to frame 

autocorrelation. Unfortunately, the motion rarely remains constant, and if it is known 

that there will be some unpredictable motion in the video sequence, it may be safest to 

use only intraframe pels for the prediction. 
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Once a set of weights has been computed, the pdf of y(n) can be measured 

using test images that have been input to the filter. Using this pdf a variable word length 

code can be assigned to y(n), significantly reducing the bit rate. DPCM generally 

reduces the average word length to 3 to 4 bits^pel. 

Conditional Replenishment 

The conditional replenishment (CR) encoder compares the current pel grey 

level to that of the same pel in the previous frame. If the difference is less than some 

threshold, a single bit is transmitted to indicate that the decoder should assume that the 

pel is the same value as in the last frame. If the difference is greater than the threshold, 

the difference is transmitted to the decoder which creates the new pel grey level by 

adding the difference to the old pel grey level. 

The threshold can be modified adaptively, depending on the buffer fullness 

(Mounts 1969). The threshold can be raised if the buffer is too full and lowered 

otherwise. 

The performance of CR will depend on the amount of interframe motion and 

whether there is changing illumination from frame to frame. If there is little change in 

grey level from frame to frame, CR is very effective in reducing the bit rate. By 

measuring typical videoconferencing data, Mounts (1969) showed that very few of the 

pels change by more than 1% of the peak grey level, so CR is able to reproduce 

videoconferencing data with good accuracy. CR is an irreversible codec unless the 

threshold is set to zero. 

Delta Modulation 

Delta modulation (DM) is a technique that allows only 1 bit/pel to be 
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transmitted. The delta modulator transmits the first grey level in a line with full 

accuracy. For successive pels, if a "1" is transmitted, the decoder adds an amount a to 

the grey level to create the next grey level. If a "0" is transmitted, the decoder subtracts 

a to obtain the next grey level. DM can be applied in any of the three dimensions of the 

video images, but is best applied in the direction that has the least rapid change in grey 

level. DM will smooth out large changes in grey level, and can significantly change the 

information content of an image if the grey level changes in the original image are large. 

Figure 6 shows an example of what can happen to the grey level in the reconstructed 

image. Delta modulators are irreversible codecs. 

gray 
level 

actual 

reconstructed 

position 

Figure 6. An example of grey level in an original and reconstructed image using a delta 
modulator. 

Adaptive Delta Modulation 

An adaptive delta modulator (ADM) is a delta modulator that detects when it 

is transmitting long sequences of ones or zeros, indicating that it is trying to catch up to 

the actual grey level, and will then increase the amount a that is added or subtracted until 

the sequence is broken, then reverts back to the original amount a. Both receiver and 
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transmitter have the same algorithm so that each change d at the same instant (e.g. add 5 

to d every time three successive ones have been transmitted or received). ADM 

reconstructs a better image than DM using the same number of bits, but requires a 

slightly more intelligent codec and is still irreversible. 

Motion Estimation and Compensation 

For those video images that have unpredictable interframe translative motion, 

motion compensation can be very effective in reducing the bit rate to very small levels. 

A motion compensating encoder compares a block of pels in the current frame to several 

blocks in that neighborhood in the previous frame and chooses the block in the previous 

frame whose grey levels are closest (either in a least square or squared sum sense) to the 

current frame block. The pels of the chosen previous frame block are used as predictors 

for the current frame block, and DPCM is applied. In addition to transmitting the 

differences between the previous and current blocks, the transmitter also sends a 

displacement vector to tell the receiver which block to use to add the difference to. The 

displacement vector can also be predicted using DPCM. 

Motion detection can also be used with conditional replenishment to decide 

whether or not to update entire blocks of pels, or as a means of adaptively deciding 

whether to use interframe coding (less motion) or intraframe coding (more motion). 

A motion compensating encoder can check for rotational motion as well as 

translational, with enough computing power. Its performance will depend on the block 

size used, the type of motion (translational versus rotational), whether there is motion 

within the block, and whether there is changing illumination. 

Motion compensation applied to typical videoconferencing data has reduced 
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bit rates to 0.15 to 0.3 bits/jpel. Motion compensation by itself will not cause any loss of 

data, but it is always used with DPCM, and the combination of motion compensation 

and DPCM is usually an irreversible codec. 

Pel Recursion 

Pel recursion is a method of choosing which block to use in motion 

compensation by recursively updating the displacement vector from pel to pel (Netravali 

and Robbins 1979). Pel recursion lowers the entropy of the output by decreasing the 

prediction error, which in turn lowers the average word length. 

Transform Coding 

The transform coding encoder performs a linear transformation on the image 

data. The transfonn can be done in one, two, or three dimensions (the third dimension 

being time), and can be of any size up to the size of the image. The transform coder 

transmits coefficients rather than the image itself. The purpose of transform coding is to 

remove the redundancy from the image by creating a sequence of samples that are 

independent. Those coefficients that have the greatest power are assigned more bits, 

since they contain more information about the image. Those coefficients with the least 

amount of power are assigned the fewest bits, or no bits at all, and this is where the 

savings are incurred. 

Each coefficient (or component) of an Nth order transform is computed as a 

linear combination of the grey levels of N pels. The N grey levels are replaced with N 

coefficients, where each coefficient is a different linear combination of the same grey 

levels. This is expressed as a summation: 
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where the q are the coefficients, the ay make up the transform matrix A, and the x(i) are 

the grey levels. For a one dimensional transform, there is a single N x N matrix A. For 

a two dimensional transform, there are N2 matrices ANN, each N x N. The 

2-dimensional transform can be expressed as a double summation: 

N N 

Cji - ^ ^ ^lmn*(m>n) U ~ 1> 2,...., N. (20) 
m = 1 n= 1 

A three dimensional transform is a direct generalization of the two 

dimensional. Many different transforms have been tried, and, although the 

Karhunen-Loeve transform has been shown to be optimal, the discrete cosine transform 

is the most widely used. Transform coders are irreversible. 

Karhunen-Loeve 

The columns of the Karhunen-Loeve (KL) transform matrix are the 

eigenvectors of the autocorrelation matrix of the image data. Since the eigenvectors are 
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orthogonal, the resulting coefficients are uncorrected. No other transform can create 

coefficients that are completely uncorrected, and this is why the KL is optimum. 

However, to derive the transformation matrix one must first know the autocorrelation 

matrix and then go through some lengthy and computationally intensive calculations to 

derive the eigenvectors. Usually this is quite impractical since 1) it is difficult and time 

consuming to compute the autocorrelation matrix, and 2) frequently the video images are 

not stationary, so the autocorrelation matrix changes with time; each time the 

autocorrelation changes, the transformation matrix changes, and in addition to having to 

recompute the matrix, the matrix must also be transmitted to the receiver so that it may 

reconstruct the image correctly. Thus in practice, the KL transform is never used. 

Discrete Cosine 

The discrete cosine transform (DCT) has been shown to perform almost as 

well as the KL transform, especially if there is a large correlation between adjacent pels 

(Jayant and Noll 1984, Lynch 1985). The DCT matrix does not depend on the image 

statistics and therefore remains constant, and there are fast algorithms for computing the 

DCT. For these reasons, the DCT is the most widely used transform for image data 

compression. The one dimensional DCT is computed as (Jayant and Noll 1984) 

N1 

= V 2/N a(k) x(n) cos [(2n + l)kn/2N] k =0,1, ...N-l 

n = 0 (21) 

where N is the order of the transform, x(n) is the grey level, and a(0) = 1//2 and 

a(k) = 1 for k * 0. 
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Fourier 

The Fourier transform coefficients are given by (Lynch 1985) 

N-l 

Ck= 1 £ xOJe-i^N k = 0, 1.....N-1 
N "o 

(22) 

where x(i) is the grey level and N is the order of the transform. The Fourier transform is 

more complicated than the cosine transform due to the imaginary terms, and generally 

doesn't perform as well. 

Walsh-Hadamard 

The Walsh-Hadamard matrix is generally referred to as a Hadamard matrix, 

but since its rows are equivalent to Walsh functions (except that they are reordered), the 

matrix is also known as a Walsh-Hadamard matrix. The 2x2 transform matrix is 

(Lynch 1985) 

H, 
2 -1 

(23) 

Higher order matrices are formed from this 2x2 matrix as follows: 

(24) 

Slant 

The slant transform performs fairly well for data compression but has not 

been generally used since the discrete cosine transform was discovered. It is included 
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here for completeness. 

The slant transform derives its name from the fact that it is a discrete ramp, or 

slanted, waveform series superimposed on a Walsh waveform series (Beauchamp, 

1987). The resulting orthogonal waveforms tend to match the characteristics of lines in 

a video image. The 2x2 slant transform is the same as the Walsh-Hadamard transform 

given in Equation 23. Beauchamp (1987) shows how higher order transforms are 

derived. 

Delayed Decision Coders 

Delayed decision coders encompass a large variety of coders that transmit 

data only after the image has been examined and a decision made about what to transmit. 

Delayed decision coders can be reversible, but usually are not. 

Run Length Coding 

The run length coder examines the lines of an image to identify strings of 

unchanging grey levels, then transmits the length of the string and the value of the grey 

level for that string. As an example, consider the plot of grey level versus position in 

Figure 7. The run length coder would transmit four pairs of numbers to represent these 

60 pels. The first value of each pair would correspond to the grey level for the run, and 

the second number would correspond to the length of the run. For this example, the 

pairs would be (100,20), (200,15), (175,5), (125,20). If eight bits are allocated for 

length and 8 bits for grey level, a total of 8 x 8 bits are required, or 64 total bits. PCM 

would require 8 x 60 = 480 bits. Thus, if an image has long strings of unchanging grey 

levels, the run length coder can significantly reduce the required number of bits. 
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Figure 7. An example of grey level versus position along a line. 

Strings that have the same grey level and that are separated by only one or 

two pels may be "bridged," or made into one long string by ignoring the deviant pels 

(Candy et al. 1971). Run length coding is particularly effective for images that have 

long strings of pels whose grey levels do not change frequently, such as black and white 

images. This technique will reproduce the image exactly if bridging is not used. 

If an exact reproduction of the image is not necessary, it is possible to save 

more bits by grouping more pels into runs. Suppose, for example, that an image 

contains this sequence of grey levels: 100 100 101 100 99 100. Without bridging, this 

string has 5 runs, only one of which contains more than one pel. If 10 bits are used to 

specify the length of the runs and 8 bits are used to specify the grey levels, these six pels 

would require 5(10 + 8) = 90 bits, or 15 bits/pel. If, however, values that deviate from 

the average value of 100 by no more than ± 1 grey level are included in the run, this 

becomes one run of length 6, requiring 1(10 + 8) = 18 bits, or 3 bits/pel, significantly 

reducing the number of bits to be transmitted. 

Run length coding is usually applied only in one dimension but could be 

.n 
grey 
level 
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applied in two or three dimensions, where the encoder would examine two or three 

dimensional blocks of pels for the same grey level. In two dimensions this method is 

also known as contour mapping (Collaer, 1985). 

The performance of the run length codec will depend heavily on the type of 

image to be transmitted, and can cause some signal delay while images are examined. 

The run length codec is reversible unless bridging is used. 

Modified Run Length Coding. In the extreme case that most of the image is 

one grey level and isolated pels are another grey level, the modified run length coder 

would specify the grey level of the background and the coordinates and grey levels of 

the aberrant pels. This technique could be very effective for images of starfields. 

Vector Quantizers 

Vector quantizers, also known as codebook coders, compare an input 

sequence of grey levels to a set of possible output sequences, and select the one resulting 

in the least squared error. This lowers the bit rate because multiple grey level sequences 

are assigned the same codeword, which also makes this an irreversible codec. 

Tree Coders 

Tree coding can be applied to an image directly, or applied to the values 

resulting from a previous encoding process such as delta modulation. A tree codec 

transmits one number that represents a sequence of numbers. As an example, suppose a 

delta modulator transmits a positive or negative one to represent an increase or decrease 

in grey level. Then a tree coder could add three successive values output from the delta 

modulator, so that after 3 samples, the tree coder could output a +3, +1, -1, or -3. A +3 
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represents a sequence of +1, +1, +1, a +1 represents a sequence of +1, +1, -1, or +1, 

-1, +1, or -1, +1, +1, and so on. In this example, the savings occurs because only 2 

bits are needed to represent the four different values of +3, +1,-1, and -3, whereas 3 

bits would be required without the tree coding. Tree coders are usually irreversible, and 

are rarely used. 



CHAPTER 4 

THE TELESCOPE VIDEO DATA 

In this chapter and the following one, compression of video data used to 

point a telescope is discussed. As was stated in the introduction, very little work has 

been done on data compression of telescope images, particularly images used to point a 

telescope. Because of this, and because it is not obvious which is the best compression 

technique for this application, several different data compression techniques were 

modelled. Chapter 5 describes the models and the results of the compression. The 

codecs were modelled in software and actual digitized, monochrome images of starfields 

were used as input. 

Before describing the modelling, the criteria to be applied to choosing a 

compression technique are discussed. This is followed by a discussion on which of the 

compression techniques described in chapter 3 are suitable for modelling. Finally the 

three starfield images used as input to the models are presented. The statistics and 

entropies of these images are computed for use in the models. 

Criteria for Choosing a Codec 

Telescope guidance is usually done by commanding a right ascension and 

declination for coarse pointing, then, on older telescopes, the final adjustment is done by 

hand (Rafert and Cone, 1983). For this paper, it will be assumed that the fine 

adjustment will be done by computer, as is planned for the NASA 2.4 meter Space 

Telescope. The Space Telescope will first be pointed to the approximate location of the 

34 
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star to be observed, then the fine guidance sensors will be used to center the target star 

(Benedict and Shelus, 1980). The brightness and relative positions of guide stars (the 

brighter stars in the area) will be used for the target acquisition. Assuming a system like 

this is used for the telescope aboard the Space Station, the video feedback data must 

accurately represent the grey levels and relative positions of the brightest stars. Thus 

one of the criteria for choosing a codec is how well the codec preserves this information. 

In addition to preserving this information about the image, the codecs were 

also judged on the amount of image compression each provided, and on whether the 

same encoder yielded approximately the same average word length for different images. 

Most of the techniques modelled here had the disadvantage of yielding a significantly 

different average word length for different images. 

Which Data Compression Methods Were Modelled and Why 

Not all the compression methods discussed in chapter 3 were modelled, 

because some are not compatible with the objective of preserving the locations and grey 

levels of the brightest stars, and some are clearly inferior to others for coding starfield 

data. Delta modulation was not modelled because a step size, even an adaptive one, 

could not accurately represent both stars and background. Conditional replenishment 

was not modelled since even a small displacement in telescope position makes the 

previous frame a poor predictor for the current frame; when the center of a star changes 

position, the grey levels associated with that star can change significantly since the 

energy can be distributed much differently among the neighboring pels. Motion 

compensation was not modelled because it can be assumed that the movement of the 

telescope is known, making it unnecessary to estimate that movement. 
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Of the transform coders discussed in chapter 3, only a DCT was modelled. 

Ideally the Karhunen-Loeve transform would be used except that it is not practical to 

implement, therefore the second best transform, the discrete cosine, was modelled. 

Of the delayed decision coders, only the run length coder was modelled. A 

run length coder can code a very large (and variable) number of pels into a single code 

word, resulting in a lower average word length than the other delayed decision coders, 

which can only code a small, fixed number of pels into a code word. 

The Images Used in the Models 

Three images of starfields were obtained from Steward Observatory at the 

University of Arizona and are shown in Figures 8a, 8b, and 8c: an exposure of NGC 

339, a globular cluster in the Small Magellanic Cloud, and hereafter referred to as 

NGC339 short, because it was exposed for 50 seconds; an exposure of the same 

globular cluster, NGC 339, slightly displaced from the 50 second exposure, and 

hereafter referred to as NGC339 long, because it was exposed for 500 seconds; and the 

edge of M92 (also known as NGC 6341), a globular cluster in the Milky Way. All three 

images are 284 pels across by 492 pels down, for a total of 139,728 pels. The images 

were originally 512 x 512, but some pels were eliminated to make smaller images which 

were easier to work with. 

Pels in both of the NGC 339 exposures are 16 bits each, whereas pels in 

M92 are 8 bits each. Each image was taken with a CCD array. Each CCD counts 

photons, so that the longer it was exposed, the larger the grey level of every pel. Thus 

the mean grey level is a function of the length of the exposure and what part of the sky 

was observed. Since NGC339 long was exposed 10 times longer than NGC339 short, 
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Figure 8a. Short exposure ofNGC 339. 
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Figure 8b. Long exposure ofNGC 339. 
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Figure 8c. M92. 
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its grey levels are in fact 10 times larger. This is not apparent from the figures, because 

in order to show detail within the images, the grey levels were adjusted. Had they not 

been adjusted, the image of NGC339 long would appear entirely grey, while the image 

of NGC339 short would appear entirely black. The actual grey levels of the images 

cannot be learned from these figures; these figures are strictly for display. 

Portions of the images of NGC 339 are very dense with stars, while M92 

has a few stars spread about the image. Both images of NGC 339 contain long black 

streaks; this is indicative of CCD failure. Many of the stars in M92 have black spots in 

their centers; this is indicative of CCD saturation. The grey levels are also influenced by 

how well the CCDs were calibrated. Each CCD naturally accumulates some charge 

while not being exposed; this charge must be offset (astronomers call this flat-fielding), 

but offsetting usually cannot set all CCDs to precisely the same level. This results in 

some minor deviation in grey level from pel to pel even if the pels are each receiving the 

same amount of light. 

Prescaling 

Before modelling, the two 16 bit images were scaled to 8 bits so that all three 

images had the same range of grey level, 0 to 255. The images were all made into 8 bit 

images rather than 16 bit images for two reasons. First, the fewer the number of bits in 

the image, the lower the bit rate, and second, a grey scale of 0 to 255 allows a magnitude 

difference of 6 between the brightest and dimmest stars in the image. (A magnitude 

increase of 1 corresponds to an increase in brightness by a factor of 2.512 (Pasachoff 

1977). Therefore an increase in brightness from 1 to 255 corresponds to a magnitude 

increase of about 6, since 2.5126 = 251.3.) This range of brightness should be more 
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than enough to determine the position of the telescope. 

The scaling was done in such a way as to preserve all necessary information 

about the brightest stars. Some bits were removed from the most significant bits 

(msb's) and some from the least significant bits (Isb's) to remove 8 total. As many 

msb's were removed that could be without changing the value of any grey level, then the 

remainder were removed from the Isb's. For NGC339 short, this meant removing the 6 

msb's and the 2 Isb's. For NCG339 long, the 3 msb's and 5 Isb's were removed. No 

scaling was done to M92 since it was already 8 bit data. 

Removing Isb's resulted in a mean shift and a change in standard deviation, 

although the ratio of mean to standard deviation remained the same. This shift in the 

mean is not significant for two reasons. First, it is unlikely that the relative performance 

of the models (in terms of bit rate) would be any different had the original 16 bit data 

been used. Second, the mean of the original data is somewhat arbitrary to begin with, 

since it depends on what part of the sky is viewed and the length of the exposure. Thus, 

for purposes of this evaluation, it is not necessary to preserve the true mean of the data. 

The shift was done here strictly to limit the data to 8 bits. 

After prescaling, all the images had grey levels that ranged from 0 to 255. 

These prescaled, 8 bit images were the only images used in the models of compression 

techniques. The original 16 bit images will not be discussed further except to show their 

pdfs. 

The Statistics of Starfleld Images 

To gain some insight into the properties of the starfleld images, the 

probability density functions, means, variances, autocorrelations, and autocovariances 
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were computed for each of the three prescaled images. The pdfs of the original 16 bit 

data are shown for comparison. 

Probability Density Functions. Means, and Variances. The pdfs of the 

original 16 bit images were estimated by totalling the number of pels with grey levels 

from 0 to 99, 100 to 199, 65,400 to 65,499, and 65,500 to 65,535 (65,535 is the 

largest value that can be obtained with 16 bits). This histogram is shown in Figure 9. 
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Figure 9. Histogram of original 16 bit images. 

Since almost all of the 139,728 pels of each image were background pels, 

pels with grey levels different from the background level had a very low probability. 

Because of this, values larger than about 2000 cannot be seen on the scale used in Figure 

9. The original 16 bit images will not be discussed any further; in all of the statistical 
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computations below and in the modelling in chapter 5, only the prescaled images will be 

used. 

The pdfs of the prescaled images were estimated by totalling the number of 

pels with each grey level from 0 to 255. The means and standard deviations were 

computed using Equations 4 and 5. Figure 10a shows the pdfs for each prescaled 

image. Note that although the grey level scale only shows values between 29 and 129, 

there are in fact some grey levels in all three images that are less than 29 or greater than 

129, but these have such small probabilities that they cannot be seen on this scale. 

These probabilities can be seen more easily in Figure 10b, where the pdfs are plotted on 

a logarithmic scale. 

The three images all have very different means and standard deviations, due, 

in part, to the prescaling, but also due to the fact that the original images had much 

different means and standard deviations. Note that the means and variances shown in 

these plots cannot be directly compared to the images shown in Figure 8, again because 

the images in Figure 8 were adjusted to show detail within the images. 

Autocorrelations. The autocorrelations were estimated for each image using 

Equation 11. For purposes of this computation, the lines of the images were laid 

end-to-end, so that a lag of 284 corresponds to the autocorrelation between vertically 

adjacent pels. Lags of 0 to 12, 271 to 295 (one line down), and 555 to 579 (two lines 

down) were computed to determine the autocorrelation for a horizontal lag of ± 12 pels 

and a vertical lag of ± 2 pels. The autocorrelation function for each image was 

normalized by dividing by the autocorrelation for a lag of zero. Some autocorrelation 

and normalized autocorrelation values are shown in Table 1 and plotted in Figure 11. 
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Table 1. Autocorrelations and normalized autocorrelations of the images. 

NGC339 short NGC339 lone M92 

lag R(lag) 
normalized 

R(lag) R(lag) 
normalized 

R(lag) R(lag) 
normalized 

R(lag) 

0 1427.6 1.000 1910.9 1.000 9611.0 1.000 

1 1413.9 0.990 1908.1 0.999 9526.0 0.991 

2 1403.4 0.983 1904.1 0.996 9521.1 0.991 

3 1395.4 0.977 1901.0 0.995 9517.4 0.990 

4 1391.0 0.974 1899.4 0.994 9514.8 0.990 

5 1389.0 0.973 1898.7 0.994 9513.4 0.990 

283 1409.5 0.987 1906.4 0.998 9527.0 0.991 

284 1414.8 0.991 1908.3 0.999 9531.7 0.992 

285 1409.8 0.987 1906.6 0.998 9528.0 0.991 

567 1400.1 0.981 1903.3 0.996 9524.1 0.991 

568 1403.6 0.983 1904.2 0.997 9526.2 0.991 

569 1400.9 0.981 1903.4 0.996 9523.8 0.991 
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Figure 11. Autocorrelations of the prescaled images. 

Since the smallest value of autocorrelation is larger than 0.97, it is clear that 

all pels are very highly correlated with one another. This is a direct consequence of the 

fact that the vast majority of the pels are background pels and are therefore grouped very 

near the mean. The predictor coders will exploit this fact. 

Autocovariances. Without subtracting the mean, the autocorrelations may 

not show how similar the correlations are for each image. To show how very alike they 

really are, the autocovariance was estimated by subtracting the square of the mean from 

the autocorrelation, as in Equation 12. Then the autocovariances were normalized by 

dividing by the autocovariance for a lag of zero, and are plotted in Figure 12. 
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Figure 12. Autocovariances of the prescaled images. 

Although it is not shown in this plot, tthe autocovariances drop to near zero 

for lags of one-half line, as is expected for pels that are spatially distant. 

Although the grey levels from image to image are much different, these 

normalized autocovariances show how similar these three images are in a statistical 

sense. Because of this, a data compression technique whose design is based on the 

statistics of the images will be likely to perform well with images other than the ones 

used in the models. 

Entropy of the Images 

Once the pdfs were computed, the entropy of each image could also be 

computed using Equation 6. If the images are encoded using variable word length 
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coding, the average word length n will satisfy Equation 9, i.e. n will be bounded by 

H(x) and H(x) + 1. Thus, using variable word length coding, the total number of bits 

required to transmit each image will be lower bounded by {H(x) x [number of words]} 

and upper bounded by {[H(x) + 1] x [number of words]} where, in this case, the 

number of words is 139,728 total pels. The entropies and total number of bits are 

shown in Table 2. 

Table 2. The entropy of the images and total number of bits required to transmit them. 

Image Entropy (bits) Total number of bits 
lower bound ut>per bound 

NGC339 short 3.7837 528689 668417 
NGC339 long 2.1074 x 139728 pels = 294463 434191 
M92 5.1206 715491 855219 

These entropies reflect the pdfs in that the more spread out the pdf, the greater the 

entropy. 

Each of these entropies is much lower than 8 bits/pel, so that substantial 

gains can be made by variable word length encoding the images without any other 

compression. However, the set of code words derived for each image is different from 

the sets for the other images, which means that if the code words for one image were 

used to encode the other images, many pels could not be represented. In reality a larger 

code word set would have to be derived that could handle all images. Therefore, the 

average code word length would in fact have to be larger than the worst case entropy 

shown above. The fact that the entropies are so different for each image also indicates 
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that a variable word length coder would, without other compression, output a highly 

variable bit rate. Thus, although variable word length coding would improve the bit rate 

over FCM, other options are worth exploring. 

The entropies for each image will be used for comparison purposes. For a 

compression technique to be worthwhile, it must reduce the total number of bits even 

further than those values shown in Table 2. 



CHAPTER 5 

THE MODELS AND RESULTS 

In this chapter, a compression technique is chosen for the data compression 

of starfleld video data used to point a telescope. The choice is made based upon the 

results of modelling several of the techniques discussed in chapter 3, and applying the 

criteria described in chapter 4. Each model is described mathematically, then the results 

of the modelling and a comparison of results is presented. All three prescaled images 

discussed in chapter 4 were input to each of the models discussed below, and the pdf of 

the resulting output was measured. Using this pdf the entropy of the output was 

computed. Since it can be assumed that a variable word length code can be derived 

using Huffman's technique, the average word length of the coded output will be 

between the entropy and the entropy plus one. Then the total number of bits per image 

can be computed by multiplying the entropy by the number of words in the output. This 

was done for each image and for each model, to provide a lower bound on the number 

of bits required to transmit the image, and to allow the various compression techniques 

to be compared. Based on this simple entropy argument, it will be shown that a run 

length coder meets all three of the criteria outlined in chapter 4 and provides the lowest 

average word length by a significant margin. 

After describing each model, a table will provide a summary of the results for 

each technique discussed up to that point, so that the models can be compared as they are 

presented. 

50 
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Quantisation 

Some of the models output numbers that are not integers, but are real 

numbers with some fractional portions. The amount of fractional portion that is 

transmitted will affect the number of bits that are required to transmit an image and the 

accuracy of the reconstructed image. The more finely quantized the output, the greater 

the number of bits transmitted and the more accurate the reconstructed image. 

For the case of telescope pointing data, accuracy in grey level was not 

critical, but achieving the lowest bit rate was, therefore, in the modelling performed 

here, all output was rounded to the nearest integer. 

Differential Pulse Code Modulation 

A first and third order predictor were modelled. Using Equation 13, the first 

order predictor has the form 

y(n) = x(n) - Wj x(n-l), (25) 

and the third order predictor has the form 

y(n) = x(n) - wt x(n-l) - w2 x(n-2) - w3 x(n-3). (26) 

The predictors and the results of the compression are described below. 

First Order Predictor 

A first order predictor uses only one previous pel as a predictor for the 

current pel. For this model, the grey level of the horizontally adjacent pel was used to 

predict the current level. Mathematically, the output of the predictor was computed as 

y(n) = x(n) - x(n-l), (27) 

where the coefficient w4 was set to one. The images were input to the encoder line by 
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line, so that the pel at the end of one line was used as a predictor for the first pel of the 

next line. The first grey level in the image was transmitted in its entirety, and all 

succeeding grey levels were predicted using the predictor. 

This predictor was intuitively rather than mathematically motivated, since wt 

would not normally be set to one, but it seems reasonable to assume that this predictor 

would perform well, given that most grey levels in each image are very similar. The 

entropies of the predictor outputs for each image are shown in Table 3. 

Unfortunately, this predictor did not perform well, and in fact yielded a 

greater number of bits to be transmitted than direct variable word length coding of the 

images. Table 4 compares the minimum average word lengths for direct variable word 

length coding to the first order predictor. 

The first order predictor output has a higher entropy because the output pdf is 

slightly more uniform. In Figure 13, the pdf of the predictor output and the pdf of the 

original 8 bit image of NGC339 short are overlaid for comparison. As can be seen, the 

pdf of the predictor output is slightly wider, resulting in a larger entropy. The pdf is 

wider because differences between pels tend to be slightly less concentrated around the 

mean than are pels of the original image. As a result, this first order predictor yielded a 

higher entropy, so is probably not useful. 

Third Order Predictor 

This third order predictor actually used first, second, and third order filters, 

each applied to a different portion of the image. A third order predictor, which uses 

three previous grey levels to predict the current level, was used for the bulk of the 

image. The third order filter used pels above and to the left of the pel being predicted, 
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Table 3. The entropy and number of bits for the first order predictor. 

Image Entropy (bits) Total number of bits 
lower bound upper bound 

NGC339 short 
NGC339 long 
M92 

4.0815 
2.1735 
5.5703 

x 139728 pels = 
570300 
303699 
778327 

710028 
443427 
918055 

Table 4. Comparison of minimum average word lengths: variable word length coding 
and first order predictor. 

Method Number of bits/pel 
NGC339 short NGC339 long M92 

Variable word length coding 3.784 2.107 5.121 
First order predictor 4.082 2.174 5.570 
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Figure 13. Comparison of PDFs for NGC339 short and first order predictor output for 
NGC339 short. 
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therefore lower order Alters were required along the top and left edges of the images. 

First order filters were used to predict the second pel of the first row and the second pel 

down in the first column. Second order filters were used for the remainder of the top 

row and left column. All the filters had coefficients based on the Wiener filter concepts 

developed in chapter 3, i.e. the coefficients were derived from the autocorrelations and 

were different for each image. The pel numbering convention is shown in Figure 14. 

pel 
l . l  

pel 
1 , 2  

pel 
1.3 

pel 
1.284 

pel 
2 . 1  

pel 
2,2 

pel 
2,3 

pel 
492,1 

pel 
492,284 

Figure 14. Pel numbering method for the third order predictor. 

Using this numbering convention, the filtering was done as follows, where x is an input 

pel and y is an output pel, H means horizontal, V means vertical, R is row, and C is 

column: 

Top row: 
1- yi,i = xi,i-
2- Yi,2 = xi,2 • (wih * xi,i} (a first order predictor). 
3- yi,c • x1,c - (w21h * x1,c-1} - (w22h * *1,0-2} (a second order 

predictor) where C = 3, 4 284. 
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Left column: 
4. y21 = x2>1 - { wlv z xM } (a first order predictor). 

5. yR1 = x R1 - {w21vx x r-i^} - {w22v* x r-2,1 } (a second order 
predictor) where R = 3, 4, , 492. 

Remainder 

YR.C = XR,C " (w31x XR-l.c} " {w32 x %,C-l} * {w33x ^-l.C-lK (a 

third order predictor) where R = 3, 4, 492 and C = 3, 4 284. 

To demonstrate how this filtering was done, the prediction of pel2 2 of 

NGC339 short will be used as an example. Pel22 was predicted with the third order 

predictor, therefore pels (1,1), (1,2), (2,1), and (2,2) were needed. For NGC339 

short, peli i = 38, pel12 = 35, pel^ = 37, and pel2 2 = 40. Also, as will be shown 

later, the coefficients for the third order predictor for NGC339 short were w31 = 

0.47912, w32 = 0.40196, and w33 = 0.11443. Thus the output of the predictor for 

pel2>2 was 

Y2.2 " *2,2 - {w3l x x1|2} - {w32 x X2)1} - {W33 x Xifl} 

= 40- {0.47912x35} - {0.40196x37} - {0.11443x38} 

= 4.00994. 

Thus, rather than outputting a 40 for pel2 2 as would be done in a PCM 

system, a 4 was output. In a similar fashion, all the pels were changed into smaller 

values by the filter. Since the coefficients were derived using Wiener filter theory, the 

range of values output from the filter was smaller than the original range of grey levels in 

the image, reducing the entropy. 

Figure 15 demonstrates graphically which filters were applied to which pels. 



56 

predicted with horizontal 1 st order predictor 

X predicted with horizontal 2nd order predictor 
v 

predicted with 
vertical 1st _ 
order predictor 

predicted with 
vertical 2nd 
order predictor 

• 

11.3 1,284 

2 . 1  

3.1 

2,2 2,284 

predicted with the 
third order predictor 

492,2 492,284 

Figure 15. Figure showing which filters were applied to which pels for third order 
DPCM. 

The coefficients were derived using Equation 14. A different form of the 

autocorrelation matrix was used for each filter, depending on the order of the filter and 

whether horizontal or vertical pels were used. It should be pointed out, however, that 

99.4% of the pels were encoded using the third order filter, so its effects were greatest. 

Table 5 shows the coefficients that were used. 

Each image was passed through its own predictor. The output was rounded 

to the nearest integer and then the pdf and entropy were computed. The results are 

summarized in Table 6. Table 7 compares these results to direct variable word length 

coding and the first order predictor. 



Table 5. Wiener filter coefKlcients used in third order predictor. 

coefficient NGC339 short NGC339 long M92 

first order W1H 0.99036 0.99853 0.99116 
wiV 0.99099 0.99865 0.99175 

second order W2IH 0.87801 1.21882 0.52647 
horizontal W22H 0.11345 -0.22001 0.46883 

second order W21V 0.93088 1.29556 0.53246 
vertical W22V 0.06066 -0.29730 0.46311 

W31 0.47912 0.56869 0.37896 
third order W32 0.40196 0.48309 0.28291 

W33 0.11443 -0.06526 0.33511 
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Table 6. Entropies and number of bits for the third order predictor. 

Image Entropy (bits) Total number of bits 
lower bound UDDer bound 

NGC339 short 
NGC339 long 
M92 

3.5511 
1.4766 x 139728 pels = 
5.1860 

496188 635916 
206322 206322 
724629 864357 

Table 7. Comparison of minimum average word lengths: variable word length coding, 
first and third order predictors. 

Method 
NGC339 short 

Number of bits/pel 
NGC339 lone M92 

Variable word length coding 3.784 2.107 5.121 
First order predictor 4.082 2.174 5.570 
Third order predictor 3.551 1.477 5.186 

For both NGC 339 images, these results show an improvement over direct 

variable word length coding, but are worse for M92, suggesting that this technique is 

not useful. In addition, each filter was optimized for the autocorrelation of each image, 

whereas in reality the filter coeflicients could not be optimized for each image without 

incurring a very large signal delay, first to compute the autocorrelation, then to compute 

the filter coeflicients, and finally to perform the prediction. The computation of the 

autocorrelation can be avoided by using an adaptive filter, but this filter cannot perform 

as well as the nonadaptive filter that has optimized coeflicients (Haykin 1986). Thus it 

is doubtful that DPCM could improve on direct variable word length coding of the 

images themselves. 
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Discrete Cosine Transform 

Of the several different transforms, the discrete cosine transform was chosen 

for modelling. As mentioned previously, ideally the Karhunen-Loeve transform would 

be used except that it is not practical to implement, therefore the second best transform 

was modelled. 

A two dimensional transform was modelled because the images contain stars, 

which are symmetric in two dimensions. (A one dimensional transform would be better 

for objects with vertical or horizontal edges.) Also, since the brightest stars do not 

appear in just one pel, but spill into one or two adjacent pels in both directions, a 4 x 4 

transform was chosen to fit around these stars. But, since stars would most likely cross 

boundaries between transforms, an 8 x 8 transform was also modelled. In addition to 

the 4 x 4 and 8x8 DCT, a hybrid technique of DCT/DCPM was tried. 

4x4DCT 

The images were divided into 8540 non-overlapping blocks of 4 x 4 each. A 

two dimensional transform was performed on each block using the two dimensional 

form of Equation 21 with N = 4: 

3 3 

c = I_ a(i) a(k) ^ J] x(m,n) cos (2n + l)k7r cos (2n + l)k7r 
ki 2 m = 0 n = 0 8 8 

(28) 

k, i =0, 1, 2, 3 

where a(0) = 1//2 and a(k) = 1 for k * 0, and x(m,n) is the grey level of 

the pel at (m,n). 

Each transform generated 16 coefficients. A total of 16 x 8540 = 136640 



60 

coefficients were generated for each image. The dc component contained the most 

power, which is not surprising since most of the blocks are of a uniform grey level. As 

an example, Table 8 shows the data and resulting transform coefficients for the top left 4 

x 4 block of NGC339 short, and also shows how the coefficients were numbered. 

Table 8. 4 x 4 DCT coefficients for the top left corner of NGC339 short: original image 
data, coefficients, and numbering method. 

Data Coefficients Coef. Number 
38 35 39 40 161.25 8.98 -8.75 1.42 1 2 3 4 
37 40 43 34 -9.25 -10.52 7.74 3.30 5 6 7 8 
45 44 39 34 3.25 -0.71 -0.75 -1.06 9 10 11 12 
45 54 46 32 -0.77 1.30 6.27 -0.98 13 14 15 16 

A pdf of the transform coefficients was computed. The resulting entropy and 

total number of bits are shown in Table 9. Table 10 compares these results to the other 

results obtained so far. 

Table 9. Entropy and number of bits for 4 x 4 DCT of NGC339 short. 

Image Entropy (bits) Total number of bits Image 
lower bound utroer bound 

NGC339 short 3.7843 x136640 = 517087 653727 
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Table 10. Comparison of minimum average word lengths: variable word length coding, 
first and third order predictors, and 4x4 DCT. 

Method Number of bits/pel 
NGC339 short NGC339 long M92 

Variable word length coding 3.784 2.107 5.121 
First order predictor 4.082 2.174 5.570 
Third order predictor 3.551 1.477 5.186 
4 x 4  D C T  3 . 7 8 4  

The average word length for the 4 x 4 DCT shows no improvement over 

variable word length coding of the image itself, therefore the 4 x 4 DCT was not run for 

the other two images. 

Since the most power was contained in the low frequency components, a 

reasonably good image might be obtained if some of the higher frequencies were 

neglected, thus reducing the average word length. If each coefficient was individually 

variable word length coded, the total number of bits would be the sum of the bits 

required for each desired coefficient. Only those coefficients containing the important 

information about the image would need to be transmitted. Therefore the entropy of 

each coefficient was computed for NGC339 short. These values are summarized in 

Table 11. 

Since the greatest amount of power was contained in coefficient 1, one 

method might be to transmit only this coefficient, or between 40250 and 48790 bits, 

resulting in substantial gains over the other techniques discussed so far. Unfortunately, 

the reconstructed image would consist of 8,540 blocks of 16 pels each, with each being 

uniformly one color, and consequently there would be no way to precisely determine 

where stars were within the block or to determine what the grey levels of the stars 
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Table 11. Entropies and number of bits for each coefficient of 4 x 4 DCT of 
NGC339 short. 

Coefficient Entropy (bits) Total number of bits 
lower bound uooerbound 

1 4.7131 40250 48790 

2 3.8127 32560 41100 

3 3.5026 29912 38452 

4 3.2967 28154 36694 

5 3.8426 32816 41356 

6 3.5543 30354 38894 

7 3.3383 28509 37049 

8 3.1732 x 8540 = 27099 35639 

9 3.4250 29249 37789 

10 3.2561 27807 36347 

11 3.2307 27590 36130 

12 3.1491 26893 35433 

13 3.1581 26970 35510 

14 3.1015 26487 35027 

15 3.1101 26560 35100 

16 3.1185 26632 35172 
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actually were. 

Detail within blocks can be improved by transmitting more coefficients, but 

deciding how many and which coefficients should be transmitted will depend on 

whether the telescope position can be determined from the reconstructed image. Also, it 

should be remembered that in computing the pdfs, all coefficients were rounded to the 

nearest integer. The higher frequencies all had small power, so those coefficients were 

very small numbers, with means near zero. Therefore, significant amounts of 

information were lost by neglecting the fractional parts of these numbers. To regain that 

information, more bits would be required to represent the fractions, increasing the total 

number of bits needed to represent the image. 

To resolve the questions of how many and which coefficients to transmit, 

and how many additional bits to allow for fractions, much more modelling would have 

to be performed. This task was made unnecessary, however, because another coder 

was found to produce much better results. This coder will be discussed later. 

Hybrid 4x4 DCT and DPCM 

Since the coefficients did not change much from block to block, applying 

DPCM to the coefficients could reduce the average word length. A Wiener filter 

predictor, designed with precisely the same format as the third order predictor discussed 

previously, was applied to several coefficients from the 4 x 4 DCT of NGC339 short. 

Autocorrelations were computed for coefficients 1, 2, 3, 5, 6, and 9, chosen because 

they had the most power. The Wiener filter coefficients were computed using these 

autoconelations. Table 12 shows the Wiener filter coefficients that were used. 

Each coefficient was passed through its own filter. The output was rounded 
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Table 12. Wiener filter coefficients used in DCT coefficient predictor for 
NGC339 short. 

Wiener 
filter 
coef 1 2 3 

DCT coefficient 
5 6 9 

Win 0.99126 -0.35540 -0.06087 0.36771 -0.32370 0.38902 
wiV 0.99255 0.23243 0.20845 -0.26178 -0.31865 0.00436 

W2IH 0.69724 -0.41218 -0.06081 0.34535 -0.35808 0.33312 
W22H 0.29662 -0.15977 0.00102 0.06082 -0.10622 0.14368 

W21V 0.72101 0.24324 0.20807 -0.29037 -0.35660 0.00430 
W22V 0.27358 -0.04650 0.00183 -0.10919 -0.11913 0.01274 

W3i 0.49817 0.40968 0.23233 -0.21617 -0.60497 0.00727 
W32 0.28992 -0.49178 -0.11149 0.34247 -0.60770 0.38904 
w33 0.20872 0.17709 0.01049 0.11976 -0.28631 -0.01184 

Table 13. Entropies and number of bits for the third order predictor of the DCT 
coefficients. 

Coefficient Entropy (bits) Total number of bits 
lower bound upper bound 

1 4.7071 40199 48739 
2 4.0745 34796 43336 
3 3.5645 x 8540 = 30441 38981 
5 4.0211 34340 42880 
6 3.9939 34108 42648 
9 3.5739 30521 39061 
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to the nearest integer and then the pdf and entropy were computed. The results are 

summarized in Table 13. Table 14 compares the minimum number of bits for direct 

variable word length coding of the coefficients to DPCM of the coefficients. 

Table 14. Comparison of minimum number of bits: variable word length coding and 
DPCM of 4 x 4 DCT coefficients for NGC339 short. 

Number of bits 
variable word 

coefficient length coding DPCM 

1 40250 40199 
2 32560 34796 
3 29912 30441 
5 32816 34340 
6 30353 34108 
9 29249 30521 

DPCM did not provide any improvement over direct variable word length 

coding of the DCT coefficients, just as when DPCM was directly applied to the images. 

The reason it did not yield any improvement is the same; the pdf of the DPCM output 

was about the same as the pdf of the coefficients. For this reason, the hybrid technique 

of 4 x 4 DCT and DPCM is probably not useful. 

8x8DCT 

The images were divided into 2135 non-overlapping blocks of 8 x 8 each. A 

two dimensional transform was performed on each block using the two dimensional 

form of Equation 21 with N = 8: 
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c = I_ a(i) a(k) x(m,n) cos (2n + l)k7T cos (2n + l)k7T . 
ki 2 m = 0 n = 0 16 16 

k, i =0, 1, 2,7 (29) 

Each transform generated 64 coefficients. Table 15 shows that data and 

resulting transform coefficients for the top left 8x8 block of the short exposure of NGC 

339, and also shows how the coefficients were numbered. 

A pdf of the transform coefficients was computed and the resulting entropy 

and number of bits are shown in Table 16. Table 17 compares these results to the other 

results obtained so far. 

The 8x8 DCT performed slightly better than the 4 x 4 DCT, but still not as 

well as the third order predictor. 

The discussion in the 4 x 4 DCT section about transmitting only selected 

coefficients applies here as well. Pdfs and entropies of selected coefficients were 

computed for each image. Values for NGC339 short are shown in Table 18. Similar 

values were obtained for the two other images. 

The 8x8 DCT performed better than the 4x4, but has the same drawbacks 

as were discussed for the 4 x 4 DCT. 

Run Length Coding 

Two different one dimensional mn length coders were modelled, both of 

which were able to reduce the bit rate significantly. 

The first method was the modified run length coding discussed in a previous 

section, and will be called the "Fixed Number of Pels" method. The other is "Variable 

Number of Pels," or run length coding with bridging. Bridging was necessary because 
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Table 15. 8x8 DCT coeflicients for the top left corner of NGC339 short: 
original image data, coeflicients, and numbering method. 

Data 
38 35 39 40 38 36 40 30 
37 40 43 34 35 39 38 32 
45 44 39 34 38 38 37 38 
45 54 46 32 43 34 39 36 
46 46 44 38 38 38 36 35 
35 36 37 36 35 36 37 39 
34 35 37 35 34 38 38 35 
35 37 39 36 34 38 36 38 

Coefficients 
303.37 11.68 3.41 0.11 -8.87 -1.90 0.07 4.25 

4.72 6.73 -1.20 3.42 -1.78 1.07 -2.40 3.67 
-11.32 -10.44 -6.95 -0.37 0.23 7.86 2.41 -2.85 
-4.57 -3.68 -5.15 -0.48 2.18 6.07 -0.12 -1.13 
6.38 7.00 -0.89 -0.46 0.13 -1.01 -2.47 2.24 
0.15 -0.58 0.39 1.11 0.84 -0.92 -4.11 2.63 

-0.86 -3.32 1.66 -0.03 5.45 -.52 -0.05 -1.72 
0.77 1.20 0.00 3.12 2.72 3.12 2.04 -2.83 

Coefficient Number 
1 2 3 4 5 6 7 8 
9 10 11 12 13 14 15 16 

17 18 19 20 21 22 23 24 
25 26 27 28 29 30 31 32 
33 34 35 36 37 38 39 40 
41 42 43 44 45 46 47 48 
49 50 51 52 53 54 55 56 
57 58 59 60 61 62 63 64 
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Table 16. Entropies and number of bits for 8 x 8 DCT. 

Image Entropy (bits) Total number of bits 
lower bound upper bound 

NGC339 short 3.6409 497493 634133 
NGC339 long 1.5280 x136640 = 208786 345426 
M92 5.2135 712373 849013 

Table 17. Comparison of minimum average word lengths: variable word length coding, 
first and third order predictors, 4x4 and 8x8 DCT. 

Method 
NGC339 short 

Number of bits/pel 
NGC339 lone M92 

Variable word length coding 3.784 2.107 5.121 
First order predictor 4.082 2.174 5.570 
Third order predictor 3.551 1.477 5.186 
4x4DCT 3.784 
8x8DCT 3.641 1.528 5.214 

Table 18. Entropies and number of bits of selected coefficients for 8 x 8 DCT of 
NGC339 short. 

Coefficient Entropy (bits) Total number of bits 
lower bound upper bound 

1 5.4196 11571 13706 
2 4.5424 9698 11833 
3 4.2489 9071 11206 
4 3.9717 8480 10615 
5 3.7038 x2135 = 7907 10043 
6 3.4113 7283 9418 
7 3.4123 7285 9420 
8 3.3124 7072 9207 
9 4.5849 9789 11924 
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the background levels of all three images changed by one or more grey levels from pel to 

pel, so that without bridging runs would last only one or two pels. 

Fixed Number of Pels Method 

This method chose some number of the brightest pels and transmitted their 

locations and grey levels. If 8 bits are allocated to grey level, 9 bits to the x coordinate, 

and 9 bits to the y coordinate (so that every position in a 284 x 492 image can be 

uniquely identified), the total number of bits can be computed as [number of pels] x [8 + 

9 + 9], as shown in Table 19. 

Table 19. Number of bits for fixed number of pels method, 26 bits/pel. 

Number of pels Total number of bits 

10 260 
20 x 26 bits/pel = 520 

100 2600 
500 13000 

This number of bits shows substantial gains over the previously discussed 

methods, and can be reduced even further by using a different system for locating the 

stars, rather than the x, y coordinate system used in Table 19. If the lines of the image 

are placed end-to-end, only one number is needed to indicate the number of pels, or 

distance, between the brightest pels. For a 284 x 492 image which has 139,728 pels, 

the longest distance between two pels is 139,727 pels. 139,727 requires 17 bits, already 

a 1 bit savings over the x, y coordinate method. (This savings is a result of using 

images that are only 284 x 492; a512x512 image would have 262,144 pels, requiring a 

full 18 bits.) However, it is safe to assume that the brightest pels will not be at opposite 
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ends of the image. If the 10 brightest pels are uniformly spread over the image, then the 

distance between these pels would be 13,973 pels, which requires 14 bits, saving an 

additional 3 bits/pel. More savings are possible if the distances and grey levels are 

variable word length coded. 

Table 20 shows the total number of bits and number of bits/pel for the case 

of 10, 20, 100, and 500 brightest pels using 14 bits for position. Table 21 compares 

these numbers to the results for previous models. 

Although the fixed number of pels method significantly reduces the number 

of bits/pel, it suffers from three drawbacks. First, CCD's that are saturated and appear 

black because the stars are so bright will not be perceived as being the brightest, and a 

distorted picture will result if unsaturated stars are labelled "brightest." Second, if 

somehow the saturated CCD's were prevented from becoming black and instead were 

kept at full scale, some images (like M92) would have dozens of brightest pels, all at 

grey level 255. An encoder that chose only 10 of these would not transmit an accurate 

picture. Third, this method will transmit the center pel of a star without the neighboring 

pels, which can contain a significant amount of the energy from the star. Without the 

neighboring pels, it might be difficult to judge the true brightness of a star, particularly 

those stars which fall between CCDs and distribute their energy between several CCDs. 

For these reasons a different approach was studied. 

Variable Number of Pels Method 

This method is run length coding with bridging. For each image, the mean 

and standard deviation of the data were measured, then pels that fell under rj + ns or, 
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Table 20. Number of bits for fixed number of pels method, 22 bits/pel. 

Number of pels Total number of bits bits/pel 

10 220 0.0016 
20 x22bifc/pel= 440 * 139728 = 0.0031 

100 2200 0.0157 
500 11000 0.0787 

Table 21. Comparison of minimum average word lengths: variable word length coding, 
first and third order predictors, 4x4 and 8x8 DCT, run length (fixed 
number of pels). 

Method 
NGC339 short 

Number of bits/pel 
NGC339 lone M92 

Variable word length coding 3.784 2.107 5.121 
First order predictor 4.082 2.174 5.570 
Third order predictor 3.551 1.477 5.186 
4x4DCT 3.784 
8x8DCT 3.641 1.528 5.214 
Run length 

10 pels 0.002 0.002 0.002 
100 pels 0.016 0.016 0.016 
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alternatively, within r| ± ns, where n was some number of standard deviations, were 

included in runs. After the number of standard deviations was chosen, the images were 

input to the model. The model examined each pel to determine whether its grey level fell 

within the bounds described above; if so, it was grouped into a run, if not, its level was 

recorded. The length of the runs served to indicate the distance between brightest pels. 

The output of the model was a sequence of numbers for the run lengths and another for 

the grey levels of the pels that did not fall into the runs, and an additional 8 bits to 

indicate the mean grey level so that those pels included in runs would become the mean 

grey level in the reconstructed image. 

To compute the average word length, the pdf of the output and the 

corresponding entropy were computed. Once again, the average word length will be no 

smaller than the entropy but no larger than the entropy plus one. The entropies, or 

minimum average word lengths, achieved by this encoding technique are shown in Table 

22 for both the r) ins and ti + n s cases. The product of the entropy and the total 

number of words is equal to the total number of bits required to transmit the image. 

Also shown in the table are the number of pels that were not included in runs; the 

number of stars is fewer than this and depends on how many pels each star has that are 

outside the bounds r| ± n s or r| + ns. The number of pels not in runs is a measure of 

how much of the original image was preserved. 

This method of data compression yielded very consistent results from image 

to image. Both the number of bits/pel and the number of pels not in runs were very 

similar for all three images. In Figure 16, the number of pels not in runs is plotted vs. 

number of standard deviations for all three images. Each image yielded very similar 
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Table 22. Results of run length coding, variable number of pels method. 

#s<1) grey levels 
in runs 

entropy 
NGC339 short 

#words (2) #bits 
lower upper 
bound bound 

#bits/pel (3) #pels not 
in runs 

11 ± Is 31 to 43 4.5132 19806 89388 109194 0.6397 7863 

r| ± 2s 24 to 50 4.8814 6078 29669 35747 0.2123 2489 

11 ± 3s 18 to 57 5.1156 3325 17009 20334 0.1217 1344 

n ± 4 s  11 to 63 5.1531 2260 11646 13906 0.0833 909 

il±5s 5 to 70 5.1278 1624 8328 9952 0.0596 652 

ri ± 6s 0 to 76 5.0856 1118 5686 6804 0.0407 455 

11 ± 7s 0 to 83 5.1245 850 4356 5206 0.0312 342 
r| ± 8s 0 to 90 5.0409 675 3403 4078 0.0244 272 

ti±9s 0 to 96 5.0022 578 2891 3469 0.0207 234 

il ± 10s 0 to 103 4.9225 487 2397 2884 0.0172 197 

T] ± lis 0 to 110 4.8724 393 1915 2308 0.0137 157 

il ± 12s 0 to 116 4.8261 347 1675 2022 0.0120 137 

il + Is 0 to 43 4.3667 14725 64300 79025 0.4602 6150 

il + 2s 0 to 50 4.7968 5658 27140 32798 0.1942 2346 

il + 3s 0 to 57 5.0445 2997 15118 18115 0.1082 1233 

il + 4s 0 to 63 5.0764 1987 10087 12074 0.0722 817 

il + 5s 0 to 70 5.0789 1450 7364 8814 0.0527 594 

il + 6s same as r| ± 6s case 
r| + 7s same as r| ± 7s case 

il + 8s same as q ± 8s case 

il + 9s same as r| ± 9s case 

h + 10s same as tj ± 10s case 

il + lis same as r| ± 1 Is case 

il + 12s same as r| ± 12s case 

Notes: 1) r| = 37.2 and s = 6.63. 2) The number of words is the sum of the number of 
runs and the number ofpels outside of runs. 3) The number of bits/pel is the minimum 
number of bits divided by the total number of pels, 139728. 
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Table 22 — continued 

NGC339 lone 

#s(U grey levels 
in runs 

entropy #words #bits 
lower 
bound 

upper 
bound 

#bits/pel #pels not 
in runs 

T| ± lS 40 to 47 4.1636 10413 43356 53769 0.3103 4445 

ti ± 2s 37 to 50 4.5392 5630 25556 31186 0.1829 2325 

n ± 3 s  33 to 54 4.7704 2832 13510 16342 0.0967 1169 

T1 ± 4s 29 to 58 4.8038 1829 8786 10615 0.0629 750 
r| ± 5s 25 to 62 4.8645 1317 6407 7724 0.0459 534 

il ± 6s 22 to 65 4.8769 1037 5057 6094 0.0362 420 
n ± 7s 18 to 69 4.8995 784 3841 4625 0.0275 316 
T| ± 8s 14 to 73 4.8512 594 2882 3476 0.0206 241 

11 ± 9s 11 to 76 4.8141 518 2494 3012 0.0178 210 
H ± 10s 7 to 80 4.7872 449 2149 2598 0.0154 181 

T| ± lis 3 to 84 4.7180 374 1765 2139 0.0126 151 

T| ± 12s 0 to 88 4.6720 332 1551 1883 0.0111 134 

Tl + lS 0 to 47 4.1271 10254 42319 52573 0.3029 4392 
T| + 2s 0to50 4.5061 5546 24991 30537 0.1789 2297 

il + 3s 0 to 54 4.7195 2775 13097 15872 0.0937 1150 

t |  +4s 0 to 58 4.7636 1796 8555 10351 0.0612 739 

Tl + 5s 0 to 62 4.8349 1296 6266 7562 0.0448 527 
T| + 6s 0 to 65 4.8702 1034 5036 6070 0.0360 419 
Tl + 7s 0 to 69 4.8918 781 3820 4601 0.0273 315 

Tl + 8s 0 to 73 4.8437 591 2863 3454 0.0205 240 

Tl + 9s 0to76 4.8028 515 2473 2988 0.0177 209 

Tl + 10s 0 to 80 4.7795 446 2132 2578 0.0153 180 

Tl + lis same as ti + 1 Is case 

Tl + 12s same as ti + 12s case 

Note: 1) n = 43.5 and s = 3.71. 
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Table 22 ~ continued 

#s(i) grey levels 
in runs 

entropy 

M92 

#words #bits 
lower 
bound 

upper 
bound 

#bits/jpel #pels not 
in runs 

tl ± Is 88 to 107 4.2542 82365 350397 432762 2.5077 29949 
T1 ± 2s 78 to 117 5.3643 8331 44690 53021 0.3198 3054 

tl ± 3s 68 to 127 5.5510 2624 14566 17190 0.1042 1041 
T1 ±4s 58 to 137 5.5148 1820 10037 11857 0.0718 711 
t| ± 5s 48 to 147 5.4690 1388 7591 8979 0.0543 537 

tl ± 6s 38 to 157 5.3697 1054 5660 6714 0.0405 403 
ti ± 7s 28 to 167 5.3209 860 4576 5436 0.0327 321 
Ti ± 8s 18 to 177 5.2374 654 3425 4079 0.0245 239 
ti ± 9s 8 to 187 5.1522 533 2746 3279 0.0197 192 

il ± 10s 0 to 197 5.1547 393 2026 2419 0.0145 140 

Tl ± lis 0 to 207 5.0703 315 1597 1912 0.0114 110 

T| ± 12s 0 to 217 4.9970 234 1169 1403 0.0084 81 

Tl + Is 0 to 107 4.3341 41418 179510 220928 1.2847 14685 

Tl + 2s 0 to 117 5.3465 5118 27363 32481 0.1958 1906 

T) + 3s 0 to 127 5.3708 2087 11209 13296 0.0802 807 

Tl + 4s 0 to 137 5.3602 1458 7815 9273 0.0559 552 

Tl + 5s 0 to 147 5.3329 1105 5893 6998 0.0422 414 

Tl + 6s 0 to 157 5.3167 843 4482 5325 0.0321 314 

Tl + 7s 0 to 167 5.2994 704 3731 4435 0.0267 257 

Tl + 8s 0 to 177 5.2488 575 3018 3593 0.0216 207 

Tl + 9s 0 to 187 5.1941 492 2555 3047 0.0183 176 

r| + 10s same as T| ± 10s case 

il + 1 Is same as n ± 1 Is case 
T] + 12s same as r) ± 12s case 

Note: 1) r) = 97.5 and s = 9.99. 
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numbers of pels for each standard deviation. Figure 17 shows a plot of the minimum 

number of bits needed to transmit the image vs. standard deviation. Again, all three 

images yielded very similar numbers of bits for each standard deviation. Both of these 

plots use the data from the r| ± n s case. 

These graphs also show a very regular decrease in the number of bits and 

number of pels with standard deviation. In fact, for all three images, there is regular 

relationship between the number of bits and the number of pels, as shown in Figure 18. 

This graph uses data for the r| ± n s case, but the results for r| + n s should be similar. 
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Figure 18. Number of bits vs. number of pels for run length coding. 

The number of bits and number of pels are very nearly linearly related. 

When linear regression is applied to the data, a useful equation results: 
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#bits = (11.2 x #pels) + 723.5. (28) 

Obviously this equation cannot be true when the number of pels is near zero, 

but it is quite accurate above 100 pels. Using this equation, one can adjust the number 

of standard deviations to achieve the desired bit rate while maintaining a certain number 

of pels in the reconstructed image. 

The minimum average word lengths for q ± 5s, q ± lis, and the fixed 

number of pels run length coder are shown in Table 23. Comparing these results to 

those of the previous models in Table 21, two clear advantages to run length coding can 

be seen. First, it achieves much lower average word lengths than the other methods. 

Second, it gives a similar average word length for each image, making it much easier to 

predict average word lengths for images that are not put through the model. 

The variable number of pels method is preferred to the fixed number of pels 

method because it does not have the drawbacks pointed out for the fixed method: 

namely, it can transmit the dark centers of saturated stars; when saturated stars are 

limited to a grey level of 255, it will transmit all the brightest stars independent of how 

many of them are saturated; and, depending on the brightness of the star, it will transmit 

more than just the center pel, allowing a better determination of the brightness of a star. 

The only disadvantage to the variable number of pels method is that some 

small delay is incurred while the mean and standard deviation are computed. The model 

was run twice: once using the mean and standard deviation for the entire image (those 

results are shown in the tables), and once using the mean and standard deviation 

computed using just the first row of the image. Unfortunately, although the means of 

the first line and entire image were fairly similar, the standard deviations were not. As a 
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Table 23. Comparison of minimum average word lengths: run length coding, fixed and 
variable number of pels. 

Method 
NGC339 short 

Number of bits/pel 
NGC339 long M92 

10 pels 0.002 0.002 0.002 

100 pels 0.016 0.016 0.016 

il ± 5s 
(about 574 pels) 0.060 0.046 0.054 

T) + 5s 
(about 512 pels) 0.053 0.045 0.042 

T1 ± lis 
(about 139 pels) 0.014 0.013 0.011 

il + lis 
(about 139 pels) 0.014 0.013 0.011 

Table 24. Comparison of means and standard deviations computed for entire image and 
first line of image. 

Image mean mean std dev std dev 
of image of first line of image of first line 

NGC339 short 37.2 37.1 6.63 3.17 
NGC339 long 43.5 43.2 3.71 1.52 
M92 97.5 83.2 9.99 24.31 
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result, the model run with first line statistics yielded widely varying average word 

lengths from image to image. Table 24 compares the means and standard deviations. 

Because the model performed better using the means and standard deviations 

computed over the entire image, this method is preferred. If signal delay is important, it 

may be possible to use a smaller part of the image to compute the statistics. 

If the output of the run length encoder were variable word length coded, a 

somewhat different set of code words would be generated for every image. When the 

codec is actually designed, a code word set will have to be derived that can handle all 

images; this code word set would most likely have a larger entropy than those derived in 

this section. To get some idea of what this final entropy might be, the output of the 

model for NGC339 short was combined with the output for NGC339 long and the 

output for M92. The pdf of this combined output was used to compute a new entropy 

and minimum average word length. The results are summarized in Table 25. 

Table 25. Entropies of combined run length coder output. 

#s Entroov #s Entroov #s Entroov 

ri ± 2s 5.2372 rj ± 6s 5.6043 il ± 10s 5.5958 
tl ± 3s 5.4494 ri ± 7s 5.6643 T) ± lis 5.5450 

n ± 4s 5.5585 il ± 8s 5.6182 Tl ± 12s 5.4904 
n ± 5s 5.6027 n±9s 5.5996 

n + 2s 5.1754 il + 6s 5.5751 Tl + 10s 5.5954 
f] + 3s 5.3988 T| + 7s 5.6442 Tl + lis 5.5450 
11 + 4s 5.4725 il + 8s 5.6192 n + 12s 5.4904 
ri + 5s 5.5395 il+ 9s 5.6142 

These values are only slightly larger than the entropies shown in Table 22, 
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suggesting that the entropy of the final code word set will be approximately the same as 

those values shown in Table 25. 

Summary of Model Results 

A summary of results for each of the data compression techniques modelled 

is shown in Table 26. Included are minimum average word lengths for the first DCT 

coefficient for comparison. 

Recommended Data Compression Technique 

The variable number of pels run length coder performed better than the other 

techniques in all respects. It preserved the important information about the image while 

achieving a very small bit rate, and it provided consistent, predictable bit rates for all 

three images. The Fortran code that performed the algorithm is shown in Appendix I. 

The T| + ns coder is recommended over the q ± ns coder. The r| ± ns coder 

preserves the blackest portions of the image, but these are not necessary for pointing a 

telescope. Also, for n £ 10, the r| * ns coder results in a higher bit rate than the t] + ns 

coder. Thus, for this application, the variable run length coder using r| + ns is 

recommended. 

Reconstructed Images 

The numerical results for the models described in the previous sections do 

not provide insight into the quality of the reconstructed image. Therefore a decoder was 

modelled for the variable number of pels run length coder. The outputs from the r| ± 5s, 
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Table 26. Comparison of minimum average word lengths: all models. 

Method Number of bits/pel 
NGC339 short NGC339 long M92 

Variable word length coding 3.784 2.107 5.121 

DPCM 
1st order predictor 4.082 2.174 5.570 
3rd order predictor 3.551 1.477 5.186 

Transforms 
4x4DCT 3.784 
4 x 4  D C T ,  1 s t  c o e f  0 . 2 8 8  
8 x8 DCT 3.641 1.528 5.214 
8 x 8  D C T ,  1 s t  c o e f  0 . 0 8 3  0 . 0 6 6  0 . 0 9 3  

Run length 
10 pels 0.002 0.002 0.002 
100 pels 0.016 0.016 0.016 
ti ± 5s 

(about 574 pels) 0.060 0.046 0.054 
t| + 5s 

(about 512 pels) 0.053 0.045 0.042 
T] ± lis 

(about 139 pels) 0.014 0.013 0.011 
ti + lis 

(about 139 pels) 0.014 0.013 0.011 
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T) + 5s, and r| + 1 Is coders were input to matching decoders and the results are 

displayed in Figures 17a, b, and c, for NGC339 short, Figures 18a, b, and c, for 

NGC339 long, and 19a, b, and c for M92 (the r| ± 1 Is coder results were the same as 

the Ti + 1 Is results for all three images, because r| - 1 Is was less than zero). Just as 

with the figures of the original images, the actual grey level of each reconstructed image 

is not apparent from these figures, because in order to show detail within the images, the 

grey levels were adjusted. These figures demonstrate that the variable number of pels 

run length coder does, in fact, preserve the locations and grey levels of the brightest 

stars. 

Required Bandwidth 

After receiving an image, the telescope guidance system will determine which 

way the telescope must move to center the target star, then transmit a command which 

will take a few seconds to reach the Space Station. The telescope will then move to the 

new position, the CCD's will collect light to form a new image, and the encoder will 

encode the image for transmission. There will be an additional few seconds delay while 

the image is transmitted to Earth. Thus, on the average, the frame repetition rate and 

bandwidth consumption will be very low, since only one image will need to be 

transmitted every few seconds. However, in reality the image will be transmitted all at 

once, rather than spread out over several seconds, so it is more reasonable to view the 

bandwidth consumption as alternating between zero and some number of kHz, 

depending on how much time is used to transmit the image and the number of bits in the 

image. 
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Figure 19a. NGC339 short: reconstructed output of ll ± 5s run length coder. 
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Figure 19b. NGC339 short: reconstructed output of f1 + 5s run length coder. 
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Figure 19c. NGC339 short: reconstructed output of11 + lls run length coder. 
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Figure 20a. NGC339long: reconstructed output of11 ± 5s run length coder. 
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Figure 20b. NGC339 long: . reconstructed output of 11 + 5s run length coder. 
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Figure 20c. NGC339 long: reconstructed output of ll + lls run length coder. 
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Figure 21a. M92: reconstructed output of11 ± Ss run length coder. 
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Figure 21 b. M92: reconstructed output of 11 + Ss run length coder. 
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Figure 21c. M92: reconstructed output of 11 + lls run length ccxler. 
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Assuming the guidance system is automated and only requires a few of the 

brightest stars to use as guide stars, the q + 1 Is coder would probably be most useful. 

From Table 22, the number of words output for the NGC339 short, NGC339 long, and 

M92 cases were 393, 374, and 315 words respectively, for an average of 361 words. 

From Table 25, the combined entropy for the T] + 1 Is case was 5.5450. Thus the total 

number of bits will be between 361 x 5.5450 and 361 x 6.5450, or between 2002 and 

2363 bits, for an average frame of starfield data that is 284 x 492. Smaller or larger 

images would have a proportionately smaller or larger number of bits, respectively. 

Also, some additional bits will be required for error correction, but the number of these 

will depend entirely on which error correction method is used. 

The amount of time that will be used to transmit the image is unknown, but 

the bandwidth can be estimated by assuming various reasonable values. For instance, if 

0.1 seconds is allowed for transmission, the bandwidth consumption during that 0.1 

seconds will be approximately 2300 bits/frame * 0.1 seconds/frame = 23000 

bits/second, or 23 kHz. If 0.5 seconds is allowed for transmission, the bandwidth 

consumption during that 0.5 seconds will be 1/5 of that for 0.1 seconds, or 4.6 kHz, 

and so on. 

The total bandwidth required to transmit an image will therefore depend on 1) 

the number of standard deviations that are included in runs, 2) the total amount of time 

used to transmit the image, and 3) the size of the image. Assuming that 11 standard 

deviations is a good number, 0.5 seconds is used for transmission time, and that 284 x 

492 is a reasonable image size, the required bandwidth will be 4.6 kHz during that 0.5 

seconds, and zero at other times. Values for other numbers of standard deviations can 
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be computed using the number of words/image from Table 22 and the entropies from 

Table 25. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

This paper has addressed video data compression of two types of video 

images. The statistical properties of video images were presented to provide the 

mathematical basis for data compression. Then a review of data compression techniques 

was presented, and finally data compression of video images from a telescope was 

discussed. 

The video data from a camera observing a robot on board the Space Station is 

very similar to videoconferencing data, so a compression technique was selected based 

on current research into videoconferencing. The technique chosen was that described by 

Chen and Hein (1987), which performs a discrete cosine transform (DCT), then, 

depending on how much the coefficients have changed from those of the previous 

frame, interfiame or intraframe prediction of the coefficients. Then temporal filtering 

and frame rate reduction are applied to achieve bit rates between 60 and 385 kbits/second 

for color images. The disadvantage to this method is that some small amount of spatial 

detail may be lost, and motion may not be entirely smooth, but it is expected that the 

reconstructed images will be adequate for this application. 

To choose a codec for the telescope video data, several techniques were 

modelled in software. First and third order differential pulse code modulation (DPCM), 

4x4 and 8x8 DCFs, a hybrid 4x4 DCT and DPCM, and run length coding were all 

modelled. It was found that the variable number of pels tun length coder satisfied all the 
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criteria for choosing a codec: it had the lowest average word length, it preserved the 

important information about the image, and it yielded consistent average word lengths 

for all three test images. Thus the variable number of pels run length coder was 

recommended as the technique to use. Bit rates of 4.6 kHz can be achieved for a 284 x 

492 image that is transmitted in 0.5 seconds. 

Before any codec is designed and fixed in hardware, several areas should be 

investigated. For the robot data, it should be determined whether color images are 

necessary, whether the camera will be fixed or can move, and which parts of the image 

are most important to the scientist who may wish to watch the images. For the telescope 

data, some consultation with astronomers is needed to determine how many pels need to 

be preserved in the image, which will determine the number of standard deviations to be 

used. Also, the amount of time allocated for the transmission of the image will affect the 

bandwidth, so a trade-off between bandwidth and amount of time for image 

transmission must be made. 

The variable number of pels run length coder could also be used for local 

telescope guidance. The data from the telescope could be input to the encoder, whose 

output would be used by a local computer guidance system to identify the position of the 

telescope. 

Although the modelling done in this paper was directed at finding a 

compression technique used to point a telescope, the results of the modelling indicate 

that the run length coder could have applications to other types of data compression for 

astronomy. For instance, if n is small, the t| ± ns coder could be used for storage of 

images. From Table 22, the numbers of bits/pel for the r| ± 2s coder were 0.2123, 
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0.1829, and 0.3198 for NGC339 short, NGC339 long, and M92, respectively, for an 

average of 0.2383 bits/pel. Since the data was originally 8 bits/pel, the r| ± 2s coder 

results in a compression ratio of 8 to 0.2383 or 34 to 1. Thus a 512x512 image with 8 

bits/jpel which would usually require 512 x 512 x 8 = 2.1 Mbits to store, could be 

compressed to 62 kbits with only a small loss of information. (Remember that the 

information loss results because the coder sets those pels with grey levels within r| ± ns 

to the mean grey level of the image.) Even the r| ± Is coder yields a compression ratio 

of 7 to 1, with even less loss of information. The astromoner would have to decide if 

the savings in storage space is worth the information loss. 

The r| ± ns run length coder could also be used for transmission of starfield 

images from remotely operated telescopes on Earth, or as a way to transmit images from 

one researcher to another. 

In sum, this work has shown that very small bit rates, on the order of 60 to 

385 kHz for the robot data, and 4 to 5 kHz for the telescope data, can be achieved for 

transmitting video images from the Space Station to Earth. This paper has also laid the 

groundwork of a codec design that may prove useful for storage of starfield images, 

transmission of images from remotely operated telescopes on Earth, or transmission of 

images from one researcher to another. 



APPENDIX I 

THE RUN LENGTH CODING ALGORITHM 

The Fortran code that performs the variable word length coding is shown 

here. It is assumed that the mean and standard deviation of the image have already been 

computed. It is also assumed that the number of standard deviations to be included in 

runs has already been chosen, and has been used to compute the range of grey levels to 

be included in runs. The maximum and minimum grey levels to be included in runs are 

requested by the program as input, and become the variables HIGH and LOW, 

respectively. Then the image data is read into a one-dimensional array. For the T] ± n s 

coder, each grey level is then compared to HIGH and LOW to determine if it is between 

these values. For the + n s coder, each grey level is only compared to HIGH to 

determine if it less than HIGH. If the grey level falls in the appropriate range, the run is 

incremented by incrementing the array RL; otherwise the grey level is stored in the array 

C. The output of the program is C and RL. 

C PROGRAM NAME IS RUNL.FOR 

C THIS PROGRAM PERFORMS RUN LENGTH CODING OF A 284 X 492 
C IMAGE. 

DIMENSION A( 11),D(140000),RL(60000),C(60000) 
INTEGER K,P,RL,Q,S,D,C,A 
REAL LOW,HIGH 
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OPEN(UNIT= 10, FILE-RLPR.DAP, STATUS='OLD\ 
C FORM-UNFORMATTED') 

OPEN (UNIT= 11, FILE='RLlPR.DAT',STATUS='OLD\ 
C FORM='UNFORMATTED') 

OPEN (UNIT=2, FILE='L8BIT.DAT, STATUS='OLD\ 
C FORM-UNFORMATTED') 

TYPE 1000 
1000 FORMAT (' TYPE IN THE LOW AND HIGH LEVELS TO USE 

C (WITH A DECIMAL)') 
READ (5,1005) LOW,HIGH 

1005 FORMAT (2F7.1) 

C READ IN THE IMAGE DATA 

K = 1 
DO 10W = 1, 12702 

READ (2) A(1)A(2),A(3),A(4)A(5),A(6),A(7) 
C ,A(8), A(9),A( 10), A( 11) 

DO 15 N = 1,11 
D(K) = A(N) 
K = K + 1 

15 CONTINUE 
10 CONTINUE 

READ (2) A(1),A(2)A(3)A(4),A(5),A(6) 
D( 139728) = A(6) 
D(139727) = A(5) 
D(139726) = A(4) 
D(139725) = A(3) 
D(139724) = A(2) 
D(139723) = A(l) 

DO 20 K = 1,60000 
RL(K) = 0 
C(K) = 0 

20 CONTINUE 

C PERFORM THE COMPARISON OF EACH GREY LEVEL FOR THE 
C MEAN ± N S CODER 

P= 1 
S= 1 

DO 315 K= 1,139728 
Q = P 
IF ((D(K).LT.HIGH).AND.(D(K).GT.LOW)) 
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C RL(P) = RL(P) + 1 
IF ((D(K).GE.fflGH).OR.(D(K).LE.LOW)) THEN 

C(S) = D(K) 
S = S+ 1 
IF(K.NE. 139728) THEN 

IF (RL(Q).NE.O) P = P + 2 
IF (RL(Q).EQ.O) P = P + 1 

END IF 
IF ((K.EQ. 139728). AND.(RL(Q).NE;0)-} P = P + 1 

END IF 
315 CONTINUE 

C WRITE DATA TO OUTPUT FILE 

DO 91 K= l.S-l 
WRITE (10) C(K) 

91 CONTINUE 

DO 90 K= 1,P 
WRITE (10) RL(K) 

90 CONTINUE 

C PERFORM THE RUN LENGTH CODING FOR THE MEAN + N S 
C CODER 

DO 60 K = 1,60000 
RL(K) = 0 
C(K) = 0 

60 CONTINUE 

P= 1 
S = 1 

DO 65 K = 1, 139728 
Q = P 
IF (D(K).LT.HIGH) RL(P) = RL(P) + 1 
IF (D(K).GE.HIGH) THEN 

C(S) = D(K) 
S = S+ 1 
IF(K.NE. 139728) THEN 

IF (RL(Q).NE.O) P = P + 2 
IF (RL(Q).EQ.O) P = P + 1 

END IF 
IF ((K.EQ. 139728). AND.(RL(Q).NE.O)) P = P + 1 

END IF 
65 CONTINUE 
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WRITE TfflS DATA TO A DIFFERENT OUTPUT FILE 

DO 105 K = 1, S-JL 
WRITE (ll)C(K) 

CONTINUE 

DO 110 K= 1,P 
WRITE (11) RL(K) 

CONTINUE 

END 



REFERENCES 

Bage, Marc J., "Interframe Predictive Coding of Images Using Hybrid Vector 
Quantization," IEEE Trans. Commun., Vol. COM-34, pp. 411-415, April 
1986. 

Beauchamp, K. G., "Transforms for Engineers," Oxford University Press, 1987. 

Benedict, G. F. and Shelus, P. J., "The Guide Star Selection System for Space 
Telescope," SPIE Proceedings, Vol. 264, "Applications of Digital Image 
Processing in Astronomy," pp. 99-102, Aug. 1980. 

Bleazard, G. B., "Introducing Teleconferencing," NCC Publications, 1985. 

Bosworth, R. H. and Candy, J. C., "A Companded One-Bit Coder for Television 
Transmission," Bell Syst. Tech. J., Vol. 48, pp. 1459-1480, May-June 
1969. 

Buhler, Yves and Fortier, Michel, "Hierarchical Picture Coding Using Quadtree 
Decomposition," SPIE Proceedings, Vol. 804, "Advances in Image 
Processing," pp. 336-343,31 March-3 April 1987. 

Cafforio, C., De Lotto, I., Rocca, F., and Savini, M., "Data Compression Techniques 
in Image Processing for Astronomy," in "Data Analysis in Astronomy," pp. 
425-430, Plenum Press, 1984. 

Candy, J. C., Franke, M. A., Haskell, B. G., and Mounts, F. W., "Transmitting 
Television as Clusters of Frame-to-Frame Differences," Bell Syst. Tech. J., 
Vol. 50, pp. 1889-1917, July-Aug. 1971. 

Caponetti, L., De Biase, G. A., and Distante, L., "An Approach to the Astronomical 
Optical Image Compression," in "Data Analysis in Astronomy II," Plenum 
Press, pp. 71-76, 1986. 

Chen, Wen-Hsiung and Hein, David, "Recursive Temporal Filtering and Frame Rate 
Reduction for Image Coding," IEEE J. on Selected Areas in Commun., Vol. 
SAC-5, pp. 1155-1165, Aug. 1987. 

Chen, Wen-Hsiung and Smith, C. H., "Adaptive Coding of Monochrome and Color 
Images," IEEE Trans. Commun., Vol. COM-25, pp. 1285-1292, Nov. 
1977. 

102 



103 

Chen, Wen-Hsiung, Smith, C. H., and Fialick, S., "A Fast Computational Algorithm 
for the Discrete Cosine Transform," IEEE Trans. Commun., Vol. COM-25, 
pp. 1004-1009, Sept. 1977. 

Collaer, Marcia L., "Image Data Compression: Differential Pulse Code Modulation of 
Tomographic Projections," Master's Thesis at the University of Arizona, 
1985. 

DeBatz, B., Bensammar, S., Delavaud, J., Gay, J., and Journet, A., "A Multiplex 
Technique for Astronomical Imagery in the Infrared," Infrared Physics, Vol. 
17, no. 4, pp. 305-310, July 1977. 

Farrelle, Paul M. and Jain, Anil K., "Recursive Block Coding — A New Approach to 
Transform Coding," IEEE Trans. Commun., Vol. COM-34, pp. 161-179, 
Feb. 1986. 

Frei, A. H., Schindler, H. R., and Vettiger, P., "An Adaptive Dual-Mode 
Codei/Decoder for Television Signals," IEEE Trans. Commun. Technol., 
Vol. COM-19, pp. 933-944, Dec. 1971. 

Gay, J., Journet, A., and Rabbia, Y., "Infrared Multiplex Encoding Imager as 
Telescope's Pointing System," SPIE Proceedings, Vol. 395, "Advanced 
Infrared Sensor Technology," pp. 149-153, 1983. 

Gerken, Peter and Schiller, Harald, "A Low Bit-Rate Image Sequence Coder Combining 
a Progressive DPCM on Interleaved Rasters With a Hybrid DCT Technique," 
IEEE J. on Selected Areas in Commun., Vol. SAC-5, no. 7, pp. 1079-1089, 
Aug. 1987. 

Goldberg, Morris, Boucher, Paul R., and Shlien, Seymour, "Image Compression 
Using Adaptive Vector Quantization," IEEE Trans. Commun., Vol. COM-34, 
no. 2, pp. 180-187, Feb. 1986. 

Habibi, A., "Comparison of Nth Order DPCM Encoder With Linear Transformation and 
Block Quantization Techniques," IEEE Trans. Commun. Technol., Vol. 
COM-19, pp. 948-956, Dec. 1971. 

Habibi, A., "Hybrid Coding of Pictorial Data," IEEE Trans. Commun., Vol. COM-22, 
pp. 614-624, May 1974. 

Habibi, A. and Wintz, "Image Coding by Linear Transformation and Block 
Quantization," IEEE Trans. Commun. Technol., Vol. COM-19, pp. 50-62, 
Feb. 1971. 

Haskell, B. G., "Entropy Measurements for Nonadaptive and Adaptive, 
Frame-to-Frame, Linear-Predictive Coding of Videotelephone Signals," Bell 
Syst. Tech. J., Vol. 54, pp. 1155-1174, July-Aug. 1975. 



104 

Haykin, Simon, "Adaptive Filter Theory," Prentice-Hall, 1986. 

Huang, T. S., "Image Sequence Analysis," Springer-Verlag, pp. 1-2, 1981. 

linuma, K., lijima, Y., Ishiguro, T., Kaneko, H., and Shigaki, S.,"Interframe Coding 
of 4-MHz Color Television Signals," IEEE Trans. Commun., Vol. COM-23, 
pp. 1461-1466, Dec. 1975. 

Jain, J. R., and Jain, A. K., "Displacement Measurement and its Application in 
Interframe Image Coding", IEEE Trans. Commun., Vol. COM-29, pp. 
1799-1808, Dec. 1981. 

Jayant N. S., "Adaptive Delta Modulation With a One-Bit Memory," Bell Syst. Tech. 
J., Vol. 49, pp. 321-342, March 1970. 

Jayant, N. S., and Noll, Peter, "Digital Coding of Waveforms," Prentice-Hall, 1984. 

Kaneko, M., Hatori, Y., and Koike, A., "Improvements of Transform Coding 
Algorithm for Motion-Compensated Interframe Prediction Errors - DCT/SQ 
Coding," IEEE J. on Selected Areas in Commun., Vol. SAC-5, no. 7, pp. 
1068-1078, Aug. 1987. 

Kaneko, H. and Ishiguro, T., "Digital Television Transmission Using Bandwidth 
Compression Techniques," IEEE Communications, Vol. 18, pp. 14-22, July 
1980. 

Kretzmer, E. R., "Statistics of Television Signals," Bell Syst. Tech. J., Vol. 31, pp. 
751-763, July 1952. 

Lee, Choon and Nadler, Morton, "Predictive Image Coding with Pseudo-Laplacian 
Edge Detector," IEEE J. on Selected Areas in Commun., Vol. SAC-5, no. 7, 
pp. 1190-1206, Aug. 1987. 

Limb, J. O., and Murphy, J. A., "Measuring the Speed of Moving Objects from 
Television Signals," IEEE Trans. Commun., Vol. COM-23, pp. 474-478, 
April 1975. 

Limb, J. O., Pease, R. F. W., and Walsh, K. A., "Combining Intraframe and 
Frame-to-Frame Coding for Television," Bell Syst. Tech. J., Vol. 53, pp. 
1137-1173, July-Aug. 1974. 

Limb, J. O., Rubinstein, C. B., and Thompson, J. E., "Digital Coding of Color Video 
Signals — A Review," IEEE Trans. Commun., Vol. COM-25, pp. 
1349-1385, Nov. 1977. 



105 

Limb, J. O., Rubinstein, C. B., and Walsh, K. A., "Digital Coding of Color 
Picturephone Signals by Element Differential Quantization," IEEE Trans. 
Commun. Technol., Vol. COM-19, pp. 992-1006, Dec. 1971. 

Linde, Y., Buzo, A., and Gray, R. M., "An Algorithm for Vector Quantizer Design," 
IEEE Trans. Commun., Vol. COM-28, pp. 84-95, Jan. 1980. 

Lynch, Thomas J., "Data Compression Techniques and Applications," Lifetime 
Learning Publications, 1985. 

Mansuripur, Masud, "Introduction to Information Theory," Prentice-Hall, 1987. 

Mounts, F. W., "A Video Encoding System With Conditional Picture-Element 
Replenishment," Bell Syst. Tech. J., Vol. 48, pp. 2545-2554, Sept. 1969. 

Netravali, A. N. and Robbins, J. D., "Motion-Compensated Television Coding: Part I," 
Bell Syst. Tech. J., Vol. 58, pp. 631-670, March 1979. 

Netravali, A. N. and Robbins, J. D., "Motion-Compensated Coding: Some New 
Results," Bell Syst. Tech. J., Vol. 59, pp. 1735-1745, Nov. 1980. 

O'Neal, Jr., J. B., "Predictive Quantizing Systems (Differential Pulse Code Modulation) 
for the Transmission of Television Signals," Bell Syst. Tech. J., Vol. 45, pp. 
689-722, May-June 1966. 

Papoulis, Athanasios, "Probability, Random Variables, and Stochastic Processes," 
McGraw-Hill, 1984. 

Pasachoff, Jay M., "Contemporary Astronomy," W. B Saunders, 1977. 

Pearson, D. E., "Transmission and Display of Pictorial Information," Pentech, 1975. 

Plompen, R. H. J. M., Groenveld J. G. P., Booman, F., and Boekee, D. E., "An 
Image Knowledge Based Video Codec for Low Bit Rates," SPEE 
Proceedings, Vol. 804, "Advances in Image Processing," pp. 379-384, 31 
March-3 April 1987. 

Pratt, W. K., "Spatial Transform Coding of Color Images," IEEE Trans. Commun. 
Tech., Vol. COM-19, pp. 980-992, Dec. 1971. 

Rafert, J. Bruce and Cone, G., "Stepper Motor Controlled Telescope," in 
"Microcomputers in Astronomy," Fairborn Observatory, pp. 50-53,1983. 

Rice, R. F. and Plaunt, J. R., "Adaptive Variable-Length Coding for Efficient 
Compression of Spacecraft Television Data," IEEE Trans. Commun. Tech., 
Vol. COM-19, pp. 889-897, Dec. 1971. 



106 

Sabri, S., "Movement Compensated Interframe Prediction for NTSC Color TV 
Signals," IEEE Trans. Commun., Vol. COM-32, pp. 954-968, Aug. 1984. 

Saghri, John A. and Tescher, Andrew G., "Knowledge-Based Image Bandwidth 
Compression and Enhancement," SPIE Proceedings, Vol. 804, "Advances in 
Image Processing," pp. 201-216, 31 March-3 April 1987. 

Sakrison, D., "On the Role of the Observer and a Distortion Measure in Image 
Transmission," IEEE Trans. Commun., Vol. COM-25, pp. 1251-1267, Nov. 
1977. 

Shannon, Claude E., "A Mathematical Theory of Communication," Bell Syst. Tech. J., 
Vol. 27, pp. 379-423 and 623-656, July 1948. 

Shannon, Claude E. and Weaver, Warren, "The Mathematical Theory of 
Communication," University of Illinois Press, 1963. 

Srinivasan, R. and Rao, K. R., "Predictive Coding Based on Efficient Motion 
Estimation," IEEE Trans. Commun., Vol. COM-33, pp. 888-896, Aug. 
1985. 

Stewart, L. C., Gray, R. M., and Linde, Y., "The Design of Trellis Waveform 
Coders," IEEE Trans. Commun., Vol. COM-30, no. 4, pp. 702-710, April 
1982. 

Walker, D. R. and Rao, K. R., "Improved Pel Recursive Motion Compensation," IEEE 
Trans. Commun., Vol. COM-32, pp. 1128-1134, Oct. 1984. 

Weiss, L., Paz, I. M., and Schilling, D. L., "Video Encoding Using an Adaptive 
Digital Delta Modulator With Overshoot Suppression," IEEE Trans. 
Commun., Vol. COM-23, pp. 905-920, Sept. 1975. 

Yasuda, H., Kanaya, F., and Kawanishi, H., "1.544 Mbits/s Transmission of TV 
Signals by Interframe Coding System," IEEE Trans. Commun., Vol. 
COM-24, pp. 1175-1180, Oct. 1976. 

Yasuda, H., Kuroda, H., Kawanishi, H., Kanaya, F., and Hashimoto, H., 
"Transmitting 4-MHz TV Signals by Combinational Difference Coding," 
IEEE Trans. Commun., Vol. COM-25, pp. 508-516, May 1977. 


