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Abstract

The purpose of the research accomplished was to determine if

the bandpass filtering of digitized image data could improve the

resolution of an image beyond that of an unfiltered image. The

bandpass filters removed the aliased frequency components from

the image spectrum and translated them to positions which they

would occupy if the image had originally been sampled by the

digitizer at a higher rate.

The research was accomplished in three phases. The first

phase involved the digitization of a test image and the analysis

of frequency spectra obtained by horizontal scanning of the data.

The second phase consisted of designing software digital bandpass

filters to remove the identifiable altased frequencies from the

spectrum and relocate them. The third phase accomplished the actual

filtering of the test image which had been segmented and scanned.

The results of the filtering showed that thn removal and

• relocation of aliased frequency components with the filters designed

during this research produced more image distortion than was created

by the aliased frequency components . It was discovered, however,

that significant increases in resolution could be obtained by using

an interpolation procedure.
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PRECEDfl(~ PAGé~tANL,N(YT FILMED

RESOLUTION ENHANCEMENT

USING ALIAS FILTERING

I. Introduction

The research which resulted from this thesis was based on

extensive background work accomplished by other authors which provided

a sound theoretical basis for the proposed algorithm. The problem

and the scope of its solution were limited to the testing of an

alias removal and translation algorithm on a single test image.

This problem was attacked in three distinct phases. The spectrum

of the image was first analyzed and the effects of sampling

were noted. A filter for the removal of aliased frequencies and

another for translation of those frequencies were then constructed.

Finally, the filtering operation was accomplished on the test image

using a block-by-block procedure.

Background

The experiments which are described in this thesis were designed

to determine the feasibility of increasing the resolution of a

digitized image by using known aliased frequency components to

reãonstruct the frequency spectrum of a higher—resolution version of

the image. For the purpose of this research, resolution enhancement

or increasing image resolution will refer to increasing the number

of digitized samples used to represent a horizontally scanned line

of the image. To accomplish this task using an alias filtering

1
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algorithn, the exact location of the aliased frequencies must be

determined. In order to discuss the method used to find these

frequencies, the sampling theorem must first be considered.

Sampling Theory. Lathi (Ref 9~89) expresses the sampling

theorem as “A bandlimited signal which has no spectral components

above a frequency 
~m

’
~ 

is uniquely determined by its values at

uniform intervals less than l/(2fm) seconds apart.” This relationship

between time and frequency is given by

TN 
< - ~~~~~ (1)

where TN is the spacing between samples and the frequency of the

highest frequency component. When samples are spaced at intervals of

the rate of sampling is referred to as the Nyquist rate. Stated

in other words, if the spacing between samples is less than or

equal to TN~ 
the signal from which the samples were taken can be

reconstructed exactly by lowpass filtering.

The frequency spectrum of a signal sampled at the Nyquist rate

is related to the frequency spectrum of the unsarnpled signal. The

spectrum of the sampled signal consists of a series of identically

shaped frequency envelopes, all of which appear identical to the

frequency envelope of the original, unsampled signal. These multiple

envelopes lie such that each exactly touches the next. If one

envelope is lowpass filtered from this spectrum, a spectrum identical

to that of the original signal is obtained. An example of a

bandlimited signal, its frequency spectrum, a Nyquist rate sampling

of the signal, and the spectrum of the sampled signal are shown

in Fig. 1.
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If the sampling rate is changed so the new spacing between

samples is greater than TN, the signal can no longer be exactly

reconstructed. Once the sampling rate becomes less than the Nyquist

rate, the frequency envelopes overlap as shown in Fig. 2. After

this overlap has occurred, there is no longer an exact replica of

the original frequency spectrum. Thus, the lowpass filtering of the

sampled signal spectrum will no longer yield the original spectrum.

The overlap which results from sub—Nyquist rate sampling is referr ed

to as alias .

If the signal under consideration is a digitized image, it is

possible to think of this signal as a sampled version of the original,

continuous image. If the samples of the image are taken along

horizontal lines, each line of samples yields a discrete, quantized

signal which possesses the properties of a sampled, continuous

signal. If the Nyquist sampling rate has been exceeded, the

individual frequency envelopes will be separated and no alias error

will be present. If, as in the Continuous case, the sample rate

is less than the Nyquist rate, aliasing will occur, resulting in

an inaccurate reconstruction of the original digitized image.

Alias. In order to locate the starting point of the overlap

of frequency envelopes, consider the sampled continuous signal

• previously discussed. Further, consider only one of the multiple

• frequency envelopes which is symmetric about an arbitrary origin

on the frequency axis. If the sample spacing is less than T~,

the two neighboring frequency envelopes are separate from the

central envelope as illustrated in Fig. 3. If r= 0, samples are

infinitesimally close to one another; and, if r 1, sample spacing

is exactly T. As the distance between samples becomes greater

1

• _ _ _
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than T\~ r becomes greater than one. Thus at r 2, the distance

between samples is 2TN. As r increases beyond one, the adjacent

envelopes overlap the central envelope as shown in Fig. 4. From

Fig. 4, it can be observed that

~Mn4 2-r
~~~~ 

—i—- (2)

and therefore

2—r (3)

where n represents the fractional coefficient which determines the

location of the start of overlap of the aliased spectrum with respect

to the frequency __
~. If the Nyquist sample spacing, T\I is known,

then rT. is the sample spacing for any other rate. Once r is

established, (~ is determined from equation (3), and the starting

point of the frequency overlap is determined based on a spectral

length of

If an image is initially digitized at a spacing which is greater

than TN~ 
it is still possible to determine the starting point of

“significant” overlap . Since most images contain areas of sharp

contrast, which represent very high frequency components, it is

often impossible to sample an image at a density which will result

in an unaliased spectrum. When this circumstance is encountered,

an assumption can be made that the spacing of samples produces a

negligible overlapping of frequency envelopes. This sample spacing

then may be used as an approximation of T N~ 
the Nyquist sample

spacing. Using this rate as a starting point, the overlap due

to any increase in the spacing between samples may be found.

In order to eliminate the error due to aliasing , the frequency

7
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components from adjacent envelopes which are present within the

central envelope must be identified. In the case of a continuous

signal, it would be impossible to distinguish the central envelope

components from those components resulting from alias. In the case

of discrete signals, however, it is sometimes possible to distinguish

between these two types of components. Examples of the continuous

and discrete cases are shown in Fig. 5.

When a digitized image is horizontally scanned, a change in

• spectral characteristics occurs. The process of scanning converts

a two—dimensional image into a one—dimensional signal, with each

successive image line appended to the end of the previous line. Such

a process is illustrated in Fig. 6. L~ue to the fact that each line

of the image changes very little from the previous line, the one—

dimensional signal created by scanning appears to be almost periodic

with a “period” corresponding to the number of samples in each line.

If this signal is fast Fourier transformed, the resulting frequency

• spectrum is impulsive due to the “pertodicity” of the signal. A

sufficient number of lines must be used, however, to avoid distortion

of the frequency spectrum due to the window created by the fast

Fourier transform array. A sample one—dimensional signal and its

impulsive frequency spectrum are shown in Fig. 7. The frequency

resulting from the “periodicity” of the scanned imag e, T , and its

harmonics possess the majority of the image spectral power. These

I . 
frequencies will henceforth be referred to as primary frequency

r components. The remaining frequencies, occurring at all other

positions within the spectrum will henceforth be referred to as

secondary frequency components. These components occur at the

9
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Fig. 6. Image Scanning Process* (A) Two-dimensional image, (B) One-
dimensional scanned image
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frequency based on the total length of the scanned signal , TF~
and its harmonics.

If such an impulsive signal spectrum was overlapped, as shown

in Fig. 5, then it would be possible to distinguish the primary

frequencies of the overlapped envelopes from the primary frequencies

of the central envelope, provided the value of r~ was adjusted such

that the primary compor. ts of the two envelopes did not overlay one

another. If the primary frequencies of the overlapped envelope are

removed by filters, the resulting spectrum will approximate the

envelope of the unaliased spectrum. This procedure is illustrated

in Fig. 8.

In order to prevent frequencies from overlaying one another,

the proper value of ~ 
must be obtained. To accomplish this, the

value of r, determined by the sample spacing, must be adjusted to

lie between one and two. If the spacing between secondary frequencies

is invarient, then changing r from one to two will result in the

coincidence of the primary frequencies of the central envelope and

the overlapped envelope. If r is chosen to be some intermediate

value, the overlapped primary frequencies will appear between the

central primary frequencies, making a filtering operation possible.

If only the frequencies between zero and — are known, the

overlapped primary frequencies may be used to simulate the missing

central primary frequencies. In order to satisfy the condition that

the spacing between secondary frequency components remain invariant

as sample spacing is changed, the number of points comprising the

one—dimensional signal must remain constant. This will result in
• •

the highest spectral frequency being —. In order to obtain the
r

13
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primary components of the original envelope which lie between —

and ~~~~~ it is necessary to rely on the fact that  the fast  Fourier

transform of a real—valued signa l wil l  produce a conjugate symmetric

array . Thus the values determining each envelope are conjugate

symmetric about the midpoint of the envelope. It  can be observed

in Fig . 9 that , by using the conjugate of the values which determine

the overlapped primary frequencies, the values used to find the

missing central envelope primary frequencies are obtained . Therefore,

if the primary frequencies of the overlapped power spectrum are

filtered from the central envelope between —~~~‘~~ and —
~~~ andr f li r

translated to the positions of the missing primary frequencies from

to .
~~~~, a restoration of the primary frequency components of the

original, unaliased spectrum will be obtained.

If only the primary components are filtered and translated

however, discontinuities will exist in the frequency spectrum

between these frequencies. Such discontinuities, wtiich result from

the missing secondary frequency components , wil l  cause distortion

to appear in the reconstructed one—dimensional signal. The

distortion caused by missing frequency components is referred to

as Gihb’s phenomenon.

Gibb’s Phenomenon. In order to understand Gibb ’s phenomenon,

the nature of the discrete Fourier series must he considered.

Oppenheim and Schafer (L~ef 10:88) express the equation for the

discrete Fourier series as

N - i  j(~t)nkx(n) = -~~ - ~ .~(k)e 
N 

(4)
k=O

where x(n) is a periodic, discrete series with one period containing

15 
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exactly N samples and ~((k) is a periodic sequence of ~\ Fourier

• coef f icients .  If all ~ coeff ici en ts , X( k) ,  are non—zero valued and,

• for some reason , one or more is changes to a zero value, the series,

x(n) ,  wUl be altered , If the art if icial ly zeroed coefficients

occur at the highest values of the index of summation , k , then

the alteration will be confined to the high—frequency transitions

in the series, x (n ) .  The changes to the original signal will appear

as lower frequency oscillations occurring in the vicinity of the

rap id changes of the signal which the series represents.

As a result of the discontinuities which occur in the recon-

structed image spectrum, some Gibb’s phenomenon will be present in

the signal obtained from this spectrum. The significance of this

presence depends on the magnitude of the discontinuity in the

spectrum, the composition of the natural frequencies wi thin  the

image, and the data distortion caused by Gihb ’ s phenomenon in the

impulsive response of the f i l ter  functions . In order to perform

the linear convolution required for f i l tering the aliased signal,

zeros must be appended to both the signal and the f i l ter  function

to prevent a circular convolution. Besides causing Gibb ’ s phenomenon ,

the appending of these zeros results in the interpolation of points

between values in the frequency spectra.

• Interpolation. As stated in Gold and Raider (lef 7i199), a

function which has been sampled according to the Nyquist criterion

may be precisely interpolated by fast Fourier transforming the series

of samp les , appending any number of zeros to the frequency spectrum

above the highest non—zero frequency, and inverse transforming the

extended array. This process will produce an interpolated version

of th e sampled function.

17
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If the function to be interpolated has not been sampled at the

Nyquist  rate, interpolation will not be exact as a result of the

aliasing phenomenon previously discussed. If a continuous, non—zero

funct ion is extended by adding zero values to it , the spectrum of

the function wil l  be continuous and exhibit Gibb ’s phenomenon.

If a sampling of the same function is per formed and zero values

appended to that sequenc e, the fast Fourier transform of that extended

sequence will  be a periodic series whose values are a sampling of

the continuous spectrum with the Gibb ’ s phenomeno n present . An

example of this is shown in Fig . 10. Because both the f i l ter  functions

and the source data are non—zero at the point of extension, inter-

polation will not be exact.

The previous review of interpolation, G ibb’ s phenomenon,

aliasing and samp ling theory provide a background for the alias

fi l tering procedure used in this thesis. These principles, along

with the work of other authors, contributed to the formulation of

this algorithm. 
-

Supporting Research

Although much work has been accomplished in the areas of image

• enhanc ement and imag e restoration, a search of imag e processing

literature reveals that little has been published in the area of

• alias removal in images. Many authors have, however, published

t work which contributes directly to the concept of alias filtering.

Related Enhancement Research. Authors such as Harry C. Andrews

(Ref 1,2,3,4, and 11), Richard P . Kruger (Ref 2 and 11), and A.G .

Tescher (Ref 1 and 2) have investigated many procedures and developed

algorithms designed to improve the quality of existing images and

4
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Fig. 10. Signal Interpolation: (A) Extended Signal, (B) Frequency
spectrum , (C) Discrete version of (A), (D) Frequency
spectrum of (a)
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restore data which has been degraded in a known manner. ~one of

these procedures , however, address the possibility of using an

a priori knowledg e of image spectral characteristics to allow

restoration of a digitized image degraded by aliased frequency

compo nents .

k~ork has been accomp lished on the impulsive nature of the
S horizontally scanned video signal. Although this work dealt with

continuous television image signals, it is, in general, applicable

to the discrete domain of digitized images.

Impulsive Image Spectra. L. E. Frank s (Ref 6), in “A Model for

the Random Video Process,” has derived simple expressions for the

autocorrelation function and power spectral density of a generalized

video signal. All assumptions which he made were based on the

statistical properties of image data and, therefore, are independent

of data variations due to image content . ~i is results show that the

power spectral density of a horizontally scanned image is highly

impulsive. The power in the spectrum is concentrated at multi p les

of the line scan and frame scan rates . An examp le of this type of

spectrum is shown in Fig . 11.

The application of these results to a digital  image shows that

the same type of spectrum will occur if the imag e is horizontally

scanned. The line scan rate of Franks ’ video signal corresponds to

the “period” of the one—dimensional signal discussed earlier (page 9).

This period produces the primary components of the frequency spectrum .

The frame scan rate corresponds to the period of the complete array .

This period produces the smaller secondary components of the spectrum.

• This initial formulation of the characteristics of image spectra led

to further efforts to use these properties.
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Frepiency Compression and k.xFans ion. The research accomplished

by Alan i~. Bill ings and Armando B. Scolardo (Ref 5) on a bandwidth

compression and expansion system for television signals has shown

that the positions of the primary frequency components can be

varied by adjusting the line scan rate of the system. The lowering

- 
- 

of the scan rate results in the compression of the primary frequency

components. based on an a priori knowledge of this compression

factor, the authors demonstrated that the frequencies can then be

expanded back to their original locations. The end result was a

spectrum containing the primary frequency components , but also

containing gaps where secondary frequencies had been lost due to

the compression.

Frequency Interleaving, A paper by Leonard s. Golding and

Ronald 1 .  Garlow (Ref  8), entitled “Frequency Interleaved Samp li ng

of a Color Television Signal,” provided a foundation for the technique

of filtering desired primary frequency components from a spectrum.

By interleaving the primary frequency components of two different

signals, luminance and chroxninance, the total bandwidth required

to transmit a color television signal was reduced to that used for

a black— and—white signal. The two separate color sidnals were then

filtered from one another and used to reconstruct the color television

image.

The works described in the preceding paragraphs provide the

necessary evidence that the procedure of increasing image resolution

using alias filtering is possible. By using the spectral properties

of a horizontally scanned image and applying techniques to remove

aliased frequencies and adjust the positions of the primary frequency

22



op
components, the reconstruction of a higher resolution image spectrum

can be accomplished.

Problem Statement and Scope

The purpose of this research was to determine the feasibility

of increasing the resolution of a digitized image by selectively

filtering the aliased primary frequency components and translating

them to positions which would be occupied in an un—aliased, high

resolution spectrum. This problem was divided into three distinct

areas .

Spectrum Selection, The selection of a spectrum with the correct

properties for alias filtering involved two factors. The image

spectrum needed was one in which the primary frequency components

— 
were readily identifiable. This was to permit the visual verification

• of the positionsof aliased components calculated from the start of

frequency overlap, occurring at —. The spacing between primary

frequencies also had to be larg e enough to provide a “buffer”

region between aliased primary frequencies and non—aliased primary

frequencies. This was required to permit space for filter cut—off

frequency bands.

Filter Design. The design of multiple passband filters to

remove and translate primary frequency components involved the

• determination of the passband locations and the selection of functions

to provide adequate filtering. The problem of locating the passbands

of the filters was tied directly to the selection of the spectrum

to be filtered. The problem of selecting functions which provided

adequate cut—off bands and minimum distortion of the filtered

components was one which proved to be most critical to the results of

23
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the f i l tering procedure.

Appl ication of Filters. The problem of app ly ing the f i l ters

involved the design of a procedure which would accept the input image,

produce the selected image spectrum, apply the filters, and then

output the processed image.

Limitations. The problem was limited to the restoration of a

S single test image from a lower—resolution version. The input and

output sample spacing to be used for the filtering process was

limited to a single set. This was done since the filter design

is specific for a given set of input and output sampling rates.

The output sample spacing was limited to one compatible with the

digitizing equipment, in order to reduce the post—filter manipulation

of image data.

Assumptions

The validity of the algorithm which was used in the reconstruction

of an enhanced resolution spectrum was based on certain assumptions.

Nyquist sampling. As discussed previously, the fact that a

digitized image may not have been sampled at the Nyquist spacing

requires the designation of an “arbitrary Nyquist rate” for the

purpose of determining the location of aliased frequencies. Based

on a chosen sample spacing, the assumption made was that any

existing alias was negligible. By making this assumption, the

freq uency overlap due to further undersampling could be calculated

and the locations of aliased primary frequencies identified.

Noise Level. Once digitized, the test image was assumed to

contain no noise. This assumption allowed the treatment of all

frequency components as image data. Thus, the reconstructed image

;- 
- 
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spect rum was based on the exact chosen target imag e spectrum, and

no attempt to eliminate noise already present in the target image

was undertaken.

&~uantization and Truncation ~rrors. The errors introduced

into the output image due to quantizations and truncations performed

by the filtering software were assumed to be due to the f i l ter ing

process. This simplified the overall ju dgment as to the success

or failure of the procedure.

Frequency Data Content. The procedure of fi l tering and trans-

lating primary frequencies was based on the assumption that these

frequencies carried the majority of image information. The research

of Billings and Scolardo (Ref 5) relied on the fact that the line

scan period and its harmonics contain the essential information

necessary for signal reconstruction. Based on this result, the

alias removal and translation procedure processed only the primary

frequency components.

~.quipment

The equipment used in support of this research consisted

primarily of image digitization equipment and digital computers.

The digitization equipment was provided by the Air Force Avionics

Laboratory, Wright—Patterson AFB, Ohio. The digital computer used

was a Control Data Corporation 6600 System operated by the Aerospace

Systems Division, Wright—Patterson AFB, Ohio.

Digitization Equipment. The image digitizer used was a Dicomed

Model D57. This device, in conjunction with a Digital Equipment

Corporation PUP 11/45 and its peripheral devices, produced the

test image used during the research project.

25
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Both the bicomed Model 15 and PUP 11/45 tape units were

emp loyed to record the digitized imageon nine—~rack magnetic tape.

The Dicomed unit was used for the output of the image to the image

recorder.

The Dicomed Model U47 image recorder was used to produce the

output image from the data stored on nine—track magnetic tape. The

single scan speed of this unit is matched to the drive speed of the

Dicomed tape unit.

The PUP 1’745 system was employed as an intermediate data

processor during the production of the test image. This system was

connected through interfaces with the three i~icomed devices, which

were capable of functioning as computer peripherals.

Digital Computer. The CUC 6600 System was used to accomplish

all image manipulations. These included data formatting, spectral

analysis, filter design and realization, and the image filtering

procedure. The peripheral devices used included the Digigraphic

console, Calcomp plotter, seven—track and nine—track tape drives.

The Digigraphic console was used for designing filters, windows,

and performing interpolation tests on various spectra. The Calcomp

plotter was employed to provide average spectral plots, final filter

responses, and tests of the filters. The tape drives were used

for input and output of image data as well as the intermediate

storage of data in CUC 6600 format.

Summary

The background theory and the explanation of the problem to

be resolved by this research provide a foundation for the procedures

26
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used to accomplish image resolution enhancement using alias

filtering. The following chapter will discuss the details of these

procedures.
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II. P~ocedure

Introduction

The procedure follows the three parts of the problem outlined

in the previous chapter . The creation of source data , data

reformatting, and spectral plott ing procedures support the first

problem segment. The filter design and realization procedures

support the second problem segment . The actual image filtering

supports the solution of the final problem segment . An additional

procedure, that of interpolation, was developed in support of the

overall goal of increased image resolution.

Creation of Source Data

The initial step in the research was the selection and

digitization of the image source data. The procedure used for

image selection was primarily qualitative judgment, while the

digitization procedures were dictated by equipment parameters and

limitations.

Selection. The selection of a test image was made from a

collection of photographic positives which were made available by

the Air Force Avionics Laboratory. Based on the available images,

the test image was chosen for reasonably high contrast to provide

as much high—frequency content as possible.

Digitization. The slow scan rate of the image digitizer

produced a data stream which was not compatible with the Dicomed

tape unit, To circumvent this problem, the data was sent from the

digitizer to the PDP 11/45, where it was stored and then transferred

28
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onto nine—track magnetic tape. To accomplish this transfer, a

Fortran program was developed. A copy of the program source listing

is included in the Appendix. The digitized test image is shown in

Fig. 12.

Data Format Change

Prior to. performing any image manipulations, the data required

a change in format. The test image had originally been recorded

in an eight—bit—per—picture-element format on nine—track magnetic

tape. If the tape was read directly into the memory of the CLèC 6600

computer, each 60—bit memory word would contain seven—and—one—half

image points, or picture elements. To resolve this problem, Fortran

programs were used to convert the source tape into three tapes

which had picture elements in a CUC 6600 format.

Data Unpacking. Besides the changing of data format, the

unpacking program also changed tape format. The program initially

read 2048 picture elements from th~ nine—track source tape. These

elements were placed in a buffer arr~~ and then bits were transferred

in segments to an output array. The bi\~s were arranged so that the

eight bits comprising one picture element \were stored in the

low—order bits of a 60—bit word. The outpu array, 2048 words long,

was then written onto a seven—track magnetic t. pe. This procedure

was repeated until approximately one—third of th source image had

been processed. The use of seven-track tapes as a\output medium

was based on the fact that the CDL 6600 computer use\ seven—track

tape units as its primary system. The division of the est image

into thirds was necessary to allow for the standard 2400—
’
~bçt‘N

tape length. The source listing for the unpacking program is N-N
N,

29
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included in the Appendix. Once the data from the test image had

been converted to a 60—bit per picture element format, the next

procedure was to insure that the reverse formatting could be

accomplished .

Data Packing. A data packing program was used to take the

seven—track, 60—bit data format and write it in a nine—track, 8—bit

format. The details of this operation are exactly the reverse of

those of the unpacking program. The source listing for one version

of the packing program, designated Pack 4, is included in the

Appendix. The “4” designates this version as one which packs an

image which has been sampled at every fourth point during horizontal

scanning. The program repeats each point four times to attain a

2048 picture element resolution.

The unpacking and packing programs were tested for correctness

by unpacking the test image, repacking it, and printing the result.

This procedure was accomplished to insure that, if necessary, a

complete test image could be reassembled from its unpacked segments.

The next procedural step was the plotting of image spectra from the

first of the three reformatted tapes.

Spectral Plots

The purpose of the plotting of average frequency spectra of

• 
I the test image was to select the spectrum with the most easily

identifiable alias, In order to provide a “normalized scale” along

the frequency axis of the spectral plots, the discrete Fourier

series definition of radian frequency was used. The “periodicity”

inherent in the fast Fourier transform provides a radian frequency

of 2~ radians for each “period” of the sequence. Due to the real—valued
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data, the fast Fourier transform is conjugate symmetric about the

radian frequency ii, Therefore, the horizontal frequency axis of the

• spectral plots was scaled from 0 to ~~. The vertical axis, labeled

“Mag nitude in dB ,” reflected the relative power of each frequency

compared to a unity power signal. In order to arrive at this

number, the value of

20 log IM I

was computed for each complex value, M, in the fast Fourier transform

of the image data. These scales were used along the axes of the

resulcing spectral plots. Two parameters of interest were varied

to observe their effect on frequency spectra. The first was the

amount of data.

Data Block Size. In order to determine the spectral variation

occurring due to the horizontal scanning process, the amount of data

which was scanned was varied. Since the amount of data which could

be scanned and fast Fourier transformed at one time was limited by

computer memory space, it was not possible to use the full 720—by—2048

picture elements present on a single seven—track tape. Therefore,

image spectra were produced by scanning segments of an image,

henceforth referred to as blocks. The blocks were horizontally

scann ed and fast Fourier transformed one at a time and then averaged

to produce the spectrum of an average block of data. Both the

: 1 horizontal and vertical dimensions of the block were varied in order

to obtain various spacings and amplitude relationships between

primary and secondary frequency components. Once this procedure

had resulted in the choice of a specific block size, the next

parameter to be varied was the image sample spacing .

4
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Samp ling. The samp le spacing used during the horizontal

scanning process was varied to determine its effects on aliasing

and thereby allow the selection of the most f.vorable average

frequency spectrum for filtering. The average image spectra produced

from various samplings were then evaluated visually for the presence

of aliased primary frequency components. A sample source listing

of a spectrum analysis program is listed in the Appendix. The

selection of a suitable spectrum for filtering, henceforth referred

to as the candidate spectrum, defined the specifications for the

alias removal filter. Likewise, the selection of a spectrum to which

the candidate spectrum could be restored, henceforth referred to as

the target spectrt An, set the requirements for a translation filter.

Filter Design

The design of the digital filters to remove the aliased primary

frequencies of the candidate image spectrum and translate them to

the new positions of the target spectrum was realized using software.

The filter designs were first specified in the frequency domain and

then synthesized from analytic functions.

Frequency Specification. The frequency specification of the

passbands and stopbands for the alias removal and translation

filters was accomplished from the visual and mathematic location of

the alias components within the candidate spectrum. The removal

filter was designed to suppress the aliased primary frequencies of

the candidate spectrum, while the translation filter suppressed the

tin—aliased components. Copies of the candidate spectrum were

multi~~ied by the imDulse response of each filter, and the resulting

spectrum from the t ranslat ion filter was then flipped end for end and
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appended to the spectrum produced by the removal filter. The

resulting combined spectrum was then extended, inverse fast Fourier

trans formed, and sampled to achieve the correct primary frequency

location and number of samples as those of the target spectrum.

Once this procedure had been accomplished on the average spectrum

of the candidate image, the synthesis of analytic functions which

would provide a close approximation of these filters was started.

Filter Function Synthesis. The basic function used to obtain

the required passbands for the filter responses was the sinc function.

This function, defined as

sinc (x) ~ sin (irx) (5)

when multiplied by cosine functions of various frequencies, produces

multiple passbands in the frequency spectrum of the function. Thus,

a function of the form

N—i
f( n) = E A~ siric cos (C~~@ _ p ) ) (6)

k0

where p is the point of symmetry of the filter function, will

produce a frequency response containing N passbands. These passbands

have an amplitude which is a function of Ak~ 
a passband width which

f I is a function of Bk, 
and occur at positions within the spectrum

which are determined by C
k
. The adjustment of these constants was

accomplished using the CUC 6600 Digigraphic console. A source

listing for the filter design program is included in the Appendix.

The filters which had been designed were then used by an application

program to filter an image.

I
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Imag e Filtering

The image filtering program performed the image blocking

necessary for the production of the candidate spectrum, appl ied

the two filters to identical copies of the spectrum of each block,

combining and scaling the filtered spectra, and reassembled the image

from the filtered blocks .

imag e Blocking. The test image was blocked in the manner

previously described in the section on spectral plots (page 32).

The filtering program, however, processed image blocks one at a time

instead of averaging them. A series of image lines were first read

• into a holding array, then each block was taken from the holding

array in a left—to—right, horizontal scanning fashion, and processed.

Filtering and Scaling. The application of the filters to each

block of image data was accomplished by a multiplication in the

frequency domain. The spectrum of each block of image data was

interpolated to provide the correct number of points for a linear

convolution with the filter responses. The filter responses were

likewise interpolated. The scaling procedure used to adjust the

length of the filtered spectrum, henceforth referred to as the restored

spectrum, was varied during the course of the research.

Tt,e initial procedure used was to append zeros to the restored

spectrum in order to obtain a multiple of the number of points

required in the restored block. The inverse transformation of this

extended spectrum was then sampled to achieve the same number of

points as the target image block. This procedure employed filter

• arrays of identical length.

The second procedure used was one in which unequal—length filters

• were applied to the copies of the candidate spectrum. The filters

35
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were scaled so that, after the combination and truncation procedure,

the resulting restored spectrum contained a multiple of the number

of points required for the target spectrum. The restored spectrum

was then sampled and inverse transformed. After filtering the

resulting restored image blocks were then ready for reassembly .

Reassembly. Once filtered, the individual blocks were reassembled

into a restored image. Due to the block—by—block filtering, a holding

array was also used for storing partial rows of output image data.

As blocks were processed, they were reassembled in the same horizontal

fashion as they had been removed. Once a complete set of blocks,

equal in length to the lines of the target image, was assembled,

the output array was read onto seven—track magnetic tape and the

next set of lines was read from magnetic tape into the input holding

array. In this manner, the entire image was processed. A sample

source listing of the filtering program is included in the Appendix.

The completely processed image was then packed from seven—track to

nine—track tape. The method of appending zeros to a frequency

spectrum, which was used during the filtering procedure, generated

interest in the use of the same procedure for the direct increase

of image resolution.

L
Interpolation Enhancement

The f i l tering procedure described in the preceding section

evolved into one using interpolation as a direct algorithm for

increasing the resolution of a digital image. The interpolation

procedure was accomp lished by appending zeros to the frequency spectra

of blocks or lines of image data, and inverse transforming the

extend ed arrays. A sample interpo lation program source listing is
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shown in the Appendix. Although not related to the origindi

procedure of resolution enhancement using alias filtering, the

interpolation algorithm did support the more general goal of

increasing the resolution of a digitized image.

Summary

The procedures outlined in this chapter followed the basic

divisions of the problem. Some were developed from the intermediate

results presented in the next chapter. One such procedure was the

interpolation algorithm.
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III. Results

Introduction

The intermediate results obtained from the frequency spectra ,

f i l ter  designs , and filtered images determined the direction of

subsequent work . In addition , the results of the first fil tering

experiment led to experiments employing sections of the filter

program which, in turn, led to the use of interpolation as a

resolution enhancement algorithm.

Frequency Spectra

The average frequency spectra produc ed by variations of the image

data block size and sample spacing showed that these parameters had

some effect on spectral characteristics. The degree of change

within the spectrum due to each parameter varied widely. Initial

experiments involving block size variation proved to have the most

effect on the frequency spectrum.

Block Size. The variations in the image block size produced

changes in the amplitude and spacing relationships of the primary

• and secondary frequency components. Initial “blocks” of data

consisted of one complete line of image data. This spectrum, shown

in Fig. 13, revealed a concentration of spectral power at the low

frequencies, but no impulsive charactertsti~cs. Further experiments,

employing the blocking and scanning of multiple line segments of

data, did provide impulsive spectral characteristics.

Due to the length of image lines, blocks were altered to use

line segments rather than entire lines. The spectrum of the first

f 38
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720 lines of the test imag e, blocked in 32—by—32 segments, revealed

the desired impulsive characteristics, As shown in Fig. 14, the

0 to r~ frequency range contained 16 primary frequencies, corresponding

to half of the 32 samples comprising the line segment scanning

“period.” Based on this spectrum, a 32—by—32 picture element

block was used during the initial sample spacing variations.

Sample Spacing. Changes in sample spacing produced variations

in the location and spacing of primary frequency components within

the spectrum. The first spectrum, produced from 32—by—8 blocks

sampled at every fourth point, had four primary frequency components.

As sampling was changed to every fifth point, the primary components

spread and an aliased component appeared at the high frequency end

of the spectrum. The spectra produced from fourth , f i f t h, and seventh

point samp lings are shown in Fig . 15, 16, and 17.

Using these results, the candidate and target spectra were

chosen. The spectrum produced from the seventh—point sampling was

chosen to be the candidate spectrum . The target spectrum was chosen

to be the fourth—point sampled version, since this was the next

highest sampling density with no observable alias. The results of

these frequency spectra experiments provided the specifications for

the alias removal and translation filters.

Filter Desi gn

The design of the two digital filters for alias removal and

translation resulted in the software realization of filters which

met the specifications imposed by the choice of candidate and target

spectra.
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Frequency Specification. The results of the frequency

specification of the two filters provided a basis for the adjustment

of the filter functions. The location of the passbands and width

of the transition bands within the removal filter resulted from

calculations based on the candidate spectrum . The specifications

of the translation fil ter were fixed by the choice of the target

spectrum.

The results of a test f i l ter ing of the average seventh—point

spectrum indicated that the design would accomplish the needed alias

removal and translation. The test showed that the aliased components

had been removed from the primary frequency components and translated

to positions corresponding to those occupied in the fourth—point

sampled target spectrum . Based on this result, the design of the

filter function was accomplished.

Filter Functions. The result of the design of the filter

functions showed that the frequency specifications could be met.

Once these design results had been achieved, the filters were tested

in the same manner as the frequency specification filters. The

result is thown in Fig. 18. The filters were then ready for application

to the candidate spectrum produced from the test image.

• 

• 
Filtered Images

The result of the filtering of the test image revealed that the

procedure used induced more image distortion than it was designed to

eliminate. Although changes introduced to the filters did improve

the resulting image, the final image was still highly distorted.

Initial Filtering. The initial filtering of the test image

was performed using filters without a window, The image was produced
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using equal—length filters of 256 points. This image, shown in

Fig. 19, was almost totally corrupted with noise. Although the

low frequency data was still faintly distinguishable, the image had

a regularly spaced, horizontal and vertical distortion. In an effort

to determine which portion of the filtering software was inducing

this distortion, the test image was filtered using only the alias

removal filter. The results of this experiment varied from those

of the f irst .

Alias Removal. The result of the alias removal filtering with

no translation of the aliased components showed a reduction in the

magnitude of distortion. Instead of the previous horizontal and

vertical distortion, distortion was now predominantly horizontal,

as shown in Fig. 20. This image revealed that an “averaging” of

light levels throughout each image block was occurring. This averaging

• produced the bands of vertical distortion observed. The fact that

severe distortion remained resulted in an experiment using refined

• filters to again attempt both removal and translation of the aliased

frequency components.

• ~~~~~
— -_ _.. Refined Filtering. The result of image filtering using

wIñ~owed filters was better than that of the initial filtering.

The image, shown iñ~FLig-.~ 2l, revealed a lesser degree of distortion

than either previous filtering. &i~~he overall distortio .

level had been lowered, more pronounced vertical bands~
Of- !is

~2rtion

were introduced than in the removal filtered image. The fact that

distortion levels throughout the filtering remained quite high

resulted in an experiment which used interpolation only to achieve

an increase in image resolution.
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Interpolation images

• The interpolation of points to increase the resolution of a

dig i t ized image produced better resul ts  than did the f i l ter ing

experiments. Altho ugh good results were obtained at low interpolation

ranges, distortion did occur at the higher levels attempted.

Blocked images. uuring the search for the source of distortion

in the f i l ter ing program , a program was designed which interpolated

a seventh—point samp led block of image to a fourth—point reconstructior~.

The results of this experiment , shown in Fig . 22 , revealed lower

distortion than occurred within any of the filtering programs.

The only significant distortion occurred in vertical bands which

• corresponded to the boundaries of the image blocks . The distortion

occurring in blocks in the lower right quadrant of the image was

due to exceeding the dynamic range of the recording equipment. This

error was later corrected by adjusting interpolation software. In

order to exp lore the nature of the significant boundary distortion ,

an experiment was performed on the CDC 6600 Dig igraphic console,

Blocking Distortion. The blocking distortion encountered in

the interpolated image was simulated by the interpolation of an

exponential function. The procedures used to extend the spectrum

of the test image were app lied t: :n exponential function of the form

The original function and the result of the inverse transformation

of the extended spectrum are shown in Fig. 23 and 24. The distortion

in the interpolated version of the function was most pronounced at

the ini t ial  and terminal regions of the function. Based on this

result and those of the interpolations performed on image blocks,

H 
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the interpolation procedures were modified to use entire lines of

image data.

Interpolation by Lines. The modification of the interpolation

procedure to use entire lines of image data, rather than blocks ,

resulted in some excellent restorations of the high resolution version

of the test image. In order to determine any variation in the

degree of interpolation distortion levels, experiments were conducted

using three pairs of test images sampled at every fourth point ,

every eighth point , and every sixteenth point . Each pair of images

sampled at a given rate was divided into an interpolated and repeated

version. The fourth—point interpolated image and fourth—point

repeated image are shown in Fig . 25 and 26. The eighth—point

interpolated and repeated images are shown in Fig. 27 and 28. The

sixteenth—point interpolated and repeated images are shown in Fig. 29

and 30. These images revealed that the level of distortion present

in an interpolated image increased as the sample spacing increased .

To provide some intermediate levels of interpolation for

comparison to the fourth—, eighth—, and sixteenth—point sampled

images previously interpolated, experiments on sixth— and twelfth—

point sampled images were performed . The results of these interpolations

are shown in Fig. 31 and 32. The distortion levels present in these

images lie between those of the neighboring interpolations previously

accomplished .

Summary

The results of the experiments performed show that the procedure

of alias removal and translation produces more distortion than it
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was designed to eliminate. Although results were very poor, the

search for the cause of the distortion initiated experiments which

successfully increased the resolution of an image with no visible

distortion. The interpolation of images was found to be a usable

technique for image resolution enhancement.
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IV. Conclusion and k~ecommendations

introduction

The results of the previous chapter led to the conclusion that

the enhancement of image resolution using the alias removal and

translation filters designed may not be feasible. These results do,

however, support the conclusion that the accurate interpolation of

an image signal can increase image resolution. Improved methods,

in addition to that of appending zeros to the image spectrum, may

provide better interpolation than was accomplished in this study.

Alias Filtering Procedure

The results obtained from the filtering program indicate that

the alias removal and translation algorithm, as accomplished in this

research project, does not produce am image of increased resolution.

The possibility exists, however, that

designs might resul~~th---t~~s distortion than that which occurred 
—

in this thesis.

Present Design. During the sequence of filtering experiments

which were performed, the quality of the filtered image improved.

• The result of the first experiment using the filters, however, was a

-
• virtually unrecognizable image. The elimination of filtering showed

• that the interpolation of a blocked image does induce some distortion,

but no more than 5 to 10 percent of that observed as a result of

the first filtering experiment. Therefore, it appeared that the

filtering and spectral combination using blocks of data was causing

the majority of the image distortion.
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—_ jhe second experiment, which re— inserted only the alias removal

filter, led to the ~~~~~~~~~~~~~~~~~~~~~~~~ fi lter did cause much

of the distortion. Based on this result, it appeared t ttre—.._ _~~~~

removal of any frequency components from their normal power range

would cause image distortion. The removal of significant power levels

at higher frequencies from the test image may have accounted for the

black horizontal distortion bands which appeared within the second

filtered image. The number and spacing of these bands was coincident

with the image blocking performed. In addition, the “averaging”

of light intensity throughout each block of image may have been a

function of the removal of high—frequency components.

The third filtering experiment, which re—inserted the trans-

lation filter into the program and used a window to shape both filter

responses, showed the least distortion of all. The distortion

which did occur again followed the blocking boundaries. Instead of

being all black , however, the horizontal distortion was composed of

both black and white light levels . In addition , less of the
--

—1Lave~agi ng ” phenomenon was observable in other areas of the image.

From this result , it was concluded that the re—insertion of the

frequency power , which had been removed in the second experiment,

lessened the degree of signal distortion in each line segment.

• The changes in light level within the distortion bands may have

resulted from the artificial high frequencies created within the

restored spectrum.

Improved Filter Design. The modification of the frequency

removal and translation fi lters to mani pulate less spectral power
- - - may reduce the amount of distort ion observed in the filtered test

I
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image. If the alias removal filter were changed to suppress the

aliased primary frequency components to the level of surrounding

secondary components , rather than to levels below the surrounding

the spectra l discontinuities would be minimized . If the

alt as ed components were then an
~
-
~
e
~
4cLan resc!l to lower power

levels, frequency spectrum discontinuities would again be minimi~~~~~~ — ----_.

Filters employing this concept should significantly reduce the

horizontal band distortion wnich dominated the filtering experiment

results. Regardless of the outcome of future alias filtering tests,

the success encountered using interpolation procedures as a direct

technique for increasing resolution warrants further investigation.

Interpolation Procedure

The interpolation procedure used in this research project

provided excellent results up to a density of approximately six

interpolated points to every original data point. ~ith refinements,

it may be possibl e to extend the interpolation much further.

The conclusion drawn from the various interpolation experiment

results was that the end—to—end arrangement of line segmentL , when

interpolated, produced Gibb’s phenomenon in the region of t~ e

discontinuities occurring at the start and end of each seg .ent.

When entire image lines are used , the distortion caused by the

artificial discontinuities introduced at the end of each line

appears only at normal image boundaries and is not apparent to the

--5

The resuiEi öT fotrth~po~i~t, sixth—point, eighth—pc~ 
•
,

twelf th—point , and s ixteenth—point  interpo1ations indi~iCê ttrat--—-----__ .

G ibb ’s phenomenon increases within the image as the larger sample

t 

- 
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spacings are interpolated back to original resolutions. The larger

sample spacings may be thought of as inereasingly undersampled

signals . Their frequency spectra , once zeros are append ed, resemble

high—resolution spectra which have been low—pass filtered. It is,

therefore, apparent that Gibb’s phenomenon will increase as sampling

is decreased.
--5-— ---—--5

-
~~~~ 

Modified Metho d. By modify ing the image frequency spectrum,

the G ibb’ s phenomenon present due to interpolation may be reduced.

If the frequency spectrum of an image were extended and smoothed

so that no abrupt changes in frequency power occurred , there could

be less Gibb ’ s phenomenon resulting from the interpolation. Two

possible methods to accomplish this goal invo lve the use of a

non-zero extension of the frequency spec t rum and a smoothed, band—

limited version of the spectrum. In addition to these, a two—

dimensional interpolation may also produce better interpolation

levels.

The extension of an image frequency spectrum by appending a

non—zero function could produce a better interpolation than that

• which used zeros. Preliminary tests of this procedure, carr ied

• out on the CDC 6600 Digigraphic terminal, showed that the distortion

of an interpolated exponential can be reduced significantly by

appending a non—zero function which eliminates the discontinuity

caused by using zeros.

Experiments which apply this technique to image spectra should

be undertaken. If a scaled version of the low—frequency spectrum

could be appended to that spectrum, a better interpolation may result.

~ 

Another possibility would be to use an analytic function to provide
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a smoother reconstruction of the spectrum than is done by appending

zeros. The results of such an interpolation, however, will depend

on the natural discontinuities within the data, and the level of

distortion which is perceptible to the human eye.

The smoothing of the non—bandlimited spectrum of an image may

also enable better interpolation. If the image spectrum were filtered

in such a way as to retain the low—frequency spectrum at its original

power level, but scale the higher frequencies smoothly to zero, then

the spectrum produced would be bandlimited. The appending of zeros

to this power spectrum would result in an interpolation without

error. If the filter could be designed to accomplish this operation

with no perceptible loss of the high—frequency data content of the

image, then the image data could be interpolated as a bandlimited

signal. The level of interpolation attainable without perceptible

distortion, again, will rely on any natural discontinuities within

the image data and the level of distortion induced by the smoothing.

Experiments should be conducted to determine the feasibility

of such a filter design. If the desired effect is achieved, the

filtered image would provide the basis for interpolations which

could exceed the levels achieved in this research.

• 
In addition to these one—dimensional spectrum experiments,

two—dimensional interpolations should also be undertaken. The one—

dimensional spectra used for interpolation in this thesis resulted

from the expansion of the alias removal and translation technique,

which relied on the nature of the one—dimensional spectrum produced

by scanning an image. A two—dimensional interpolation may permit

higher levels of interpolation without perceptible distortion.
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summary

The conclusions which were made from the results of the exper-

iments were unfavorable to the alias filtering and translation

procedure. Based on the filters used , the technique produced very

poor quality images. The possibility exists that the improvement

of filter designs could reduce the level of distortion in the filtered

image. Based on the results of experiments conducted using interpo-

lation to increase image resolution, it was concluded that excellent

results could be achieved to certain levels. Further research into

the techniques of spectral extension and smoothing could produce - -

even better results. Extension of all interpolation techniques to

two dimensions may result in further increases in successful

interpolation levels.

•II
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Appendix

Image Processing Programs

Program PROCESS ; Image Production Program

Program UNPACK: Image Reformatting Program

Program PACK4 : Image Reformatting Program

Program SPCANAL : Spectral Plotting Program

Program DIGFILT; Filter Design Program

Program FILTER: Filter Application Program

Program SPECT : Interpolation Program
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