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Abstract

Power converters are widely installed to feed the electrical energy from the distributed
generation units into the existing electrical grid. The IGBT-based power converters
control the IGBTS, one type of the power semiconductor switches, to form the matched
end voltage for the successful power injection. However, the rapid switching with large
conducting current of IGBTS results in a large amount of high frequency spikes in the
sensor measurement. The presence of the IGBT switching spikes causes the poor
operating performance of the power converters and the false detection of the abnormal
operating conditions. The present thesis work is devoted to research and development of
a new FPGA-based IGBT switching spike removal algorithm to clean these spikes and
preserve any other signal shapes. The algorithm is implemented on an FPGA chip. The
new version of the interface and protection board with the FPGA chip is to be integrated

into the power converter systems.
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Definitions and Notations

A morphological element e in f(n) is the waveform of the one-dimensional discrete

function f(n) over the time interval [p,q], wherep € Z,q € Z,p < q.
The mathematical expression of such morphological element is:
er = f@)~@P+1Lfo+D)~..~(a-1f(q—-1)~(qf(@)

wherep e Z,q € Z,p < q.

A morphological set M'S is the collection of one or several waveforms over the same

time interval [p,q], wherep € Z,q € Z,p < q.
Such morphological set is mathematically expressed as:
MS = Fpy~Fp+1~ - ~Fqg-1~Fg

where p € Z,q € Z,p < q and F, is an interval on Y-axis at the time point p.

A morphological element e, belongs to a morphological set M'S, expressed as:

er=mf@)~P+1Lf+D)~..~(a-1f(q—-D)~(q.f(@) e MS =

F(p)~F(p+1)~ ~F(q—1)~F(q)’
when

f(P) €EFyy), f(p+1) € Fpyny, -, f(@—1) € Fq_1), f(q) € Fgy.

xiii



A morphological element e , belongs to a morphological set M'S, expressed as:

erg = f@)~P+1Lf@+D)~..~(g—-1,f(qg—

D)~(qa.f@),(p.g®)~Pp+ 19+ 1)~ ..~(q—1,9(q—1D)~(q.9() €

MS = Fopy~Fp+1)~ - ~Fq-1)~Fq) Gp)~Gp+1)~ - ~G(q-1)~G (),
when

f®@) EFpy,f(p+1) €Fpiry, -, f(@—1) € Fyq_1), f(q) € Fg),g(p) €

Gy 9@+ 1) € Gprys -, 9(@—1) € Gg—1),9(q) E Ggy).

A morphological element e, belongs to the intersection of two morphological sets
F(p)NF(p+1)~ NF(q_l)"'F(q) and F(i)NF(i+1)~ ~F(j_1)~F(j), expressed as:

er € (Fon~Fpsn)~ - ~Fig-0~Fig) N Foy~Fiieny~ - ~Fijo1y~Fp),
when

f@) EFpy,f(p+1) € Fpiy, -, f(@—1) € Fg_1), f(q) € Fgy and f (i)

€ Fu), f(+1) €EFisr) -, fGT—1) €EF_n), f(J) € Fj

A morphological element e, belongs to the union of two morphological sets

F(p)~F(p+1)~ ~F(q_1)~F(q) and F(i)~F(i+1)~ ~F(j_1)~F(j), expressed as:

er € (Foy~Fpen)~ - ~Fq-1~F)UFy~Fis)~ - ~Fi—1)~F(j),

Xiv



when

f) €Fpy, f(p+1) € Fpyry, -, f(q— 1) € Fiq_1), f(q) € Fgy or f(1)

€ Fiu), f(A+1) € Fiyr) -, fG—1) €EFj_p), f(J) € Fj

(n) denotes the amplitude at the time point n.

An example of morphological element and morphological set is provided in Appendix

A.1 for the better understanding.
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Chapter 1 Introduction

With the worldwide increase of environmental awareness, green energy has received
increasing attention in the power system research community. To incorporate such clean
energy sources into existing electrical grids, substantial research work has been done to
find distributed generation and grid connection solutions during the past several
decades. Nowadays, wind turbines and solar panels are installed widely as distributed
power generators in the power industry. Also, the availability of a variety of power
semiconductor switches has enhanced the affordability and diversity of grid-tie power

converters for grid connection.

The Insulated-Gate Bipolar Transistors (IGBTSs) are preferably employed as the power
semiconductor switching devices in a grid-tie power converter because of their fast
switching, high efficiency and large current-conducting abilities. The Smart Grid
research group from the University of New Brunswick has developed a complete IGBT
based grid connected power converter product ‘12kW Single-Phase Wind/Solar-Input
Utility-Interactive IGBT Power Converter’, which injects the power generated by a wind
turbine and several roof-mounted solar panels mounted on the roof into the 240V RMS
AC utility grid. The whole system (Figure 1.1) has been tested and has been running for

years.

1.1 UNB IGBT Power Converter

The functioning of the IGBT Power Converter involves a feedback loop for the output

voltage that matches the grid voltage for power injection. Additionally, the IGBT power



inverter has two layers (the hardware layer and the software layer) of system protection
from abnormal operating conditions, such as overvoltage, overcurrent, undercurrent and
overheating. These functions are implemented by four key Printed Circuit Boards

(PCBs) as follows.

1. The DC-Link Board contains sensors used for the feedback voltage and current
measurement, IGBTs for the modulation of the output voltage to match the gird, and

breakers for the faulted power converter to get disconnected from the grid.

2. The IGBT Driver Board provides physical isolation between high and low voltage

circuitry, as well as the current amplification to drive IGBTS.

3. The Interface and Protection Board links two different components in the system
electronically, so that one component can deliver a compatible form of signals to
another component. Interface circuitry links the components along the signal flows in
the feedback loop, such as interfacing the Digital Signal Processing (DSP) Board’s
Pulse Width Modulation (PWM) signals with the IGBT Driver Board and interfacing the
sensors’ analog signals with the DSP Board. Interface circuitry also links components
along other miscellaneous signal flows, such as interfacing buttons’ edge signals with
the DSP Board and interfacing the DSP Board’s level signals to the fans and breakers. In
addition to the interface, the hardware layer system protection circuitry is implemented
to take over the control of the IGBTs and shut them down with microsecond level

response time.

4. The DSP Board runs all the algorithms including finite state machines, power

injection control (Analog-to-digital Converter (ADC) peripheral driver, low pass



filtering, voltage current prediction and PWM peripheral driver) and the software layer

system protection handlers.

Solar Panels Wind Turbine Utility Grid

A

A
,—DC /—AC 24OV/6OHZ—\

IGB‘[ Power Converter ©UNB

DC-Link PCB

Breakers Voltage & Current Sensors IGBTs

Y

Interface and Protection Board IGBT Driver Board

A A A
v \4
Fans Buttons DSP Board > LCD

Temperature Sensors

Figure 1.1 IGBT Power Converter Architecture

Despite IGBT-based power converters being a popular solution to grid connection,
dealing with spikes caused by switching IGBTSs requires more attention in the area of
power systems research. According to the long-standing observation, IGBT switching
spikes in the sensor measurement are considered as noise. Each single spike is typically
narrower than 2 s, and its amplitude varies. Wider spikes may be informative to the

power converters’ system protection mechanism, because it may indicate overvoltage or



overcurrent. Removing the strong IGBT switching spikes in the sensor measurement is

necessary for two reasons as described below.

1) Sensor data with strong, noisy spike corruption could degrade the accuracy of data
processing in the DSP Board. This could lead to poor performance of power injection
and falsely trigger the software layer system protection handler, either of which would

further cause the incorrect control of the power converter.

2) The occurrence of strong noisy spikes could spuriously activate the hardware layer
system protection circuitry in the Interface and Protection Board. This situation forces
the power converter to enter an emergency stop mode under a normal operating

condition.

Currently, the IGBT power converters are running properly without the IGBT switching
spike removal feature. On the one hand, analog (Sallen-Key low pass filters on the
Interface and Protection Board) and digital (eliminating the extremums and averaging in
the DSP algorithm) low pass filters remove these noisy spikes for DSP processing. One
the other hand, as no measure has been taken to filter out the strong IGBT switching
spikes for the hardware layer system protection, the amplitude thresholds of abnormal
operating condition detection are set very high to avoid falsely activating the protection.
However, it lowers the protection sensitivity in the hardware level, which is supposed to

be the highest degree of protection from the hazard and system damage.

The present thesis focuses on developing a Field-Programmable Gate Array (FPGA)
based spike removal algorithm on the Interface and Protection Board. The advantages of

FPGAs over Microcontroller Units (MCUs) are:



1) FPGA is good at parallel hardware, which is a fit for the simultaneous multichannel

spike removal

2) The execution time of FPGA bases algorithm is fixed and predictable.

The spikes targeted for removal by the algorithm are strong IGBT switching spikes
(strong narrow spikes). Weak spikes and wide spikes are preserved by the algorithm, so

the information carried by them are intact.

1.2 Literature Review

Removing noisy spikes from informative spikes or background signals is a common
issue in many fields. Early in 2003, a modified moving window averaging method was
developed to remove unidirectional isolated convex spikes [1]. A newly proposed
automatic spike correction method replaces spikes identified by the Laplacian response
by the interpolated data [2]. However, for the best performance of the two methods
above, sampling frequency is limited because a spike has to be presented in one or two

data points.

Wavelet is widely employed in spike detection [3][9] and spike removal [4][5][6][7][8].
Wavelet detail coefficients of first level contain high frequency information that helps
localize noisy spikes in Raman spectra temporally, and all spike appropriating regions in
the original spectrum are smoothed by interpolations [3]. However, one level of wavelet
decomposition is coarse to distinguish noisy spikes and informative ones in the
frequency domain in some cases. As an improvement, the wavelet shrinkage method
uses multiple levels of wavelet decompositions and sets a threshold for each level to

5



shrink detail coefficients to suppress noisy spikes and has been applied in neuroscience
[4] and radar [5] applications. Other members of the wavelet shrinkage family are the
combination of hard and soft thresholds [7] and dual thresholds [8]. Compared to
wavelet shrinkage, wavelet clustering is more computationally complex, but minimally
depends on the assumption that the noise obeys a certain distribution [9]. Unfortunately,
the criteria of spike removal in all methods above is not based on the spike’s width,
which could potentially cause the incorrect removal of informative spikes (such as the
overcurrent spikes) and, thus, the missed capture of abnormal operating conditions. This

issue draws the attention to spike detection schemes that analyze spikes by width.

Some authors recognize a spike from the energy viewpoint through the cumulative
energy differences [15] or nonlinear energy operation [16] in neural spike detection. The
width of a single spike could be estimated by the duration of its energy, but the energy
calculation itself requires the accurate baseline estimation. Template matching [17][18]
can possibly identify a spike by width using the properly designed templates. However,
making spike templates, such as centroids of temporal clustering [17], requires massive
computations and long running recordings. Neural networks of various types, including
the artificial neural network [19] and convolutional neural network [20], are found
effective in detecting spikes of different morphologies because of their learning ability.
On the other hand, finding representative data sets and determining the number of
training iterations are two universal problems for any application that only cares about
satisfactory outcomes. Morphological filter is widely applied in image denoising
[21][22], and its shape extraction capability relies on the design of the structuring

element. Two parabolas [23] or Gaussian function [24] are chosen as the structuring



elements, and their widths and heights are dynamically optimized for the best spike

detection using electroencephalograph.

1.3 Thesis Objectives

The existence of strong IGBT switching spikes can falsely trigger system protection,
which affects functioning during normal operating conditions. The main objective of the
present thesis is to develop an FPGA based IGBT switching spike removal method
using morphology theory and wavelet transforms to remove these spikes. The algorithm
based on the method developed is to not only remove strong IGBT switching spikes but
to also preserve any other informative signal shapes. As a result, the false detection of
the abnormal conditions must be avoided, and the functioning of the power converter

would be improved.

1.4 Thesis Structure

The thesis is organized as follows. Chapter 2 elaborates on the methodology of the spike
removal algorithm. Chapter 3 shows simulation results for the spike removal algorithm.
Chapter 4 presents the implementation of the spike removal algorithm. Chapter 5

provides the conclusions and introduces the future work.

Appendix A includes the mathematical proof of the methods deployed in the present
thesis work. Appendix B contains the MATLAB code and some Verilog code. Appendix

C presents the timing diagram of the spike removal procedure.



Chapter 2 Methodology

The methodology of the IGBT switching spike removal algorithm employs morphology
to detect intense narrow spikes, wavelet to smooth the high frequency components and
multiplexing to produce the right output format. This algorithm is designed to remove
strong IGBT switching spikes, which may cause false activation of protection circuitry,
and preserve the sustained and low frequency waveforms for the control and protection

purpose.

2.1 Algorithm Outline

Spike detection and spike smoothing are two concurrent processes (Figure 2.1). Spike
detection identifies the spikes of interest through three cascaded processes. The
morphological filter extracts positive and negative hats (Section 2.2.1 Spike Hat)
through the top-hat and bottom-hat filtering respectively. Optimization fixes false
extraction of morphological filter to improve extraction accuracy. Recognition measures
a spike by looking at its width and height to pick up the strong narrow ones. Spike
smoothing uses the wavelet shrinkage method so that the high frequency components in
the same frequency band as the IGBT switching spikes are suppressed significantly. The
multiplexer produces the right format of algorithm output by selecting which signal flow
is forwarded to the algorithm output based on the result of spike detection. When the
occurrence of a target spike is captured by spike detection, the high frequency-free

version of the algorithm input, processed by the spike smoothing, is forwarded to the



algorithm output. In other cases, the time delayed version of the algorithm input is

forwarded to the algorithm output.

Spike Detection

Morphological Filter »  Optimization > Recognition
~Y
L ¢ &—> Delay >
Input
R Output
Wavelet Decomposition
oo
c
£
te) \ 4
o
£ Detail Coefficient Shrinkage
(%]
(O]
=
& v
Wavelet Reconstruction M: Multiplexer

Figure 2.1 IGBT Switching Spike Algorithm Architecture

2.2 Spike Detection

Spike detection is the process of recognizing strong IGBT switching spikes through
extraction, fixing and measurement. The adaption to the variant definitions of the strong

IGBT switching spikes is through the adjustment of two parameters.



2.2.1 Instantaneous Width and Spike Hat

Firstly, the instantaneous width is introduced to describe the width phase (how wide the
spike is at the focal time) of a spike. The instantaneous width of a positive spike at the

time point n in the temporal window (—oo, +0) is defined as:

ptq-Lif (n-p)<(n)-e,(n-p+1)>(n)-e,...,(n+q-1)=>(n)-e,(n+q)<(n)-¢
o0, otherwise

(/_\)(n,e) (o0 400) = {
(2.1)
where:
ne€Z,ee€N,p€eN,q€ Ny,
n -- the focal time point;

e -- the amplitude error tolerance;

p and q -- the shortest time distance before and after the focal time point so that

(n=-p)<m)—e(n+q) <) —e

(n) — the amplitude at the time point n.

Similarly, the instantaneous width of a negative spike at the time point n in the temporal

window (—oo, +00) is defined as:

V(n ) _ {P+Q-1,if (n-p)>(n)+e,(n-pt1)<(n)+e,...,(n+tq-1)<(n)+e,(nt+q)>(n)+e
) (oo 40) ™ o otherwise

b

(2.2)

10



where:

ne€Z,e€eN,p€ N, q€N,;

n -- the focal time point;

e -- the amplitude error tolerance;

p and q -- the shortest time distance before and after the focal time point so that

m—p)>m)+e(n+q)>m te;

(n) — the amplitude at the time point n.

Secondly, the spike hat is introduced to represent the spike peak. The spike peak could

be the spike body if the spike was narrow.
Positive spike hat of w (PSHw) is defined as:
MNP in-ws1miw-11<W 2.3)
where:
neZ,e€N,weN,;
MS -- the morphological set;
n -- the focal time point;
e -- the amplitude error tolerance;

w -- the upper limit of the instantaneous width of a positive spike.

11



PSHw is literally the morphological set whose instantaneous width of a positive spike in
the window [n —w + 1,n + w — 1] is narrower than w. The morphological elements of
the PSHw are either the spike body of a narrow positive spike (being described as
narrow means this positive spike is narrower than w data points) or the spike peak of a
wide positive spike (being described as wide means this positive spike is as wide as or

wider than w data points).

Similarly, negative spike hat of w (NSHw) is defined as:
MS VMO mws1niw—1]<W (2.4)
where:
n€Ze€N,weN,.
MS -- the morphological set;
n -- the focal time point;
e -- the amplitude error tolerance;

w -- the upper limit of the instantaneous width of a negative spike.

NSHw has the same properties as PSHw except its polarity is opposite. Positive and
negative spike hats present the peaks (peaks are the bodies when the spikes are narrow)
of the positive and negative spikes respectively. Spike hats are the smallest

morphological units of processing in the spike detection (explained in the following

12



sections). Some examples of the morphological elements of the spike hats are provided

in Appendix A.2 to provide a better understanding.

2.2.2 Morphological Filter with the Impulsive Structuring Element

A morphological filter can extract the certain morphological details through the
combinations of the erosion and dilation filtering (two basic morphological filtering
operations in morphological theory) and the design of the structuring element (a
morphological kernel used to interact with the input waveform during the erosion and

dilation filtering).

Erosion filtering (Figure 2.2 Erosion) is the lower ‘sweeping trace’ of the vertically
flipped structuring element when its origin slides along the input waveform. The dilation
filtering (Figure 2.3 Dilation) is the upper ‘sweeping trace’ of the original structuring
element when its origin slides along the input waveform. The sweeping trace of the
structuring element refers to the boundary of the area it sweeps over during the
movement. The morphological effect of the erosion filtering on the input waveform may
include sunk baseline, bigger negative spikes and shrunk positive spikes, while that of
the dilation filtering may include lifted baseline, bigger positive spikes and shrunk

negative spikes.

Both the opening and closing filtering consist of erosion and dilation filtering in a
cascaded form. The opening filtering (Figure 2.2 Opening) is the erosion filtering first
and then the dilation filtering, while the closing filtering (Figure 2.3 Closing) is the two

in the reverse order. With the structuring elements being an impulsive function for the

13



erosion and dilation filtering, the opening filtering can significantly shrink the positive
spike hats and keep other shapes unchanged. The reason is that the dilation effect can
cancel the erosion effect for all the shapes except the positive spike hats, when the
erosion and dilation filtering use the same impulsive structuring element in opening
filtering. Similarly, with the impulsive structuring element, closing filtering can

dramatically shrink the negative spike hats and keep other shapes unchanged.

Erosion @W=7,H=2

.......... |nput(n)

Amplitude
|
[ l
&
I~
| &
4"

- - Erosion{n}
0 5 10 15 20 | — —mpuisive Structuring Element
Time Point ©  Origin of Impulsive Structuring Element
Opening @W=7,H=2
) .
h=) . -,
3 - ‘. LIS
= - v .- i
E. i v e .“'.—". .‘.- i@ o |aelen |nput(n)
g ﬁ Opening(n)
0 5 10 15 20 25 30 35
Time Point
Top-hat @W=7,H=2
3 @ e
= o® @,@.@ s _@%08
= .. @ S T O  PSH7
E . A (S o+ Input(n)
e Top-hat(n)
0 5 10 15 20 25 30 35
Time Point

Figure 2.2 Erosion, Opening and Top-hat with W = 7, H = 2
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The top-hat and bottom-hat filtering are highlighting the unrecovered spike hats from
the opening and closing filtering respectively. The top-hat filtering (Figure 2.2 Top-hat)
is the difference between the input waveform and its opening filtering, as a result of
which it extracts the positive spike hats from the input waveform. The bottom-hat
filtering (Figure 2.3 Bottom-hat) is the difference between the closing filtering and the
input waveform, and it separates the negative spike hats from the input waveform. The
mathematical expressions regarding the erosion, dilation, opening, closing, top-hat and

bottom-hat filtering are provided in Appendix A.3.
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Figure 2.3 Dilation, Closing and Bottom-hat with W = 7, H = 2
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The impulsive structuring elements for the erosion and dilation filtering within both the

top-hat and bottom-hat filtering are constructed as:

where:

neZ W eN,H eN,and W is odd;

SEg(n) -- the structuring element for the erosion filtering;
SEg(n) -- the structuring element for the dilation filtering;
W -- the width of the impulse structuring element;

H -- the height of the impulsive structuring element.

As the width of the impulsive structuring element being 7 (W = 7) is finally used in the
algorithm implementation (Chapter 4), only the top-hat filtering with W = 7 and the
PSH7 (positive spike hats of 7) are discussed here. Other cases can be verified
mathematically in the similar way. M'ST(W>0W=7 is the morphological set of the
positive output of the top-hat filtering with W = 7. MSA®¥n-6n+61<7 s the PSH7
with the amplitude error tolerance being the height of the impulsive structuring element

(e = H). Appendix A.4 proves that validity of

MS(/_\)(n,}[)[n_(,,n+6]<7 c MsT(n)>0,W=7 (26)
Therefore, the PSH7 extraction ability of the top-hat filtering with W = 7 is valid.
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2.2.3 Optimization

The outcome of the top-hat and bottom-hat filtering with the impulsive structuring
element is the extracted positive and negative spike hats respectively. However, for the

top-hat filtering with W = 7 and the PSH7 (positive spike hats of 7), MST(W>0W=7 5

M SR in-6n+6<7 instead of MSTMW>0W=7 = prsARIDm-sn+e1<7 |n other words,

the top-hat filtering extracts not only the positive spike hats of interest

(M sAn3 Jin-6m+61<7) put also some shapes from the complementary set

(MSK("'}[)[n—a,n+6]27 = CUMSK(n’}[)["—6'n+6]<7).

The optimization process on the top-hat filtering line is expressed as:

OT(n) — {0, if I(Tl) € M(,S’K(n,}[)[n-w+1,n+w_1]zw (2 7)
T(n),otherwise

where:

OT (n) -- the optimized top-hat filtering;

I(n) -- the algorithm input;

MSAOIOm-ws1nsw-112W __ the complementary set of the positive spike hats of interest;

T (n) -- the top-hat filtering.

According to the definition of the instantaneous width of a positive spike (Equation 2.1):

17



ng(nr}[) m-w+1n+w-1]2W

= [(n) = 3, +0) -wmy~ - ~[(W) — H, +0) 4m-1)
m=1,2,. W

(2.8)
The optimization process on the top-hat filtering line can be interpreted as follows.
When the algorithm input waveform I(n) is the morphological element of the positive

spike hats of interest M SN m-w+insw-1<W the output of the top-hat filtering is
positive. In this case (the ‘otherwise’ case in the Equation 2.7), the output of the
optimized top-hat filtering heritages from that of the top-hat filtering. When the

algorithm input waveform I(n) is the morphological element of the complementary set

of the positive spike hats of interest MSA®¥m-ws1nw-12W  the output of the top-hat
filtering can be positive due to the false extraction. In this case, the output of the
optimized top-hat filtering is overwritten to zero. Therefore, only the positive spike hats

of interest can be extracted by the optimized top-hat filtering.

The optimization process on the bottom-hat filtering line is expressed as:

OB(n) — {0, if I(n) (S MSV(n,}[)[n—w+1,n+w_1]zw (2 9)
B(n),otherwise

where:
OB (n) -- the optimized bottom-hat filtering;

I(n) -- the algorithm input;
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MSVOIDm-wsinw-12W __ the complementary set of the negative spike hats of

interest;

B(n) -- the bottom-hat filtering.

According to the definition of the instantaneous width of a negative spike (Equation

2.2):
MSV(n,}[) n-w+1n+w-1]2W

= |J o+ e~ (o0, () + Hrmn

m=1.2,.. W
(2.10)

The optimization process on the bottom-hat filtering line can be analyzed in the similar
way as the top-hat filtering line. Therefore, only the negative spike hats of interest can

be extracted by the optimized bottom-hat filtering.

2.2.4 Recognition

The recognition as the last stage in the spike detection is identifying the strong IGBT
switching spikes based on the extracted spike hats of interest by the previous stage.
More precisely, such identifying ability is built by processing the information carried by
the output values of the optimized morphological filter. The width of the impulsive
structuring element being 7 (W = 7) case is used for the explanation and illustration

because this is the case for the algorithm implementation in Chapter 4. A spike narrower
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than 6 data points is described as narrow, while one as wide as or wider than 6 data
points is described as wide. The Figure 2.4 is one good example to demonstrate the

information that the outputs of the optimized morphological filter carry.

Algorithm Input
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2
=
£
<
0 35
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The numbers around some data points are the nonzero optimized top-hat(n)
()
E
£
E
0 35
Tlme Pomt
Optimized Bottom-hat @W=7 H=2
The numbers around some data points are the nonzero optimized bottom-hat(n)
)
3 32
=
£ 23 522
<
10
i 1 1 4 J il
25 30 35

Time Point

Figure 2.4 Optimized Morphological Filter Demonstration

From the period-of-time viewpoint, the outputted data points of nonzero amplitude by
the optimized top-hat filtering present the positive spike hats of interest (the only

extractable shapes), which is the extraction ability discussed previously. The output data
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points with the zero amplitude present the unextractable shapes, which include the
nonpeak part (the other part of the body except the peak) of a wide positive spike and

the no-positive-spike shapes.

From the instance-of-time viewpoint, whether the output data point has the zero
amplitude reflects whether the corresponding data point in the algorithm input
waveform is in the unextractable shapes. Moreover, the output value of the optimized
top-hat filtering indicates the amplitude of the focal data point in the input waveform
with respect to the feet of the positive spike hat of interest, and such amplitude is termed
as the instantaneous height in the positive spike hat of interest. For example, the dashed
rectangle in Figure 2.4 highlights the morphological element
(8,81)~(9,92)~(10,113)~(11,100)~(12,87)~(13,76) of a positive spike hat of 7,
and its hat feet is (7,70). The outputs of the optimized top-hat filtering in the
corresponding time interval are 11(=81-70), 22(=92-70), 41(113-70-#), 30(100-70),

17(87-70), 6(76-70).

Therefore, the output of the optimized top-hat filtering carries the following

information.
1) The output value is the instantaneous height in the positive spike hat of interest.

2) A zero value means the corresponding data point in the input waveform is in the

unextractable shapes.

The information carried by the output of the optimized bottom-hat filtering can be

analyzed in the similar way.
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The recognition process is expressed as:

0,0T(n) < Aand OB(n) < A

_]o,if oT(n),0B(n) € MSYSP and OT(n) < 2A
R(n) = i 0,if 0B(n),0T(n) € MSYSP and OB(n) < A (211)

1, otherwise
where:
R(n) -- the recognition;
OT (n) -- the optimized top-hat filtering;
OB (n) -- the optimized bottom-hat filtering;
A -- the amplitude threshold;
MSWSP - the template of a wide spike’s peak.

MSWSP

_ U < [O'O] (n+m—W)~(0' —|—oo) (n+m-w+1)"" - ~(0' +O°) (n+m—1)~[0'0] (n+m)» )

0,0 _yn~(—o0, 400 _ ~ .~(—00, 400 -n~10,0
m=1,2,.,W—1 [ ](n+m w) ( )(n+m W+1) ( )(n+m 1) [ ](n+m)

(2.12)

The visual presentation of M'S"SP with W = 7 is in Figure 2.5, which also includes the
equivalent pattern in the input domain. The mathematical proof of the equivalence of the
patterns in the optimized morphological filter domain and the algorithm input domain is

provided in Appendix A.5.
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Figure 2.5 Template of a Wide Positive Spike’s Peak @QW = 7

The first three conditions in the Equation 2.11 look for some easily identified shapes,
and these shapes are the complementary set of the strong IGBT switching spikes. The
first condition contains of two aspects of information. The condition 0T (n) =

0 and OB(n) = 0 corresponds to the no-spike shapes and the nonpeak parts of a wide
spike (the first two graphs in Figure 2.6). The condition 0T (n) < A and OB(n) < A
not only includes the condition OT (n) = 0 and OB(n) = 0, but also corresponds to the
weak (< A) hats. Such weak hats are either the weak body of a narrow spike or the

weak peak of a wide spike (first two graphs in Figure 2.6).

The second condition focuses on the peak of a wide positive spike. If a sole weak

narrow spike can have the amplitude up to A in the first condition (the first graph in
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Figure 2.6), the case of a sole weak narrow spike over a wide same-polarity spike (for
example, a narrow positive spike standing on a wide positive spike; see the third graph
in Figure 2.6) can have the amplitude up to A + A = 2A. The third condition is the
almost the same as the second one, but it works for the peak of a wide negative spike.
No matter when the strong narrow spike occurs (solely or over a wide spike), it does not

meet any of the first three conditions.
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<
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Figure 2.6 Recognition Examples

Adjusting the width of the impulsive structuring element W is essentially adjusting the
width of the hat of interest, thus the body width of a narrow spike. The amplitude

threshold A distinguishes the strong spikes and weak ones. Therefore, the spike
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detection has the adaptability of variant width and height definitions of the strong IGBT

switching spikes.

2.3 Spike Smoothing
2.3.1 Multiresolution Analysis

Multiresolution analysis (Figure 2.7) is an efficient tool of function analysis in the
different function spaces, and each function space has its own basis which represents the

space feature.

Function series {d)Lk(t), keZ } form the orthogonal basis for the function space V;, so
that any function belongs to this function space £ €'/ (t) can be expressed as the linear

combinations of {®; ,(¢), k € Z } as:
FEIEO) = Tilf ", @14 (D) Dy (1) (2.13)
where:
D (1) = 2§q>(21't —k),k € Z;
@(t) -- the scaling function;
j -- the scale;
(f(t), g(t)) -- the inner product, and its expansion is (f (t), g(t)) = ffozo f(Hgadt.

The inner product of the function £€Vi(t) and the basis ®; . (t) also represents the

projection of £€Vi(t) onto the basis ;. (0).
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Similarly, the orthogonal basis for the function space V;,; and V;_, are {d>j+1,k (t),k €
Z }and {®;_, (), k € Z } respectively. As the basis for these spaces are different in the

scale j, they represent different frequency bands that are twice wider or narrower than
each other. The relation among these function spaces in the time and frequency domains

is:

Vigr 2 Vi D Vi (2.14)

Figure 2.7 Multiresolution Analysis

The complementary space of V; in V., isW; (V; L W;, V; + W; = V;,4), and it has the
orthogonal basis {‘ij (), k € Z }. Any function belongs to this function space " (¢)

can be expresses as:

Vi) = T, W (O (8) (2.15)
where:
W (1) = Z%W(th —k),k € Z;

Y(t) -- the wavelet function;
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j -- the scale;

(f(t), g(t)) -- the inner product.

Therefore,

Vi=Via+ Wi =Vt Wi+ Wiy =Vig+ Wjs + Wiy + Wjy =

(2.16)

VVj—l J_ VVJ'_Z J_ VV]‘_3 J_ ce (217)

For the function that belongs to the V; space, it can be decomposed into functions that

belong to the smaller subspaces as:
fEVj — fEVj_l +fEWj_1 (218)

The projection of £€VJ, £€Vi-1 and £€WJ-1 in their own spaces are A"i (k) =
(fY,®;,(0)), A=) = (fVi=2, @;_1 () and DW=t (k) = (fWi~1, W;_1 (1))
respectively. The Mallet algorithm reveals the relation between A/ (k) and AYi-1(k),

AVi(k) and DWi-1(k) as follows.
AVIm1(n) = Tkez AV (R)Lp[2n — K] (2.18)
DWi=t(n) = ¥yez A" (K)Hp[2n — K] (2.19)
where:

A -- the approximation coefficients, and it represents the low frequency components;
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D -- the detail coefficients, and it represents the high frequency components;
Lp -- the low-pass filter coefficients for decomposition;

Hj, -- the high-pass filter coefficients for decomposition.

The Equation 2.18 and 2.19 are also known as the discreet wavelet transform (wavelet

decomposition).
The inverse discrete wavelet transform (wavelet reconstruction) is expressed as:
AVi(n) = Yez A" (k) Lg[n — 2k] + Yyez DVt (k) Hg[n — 2k] (2.20)
where:
A -- the approximation coefficients, and it represents the low frequency components;
D -- the detail coefficients, and it represents the high frequency components;
Ly -- the low-pass filter coefficients for reconstruction;

Hjy -- the high-pass filter coefficients for reconstruction.

The values of Ly, Hp, Lg and Hi depend on the choices of the wavelet, and they are
accessible through the MATLAB commands. Table 2.2 lists the filter bank coefficient

values of the DB1 and DB2 wavelet.
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Table 2.1 Filter Bank Coefficients for Wavelet Decomposition and Reconstruction

Wavelet Filter Bank Coefficients
DB1 Lp(0)=0.7071,L(1)=0.7071
Hp(0)=-7071,Hp(1)=0.7071
Lr(-1)=0.7071,Lg (0)=0.7071
Hg (-1)=0.7071,Hg (0)=-0.7071
DB2 Lp(0)=-0.1294,L5(1)=0.2241,L(2)=0.8365,L(3)=0.4830

Hp, (0)=-0.4830,Hp,(1)=0.8365,Hp (2)=-0.2241,Hp (3)=-0.1294

L (-3)=0.4830,Lg (-2)=0.8365,Lg (-1)=0.2241,L; (0)=-0.1294

Hg (-3)=-0.1294,Hg (-2)=-0.2241,Hg (-1)=0.8365,Hg (0)=-0.4830

2.3.2 Wavelet Shrinkage

Wavelet shrinkage applies some shrinkage policies on the detail coefficients in each

decomposition level, and then the signal is reconstructed from the original

approximation coefficients and the shrunk detail coefficients. In this way, high

frequency components are removed in the reconstructed signal. The wavelet, which is

used in the decomposition and reconstruction in the spike smoothing, is the DB1

wavelet. The filter length of the other wavelet results in the necessity of data extension

and the increase in the computational complexity and the hardware complexity. The

level of decomposition depends on the length of the processing window. The most levels

of the wavelet decomposition are expected to achieve so that all the detail coefficients
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represent the widest high frequency band to fully cover that of the IGBT switching

spikes. The wavelet shrinkage diagram is in the Figure 2.8.

A2D |- > AR

Al1D » D2D D2R Al1R

D1D

\4
\4

Input

D1R Output

Figure 2.8 Wavelet Shrinkage

All the coefficients are in the format ‘XnY’. <X’ denotes either the approximation
coefficients or the detail coefficients. The number ‘n’ between the two letters denote the
level number. <Y’ denotes either the coefficients from the decomposition or the

coefficients for the reconstruction. The shrinkage policy is:

DnD
2—5 = DnR

where:

S -- the shrinkage scale;

DnD -- the detail coefficients from the n-level decomposition;

DnR -- the detail coefficients for the n-level reconstruction.
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Chapter 3 Spike Removal Simulation

This chapter presents the spike removal algorithm simulated with MATLAB to explore
parameter combinations for satisfactory removal performance. Section 3.1 specifies the
source of the input waveform for simulation. Section 3.2 and section 3.3 discusses the
simulation results of the spike detection and spike smoothing respectively with different
parameter sets. Section 3.4 summarizes all the simulation results and finalizes the

parameter set, which is used for the algorithm implementation.

3.1 Simulation Input

To assure the input waveform correctly presents the real environment and IGBT
switching spikes, an additional current sensor is placed inside the operating power
converter to measure the grid current. The grid current is the output current of the power
converter, and its injection into the grid relies on the modulation of the DC Link end
voltage through the IGBTs to match the grid voltage. As a result, it contains the most
IGBT switching spikes. The grid current measurement is sampled by a 12-bit 3aMHz
ADC so that an IGBT switching spike whose width is narrower than 1.5 us is presented
by five data points at most. The sampling amplitude is range from 0 to 4095 (212 — 1).
The Figure 3.1 shows the input waveform for the simulation of the spike detection and
spike smoothing. It contains several strong IGBT switching spikes framed in the figure
and a synthesized wide positive spike which simulates the overcurrent situation. The
sawtooth waveform is the current waveform under the normal operating condition. The

simulation designs and MATLAB codes are presented in Appendices B.1-10.

31



Simulation Input Waveform
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Figure 3.1 Simulation Input Waveform

3.2 Spike Detection Simulation

The spike detection process (presented in Appendices B.1-4) outputs the Boolean ‘1’ if
it identifies a strong IGBT switching spike and Boolean ‘0’ if not. Good detection
performance results from three parameters including the width of the structuring
element W, the height of the structuring element H and the amplitude threshold A. The
width of the structuring element W is the width threshold between an IGBT switching
spike and a wider informative spike. The height of the structuring element reflects the

amplitude error tolerance. The amplitude threshold distinguishes a strong or weak IGBT
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switching spike. A good parameter set enables the spike detection to recognize a strong

IGBT switching spike, which is narrower than W and higher than A.

Figure 3.2 and Figure 3.3 show the spike detection results with two different parameter
sets. In Figure 3.2, the spike detection identifies a target spike based on its width only
because the amplitude threshold <A is set to 0. Some key information is pointed out in

Figure 3.2 as follows.

1) An IGBT switching spike spans as wide as 5 data points, so the width threshold W is

set slightly higher, to 7 (odd numbers only by the design).

2) The maximum gradient on the sawtooth is 4, which means the amplitude error is

small. The error tolerance 7 is set to 2.

3) The data points that deviate from the sawtooth dramatically are marked with circles,
as well as a small amount of those on the sawtooth and some on the weak IGBT

switching spike.

4) The data points on the weak peak of a wider spike are marked, because the amplitude

threshold is set to 0.
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Figure 3.2 Spike Detectionwith W =7, H =2, A =0

In Figure 3.3, the amplitude threshold A has a nonzero value, and the other two
parameters are kept unchanged, so the amplitude threshold criterion applies. The data
points that deviate from the sawtooth are still marked, but a smaller amount of those on
the sawtooth and on a weak IGBT switching spike are recognized. The synthesized wide
spike is not recognized by the spike detection algorithm, because the nonpeak part and
the weak peak of a wide spike is designed to be ignored. The full simulation design and

MATLAB codes for the spike detection is presented in Appendices B.1-4 and B.8.
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Figure 3.3 Spike DetectionwithW =7, H =2, A = 15

3.3 Spike Smoothing Simulation

The spike smoothing process (presented in Appendices B.5-6) suppresses the high

frequency components that are in the same frequency band with an IGBT switching

spike. The smoothing effect depends on only one parameter, the shrinkage degree S.

Two in the power of the shrinkage degree (2°) is the value the wavelet detail

coefficients are reduced by. Figure 3.4 and Figure 3.5 show the smoothing results with

two different shrinkage degree values. The full simulation design and MATLAB code

for the spike smoothing is presented in Appendices B.5-6 and B.9.
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Spike Smoothing @S=1

1800

1700

1600

1500

Amplitude
s
3

1300

1200

Input(n)
Smoothing(n)

a strong spike

1100 ! : i :
0 50 100 150 200 250 300 350 400

Time Point

Figure 3.4 Spike Smoothing with § = 1

In Figure 3.4 with § = 1, the output waveform of the spike smoothing presents the
outline of the sawtooth, but strong spikes still exist, which means the smoothing effect is
not effective enough. In Figure 3.5 with § = 4, strong spikes disappear, and the spike
region is smoother. Therefore, the larger the shrinkage degree value is, the better the
smoothing effect is. However, the amplitude of the synthesized wide spike is lowered
because the wavelet shrinkage does not distinguish a spike by width and suppresses any
high frequency components including those in the synthesized wide spike. The
conclusion is the wavelet shrinkage is satisfactory for the removal of the strong IGBT

switching spikes, but not for the preservation of the other spikes.
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Figure 3.5 Spike Smoothing with § = 4

3.4 Spike Removal Simulation

Spike removal (presented in Appendices B.1-7) is the combination of spike detection
and spike smoothing in the way that the spike detection controls the multiplexing of the
smoothed input waveform and the original input waveform over the output. In this way,
the output waveform is different from the input only when a target spike is detected.
Good performance of spike removal relies on the parameter choices discussed
previously. Figure 3.6 shows the spike removal result with 5000 input data points and

the parameterset: W =7, H =2, A = 15,5 = 4.
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the spike smoothing process. The data points of the nontarget in the input waveform are

1600

Spike Detection Smoothing @W=7,H=2,A=15,5S=4

Detected Spikes In Input(n)
Removal(n)

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time Point

Figure 3.6 Spike Removal with W =7, H =2, A =15,§ =4

not highlighted as dots, but they are in the output waveform as the spike removal

algorithm lets them through without any modification. Figure 3.7 presents the bigger

picture by feeding 30,000 data points into the spike removal algorithm. With the strong

IGBT switching spikes removed, the extremums are closer to the sinusoid waveform

(the current waveform under the normal operating conditions in a longer time interval)

itself. It is much less unlikely for the extremums to reach the overcurrent or

38



undercurrent thresholds. The parameter set W = 7, H = 2,A = 15,8 = 4 is thus used
in the spike removal implementation in the next chapter. The full simulation design and

MATLAB codes for the spike removal is presented Appendices B.1-7 and B.10.

Spike Detection Smoothing @W=7,H=2,A=15,5S=4
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Figure 3.7 Spike Removal with W =7, H =2, A =15,§ =4
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Chapter 4 Spike Removal Implementation

This chapter presents the spike removal algorithm implemented with Verilog on the
FPGA chip XC7A100T (XILINX family). Section 4.1 describes the new power
converter system that involves the spike removal module and the real time data
acquisition subsystem for testing purposes. Section 4.2 discusses the algorithm’s
implementation in terms of mitigation, resource usage, post-synthesis verification and

propagation delay.

4.1 Power Converter System

In the new power converter system (Figure 4.1), the spike removal algorithm is
translated into a Verilog module named ‘spike removal’, and it has been tested with the
behavioral simulation. The FIFO based protocol, USB bridge IC, USB and GUI form
the real time data acquisition subsystem for the testing purpose (post-implementation of
the spike removal algorithm) and other utilities. The FIFO based protocol is the
application layer protocol implemented with the Verilog language over the lower layer
FIFO protocol, so that any data inside the FPGA is accessible and fetchable in either the
interrupt or the streaming mode. The chip FT600Q, the USB bridge Integrated Chip
(IC), plays a key role in the communication between the FPGA and the PC, and it offers
the USB 3.0 compatibility, so the bandwidth is sufficient for the multichannel streaming
type of data transfer. The GUI is a Windows Presentation Foundation application based
on .NET, which was developed for data display (real time line chart) and analysis (data

is logged for analysis with MATLAB).
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4.2 Spike Removal Implementation

Some key aspects regarding the implementation of the spike removal algorithm are

discussed in the following paragraphs.

4.2.1 Mitigation

Although the Verilog language is good for modularization and parallel hardware, the
erosion module is strongly recommended to avoid instantiating the erosion cell module
as presented in Figure 4.2. The reason is that there exists duplicated logic, such as
Min(In4, In5) in the instances i_ers _cll_0andi_ers_cll_4, which causes a wasteful call
to the Look-Up-Table (LUT) resource in the FPGA. The wasted LUT can skyrocket
exponentially with the growth of the width of the structuring element, and it reaches an
unacceptable order of magnitude when W = 9, depleting the LUT resources. A resource
efficient way of delivering the erosion module is presented in Figure 4.3. The
improvement is that no duplicate logic exists anymore. (See Appendix B.11 for the

Verilog codes of the top module of the erosion module with W = 7)
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Module Definition of ‘Erosion’
12-bit In0 Inl In2 In3 In4 In 5 In 6 In7 / In 8
Min

>

g
1

neneal

Min —-H Min —H Min —-H
I I I
Min Min Min
Min Min Min
i_ers cll O g i_ers cll 1 g i_ers cll_4 N
12-bit \ Out 0 Out 1 Out 4

Module Definition of ‘Erosion Cell’

Figure 4.2 Resource Inefficient Erosion Module @W = 3

12-bit In0 Inl In2 In3 In4 In5 In6 In7 In8

AN NN NN AN

Min Min Min Min Min Min Min Min

\/
Min Min Min
Min Min Min
12-bit Out0 Out1l Out 4

Figure 4.3 Resource Efficient Erosion Module @W = 3
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Another resource saving strategy is applied on the implementation of the opening and
closing filtering showed in Figure 4.4. The parallel way of performing opening and
closing filtering requires two instances of the erosion module and dilation module (4 in
total), whilst the crossing way needs only 1 instance of each. The saved LUT resources

would be enormous when the width of the structuring element was larger.

—> iers 0 idt0 [—>

—> i_dlt 1 iers 1 [—>

i_dit_0

(@) (b)

Figure 4.4 (a) Opening and Closing Implementation in the Parallel Way, (b) Opening
and Closing Implementation in the Crossing Way

4.2.2 Resource Usage
FPGA IC: XC7A100TCSG324-2
IDE: Vivado 2019.1

Algorithm Parameter set: W =7, H = 2,A =15,5§ = 4
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Table 4.1 Spike Removal Post-Implementation Utilization

Resource Utilization Available Utilization %
LUT 5915 63400 9.33
FF 4720 126800 3.72

The simultaneous spike removal on four current channels takes up 27.9% of the LUT

resources.

4.2.3 Post-Synthesis Verification

Post-synthesis verification is an important step for the algorithm implementation
because it considers the propagation delay in the FPGA fabric. The input data and
output data of the spike removal module are transferred to the PC through the real time
data acquisition subsystem. The module input data is also used to generate the reference
data with the MATLAB calculation. Comparison of the reference data with the module
output data is repeated with several iterations of the data size of 100,000 to verify the
correctness of post-synthesis. One iteration is presented graphically in Figure 4.5. The
maximum and minimum values of the module input are 2914 and 1304, and those of the
module output are 2687 and 1532. After applying the spike removal algorithm, the
strong IGBT switching spikes, which limit the choices of the thresholds for the hardware

layer overcurrent detection, are gone.
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Figure 4.5 Post Synthesis Verification

4.2.4 Propagation Delay

As the execution time in the FPGA is accurate and stable, the propagation delay of the

spike removal module is predictable. There are two types of delay adding to the final

propagation delay: the processing window delay and the execution delay. For the

processing window delay, the amount of data points that are necessary for the spike

removal algorithm are 4W — 3 = 25, when W = 7. When the spike removal algorithm

processes for the current moment, it requires 12 input data from the past and 12 from the

future. In other words, when a new datum arrives from the ADC at the processing
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window right now, the spike removal algorithm shifts it in, processes and outputs a

datum for the 12-data-point ago as showed in Figure 4.6.

Processing Window

lhistory data 24-data-point ago  |history data 12-data-point ago

new arrived datat

24-data-point ago 12-data-point ago now

Figure 4.6 Processing Window with W = 7

In terms of execution delay, it takes 17 system clock cycles for the spike removal
module to process and get the output datum (see Appendix C.1 for the timing diagram of

the spike removal module). The propagation delay of the spike removal module is

! +17 X !

samping system

1
100MHz

12 X

=12 X ——+ 17 X = 4.17us 4.1)
3MHz

47



When an overcurrent event occurs, the hardware layer system protection receives it after

4.1715.
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

As the result of the present thesis work, an FPGA-based IGBT switching spike removal
algorithm for the power converter has been developed. The implementation of the
developed algorithm allows noisy spikes to be removed from the sensor measurement.
This algorithm uses the existing morphological filtering theory and designed the follow-
up processes to analyze the features of the spikes of interest in its spike detection
process. The algorithm also uses the existing wavelet shrinkage method to produce the
spike-free measurement. Although the morphological filter theory is commonly used in
the image processing area, it can be applied to other fields of research. In particular, the
wavelet shrinkage method is one of the denoising methods based on the traditional
temporal-frequency domain. The significance of the developed algorithm is combining
the two techniques in the signal-processing-for-the-power-converter application to

detect and remove the targets of interest, such as spikes.

The occurrence of strong IGBT switching spikes causes low accuracy in data analysis in
DSP and false activation of the hardware-layer system protection. A great deal of
mathematical supports, simulation results and implementation results demonstrate the
effective removal performance of the algorithm. After integrating this algorithm in the
system, the DSP receives a spike-free sensor measurement for the data processing, and
the hardware-layer system protection is not triggered during the normal operating

conditions.
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The wavelet shrinkage or other frequency-based denoising methods alter the shapes of
wider spikes, because they suppress the high-frequency components of a wide spike.
The advantages of the algorithm developed over the sole wavelet shrinkage in the
present application are: (1) wider spikes are preserved so that no information is lost, and
(2) adjustable parameter guarantees the adaption to variant width and height definitions

of a strong IGBT switching spike.

5.2 Major Contribution

In the present thesis work, the IGBT switching spike removal algorithm has been
designed with mathematical support, simulated with the real environmental data and
verified with an FPGA board. Two versions of the Interface and Protection Board PCB
have been designed and manufactured to integrate the FPGA chip and other interfacing
circuits. The Verilog codes of the other module, such as the hardware-layer system
protection module, ADC driver module, DSP communication module and USB
communication module, have been tested successfully. The GUI development (not
compulsory) has been tested, but some misleading transitions in the user interface cause

the application to exit occasionally.

5.3 Future Work

The third version of the Interface and Protection Board PCB need to be designed to

incorporate the ADC circuit, because ADC development boards are plugged vertically
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into the Interface and Protection Board currently. The new PCB board need to be tested

for the correct wire connection and functionality. The GUI needs to be fully debugged.
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Appendix A

A.1 An Example of Morphological Element and Morphological Set
The morphological set M'S = [1,2](10)~[(13), +20)11)~(—0o, (11) —
6)) (12)~(8, +00)(13) can be equivalently expressed as:
Mms ={(10,£(10))~(11, £(11))~(12, £(12))~(13, £(13))|1 < £(10) < 2, f(13)
< f(11), f(12) < f(11) - 6,8 < f(13)}
It is easy to prove that

(10,1)~(11,9)~(12,2)~(13,9)

€ [1:2](10)~[(13); +OO)(11)~(—OO, (11) - 6))(12)"’(8, +Oo)(13)
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A.2 Examples of Positive Spike Hats of 7 and Negative Spike Hats of 7

Example Waveform

IThe numbers around each data point are (n)

Amplitude

Time Point
Morphological Elements of Positive Spike Hats of 7 @e=2

IThe numbers around each de;ta point are """.*("’2)[n-6,n~6] = b
o)
ko]
o
a
E
S oc

oC
©  ME of PSH7 (peak of a wide positive spike)
oc X . . . O ME of PSHT7 (body of a narrow positive spike)
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Morphological Elements of Negative Spike Hats of 7 @e=2

T

Time Point
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A.3 Morphological Filtering

Erosion (f © SEg)(n) =

min {f(n +m) — SEe(m)}
m=1—W9'3—W9’" We—3 We—l

2 o2 "7V o2 72

Dilation (f @ SEg)(n) =

m

{f(n+m) + SEg(m)}

max
=1—W® 3—W® W®—3 W@-l
2 7 o2 TV o2 2

Opening (£ © (SEe, SEs)) () = ((f © SEo) @ SEg ) ()
Closing (f © (SE@, SEo)) (n) = ((f @ SE) © SEg ) (n)
Top-hat (fA(SEe, SEg)) () = f(n) = (f ® (SEe, SEg) ) ()

Bottom-hat (fV(SEg, SEg) ) (n) = (f © (SEg, SEg)) () — f(n)

The one-dimensional discrete function f(n) is the input waveform to be
morphologically operated on. SEg(n) is the structuring element for the erosion, and its
width Wg is positive and odd. SEg (n) is the structuring element for the dilation, and its

width Wy, is positive and odd.
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A.4 Positive-Spike-Hats-of-7 Extraction Ability of the Top-hat with the Width of

the Impulsive Structuring Element Being 7:

MSK(n'H) n-en+6]<7 MsT(n)>O,W=7

Three steps are taken to prove the equation above as follows.
Step 1 (A.4.1): Obtain the expression of MSTMW=0W=7
Step 2 (A.4.2): Prove MS AW Din-sn+el<7 € prsTM>0W=7,

Step 3 (A.4.3): Find the morphological element e in MSTM>0W=7 g that ¢ ¢

]\/[57\(7%7f Jin-6n+6]<7

A.4.1 Obtaining the expression of M ST@=0W=7

The calculation procedure of the top-hat is presented as below.
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T(n) = (f/\(SEe,SE@)) (n) = f(n) — (f ® (SEG,SEEB)) (n)

(f © SEg)(n —3),)
(f ©SEg)(n—2),
(f ©SEg)(n—1),
= f(n) - ((f © SEg) @ SEg ) (n) = f(n) — max< (f © SEg)(n) + H,
(f ©SEg)(n+ 1),
(f ©SEg)(n+2),
(f ©SEg)(n+3),)

-~

=f(m)

min{f(n=6),f(n=5),f(n=4),f(n=3) —H,f(n=2),f(n—=1),f(n)}, )
min{f(n —5),f(n—4),f(n—3),f(n—2) - H,f(n—1),f(n), f(n + 1)},
min{f(n—4),f(n— 3),f(n - 2),f(n— 1) _}['f(n)'f(n-l_ 1)lf(n+ 2)}:
—max{ min{f(n—3),f(n—2),f(n—1),f(n) —H,f(n+1),f(n+2),f(n+3)}+H,
mln{f(n— 2),f(7'l— 1),f(n),f(n+ 1) _}['f(n-l_ 2),f(7’l+ 3)lf(n+4)}:
mln{f(n— 1),f(7'l),f(n + 1),f(n+ 2) _}['f(n-l_ 3),f(n+4),f(n+ 5)}:
min{f(n),f(n+1),f(n+2),f(n+3)—H,f(n+4),f(n+5),f(n+6)}

v~

From the equation above, the time points that contribute to the top-hat calculation is

fromn—6ton + 6.

Therefore, the universal morphological set is built on the relevant time points as:

msY

= (=00, +0) ,_g)~(—00, +00) (_5)~(—0, +00) (_4)~(—0, +00) (,_3)~(—0, +00) (,_5)~ (=00, +00) (1)~

(=90, +00) ()~ (=00, +00) (3 1.1y~ (— 0, +00) (1 42y~ (— 0, +00) (1 437~ (=0, +00) (1 4.4y~ (—0, +00) (1 4 5)~ (=0, +00) (1 46

The universal morphological set M'SY is partitioned into 7 mutually exclusive subsets
as the 7 preconditions of the discussion of M'STW=0W=7 These 7 preconditions

denoted as MSPeconM M = 1,2, ... 7 have expressions as:

MSPreconl = (—co, 400) -6y~ (=00, +00) 5y~ (=00, +00) (n_gy~[(N) — H, +00) (_z)~
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[(n) —H, +00) (n_p)~[() — H, +00) (y_1)~ (=00, +0) (;y~[() — H, +00) (. 1)~[() — H, +00) (y42)~
[(n) = H, +0) 43y~ (=00, +00) (51 4)~ (=90, +00) (51 5)~ (=0, +0) (. 4.6) (oY
MSPrecon2 = (—co, 400) gy~ (=00, 400) (n_s5)~ (=00, +00) (g~ (=00, (N) — H) (_3)~
[(n) —H, +00) (n_p)~[() — H, +00) (1)~ (=00, +0) (;y~[() — H, +00) (. 1)~[() — H, +00) (y42)~
[() = H, +00) (n43y~ (=0, +00) (1 4)~ (=0, +00) (51 5)~ (=0, +0) (14.6) (@2)
MSPrecon3 = (—oo, 4+00) gy~ (=00, +00) (_5)~ (=00, +:00) (, _g)~ (=00, +-00) (5 _3)~
(=0, (n) — H)(n_zy~[(n) — H, +00) (1)~ (=0, +00) (py~[(n) — I, +0) 1.1y~ [() — H, +00) (. 42)~
[(n) — 3, +00) 43y~ (=0, +00) (54 4~ (=90, +00) (1 5)~ (=00, +00) (116 (@3)
MsPrecont = (—oo, +00) gy~ (=00, +00) (_g5)~ (=00, +:00) ()~ (=00, +-00) (5, _3)~
(=00, +90) (n_2)~ (=0, (N) — H) (1)~ (=0, +0) (y~[(N) — H, +0) (1)~ [() — I, +0) (42~
[(n) — H, +00) (43~ (—90, +00) (31 4)~ (=0, +00) (51 5)~ (=00, +0) (5 4.6) (a.4)
MSPTECons = (—00, +00) )~ (—00, +00) 5y~ (=0, +00) (_gy~ (=00, +00) (,_3)~
(=00, +00) (y_2)~ (=0, +00) (,_1)~ (=0, +00) (y~ (=00, (N) — H) (41)~[(N) — H, +0) 112y~
[(M) — H, +00) (43~ (=0, +00) (1 4y~ (=0, +00) (51 5)~ (=0, +0) (116 (@.5)
MSPTeCont = (—co, +00)(,_g)~(—00, +00) _5)~ (=00, +00) gy~ (=00, +00) (,_3)~
(=00, 490) (_2)~ (=00, +00) (,_1)~ (=0, +00) () ~(—0, +00) (11 1)~ (=00, () — H) (42)~
[(n) — 3, +00) (43)~ (=0, +00) (4 49~ (=90, +00) (1 5)~(— 00, +00) (1.6 (a.6)
MSPreConT = (—0o, 400) 5,6y~ (=00, +00) 5y~ (=00, +:00) (_gy~ (=00, +00) (,_3)~
(=00, +00) (_3)~ (=00, +00) (1)~ (=00, +00) ()~ (=0, +00) (. 1.1y~ (=0, +0) (4 2)~

(=00,(n) — H) (n+3)~ (=0, +00) (3 44)~ (=00, +00) (1 4y 5)~ (=0, +00) (51 16) @)
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Some other condition notations are needed during the process of proof. We use
M S SubConl tq prsSubConé tq denote MS(f@SEe)(n—3)=f(n) to MS(f@SEe)(n+3)=f(n)

respectively, and they have expressions as:
M SSubConl — rs(FOSE)n=-3)=f(n) = jrgmin(f(n—6).f (n=5).f (n~-4).f (n=3)=3 f(n-2),f (n—1),f ())=f (n)
= [(n), +90) (n_6)~[(M), +0) (n—5)~[(N), +00) (n_g)~[(N) + H, +0) (;_3)~[(N), +0) (_2)
~[(n), +00) (1)~ (=00, +0) () ~ (=0, +00) ( 41)~ (=0, +0) (14 2y~
(=00, +00) (43)~ (=00, +:00) 4.4y~ (=0, +00) (45)~ (=0, +00) (1.6 (a.8)
M SSubConz — §rg(fOSEQ)n-2)=f() = prgmin(f(n=5).f (n-4).f (n=3).f (n=2)=H f (n-1).f (n).f (n+1))=f (n)
= (=0, +0) )~ [(1), ) 1-5)~[(N), + ) -4y~ [(M), +00) (n-3)~[(N) + H, +00) (;_2)~
[(n), +0) (n—1)~ (=00, +00) () ~[(n), +00) (1)~ (=0, +00) (4.2~
(=00, +00) (43)~ (=00, +:00) (4.4)~ (=0, +00) (45)~ (=0, +00) (n 1.6 (@.9)
M SSubCon3 — 15 (FOSEg)n-1)=f(n) = prgmin(f(n—1).f(n-3).f (n=2).f (n=1)=3,f (n).f (n+1).f (n+2))=f ()
= (=00, +00) (_g)~ (=0, +00) 5y ~[(1), +00) (_4)~[(N), +0) (_3)~[(N), +0) (1 _2)~
[(n) + H, +0) 1)~ (=0, +0) ()~ [(1), +0) Gr41)~[(1), +00) (n42)~
(=00, +00) (43)~ (=00, +00) (4.4)~ (=0, +00) (45)~ (=00, +00) (1.6 (a.10)
M SSubCont — s (FOSEg)n+D)=f(n) = prgmin(f(n=2).f (n-1).f (0).f (n+1)=3,f (n+2).f (n+3),f (n+4))=f (n)
= (=00, +00) (_g)~(—0, +00) (, _5)~(—0, +00) (, _4)~ (=0, +00) (,_3)~[(1), +00) (_5)~
[(n), +90) (1)~ (=00, +00) () ~[(N) + H, +0) (111)~[(N), +90) (142)~

[(M), +90) (n43)~[(N), +0) (344)~ (=0, +0) (31 5)~ (=0, +0) (4.6 (a.11)

M SSubCons — 15 (FOSEg)n+2)=f(n) = jrgmin(f(n=-1).f ().f(n+1).f (n+2)=3,f (n+3).f (n+4).f (n+5))=f (n)
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= (=00, +00) (n_)~ (=00, +00) (_5)~ (=0, +00) (_g)~ (=00, +00) (_3)~ (=0, +00) ()~
[(n), +90) (1)~ (=00, +0) () ~[(1), +00) (4 1)~[(N) + H, +0) (y42)~
[(1), +20) (n43)~[(1), +00) (n44)~[(N), +0) (1 45)~ (=0, +0) (1146 (a.12)
M sSubConé — pro(FOSEg)n+3)=f(n) — prgmin(f().f(n+1).f(n+2).f(n+3)=H,f (n+4),f (n+5),f (n+6))=f (n)
= (=90, +00) (n_)~(—00, +00) (;_5)~(— 0, +0) (,_4y~ (=0, +0) (_3)~(—00, +00) (;_3)~
(=90, +00) (n_1)~ (=0, +00) (y~[(), +90) (1.1)~[(M), +90) (42)~

[(n) + H, +00) (43)~[(), +00) 1.2y~ [(M), +0) (1 1.5y~ [(1), +0) (n46) (a.13)

After having these 7 preconditions,
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MSTOW=0W=7 _ proU A prsTW=0w=7
= (M SPrecont y ppsPrecon2 y prgPrecons (y ppsPrecond y prgPrecons
U MSPrecons y prsPrecon?y n prsTm=ow=7
— (MSPreConl N MST(n)=O,W=7) U (MSPreCOnz N MST(n)=O,W=7)
U (MSPTeCon3 N MST(n)=O,W=7) U (MSPreCOM N MST(n)=0,W=7)
U (MSPreConS N MST(n)=O,W=7) U (MSPreCOns N MST(n)=O,W=7)

U (MSPreCorﬂ N MST(n)=O‘W=7)

— v MSPreConM N MST(n):O,W=7
M=1.2,.,7
— MSPreConM Ms(f/\(SEe,SE@))(n)=0,W=7
— M SPreConM A MS(f©(SEG'SE®))(n)=f(n)'W=7
_ ArsPreconm  ars((FOSEQ)®SE ) m)=F (), W=7
M=%2J,...,7
(reseg)(n-3),
(reseg)(n-2),
(resEg)(n-1),
max| (fFOSEg)M)+H, |=f(m) W=7
(Feseg)(n+1),
(reseg)(n+2),
— MSPreconM A wMrs (feSEg)(n+3)
M=1.2,.,7
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Therefore, the expression of M'ST™W=0W=7 can be derived by obtaining

(rfeseg)(n-3),
(reseg)(n-2),
| (fesEg)(n-1), |

max| (fOSEg)M)+H, |=f(n)

(fOSEg)(n+1),
(fOSEg)(n+2),

MS

(reseg)(n+3)

under each of the 7 preconditions.

With the 7 preconditions applied, it is easier to calculate the output ranges of the

erosion, opening and top-hat, and their results are in the ‘Erosion Output’, ‘Opening

Output’ and ‘Top-hat Output’ sections respectively in the table below.

PreConl | PreCon2 | PreCon3 | PreCon4 | PreCon5 | PreCon6 | PreCon?
Erosion Output
(feSE.) (0-3) <f(n) |<f(n)-2H| <f(n)-H | <f(n)-H | <f(n) <f(n) <f(n)
(feSE.) (0-2) <f(n) | <f(n)-H |<f(n)-2H| <f(n)-H | <f(n)-H | <f(n) <f(n)
(feSE@) (n-1) <f(n) | <f(n)-H | <f(n)-KH | <f(n)-2H| <f(n)-H | <f(n)-H | <f(n)
(FSE) () | =f()-FC | <f(n)-F | <f(n)-F | <f(n)-H | <f(n)-H | <f(n)-H | <f(n)-H
(feSE.) (n+1) <f(n) <f(n) | <f(n)-H | <f(n)-H |<f(n)-2H| <f(n)-H | <f(n)-H
(feSE.) (n+2) <f(n) <f(n) <f(n) |<f(n)-H | <f(n)-H |<f(n)-2H| <f(n)-H
(feSE@) (n+3) <f(n) <f(n) <f(n) <f(n) | <f(n)-H | <f(n)-H | <f(n)-2H
Opening Output
(F(sEsE))@ | =f) | <fn) | <f() | <f) | <f) | <f() | <fw)

Top-hat Output
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(fr(sEsEg) )@ | =0 >0 >0 >0 >0 >0

Table a.1 Erosion, Opening and Top-hat Output Ranges

According to the erosion results under each precondition (in each column) in the table

above,
Under precondition 1,

(roseEg)(n-3),
(fesEg)(n-2),
(feseEg)(n-1),
(fesEg)m)+1, |=f(n)
I (feseg)(n+1),
(reseg)(n+2),
MS (fesEg)(n+3) = MSUV

max

Under precondition 2,

(FESEg)(n-2),
(FesEg)(n-1),

max| (fOSEg)M)+H, |=f(n)
(fOSEg)(n+1),
(fOSEg)(n+2),
MS (feSE@)(n+3)

/ ( feSEe)(n—3),\

= M SFOSEQ)m+D)=f() y prs(FOSEg)(n+2)=f(n)

U MS(fGSEe)(n+3)=f(n) = M SSubCon4 (j prgSubCons \j \rsSubConé

Under precondition 3,
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(FOSEg)(n-3),
( (FOSEg)(n-2),
| (fesEg)(n-1), |
max| (fOSEg)M)+H, |=f(n)
(fOSEg)(n+1),
(fOSEg)(n+2),
MS (foseg)(n+3) — M s(FOSEe)m+2)=f() \j prs(FOSES)n+3)=F(n)

— MSSubConS U MSSubCon6
Under precondition 4,

/ (foseg)(n-3),
(roseg)(n-2),
(reseg)(n-1),
| (reseg)m)+x,
I (feseg)(n+1),
(feseg)(n+2),

MS (fOSEg)(n+3) = M S(FOSEg)n+3)=f(n) — prgSubConé

max

=f(n)

Under precondition 5,

/ (fOsEg)(n-3),
(rfoseg)(n-2),
(fESEg)(n-1),
max| (FOSEg)(M)+H, |=f(n)
(feseg)(n+1),
(feseg)n+2),
MS (fESEg)(n+3) — MS(fGSEe)(n—3)=f(n) = M S§SubConi

Under precondition 6,

(rfoseg)(n-3),
(FoSEg)(n-2),
(FeSEg)(n-1),

max| (fOSEg)M)+H, |=f(n)
(fOSEg)(n+1), |
(feSEe)(n+2),)

MS \(fGSEe)(nH) = MSUFOSEg)m=-3)=f() j prs(FOSEg)(n-2)=f(n)

— Mssub(bnl U MssubCOHZ

Under precondition 7,

67



(feseg)(n-2),
| (fesEg)(n-1), |
max| (fOSEg)M)+H, |=f(n)
(fesEg)(n+1),
(fOsEg)(n+2),
MS (feseg)(n+3)

( (fesEg)(n-3),

= MS(FOsEg)(n-3)=f() | prs(FOSEe)(n-2)=f(n)

U MS(f@SEe)(n—1)=f(n) — M S§SubConl j yrgSubCon2 | prgSubCon3

Now, the expression of M'ST(W=0W=7 s reachable after all the mathematical

preparation is done.
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(FesEg)(n-3),
(FesEg)(n-2),
| (fesEg)(n-1), |
max| (fOSEg)(M)+H, |=f(n), W=7
(fesEg)(n+1),
(fOSEg)(n+2),
MST=0w=7 _ MSPreConM N\ \rs (reseg)(n+3)

M=1,2,..7

— (MSPreConl N ]V[SU)

U (MSPreConZ N (MSSubConzl U MSSubConS U MSSubCon6))

U (MSPreConB N (MSSubCOnS U MSSubCon6))
U (MSPreCom} N MSSubCon6) U (MSPreConS N MSSubConl)

U (MSPreCone N (MSSubConl U MSSubConZ))

U (MSPreCorﬂ N (MSSubCOnl U MSSubConZ U MSSubCorB))

— MsPreCOnl U (MsPreCOnZ N MssubCOnél-)

U (MsPTeCOnZ N MsSubConS) U (MsPreCOHZ N M’sSubConé)
U (MsPTeCOTB N MsSubConS) U (MsPreCorB N M’sSubConé)
U (MsPTeConél- N MsSubConé) U (MsPreCOHS N M’sSubConl)
U (MsPTeC0n6 N MsSubConl) U (MsPreConé N M’sSubCOTIZ)
U (MSPTeC0n7 N MsSubConl) U (MsPreCorﬂ N M’sSubCOTIZ)

U (MSPreC0n7 N MSSubCon3)
(a.14)
where

MsPreconl — Eauation a. 1

= (=00, +00) (h_g)~(—0, +00) (p_5)~ (=0, +00) (y_g)~[(N) — H, +0)(_3)~[(N) — H, +0) ;) ~
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[(n) = H, +00) (1)~ (=0, +00) (y~[(N) — H, +0) 11y~ [(M) — H, +00) (42~

[(n) — H, +00) (n43)~ (=90, +00) (544)~ (=0, +00) (51 5)~(— 0, +0) (5, 16)

MSPreCoM
+C T i
(1) H et rotort Evmiones! oo Fovstitorsd boviiony evmion_ftovtton ierioy iterien plecvton vl Elsormiis misoots
(n)_H————————q——q——q————q——0—-»—-——-——-——-
-X . v
n-6 n n+6

Figure a.1 M sPrecont

MSPrecon2 n prgSublont — payation a.2 N Equation a.11
= (=00, +90) (n_g)~ (=0, +00) (5~ (=0, +00) (,_gy~ (=0, (N) — H) (n_3)~[(N), +0) (1)~
[(), +20) (1)~ (=0, +0) iy ~[(n) + H, +0) (4 1y ~[(N), +0) (1 2)~
[(M), +90) (43~ [(N), +00) (344)~ (=0, +00) (51 5)~ (=0, +0) (4.6
MSPreconZ n prsSublons — payation a.2 N Equation a.12

= (=0, +00) (y_g)~ (=0, +00) (y_5)~ (=0, +00) (_g)~ (=00, (N) — H) (n_3)~[(N) — H, +0) (;_)~
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[(n), +0) (—1)~ (=00, +00) () ~[(1), +00) (p41)~[(N) + H, +00) (142)~
[(), +90) (n43)~[(M), +90) () ~[ (), +0) (n 45y~ (=0, +0) (169
M SPrecon2 n pr§Subloné — payation a.2 N Equation a.13
= (=00, +00) (h_g)~(— 0, +00) 5y~ (— 0, +00) gy~ (=0, () — H) (n_3)~[(N) — H, +0) (;_2)~
[(n) — H, +00) (n_1)~ (=0, +0) (y~[(M), +0) (1) ~[(N), +90) (r42)~

[(M) + H, +00) (n43)~[(), +00) 1.2y~ [(), +90) 115y~ [(M), +0) (1 46)

MS Pf@conzr]Mssl:bcon‘

Py Y 4

“%i:::: :j‘:j:’:fﬂﬂ:t:::

(n)-H————~—————————T ———————————————— B R

-0 v

MS PreConZnMsSu bCon5

o Py o 4 L

‘”ﬁ:::ii:ijiiijZilijiitt:i

(n)-H—————————T— ———————————————— S

(1) LN e el i el e e B ——I—j—j—l—f—f—%_.
Y —— = = == ———= — - — — LT X 2 2y

(n)-H———————~T— e e e e e e e e

Figure a.2 MSPreConZ n MgSubCon4-, MgPreConZ N MSSubConS and MSPTeConZ ) MSSubCon6

MSPrecon3 n prsSublons — payation a.3 N Equation a.12

= (=90, +00) (_6)~ (=0, +00) (_5)~ (=00, +00) (,_4)~(— 00, +0) (;_z3)~(—00, (n) — H)(_2)~
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[(n), +0) (—1)~ (=00, +00) () ~[(1), +00) (p41)~[(N) + H, +00) (142)~
[(), +90) (n43)~[(M), +90) () ~[ (), +0) (n 45y~ (=0, +0) (169
M SPrecon3 n pr§Subloné — payation a.3 N Equation a.13
= (=09, +00) (_g)~(—0, +00) (_5y~ (=0, +00) (; _4y~ (=0, +00) (;_3)~(—00, (1) — H) (n_2)~
[(n) — H, +00) (n_1)~ (=0, +0) (y~[(M), +0) (1) ~[(N), +90) (r42)~

[(M) + H, +00) (n43)~[(), +00) 1.2y~ [(), +90) 115y~ [(M), +0) (1 46)

. MsPre(A:onZir?MSSAubCo:lS X ‘ .

‘(1) 5 H neleadll el e o Eieaiens T _J_ 2 2 ] RSt
mFF—-t+—-—--"—"|—-——%—-»—4—— — 4 & & — L
(n)-H-—————————] ———————————————— [y
h n-6 ) n n+6
- MsPreConsnlMssAubCo:ls

(pH == e ey = _l_ S IR
o--r-l--—|--——4-—"*—"4%4—%——— % — 4 — & —4
(n}H-—————————T——' ————————————————
- n-6 ) n nw:G

Figure a.3 mrsPrecon3 n prgSublons gng prsPrecon3 n prgSubConé

M SPretont n prgSubloné — payation a.4 N Equation a.13

= (—0, +00) (h_g)~(— 0, +00) 5y~ (—00, +00) (;_4y~(—0, +00) (5 _3)~(—00, +0) (,_p)~

72



(=0, (n) — H) (n-1)~ (=0, +00) ;p)~[(1n), +0) (41)~[ (), +00) (12)~
[() + H, +0) (43~ [(), +90) (44)~[(), +0) (r45)~[(), +20) (16)
M SsPrecons o prsSublonl — payation a.5 N Equation a.8
= [(n), +90) —6)~[(M), +0) (_5)~[(N), +90) (n_a)~[(N) + H, +0) (5_3)~[(N), +90) (_2)~
[(n), +00) (_1)~ (=0, +0) )~ (=00, (N) — H) (n+1)~[(N) = H, +00) (512~

[(M) — H, +00) (43~ (=0, +00) 1.4y ~[(N), +90) (r45)~[ (M), +0) (n46)

. MSP""CO"‘QMSSAUI’CO:'G X ‘ . )
(1) H sl el Ieaie EoSien (s K i S £ _l_ 2 2 )
(1) ] e poxdtoed pordtoced oxdboe] Lcxtoe; Por oSttt Joocr _ o comemicoens — — —
(n)-H-——————————a[ ————————————————
- v L L
n-6 n n+6
- F y . M§P'°‘f°"5r1'Mss“bc°"1 ;
(nptH— — ————J——— —————— S REERE BEaR B eyt
) —&— —¢— —8— — — $— 4 — 8 — — — & — L — - — L — 1 —
pH e s s T——«v—-«———————-——-
- "‘5 n ) : n+6

Figure a.4 mSPrecond A prgSubloné gng prsPrecons n prgSublonl

MSPreconé n prgSublonl — Eayation a.6 N Equation a.8

= [(n), +90) —6)~[(M), +0) (_5)~[(N), +0) (n_a)~[(N) + H, +0) (;_3)~[(N), +90) (_2)~
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[(n), +90) (1)~ (=00, +0) (1)~ (=0, +00) (4 1)~ (=0, (N) — H) (n4+2)~
[(M) = H, +0) (43~ (=0, +00) (1 4)~ (=0, +00) (1 15) ~ (=0, +00) (5, 16)
M SsPrecon6 n prsSublon? — payation a.6 N Equation a.9
= (=0, +00) (_g)~[(N), +0) (_5)~[(), +0) (n_ay~[(M), +0) (_3)~[() + H, +0) (;_p)~
[(n), +90) -1y~ (=00, +00) () ~[(1), +0) (4 1)~ (=0, (N) — H) (n42)~

[(n) — H, +00) (n43)~ (=90, +00) (5 44)~ (=00, +00) (54 5)~ (=00, +00) (5, 16)

- ) . . MASPre(A:onGr?MSSubCoM
(nptH — — —-—-—-—-J—-—-—- ol e Vst e L kg g gt
N)|-—— —¢— —6— — — 8 8 — & — 4 — — — &+ — L — L — 1 —
{10y § e RS R S S —1_4_-__-_____.
X B : v -
n-6 n n+6

1
|
|
I
|
|
I
|
X
|
|
L

+ac < T
mm—————————J— —— ==

(n)————— e ——— —_— ) — —_——— e — e — e — e —
()20 f sl eSSl S BB e T—"*—“—“—‘-—-
-'x L v v

n-6 n n+6

Figure a_5 MSPreconé n prgSubConl gng prSPreConé n prgSubCon2

M sPrecon? n prsSublorl — payation a.7 N Equation a.8

= [(M), +) (r_)~[(), +90) (n_5)~[(M), +0) (n_sy~[(N) + H, +0) (_3)~[(), +90) (2~
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[(1), +00) 1)~ (=00, +00) ()~ (=0, +00) (54.1)~ (=0, +00) (1.2~
(=00, (M) = H) (n43)~ (=90, +0) (144)~ (=0, +00) (14 5)~ (=0, +0) (4.6
M SsPrecon? n prsSublon? — payation a.7 N Equation a.9
= (=0, +00) (_g)~[(N), +0) (_5)~[(), +0) (n_ay~[(M), +0) (_3)~[() + H, +0) (;_p)~
[(n), +90) (1)~ (=00, +00) () ~[ (1), +0) (4 1)~ (=0, +00) (4 2)~
(=0, (n) = H)(n43)~ (=90, +0) (n44)~ (=9, +0) (15~ (=0, +0) (1146
MSPrecon’ n pr§Sublon3 — Eayation a.7 N Equation a. 10
= (=00, +00) (h_g)~(—0, +00) (n_5)~[(11), +00) 4y~ [(), +0) (_3)~[(M), + ) (1)~
[(n) + H, +00) (1)~ (=0, +00) ()~ [(), +00) (1.1)~[(N), +00) (142)~

(=00, (M) = H) (n43)~(—90, +0) (144)~ (=0, +0) (14 5)~ (=0, +0) (.46
sPreCon7nMs SubCon1

e e o s e e

102 | el i B i B S i ——-—T————«_-—_.

‘\ o o L T o
(n-,m____J:__j_J_ ___j_ﬂ _____ N -
(n]—————— e —— — —_— ) — —_— et ——— ] e — e — e —

M = e e e e e e e e e e e e ._T_______--_.

MS PreCon7nMsSu bCon3

‘”;[E,:::::._:jﬂf::jﬂ:::::

IR b o i s o i s o i s o i s i s e i e T-“-“—«_-
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Figure a.6 MSPTeCon7 n MSSubConll MSPreCon7 N MSSubConZ and MSPreCorﬂ N MSSubConS

A.4.2 Proof of MS N m-6nts1<7 c prsTO>0W=7

MSAIm-6n+e1<7 € MSTM>0W=7 s equivalent to the statement that none of the

morphological elements in M. SAOIDMm-6n+61<7 belongs to the complementary

morphological set of MSTMW>0W=7,
According to the ‘Top-hat Output’ section in Table a.1,
CUMST(n)>O’W=7 — MsT(n)=O,W=7. (3.15)

From the Equation a.14, the intersection of certain precondition and sub-condition leads

to MSTM=0W=7,

Based on all the information above, the procedures of proof are as follows:

1. Go through all the morphological element in M. SAIO -6 nt6<7 (in the ‘Positive

Hats of 7° column in the Table a.2).

2. Get the the corresponding precondition (the Equations a.1-a.7) that each

morphological element belongs to (in the ‘Precondition’ column in the Table a.2).

3. Get the certain sub-condition (the Equations a.8-a.13), of the precondition and which,

the intersection leads to M'STM=0W=7 (the ‘Sub-conditions’ column in the Table a.2).
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4. Verify that each morphological element does not belong to any of the corresponding

sub-conditions.

Take the first row in the Table a.2 for example.

1. All the morphological elements in A, 5 4 7, belong to M SR n-6nr61<7

2. All the morphological elements in A, 5 4 4c belong to M SPrecon2,

3. Under the precondition 2, only M §Subcont  prgsubCons gr prgSubons Jeads to

MST(n)=O’W=7.

4. However, A, 3 43 Shares no common morphological element with MsSubcons

MSSubConS or MsSubCOn6

Positive Hats of 7 Precondition |  Sub-condition(s)
MSSubConét
/\n,3,4,7-[ MSPreConZ MSSubConS
MssubConG
MssubConS

/\n,2,4,7—[: /\n_z'5'g.[ M’SPTeCOnB

MssubConG
/\n,1,4,}[' /\n,1,5,7{» /\n,1,6,7.[ M SPreCon4 M S SubConé

An11,aN[(M) — H, +0) (12)~[(n)

- H: +Oo)(n+3)
MSPreConS MSSubConl
/\n,2,1,}(n [(n) —H, +O°)(n+2)~[(n)

- :]'[, +Oo)(n+3)
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Az N[(M) = H, +0) (n12)~[(1)
— H,+%0)n+3)
Anaa3c M) — H, +0) 40y~ [(1)
— H,+%0)(n+3)
Ansa,3cN(M) — H, +0) 40y~ [(1)
—H,+%0)(n+3)
Mnep5eN[(MM) — H, +00) (n12)~[(n)

- }[: +°°)(n+3)

An1,1,50N (=00, (n) = H) a2y ~[(n)
—H,+0)ne3)

An21,5cN (=0, () = H) ray~[(0)
—H, +0)(n13)

/\n,3,1,}[n(_°°: (n) — }[)(n+2)~[(n)
— H, +9) (n43)

Ana1,50N (=0, () = H) 42y ~[(n)
— H,+)(n13)

Ans 12N (=00, () — H)ns2)~[(n)
—H,+0)ne3)

/\n,6,1,ﬂ-[n(_o°’ (n) — }[)(n+2)~[(n)
— H,+0) (n+3)

An123cN[(M) — H, +00) (n43)

MSPreConé

M’sSubConl

M’sSubConZ
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An223cNI(M) — H, +00) (n43)
Anz23cN[(M) — H, +00) (n43)
Nnaz3cN[(M) — H, +00) (n43)

Ans23cNI(M) — H, +00) (n43)

An,13c0N (=00, (1) — H) (n43)
An2,13cN (=0, (N) — H) (n+3)
Anz1,2N(=00, () = H)(n13)
A3 N (=0, (1) = H) (n43)
Ans13cN (=00, (1) — H)(n43)
Nns1,3cN (—oo,(n) — }[)(n+3)
Nn123c0N (—oo,(n) — }[)(n+3)
Mn,2,23N(=00, () = H)(n13)
An 323N (—oo,(n) — }[)(n+3)
An,a,23N(=00, () = H)(n13)
An,s 230N (=00, (M) — H) (n43)

Nu1,33¢

Nn2,33¢

Nn3330

/\n,4, 3H

MsPreCO’rﬂ

MSSubConl
MssubConZ

McssubCOTB

Table a.2 Proof of MS A m-sn+e1<7 ¢ prsTMI>0W=7




A.4.3 the Morphological Element in MST™>0W=7 not Belong to

Msx(n.ﬂ )in—6n+61<7

The morphological elements we are looking for are in the morphological set M Star9et,
Mmstaraet = [(n), (n)]m-g)~[(), ()] (n-s)~[(10), ()] (n—ay~[(), ()] (n—3)~
[(), M) ] -2y ~[(n), (W] -1y~ (=0, +0) iy~ (=00, (1) — H) (n41)~

[(n) — H, +0) 12y~ [(N) — H, +0) (43)

mstarget js included by MSPTecons (Equation a.5), but it shares no common
morphological element with MSS#PCont (Equation a.8). Therefore, MStr9¢t js

included by the complementary morphological set of MSTMW=0W=7 (the same

procedures of proof in A.4.2).

It is obvious that MSt4"9¢t have no common morphological element with

MSK(H.H Jin-6n+61<7
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A.5 Template of a Wide Positive Spike’s Peak with W =7
The optimized top-hat domain meeting

[0,0] ()~ (0, +00) 41y~ (0, +90) (54 2)~ (0, +0) (313~ (0, +0) (1 4.2y~ (0, +0) (4 5)~ (0, +0) (5146)~[0,0] (47

and the optimized bottom-hat domain meeting

[0,0] ()~ (=00, +00) (1 4.1y~ (=0, +00) (1 4 2)~ (=0, +00) (4 3)~ (=0, +:00) (4 4)~ (=0, +00) (54 5)~ (=0, +90) (5,.16)~[0,0] ( +
is equivalent to the input domain meeting

(=0, (n) + H]n-g)~(=0, () + H] -5y~ (=00, (M) + H] -4y~ (=00, (n) + H]n_3)~(—0, (n)

+ H]n—2)~
(=90, () + H] 1y~ (=0, +0) (y~(max((n), n + 7)) + H, +00)(n+1)~(max((n), n+7)

+ X, +Oo)(n+2)~

(max((n), (n+ 7)) + X, +00)(n+3)~(max((n), (n+ 7)) + X, +00)(n+4)~(max((n), (n+ 7))
+ H,+00)

(n+5)"

(max((n), (n+ 7)) + H, +00) ~(=00,400) (yy7)~ (=0, (N + 7) + H]n4g)~(—00, (n + 7)

(n+6)

+ H](n+9)~

(—OO, (Tl + 7) + }[](n+10)~(_00: (n + 7) + }[](n+11)~(—00' (n + 7) + j{](n+12)~(_oof (n + 7)

+ }[] (n+13)

Three steps are taken to prove the statement above as follows.
Step 1 (A.5.1): Obtain the expression of M'§0T(W=00B(m)=0W=7
Step 2 (A.5.2): Prove
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MS 0T (n+1)>0,0T (n+2)>0,0T (n+3)>0,0T (n+4)>0,0T (n+5)>0,0T(n+6)>0,W=7 _

(max((n), (n+ 7)) + H, +00)(n+1)~(max((n), (n+ 7)) + H, +00)(n+2)~(max((n), (n+ 7))

+H, ) o™

(max((n), (n+ 7)) + H, +oo)(n+4)~(max((n), (n+ 7)) + H, +oo)(n+5)~(max((n), (n+ 7))

+H,+0) o

Step 3 (A.5.3): Obtain the expression of

MSoT(n):O,OB (m)=0w=7 nMSOT(n+ 1)>0,0T (n+2)>0,0T(n+3)>0,0T (n+4)>0,0T (n+5)>0,0T (n+6)>0,W=7 nMSOT(n+7):O’OB(n+7):0'W=7

A.5.1 MSOT()=0,0B(n)=0,w=7

According to the Equations 2.7-2.10,

MSOTM=0W=7 _ U [(n) — H, +0) ew4m)~ - ~[() — H, +0) (n4m—1)
m=1,2,.. W

MSOBM=0W=7 _ U (=00, (n) + }[](n—w+m)~ o~ (=00, (n) + j{](n+m—1)
m=1,2,.. W

M‘SOT(n)=0,0B(n)=O,W=7 — MsOT(n)=O,W=7 N M50B(n)=0,w=7

= | 109 -30 40 mny~ o~ ) = 3, +o0)

m=1,2,..,7

N (=00, (M) + H]n+m-7)~ - ~(=20, (M) + H]nsm-1)
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Optimized Top-hat and Optimized Bottom-hat Domain

+oc +oc
= 3
= oF—-|F—--A-4—-4—-F+—-—-F—--—|-H-4-F-40 &
(o) O
-0 00
n-6 n n+6
Input Domain MS°T(M=0gOB(n)=0
; ...... : ............ s .. .......... 3 ............ ; ............ ; ............ ; ...... - (n)+H
- S B e N S T - »
Pt iV e P e, 58 2
e e <
e s e o T
t A A S A T T 4 023
s : ...... ; ...... ; ...... ; ...... & ...... ; ...... ; A (n)+H
e I o T . e
g (A PR S S S S S
= Pooiboatlionl oo tooit
0(,) e 1A < U NV U T - R -
2 N S
S SO S <SR - < -
(o)H | $ .8 .8 8. .8 & &
n-6 n n+6

Figure a.7 M§ 0T (W=0,0B(m)=0w=7

83



A.5.2 Proof of

MSOT(n+1)>0,0T(n+2)>0,0T(n+3)>0,0T(n+4)>0,0T(n+5)>0,0T(n+6)>0,W=7 —

(max((n), (n+ 7)) + X, +oo) ~(max((n), (n+ 7)) + 3, +oo)(n+2)~(max((n), (n+ 7))

(n+1)

+H,+o0) L~

(max((n), (n+ 7)) + X, +oo) ~(max((n), (n+ 7)) + 3, +oo)(n+5)~(max((n), (n+ 7))

(n+4)

+ A, +°°)(n+6)

First, prove 0T(n + 1) > 0,0T(n +2) > 0,0T(n + 3) > 0,0T(n + 4) > 0,0T(n + 5) >

0,0T(n+6) >0=min{In+1),In+2),In+3),In+4),In+5),I(n+6)}>

max{I(n) + H,I(n+7) + H}

Letm,n+ 1 < m < n + 6 be the time point when I(m) is the minimum of

Im+1),In+2),I(n+3),I(n+4),I(n+5),I(n+6).

IfI(m) <I(n) + H,
Im<In)+H,n+1<m<n+6

=Im)—-H <In),Im)—H <In+1),Im)—H <In+2),I(m)—H
<Im+3),Im)—-H<In+4),Im)—H <I(n+5),I(m)—H

<I(n+6)

= 0T (m) = 0, which is contradictory to 0T (m) > 0.
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IfI(m) < I(n+7) + X,

Im<In+7)+H ,n+1<m<n+6

=SIm-H<In+1),Im)-H<In+2),Im)—H <I(n+3),I(m)—H
<In+4),Im)—-H<In+5),Im)—-H <I(n+6),I(m)—-H

<I(n+7)

= O0T(m) = 0, which is contradictory to 0T (m) > 0.

Therefore, 0T(n + 1) > 0,0T(n +2) > 0,0T(n +3) > 0,0T(n +4) > 0,0T(n +5) >
0,0T(n+6) >0=min{In+1),I(n+2),In+3),In+4),In+5),I(n+6)}>

max{I(n) + H,I(n+ 7) + H}.

Second, prove 0T(n + 1) > 0,0T(n + 2) > 0,0T(n + 3) > 0,0T(n + 4) > 0,0T(n + 5) >
0,0T(n+6) >0 =min{I(n+1),In+2),In+3),In+4),In+5),I(n+6)} >

max{I(n) + H,I(n+7) + H}

min{/(n + 1),I(n+ 2),I(n+ 3),I(n+ 4),I(n+ 5),I(n + 6)} > max{I(n) + H,I(n + 7) + H}

=SIh+1)-H>IN),In+1)-H>In+7)=0T(n+1)>0

min{I(n+ 1),I(n+ 2),I(n+ 3),I(n+4),I(n+5),I(n+ 6)} > max{I(n) + H,I(n+ 7) + H}

=SIn+2)-H>IN),In+2)—-H>In+7)=0Tn+2)>0

min{I(n+ 1),I(n+ 2),I(n+ 3),I(n+4),I(n+5),I(n+ 6)} > max{I(n) + H,I(n+ 7) + H}

=In+3)-H>In),In+3)—H>In+7)=0T(n+3)>0
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min{I(n + 1),I(n+ 2),I(n+ 3),I(n+ 4),I(n + 5),I(n + 6)} > max{I(n) + H,I(n + 7) + H}

=SIn+4)-H>IN),In+4)-H>In+7) = 0T(n+4)>0

min{I(n + 1),I(n+ 2),I(n+ 3),I(n+4),I(n+5),I(n+ 6)} > max{I(n) + H,I(n+ 7) + H}

=In+5)-H>In),In+5-H>In+7)=0Tn+5)>0

min{I(n + 1),I(n+ 2),I(n+ 3),I(n+4),I(n+5),I(n+ 6)} > max{I(n) + H,I(n+ 7) + H}

=Inh+6)—-H>INn),In+6)—H >In+7) =0T(n+6) >0

Therefore, 0T(n + 1) > 0,0T(n +2) > 0,0T(n +3) > 0,0T(n +4) > 0,0T(n +5) >

0,0T(n+6) >0 =min{I(n+1),In+2),In+3),In+4),In+5),I(n+6)} >

max{I(n) + H,I(n+ 7) + H}.

Finally,

MSOT(n+ 1)>0,0T(n+2)>0,0T (n+3)>0,0T (n+4)>0,0T (n+5)>0,0T(n+6)>0,W=7 _

(max((n), (n+ 7)) + X, +00)(n+1)~(max((n), (n+ 7)) + X, +00)(n+2)~(max((n), (n+ 7))

+ H,+00) P

(max((n), (n+ 7)) + X, +00) ~(max((n), (n+ 7)) + X, +00)(n+5)~(max((n), (n+ 7))

(n+4)

+ 3, +) (nt6)

A5.3

MSOT(n):O,OB(n):O,Wﬂ nMsoT(n+1)>0,0T(n+2)>0,0T(n+3)>0,0T(n+4)>0,0T(n+5)>0,0T(n+6)>0,W=7 nMSOT(n+7)=0,OB(n+7)=0,W=‘
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MSOT(n)=0,0B(n)=O,W=7 — MSOT(n)=O,W=7 N MsOB(n)=O,W=7

= U [(Tl) -H, +°°)(n+m—7)~ N[(n) -H, +°°)(n+m—1)

m=1,2,..,7

N (=00, (n) + j{](n+m—7)~ o ~(=00,(n) + }[](n+m—1)

MS0T(n+1)>O,0T(n+2)>O,OT(n+3)>0,0T(n+4)>O,OT(n+5)>0,OT(n+6)>0,W=7 —

(max((n), (n+ 7)) + H, +oo)(n+1)~(max((n), (n+ 7)) + H, +oo)(n+2)~(max((n), (n+ 7))

+ H,+00) P

(max((n), (n+ 7)) + H, +00)(n+4)~(max((n), (n+ 7)) + H, +00)(n+5)~(max((n), (n+ 7))

+ H, +°°)(n+6)

M‘50T(n+7)=0,0B(n+7)=0,W=7 — MSOT(n+7)=O'W=7 n MSOB(n+7)=O’W=7

U [(n+7) —H, +0)qemy~ - ~[(n+ 7) = H, +90) (n4m+6)

N (_OO; (Tl + 7) + }[](n+m)~ ~(_°°' (Tl + 7) + j{](n+m+6)

MSOT(n):O,OB(n):O,Wﬂ NMS 0T (n+1)>0,0T(n+2)>0,0T(n+3)>0,0T(n+4)>0,0T(n+5)>0,0T(n+6)>0,W=7
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nMSOT(n+7):O'OB (n+7)=0,Ww=7

= ( U [(n) - H, +o°)(n+m—7)~ ~[(n) - H, +°o)(n+m—1)
m=1,2,..,7

n U (=00, (n) + H](n+m—7)~ o ~(—00,(n) + j{](n+m—1)>

m=1,2,..7

N (max((n),(n+ 7)) + X, +00)(n+1)~(max((n), (n+7))
+ X, +00)(n+2)~(max((n), (n+7)
+ 3, +) (n+3)~(max((n), (n+7)
+ 7, +00)(n+4)~(max((n), n+7)

+H,4+0), _~(max((n),(n+7)) +H,+x)

(n+5) (n+6)

n ( [(Tl + 7) - X, +O°)(n+m)~ ~[(n + 7) —-H, +O°)(n+m+6)
m=1,2,..,7

N (=00, (n+7) + }[](n+m)~ w~(=0,(n+7) + j{](n+m+6)>

m=12,..,7
= (=00, (n) + H]n-6)~ (=00, (n) + H]n-s5)~ (=0, (n)

+ H]n-gy~(=0,n + H]n-3)~ (=0, (n) + H]n—2)~(=0, (1)
+ H](no1)~ (=0, +0) ;iy~(max((n), (n + 7))

+ 3, +00) .y~ (max((m), (n + 7))

+ 3, +) (n+2)~(max((n), (n+7))

+ H, +00)(n+3)~(max((n), (n+ 7))

+ H, +00) ~(max((n), (n+ 7))

(n+4)
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+ I, +00)(n+5)~(max((n), (n+7)
+ H,+0) o~ (=0, +0) rapy~ (=00, (n +7)

+ H]nrg)~ (=0, (n + 7) + H]n49)~ (=0, (n + 7)
+ Hlnt10)~ (=0, (n + 7) + Hlpn+11)~(=00,(n +7)

+ H]ns12)~ (=0, (1 + 7) + H](n113)
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Appendix B Source Codes

B.1 Morphological Filter MATLAB Codes

function[top hat,bottom hat,erosion,dilation,opening,closing] =
MorphologicalFilter (window data, structuring element width,structuring e
lement height)

top hat = 0

|~

bottom hat 0;
erosion = zeros(l,structuring element width);
dilation = zeros(l,structuring element width);

opening = 0;
closing = 0;

if (length(window data) ~= 2*structuring element width-1)
disp('Input Error!');
return;

end

structuring element = zeros(l,structuring element width);
structuring element ((structuring element width+1l)/2) =
structuring element height;

for i = l:structuring element width
erosion(i) = min(window data(i:i+structuring element width-1)-
structuring element);
end
opening = max (erosion+structuring element);
top hat = window data (structuring element width)-opening;
erosion = erosion((structuring element width+1)/2);

for i = l:structuring element width

dilation(i) = max(window_data(i:i+structuring element width-
1) +structuring element);
end
closing = min(dilation-structuring element);
bottom hat = closing-window data (structuring element width);
dilation = dilation((structuring element width+1l)/2);

end
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B.2 Optimization MATLAB Codes

function[optimized top hat,optimized bottom hat] =
Optimization (window data, top hat,bottom hat,structuring element width,s
tructuring element height)

optimized top hat = top hat;
optimized bottom hat = bottom hat;

if (length (window data) ~= 2*structuring element width-1)
disp('Input Error!');
return;

end

for i = l:structuring element width
if (window data(i:i+structuring element width-1) >=
window data (structuring element width)-structuring element height)
optimized top hat = 0;
break;
end
end

for i = l:structuring element width
if (window_data(i:i+structuring element width-1) <=
window data (structuring element width)+structuring element height)
optimized bottom hat = 0;
break;
end
end

end
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B.3 Recognition MATLAB Codes

function[recognition] =
Recognition (optimized top hat,optimized bottom hat,structuring element
width,amplitude threshold)

recognition = 1;

if (length (optimized top hat)~=2*structuring element width-1 ||
length (optimized bottom hat)~=2*structuring element width-1)
disp('Input Error!');
return;
end

if (optimized top hat (structuring element width)<=amplitude threshold &&
optimized bottom hat (structuring element width)<=amplitude threshold)

recognition = 0;
return;
end
if (amplitude threshold == 0)
amplitude threshold = inf;
end

for i=l:structuring element width-1
if (optimized top hat(i)==0 &&
optimized top hat (i+structuring element width)==0 &&
optimized bottom hat (i)==0 &&
optimized bottom hat (i+structuring element width)==0)
if (optimized top hat (i+l:i+structuring element width-1) > 0)
if (optimized top hat (structuring element width) <=
2*amplitude threshold)
recognition = 0;
return;
end
end
if (optimized bottom hat (i+l:i+structuring element width-1) > 0)
if (optimized bottom hat (structuring element width) <=
2*amplitude threshold)
recognition = 0;
return;
end
end
end
end

end
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B.4 Spike Detection MATLAB Codes

function[recognition,erosion,dilation, opening,closing,top hat,bottom ha
t,optimized top hat,optimized bottom hat] =

SpikeDetection (window _data, structuring element width, structuring elemen
t _height,amplitude threshold)

recognition = 1;

erosion = zeros(l,2*structuring element width-1);

dilation = zeros(l,2*structuring element width-1);

opening = zeros(l,2*structuring element width-1);

closing = zeros(l,2*structuring element width-1);

top hat = zeros(l,2*structuring element width-1);

bottom hat = zeros(l,2*structuring element width-1);
optimized top hat = zeros(l,2*structuring element width-1);
optimized bottom hat = zeros(l,2*structuring element width-1);

if (length(window data) ~= 4*structuring element width-3)
disp('Input Error!');
return;

end

for i=l:2*structuring element width-1

[top_hat (i),bottom hat(i),erosion(i),dilation(i),opening(i),closing(i)]
= MorphologicalFilter (window _data(i:i+2*structuring element width-
2),structuring element width,structuring element height);

[optimized top hat (i), optimized bottom hat(i)] =
Optimization(window data (i:i+2*structuring element width-
2),top_hat(i),bottom hat (i), structuring element width,structuring eleme
nt height);
end

[recognition] =
Recognition (optimized top hat,optimized bottom hat,structuring element
width,amplitude threshold);

erosion = erosion(structuring element width);

dilation = dilation(structuring element width);

opening = opening(structuring element width);

closing closing(structuring element width);

top_hat top hat (structuring element width);

bottom hat = bottom hat (structuring element width);

optimized top hat = optimized top hat(structuring element width);
optimized bottom hat = optimized bottom hat (structuring element width);

end
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B.5 Haar Wavelet Decomposition and Reconstruction MATLAB Codes

function[approximation,detail] = HaarDecomposition (window data)
approximation = zeros(l,ceil (length(window data)/2));
detail = zeros(l,ceil(length(window data)/2));

if (mod (length(window data),2) ~= 0)
disp('Input Error!');
return

end

for 1 = l:length(window_data) /2

approximation (i) = floor ((window data(2*i-1)+window data (2*1i))/2);

detail (i) = floor((window data(2*i-1)-window data(2*1i))/2);
end

end

function[reconstructed window datal] =
HaarReconstruction (approximation,detail)

reconstructed window data = zeros(l,2*length (approximation));

if (length (approximation) ~= length(detail))
disp('Input Error!'");

return
end
for i = 1l:length(approximation)
reconstructed window data(2*i-1) = approximation (i) + detail(i);
reconstructed window data(2*i) = approximation (i) - detail(i);
end
end
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B.6 Spike Smoothing MATLAB Codes

function[smoothing 9, smoothing 17] =
SpikeSmoothing (window data, shrinkage degree)

smoothing 9 = 0;
smoothing 17 = 0;

if (length (window data) ~= 32)
disp('Input Error!');
return;

end

[approximation decomposition 1,detail decomposition 1] =

HaarDecomposition (window data);

[approximation decomposition 2,detail decomposition 2] =
HaarDecomposition (approximation decomposition 1);
[approximation decomposition 3,detail decomposition 3] =
HaarDecomposition (approximation decomposition 2);
[approximation decomposition 4,detail decomposition 4] =
HaarDecomposition (approximation decomposition 3);
[approximation decomposition 5,detail decomposition 5] =
HaarDecomposition (approximation decomposition 4);

detail reconstruction 1 = floor(detail decomposition 1 /

2”shrinkage degree);

detail reconstruction 2 = floor(detail decomposition 2 /

2”shrinkage degree);

detail reconstruction 3 = floor(detail decomposition 3 /

2”shrinkage degree);
detail reconstruction 4
2”shrinkage degree);
detail reconstruction 5
2”shrinkage degree);
approximation reconstruction 5 =

approximation reconstruction 4 =

HaarReconstruction (approximation

5);
approximation reconstruction 3 =

HaarReconstruction (approximation

4) ;
approximation reconstruction 2 =

HaarReconstruction (approximation

_3)
approximation reconstruction 1 =

HaarReconstruction (approximation

_2);

smoothing =

HaarReconstruction (approximation
_1)

smoothing 9 = smoothing(9);

smoothing 17= smoothing(17);

floor (detail decomposition 4 /

floor (detail decomposition 5 /

approximation decomposition 5;

reconstruction 5,detail reconstruction

reconstruction 4,detail reconstruction

reconstruction 3,detail reconstruction

reconstruction 2,detail reconstruction

reconstruction 1,detail reconstruction
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end
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B.7 Spike Removal MATLAB Codes

function[removal,erosion,dilation, opening,closing, top hat,bottom hat, op
timized top hat,optimized bottom hat,recognition, smoothing 9, smoothing
17] =
SpikeDetectionSmoothing (window data, structuring element width, structuri
ng element height,amplitude threshold, shrinkage degree)

removal = 0;
erosion ;
dilation = O0;
opening = 0;
closing
top_hat
bottom hat 0;
optimized top hat = 0;
optimized bottom hat =
recognition = 1;
smoothing 9 = 0;
smoothing 17 = 0;

Il
(@)

Il
(@)
~.

0;

0;

if (length(window data) ~= 4*structuring element width-3)
disp('Input Error!');
return

end

[recognition,erosion,dilation, opening,closing, top hat,bottom hat,optimi
zed top hat,optimized bottom hat] =
SpikeDetection(window data, structuring element width, structuring elemen
t height,amplitude threshold);

if (structuring element width == 11)
[smoothing 9, smoothing 17] =

SpikeSmoothing (window_data(5:36),shrinkage degree);
if (recognition == 1)

removal = smoothing 17;
else
removal = window data (2*structuring element width-1);
end
elseif (structuring element width == 9)

[smoothing 9, smoothing 17] =
SpikeSmoothing (window data(1:32),shrinkage degree);
if (recognition == 1)
removal = smoothing 17;
else
removal = window data (2*structuring element width-1);
end
elseif (structuring element width == 7)
[smoothing 9, smoothing 17] =
SpikeSmoothing ([window data (5:20),window_data(5:20) ], shrinkage degree);
if (recognition == 1)
removal = smoothing 9;
else
removal = window data (2*structuring element width-1);
end
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elseif (structuring element width == 5)
[smoothing 9, smoothing 17] =
SpikeSmoothing ([window data(l1:16),window data(l:16)],shrinkage degree);
if (recognition == 1)
removal = smoothing 9;
else
removal = window data (2*structuring element width-1);
end
end

end
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B.8 Spike Detection Simulation MATLAB Codes

close all;
clearvars;

structuring element width = 7;
structuring element height = 2;
amplitude threshold = 15;

input data = load('log.txt');
input data input data(1,100:499);

for 1 = 0:40

input data (280+i) = input data(280+i)+round(400*sin(pi/40*1i));
end
recognition = zeros(1l,length(input data));
erosion = input data;
dilation = input data;
opening = input data;
closing = input data;
top hat = zeros(l,length(input data));

bottom hat = zeros(1l,length(input data));
optimized top hat = zeros(l,length (input data));
optimized bottom hat = zeros(1l,length(input data));

for i = 2*structuring element width-1:length (input data)-
2*structuring element width+2

[recognition(i),erosion(i),dilation(i),opening(i),closing(i),top hat (i)
;bottom hat (i),optimized top hat (i),optimized bottom hat(i)] =
SpikeDetection (input data (i-

2*structuring element width+2:i+2*structuring element width-
2),structuring element width,structuring element height,amplitude thres
hold) ;

end

figure ('Name', 'Spike Detection Demo') ;
p_input = plot (input data,'.-k');

hold on;
for i = l:length(input data)
if (recognition (i) == 1)
p_recognition = plot(i,input data(i), 'ok', 'MarkerSize',5);
end
end

xlabel ('Time Point');

ylabel ("Amplitude');

title('Spike Detection @W=7,H=2,A=15");
legend([p_input,p_ recognition], {'Input (n)', 'Recognition(n)==1"});
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B.9 Spike Smoothing Simulation MATLAB Codes

close all;
clearvars;

shrinkage degree = 1;

input data = load('log.txt');
input data input data(1,100:499);

smoothing = input data;

for i = 9:length(input data)-7

[smoothing (i), ] = SpikeSmoothing([input data (i-8:1+7),input data (i-
8:14+7)]1,shrinkage degree);
end

figure ('Name', 'Spike Smoothing Demo');
p_smoothing = plot (smoothing, '-k');
hold on;

p_input = plot(input data,'.k'");

xlabel ('Time Point');

ylabel ("Amplitude');

title ('Spike Smoothing @S=1");

legend ([p_input,p_smoothing], { 'Input (n)

|

, '"Smoothing (n) '});
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B.10 Spike Removal Simulation MATLAB Codes

close all;
clearvars;

structuring element width = 7;
structuring element height = 2;
amplitude threshold = 15;
shrinkage degree = 4;

$load('TestData.mat', 'input data');

input data = load('log.txt');
input data input data(1,1:5000);

removal = input data;
erosion = input data;
dilation = input data;

opening = input data;

closing = input data;

top hat = zeros(l,length(input data));

bottom hat = zeros(1l,length(input data));
optimized top hat = zeros(l,length(input data));
optimized bottom hat = zeros(l,length(input data));
recognition = zeros(1l,length(input data));
smoothing 9 = input data;

smoothing 17 = input data;

for i = 2*structuring element width-1l:length (input data)-
2*structuring element width+2

[removal (i) ,erosion(i),dilation (i), opening(i),closing (i), top hat (i), bot
tom hat(i),optimized top hat(i),optimized bottom hat (i), recognition (i),
smoothing 9(i),smoothing 17(i)] = SpikeDetectionSmoothing (input data (i-
2*structuring element width+2:i+2*structuring element width-
2),structuring element width,structuring element height,amplitude thres
hold, shrinkage degree);

end

figure ('Name', 'Spike Detection Smoothing Demo');
p_removal = plot(removal,'-k');

hold on;
for i = l:length(input data)
if (recognition (i) == 1)
p_recognition plot (i,input data(i),'.k');
end
end

xlabel ('Time Point');

ylabel ("Amplitude');

title ('Spike Detection Smoothing @W=7,H=2,A=15,S=4");
legend([p_recognition,p removal], {'Detected Spikes In
Input(n) ', 'Removal (n) '});
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B.11 Top Module of Erosion Verilog Codes

/* Erosion W=7 */

module ers_w_7

#

(

parameter DAT_WDT = 12, // Data Width

parameter STR_ELM_HGH = 10 // Structuring Element Height
)

(
input clk, // Clock

input rst, // Reset

input [DAT_WNDT:0] din_0, // Data In 0
input [DAT_WDT:0] din_1, // DataIn 1
input [DAT_WDT:0] din_2, // DataIn 2
input [DAT_WDT:0] din_3, // DataIn 3
input [DAT_WDT:0] din_4, // DataIn 4
input [DAT_WDT:0] din_5, // DataIn 5
input [DAT_WDT:0] din_6, // Data In 6
input [DAT_WDT:0] din_7, // Data In 7
input [DAT_WDT:0] din_8, // DataIn 8
input [DAT_WDT:0] din_9, // DataIn 9
input [DAT_WDT:0] din_10, // Data In 10
input [DAT_WDT:0] din_11, // Data In 11
input [DAT_WDT:0] din_12, // Data In 12
input [DAT_WDT:0] din_13, // Data In 13
input [DAT_WDT:0] din_14, // Data In 14
input [DAT_WDT:0] din_15, // Data In 15
input [DAT_WDT:0] din_16, // Data In 16
input [DAT_WDT:0] din_17, // Data In 17
input [DAT_WDT:0] din_18, // Data In 18

input [DAT_WDT:0] din_19, // Data In 19
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input [DAT_WDT:0] din_20, // Data In 20

input [DAT_WDT:0] din_21, // Data In 21

input [DAT_WDT:0] din_22, // Data In 22

input [DAT_WDT:0] din_23, // Data In 23

input [DAT_WNDT:0] din_24, // Data In 24

output wire [DAT_WDT:0] dout_0, // Data Out 0
output wire [DAT_WDT:0] dout_1, // Data Out 1
output wire [DAT_WNDT:0] dout_2, // Data Out 2
output wire [DAT_WNDT:0] dout_3, // Data Out 3
output wire [DAT_WDT:0] dout_4, // Data Out 4
output wire [DAT_WNDT:0] dout_5, // Data Out 5
output wire [DAT_WDT:0] dout_6, // Data Out 6
output wire [DAT_WNDT:0] dout_7, // Data Out 7
output wire [DAT_WNDT:0] dout_8, // Data Out 8
output wire [DAT_WNDT:0] dout_9, // Data Out 9
output wire [DAT_WNDT:0] dout_10, // Data Out 10
output wire [DAT_WDT:0] dout_11, // Data Out 11
output wire [DAT_WNDT:0] dout_12, // Data Out 12
output wire [DAT_WNDT:0] dout_13, // Data Out 13
output wire [DAT_WNDT:0] dout_14, // Data Out 14
output wire [DAT_WDT:0] dout_15, // Data Out 15
output wire [DAT_WDT:0] dout_16, // Data Out 16
output wire [DAT_WNDT:0] dout_17, // Data Out 17
output wire [DAT_WDT:0] dout_18 // Data Out 18

);

wire [DAT_WDT:0] min_din_1_2;
wire [DAT_WDT:0] min_din_3_4;
wire [DAT_WDT:0] min_din_5_6;
wire [DAT_WDT:0] min_din_7_8;
wire [DAT_WDT:0] min_din_9_10;

wire [DAT_WDT:0] min_din_11_12;
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wire [DAT_WDT:0] min_din_13_14;
wire [DAT_WDT:0] min_din_15_16;
wire [DAT_WDT:0] min_din_17_18;
wire [DAT_WDT:0] min_din_19_20;
wire [DAT_WDT:0] min_din_21_22;

wire [DAT_WDT:0] min_din_23_24;

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_1_2
(.clk(clk),.rst(rst),.din_0(din_1), .din_1(din_2), .dout(min_din_1_2));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_3_4
(.clk(clk),.rst(rst),.din_0(din_3), .din_1(din_4), .dout(min_din_3_4));

min_uuu #(.DAT_WDT(DAT_WNDT)) i_min_din_5_6
(.clk(clk),.rst(rst),.din_0(din_5), .din_1(din_6), .dout(min_din_5_6));

min_uuu #(.DAT_WDT(DAT_WNDT)) i_min_din_7_8
(.clk(clk),.rst(rst),.din_0(din_7), .din_1(din_8), .dout(min_din_7_8));

min_uuu #(.DAT_WDT(DAT_WNDT)) i_min_din_9_10
(.clk(clk),.rst(rst),.din_0(din_9), .din_1(din_10),.dout(min_din_9_10));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_11_12(.clk(clk),.rst(rst),.din_0(din_11),.din_1(din_12),.dout(min_din_11_12));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_13_14(.clk(clk),.rst(rst),.din_0(din_13),.din_1(din_14),.dout(min_din_13_14));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_15_16(.clk(clk),.rst(rst),.din_0(din_15),.din_1(din_16),.dout(min_din_15_16));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_17_18(.clk(clk),.rst(rst),.din_0(din_17),.din_1(din_18),.dout(min_din_17_18));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_19_20(.clk(clk),.rst(rst),.din_0(din_19),.din_1(din_20),.dout(min_din_19_20));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_21_22(.clk(clk),.rst(rst),.din_0(din_21),.din_1(din_22),.dout(min_din_21_22));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_23_24(.clk(clk),.rst(rst),.din_0(din_23),.din_1(din_24),.dout(min_din_23_24));

wire [DAT_WDT:0] min_din_0_to_2;
wire [DAT_WDT:0] min_din_1_to_3;
wire [DAT_WDT:0] min_din_2_to_4;
wire [DAT_WDT:0] min_din_3_to_5;

wire [DAT_WDT:0] min_din_4 to_6;
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wire [DAT_WDT:0] min_din_5_to_7;
wire [DAT_WDT:0] min_din_6_to_8;
wire [DAT_WDT:0] min_din_7_to_9;
wire [DAT_WDT:0] min_din_8_to_10;
wire [DAT_WDT:0] min_din_9 _to_11;
wire [DAT_WDT:0] min_din_10_to_12;
wire [DAT_WDT:0] min_din_11_to_13;
wire [DAT_WDT:0] min_din_12_to_14;
wire [DAT_WDT:0] min_din_13_to_15;
wire [DAT_WDT:0] min_din_14_to_16;
wire [DAT_WDT:0] min_din_15_to_17;
wire [DAT_WDT:0] min_din_16_to_18;
wire [DAT_WDT:0] min_din_17_to_19;
wire [DAT_WDT:0] min_din_18_to_20;
wire [DAT_WDT:0] min_din_19_to_21;
wire [DAT_WDT:0] min_din_20_to_22;
wire [DAT_WDT:0] min_din_21_to_23;

wire [DAT_WDT:0] min_din_22_to_24;

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_0_to_2
(.clk(clk),.rst(rst),.din_0(din_0), .din_1(min_din_1_2), .dout(min_din_0_to_2));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_1 to_3
(.clk(clk),.rst(rst),.din_O(min_din_1_2), .din_1(din_3), .dout(min_din_1_to_3));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_2_to 4
(.clk(clk),.rst(rst),.din_0(din_2), .din_1(min_din_3_4), .dout(min_din_2_to_4));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_3_to_5
(.clk(clk),.rst(rst),.din_0(min_din_3_4), .din_1(din_5), .dout(min_din_3_to_5));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_4_to_6
(.clk(clk),.rst(rst),.din_0(din_4), .din_1(min_din_5_6), .dout(min_din_4_to_6));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_5_to_7
(.clk(clk),.rst(rst),.din_0(min_din_5_6), .din_1(din_7), .dout(min_din_5_to_7));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_6_to_8
(.clk(clk),.rst(rst),.din_0(din_6), .din_1(min_din_7_8), .dout(min_din_6_to_8));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_7_to_9
(.clk(clk),.rst(rst),.din_0(min_din_7_8), .din_1(din_9), .dout(min_din_7_to_9));
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min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_8_to_10

(.clk(clk),.rst(rst),.din_0(din_8), .din_1(min_din_9_10), .dout(min_din_8_to_10));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_9_to_11
(.clk(clk),.rst(rst),.din_0(min_din_9_10) ,.din_1(din_11),

min_uuu #(.DAT_WDT(DAT_WDT))

i_min_din_10_to_12(.clk(clk),.rst(rst),.din_0(din_10),

2));

min_uuu #(.DAT_WDT(DAT_WDT))

.dout(min_din_9_to_11));

.din_1(min_din_11_12),.dout(min_din_10_to_1

i_min_din_11_to_13(.clk(clk),.rst(rst),.din_O(min_din_11_12),.din_1(din_13),  .dout(min_din_11_to_1

3));

min_uuu #(.DAT_WDT(DAT_WDT))

i_min_din_12_to_14(.clk(clk),.rst(rst),.din_0(din_12),

4));

min_uuu #(.DAT_WDT(DAT_WDT))

.din_1(min_din_13_14),.dout(min_din_12_to_1

i_min_din_13_to_15(.clk(clk),.rst(rst),.din_0(min_din_13_14),.din_1(din_15), .dout(min_din_13 to_1

5));

min_uuu #(.DAT_WDT(DAT_WDT))

i_min_din_14 to_16(.clk(clk),.rst(rst),.din_0(din_14),

6));

min_uuu #(.DAT_WDT(DAT_WDT))

.din_1(min_din_15_16),.dout(min_din_14_to_1

i_min_din_15_to_17(.clk(clk),.rst(rst),.din_0(min_din_15_16),.din_1(din_17),  .dout(min_din_15_to_1

7);

min_uuu #(.DAT_WDT(DAT_WDT))

i_min_din_16_to_18(.clk(clk),.rst(rst),.din_0(din_16),

8));

min_uuu #(.DAT_WDT(DAT_WDT))

.din_1(min_din_17_18),.dout(min_din_16_to_1

i_min_din_17_to_19(.clk(clk),.rst(rst),.din_0(min_din_17_18),.din_1(din_19), .dout(min_din_17 to_1

9));

min_uuu #(.DAT_WDT(DAT_WDT))

i_min_din_18_to_20(.clk(clk),.rst(rst),.din_0(din_18),

0));

min_uuu #(.DAT_WDT(DAT_WDT))

.din_1(min_din_19_20),.dout(min_din_18_to_2

i_min_din_19_to_21(.clk(clk),.rst(rst),.din_0(min_din_19_20),.din_1(din_21), .dout(min_din_19_to_2

1));

min_uuu #(.DAT_WDT(DAT_WDT))

i_min_din_20_to_22(.clk(clk),.rst(rst),.din_0(din_20),

2));

min_uuu #(.DAT_WDT(DAT_WDT))

.din_1(min_din_21_22),.dout(min_din_20_to_2

i_min_din_21_to_23(.clk(clk),.rst(rst),.din_0(min_din_21_22),.din_1(din_23), .dout(min_din_21 to_2

3));

min_uuu #(.DAT_WDT(DAT_WDT))

i_min_din_22_to_24(.clk(clk),.rst(rst),.din_0(din_22),

4));
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wire [DAT_WDT:0] min_din_0_to_2_4 to_6;
wire [DAT_WDT:0] min_din_1_to_3_5_to_7;
wire [DAT_WDT:0] min_din_2_to_4_6_to_8;
wire [DAT_WDT:0] min_din_3_to_5 7 to_9;
wire [DAT_WDT:0] min_din_4_to_6_8 to_10;
wire [DAT_WDT:0] min_din_5_to_7_9 to_11;
wire [DAT_WDT:0] min_din_6_to_8_10_to_12;
wire [DAT_WDT:0] min_din_7_to_9_11_to_13;
wire [DAT_WDT:0] min_din_8_to_10_12 to_14;
wire [DAT_WDT:0] min_din_9 to_11_13 to_15;
wire [DAT_WDT:0] min_din_10_to_12_14_to_16;
wire [DAT_WDT:0] min_din_11_to_13_15_to_17;
wire [DAT_WDT:0] min_din_12_to_14_16_to_18;
wire [DAT_WDT:0] min_din_13_to_15_17_to_19;
wire [DAT_WDT:0] min_din_14 _to_16_18_to_20;
wire [DAT_WDT:0] min_din_15_to_17_19 _to_21;
wire [DAT_WDT:0] min_din_16_to_18_20_to_22;
wire [DAT_WDT:0] min_din_17_to_19_21 to_23;

wire [DAT_WDT:0] min_din_18_to_20_22_to_24;

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_0_to_2 4 to_6
(.clk(clk),.rst(rst),.din_0(min_din_0_to_2), .din_1(min_din_4 to_6), .dout(min_din_0 _to_2 4 to_6));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_1_to_3 5 to_7
(.clk(clk),.rst(rst),.din_0(min_din_1_to_3), .din_1(min_din_5 to_7), .dout(min_din_1 to 3 5 to_7));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_2_to_4 6 _to_8
(.clk(clk),.rst(rst),.din_0(min_din_2_to_4), .din_1(min_din_6_to_8), .dout(min_din_2 to 4 6 _to_8));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_3_to_5_7 to_9
(.clk(clk),.rst(rst),.din_0(min_din_3_to_5), .din_1(min_din_7 to_9), .dout(min_din_3 to 5 7 to_ 9));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_4_to_6_8_to_10
(.clk(clk),.rst(rst),.din_0(min_din_4_to_6), .din_1(min_din_8 to_10), .dout(min_din_4 to_6_8 to_10));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_5 to 7 9 to_ 11
(.clk(clk),.rst(rst),.din_0(min_din_5_to_7), .din_1(min_din_9_to_11), .dout(min_din_5_to_7_9_to_11));
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min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_6_to_8_10_to_12
(.clk(clk),.rst(rst),.din_0(min_din_6_to_8), .din_1(min_din_10_to_12),.dout(min_din_6_to_8 10_to_12)
);

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_7_to_9_11 to_13
(.clk(clk),.rst(rst),.din_0(min_din_7_to_9), .din_1(min_din_11_to_13),.dout(min_din_7_to_9 11 to_13)
);

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_8 to_10_12 to_14
(.clk(clk),.rst(rst),.din_0(min_din_8_ to_10), .din_1(min_din_12_to_14),.dout(min_din_8 to_10_12 to_1
4));

min_uuu #(.DAT_WDT(DAT_WDT)) i_min_din_9_to_11 13 to_15
(.clk(clk),.rst(rst),.din_0(min_din_9_to_11), .din_1(min_din_13_to_15),.dout(min_din_9_to_11 13 to_1
5));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_10_to_12_14 to_16(.clk(clk),.rst(rst),.din_0(min_din_10_to_12),.din_1(min_din_14_to_16),.
dout(min_din_10_to_12_14 to_16));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_11_to_13_15_to_17(.clk(clk),.rst(rst),.din_0(min_din_11 to_13),.din_1(min_din_15_ to_17),.
dout(min_din_11_to_13_15_to_17));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_12_to_14_16_to_18(.clk(clk),.rst(rst),.din_0(min_din_12_to_14),.din_1(min_din_16_to_18),.
dout(min_din_12_to_14 16_to_18));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_13 to_15_17_to_19(.clk(clk),.rst(rst),.din_0(min_din_13_to_15),.din_1(min_din_17_to_19),.
dout(min_din_13_to_15_17 to_19));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_14_to_16_18 to_20(.clk(clk),.rst(rst),.din_0(min_din_14 to_16),.din_1(min_din_18_to_20),.
dout(min_din_14 to_16_18 to_20));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_15_to_17_19 to_21(.clk(clk),.rst(rst),.din_0(min_din_15_to_17),.din_1(min_din_19_to_21),.
dout(min_din_15 to_17_19 to_21));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_16_to_18_20_to_22(.clk(clk),.rst(rst),.din_0(min_din_16_to_18),.din_1(min_din_20_to_22),.
dout(min_din_16_to_18 20 to_22));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_17_to_19_21 to_23(.clk(clk),.rst(rst),.din_0(min_din_17_to_19),.din_1(min_din_21_to_23),.
dout(min_din_17 to_19 21 to_23));

min_uuu #(.DAT_WDT(DAT_WDT))
i_min_din_18 to_20_22_ to_24(.clk(clk),.rst(rst),.din_0(min_din_18 to_20),.din_1(min_din_22_to_24),.
dout(min_din_18 to_20 22 to_24));

wire [DAT_WDT:0] sbt_din_3_h;

wire [DAT_WDT:0] sbt_din_4_h;
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wire [DAT_WDT:0] sbt_din_5_h;
wire [DAT_WNDT:0] sbt_din_6_h;
wire [DAT_WDT:0] sbt_din_7_h;
wire [DAT_WDT:0] sbt_din_8_h;
wire [DAT_WDT:0] sbt_din_9_h;
wire [DAT_WDT:0] sbt_din_10_h;
wire [DAT_WDT:0] sbt_din_11_h;
wire [DAT_WDT:0] sbt_din_12_h;
wire [DAT_WDT:0] sbt_din_13_h;
wire [DAT_WDT:0] sbt_din_14 h;
wire [DAT_WDT:0] sbt_din_15_h;
wire [DAT_WDT:0] sbt_din_16_h;
wire [DAT_WDT:0] sbt_din_17_h;
wire [DAT_WDT:0] sbt_din_18 h;
wire [DAT_WDT:0] sbt_din_19_h;
wire [DAT_WNDT:0] sbt_din_20_h;

wire [DAT_WNDT:0] sbt_din_21 h;

sbt #(.DAT_WDT(DAT_WDT))i_sbt_din_3_h
(.clk(clk),.rst(rst),.din_0(din_3), .din_1(STR_ELM_HGH),.dout(sbt_din_3_h));

sbt #(.DAT_WDT(DAT_WDT)) i_sbt_din_4_h
(.clk(clk),.rst(rst),.din_0(din_4), .din_1(STR_ELM_HGH),.dout(sbt_din_4_h));

sbt #(.DAT_WDT(DAT_WDT)) i_sbt_din_5_h
(.clk(clk),.rst(rst),.din_0(din_5), .din_1(STR_ELM_HGH),.dout(sbt_din_5_h));

sbt #(.DAT_WDT(DAT_WDT)) i_sbt_din_6_h
(.clk(clk),.rst(rst),.din_0(din_6), .din_1(STR_ELM_HGH),.dout(sbt_din_6_h));

sbt #(.DAT_WDT(DAT_WDT)) i_sbt_din_7_h
(.clk(clk),.rst(rst),.din_0(din_7), .din_1(STR_ELM_HGH),.dout(sbt_din_7_h));

sbt #(.DAT_WDT(DAT_WDT)) i_sbt_din_8 h
(.clk(clk),.rst(rst),.din_0(din_8), .din_1(STR_ELM_HGH),.dout(sbt_din_8_h));

sbt #(.DAT_WDT(DAT_WDT))i_sbt_din_ 9 _h
(.clk(clk),.rst(rst),.din_0(din_9), .din_1(STR_ELM_HGH),.dout(sbt_din_9_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_10_h(.clk(clk),.rst(rst),.din_0(din_10),.din_1(STR_ELM_HGH),.dout(sbt_din_10_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_11_h(.clk(clk),.rst(rst),.din_0(din_11),.din_1(STR_ELM_HGH),.dout(sbt_din_11_h));
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sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_12_h(.clk(clk),.rst(rst),.din_0(din_12),.din_1(STR_ELM_HGH),.dout(sbt_din_12_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_13_h(.clk(clk),.rst(rst),.din_0(din_13),.din_1(STR_ELM_HGH),.dout(sbt_din_13_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_14_h(.clk(clk),.rst(rst),.din_0(din_14),.din_1(STR_ELM_HGH),.dout(sbt_din_14_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_15_h(.clk(clk),.rst(rst),.din_0(din_15),.din_1(STR_ELM_HGH),.dout(sbt_din_15_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_16_h(.clk(clk),.rst(rst),.din_0(din_16),.din_1(STR_ELM_HGH),.dout(sbt_din_16_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_17_h(.clk(clk),.rst(rst),.din_0(din_17),.din_1(STR_ELM_HGH),.dout(sbt_din_17_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_18_h(.clk(clk),.rst(rst),.din_0(din_18),.din_1(STR_ELM_HGH),.dout(sbt_din_18_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_19_h(.clk(clk),.rst(rst),.din_0(din_19),.din_1(STR_ELM_HGH),.dout(sbt_din_19_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_20_h(.clk(clk),.rst(rst),.din_0(din_20),.din_1(STR_ELM_HGH),.dout(sbt_din_20_h));

sbt #(.DAT_WDT(DAT_WDT))
i_sbt_din_21_h(.clk(clk),.rst(rst),.din_0(din_21),.din_1(STR_ELM_HGH),.dout(sbt_din_21_h));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_0
(.clk(clk),.rst(rst),.din_O(min_din_0_to_2_4 to_6), .din_1(sbt_din_3_h), .dout(dout_0));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_1
(.clk(clk),.rst(rst),.din_O(min_din_1_to_3 5 to_7), .din_1(sbt_din_4_h), .dout(dout_1));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_2
(.clk(clk),.rst(rst),.din_0O(min_din_2 to 4 6 to_8), .din_1(sbt_din_5_h), .dout(dout_2));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_3
(.clk(clk),.rst(rst),.din_0(min_din_3 to 5 7 to_9), .din_1(sbt_din_6_h), .dout(dout_3));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_4
(.clk(clk),.rst(rst),.din_0(min_din_4_to_6_8 to_10), .din_1(sbt_din_7_h), .dout(dout_4));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_5
(.clk(clk),.rst(rst),.din_0(min_din_5 to_7_9 to_11), .din_1(sbt_din_8 h), .dout(dout_5));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_6
(.clk(clk),.rst(rst),.din_0(min_din_6_to_8 10 to_12), .din_1(sbt_din_9_h), .dout(dout_6));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_7
(.clk(clk),.rst(rst),.din_0(min_din_7 to 9 11 to_13), .din_1(sbt_din_10_h),.dout(dout_7));

min_uss #(.DAT_WDT(DAT_WDT)) i_ers_8
(.clk(clk),.rst(rst),.din_0(min_din_8 to_10 12 to_14), .din_1(sbt_din_11_h),.dout(dout_8));
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min_uss #(.DAT_WDT(DAT_WDT))i_ers_9
(.clk(clk),.rst(rst),.din_0(min_din_9_to_11 13 to_15), .din_1(sbt_din_12_h),.dout(dout_9));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_10(.clk(clk),.rst(rst),.din_O(min_din_10_to_12_14_to_16),.din_1(sbt_din_13_h),.dout(dout_10));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_11(.clk(clk),.rst(rst),.din_O(min_din_11_to_13_15_to_17),.din_1(sbt_din_14_h),.dout(dout_11));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_12(.clk(clk),.rst(rst),.din_O(min_din_12_to_14_16_to_18),.din_1(sbt_din_15_h),.dout(dout_12));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_13(.clk(clk),.rst(rst),.din_O(min_din_13_to_15_17_to_19),.din_1(sbt_din_16_h),.dout(dout_13));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_14(.clk(clk),.rst(rst),.din_O(min_din_14_to_16_18 to_20),.din_1(sbt_din_17_h),.dout(dout_14));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_15(.clk(clk),.rst(rst),.din_O(min_din_15_to_17_19 to_21),.din_1(sbt_din_18 h),.dout(dout_15));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_16(.clk(clk),.rst(rst),.din_O(min_din_16_to_18 20_to_22),.din_1(sbt_din_19_h),.dout(dout_16));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_17(.clk(clk),.rst(rst),.din_0(min_din_17_to_19 21 to_23),.din_1(sbt_din_20_h),.dout(dout_17));

min_uss #(.DAT_WDT(DAT_WDT))
i_ers_18(.clk(clk),.rst(rst),.din_0(min_din_18 to_20_22 to_24),.din_1(sbt_din_21_h),.dout(dout_18));

endmodule
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B.12 Top Module of Spike Removal Verilog Codes

/* Spike Removal W=7 */

module spk_rmv_w_7

#

(

parameter DAT_WDT = 12, // Data Width

parameter STR_ELM_HGH = 3, // Structuring Element Height
parameter AMP_THR = 20, // Amplitude Threshold
parameter SHR_DGR = 4, // Shrinkage Degree

parameter TWC_AMP_THR = 40 // Twice the Amplitude Threshold
)

(

input clk, // Clock

input rst, // Reset

input din_req, // Data In Request

input [DAT_WDT-1:0] din, // Data In

output reg dout_req = 1'b0, // Data Out Request

output reg [DAT_WDT-1:0] dout = {DAT_WDT{1'b0}} // Data Out

);

localparam STR_ELM_HLF_WDT = 3; // Structuring Element Half Width

wire [DAT_WDT-1:0] hst_rgs_1; // History Register 1
wire [DAT_WDT-1:0] hst_rgs_2; // History Register 2
wire [DAT_WDT-1:0] hst_rgs_3; // History Register 3
wire [DAT_WDT-1:0] hst_rgs_4; // History Register 4
wire [DAT_WDT-1:0] hst_rgs_5; // History Register 5
wire [DAT_WDT-1:0] hst_rgs_6; // History Register 6

wire [DAT_WDT-1:0] hst_rgs_7; // History Register 7
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wire [DAT_WDT-1:0] hst_rgs_8; // History Register 8

wire [DAT_WDT-1:0] hst_rgs_9; // History Register 9

wire [DAT_WDT-1:0] hst_rgs_10; // History Register 10
wire [DAT_WDT-1:0] hst_rgs_11; // History Register 11
wire [DAT_WDT-1:0] hst_rgs_12; // History Register 12
wire [DAT_WDT-1:0] hst_rgs_13; // History Register 13
wire [DAT_WDT-1:0] hst_rgs_14; // History Register 14
wire [DAT_WDT-1:0] hst_rgs_15; // History Register 15
wire [DAT_WDT-1:0] hst_rgs_16; // History Register 16
wire [DAT_WDT-1:0] hst_rgs_17; // History Register 17
wire [DAT_WDT-1:0] hst_rgs_18; // History Register 18
wire [DAT_WDT-1:0] hst_rgs_19; // History Register 19
wire [DAT_WDT-1:0] hst_rgs_20; // History Register 20
wire [DAT_WDT-1:0] hst_rgs_21; // History Register 21
wire [DAT_WDT-1:0] hst_rgs_22; // History Register 22
wire [DAT_WDT-1:0] hst_rgs_23; // History Register 23
wire [DAT_WDT-1:0] hst_rgs_24; // History Register 24

wire [DAT_WDT-1:0] hst_rgs_25; // History Register 25

hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_1
(.clk(clk),.rst(rst),.din_req(din_req),.din(din),  .dout(hst_rgs_1));

hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_2
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_1), .dout(hst_rgs_2));

hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_3
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_2), .dout(hst_rgs_3));

hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_4
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_3), .dout(hst_rgs_4));

hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_5
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_4), .dout(hst_rgs_5));

hst_rgs #(.DAT_WDT(DAT_WNDT)) i_hst_rgs_6
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_5), .dout(hst_rgs_6));

hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_7
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_6), .dout(hst_rgs_7));

hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_8
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_7), .dout(hst_rgs_8));
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hst_rgs #(.DAT_WDT(DAT_WDT)) i_hst_rgs_9
(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_8), .dout(hst_rgs_9));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_10(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_9), .dout(hst_rgs_10));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_11(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_10),.dout(hst_rgs_11));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_12(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_11),.dout(hst_rgs_12));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_13(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_12),.dout(hst_rgs_13));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_14(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_13),.dout(hst_rgs_14));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_15(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_14),.dout(hst_rgs_15));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_16(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_15),.dout(hst_rgs_16));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_17(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_16),.dout(hst_rgs_17));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_18(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_17),.dout(hst_rgs_18));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_19(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_18),.dout(hst_rgs_19));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_20(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_19),.dout(hst_rgs_20));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_21(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_20),.dout(hst_rgs_21));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_22(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_21),.dout(hst_rgs_22));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_23(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_22),.dout(hst_rgs_23));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_24(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_23),.dout(hst_rgs_24));

hst_rgs #(.DAT_WDT(DAT_WDT))
i_hst_rgs_25(.clk(clk),.rst(rst),.din_req(din_req),.din(hst_rgs_24),.dout(hst_rgs_25));

reg [DAT_WNDT:0] ers_din_0 = {DAT_WDT+1{1'b0}}; // Erosion Data In 0
reg [DAT_WDT:0] ers_din_1 = {DAT_WDT+1{1'b0}}; // Erosion Data In 1

reg [DAT_WDT:0] ers_din_2 = {DAT_WDT+1{1'b0}}; // Erosion Data In 2
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reg [DAT_WDT:0] ers_din_3 = {DAT_WDT+1{1'b0}}; // Erosion Data In 3
reg [DAT_WDT:0] ers_din_4 = {DAT_WDT+1{1'b0}}; // Erosion Data In 4
reg [DAT_WDT:0] ers_din_5 = {DAT_WDT+1{1'b0}}; // Erosion Data In 5
reg [DAT_WDT:0] ers_din_6 = {DAT_WDT+1{1'b0}}; // Erosion Data In 6
reg [DAT_WNDT:0] ers_din_7 = {DAT_WDT+1{1'b0}}; // Erosion Data In 7
reg [DAT_WDT:0] ers_din_8 = {DAT_WDT+1{1'b0}}; // Erosion Data In 8
reg [DAT_WNDT:0] ers_din_9 = {DAT_WDT+1{1'b0}}; // Erosion Data In 9
reg [DAT_WDT:0] ers_din_10 = {DAT_WDT+1{1'b0}}; // Erosion Data In 10
reg [DAT_WDT:0] ers_din_11 = {DAT_WDT+1{1'b0}}; // Erosion Data In 11
reg [DAT_WDT:0] ers_din_12 = {DAT_WDT+1{1'b0}}; // Erosion Data In 12
reg [DAT_WDT:0] ers_din_13 = {DAT_WDT+1{1'b0}}; // Erosion Data In 13
reg [DAT_WDT:0] ers_din_14 = {DAT_WDT+1{1'b0}}; // Erosion Data In 14
reg [DAT_WDT:0] ers_din_15 = {DAT_WDT+1{1'b0}}; // Erosion Data In 15
reg [DAT_WDT:0] ers_din_16 = {DAT_WDT+1{1'b0}}; // Erosion Data In 16
reg [DAT_WDT:0] ers_din_17 = {DAT_WDT+1{1'b0}}; // Erosion Data In 17
reg [DAT_WDT:0] ers_din_18 = {DAT_WDT+1{1'b0}}; // Erosion Data In 18
reg [DAT_WDT:0] ers_din_19 = {DAT_WDT+1{1'b0}}; // Erosion Data In 19
reg [DAT_WDT:0] ers_din_20 = {DAT_WDT+1{1'b0}}; // Erosion Data In 20
reg [DAT_WDT:0] ers_din_21 = {DAT_WDT+1{1'b0}}; // Erosion Data In 21
reg [DAT_WDT:0] ers_din_22 = {DAT_WDT+1{1'b0}}; // Erosion Data In 22
reg [DAT_WDT:0] ers_din_23 = {DAT_WDT+1{1'b0}}; // Erosion Data In 23

reg [DAT_WDT:0] ers_din_24 = {DAT_WDT+1{1'b0}}; // Erosion Data In 24

wire [DAT_WDT:0] ers_dout_0; // Erosion Data Out 0
wire [DAT_WDT:0] ers_dout_1; // Erosion Data Out 1
wire [DAT_WDT:0] ers_dout_2; // Erosion Data Out 2
wire [DAT_WDT:0] ers_dout_3; // Erosion Data Out 3
wire [DAT_WDT:0] ers_dout_4; // Erosion Data Out 4
wire [DAT_WDT:0] ers_dout_5; // Erosion Data Out 5
wire [DAT_WDT:0] ers_dout_6; // Erosion Data Out 6
wire [DAT_WDT:0] ers_dout_7; // Erosion Data Out 7

wire [DAT_WDT:0] ers_dout_8; // Erosion Data Out 8

115



wire [DAT_WDT:0] ers_dout_9; // Erosion Data Out 9

wire [DAT_WDT:0] ers_dout_10; // Erosion Data Out 10
wire [DAT_WDT:0] ers_dout_11; // Erosion Data Out 11
wire [DAT_WNDT:0] ers_dout_12; // Erosion Data Out 12
wire [DAT_WDT:0] ers_dout_13; // Erosion Data Out 13
wire [DAT_WDT:0] ers_dout_14; // Erosion Data Out 14
wire [DAT_WDT:0] ers_dout_15; // Erosion Data Out 15
wire [DAT_WDT:0] ers_dout_16; // Erosion Data Out 16
wire [DAT_WNDT:0] ers_dout_17; // Erosion Data Out 17

wire [DAT_WDT:0] ers_dout_18; // Erosion Data Out 18

reg [DAT_WDT:0] dit_din_0 = {DAT_WDT+1{1'b0}}; // Dilation Data In 0
reg [DAT_WDT:0] dit_din_1 = {DAT_WDT+1{1'b0}}; // Dilation Data In 1
reg [DAT_WDT:0] dit_din_2 = {DAT_WDT+1{1'b0}}; // Dilation Data In 2
reg [DAT_WDT:0] dit_din_3 = {DAT_WDT+1{1'b0}}; // Dilation Data In 3
reg [DAT_WDT:0] dit_din_4 = {DAT_WDT+1{1'b0}}; // Dilation Data In 4
reg [DAT_WDT:0] dit_din_5 = {DAT_WDT+1{1'b0}}; // Dilation Data In 5
reg [DAT_WDT:0] dlt_din_6 = {DAT_WDT+1{1'b0}}; // Dilation Data In 6
reg [DAT_WDT:0] dit_din_7 = {DAT_WDT+1{1'b0}}; // Dilation Data In 7
reg [DAT_WDT:0] dlt_din_8 = {DAT_WDT+1{1'b0}}; // Dilation Data In 8
reg [DAT_WDT:0] dit_din_9 = {DAT_WDT+1{1'b0}}; // Dilation Data In 9
reg [DAT_WDT:0] dit_din_10 = {DAT_WDT+1{1'b0}}; // Dilation Data In 10
reg [DAT_WDT:0] dit_din_11 = {DAT_WDT+1{1'b0}}; // Dilation Data In 11
reg [DAT_WDT:0] dit_din_12 = {DAT_WDT+1{1'b0}}; // Dilation Data In 12
reg [DAT_WDT:0] dIt_din_13 = {DAT_WDT+1{1'b0}}; // Dilation Data In 13
reg [DAT_WDT:0] dit_din_14 = {DAT_WDT+1{1'b0}}; // Dilation Data In 14
reg [DAT_WDT:0] dIt_din_15 = {DAT_WDT+1{1'b0}}; // Dilation Data In 15
reg [DAT_WDT:0] dit_din_16 = {DAT_WDT+1{1'b0}}; // Dilation Data In 16
reg [DAT_WDT:0] dit_din_17 = {DAT_WDT+1{1'b0}}; // Dilation Data In 17
reg [DAT_WDT:0] dit_din_18 = {DAT_WDT+1{1'b0}}; // Dilation Data In 18
reg [DAT_WDT:0] dit_din_19 = {DAT_WDT+1{1'b0}}; // Dilation Data In 19

reg [DAT_WDT:0] dit_din_20 = {DAT_WDT+1{1'b0}}; // Dilation Data In 20
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reg [DAT_WDT:0] dit_din_21 = {DAT_WDT+1{1'b0}}; // Dilation Data In 21
reg [DAT_WDT:0] dit_din_22 = {DAT_WDT+1{1'b0}}; // Dilation Data In 22
reg [DAT_WDT:0] dIt_din_23 = {DAT_WDT+1{1'b0}}; // Dilation Data In 23

reg [DAT_WDT:0] dit_din_24 = {DAT_WDT+1{1'b0}}; // Dilation Data In 24

wire [DAT_WDT:0] dlt_dout_0; // Dilation Data Out 0
wire [DAT_WDT:0] dlt_dout_1; // Dilation Data Out 1
wire [DAT_WDT:0] dlt_dout_2; // Dilation Data Out 2
wire [DAT_WDT:0] dlt_dout_3; // Dilation Data Out 3
wire [DAT_WDT:0] dlt_dout_4; // Dilation Data Out 4
wire [DAT_WDT:0] dlt_dout_5; // Dilation Data Out 5
wire [DAT_WDT:0] dlt_dout_6; // Dilation Data Out 6
wire [DAT_WDT:0] dlt_dout_7; // Dilation Data Out 7
wire [DAT_WDT:0] dlt_dout_8; // Dilation Data Out 8
wire [DAT_WDT:0] dlt_dout_9; // Dilation Data Out 9
wire [DAT_WDT:0] dlt_dout_10; // Dilation Data Out 10
wire [DAT_WDT:0] dlt_dout_11; // Dilation Data Out 11
wire [DAT_WDT:0] dlt_dout_12; // Dilation Data Out 12
wire [DAT_WDT:0] dlt_dout_13; // Dilation Data Out 13
wire [DAT_WDT:0] dlt_dout_14; // Dilation Data Out 14
wire [DAT_WDT:0] dlt_dout_15; // Dilation Data Out 15
wire [DAT_WDT:0] dlt_dout_16; // Dilation Data Out 16
wire [DAT_WDT:0] dlt_dout_17; // Dilation Data Out 17

wire [DAT_WDT:0] dlt_dout_18; // Dilation Data Out 18

ers_ w_7

#

(

.DAT_WDT(DAT_WDT),
.STR_ELM_HGH(STR_ELM_HGH)

)

i_ers

117



.clk(clk),

.rst(rst),
.din_0(ers_din_0),
.din_1(ers_din_1),
.din_2(ers_din_2),
.din_3(ers_din_3),
.din_4(ers_din_4),
.din_5(ers_din_5),
.din_6(ers_din_6),
.din_7(ers_din_7),
.din_8(ers_din_8),
.din_9(ers_din_9),
.din_10(ers_din_10),
.din_11(ers_din_11),
.din_12(ers_din_12),
.din_13(ers_din_13),
.din_14(ers_din_14),
.din_15(ers_din_15),
.din_16(ers_din_16),
.din_17(ers_din_17),
.din_18(ers_din_18),
.din_19(ers_din_19),
.din_20(ers_din_20),
.din_21(ers_din_21),
.din_22(ers_din_22),
.din_23(ers_din_23),
.din_24(ers_din_24),
.dout_0O(ers_dout_0),
.dout_1(ers_dout_1),
.dout_2(ers_dout_2),

.dout_3(ers_dout_3),
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.dout_4(ers_dout_4),
.dout_5(ers_dout_5),
.dout_6(ers_dout_6),
.dout_7(ers_dout_7),
.dout_8(ers_dout_8),
.dout_9(ers_dout_9),
.dout_10(ers_dout_10),
.dout_11(ers_dout_11),
.dout_12(ers_dout_12),
.dout_13(ers_dout_13),
.dout_14(ers_dout_14),
.dout_15(ers_dout_15),
.dout_16(ers_dout_16),
.dout_17(ers_dout_17),

.dout_18(ers_dout_18)

.DAT_WDT(DAT_WDT),
.STR_ELM_HGH(STR_ELM_HGH)
)

i_dlt

(

.clk(clk),

.rst(rst),
.din_0(dlt_din_0),
.din_1(dlt_din_1),
.din_2(dlt_din_2),
.din_3(dIt_din_3),

.din_4(dIt_din_4),
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.din_5(dlt_din_5),
.din_6(dlt_din_6),
.din_7(dlt_din_7),
.din_8(dIt_din_8),
.din_9(dlt_din_9),
.din_10(dIt_din_10),
.din_11(dlt_din_11),
.din_12(dlt_din_12),
.din_13(dlt_din_13),
.din_14(dlt_din_14),
.din_15(dIt_din_15),
.din_16(dIt_din_16),
.din_17(dlt_din_17),
.din_18(dIt_din_18),
.din_19(dIt_din_19),
.din_20(dIt_din_20),
.din_21(dlt_din_21),
.din_22(dlt_din_22),
.din_23(dlIt_din_23),
.din_24(dIt_din_24),
.dout_0(dlt_dout_0),
.dout_1(dlt_dout_1),
.dout_2(dlt_dout_2),
.dout_3(dlt_dout_3),
.dout_4(dlt_dout_4),
.dout_5(dlt_dout_5),
.dout_6(dlt_dout_6),
.dout_7(dlt_dout_7),
.dout_8(dlt_dout_8),
.dout_9(dlt_dout_9),
.dout_10(dIt_dout_10),

.dout_11(dIt_dout_11),
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.dout_12(dIt_dout_12),
.dout_13(dIt_dout_13),
.dout_14(dlt_dout_14),
.dout_15(dIt_dout_15),
.dout_16(dIt_dout_16),
.dout_17(dIt_dout_17),

.dout_18(dIt_dout_18)

wire [20:0] ovr_tph; // Overwritting Top-hat

wire [20:0] ovr_btt; // Overwritting Bottom-hat

wire [12:0] nnz_opt_tph; // Non-Zero Optimized Top-hat

wire [12:0] nnz_opt_btt; // Non-zero Optimized Bottom-hat

reg [DAT_WDT-1:0] opt_tph = {DAT_WDT{1'b0}}; // Optimized Top-hat

reg [DAT_WDT-1:0] opt_btt = {DAT_WDT{1'b0}}; // Optimized Bottom-hat

opt

#

(

.DAT_WDT(DAT_WDT),
STR_ELM_HGH(STR_ELM_HGH),
STR_ELM_HLF_WDT(STR_ELM_HLF_WDT)
)

i_opt

(

.clk(clk),

.rst(rst),
.din_m20({DAT_WDT{1'b0}}),
.din_m19({DAT_WDT{1'b0}}),
.din_m18({DAT_WDT{1'b0}}),

.din_m17({DAT_WDT{1'b0}}),

121



.din_m16({DAT_WDT{1'b0}}),
.din_m15({DAT_WDT{1'b0}}),
.din_m14({DAT_WDT{1'b0}}),
.din_m13({DAT_WDT{1'b0}}),
.din_m12(hst_rgs_25),
.din_m11(hst_rgs_24),
.din_m10(hst_rgs_23),
.din_m9(hst_rgs_22),
.din_m8(hst_rgs_21),
.din_m7(hst_rgs_20),
.din_me6(hst_rgs_19),
.din_m5(hst_rgs_18),
.din_m4(hst_rgs_17),
.din_m3(hst_rgs_16),
.din_m2(hst_rgs_15),
.din_m1(hst_rgs_14),
.din_mpO(hst_rgs_13),
.din_p1(hst_rgs_12),
.din_p2(hst_rgs_11),
.din_p3(hst_rgs_10),
.din_p4(hst_rgs_9),
.din_p5(hst_rgs_8),
.din_p6(hst_rgs_7),
.din_p7(hst_rgs_6),
.din_p8(hst_rgs_5),
.din_p9(hst_rgs_4),
.din_p10(hst_rgs_3),
.din_p11(hst_rgs_2),
.din_p12(hst_rgs_1),
.din_p13({DAT_WDT{1'b0}}),
.din_p14({DAT_WDT{1'b0}}),

.din_p15({DAT_WDT{1'b0}}),
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.din_p16({DAT_WDT{1'b0}}),
.din_p17({DAT_WDT{1'b0}}),
.din_p18({DAT_WDT{1'b0}}),
.din_p19({DAT_WDT{1'b0}}),
.din_p20({DAT_WDT{1'b0}}),
.dout_ovr_tph(ovr_tph),
.dout_ovr_btt(ovr_btt)

);

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_tph_0
(.clk(clk),.rst(rst),.clr(ovr_tph[4]), .din_0(dIt_dout_O[DAT_WDT-
1:0]), .din_1(hst_rgs_19),.dout(nnz_opt_tph[0]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_tph_1
(.clk(clk),.rst(rst),.clr(ovr_tph[5]), .din_0(dIt_dout_1[DAT_WDT-
1:0]), .din_1(hst_rgs_18),.dout(nnz_opt_tph[1]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_tph_2
(.clk(clk),.rst(rst),.clr(ovr_tph[6]), .din_0(dIt_dout_2[DAT_WDT-
1:0]), .din_1(hst_rgs_17),.dout(nnz_opt_tph[2]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_tph_3
(.clk(clk),.rst(rst),.clr(ovr_tph[7]), .din_0(dIt_dout_3[DAT_WDT-
1:0]), .din_1(hst_rgs_16),.dout(nnz_opt_tph[3]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_tph_4
(.clk(clk),.rst(rst),.clr(ovr_tph[8]), .din_O(dIt_dout_4[DAT_WDT-
1:0]), .din_1(hst_rgs_15),.dout(nnz_opt_tph[4]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_tph_5
(.clk(clk),.rst(rst),.clr(ovr_tph[9]), .din_O(dIt_dout_5[DAT_WDT-
1:0]), .din_1(hst_rgs_14),.dout(nnz_opt_tph[5]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_tph_6
(.clk(clk),.rst(rst),.clr(ovr_tph[10]),.din_0(dIt_dout_6[DAT_WDT-
1:0]), .din_1(hst_rgs_13),.dout(nnz_opt_tph[6]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_tph_7
(.clk(clk),.rst(rst),.clr(ovr_tph[11]),.din_0(dIt_dout_7[DAT_WDT-
1:0]), .din_1(hst_rgs_12),.dout(nnz_opt_tph[7]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_tph_8
(.clk(clk),.rst(rst),.clr(ovr_tph[12]),.din_0(dIt_dout_8[DAT_WDT-
1:0]), .din_1(hst_rgs_11),.dout(nnz_opt_tph[8]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_tph_9
(.clk(clk),.rst(rst),.clr(ovr_tph[13]),.din_0(dlt_dout_9[DAT_WDT-
1:0]), .din_1(hst_rgs_10),.dout(nnz_opt_tph[9]));
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not_eql #(.DAT_WDT(DAT_WDT))
i_nnz_opt_tph_10(.clk(clk),.rst(rst),.clr(ovr_tph[14]),.din_0(dIt_dout_10[DAT_WDT-
1:0]),.din_1(hst_rgs_9), .dout(nnz_opt_tph[10]));

not_eql #(.DAT_WDT(DAT_WDT))
i_nnz_opt_tph_11(.clk(clk),.rst(rst),.clr(ovr_tph[15]),.din_0(dIt_dout_11[DAT_WDT-
1:0]),.din_1(hst_rgs_8), .dout(nnz_opt_tph[11]));

not_eql #(.DAT_WDT(DAT_WDT))
i_nnz_opt_tph_12(.clk(clk),.rst(rst),.clr(ovr_tph[16]),.din_0(dIt_dout_12[DAT_WDT-
1:0]),.din_1(hst_rgs_7), .dout(nnz_opt_tph[12]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_btt_0
(.clk(clk),.rst(rst),.clr(ovr_btt[4]), .din_O(hst_rgs_19),.din_1(ers_dout_O[DAT_WDT-
1:0]), .dout(nnz_opt_btt[0]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_btt_1
(.clk(clk),.rst(rst),.clr(ovr_btt[5]), .din_O(hst_rgs_18),.din_1(ers_dout_1[DAT_WDT-
1:0]), .dout(nnz_opt_btt[1]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_btt_2
(.clk(clk),.rst(rst),.clr(ovr_btt[6]), .din_O(hst_rgs_17),.din_1(ers_dout_2[DAT_WDT-
1:0]), .dout(nnz_opt_btt[2]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_btt_3
(.clk(clk),.rst(rst),.clr(ovr_btt[7]), .din_O(hst_rgs_16),.din_1(ers_dout_3[DAT_WDT-
1:0]), .dout(nnz_opt_btt[3]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_btt_4
(.clk(clk),.rst(rst),.clr(ovr_btt[8]), .din_O(hst_rgs_15),.din_1(ers_dout_4[DAT_WDT-
1:0]), .dout(nnz_opt_btt[4]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_btt_5
(.clk(clk),.rst(rst),.clr(ovr_btt[9]), .din_O(hst_rgs_14),.din_1(ers_dout_5[DAT_WDT-
1:0]), .dout(nnz_opt_btt[5]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_btt_6
(.clk(clk),.rst(rst),.clr(ovr_btt[10]),.din_O(hst_rgs_13),.din_1(ers_dout_6[DAT_WDT-
1:0]), .dout(nnz_opt_btt[6]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_btt_7
(.clk(clk),.rst(rst),.clr(ovr_btt[11]),.din_O(hst_rgs_12),.din_1(ers_dout_7[DAT_WDT-
1:0]), .dout(nnz_opt_btt[7]));

not_eql #(.DAT_WDT(DAT_WDT)) i_nnz_opt_btt_8
(.clk(clk),.rst(rst),.clr(ovr_btt[12]),.din_O(hst_rgs_11),.din_1(ers_dout_8[DAT_WDT-
1:0]), .dout(nnz_opt_btt[8]));

not_eql #(.DAT_WDT(DAT_WNDT)) i_nnz_opt_btt_9
(.clk(clk),.rst(rst),.clr(ovr_btt[13]),.din_O(hst_rgs_10),.din_1(ers_dout_9[DAT_WDT-
1:0]), .dout(nnz_opt_btt[9]));

not_eql #(.DAT_WDT(DAT_WDT))
i_nnz_opt_btt_10(.clk(clk),.rst(rst),.clr(ovr_btt[14]),.din_O(hst_rgs_9), .din_1(ers_dout_10[DAT_WDT-
1:0]),.dout(nnz_opt_btt[10]));
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not_eql #(.DAT_WDT(DAT_WDT))
i_nnz_opt_btt_11(.clk(clk),.rst(rst),.clr(ovr_btt[15]),.din_O(hst_rgs_8), .din_1(ers_dout_11[DAT_WDT-
1:0]),.dout(nnz_opt_btt[11]));

not_eql #(.DAT_WDT(DAT_WDT))
i_nnz_opt_btt_12(.clk(clk),.rst(rst),.clr(ovr_btt[16]),.din_O(hst_rgs_7), .din_1(ers_dout_12[DAT_WDT-
1:0]),.dout(nnz_opt_btt[12]));

always@(posedge clk or posedge rst)
begin
if(rst) begin opt_tph <= {DAT_WDT{1'b0}}; end
else
begin
if(ovr_tph[10] == 1'b1) begin opt_tph <= {DAT_WDT{1'b0}}; end
else begin opt_tph <= hst_rgs_13 - dIt_dout_6[DAT_WDT-1:0]; end
end

end

always@(posedge clk or posedge rst)
begin
if(rst) begin opt_btt <= {DAT_WDT{1'b0}}; end
else
begin
if(ovr_btt[10] == 1'b1) begin opt_btt <= {DAT_WDT{1'b0}}; end
else begin opt_btt <= ers_dout_6[DAT_WDT-1:0] - hst_rgs_13; end
end

end

wire rcg; // Recognition

rcg
#
(

.DAT_WDT(DAT_WDT),
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STR_ELM_HLF_WDT(STR_ELM_HLF_WDT),
AMP_THR(AMP_THR),
TWC_AMP_THR(TWC_AMP_THR)

)

i_rcg

(

.clk(clk),

.rst(rst),
.din_nnz_opt_tph({4'b0000,nnz_opt_tph,4'b0000}),
.din_nnz_opt_btt({4'b0000,nnz_opt_btt,4'b0000}),
.din_opt_tph(opt_tph),

.din_opt_btt(opt_btt),

.dout(rcg)

wire [DAT_WDT-1:0] smt; // Smoothing

wvl_shr

#

(
.DAT_WDT(DAT_WDT),
.SHR_DGR(SHR_DGR)
)

i_wvl_shr

(

.clk(clk),

.rst(rst),
.din_O(hst_rgs_21),
.din_1(hst_rgs_20),
.din_2(hst_rgs_19),

.din_3(hst_rgs_18),
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.din_4(hst_rgs_17),
.din_5(hst_rgs_16),
.din_6(hst_rgs_15),
.din_7(hst_rgs_14),
.din_8(hst_rgs_13),
.din_9(hst_rgs_12),
.din_10(hst_rgs_11),
.din_11(hst_rgs_10),
.din_12(hst_rgs_9),
.din_13(hst_rgs_8),
.din_14(hst_rgs_7),
.din_15(hst_rgs_6),
.din_16(hst_rgs_21),
.din_17(hst_rgs_20),
.din_18(hst_rgs_19),
.din_19(hst_rgs_18),
.din_20(hst_rgs_17),
.din_21(hst_rgs_16),
.din_22(hst_rgs_15),
.din_23(hst_rgs_14),
.din_24(hst_rgs_13),
.din_25(hst_rgs_12),
.din_26(hst_rgs_11),
.din_27(hst_rgs_10),
.din_28(hst_rgs_9),
.din_29(hst_rgs_8),
.din_30(hst_rgs_7),
.din_31(hst_rgs_6),
.dout_16(),

.dout_8(smt)

);
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localparam dly_0 = 17'b0_0000_0000_0000_0001; // Delay 0
localparam dly_1 = 17'b0_0000_0000_0000_0010; // Delay 1
localparam dly_2 = 17'b0_0000_0000_0000_0100; // Delay 2
localparam dly_3 = 17'b0_0000_0000_0000_1000; // Delay 3
localparam dly_4 = 17'b0_0000_0000_0001_0000; // Delay 4
localparam dly_5 = 17'b0_0000_0000_0010_0000; // Delay 5
localparam dly_6 = 17'b0_0000_0000_0100_0000; // Delay 6
localparam dly_7 = 17'b0_0000_0000_1000_0000; // Delay 7
localparam dly_8 = 17'b0_0000_0001_0000_0000; // Delay 8
localparam dly_9 = 17'b0_0000_0010_0000_0000; // Delay 9
localparam dly_10 = 17'b0_0000_0100_0000_0000; // Delay 10
localparam dly_11 = 17'b0_0000_1000_0000_0000; // Delay 11
localparam dly_12 = 17'b0_0001_0000_0000_0000; // Delay 12
localparam dly_13 = 17'b0_0010_0000_0000_0000; // Delay 13
localparam dly_14 = 17'b0_0100_0000_0000_0000; // Delay 14
localparam dly_15 = 17'b0_1000_0000_0000_0000; // Delay 15

localparam dly_16 = 17'b1_0000_0000_0000_0000; // Delay 16

reg [16:0] crr_dly = dly_0; // Current Delay

reg [16:0] nxt_dly = dly_0; // Next Delay

always@(*)
begin
if(din_req) begin nxt_dly = dly_1; end
else
begin
case(crr_dly)
dly_1: begin nxt_dly =dly_2; end
dly_2: begin nxt_dly =dly_3; end
dly_3: begin nxt_dly =dly_4; end

dly_4: begin nxt_dly =dly_5; end
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dly_5: begin nxt_dly =dly_6; end
dly_6: begin nxt_dly =dly_7; end
dly_7: begin nxt_dly = dly_8; end
dly_8: begin nxt_dly =dly_9; end
dly_9: begin nxt_dly = dly_10; end
dly_10: begin nxt_dly =dly_11; end
dly_11: begin nxt_dly =dly_12; end
dly_12: begin nxt_dly = dly_13; end
dly_13: begin nxt_dly = dly_14; end
dly_14: begin nxt_dly =dly_15; end
dly_15: begin nxt_dly = dly_16; end
default: begin nxt_dly = dly_0; end
endcase
end

end

always@(posedge clk or posedge rst)
begin
if(rst) begin crr_dly <=dly_0; end
else begin crr_dly <= nxt_dly; end

end

always@(posedge clk or posedge rst)
begin
if(rst)
begin
ers_din_0 <= {DAT_WDT+1{1'b0}};
ers_din_1 <= {DAT_WDT+1{1'b0}};
ers_din_2 <= {DAT_WDT+1{1'b0}};
ers_din_3 <= {DAT_WDT+1{1'b0}};
ers_din_4 <= {DAT_WDT+1{1'b0}};

ers_din_5 <= {DAT_WDT+1{1'b0}};
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ers_din_6 <= {DAT_WDT+1{1'b0}};
ers_din_7 <= {DAT_WDT+1{1'b0}};
ers_din_8 <= {DAT_WDT+1{1'b0}};
ers_din_9 <= {DAT_WDT+1{1'b0}};
ers_din_10 <= {DAT_WDT+1{1'b0}};
ers_din_11 <= {DAT_WDT+1{1'b0}};
ers_din_12 <= {DAT_WDT+1{1'b0}};
ers_din_13 <= {DAT_WDT+1{1'b0}};
ers_din_14 <= {DAT_WDT+1{1'b0}};
ers_din_15 <= {DAT_WDT+1{1'b0}};
ers_din_16 <= {DAT_WDT+1{1'b0}};
ers_din_17 <= {DAT_WDT+1{1'b0}};
ers_din_18 <= {DAT_WDT+1{1'b0}};
ers_din_19 <= {DAT_WDT+1{1'b0}};
ers_din_20 <= {DAT_WDT+1{1'b0}};
ers_din_21 <= {DAT_WDT+1{1'b0}};
ers_din_22 <= {DAT_WDT+1{1'b0}};
ers_din_23 <= {DAT_WDT+1{1'b0}};
ers_din_24 <= {DAT_WDT+1{1'b0}};
end
else
begin
case(crr_dly)
dly_1:
begin
ers_din_0 <={1'b0,hst_rgs_25};
ers_din_1 <={1'b0,hst_rgs_24};
ers_din_2 <={1'b0,hst_rgs_23};
ers_din_3 <={1'b0,hst_rgs_22};
ers_din_4 <={1'b0,hst_rgs_21};
ers_din_5 <={1'b0,hst_rgs_20};

ers_din_6 <={1'b0,hst_rgs_19};
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ers_din_7 <={1'b0,hst_rgs_18};
ers_din_8 <={1'b0,hst_rgs_17};
ers_din_9 <= {1'b0,hst_rgs_16};
ers_din_10 <= {1'b0,hst_rgs_15};
ers_din_11 <= {1'b0,hst_rgs_14};
ers_din_12 <= {1'b0,hst_rgs_13};
ers_din_13 <= {1'b0,hst_rgs_12};
ers_din_14 <= {1'b0,hst_rgs_11};
ers_din_15 <= {1'b0,hst_rgs_10};
ers_din_16 <= {1'b0,hst_rgs_9};
ers_din_17 <= {1'b0,hst_rgs_8};
ers_din_18 <= {1'b0,hst_rgs_7};
ers_din_19 <= {1'b0,hst_rgs_6};
ers_din_20 <= {1'b0,hst_rgs_5};
ers_din_21 <= {1'b0,hst_rgs_4};
ers_din_22 <= {1'b0,hst_rgs_3};
ers_din_23 <= {1'b0,hst_rgs_2};
ers_din_24 <= {1'b0,hst_rgs_1};

end

dly _7:

begin
ers_din_0 <=dlt_dout_0;
ers_din_1 <=dlt_dout_1;
ers_din_2 <=dlt_dout_2;
ers_din_3 <=dlt_dout_3;
ers_din_4 <=dlt_dout_4;
ers_din_5 <=dlt_dout_5;
ers_din_6 <=dIt_dout_6;
ers_din_7 <=dIt_dout_7;
ers_din_8 <=dIt_dout_8;
ers_din_9 <=dlt_dout_9;

ers_din_10<=dlt_dout_10;
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ers_din_11 <=dIt_dout_11;
ers_din_12 <=dIt_dout_12;
ers_din_13 <=dIt_dout_13;
ers_din_14 <=dIt_dout_14;
ers_din_15 <=dIt_dout_15;
ers_din_16 <=dIt_dout_16;
ers_din_17 <=dIt_dout_17;
ers_din_18 <= dIt_dout_18;
ers_din_19 <= {DAT_WDT+1{1'b0}};
ers_din_20 <= {DAT_WDT+1{1'b0}};
ers_din_21 <= {DAT_WDT+1{1'b0}};
ers_din_22 <= {DAT_WDT+1{1'b0}};
ers_din_23 <= {DAT_WDT+1{1'b0}};
ers_din_24 <= {DAT_WDT+1{1'b0}};
end
endcase
end

end

always@(posedge clk or posedge rst)
begin
if(rst)
begin
dit_din_0 <= {DAT_WDT+1{1'b0}};
dit_din_1 <= {DAT_WDT+1{1'b0}};
dit_din_2 <= {DAT_WDT+1{1'b0}};
dit_din_3 <= {DAT_WDT+1{1'b0}};
dit_din_4 <= {DAT_WDT+1{1'b0}};
dlt_din_5 <= {DAT_WDT+1{1'b0}};
dlt_din_6 <= {DAT_WDT+1{1'b0}};
dit_din_7 <= {DAT_WDT+1{1'b0}};

dit_din_8 <= {DAT_WDT+1{1'b0}};
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dit_din_9 <= {DAT_WDT+1{1'b0}};
dlt_din_10 <= {DAT_WDT+1{1'b0}};
dit_din_11 <= {DAT_WDT+1{1'b0}};
dit_din_12 <= {DAT_WDT+1{1'b0}};
dlt_din_13 <= {DAT_WDT+1{1'b0}};
dit_din_14 <= {DAT_WDT+1{1'bO0}};
dlt_din_15 <= {DAT_WDT+1{1'b0}};
dit_din_16 <= {DAT_WDT+1{1'b0}};
dit_din_17 <= {DAT_WDT+1{1'b0}};
dlt_din_18 <= {DAT_WDT+1{1'b0}};
dlt_din_19 <= {DAT_WDT+1{1'bO0}};
dlt_din_20 <= {DAT_WDT+1{1'b0}};
dit_din_21 <= {DAT_WDT+1{1'b0}};
dit_din_22 <= {DAT_WDT+1{1'b0}};
dit_din_23 <= {DAT_WDT+1{1'b0}};
dlt_din_24 <= {DAT_WDT+1{1'b0}};
end
else
begin
case(crr_dly)
dly_1:
begin
dit_din_0 <= {1'b0,hst_rgs_25};
dit_din_1 <={1'b0,hst_rgs_24};
dit_din_2 <={1'b0,hst_rgs_23};
dit_din_3 <={1'b0,hst_rgs_22};
dit_din_4 <= {1'b0,hst_rgs_21};
dit_din_5 <={1'b0,hst_rgs_20};
dit_din_6 <={1'b0,hst_rgs_19};
dit_din_7 <={1'b0,hst_rgs_18};
dit_din_8 <={1'b0,hst_rgs_17};

dit_din_9 <={1'b0,hst_rgs_16};
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dit_din_10 <= {1'b0,hst_rgs_15};
dit_din_11 <= {1'b0,hst_rgs_14};
dlt_din_12 <= {1'b0,hst_rgs_13};
dit_din_13 <= {1'b0,hst_rgs_12};
dit_din_14 <= {1'b0,hst_rgs_11};
dit_din_15 <= {1'b0,hst_rgs_10};
dit_din_16 <= {1'b0,hst_rgs_9};
dit_din_17 <= {1'b0,hst_rgs_8};
dlt_din_18 <= {1'b0,hst_rgs_7};
dit_din_19 <={1'b0,hst_rgs_6};
dit_din_20 <={1'b0,hst_rgs_5};
dit_din_21 <={1'b0,hst_rgs_4};
dit_din_22 <= {1'b0,hst_rgs_3};
dit_din_23 <= {1'b0,hst_rgs_2};
dit_din_24 <= {1'b0,hst_rgs_1};

end

dly 7:

begin
dlt_din_0 <= ers_dout_0;
dit_din_1 <=ers_dout_1;
dlt_din_2 <=ers_dout_2;
dlt_din_3 <=ers_dout_3;
dit_din_4 <= ers_dout_4;
dlt_din_5 <= ers_dout_5;
dlt_din_6 <= ers_dout_6;
dlt_din_7 <=ers_dout_7;
dlt_din_8 <=ers_dout_8;
dit_din_9 <=ers_dout_9;
dlt_din_10 <= ers_dout_10;
dit_din_11 <= ers_dout_11;
dlt_din_12 <=ers_dout_12;

dlt_din_13 <=ers_dout_13;
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dit_din_14 <= ers_dout_14;
dit_din_15 <= ers_dout_15;
dit_din_16 <= ers_dout_16;
dit_din_17 <= ers_dout_17;
dit_din_18 <= ers_dout_18;
dlt_din_19 <= {DAT_WDT+1{1'b0}};
dlt_din_20 <= {DAT_WDT+1{1'b0}};
dit_din_21 <= {DAT_WDT+1{1'b0}};
dit_din_22 <= {DAT_WDT+1{1'b0}};
dit_din_23 <= {DAT_WDT+1{1'b0}};
dit_din_24 <= {DAT_WDT+1{1'b0}};
end
endcase
end

end

always@(posedge clk or posedge rst)
begin
if(rst) begin dout_req <= 1'b0; end
else
begin
if(crr_dly == dly_16) begin dout_req <= 1'b1; end
else begin dout_req <= 1'b0; end
end

end

always@(posedge clk or posedge rst)

begin
if(rst) begin dout <= {DAT_WDT{1'b0}}; end
else
begin

if(crr_dly == dly_16)
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begin
if(rcg) begin dout <= smt; end
else begin dout <= hst_rgs_13; end
end
end

end

endmodule
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Appendix C Timing Diagram

C.1 Spike Removal

nop sia

Jnop Jp

nop Jp

nop sk
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