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Abstract

A morphological agorithm has been proposed to filter away impulsive noises confounded in the chromatographic signal.
Compared with the conventional median filtering method, the results showed that the proposed method has the advantages of
a better filtering effect and less distortion. In particular, the morphological filter with adaptive scale gives very good results.
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1. Introduction

Signals from analytical instruments are often
confounded with noises, which may be imperfections
in the experimental apparatus, or any of a number of
causes which result in random, spurious fluctuations
of the signal received at the detector [1-5]. Impul-
sive and continuous noises are usually found in the
chromatographic data. The impulsive noise interferes
with the identification of signal peaks. In order to
filter the noise from the signal, the median filter was
introduced in 1974 by Tukey [7,8] as a smoothing
technique in time series analysis. In many practical
cases, the median filter is employed for removing
impulsive noise [2,3]. Moore and Jorgenson [2]
applied the median filter to the extraction of peaks
from chromatograms having strongly drifting
baselines, and showed it provided a superior per-
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formance to the mathematically more complex But-
terworth and Chebyshev digital filters. Later, Stone
[3] applied median filtering to noise reduction in
analytical chemistry. The main advantages of the
median filter are its computational simplicity and fast
speed. However, it has the disadvantage of having
poor filtering results when the size of filter window
is narrow, while the signal more easily distorted
when the window is set wider.

Morphological filters are one of the most promis-
ing approaches to signal processing. They stem from
the operations based on the theory of set for image
analysis, called mathematical morphology, which
was introduced by Matheron [10] and Serra [11].
Morphologica filters come from a completely differ-
ent mathematical background than other digital
filters. Their field of application include image
processing and analysis [11,12,19], biomedical
image processing [11,18], shape recognition [13],
nonlinear filtering [14], edge detection [15], etc.
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However, they have been rarely used in the field of
chemometrics [6] and chromatography [9].

2. Theoretical basis of morphological filters

The elementary morphological operations are re-
stricted in the Euclidean space, which is important
for image processing application. The two simplest
basic morphological operations are erosion and
dilation [16,17]. Other operations can be defined
based on erosion and dilation.

Assume that the domain of an m-dimensional
(mD) function is a subset of the domain space D=R™
(R is a set of rea numbers) or Z™ (Z is a set of
integers), depending on the nature of the function
f(x). Assume also that the range of f(x) is a subset of
the range space V=R or Z, depending on whether the
amplitude of f(x) varies continuously or discretely.

Since signals can be represented either by func-
tions or by sets, and the set is the primary notion, the
main issue is to represent functions by sets. This is
done by following two different but equivaent
approaches. That is, an mD function can be repre-
sented either by an ensemble of mD sets caled its
cross section or by a single (m+1)D set called its
umbra.

For a one-dimensiona (1D) function f(x), the set

X(f)={xeD: fx)=t}teVv

is caled the cross section of f(x) a level t and is
obtained by thresholding f(x) at level t, see Fig. 1.
By considering different levels of t we can associate
f(x) with a family of sets, which decrease monotoni-
cally as t increases. Since we work in a class of
closed sets, all the cross section of f(x) must be
closed. The corresponding class of functions with

f(x)‘ f(x) f

which we will always deal is the class of upper
semicontinuous (u.s.c.) functions on D. This corre-
spondence is established because a real-valued func-
tion f(x) defined on R™ is u.s.c. if and only if (iff) its
cross sections X,(f) are closed sets in R™ for all
teR. Qualitatively, we can take the u.s.c. function as
results from continuous functions after the addition
of some positive steps.

One of the most important links between sets and
functions is the notion of the umbra, introduced by
Sternberg as shown in Fig. 1. If afunction f(x) has a
domain DCR" or DCZ" and takes values in R:

XeD - fxyeVv

its umbra U(f) is a subset of the Cartesian product
D XV consisting of those points of DXV which
occupy the space below the curve of f(x) and down
to —oe:

U(f) ={(xy) €D XV: f(x) =y}

There are morphological filters (MFs) where the
input signal is an mD u.s.c. function f(x) and the
structure element is an nD u.s.c. function g(x) with a
compact region of support (where n=m). g(x) is
caled the structure function. The simplest form of
such a function is of the form:

gx)=0,xe G )

where G is its domain, which is a subset of R™. The
umbras of functions with G=[a, b] €R are shown in
Fig. 2. The symmetric function g*(x) with respect to
the origin is given by:

9°() = g(—x)
The definitions of the two basic operations erosion

and dilation from function viewpoint are given as

M\ f(x)

t

g &U(f)\\

FUNCTION

CROSS-SECTION

UMBRA

Fig. 1. Function f(x), its cross section X,(f) at level t, and its umbra U(f).
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Fig. 2. Examples of the umbras of structured functions.

follows. More details are given by Serra [11] and
Maragos [17,18].

Definition 1 (dilation): if D is the domain of f(x),
the dilation of function f(x) by g(x) is defined by:
[f @91 =,_max_ {f(9+gz—x)} 2

Definition 2 (erosion): the erosion of function f(x)
by g(x) is defined by:

[f6g709 = _min_ {f() — gz~ %)} (3)

Its direct geometric interpretation can be illus-
trated by Fig. 3, where X is an object to be processed
and B is called a structure element. If B goes around
the inner side of the boundary of X, the locus of B is
called the erosion of X. After this operation, X keeps
its basic shape while the two peaks disappear.

Definition 3 (opening): the opening of function
f(X) by g(x) is defined by:
[f°g71() = [fOg°Dg](¥) (4)

Definition 4 (closing): the closing of function f(x)
by g(x) is defined by:

[f-971(9 =[f©g°Og](¥) ®)

G

Object for procssing

O

Structure element

The morphological operations defined by Egs. (2)
and (3) greatly resemble linear convolution. Defini-
tions (2) and (3) are of great practica importance
since they introduce a method of numerical computa-
tion of erosion and dilation. Other morphological
operations can be defined through erosion and dila-
tion. Since the structure element is important as a
interface between the function f(x) and the objective,
structure elements with different shapes and sizes
were designed according to different purposes. On
the other hand, many papers proved that the mor-
phological filter possesses a monotonic property
[20]. When different filtering scales are used, differ-
ent results will be obtained. When the size of
structure element increases, impulsive noises wither
away gradually while characteristic signals remain
unchanged. For chromatographic signals, the opening
operation and erosion operation can be employed to
remove impulsive noise.

3. Standard data

In order to test the performance of the MF, a
median filter is used for comparison, and three sets
of standard data have been designed, in which three
peaks and three impulsive spikes were generated to

Erosion result

Fig. 3. Scheme of erosion of object X by structure element B.
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imitate chromatographic signals and noises, respec-
tively as shown in Fig. 4. In particular, Fig. 4a
includes simple Gaussian peaks and overlapping
peaks with three spikes which imitate the noises, Fig.
4b includes symmetric triangular peaks with three
spikes, and Fig. 4c includes overlapping peaks with
three spikes.

Suppose S denotes the intensity data array of
chromatographic signals alone, S the intensity data
array of signals confounded with noise, and L the
signal array length. The signal-to-noise ratio (S/N) is
defined as:

tvﬂr

( sV’

The S/N of data in Fig. 4a—c is 32.61, 37.30 and

S/N=10log,, 1

M'_ —|~
iD)

L,

51.42, respectively. On the other hand, if not special-
ly indicated, the data of Fig. 4a are used to study the
properties of median filter and how to select the
structure element.

4. Performance of the median filter

The median filter has been widely used for
removing impulsive noise [2,3], and the performance
of the median filter varies with window width. The
window width should be set wider in order to
remove impulsive noise with wider bottom width. At
the same time, the filtering performance is affected
by window width. This is shown in Fig. 5, from
which we can see the S/N changes with the window
width and reaches a maximum when the window
width m is about 43. Standard data were filtered by a
window of 43 unit width, the results are shown in

Signal 600 | 1
intensity Peak 2 Peak 3
“o0r Spike2 Peakl (a)
Spikel
200 A Spike 3
0 I A i 1
0 S00 1000 1500 2000 2500 3000 GSDU 4000
Position X
Signal G600 | .
intensity (b)
<00 | Spikel Spike3 Peak 2 4
200 Peak1 Spike?2 I
o _ A _ _

1500 2000 2500 000

0 500 1000
G600 lfontlon I
Signal
intensity
Yoo | Peak 3 Peak ﬂ (c)
200 | Spikel Peak 1l Feak 2 Spike 3 i
Spike 2
. b Poc B . . 13
v} s500 1000 1300 2000 2300 000

Position I

Fig. 4. Three sets of standard data used to compare filtering methods.



F. Chen et al. / J. Chromatogr. A 855 (1999) 305-315

309

50 T T T T T T T
40 — .
-—ﬂ_.-—_ﬂ_//_—f—

20+ \W\hﬂ““\kxkﬁa_ﬂaxhﬁ:
20 ]
10 | 4
0 1 1 1 1 1 1 1

u] 10 20 30 40 50 560 70 80 a0

vindorv width

Fig. 5. Performance of median filter affected by window width.

Fig. 6. These results are aso be listed in Table 2 for
further comparison. It is obvious that spike 2 has not
been removed completely because the bottom width
is too wide. Furthermore, the shapes of peaks were
changed. If window width is increased, the impulsive
noises can be removed more easily, while S/N will
be declining and the shapes of peaks will be distorted
much more seriously, especially at the peak tops.

5. Performance of morphological filters

The performance of the MF has a relationship with
structure function. The main procedure of MF opera-
tion is as follows:

(1) Select a suitable structure function and suitable
size of structure function.

(2) Apply an erosion operation to remove noise
from chromatographic data.

(3) Apply a dilation operation to the result of
above procedure.

Three structure functions g,(X), g,(X), 9.(X) were

€00

employed as shown in Fig. 2. In order to remove the
impulsive noise of Fig. 4a, define the domain G of
g(x), GE[1, 27]. The value of G is defined as the
size of the structure function in our study. The
structure function g,(x) of Fig. 2 is a triangle, which
is defined as:

0.08(x — 1),

~ xE[1,14]
9.9 = {0.08(26 —x+1),

x € [14, 27]

Structure function g,(x) is a circle, which is
defined as:

g,(0) =[13° — (x — 14)*]/28°,x€ G

Structure function g,(x) is a straight line, which is
defined as:
9. =0,xeG

The standard data were filtered by using the MF of
above three structure functions. The results for

guantitative evaluation are given in Table 1. It can be
seen that the performance of MF of the structure

Signal _ .|

intensity
{00 |

300

200

2 . f

I

o soo 1000

1500

asan {ooo
position X

2000 2500 Jooo

Fig. 6. Results of standard data (see Fig. 4a) processing with median filter (n=43).
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Table 1
Performance of filtering standard data (see Fig. 48 with MF of different structure function
Structure function Criteria

S/IN Area error (%) Deviation in height (%) Deviation in position

Peak 1 Peak 2+ peak 3 Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3

Triangle 14.66 69.62 31.77 28.68 11.85 11.42 13 13 13
Circle 14.67 59.02 31.65 28.68 11.85 11.42 13 13 13
Straight line 14.80 55.25 30.61 27.88 11.48 1111 13 13 13

function g.(x) is the best. As shown in Fig. 7, three
impulsive spikes had been removed completely,
however the distortion of peaks occurs. For improv-
ing the performance, an adaptive MF was proposed
in the following based upon the structure function
g.(x) since it is the best of three structure functions
tested

Suppose that the size of the origina structure
function is L, when a peak is formed, the size of the
structure function decreases gradually from the bot-
tom of peak to the top, and then increases gradually
from the top of peak to the bottom. In general, the

600

initial size of the structure function should be greater
than the maximum bottom width of the impulsive
spikes. The changes of size are taken such that the
size of the structure function decreases to a single
unit as it goes to the top of peak and returns to the
initial size as it reaches the baseline again. The
results of filtering the standard data by an adaptive
MF with initial size 27 is shown in Fig. 8. The
quantitative evaluation of the adaptive morphological
filter (AMF) is given in Table 2. After erosion
operation, impulsive noises were removed and signal
peaks were preserved properly. Generally speaking,

Signal

- - 300
intensity

400
200 |

200 |

\

0 500 1000

1500

2000 2500 J000 1500 4000

Position X

Fig. 7. Results of standard data (see Fig. 48) processing by MF of structure function g (x).

Signal BDU T T T T T T T
intensity
600 | i
400 | i
200 | ﬂ 1
U 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500

4000
position X

Fig. 8. Results of standard data (see Fig. 4a) processing with adaptive morphological filter (n=27).
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Table 2
Performance of processing standard data Fig. 4a with median and morphological filters
Filter type Indication

SIN after filter ~ Area error (%) Devidtion in height (%) Deviation in position

Peak 1 Peak 2+ peak 3 Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3
Median filter (m=43) 47.63 7.75 0.80 2150 8.25 8.03 -12~+12 -11~+12 -12~+11
AMF filter (L=36) 143.99 0 0.004 0 0 0 0 0 0
IAMF filter (L=18) 69.15 0 0.0005 0 0 0 0 0 0
IAMF filter (L=87) 120.98 0 0.0068 0 0 0 0 0 0
IAMF filter (L=36) 181.17 0 0.0005 0 0 0 0 0 0

as the size of structure function becomes large
enough, impulsive noise should disappear. On the
other hand, a series of tests proved that if the initial
size of structure function is smaller than half-peak
width of signal peaks, information of signal peaks
can be held very well, including height, position, etc.

After the standard data were filtered with the
AMF, peaks 1 and 2 had been removed completely,
while aresidual spike 3 on the overlapping peak still
can be seen. The filtering process of spike 3 is shown
in Fig. 9 with an enlarged scale. It can be seen from
Fig. 9B that the slope of the straight line cb is 0. In
order to increase the S/N further, an improved
adaptive morphologica filter (IAMF) was proposed.
The IAMF method is to make linear interpolation
between points a and b after processing with an
AMF. The quantitative analysis of IAMF is summa-
rized in Table 2. The results of the IAMF are
superior in comparison with the other methods.

In order to complete our study, we also used the
standard data of Fig. 4b and c to compare the
performance of the MF with that of median filter.
The quantitative analysis of the results are shown in

Tables 3 and 4, respectively. It can be seen that the
smaller the peaks and the overlapping peaks are, the
more distorted these peaks will be. At the same time,
the size of the structure function should be selected
carefully according to the size of impulsive noise and
the size of peaks. If the size selected is too small, the
impulsive noise cannot be removed to meet our
demands. If the size selected is too large, the
distortion of peaks becomes serious, especially when
the chromatographic peaks are relatively small. If the
size of peaks is smal, the size of the structure
function selected should be relatively smaller. Ac-
cording to our experiments, if the size of the
structure function is greater than the bottom of
impulsive noise, the noise can be removed. On the
other hand, if the size of the structure function is
smaller than the half-width of the signal peaks, the
signal peaks can be retained totally. Altogether, the
impulsive noise can be removed effectively, no
matter the noise is on the baseline, on single
chromatographic peaks or on overlapping chromato-
graphic peaks. The critical elements in designing the
MF is that the size of the structure function selected

Signal 100 Signal 5
intensity : intensit
Spike 3 y
80 p (a) 4 (8)
60 3
40 Processed by AFP filter 2 c_b
20 a
1
‘ N J
2890 2910 2920 2930 %agg 2910 2920 2930

position X

position X

Fig. 9. Filtering result of spike 3 of standard data (see Fig. 4a) processed by AMF filter.



312 F. Chen et al. / J. Chromatogr. A 855 (1999) 305-315

Table 3
Performance of processing standard data Fig. 4b with median and morphological filters
Filter type Indication
SIN after filter Area error (%) Deviation in height
(%) Deviation in position
Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2
Median filter (m=43) 65.42 0.316 0.223 0.12 7.33 -11~+11 -11~+11
AMF filter (L =26) 91.89 0.185 0.067 0 0 0 0
IAMF filter (L=15) 88.33 0 0 0 0 0 0
IAMF filter (L=57) 114.47 143 0 0 0 0 0
IAMF filter (L=26) 741.40 0 0 0 0 0 0
Table 4
Performance of processing standard data Fig. 4c with median and morphological filters
Filter type Indication
SIN after filter Area error (%) Deviation in height (%) Deviation in position
Pesk 1+peck 2 Peak 3+peak 4 Pek 1 Pek 2 Peok3 Pek4 Peak 1 Pek2  Pesk 3 Pesk 4
Median filter (m=43)  56.33 0971 0235 15.46 2513 459 743 -8~+9 -3~+9 -10~+11 -11~+10
AMF filter (L=22) 94.46 0413 0.072 0 0 0 0 0 0 0 0
IAMF filter (L=14)  77.709 0.601 0.180 0 0 0 0 0 0 0 0
IAMF filter (L=42) 11242 0.199 0.005 0.117 012 0 0 1 1 0 0
IAMF filter (L=22)  137.81 0.068 0.005 0 0 0 0 0 0 0 0

should be less than the half-width of signal peaks
which we want to retain, and greater than the bottom
width of impulsive noise which needs to be removed.

6. Practical data

Fig. 10 includes three sets of practical chromato-
graphic data obtained by the Shimadzu GC-14B
chromatography system. Two impulsive noises are
included in each set of data, one of the noises (spike
2) is on the chromatographic peak. Fig. 11 shows a
chromatographic spectrogram processed by the me-
dian filter with a window width of 43. The shape of
peak is obviously distorted. The top parts of the
peaks became somewhat flatter and the heights of
peaks were reduced. Table 5 illustrates the quantita-
tive results of processing the practical data with the
median filter and IAMF. The results obtained using
the IAMF are satisfactory. Fig. 12 shows the spec-

trogram of Fig. 10 after filtering by the IAMF. Two
impulsive spikes were removed and the information
of peaks retained perfectly. For practical chromato-
graphic data, it can be seen that the impulsive noises
either on the baseline or on the shoulder peaks can
be removed by IAMF. It can be deduced from the
filtered spectrogram in Fig. 12 that continuous noises
can be reduced.

7. Conclusions

In this paper, the basic definitions and properties
of the four simplest morphological filters are given.
Standard data confounded with impulsive noises
were constructed to examine the properties of digital
filters. Several morphological filters with good
characteristics were proposed to process practical
chromatographic data. The results are satisfactory for
removing impulsive noises confounded in chromato-
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Fig. 10. Practical chromatographic spectrogram.
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Fig. 11. Practical chromatographic spectrogram filtered with median filter (m=43).
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Table 5
Performance of filtering practical data with the median filter and IAMF
Filter type Indication
Deviation in height (%) Deviation in position
Peak 1 Peak 2 Peak 3 Pesk 4 Pesk 5  Pesk 1 Peak 2 Peak 3 Peak 4 Peak 5
Fig. 10a Median filter (m=43) 12.46 14.42 734 931 424 -10~+10 -12~+9 -18~+4  -17~+6 -17~-5
IAMF (L=36) 0 0 0 0 0 0 0 0 0 0
Fig. 100 Medianfilter (n=43)  3.88 46 - - - —10~+11 —17~42 - - -
IAMF (L=30) 0 - - - 0 0 - - -
Fig. 10c Megian filter m=43)  3.77 434 - - - -1~+20 +5~-17 - - -
IAMF (L=20) 0 0 - - - 0 0 - - -
x10%
15 ' J
Signal
intensity (a)
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Fig. 12. Practical chromatographic spectrogram filtered with IAMF.
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graphic spectrograms. The original information of
chromatographic peaks can be reserved completely,
and the heights and positions of chromatographic
peaks are unchanged. The critical point is that the
size of the structure function selected should be less
than the half-width of the signal peaks and at the
same time greater than the bottom width of impul-
Sive Nnoises.
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