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ABSTRACT 

I t  is popular to use the conventional correlation for pattern rec- 
ognition. But when uaing the conventional correlation, the pat- 
tern should be gray-level pattern. In this paper, we will discuss 
how to use discrete quaternion correlation (DQCR) for the appli- 
cation of  color pattern recognition. With the algorithm introduced 
here, we can detect the objects that have the same shape, color, 
and brightness with the reference pattern. Besides, we can also 
detect (a) the objects with the same shape, color, but different 
brightness, (b) the objects with the same shape, brightness, but 
different color, and (c) the objects just have the same shape as the 
reference. Our algorithm can classify the objects into 5 classes 
due to whether their shape, brightness, and color match those of 
the reference pattern. 13esides, by our algorithm, the difference of 
brightness and color can also be calculated at the same time. 

1. INTRODUCTION 

Quaternion [ 1][2] is the generalization of complex number. 
Complex number has 2 components: real and imaginary parts. 
Quaternion, however, has 4 components: real, i-,j-, and k-parts: 

q = q r  +qi . i + q j .  j + q P  . k ,  (1) 

and i.,j, k obey the rules as below: 
i 2  = j 2  = k ’  = - I  , i . j = k ,  j . k = i ,  k . i = j ,  

j . i = - k  k .  i = - i ,  i . k = - j ,  (2) 
Quatcrnion can be used for the color image analysis. In Eq. ( I ) ,  
we can use qi, qi, q k  to represent the R, G, B values of a pixel in 
color image, and set qr as 0. 

Based on the concept of quaternion, the discrete quaternion 
correlation (DQCR) 1:3][4] have been developed. It is defined as: 
0 Discrete quaternion correlation (DQCR): 

M - l  N - l  
b(m,n)= E f ( V 7 ) . ~ j .  ( 3 )  

r=O q=o 

’ means the quaternion conjugation operation: 
The subtraction operation in Eq. ( 5 )  is circular subtraction opera- 
tion, and ‘ 

- 

(4) 
- 
q = q  r - 4 .  I . l - q . .  ,, j - q k . k .  ’ 

The fast algorithm of DQCR has been derived [4][5], and we can 
just use six 2-D FFTs to implement the DQCR [5] .  With the aid 
of fast algorithm, using DQCR for the application of image proc- 
essing becomes more efficient. 

Conventional correlation can be used for the application of 
pattern recognition. Similarly, we can also use the DQCR for the 

application of color pattern recognition. We will show, when 
using DQCR, we can detect the objects that have the same shape, 
size, color, and brightness as the reference pattern. And at the 
same time, we can also find the objects partially match (such as 
shape, size, and color) the reference pattern, and calculate the 
difference of color or brightness. Many works can be done to- 
gether by using the DQCR for color pattern recognition. 

In Sec. 2, we will introduce our algorithm, and illustrate why 
we can use DQCR for the application of color pattern recognition. 
In Sec. 3 ,  we will do some experiments to prove the theories in 
Sec. 2. And in Sec. 4, we make a conclusion. 

2. ALGORITHM OF COLOR PATTERN 
RECOGNITION BY DQCR 

When we use the DQCR defined as Eq. ( 3 )  for color pattern rec- 
ognition, we can useflrn, n) to express the reference pattern: 

wherefR(rn, n),fc(rn, n),fdrn, n) represent the R, G, B parts of 
reference pattern. By similar way, we can use h(m, n) in Eq. (3) 
to represent the input object. Then, we can use the output b(m, n) 
to conclude whether the input matches the reference pattern. In 
the case that h(m, n )  is the space shift of  the reference pattern: 

(6) 
then, after some calculation, we can prove 

(7) 
where b,(m, n )  means the real part of  b(m, n), and 

M-1 N-1 

f ( m , n ) = f R ( m , n ) i + f ~ ( m , n ) j + f g ( m , n ) k ,  ( 5 )  

h(m, n>= f ( m  - mo > n -no>,  

(m, 4) = b, (- mo ,-no ) > 

(8) b,(-mo>-no)= m=O c n=O C l f ( m , n ] 2  ’ 

So the real part of the maximum of b,(rn, n)  is independent of rno 
and no (Le., shift invariant). Besides, at the location (-rno, -no) 
the i-part,j-part, k-part of b(m, n)  are all equal to 0: 
~i(-mo,-no)=~j(-mo,-no)=~k(-mo,-~o)=O. (9)  

We can also prove that when h(m, n )  does not match the refer- 
ence pattern, then the maximum of b,(rn, n )  will usually be far 
below the Eq. (8), and Eq. (9) will not be satisfied. 

Thus, from the above discussion, if we use DQCR for color 
pattern recognition, we can follow the process as below: 
( I )  Calculate the energy of reference patternflm, n ) :  

(10) 
M-l N-l 

m=O n=O 
E,. = c Clf(mJq2 ? 

then normalize the referencef(rn, n )  and the input h(m, n)  as: 
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(2) Then calculate the output of DQCR offo(m, n)  and h,(m, n): 
M-l N-l 

r=O q=O 
g , ( m , n ) =  c ~f,(v?).Q=GF& (12) 

g(m, .> = g ,  ( - m - n ) .  
and do the space reverse operation for g(m, n): 

(13) 
(3)Then we search all the local peaks of k ( m ,  n)l, and record the 

(4)Then we choose the thresholds cl, c2, dl, where 
locations of local peaks. 

CI 1 < c2, dl < 1, (14) 
and CI,  c2, dl are all near to 1. Then at the locations of local 
peaks (denoted by (m,, n,7)) found by the step 3, if both of the 2 
requirements are satisfied: 

requirement I : C, <  IS(^,^, n, )I < c2, (15) 

requirement 2: p 2 d ,  , (16) 
where 

and gi(m,, n J ,  g,(m,, n,), gk(m,, n,) mean the i-, j - ,  k-parts of 
g(ms, ns),  then we can conclude at the location (ms, nJ ,  there is 
an object that has the same shape, size, color, and brightness 
as the reference pattern. 

This is just our proposed algorithm that uses the DQCR for 
color pattern recognition. We can also use 

' 4 (18) 
Is,(n?, 9 "s )I 
Jg(m,,n,;I - 

instead of Eq. (16). Their effects are similar. Eq. (18) has better 
physical meaning, but in Eq. (16), the value of p decays faster 
with the color difference. 

In fact, the-requirement of Eq. (15) comes from Eq. (8), and 
the requirement of Eq. (16) comes from Eq. (9). Their roles are: 

Eq. (15) is used for determining whether the shape, size, and 
brightness of the objects match those of the reference pattern. 
Eq. (16) is used for determining whether the color of the ob- 
jects matches that of the reference pattern. 

Thus, except for the objects that fully match the reference pattern 
can be detected, we can also find the objects that partially match 
the reference pattern by just using one of the Eqs. (1 5) and (16). 
We illustrate i t  as below. 

Suppose there is an object ho(m, n)  that have the same shape, 
size, color, but different brightness with the referenceflm, n) ,  i.e., 

where c i s  some real constant. If we use the algorithm described 
as above, then after some calculation, we can prove 

where g(m, n )  is defined as Eq. (13). In this case, since in Eq. 

ho(m,n)= o . f ( m -  m,, n - m, ), 

g(m,  3 n, ) = c7 > 

(19) 

(20) 

(171, gi(ms> ns> = ~ { m , ,  n.J = gk(m.s, n,) = 0, SO,  

p = l ,  (21) 
and Eq. (16) is still satisfied. But the requirement of Eq. (15) 
would not be satisfied. So the object ho(m, n )  will not be recog- 
nized to match the reference pattern A m ,  n). But from above 
discussion, we obtain a useful result: 

If (m,, n,) is the local peak ofg(m, n) defined as Eq. (13), and 
the requirement of Eq. (16) is satisfied, but Eq. (15) is not sat- 
isfied, then we can conclude at the location (ms, ns), there is an 
object that has the same shape, size, color, but different bright- 
ness with the reference pattern. 

Thus, Eq. (16) can find the objects that match the reference 
pattern in the case that the difference of brightness is ignored. 

Similarly, Eq. (15) can find the objects that match the refer- 
ence pattern when the difference of color is ignored. Suppose 
ho(rn, n) has the same shape and size asf(m, n), and both of them 
just has one color and uniform brightness, as the pattern and 
objects shown in Fig. 1. Then they can be expressed as: 

f ( m , n ) = A f  .(iRf + j G /  +kBf), 
h ( m + r n , , n + n , ) = A h  . ( iRh + j G h  + k B , )  (22) 

when (m, n) E R, 
f ( m , n ) = h ( m + m , , n + n , ) = O  w h e n ( m , n ) g R ,  (23) 

where Afi Ah are real numbers, (ms, n,) is the amount of space 
shift, R is the range of the reference patternAm, n), and 

Then, after some calculation, we can prove in Eq. (1 3), 

g(m,,n,)=A,lAf.(iRf +jGf +kBf]-),), (24) 

(25)  

so 

Ig(msPs1 = Ah Af . 
Thus, the value of k(m,, n,)l is near to the ratio of the brightness 
of the object at (m,, n,) to the brightness of reference pattern. So 
when the object has the same shape with the reference, we can 
use Eq. (15) to determine whether their brightness are similar. 

Besides, it is also possible to use the value of k(m,, n,)l to 
conclude whether the object has the same shape and size as the 
reference pattern. Since if the object has different shape or size 
with the reference pattern, then the value of k(m,, ns)l is usually 
very small, so except for cI, c2 in Eq.(15), we can choose another 
threshold c3 for lg(m,, nJ1, and 0 < c3 < cl. If 

Ig(m,, n s  1 < c3 9 

I d m ,  2 n s  )I > c j  9 but gr (ms ," , )e  ( ~ 1 9 ~ 2  ), (27) 
then we can conclude the object at (ms, n,) has similar (may not 
be all the same) shape and size as those of the reference pattern, 
but the difference of brightness is large. And when 

(26) 
then we can conclude the object at (m,, n,) has different shape 
with the reference, or there i s  no object at (m,, n,). If 

CI < Ig(m,,n, )I < c2 z (28) 
we can conclude the object not only has similar shape and size as 
the reference, but the difference of brightness is also small. 

Besides, when the object has the same shape and size with 
the reference pattern (i.e., Eq. (27) or (28) is satisfied), we can 
also calculate the brightness ratio (ratio of the brightness of 
input object to that of the reference) and the .color difference 
between objects and reference pattern. They are calculated from: 

brightness ratio: Ig(m,, n, )I , (29) 
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When the input object and the reference both have one color and 
uniform brightness, then the physical meaning of Eq. (29) can bc 
seen clearly from Eq. (25) .  And from Eqs. (24), (25) 

I t  just corresponds to the intuitive sense of color difference. This 
is why we use Eq. (30) to calculate the amount of color differ- 
ence. In the case that the reference and object have more than one 
color and non-uniform brightness, then we can view Eqs. (29), 
(30) as the averages of brightness ratio and color difference be- 
tween the reference and input object. 

In summary, there are many results and information can be 
obtained from DQCR. We are able to classify the objects into 5 
classes by the above algorithm: 
(A) if Eqs. ( I  5) ,  ( 1  6 )  are satisfied: 

The object has the same shape, size, color, and brightness 
as the reference pattern. 

(B) If Eq. (16) is satisfied, but Eq. ( 1  5) is not satisfied: 
The object has the same shape, size, and color, but different 

brightness with the reference pattern. 
(C) If Eq. (1  5 )  is satisfied, but Eq. ( 1  6) is not satisfied: 

The object has the same shape, size, and similar brightness 
with the reference pattern, but the colors are different. 

(D) If the value of Jg(nq,r, n,Jl is above some threshold q, but Eqs. 
(1  5) ,  ( 1  6 )  are not satisfied: 

The object has sinular (may not be all the same) shape and 
size as the reference pattern, but has different color and 
brightness with the reference pattern. 

(E) If the value of k(n?.s, n,)l i s  below the threshold c3: 
The object has different shape or size with the reference. or 

Besides, in cases (B). (D), the value of brightness ratio (or  the 
average value) is near to Ig(mS, n.J[, and in cases (C), (D), the 
amount (or the average amount) of color difference between the 
object and reference c:an be estimated from Eq. (30). 

there is no object at the location (m.$, n,s). 

3. EXPERIMENTS 

In this section, we use some experiments to prove the algo- 
rithm introduced in Sec. 2. Here we use the letter P with (R, G, B) 
= (64, 128, 192) as the reference pattern. We plot it in Fig. l(a). 
We use an image containing 9 objects as the input (plotted in Fig. 
I(b)). The (R, G ,  B) values of the 9 objects are: 

The gray level values are calculated by (R+G+B)/3. The object in 
(RI, C I )  (i.e., row 1 and column 1) is all the same as the refer- 
ence. The other 2 objects in column 1 also have the same colors 
as the reference, but the brightness are different. The objects in 
column 2 have different colors with the reference, and the objects 
in column 3 increase the RGB values of the reference pattern. 

~ ~. 
(a) Reference pattern, (b) 9 input objects. 

Fig. 1 Reference and input objects of the experiment. 

Then, we do the color pattern recognition for Fig. I(b) to find 
the objects that are all the same as the reference pattern. We 
follow the process introduced in Sec. 2, and plot the result of stcp 
2 in Fig. 2(a), plot the result of step 3 in Fig. 2(b), and plot the 
result of step 4 in Fig. 2(e), 2(f), where p is defined as Eq. ( I  7). 
In Eqs. ( I  5), ( I  6 ) ,  if we choose the thresholds as cl=0.8, c2= I 2, 
dl=0.8, then there are 3 objects (at (RI ,  Cl ) ,  (RI, C3), (R2, C3)) 
can be detected, as Fig. 2(c). If we choose the thresholds closcr to 
I ,  as the case of Fig. 2(d) (cl=o.9, cz=l. l ,  dl=o.9), then only onc 
object (at (RI,  CI ) )  is detected, and its shape, size, brightness, 
and color are all the same as those of the reference pattern. 

(a) DQCR of Fig. 1 (a) (b) Local peaks of Fig. 2(3) 

(c) Peaks, 1.2>jg(m,,, /1.,)/>0.8, 

Fig. 2 

(d) Peaks, l.I>b(m,, /1J>0.9, 
and p > 0.8. and p >  0.99. 

Searching the objects that fully match the reference pal- 
tern by the algorithm in Sec. 2. 

Then we just use the constraint of Eq. (15) to detcct the oh- 
jccts that has similar brightness with thc rcfcrcncc pattern (color 
may be different), and the results are shown in Fig. 3 .  From the 
left table, we find the objects detected in Fig. 3 indeed have thc 
gray levels near to the reference. So Eq. (15) i s  uscful for tcsting 
whether the objects has similar brightness as the reference. -- 
(a) Peaks, 1.2>kg(m,s, n,s)1>0.8. 
Fig. 3 

(b) Peaks, l.l>!g(m,s, r1,~)(>0.9. 
Searching the objects with the same shape, size, and 

similar brightness with the reference pattern. 
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Then, we do the experiment that just uses Eq. (16) (without 
using Eq. (15)) to detect the objects with the same shape, size, 
and color with those of the reference pattern (but the brightness 
may be different). We show the results in Fig. 4, where p is de- 
fined as Eq. ( I  7). 

brightness ratios column 1 
row 1 1 .oooo 
row 2 0.3466 

.& , ,..- 

column 2 column 3 
0.2846 0.2901 
0.2341 0.3822 

(a) Peaks, p> 0.9. 
Fig. 4 Experiment for finding the objects with the same shape, 

size, and color with the reference pattern. 

And the objects with the same color, or almost the same color 
with the reference are detected successfully. 

Then, we use Eq. (26) to detect the objects that have the same 
shape and size as the reference pattern (this experiment is not 
shown in figure). We choose the threshold c3 as 0.6. Then, the 
objects at (RI, Cl), (R3, Cl), (Rl, C2), (R2, C2), (R3, C2), (RI, 
C3), (R2, C3) and (R3, C3) can all be detected successfully. But 
the object at (R2, Cl)  can’t be detected successfully. This is be- 
cause the brightness of the object at (R2, C1) is too low. The 
difference of brightness will affect the ability of detecting the 
objects with the same size and shape as the reference by Eq. (26). 

In Sec. 2, we have stated when the shape, size of object 
matches the reference pattern, we can use Ig(rns, n,)l to estimate 
the brightness ratio. By this method, the brightness ratios of the 

(b) Peaks, p > 0.99. 

brightness ratios column I 
row 1 1 .oooo 
row 2 0.5000 
row 3 1.5000 

column 2 column 3 
1.0163 1.0673 
1.1253 1.1352 
1.2417 1.2762 

When the object is as bright as the reference, then the value of 
k(m,, n,)l is also near to 1. Although using k m , ,  ns)l to estimate 
the brightness ratio is not accurate enough, but in usual if the 
object has higher brightness, the value of Jg(ms, n,)l is also large. 

Then, we do the experiment that uses Eq. (30) to detect the 
color difference between the input objects and the reference. 
Substituting the locations of the objects and the values of g(m, n )  
at these locations into Eq. (30), we obtain: 

I row2 I 0.0000 
I row3 I 0.0000 1 0.6239 [ 0.0860 I 
We find the objects in column 1 have no color difference, the 
objects in column 3 have small color difference, and the objects 
in column 2 have larger color difference with the reference pat- 
tern. This is the same as the results of direct observation. 

At last, we do the experiment that the input objects have dif- 
ferent shapes with the reference pattern, as shown in Fig. 5 

row 3 I 0.4859 1 0.4758 I 0.3147 
From the above results, we find, except for the object at (RI, Cl) ,  
all the other objects have much lower value of k(rn,, n,J. I t  prove 
our statement in Sec. 2, i.e., when the object has different shape 
with that of reference pattern, then the value of !g(rn,T, n,)i will be 
far below 1. And if we choose the threshold c3 in Eq. (26) prop- 
erly, all the objects have different shape with the reference can be 
sifted out successfully. 

4. CONCLUSION 

In this paper, we have discussed how to use the discrete quater- 
nion correlation (DQCR) for the application of color pattern rec- 
ognition. When using the conventional correlation, the difference 
of color can’t be distinguished. If we use DQCR for color pattern 
recognition, then we can detect the objects that have the same 
shape, size, color and brightness with the reference pattern. Be- 
sides, when using DQCR, many works (such as the description in 
the end of Sec. 2) can be done at the same time. 

Quaternion and DQCR are useful tools for color image proc- 
essing. Many trouble works about color image processing can be 
solved easily by them. 
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