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-A common feature of the empirical data in applied mathematics is a 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 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 comon 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 detailka 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.r. 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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ITERATIVE NOISE ELIMINATION

Preliminary Report

by

K.T. Smith

1. Introduction.

A common feature of the empirical data in applied
mathematics is a 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
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 a recent coffee conversation on
small parameter asymptotics in turbulence theory,
P.G. Saffman remarked that the only true small parameter in
turbulence theory is the signal to noise ratio. In such
situations, straightforward 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 11. In the meantime it has been
modified in various ways and used 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 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.
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2. The battery and battery phantom.

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

W-N.

'4

Battery Cross Section

The scan data consisted of 236 radiographs (referred to
hereafter as x-rays), each one digitized at 452 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 battery
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
for the noise elimination procedure, the objective being to
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 below. For purposes of
comparison, the original phantom is overlaid on the
reconstructions.

-2-
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3. A description of the procedure.

The iterative procedure involves K steps, K interval
lengths L,.. . and K percentage parameters Po.. sPM"
In the present examples these parameters have the following
values:

K = 7, L = (8, , 6, 64,3,3), p = (.02,.02,.04,.o8,. 12,. 24, 1)

The data are given as a numerical sequence D of length n.
At step k, corrections are made only at the pk*n points
where the noise is worst, and the corrected data at the end
of step k are denoted by Dk. Thus, Do - D.

At the beginning of step k+1 there is computed a
% sequence N k which gives a measure of the noise in Dk at each

index i. From the sequence N k there is derived the number
Mk such that the condition

(3.1) Nk(i) > M k

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 Nk and the correction Dk+1  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 ALf(i) of Dk over the
interval of length L& with right end point at i, a
corresponding right average AR(i), and a total average
Ak(i) over the inteval of length Lk+l and center i. The

-'noise Nk(i) is then the minimum of IDk(i)-ALk(i)I1
IDkti)-ARk(i), and IDk(i)-Ak(i)I. When a correction is
necessary* according to the criterion (3.1), Dk~l(i) is
something similar to Ak(i).

The "averages" can be formed in various ways# three of
which are examined in this report. In the first ALAR, and
A are ordinary averages, while Dk+ (i) is an ordinary
average over points that do not differ too much from Ak(i).
In the second AL, AR, and A are ordinary averages again, but
DAt a (i) is roughly the median of Dk 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
averages 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.

. -8-



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 cases 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 offs the resulting data is run
through the procedure# and the peaks are then put back,
slightly smoothed. Around the peaks this process leaves
some noises 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 peakso which cause no problem in he visual examination
of Smoothed Phantom (1,100), might be very damaging when put
into CT reconstruction formulas.

A,:

~-9
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4. Smoothing with averages.

In this section the smoothing is done with averages:
ALk(i) is the average of Dk over the interval of length Lk
with right endpoint at i, ARk(i) is the corresponding right
hand average# and Ak(i) is the average of Dk over the
interval of length 2Lk+l with center at i. Dk+1(") is the
average of Dk over those points in the latter interval

K"- satisfying Nk(J) C ";, with I 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 shown In the next set of graphs.
Since 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 situation 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.

-10-
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5. Smoothing with averages and medians.

In this section the smoothing is done with both
averages and medians: ALb.AMit and Ak are the left, right,
and symmetric averages described in section C while Dkt(1)
Is the average of the three middle terms in the
nondecreasing rearrangement of Dk over the interval of
length 2Lk+l with center at 1. This means that the points
where corrections are to be made are identified using
averages, and the corrections are then made using
(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 made (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:
AL.t(i) is the average of the two middle terms in the
nondecreasing rearrangement of D k over the interval of
length Lk  with right endpoint at is ARj(i) is the
corresponding right hand median, and Ak(i) and D i (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.

I--7
-27
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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 stop, 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# so successive graphs would not be instructive.
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B. Noise histograms and norms.

The square of the 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: 5476 5319 5325 4970 4742 3660 2818 3080
median: 5476 4736 4376 3572 3136 2643 2502 2686

The number Mk used in (3.1) to identify points where
corrections are made in step k+l, is obtained from a
histogram H k of the noise Nk. Hk(J) is the number of points
i satisfying Nk(i) j-1. The histograms below come from
the median smoothing of section 6. The number Mo o for
example is computed as follows. Since p, = .02 and n = 452,
the number of points to be corected at step 1 is .02*452 =
9. The first histogram shows that there are 9 points
satisfying No(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.

.1
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Histograms of Noise Defined byj the Procedure

HISTOGRAM LINE 1 AFTER ITERATION 0
437 331 318 304 291 290 264 256 245 241 232 223 216 211 199

fl 191 187 179 175 170 164 160 158 153 151 150 146 142 139 133
131 127 125 123 122 120 119 115 114 112 107 104 104 100 98
97 95 94 91 98 87 86 96 94 93 92 91 79 79 79
77 74 73 72 66 66 64 63 63 60 59 58 58 57 56
55 55 54 53 51 49 47 47 45 44 44 44 42 42 41
41 41 39 38 36 38 39 38 37 36 35 35 35 35 33

32 32 32 31 30 30 29 28 27 26 26 26 24 22 22
22 22 22 21 21 21 19 19 19 18 19 17 16 15 14

K 13 12 12 12 12 12 12 10 9 9 9 9 9 9 8
9 8 8 8 8 a 8 9 8 a a B a a a

a 9 7 7 7 7 7 7 7 6 6 6 5 5
5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
5 5 5 5 5 5 5 4 4 4 4 4 4 3 3
3 3 3 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 1 1 1 1 1 1

HISTOGRAM LINE I AFTER ITERATION 1
437 329 313 301 299 278 262 254 243 239 231 221 212 206 193
188 182 177 172 167 160 156 155 150 149 147 144 141 138 130
128 124 121 119 117 114 113 109 108 106 102 100 100 96 94
92 90 89 85 82 82 82 81 79 79 76 75 73 73 72
71 68 67 66 59 59 58 57 57 53 52 51 50 49 48
47 47 46 45 43 41 39 38 36 35 35 35 34 33 32
32 32 30 29 28 28 27 27 26 25 24 24 24 24 23
22 22 22 21 20 20 19 19 19 17 17 17 15 14 14
14 13 13 12 12 12 10 10 10 9 9 8 8 7 6

5 4 4 4 4 4 4 2 2 2 2 1 1 1 1

HISTOGRAM LINE 1 AFTER ITERATION 2
441 331 321 304 291 278 266 253 242 235 228 221 212 208 199

* 196 189 183 179 172 166 163 157 154 151 149 138 137 134 125
120 115 111 110 104 103 100 97 93 92 99 97 87 82 81
90 79 78 79 76 75 73 73 70 69 65 65 63 60 59
57 56 56 52 50 49 49 47 47 45 44 44 44 43 41
41 40 39 39 37 35 35 35 34 34 32 32 31 30 29
29 28 26 25 24 24 24 24 23 23 23 23 23 23 22
20 19 19 17 15 15 14 14 14 12 12 12 11 11 10

9 8 8 8 a 8 6 6 6 6 6 6 6 6 6
* 6 6 5 5 5 5 4 4 4 4 4 3 2 2 2
* 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1
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HISTOGRAM LINE 1 AFTER ITERATION 3
441 327 310 293 280 264 252 242 227 219 211 206 198 192 193
178 171 168 163 158 152 150 146 143 140 137 131 128 125 115
110 102 96 94 88 87 84 90 77 75 72 71 69 64 64
61 60 59 59 56 55 53 53 50 49 47 45 44 42 41
37 37 37 34 33 32 31 31 31 29 29 28 27 25 23
23 22 21 21 19 17 17 17 16 16 14 14 13 12 12
12 12 10 9 8 a 8 9 7 7 7 7 7 6 5
3 2 2 1 1 1 1 1 1 1 1 1 1 1 1

HISTOGRAM LINE 1 AFTER ITERATION 4
*445 320 296 282 265 251 232 221 212 204 193 191 190 170 162

151 146 141 141 135 131 125 123 118 114 I11 107 103 100 96
91 85 83 91 78 76 71 68 65 63 58 55 55 49 49
48 46 44 44 41 41 41 40 38 38 39 37 37 34 31
28 27 27 26 24 24 22 21 20 19 17 16 15 15 12
12 11 7 6 4 4 3 3 2 2 2 2 1 1 1

HISTOGRAM LINE 1 AFTER ITERATION 5
447 327 293 273 255 239 219 207 196 186 177 168 159 145 139
130 128 120 114 107 99 92 85 78 72 64 61 50 47 41
38 34 32 28 27 25 24 21 21 20 17 15 13 10 10

a 7 7 7 5 4 2 2 2 2 2 2 2 2
A2 2 2 2 2 2 2 2 2 2 2 1 1 1

HISTOGRAM LINE 1 AFTER ITERATION 6
447 307 265 236 194 170 137 121 111 95 91 73 65 49 46
41 37 31 24 19 18 16 13 11 11 10 9 a 8 a

8 7 5 4 4 4 4 4 4 4 3 3 3 2 2
2 2 2 2 *1

HISTOGRAM LINE 1 AFTER ITERATION 7
449 268 174 121 85 71 61 54 49 44 41 39 33 30 29
25 25 24 22 21 19 18 17 16 16 15 15 15 15 15
14 14 13 13 13 13 12 12 12 12 11 10 8 7 7

5 4 4 4 2 1 1 1
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Histograms of True Noise

HISTORGAM AFTER ITERATION 0
452 391 380 376 371 366 358 351 347 339 330 326 318 314 307
300 295 289 281 275 273 268 259 257 248 243 235 228 220 218

S 216 208 208 205 202 198 197 196 192 189 186 181 180 177 174
173 172 168 166 166 164 160 157 157 155 152 149 147 145 141
138 137 136 135 134 132 130 129 124 123 123 122 120 120 119
118 117 116 114 114 113 113 113 112 I11 110 109 109 108 105

~. 104 103 101 99 97 91 90 87 87 86 85 84 83 83 78

61 58 56 55 55 55 55 54 53 53 52 52 52 52 51
50 50 50 47 44 42 41 40 39 38 37 36 34 32 32
32 32 32 30 30 29 27 26 26 25 25 23 23 22 21

* 19 19 18 18 18 18 18 18 17 16 16 16 16 16 15
* 14 14 14 12 12 12 12 12 11 11 11 10 10 10 10

10 10 10 10 10 10 9 9 9 9 a 8 a 7 6
6 5 5 5 5 5 5 3 3 3 3 3 3 3 3

*3 3 3 3 3 3 3 3 3 3 3 3 3 1 1

HISTORGAM AFTER ITERATION 1
452 391 380 376 371 366 358 351 347 339 330 326 318 314 306
299 293 286 278 272 270 265 255 253 244 239 231 224 216 214
212 204 203 200 197 193 192 191 187 184 181 176 175 172 169
168 167 163 161 161 158 154 151 151 149 146 143 141 139 134
131 130 129 128 127 125 123 122 117 116 116 115 113 113 112
Il1 110 109 107 107 106 106 106 105 104 103 102 102 101 98
97 96 94 92 90 84 83 80 80 79 78 77 76 76 71
70 70 70 67 67 64 64 64 61 60 59 57 57 56 55
54 51 49 48 4e 48 48 47 46 46 45 44 44 44 43
43 43 43 40 37 35 34 33 32 31 30 29 27 25 25
25 25 25 23 23 22 20 19 19 18 18 16 16 15 14
12 12 11 11 11 11 11 11 10 9 9 9 9 9 9

*8 8 8 6 6 6 6 6 5 5 5 5 5 5 5
*5 5 5 5 5 5 4 4 4 4 3 3 3 3 2

2 1 1 1 1 1 1

* HISTORGAM AFTER ITERATION 2
452 391 380 376 371 366 356 347 343 336 326 322 314 310 302
295 289 282 273 267 265 260 250 248 239 234 226 219 211 209
207 199 198 195 192 188 187 186 182 179 176 171 170 167 164
163 162 158 156 156 153 149 146 146 144 141 138 136 134 129
126 125 124 123 122 120 118 117 Ill 110 110 109 107 107 106

* 105 104 103 101 101 100 100 100 99 98 97 96 96 94 91
90 89 87 85 83 77 76 73 73 72 71 70 69 69 64

*63 63 63 60 60 57 57 57 54 53 52 50 50 49 48
47 44 42 41 41 41 41 40 39 39 38 37 37 37 36
36 36 36 33 30 28 27 26 25 25 24 23 22 21 21
21 21 21 19 19 18 17 16 16 15 15 13 13 13 12
11 11 11 10 10 10 10 10 9 8 8 8 8 a 8

7 7 7 5 5 5 5 5 5 5 5 5 5 5 5
5 5 5 5 5 5 4 4 4 4 3 3 3 3 2
2 1 1 1 1 1 1

-44-



Ir" ,g It t . -e

. HISTORGAM AFTER ITERATION 3
452 390 379 374 369 363 353 342 338 331 321 315 307 302 294

287 281 273 264 257 255 250 240 236 228 223 214 206 198 196

194 186 185 182 179 175 174 173 169 166 163 158 157 153 150

149 148 144 142 142 140 136 133 133 131 128 125 124 121 116

113 112 111 110 109 105 103 102 96 95 95 94 92 92 91

90 89 88 86 86 85 85 85 84 83 82 81 81 79 76

75 74 72 70 68 62 61 58 58 57 56 55 54 54 49

48 48 48 45 45 42 42 42 39 38 37 35 35 34 33

33 30 28 28 28 28 28 27 26 26 26 25 25 25 24

24 24 24 22 19 18 17 16 15 15 15 15 14 14 14

14 14 14 12 12 11 10 10 10 9 9 8 8 8 7

7 7 7 6 6 6 6 6 5 5 5 5 5 5 5

4 4 4 3 3 3 3 3 3 3 3 3 3 3 3

3 3 3 3 3 3 3 3 3 3 2 2 2 2 1
* 1

HISTOROAM AFTER ITERATION 4

452 390 378 373 368 362 351 339 335 328 317 311 303 298 290
283 277 269 259 252 250 244 234 232 222 216 207 198 190 188

" 186 178 177 174 171 167 166 165 161 156 153 147 146 142 139

. 138 137 133 130 130 128 123 120 120 118 116 113 112 108 103
100 99 98 97 96 92 90 89 83 82 82 81 79 79 78
77 76 75 73 73 72 72 72 71 70 69 68 68 65 62
61 60 58 56 54 50 49 47 47 46 46 45 44 44 40
39 39 39 36 36 34 34 34 31 30 29 28 28 27 26
26 23 21 21 21 21 21 20 19 19 19 18 18 18 17
17 17 17 16 14 13 13 13 13 13 13 13 12 12 12
12 12 12 10 10 10 9 9 9 8 8 7 7 7 7
7 7 7 6 6 6 6 6 5 5 5 5 5 5 5
4 4 4 3 3 3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3 2 2 2 2 1

1 1 1 1 1 1 1 1 1 1

HISTORGAM AFTER ITERATION 5
452 390 377 372 364 359 347 334 330 323 311 304 296 291 280

273 264 255 244 236 233 225 212 209 198 192 185 176 168 167
165 157 154 150 147 141 140 137 133 127 124 118 117 113 110
110 109 105 100 99 97 91 88 88 86 84 92 81 77 73
70 68 66 65 64 61 59 58 54 53 53 51 49 49 48
47 46 46 44 44 43 43 42 41 40 40 39 39 36 361
36 36 36 35 34 30 30 29 28 28 28 28 27 27 25
25 25 25 24 24 23 23 23 21 20 19 18 19 19 18
18 16 16 16 16 16 16 16 15 15 15 15 15 15 15
15 15 15 15 15 14 14 14 14 14 13 13 13 13 13
13 13 13 11 11 11 10 10 10 9 9 8 8 a 9;
8 8 a 7 7 7 7 7 6 6 6 6 6 6 6
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
6 6 6 6 6 6 6 6 6 6 5 5 5 5 3

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 2 2 2 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
I 1 1 1 1 1 1 1
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452 392 378 371 357 348 331 319 314 306 292 283 274 266 254
' 246 235 225 213 206 201 192 177 171 159 153 147 139 129 127

123 118 116 112 109 104 103 100 99 95 92 88 87 86 84
92 81 77 73 71 69 64 62 61 60 59 58 56 53 52
51 49 47 46 45 44 43 43 41 41 41 41 41 41 41

* 41 39 39 37 37 37 36 35 34 34 34 34 34 31 31
31 31 30 29 28 26 26 26 26 26 26 26 25 25 23

- 22 22 21 21 21 20 20 18 18 19 17 17 17 17
- 17 15 15 15 15 15 15 15 15 15 15 15 15 15 15

15 15 15 15 15 15 15 14 14 14 14 14 14 14 14
- 14 14 14 12 12 12 11 11 11 10 10 9 9 9 9

9 9 9 a 8 8 8 8 7 7 7 7 7 7 7
7 7 7 7 7 7 7 7 7 7 7 6 6 6 6
6 6 6 6 6 6 6 6 6 6 6 6 6 6 5
5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

- 5 5 5 5 5 5 5 5 5 5 5 5 4 4 4
4 4 3 3 3 3 3 3 3 3 3 3 3 3 3

K: 3 3 3 2 2 2 2 2 2 2 2 2 2 2 2
- 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2 2 2 2 2 1
- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-' 1 1 1 1 1 1

HISTORGAN AFTER ITERATION 7
452 393 370 358 345 340 327 307 293 283 270 258 240 231 221
214 205 191 177 162 154 147 139 129 121 118 116 113 110 105
104 103 97 93 91 90 87 83 81 79 75 74 70 68 67

66 64 64 63 62 61 60 59 58 58 54 51 51 49 47
45 44 42 41 41 41 41 40 40 39 38 37 36 35 34
33 33 32 32 32 31 31 31 31 30 29 29 29 28 28

29 26 26 25 24 22 21 21 21 21 21 21 21 21 21
20 20 20 19 19 18 17 16 16 16 16 16 16 16 16
15 15 14 14 14 14 14 14 14 14 14 14 14 14 14
14 14 14 14 14 14 14 14 14 13 13 13 13 13 12

- 12 12 12 12 12 12 12 12 12 12 12 11 11 11 11
- 11 11 11 11 11 11 11 11 9 9 9 9 9 9 9

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9

a a 8 8 8 8 8 8 8 8 8 8 8 8 8
a 8 8 a 8 8.8 7 7 7 7 6 6 6 6
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

" 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
6 6 6 6 6 6 4 4 4 4 4 4 2 2 2

- 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 1 1 1 1 1 1 1 1 1 1 1
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9. Remarks.

During the past few yjears variants of these iterative
noise elimination procedures have been used with several
kinds of data: various medical radiographs, neutron
radiographs of nuclear fuel assemblies, ultrasound CT breast
scanss CT x-ray reconstructions, and CT x-ray scans. Each
kind of data has individual features and special
difficulties, and must be treated in terms of these features

* and difficulties and the use to which the data is to be put.

Dominant features of the present data are the large,
sharp steel spikes and the large drop at the edges, features
that required the cutoffs described in section 3. To some
extent. probably to a large extent, these features are

* responsible for the superiority of the median smoothing over
the others. Also, theyj 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 veryj large
slope. It is not clear whether anything should or can be
done about this. The test would be to use the batteryj data
in CT reconstructions. This has not been possible yjet, 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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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
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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.
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