-AD-R127 756

UNCLARSSIFIED

ITERRTIVE NOISE ELIMINATION PRELIMINARY REPORT(U)
HISCONSIN UNIV-MADISON MATHEMATICS RESEARCH CENTER
K T SMITH JAN 83 MRC-TSR-2464 DARG29-88-C-8 B:}

G 20/1 .




m
I% .

20
=

1.8

=
e his

o

[0

FEEFEEEE

EEEE

—
.
—
Er
F
ke

N
(3

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

USRI S OSSP P




»

MA127756

.......... APl tanll S A N M il aa)

MRC Technical Summary Report #2464

ITERATIVE NOISE ELIMINATION
PRELIMINARY REPORT

K. T. Smith

Mathematics Research Center
University of Wisconsin—Madison

610 Walnut Street
Madison, Wisconsin 53706

January 1983

(Received December 7, 1982)

Approved for public release
Distribution unlimited

DTG FILE COPY

Sponsored by

E

U. S. Army Research Office National Science Foundation Tektronix Co.
P. O. Box 12211 wWashington, D.C. 20550 Beaverton, OR 97005

Research Triangle Park
North Carolina 27709

83 05 06.143




y Accession For
j . NTIS GRA%I
‘ UNIVERSITY OF WISCONSIN-MADISON DTIC TAB
4 MATHEMATICS RESEARCH CENTER Unannounced 0
3 JUStificationﬁﬁ
ITERATIVE NOISE ELIMINATION B R
Preliminary Report y
Distr;pgtion/
K. T. Smith Availability Codes
Avail and/or
Technical Summary Report #2464 Dist Special
January 1983
[
ABSTRACT

_:A common feature of the empirical data in applied mathematics is a low 4“‘,
signal to noise ratio. Defined loosely as the ratio of the magnitude of
essential signals to the magnitude of the worst noise, it often runs between
1/10 and 1/15, as was the case in the early work on computed tomography with
digitized medical x-ray films which was the origin of this project. In such
situations, straight-forward linear smoothing procedures tend to broaden the
noise peaks without reducing the magnitude sufficiently.

A common redeeming feature of the noise is that the largest peaks are
quite sparse, lesser peaks are more frequent but still sparse, etc. This
suggests a stepwise smoothing in which only the worst peaks are removed during
the early steps when there is no very good way to remove them. -

Such a procedure, devised for use with medical x~ray films, is described
in {1]. In the meantime it has been modified in various ways and used with
other data from several sources. A detailca account of experiments with the
procedure will be given elsewhere.— The purpose of the present report is to
describe the procedure and to show the results of a series of tests with data
from a computed tomography x-ray scan of a defective battery., The scan was
taken with a developmental version of an industrial scanner at'the General
Electric Research and Development Center by H. J. Scudder. '

AMS (MOS) Subject Classification: 41-04, 65D10
Key Words: Noise, Computed tomography

Work Unit Number 1 - Applied Analysis

Sponsored by the U. S. Army under Contract No. DAAG29-80-C-0041. This
material is based upon work supported by the National Science Foundation under
Grant No. MCS-8101586, and by the Tektronix Co. through provision of graphics
equipment.
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ITERATIVE NOISE ELIMINATION
Preliminary Report
by

K. T. Smith

1. Introduction.

A common feature of the empirical data in applied
mathematics is @ low signal to noise ratio. Defined loosely
as the ratio of the magnitude of essential signals to the
magnitude of the worst noise, it often runs between 1/10 and
1713, as was the <case in the early work on computed
tomography with digitized medical x-ray films which was the
origin of this project. In a recent coffee conversation on
small parameter asymptotics in turbulence theory.,
P.G. Saffman remarked that the only true small parameter in
turbulence theory 1is the signal to noise ratio. In such
sitvations, straightforward linear smoothing procedures tend
to broaden the noise peaks without reducing the magnitude

| sufficiently

A common Tedeeming feature of the noise is that ¢the
largest peaks are quite sparse, lesser peaks are more
frequent but still sparse, etc. This suggests a stepwise

. smoothing in which only the worst peaks are removed during
the early steps when there is no very good way to remove
them.

Such a procedure, devised for use with medical x-ray
films, is described in [13]. In the meantime it has been
modified in various ways and wused with other data from
several sources. A detailed account of experiments with the
procedure will be given elsewhere. The purpose of the
present report is to describe the procedure and to show the
results of a series of teste with data ¢from a computed
tomography x-ray scan of a defective battery. The scan was
taken with a developmental version of an industrial scanner
at the General Electric Research and Development Center by
H.J. Scudder.
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2. The battery and battery phantom.

The battery was made of ceramic material with outer and
inner steel shells. A CT reconstruction is shown below.

Battery Cross Section

The scan data consisted of 296 radiographs (referred to
hereafter as x-Tays). each one digitized at 432 points.
Sample graphs are shown below. The ceramic interior is
rather dense, and the steel shells are very dense.
Consequently., although the data vary over the range 0-32000,
the variations of interest lie in the range 0-4000. In all
graphs after the first the data are cut at 4000 so that
variations of interest can be seen.

To test the noise elimination procedure. a bdDattery
phantom was created mathematically. The phantom has the
gross features of the battery, along with explicitly known
small variations. Noise was extracted from the battery
- x—-rays and added to the phantom to produce noisy phantoms
o for the noise elimination procedure, the objective being to
R test how well the procedure could reproduce the correct
‘ phantom with its sharp peaks and small variations. Graphs
of the original phantom, two noisy phantoms, and their
smoothed counterparts are shown belouw. For purposes of
comparison, the original phantom is overlaid on the
reconstructions.
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3. A description of the procedure.

The iterative procedure involves K steps, K interval
lenpths L,,....L, and K percentage parameters p, ..., Py
In the present examples these parameters have the following
values:

K=7, L = (8:8,6,6,4,3,3), p = (.02,.02,.04,.08,.12,.24,1)

The data are given as a numerical sequence D of 1length n.
At step k, corrections are made only at the p, #n points
where the noise is worst, and the corrected data at the end
of step k are denoted by D,. Thus, D, = D.

At the beginning of step k+1 there is computed a
sequence N, which gives a measure of the noise in Dy at each
index i. From the sequence Nk there is derived the number
My such that the condition

(3. 1) Nptid 2 My

is satisfied at p,.¥n indices i. Corrections are then made
at the points satisfying this condition. What remains is to
specify how the noise Ny, and the correction Dy, are
determined - points that remain somewhat up in the air.

A basic assumption of the method is that the true,
noiseless data is smooth. except perhaps for occasional jump
discontinuities. In line with this assumption, "average"
values are computed: a left average ALy (i) of D, over the
interval of length Ly with right end point at i, a
corresponding right average AR, (i), and a total average

Ag(i) over the inteval of length 2L,+1 and center i. The
noise Ny (1) is then the minimum of [DR(i)-ALx¢i)l.,
th(i)-ARh(i)l. and D, (i)-A,(i)]. When a correction is

necessary, according to the criterion (3.1), Dn+.(i) is
something similar to Ay (i),

The "averages" can be formed in various ways, three of
which are examined in this report. In the first AL, AR, and
A are ordinary averages, while Dgey ¢i) is an ordinary
average cver points that do not differ too much from Arli).
In the second AL, AR, and A are ordinary averages again, but
Dpey i) is rToughly the median of Dy over the symmetric
interval. In the third the "averages" are all essentially
medians. The results in the second case seem better than
those in the first, while the results in the third case seem
better than those in the second. On the other hand, the
aveTages are faster computationally., though this question
has not received much consideration. It is possible that
the procedure of cases 2 and 3 should be followed in the

earlier steps. along with more sophisticated ones in the
later steps.




The battery data considered in this report do not
satisfy the smoothness condition ¢that is basic to the
method. The steel shells produce very large sharp peaks.
In such a case, the noisiest points (by the criterion above)
all lie around the peaks, and the criterion gives a poor
measure of true noise. All early corrections are made near
the peaks so that the true peaks are eliminated, while the
true noise is left largely unmolested. In order to avoid
this, the peaks are cut off, the resuvlting data is run
through the procedure,; and the peaks are then put back,
slightly smoothed. Around the peaks ¢this process leaves
some noise, which is almost invisible in Smoothed Phantom
(1,100) but is clearly visible in Smoothed Phantom 2
(100, 200), where the initial noise is much larger. It must
be expected that different kinds of data will exhibit
different problems that can be dealt with only on the basis
of special information about the data and the use ¢to which
it will be put. For example, the systematic errors around
the peaks, which cause no problem in ~he visual examination
of Smoothed Phantom (1,3100), might be very damaging when put
into CT reconstruction formulas.
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4. Smoothing with averages.

In this section the smoothing is done with averages:
ALp¢i) is <the average of D, over the interval of length L,
with right endpoint at i, AR, (i) is the corresponding right
hand average: and A (i) is the average of D, over the
interval of length 2L,+1 with center at i. Dy,, (i) is the
average of D, over those points in the latter interval
satisfying Ny,(y) < M/, with M; chosen so that overall 80% of
the points satisfy the condition. The first graphs below
show x~-rays 1,100, and 200 along with their smoothings.

Since the battery is not explicitly known, the graphs
give no measure of the accuracy of the smoothing procedure.
However, the differences between the original and smoothed
versions serve to provide noise to add to the known phantom.
These differences are showun iIin the next set of graphs.
S8ince the smoothed versions are smooth, and the noise is
highly oscillatory, the differences include the noise, but
they also include artifacts of the procedure. In
particular, the large noise peaks at the sites of the large
steel peaks of the battery are artifacts.

The noise added to the phantom comes ¢from these
differences with intervals around the steel peaks omitted.
Specifically, the Noise (1,100) comes partly #from x-ray 1
and partly from x-ray 100, while the Noise2 (100,200) comes
partly from x-ray 100 and partly from x-ray 200, but is the
double of the differences. (In many problems the noise has
larger magnitude than it does here.)

The next graphs below show the noise (i.e.
differences) from x-rays 1,100, and 200, and the two sets of
noise added to the phantom. It is this same noise that is
added to the phantom in the subsequent sections. (Since the
medians appear to give better results, there might be fewer
artifacts in noise produced with medians, but it is also
useful to have a situvation where the noise is not created
through the procedure itself. In future experiments the
noise will come from x-rays of an explicitly known phantom.)
The ¢final graphs show the noisy and smoothed phantoms with
the correct phantom overlaid on the latter.
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9. Smoothing with averages and medians.

In this section the smoothing is done with both
averages and medians: ALy, AR,, and A, are the left, right,
and symmetric averages described in section 4, while Dy, (1)
is the average of the three middle terms in the
nondecreasing rearrangement of Dy over the interval of
length 2L, ,+1 with center at i. This means that the points
where corrections are to be made are identified using
averages., and the corrections are then made wusing
(essentially) medians.

The graphs below show the phantom and the noise at each
step of the process. The noise is now the difference
between the current phantom and the true phantom. The
points where corrections are wmade (very few in the early
steps) can be identified by holding successive graphs
together against a light. It will be observed that these
are not the points where the current true noise is largest,
but that they are situated near the steel peaks. In other
words, the magnitude of the noise as measured by the process
is dependent on the setting — as would be expected. This
dependence on the setting is reduced when the magnitude is
measured using medians, as it is in the next section.
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6. Smoothing with medians.

In ¢this section everything is done with medians:
ALp(1) is the average of the two middle terms in the
nondecreasing rearrangement of Dy over the interval of
length La with right endpoint at i, ARR(i) is the
corresponding right hand median., and Ap(i) and Dy, (i) are
the symmetric median described in the last section.

As in the last section, the graphs show the phantom and
the noise at each step of the process. It will be observed
that the points where corrections are made are now in better
accord with the points of large noise.
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ii 7. Power spectra.

This sections contains graphs of the power spectra (the
square of the absolute value of the Fourier transform) of
the noise at each step, the noise being that of the
average-median process of section 5. Because of the sharp
peaks the power spectrum of the phantom itself is quite
wild, so0 successive graphs would not be instructive.
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8. Noise histograms and norms.

The square of the 2 norm of the noise at step «k
(i.e. the standard deviation of the phantom at step k from
the true phantom) is as follows.

average-median: 395476 3319 35329 4970 4742 36460 2818 3080
median: 5476 4736 4376 3372 3136 2643 2502 2686

The number M, used in (3.1) to identify points where
corrections are made in step k+l1, is obtained from a

histogram Hy, of the noise N,. Hy(J) is the number of points
i satisfying N,(i) 2 y-1. The histograms below come from
the median smoothing of section 6. The number M,, for

example is computed as follows. Since p, = .02 and n = 4352,
the number of points to be corected at step 1 is .02#432 =
9. The first histogram shows that there are 9 points
satisfying Ny(i) > 143, so M, = 143.

The first group of histograms shows the noise as it is
defined by the procedure. The second group shows the true
noise, i.e. the difference between the phantom at the given
stage and the true phantom.
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9. Remarks.

During the past few years variants of these iterative
noise elimination procedures have been used with several

kinds of data: various medical radiographs, neuvtron
radiographs of nuclear fuel assemblies, vltrasound CT breast
scans, CT x-ray reconstructions, and CT x-ray scans. Each
kind of data has individual features and special
o difficulties, and must be treated in terms of these features
NS and difficulties and the use to which the data is to be put
il Dominant features of the present data are the large,

sharp steel spikes and the large drop at the edges, features
S0 that required the cutoffs described in section 3. To some
- extent, probably to a large extent, these features are
L responsible for the superiority of the median smoothing over
ﬁl the others. Also, they are responsible for the apparent

increase in the noise at the last stage of the procedure,
which comes from errors at a half dozen points of very large
slope. It is not clear whether anything should or can be
done about this. The test would be to use the battery data
in CT reconstructions. This has not been possible yet, but
will be done in the near future. (In their role in the CT
reconstruction formulas, the systematic errors at the peaks
could be much more dangerous than random noise.)
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