


Hence, the adaptive controller dramatically improved cut quality by

optimising the feedrate.
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Nomenclature

o = absorption coefficient

f = focal length

f(x,y) =image function9

H(x,y)= filter function .

I(x,y) = intensity distribution

A = wavelength

N(p.q)= spectral density of the background noise
OR =incident angle of the read beam

Ow =incident angle of write beam

R(p,q)= reference beam

S*(x,y)= complex conjugate of the signal spectrum
tA(X,y)= amplitude transmittance of the input plane
U(x,y)= field distribution

w(x,y)= Wiener filter function

z = distance between planes
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7-1 Introduction

In gas assisted laser cutting, the workpiece is moved relative to the laser
beam or vice versa. The material is made molten by the focused beam and
then removed by a high pressure gas jet adjusted either coaxially or off-
axially with the laser beam. Figure 7-1.1 illustrates the coaxial arrangement,

which is normally adopted in industrial applications.

Laser Power: P I L. D - | Laser Beam
] -
+ufRET I S —]
SR B Assisst
Gas Inlet
f 1
focal length | Gas Nozzle

/ Assist Gas

. h: offset height
Workpiece

Figure 7-1.1: Coaxially Arranged Nozzle

A reactive gas is normally utilized for most ferrous-based metal targets to
enhance the cutting effect. When the high speed reactive O) gas flows

through the kerf and blows out from the nozzle-like lower surface, the high
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temperature liquid and partially vaporized metal bumns in the Oy gas. A
characteristic spark cone is thus formed which is physically dependant upon
the specific kerf geometry and gas dynamics. Process quality can be assessed

through the analysis of this spark cone image.

Coherent optical information processing has developed since the availability
of commercial lasers and the introduction of the first interferometrically
generated complex filter by Vander Lugt [1] in the early 1960's. Coherent
optical information processing may be exploited for pattern matching by
image cross-correlation. Many different algorithms have been developed and
optimised for particular problems, for example: classical matched filter
(CMF), phase only filter (POF), synthetic discriminant function filter (SDF),

minimum average correlation energy filter (MACE), and inverse filter, etc.

The availability of high purity photorefractive materials has now made it
possible to perform updateable real-time cross correlation[2][3]. The
frequency-plane correlation technique using Bismuth Silicon Oxide
Bi12Si0p9 (BSO) has been developed by several researchers[Herriau et
al[4], Cooper et al[5], and Young et al[6].] Based on a non-degenerate four
wave mixing interaction in the crystal, BSO, an updateable correlation may be
realised. Figure 7-1.2 illustrates the necessary optical system. This particular
pattern recognition technique is currently being constructed for the spark cone

image evaluation, as it is capable of assessing the images in real-time.
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u2(x,y)

Figure 7-1.2: Non-Degenerate Four Wave Mixing Correlator

A refinement of the matched spatial filter multiplexing technique was
suggested by Braunecker et al [7] and extended to the synthetic discriminant
function filter by Casasent et al [8]. The advantage of this formulation is that
it allows the on-axis correlation peak height to be controlled. Therefore, the
in-class and out-of-class images can be distinguished through the
measurement of the resulting cross-correlation peak height. A specific SDF
filter can be encoded, by using the good cut spark cone images for different
material thicknesses and different target materials. A high cross-correlation
peak from the process spark cone image and the filter indicates a good cut
quality. A low peak, on the other hand, indicates a poor cut quality. Digital
simulations of the optical processor are implemented and the results are

presented herein.
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7-2 Theoretical Analysis

7-2.1 Basic Operation Performed by Coherent Optical Information

Processing - the Fourier Transform

First, we refer to figure 7-2.1.

yl y2
— —
\ — | _x] x2
L = — ] |~
- - — */74— — —/——__:7/_ _
- I
_ — — S B . B
Positive N \L—1
Lens

Input Plane Output Plane
Figure 7-2.1: Optical Fourier Transform

An input transparency, (X1, y1) plane, is illuminated by a plane wave which is
converging toward the focus at the origin of the output plane (x3, y2). Using a
parabolic approximation to the spherical wavefront, we obtain a field

distribution in the (x1, y1) plane given by

/4
U,(x,)=U, exp[—fﬂ(xf + yf)]u (x,,3) (7-2.1)

where:

A: is the wave length
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tA(X1, y1): is the amplitude transmittance of the input plane

z: is the distance between the two planes

By using the Fresnel propagation law, the observed intensity in the output

plane (x2, y2) becomes:

2
1 T 27
Iz(xz,yz) = —Aszz- J J tA(xl,y,)exp[—/ﬂ(x,,\:2 + y,yz):ldxldy1 (7-2.2)
Now, we consider the set-up in figure 7-2.2.
yl y2
— —)
S x1 x2
— —
—— _;‘// /4//
N — Z z U4+
Input Plane Output Plane

Figure 7-2.2: Focal Plane to Focal Plane Fourier Transform

The input transparency is placed in the front focal plane of a positive lens and
the output intensity distribution is measured in the output plane which is
placed in the rear focal plane of the positive lens. A plane wave is used
instead of a spherical wave. This particular geometry also leads to the similar
relationship, as that of the previous set-up, between these two planes, which

is:
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U, 7 .2
Uz(xz’yz)zﬁj J Ux(xl»)ﬁ)exp[_lﬁ(xlxz +)’1}’2):|dx1d}’1 (7-2.3)

where: f = is the focal length

That is, an exact Fourier Transform relation between the complex field in the
input plane and the complex field in output plane. From the above analysis, it
can be seen that a spherical lens can take the Fourier Transform of a complex
distribution of light.

7-2.2 Image Matching Through Spatial Filtering

Convolution Integral:

The convolution of two functions is a significant physical concept in many
diverse scientific fields. To be more specific, the convolution integral is given
by:

Y(&)=["_x(x)h(t —T)dT = x(t)*h(2) (7-2.4)

Function y(t) is said to be the convolution of the function x(t) and h(t).

The result of the convolution integral can be graphically explained as follow

steps:
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1.Folding: Take the mirror image of h(t) about ordinate axis

2.Displacement: Shift h(-t) by the amount t

3.Multiplication: Multiply the shifted function h(t-t) by x(1)

4.Integration: Area under the product of the h(t-t) and x(7) is the value of the

convolution at time t

Therefore, from the above analysis, the convolution of two identical functions
results in a triangle like shape, with a high peak, whose height depends on the

particular shape of the function.

By taking the Fourier Transform of the both side of the convolution integral:

[y@e ™ e =[ || x@h(e ~v)de e (7-2.5)

which is equivalent to:

Y(f)= [ x| [t -)e ™ Ade e (7-2.6)
By substituting 0=t-T, we conclude
Y(f)=["_x(@)e ™ FH(f)dr = H(f)X(f) (7-2.7)

The time domain convolution can therefore be calculated simply by:
multiplication of the two functions in the frequency domain, then inverse

Fourier Transform the result. This is also known as the convolution theorem.
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Correlation Integral:

The correlation integral is given as:
2(t) = [~ x(z)h(t +7)d7 (7-2.8)

Comparing the above expressions with that of the convolution integral, the
two integrals are closely related; the only difference is there is no folding of
one of the integrands in correlation. For the special case where either x(t) or

h(t) is an even function, convolution and correlation are equivalent.

Again, by taking the Fourier Transform of both sides, a similar result to that

of the convolution integral is obtained:
Z(f)=H(HX'(f) (7-2.9)

If x(t) and h(t) are the same function, the above equation is normally termed
the autocorrelation function; if x(t) and h(t) differ, it is called the cross-

correlation.

In the special case when x(t) is an even function then X(f) is purely real and
X(f)=X*(f). The Fourier Transform of the correlation is identical to that of
convolution integral. This is the case in most image processing problems,

where only the real part of the Fourier Transform is taken into consideration.
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7-2.3 Matched Filtering - With an Interferometrically Generated Filter:

When an incoming image f(x,y) is correlated with a reference image h(x,y),
which has been encoded into a matched spatial filter; the result g(x,y) is

related to the input through the simple convolution equation, where:

g, y) = [ [fE Mh(x—&,y-n)dE dn (7-2.10)

where h(x-§, y-1n) is the response of the filter at coordinates (x, y) to a unit
impulse (point source) at coordinates (§, 1). Using the Convolution Theorem

of Fourier analysis:
G(p.q)=F(p,q)H(p,q) (7-2.11)
where p and q represent the spatial frequency variables.

The output response of the filter will be the inverse Fourier Transform of
G(p,q). This operation is performed by placing another spherical lens behind
the filter at focal distance and measure the output from the rear focal plane.
The coherent optical processing arrangement is shown in figure 7-2.3. A
bright spot in the output plane indicates a high probability of similarity of the

two images, and low-light levels indicate a low probability of similarity.
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Figure 7-2.3: Coherent Optical Processing

The vital point of this matching technique is to establish an optimum filter
which will be able to recognise the similar images and the distinguish them
from dissimilar inputs. That is, to maximize the ratio of peak signal energy to

mean square noise energy given by the filter function as follow:

_kS"(p,q)

- 7-2.12
N(p,q) ( )

H(p,q)

where:
k = is a constant chosen to make I[H(p,q)! < 1 for a passive spatial filter
N(p,q) = is the spectral density of the background noise

S*(p,q) = is the complex conjugate of the signal spectrum

To realize this filter, we follow Vander Lugt's development. A Mach-Zehnder
interferometer is modified to record the phase information in a light
distribution by combining that distribution with a reference wave whose
amplitude and phase distributions are known. The system arrangement is

shown in figure 7-2.4.
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Lc Beam Splitter Mirror

Pl L1 Beam Splitter  p2
Signal Output Plane

Figure 7-2.4: Modified Mach-Zehnder Interferometer

The Fourier Transform of the signal s(x, y) is to be found. As the system is

constructed, the output in the rear focal plane of the lens L1 is:

Gip.q= R(p,q) + S(p.g)12

= IR(p,12+IS(p,g)12 + R*(p,g)S(p.q) + R(p.9)S™(p.q) (7-2.13)
Where:

R(p,q): represents the light coming from the reference beam

S(p,q): is the signal spectrum
By adjusting both the amplitude and phase of R(p,q), the phase information of

S*(p,q) is contained in G(p,q) and can be recorded on film to realize the

optimum filter. This filter can therefore be placed in the optical system at
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plane Pp in figure 7-2.3. By taking the inverse transform of the light
distribution in Py the output is given by:

1 T j(px+
output = ——4n2HF(p,q)A(p,q)e"” Ddpdq
_1_ T F H‘ j[(z—b)p+(y—6)qld d
+ o (p.@)H (p,q)e pdq

L T i[(x+b) p+(y+c
+ 4—R2J‘ jF(p,q)H(p,q)ef[( b)p+(y )q]dpdq (7-2.14)

These three outputs are separated into three different locations. The third term
appears off-centre from the optical axis by an amount x = -b, y = -c, this is
the desired output from the filtering operation. By carefully selecting the b
value (b greater than the length of signal in the x direction) and placing the

output sensor properly, the result may be measured.

7-2.4 Spatial Filtering in BSO

The above algorithm relies on wet-processed holographic filters, and is
therefore only capable of processing small numbers of reference image sets.
It is therefore not suitable for the processing needs of iterative correlation,
which is necessary for identification of large numbers of different reference
images or for unconstrained recognition of three-dimensional objects. For

such applications the filter function must be programmable in real-time.
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By utilising the pattern analysis technique of image correlation, the height of
the output peak is a measure of the degree of similarity of the two images.
Recall the correlation theorem, the cross-correlation of two functions is
equivalent to a multiplication of their complex field amplitudes in the Fourier

plane, that is:
uj(x,y) X uj(x,y) = Ui (x,y).Uj(x"y") (7-2.15)

where X denotes the cross-correlation operation, Uj and Uj denotes the
Fourier Transforms. Through the use of the photoréfractive material (BSO), a
frequency-plane correlator capable of updating the filter function may be
realised. Figure 7-1.2 illustrates the frequency-plane correlator design. The
test input image uj(x,y) and the reference beam u3(x,y) both are placed in the
front focal plane. The lens generates the Fourier Transform of both uj and u3
at the photorefractive material (the BSO) which is placed in the back focal
plane. These two input fields interfere and produce a phase grating in the
photorefractive material. The complex modulation index of that grating, my 3,

is given by:

m. = 2U1(x"y')*U3(x")")
" oo f oy )

(7-2.16)

Since the distribution of u3(x,y) is uniform in the Fourier plane, the above

equation can be rewritten as:
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_2U,(x,y) *U,
(U, oy + 1)

(7-2.17)

3

Where U3 is the constant field amplitude of the reference beam and I3 is its
intensity. The input distribution Ul(x',y') is therefore encoded on a spatial
carrier whose wavelength is determined by the angle between the reference
beam and the zero spatial frequency component of the test input distribution.
To perform the image correlation which is a multiplication in the Fourier
plane, the photorefractive material is illuminated with the Fourier Transform
of the second input distribution, Up(x'y'). The zero spatial frequency
component of this distribution has to be arranged to be Bragg matched to the

grating carrier frequency which is given by:

. 0 Ay . O
sin(—*+) = —~sin(—=*> 7-2.18
( 5 ) N ( 5 ) ( )
where: AR = wavelength of the read beam

Aw = wavelength of the write beam
OR = incident angle of the read beam

Ow = interaction angle of the write beam

The reading field distribution Up(x"y') is then diffracted by the photo induced
grating on the photorefractive material to produce the output field distribution,

Uy(x',y'"). Which is given by:

Uy(xy") = Am'13Ua(x'y") (7-2.19)
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Where m'1 3 is the modified modulation index in the presence of the reading
beam and A is a parameter which depends on the material and operation

condition. The overall effect is to produce an output field of:
Ua(x.y) = ULy U2y )W(X'y) (7-2.20)

Where W(x',y') is a spatial frequency weighting function given by:

2A

W(x',y') =
U, + 15 +aUy (3

(7-2.21)

The parameter 'a' reflects the degree of interaction of the reading beam with
the grating. For a non-degenerate system, a << 1, the third term in the

denominator may be neglected. Therefore equation 7-2.21 becomes:

2A
U,y +15)

W(x',y')= (7-2.22)

Therefore, from the analysis, it can be seen that the photorefractive response
can produce the required field rﬁultiplication. That is the two-dimensional
correlation of the two input functions. For true correlation, the weighting
function is chosen to be spatially constant, i.e. IUj(x,y)2 << 13. And for
edge-enhanced correlation, the wéighting function is biased to high spatial
frequencies, i.e. IU1(x",y)I2 >> I3. Thus, by varying the intensity ratio of the
writing beams, the correlation function discrimination can be altered in real

time.

191



7-2.5 Rapid Pattern Recognition by Using SDF Filter

A SDF filter can be specified as the vector inner product between the space
domain representation of the filter function, H, and the input training set
image, Xj, which satisfies the condition

xj(x,y)*H(x,y) = Cp (7-2.23)

where Cp is the desired, user specified, on axis value. By solving the

following equation:
a=R-1C, (7-2.24)

The weighting coefficients, of a, for the SDF filter can be determined. And
the SDF filter is thus formed as follows:

H(x,y)= iaix,-(x, y) (7-2.25)
i=1

This SDF filter can hereafter be used as the reference image in the above
system. By constructing the SDF from spark cone images obtained with good

cuts, the SDF filter can be used to assess the laser cut quality.
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7-3 Digital Implementation and Simulation of Spark Cone
Image Evaluation

7-3.1 Image Grabbing:
512 by 512 pixel images are grabbed through an ITEX 150 frame grabber and

then passed to the host computer for further digital processing. The hardware

connection is shown in figure 7-3.1.

aser Beam
TV

ssist Gas
‘/‘ _—

X coo
\Spa:k Cone ( DC )

ITEX 150
SUN Frame
Grabber
]
D

Figure 7-3.1: Spark Cone Evaluation System Diagram
The CCD camera is fixed on a framework attached to the nozzle head. The

distance between the cutting point and CCD camera is set at 50 cm for every

process. Zoom factor, f number and aperture of the camera are set to fix the
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conditions. The above arrangement will guarantee that the images formed on
the CCD camera have the same geometrical relation. Images of the spark
cone that form on the CCD camera are then transferred to the ITEX 150
frame grabber. Where, driven by commands from the host computer, they are
grabbed and temporarily stored in one of the four buffers. The stored images
are then transferred to the host computer for further analysis, they are also

displayed on a side-connected TV for process monitoring.

Plate 7-3.1 is a spark cone image of a 3mm mild steel cutting process. From
the analysis of its histogram, figure 7-3.2, it can be discovered that there are
several layers of different intensity within the spark cone. For convenience,
this spark cone is considered to consist of two separate sub-cones, an intense
and more concentrated inner cone, and a lighter and sparse outer cone. Edge
information of the inner cone is extracted to enhance the system
discrimination ability. A program is implemented to digitally simulate the pre-

processing.
7-3.2 Image Smoothing and Thresholding:

It can be seen from plate 7-3.1, that the outer cone consists of sparse spark
particles and spark lines. These sparse points and lines do not preserve any
consistent edge feature and present image processing difficulties and errors
on later spark cone comparisons. Therefore, a spatial-domain image
smoothing technique, neighbourhood averaging, followed by a thresholding
procedure, is applied to the incoming image to eliminate these sparse particles

and lines and explicitly present the inner cone.
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Figure 7-3.2: Histogram of The Original Spark Cone Image
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A 5X5 neighbourhood is used to generate the smoothed image. The grey level
at every point (x,y) on the smoothed image is obtained by averaging the grey-
level values of the pixels of the original image contained in the 5X5
neighbourhood of (x,y). That is:

gty == 3 f(n,m) (7-3.1)

2 (n,m)eS

where f(x,y): the original image
g(x,y): the smoothed image
S: the set of co-ordinates of points in the neighbourhood of the point

(x,y) including (x,y) itself
Plate 7-3.2 shows the smoothed image of plate 7-3.1.

Then the most populated intensity value (except value zero) is adopted as the
threshold value for the thresholding procedure. Plate 7-3.3 is the result of the

processing of plate 7-3.1. The inner cone is thus enhanced.
7-3.3 Edge Enhancement and Spark Cone Image Matched Filtering:

The abrupt change of grey-level value at the edges of an image are the high
frequency data, in the frequency-domain, of a specific image. A low noise
Difference of Gaussian (DOG) pass band algorithm was used to extract the
edge information from the spark cone. As mentioned in the previous section,

much work on the use of the photorefractive crystal Bismuth Silicon Oxide
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(BSO) has been done by Huignard and co-workers[4] who demonstrated a
Joint Transform correlator (JTC) configuration employing non-degenerate
four wave mixing in BSO. And later by Cooper et al, and Nicholson et al
when an alternative NDFWM was proposed. For this spark cone evaluation
system, the principle adopted basically follows the structure of the system
developed for industrial component inspection by Young et al [6]. A
hologram is written to the BSO by the interference of Uj, the Fourier
transform of uj the test image, and U3, a plane wave reference beam of
variable strength. Up, the Fourier transform of ujp, is diffracted from the
grating formed in the BSO to yield, after a further Fourier transform, the
correlation between U1 and U7 at plane P4. For the steady state and ignoring

any beam coupling, the grating is written as:

2U1'(fx,fy)eXP(_°;‘“z)U3 exp<‘°;wz>

U, (5, O expl=au,,2) +|Us[ exp(—ar,2) + aU, (fr, )] exp(-a, (d = 2))
(7-3.2)

where oy, O is the absorption coefficient of the write and read beams in the

m(fx, fy)=

BSO. A HeNe beam is used as the read beam and an Ar+ beam is used as the

write beam.
Since 'a’, the quantum efficiency of the interaction of the HeNe beam with the

grating is only about 0.06 of that of the Ar+ beam, the above equation

reduces to:
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2U1* (fr. fH)U3

DD g e P 13

(7-3.3)

where U3 is constant. (plane wave reference). Which is the same as equation

7-2.17. The beam ratio is defined as:

_ Amplitude _of _U,_peak_(at_zero_spatial _ frequency)
Amplitude_of _ plane_wave_reference_beam_U,

BR

(7-3.4)

When the beam ratio is set to a high value, for low frequency where U712 >>

IU3I2, equation (7-3.3) becomes:

m=—= (7-3.5)

Through the analysis on the frequency-domain, by Young [6], it was found
that when a high ratio was chosen, the BSO filter is formed to exhibit a
similar characteristic to that of a Difference of Gaussian (DOG) filter. Which

preserves the high-pass characteristic and enhances the effect of the edges.
Plate 7-3.4 illustrates the result of the process on plate 7-3.1 with BR=20,
7-3.4 Cone Comparison-Matched Spatial "Filtering

Following on from the discussion above. If the assumption of linearity is

made between the grating modulation and the locally generated space charge
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field in the material, the amplitude of the diffracted field directly behind the

grating, U4 will be proportional to m(fy, fy) and so can be written :
Us(Exfy)=mUn(Ex.fy) (7-3.4)

The Fourier transform of Uy gives the weighted correlation, ug, between ug
and up. When the beam ratio is set to a much higher value by attenuating the

plane wave reference, where (U112 >> [U3I2 then

m=—= (7-3.5)

Thus the low frequency components of Up are diffracted by the grating with
very low efficiencies. At higher frequencies, where [U1l=IU3|, the modulation
is nearer unity leading to the maximum diffraction efficiency. When the input
image and reference image are matched the Fourier Transform of Uy, i.e. ug,
produces a high intensity peak in the Output plane. By measuring the height
of this correlation output peak the similarity of the two images are assessed.
Figure 7-3.3 shows a typical result when an in-class image is correlated with

plate 7-3.4, it shows a very high peak at the centre point.
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Figure 7-3.3: In-Class Image Correlation Result

7-3.5 Constructing the Synthetic Discriminant Function (SDF) Filter

The xj(x,y) training set images for this SDF filter are chosen as the exit spark
cone images for high quality cuts produced for different thicknesses of mild
steel (in this case there are 6 images). The associated 6*6 correlation matrix,

R, is tabulated in table 7-3.1.
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Image(1mm) | Image(2mm) | Image(3mm) | Image(4mm) | Image(Smm) | Image(6mm)

Image(1mm) [ 20.834723 0.31505 0.714349 0.64313 0.811684 1.023015
Image(2mm) | 0.385307 7.344074 2.583085 2.043445 2.233399 0.199097
Image(3mm) | 0.787047 2.650561 7.207281 2.329284 2.993124 0.252366
Image(4mm)| 0.403891 2.157358 2.377481 7.466822 2.784486 0.418255
Image(5mm)| 0.518961 2.361227 3.18524 2.811242 8.4§0209 0.918933
Image(6mm) | 0.618913 0.240069 0.22605 0.543606 0.313862 17.085299

Table 7-3.1: Training Set Image Correlation Matrix

By solving equation (7-2.24):
a=R-1C, (7-2.24)

The weighting coefficients, of a, for the SDF filter are obtained, see table 7-

3.2
al a2 a3 a4 a5 a6
coefficient 0.382834 | 0.780977 | 0.643022 | 0.70765 0.405655 | 0.521982
Table 7-3.2: SDF Weighting Coefficient
The SDF filter is thus formed as equation (7-2.25):
N=6
H(x,y)= Y ax,(x,y) (7-2.25)

i=]

Plate 7-3.5 shows the resulting filter. Figure 7-3.4 illustrates the result when
an in-class image (this means similar image) is cross-correlated with the filter.
Figure 7-3.5 illustrates the result when an out-of-class image (a different

image) is correlated with the SDF. The peak height is only 10% of that of the
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in-class image. The spark cones quality can be assessed by measuring the

height of the cross-correlation function.
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Figure 7-3.4: In-Class Image Correlation Result (Good Cut)
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Figure 7-3.5: Out-Of-Class Image Correlation Result (Poor Cut)

7-4 Process Quality Analysis and Consultation Shell

The process quality analysis and consultation sub-system includes a cutting
spark cone image grabbing unit, an image pre-processing unit, an image
comparison unit, a results comparison analysis unit, an explanation unit to
explain the analysis result, and an interface to communicate with the human

operator.

o
)
(O8]
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Image Grabbing Unit:

The C programming language was used for the application program under the
unix environment. Specific function calls from the ITEX image processing
library were integrated into the application program to control the specialized
digital image processing card. Commands were issued through this image
grabbing unit from the operator or the central control unit to the ITEX 150 for

grabbing, transferring and displaying the spark cone images.

Image Pre-processing Unit:

Digital image pre-processing techniques described in the theoretical analysis
section were adopted to process the reference image from the data base and
the image grabbed from the cutting process. First of all, images were
smoothed by the averaging window to remove the high frequency noise; that
is, the sparse lines and particles in the outer region. Then the smoothed
images were thresholded to emphasize the inner intense spark cone. Finally, a
digital technique which simulated the BSO method was used to extract the
edge information of the thresholded image. The reason for using the edge
information, is to generate a highly concentrated sharp peak for the two
matched images. The digital simulation of the BSO correlator is described
below:

(1) Normalize the energy of the image.
(2) Implement the Fast Fourier Transform on the image.

(3) Calculate the maximum Intensity and determine the Beam Ratio.
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(4) Implement the BSO equation (7-3.2)(high pass filter) on the images
(frequency domain). After this step, the images are ready for matched
filtering.

(5) Inverse Fourier Transform of the above result to obtain the cross

correlation.

Image Comparison Unit:

Cross-correlations of the pre-processed reference image and the pre-
processed grabbed laser process spark cone images were used to determine
the similarity between these two images. The correlation theorem described in
sec 7-2.2 was used to implement the correlation. Frequency domain results
obtained from the above pre-processing were multiplied and then inverse
Fourier Transformed to get the correlation result. A digital implementation

was used to simulate the optical cross-correlation operation.

Results Comparison Analysis Unit and Explanation Unit:

The matched filtering result for the two images presents a concentrated high
peak in the image plane if the two images are very similar; otherwise, there
will be no high peak value. By setting an appropriate threshold value to
examine the resulting image plane, the similarity between the reference image
and grabbed cutting spark cone images can be assessed. If the peak value is

greater than the threshold value, the process is said to have a similar quality
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to a good cutting process. If not, then the quality of the process is assessed to

be poor.

Interface Unit:

This is a graphical interface hosted by the SUN workstation for the system to
communicate with the human operator. An X-window environment was used
for the following advantages:

(1) mature and well developed package (built-in graphic interface library)

(2) hardware independent environment

(3) C language base environment for a uniform environment (i.e. UNIX)

The system diagram is illustrated as figure 7-4.1.
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7-5 Matched Spatial Filtering With Wiener Filter Based
Synthetic Discriminant Functions (SDF)

The Wiener filter (WF) algorithm has been successfully exploited for image
restoration and signal processing [9][10]. The algorithm has also been
adopted for optical pattern recognition and evaluated to have better
performance than that of CMF, POF, ACMF and conventional SDF. The WF
is particularly useful when a high similarity exists between the in-class image,
the image to be detected, and the out-of-class image which is to be rejected
[11].

A specific SDF filter can be encoded, by using the WFs formed from the
spark cone images recorded when cutting different thickness material. This
algorithm incorporates the advantages of both the WF and SDF, giving good
discriminatory capability between similar images, and a controllable
correlation output, respectively. A high cross-correlation peak between the
process spark cone image and the filter indicates a good cut quality. On the

other hand, a low peak indicates a poor cut quality.

7-5.1 Wiener Filter

Assuming a linear and shift invariant optical system, the general model of a

random point spread function image formation system can be written as:
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gy = | [ p(x—x,y—y)f(x.y)dxdy +n(x,)

= p(x,y)* f(x,y) + n(x,y)

where: f(x,y) = object image function
g(x,y) = recorded image
n(x,y) = detection noise (out-of-class image)
p(x,y) = random spread point function

* = denotes the convolution operation
An estimate of f(x,y) is given by:
FOey)=wix,y)*g(x,)

where: f' (x,y) = an estimate for f(x,y)

w(X,y) = filter function

(7-5.1)

(7-5.2)

The error between the estimated object function and the real function is:

e=|feey) - Foey)|

(7-5.3)

The Wiener Filter is constructed by minimising the above equation with a

least squares algorithm [12]. The Wiener filter is given by:
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P UL FGat ) + N G f ) F (i)

W(f..f,)= 3 3 5
P £ Pt + NG 1) + DS 1)

(7-5.4)

where:

D(frf,) = P(fs F)F (o [N (£ £) + N [P (f FOF (f f,) (T-5.5)

F, N, P and W are the Fourier Transforms of f, n, p and w respectively

superscript * = complex conjugate

In pattern recognition applications, the noise is uncorrelated, i.e. independent
noise, the correlation of the noise n(x,y) and the object function f(x,y) is zero.
That is:

n(x,y)® f(x,y)=0 (7-5.6)
f xy)®n(x,y)=0 (7-5.7)
where: ® = correlation operation

From the Correlation Theorem, equation (7-5.6), (7-5.7) may be expressed in

the frequency domain as:

N ([ f)F(f. f,)=0 | (7-5.8)
F'(fofIN(f..f)=0 (7-5.9)
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Hence, D(fx,fy) = (0 and the Wiener Filter transform function, W(fx,fy),

reduces to:

2 f)(j;’f;i 2
P +INGa £ 1|FCE 1)

W(f..1,)= (7-5.10)

It has the following properties:

(1) As the noise tends to zero, i.e. IN (f.» fy)[ — 0, the Wiener Filter, W(fx,fy),

reduces to:

P'(f.. 1))

W(f;,fy)= 2
|P(£.0 1)

(7-5.11)

Which is the transform function of an Inverse Filter. Therefore, when the

noise approaches zero, the Wiener Filter behaves like an Inverse Filter.

(ii) As the power of the object goes to zero (i.e. as |F (f. fy)| — 0) the Wiener

Filter produces zero modulation. This alleviates problems associated with the

zeros of |F (f.» fy)l and results in the Wiener Filter being well conditioned.

In optical correlation, the point spread function is replaced by the object
function, i.e. the in-class image function. The Wiener Filter transform

function, thus, becomes:
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F(f.f)

W(f.f))=
TN BTN TR

(7-5.12)

where: F(fx,fy) = in-class image function

N(fx,fy) = out-of-class image function

Which encodes the in-class image and the out-of-class image into one filter.
The filter so constructed has better performance than several traditional
filters, as has been evaluated in [11], especially in distinguishing similar
objects. This is particularly suitable for assessing the quality of the laser
cutting process through the analysis of it's spark cone image. In the laser
cutting process, spark cone images from a good quality cutting process and a
poor quality cutting process are quite similar. They differ only in the scale of
the sparser spark lines, a good cut has few sparse spark lines; whereas, a poor
cut has an extensive sparse spark structure. Compare plate 5-3.8 with plate 5-
3.11, in chapter 5, which depict the spark cone for a good cut and a poor cut,

respectively.

7-5.2 Laser Cutting Spark Cone Characterisation

From Plate 5-3.8 to plate 5-3.11 in chapter 5, which are spark cone images
for different dross attachment conditions for mild steel cutting processes. The
plates run from plate 5-3.8, dross free, to plate 5-3.11, severe dross
attachment. From these plates, it is found that the smaller the sparse spark

region the cleaner the cut. There is a high degree of similarity between the
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images of plate 5-3.8 and plate 5-3.9; however, one is for a clean cut and the
other has dross attached to the workpiece lower surface. It is for these
circumstances that the wiener filter formulation is extremely useful.

7-5.3 Matched Spatial Filtering With WF Based SDF

Wiener Filter Based SDF

The Wiener Filter transform function is described by equation (7-5.12):

F*(f,. f})
FCGa 1)+ NG £ 1P s

W(f.. f,)= (7-5.12)

By using the clean cut spark cone image as the in-class image and the low
dross cut spark cone image as the out-of-class image, the WF for a specific
thickness of mild steel cutting process was constructed. The quality of the
laser cutting process can then be assessed by cross-correlating this filter with
the process image. A high peak indicates a quality similar to the good cut. A
lower peak indicates a poor cutting quality. Figure 7-5.1 is the result from a 4
mm mild steel good cutting process, and figure 7-5.2 results from a poor

cutting process.
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Figure 7-5.1: Cross-Correlation Result From Good Cutting Process

Using a WF Filter - 4 mm Mild Steel

Figure 7-5.2: Cross-Correlation Result From Poor Cutting Process

Using a WF Filter - 4 mm Mild Steel
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The WF for different mild steel thicknesses was constructed by following the

above procedure.

In constructing a synthetic discriminant function (SDF) filter, H(x,y), the

following equation was solved to obtain the weighting coefficients.
a=R-lc, (7-5.13)

where: a = the SDF weighting coefficients
Cn = the desired on axis output value
R = the correlation matrix = ” fi(x,y) f].'(x, y)dxdy

where: fj(x,y), fj(x,y) are the i, jth training set images

Hence, the SDF is formed from:

H(x.y) =Y af(x,y) (7-5.14)
i=1 .

A WF based SDF was therefore constructed by incorporating the WF
transform function into equation (7-5.13) and solving for the required
weighting coefficients, a. However, non-uniformly distributed correlation
peak heights for in-class images may occur. As this significantly increases the
ratio between the highest in-class: correlation peak height and the lowest in-
class correlation peak height, it degrades the overall discrimination capability

of the filter. An iterative technique was used to adjust the relative peak
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heights so as to generate equal on-axis peak heights for all in-class

correlations. The following equation was used to perform this iteration:

a'=ad +0|C,-C, [p—) (7-5.15)
I

where: i = number of iteration steps

p = correlation peak height

o = damping coefficient

The threshold value was set to be one percent of the mean value of the
correlation peak heights. Iteration stops when all the correlation peak heights
fall within the threshold value. The resulting weighting coefficients were then
used to construct the WF based SDF. The final weighting coefficients for the

mild steel cutting process are tabulated in table 7-5.1.

al a2 a3 a4 a5 ab
0.382834 | 0.780977 | 0.643022 | 0.70765 | 0.405655 | 0.521982

Table 7-5.1: WF Based SDF Filter Weighting Coefficients

The resulting filter is shown in plate 7-5.1. This WF based SDF filter can thus
be used in an optical correlator to assess the quality of a mild steel laser
cutting process [13]. A high cross-correlation output peak, between the
process image and the filter, indicates good cut quality; figure 7-5.3 illustrates
the result. A low cross-correlation output peak indicates that the quality of the

process is poor; figure 7-5.4 illustrates the result.
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Figure 7-5.3: Cross-Correlation Result From In-Class Image

Using a WF Based SDF - 4 mm Mild Steel (Good Cut)
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Figure 7-5.4: Cross-Correlation Result From Out-of-Class Image

Using a WF Based SDF - 4 mm Mild Steel (Poor Cut)
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Constructing the WF With More Than One Out-of-Class Image

As mentioned previously, spark cone images generated during poor cutting
processes may be similar to those for good cutting processes. Consequently,
these images may make it difficult for the filter to distinguish a good cut
process from a poor one. A solution to this problem is to combine a greater
number of similar images from poor cutting processes into the construction of
the WF. Table 7-5.2 lists the relative output peak heights of the cross-
correlation between the process images and various Wiener Filters for 4 mm

mild steel.

Image from various quality laser cutting processes
Filter Good-Cut |Poor-Cut:1 [Poor-Cut;2 |Poor-Cut:3 |Poor-Cut:4 | Poor-Cut.5|Poor-Cut:6
WF-n2 [Cross- 1] 0.057624] 0.160671] 0.022425 0.175566| 0.185687| 0.321251
WF-n3 |Correlation 1] 0.095241| 0.154374| 0.118427| 0.024655; 0.147992| 0.301716
WF-n4 |Peak 1] 0.096979| 0.16576| 0.170749| 0.186851] 0.021176] 0.342648
WF-n5 [Height 1 0.10092| 0.166343] 0.158215 0.170746] 0.36685 0.017969

Table 7-5.2: Relative Cross-Correlation Peak Heights

In table 7-5.2, the various filters were constructed by combining two similar
images from poor cutting processes as the noise image for WF-n2, three
similar noise images for WF-n3, and so on. The results are presented

graphically in figure 7-5.5.
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The maximum out-of-class image (poor cutting process) cross-correlation

resulting from each filter is illustrated in figure 7-5.6.
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By incorporating five similar spark cone images from poor cutting processes
into the filter construction, the maximum cross-correlation output peak from
the out-of-class image was 37% of that from the in-class image; hence,
discrimination is excellent. It was found that the WF-n3 Wiener filter,
constructed by incorporating three out-of-class images (poor cut images),
gave the best discrimination performance. This indicates that if too many out-
of-class images are incorporated into the filter, the information content
saturates beyond the optimum discrimination level and performance

deteriorates.

7-5.4 Conclusion

The Wiener Filter (WF) and Synthetic Discriminant Function (SDF)
algorithms are combined to construct a matched filter which can be used in an
optical correlator for assessing the quality of a laser cutting process. Images
from good quality cutting processes and poor quality cutting processes are
incorporated into the WF construction. This increases the filter's capability to
differentiate between spark cone images that indicate a good quality, from
very similar images that characterise a poor quality cutting process. With the
SDF formulation, WFs for different material thicknesses were built into a
single filter which is able to assess the quality of the cutting process for a
specific material, i.e. mild steel, through the analysis of the height of the
cross-correlation output peak. Furthermore, it was shown that the
discrimination capability of the WF could be enhanced by including several
out-of-class images. For these experiments three out-of-class images gave

optimum performance.
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7-6 Conclusion and Proposed Schematic for Optical
Implementation

Characteristically intense spark cones were formed during dross free cutting
processes. Sparse cones characterised processes where dross attached itself
to the lower surface of the workpiece. The quality of the laser cutting
processes can be evaluated by correlating the in-process grabbed spark cone
images with reference images and measuring the height of the correlation
peak. A high peak indicates a high similarity between images and a good cut
quality. The Synthetic Discriminant Function (SDF) filter can be utilized to
form an optimal filter for evaluating the quality of the cutting process. Spark
cone images of cutting processes on different material thicknesses were used
to construct an SDF filter, by calculating the SDF coefficients, an optimal
filter was constructed and used to assess the cutting quality for mild steel.
Figure 7-6.1 illustrates the design of an optical correlator with the SDF filter
as the reference image. This device is currently under construction and will be
capable of real-time control of the cutting process by monitoring the exit

spark cone images.
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Figure 7-6.1: System Diagram of Updateable Correlator
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Plate 7-3.3: Spark Cone Image Thresholding Plate 7-3.4: BSO Edge Enhancement




Plate 7-3.5: SDF Filter (Mild Steel Cutting)

Plate 7-5.1: WF Based SDF Filter (Mild Steel)
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8-1 Conclusion

The laser cutting process is influenced strongly by characteristics such as:
power mode (i.e. CW or pulsed), power density, transverse mode, beam
polarisation; set-up of operating system such as: beam delivery optics, nozzle
type, assist gas type and gas pressure, beam focusing, laser beam operating
position (offset), and feedrate; and characteristics of target material such as:
conductivity, diffusivity, melting temperature, boiling temperature, latent heat
of melting and vaporisation, plasma formation, exothermic chemical reaction
with reactive gas O, and relevant viscosities. SO many parameters are

involved that inevitably laser cutting is a highly non-linear process.

Theoretical analysis, based on laser - material interaction, provided a basic
model for the gas assisted laser cutting process. Empirical investigations of
the relationship between the cut quality and the operational parameters (i.e.
nozzle head offset distance which then determines the position of the focused
beam spot, assist gas pressure, and laser beam feedrate) also established

knowledge for laser cutting.

As long as the cut can be initiated, change of the focal height offset distance
does not influence the size of the heat affected zone (HAZ). The kerf surface
roughness is slightly increased when the offset distance is increased. The best
position of the focused laser beam spot, for cutting mild steel up to 6 mm in
thickness,-is on the surface. Increasing the assist gas supply pressure reduces
the size of the HAZ slightly; with little improvement on the kerf surface
roughness. In the gas assisted laser cutting process, assist gas supply pressure

is, therefore, normally set to an economic level. 2 bar is the optimum for this
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CO» laser cutting system. The effects are more pronounced on the mild steel
than stainless steel because of the higher viscosity of liquid phase stainless
steel. For the same reason, dross attachment is normally found in stainless
steel cutting; whereas, clean cuts are generally obtainable for mild steel.
Slower feedrate increases both the size of the HAZ and the roughness of the
kerf surface. That is, the cut quality is greatly affected by changing the laser
beam feedrate. Therefore, feedrate was chosen as the major control parameter

in the cutting system.

Spark cone images from the workpiece lower surface are analysed. An
intense cone was observed when a clean cut was performed. Sparser spark
cone images were characteristic of poorer quality cuts where dross

attachment disturbs the gas-metal mixture flow.

A PC based, hierarchically structured environment that integrates a
knowledge-based expert system, adaptive process control and pattern
recognition techniques for controlling a laser cutting process was developed
to assist the CO7 laser cutting process. Knowledge of the laser cutting
process for different materials, obtained from both theoretical analysis and
empirical investigation, is organised and encoded into a rule-based system.
An adaptive control algorithm based on on-line recursive parameter
estimation and on-line control law synthesis was adopted for the highly non-
linear cutting process control. Cutting speed was selected as the major control
variable. Irradiance emitted from the cut front was used for the feedback
signal to this adaptive controller. The irradiance signal feeds the recursive
parameter estimator for system identification. Techniques of pattern

recognition, which have been well developed in coherent optics, were applied
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to the cutting quality analysis by characterising the exit spark cone images of
the gas assisted laser cutting process. A digital software program was
developed, based on matched spatial filtering techniques using synthetic
discriminant function (SDF) implemented in the photorefractive material
(BSO), as the speciﬁc filter to assess the spark cone images generated during
the laser cutting process. Images from the cutting processes were grabbed,
edge enhanced and cross-correlated with a synthetic discriminant function
filter which was synthesised from reference images known to give good cut
quality. A high correlation peak, which indicates a good cut quality, is

generated when an in-class spark cone image cross-correlates with the filter.

The SDF discrimination performance was enhanced by incorporating the
Wiener filter into its construction, such that the in-class image, image from
good cutting process, and out-of-class image, image from poor cutting
process, were integrated into a single filter. It was found, through
experimental investigation, that the incorporation of three out-of-class images
gave optimum performance; if a greater number out-of-class images were

incorporated into the filter its performance degraded.

| 8-2 Future Work

In laser cutting, the most difficult task is to determine the optimal operational
parameters under different conditions for various materials. A precise,
effective, and generalised cutting model will greatly reduce the cost for the

complex control system and benefit academic researchers and industrial
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users. In studying the cutting phenomena, non-linear step-wise striation
patterns were observed on the workpiece kerf surfaces. This particular
phenomena provides another way of viewing the cutting process which will
be enormously assisted by the newly developed science of chaos theory.
Since, the non-linear, unpredictable nature of the laser cutting process lends

itself to a chaotic description.

Models established from Chaos theory should be incorporated into the
adaptive process controller to reduce the complexity of process models and

hence improve the overall system response.

By tuning the filter response using input scene noise the system can be made
to give a graded response rather than simply a binary accept/reject signal; this
should be exploited to create an adaptive discriminant capability that allows

the knowledge base to give a more measured assessment of quality.

Knowledge from laser cutting can be organised and built into a self-learning
system. Which can then be incorporated into the adaptive process controller
along with the spark cone image quality evaluation shell to provide a totally
self-learning system which can learn and adjust itself during the cutting

process and thus refine its knowledge base.

231



Appendix (A1l): Polarization Control Unit

Al.1 Introduction

The efficiency and quality of laser processing is greatly affected by the
direction of the polarization. Normally, the cutting process benefits from
adjusting the laser polarization parallel to the processing trajectory. The laser
beam polarization can be controlled by using a phase-shifting unit, integrated

with a control circuit, in the beam delivery system.

A1.2 Unit Design

The Forth axis of the CNC controller was used as the rotating axis, this can
be integrated into the control system by using another Heidenhain EXE602D.
The unit system diagram is shown in figure Al.1. A circularly polarized laser
beam enters the 4 mirror ECQ, which introduces a 1/4 & phase shift to the
beam, and converts the beam to a linear polarization state. The direction of
the resulting polarization is decided by the direction of the 4 mirror ECQ. The
desired processing direction of the polarization is controlled by rotating the 4
mirror ECQ with a rotation stage through the TNC controller. The integrated

control circuit is shown in figure A1.2.
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Figure Al.1: Polarization Control Unit Diagram
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