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ABSTRACT 

A non-linear pipeline architecture is proposed for efficient and 
high-speed implementation of morphological filters. This non-linear 
processor is composed of dual architectures or units which implement 
respectively the two basic morphological transformations: dilation and 
erosion. Throughput and hardware complexity are analyzed; and com- 
parisons are given for different sizes and gray-scales of structuring func- 
tions. A decomposition scheme is proposed to facilitate the implementa- 
tion of morphological filters based on one-dimensional structuring func- 
tions constructed using the two standard units. The modularity of this 
approach provides flexibility in the design of morphological filters and is 
well-suited for VLSl implementation. 

1. INTRODUCTION 

Mathematical morphology has become a very powerful tool for sig- 
nal processing and analysis [1,2]. The strength of mathematical mor- 
phology lies in the natural coupling it provides between the characteris- 
tics of the signal under investigation and the structuring element. That 
is, by carefully selecting a suitable structuring element, morphological 
operations can be used for various filtering tasks, including noise remo- 
val and smoothing. Recently, morphological techniques have been used 
as well for shape representation in the area of image analysis. 

Morphological signal processing and analysis have found important 
applications in many areas. They are particularly useful in robotic-vision 
applications where speed, size and cost are of critical importance. The 
inherent non-recursive nature of the basic morphological transformations 
implies that very high throughput rates can be attained. This is very 
impoltant as most practical machine-vision systems require real-time 
capability. Applications where there is a need for dynamic vision sys- 
tems include automated assembly and materials-handling systems [3]. In 
these applications, the ability of the vision system lo detect and estimate 
object motion is of paramount importance. 

As the applications of mathematical morphology become more and 
more specialized, the need for dedicated architectures is inevitable. 
Already, there exist a variety of machines that are capable of performing 
morphological or cellular-logic operations. Some examples of these 
machines are MITE [4], Cytocomputer [5],  a special structure based on 
convolution and table lookup [6] and the threshold decomposition reali- 
zation [7]. 

In this paper, non-linear architectures based on systolic organiza- 
tions are proposed for high-speed morphological signal processing. The 
proposed architecture, which can be constructed using two basic building 
units, does not depend on the structure or size of the signal: rather, it is 
related to the structure or size of the structuring element. Hence, struc- 
turing elements for various morphological filters, or operators, can be 
configured using different combinations of the proposed basic building 
units. In Section 2, the non-linear dual architectures are derived based 
on a direct-form description of gray-scale dilation and erosion. Section 
3 provides an analysis and comparison of the proposed structures in 
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terms of throughput rate and hardware complexity. A decomposition 
scheme which allows the efficient use of the proposed processors, is dis- 
cussed in Section 4 together with an example. 

2. THE NON-LINEAR PIPELINE PROCESSOR 

The operations of gray-scale morphological dilation and erosion 
can be described in terms of the top surface of a set, and the related con- 
cept of the umbra of a surface, in Euclidean n space. The top surface of a 
set X is a function defined on the projection of X onto its first (n-1) coor- 
dinates. The umbra of a functionfis a set consisting of the surfacef and 
everything below that surface. More specifically, gray-scale dilation is 
defined as the surface of the binary dilations of the umbra of a function f 
with the umbra of a structuring function g [2]. However, this definition 
does not provide us with an efficient way of computing gray-scale dila- 
tion. In this paper, an alternate definition is employed which leads to a 
more practical structure. 

It can be shown that the above definition of gray-scale dilation is 
equivalent to taking the maximum of a set of sums. This is described by 
the following equation [2]: 

( f@g)(x)=max(f(x-z)+g(z)]  V Z E  G , x - z E F  . (1) 

where @ denotes dilation, 0denotes erosion, and F and G are the domain 
off and g respectively. Note that when the structuring function is set to 
zero, i.e., g (x) = 0, V x  E G , (1) becomes 

(f@g)(x)=max(f(x-z)] V Z E  G , X - Z E  F . (2) 

This equation (2) is called the dilation of a function by a set [l]. The 
equation for binary dilation is different from (1) and is given by 

(3) 

where X is the binary input image, b is the component of the structuring 
element B ,  and ( X ) b  is X shifted by b. 

. Equation (1) can be considered as the direct-form implementation 
of dilation. This direct-form representation implies that gray- scale mor- 
phological operations can be realized using a structure similar to that 
employed for linear digital filtering. However, in this case, the opera- 
tions involved are shifting, addition and comparison, instead of the con- 
ventional operations of shifting, multiplication and addition used in 
linear digital filtering. The structure described by (1) is shown in Figure 
1. 

The direct-form representation of erosion is similar to that of the 
dilation. Gray-scale erosion is basically defined as the surface of the 
binary erosion of the umbra of the function fwith the umbra of the struc- 
turing function g. It is shown that this is equivalent to taking a minimum 
of a set of differences. In fact, erosion can be thought of as correlation 
where the summation operation is replaced by a minimum operation and 
multiplications become subtractions. The corresponding direct-form 
representation is given as follows [2]: 

(f0g)(x)=min[f(x +z)-g(z)] V z  E G , x + z  E F . (4) 
Similarly, if g (x) = 0, V x  E G ,(4) becomes 
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(fQg)(x)=max{f(x+z)] 4 L z  E G,x+z  E F (5 )  

which is the erosion of a function by a set. The direct-form structure 
described by (4) is shown in Figure 2. The corresponding equation for 
binary erosion is given by 

X Q B  = n (X)-b . (6) 
beB 

2.1 Gray-Scale Architectures 

The direct-form structures of Figure 1 and 2 are not very practical 
for VLSl implementation due to their inherent reliance on non-local data 
transfers and processing. This inefficiency can be improved by distribut- 
ing the computation processes and localizing the data transfers. This 
results in an structure similar to the systolic-array architecture as used in 
the implementation of many signal processing algorithms. 

The resulting architecture for dilation is shown in Figure 3 (a) and 
is called a dilation unit. From Figure 3 (a), the dilation unit is basically 
composed of four latches, one adder and one comparator. Each unit has 
two input ports and two output ports for data transfers. A cascade of 
identical dilation units can be used to implement a dilation operation. 

The corresponding architecture of the erosion unit is shown in Fig- 
ure 3 (b). The intemal structure of the erosion unit is similar to that of 
the dilation unit of Figure 3 (a). Except that in this case, the maximum 
operation becomes the minimum operation, and addition becomes sub- 
traction. Also, the order of the structuring function g, is reversed. In this 
case. the erosion unit is composed of four latches, one subtractor and one 
comparator. Again, a cascade of identical erosion units can be used to 
implement an erosion operation. 

2.2 Binary Architectures 

The precision of thc gray-scale dilation unit is b bits. If b is equal 
to 1, the structure degenerates into a binary dilation unit. This applies 
also to the erosion unit. In the case of binary dilation the addition 
becomes a logical AND operation and the comparison (or maximum) 
operation becomes a logical OR. The resulting structure is depicted in 
Figure 4 (a). In the binary erosion unit, the corresponding elements are 
an EXCLUSIVE-NOR gate in place of the adder, with an AND gate for 
the comparator. The corresponding structure is shown in Figure 4 (b). 

3. ANALYSIS AND COMPARISON 

latches are assumed to have a gate complexity of lob logic gates [8]. 
According to the discussion above, the complexity of the proposed 

dilation or erosion unit is given by 
C = 166 + 19b + 1 + 4(10b) = 756 + 1. For example, the logic gate count 
for a 3x3 structuring element with a precision of b = 8 is approximately 
equal to (75(8) + 1)(9) = 5409. Assuming that both the input signal and 
the structuring function have the same gray-level, the complexity func- 
tions, C,  are shown in Figure 5 as a function of the size of the structuring 
function for different gray-levels. Note that the graphs of Figure 5 apply 
to both the dilation and the erosion structures since they have basically 
the same hardware configuration. This is different from the implementa- 
tion of [7], where the complexity, as measured by the number of logic 
gates for gray-scale erosion, is always about twice that for dilation. In 
case of 2-D structuring functions, it is assumed that the shift register 
units are used to provide the proper delay for the input of the structure, 
Note also that the hardware complexity is a linear function of both the 
precision b and of the structuring function size N .  

The cycle time of the proposed architecture can be determined by 
the longest operation undertaken between two latches. In this case, it is 
approximately equal to one addition time, or more pwisely one com- 
parison time, since the comparator is implemented using an adder plus 
some other logic gates. Hence, the cycle time, T, = Ta + Tpd, where Ta is 
the addition time and TN is the propagation delay of a logic gate. As can 
be seen from Figure 3, the cycle time is the same for the dilation unit as 
for the erosion unit. For the corresponding binary units, the cycle time 
reduces to one propagation delay, i.e., T, = T d .  It is also assumed that 
the addition time is approximately equal to 5 propagation delays, i.e., 
T, = 5Tpd [8]. Thus, the cycle time for the gray-scale unit is about 6 
times longer than that of the binary unit. 

If we consider a 1 . 2 ~  CMOS technology, the typical gate propa- 
gation delay is around Ins. This implies a throughput rate of up to 160 
MHz for the gary-scale unit and up to 1 GHz for the binary unit. These 
high throughput rates can be attained after an initial period of latency 
required to fill up the pipeline. For a dilation module which is con- 
structed by a cascade of the standard unit shown in Figure 3 (a), the 
latency is e = (N + 3)T,, where N is the length of the structuring func- 
tion. The corresponding latency for a erosion module which is con- 
structed by a cascade of the standard units shown in Figure 3 @) is given 
by = 2(N + l)Tc. Note that the latency for the erosion module is 
always longer than that for the dilation module. This is true since ero- 
sion, being a shrinking operation, will require a longer delay for the 

' 

In this Section, a hardware complexity analysis and throughput 
analysis of the proposed architectures are presented. Specifically, a cost 
function is developed for making quantitative comparisons between dif- 
ferent digital implementations. This cost function provides an efficient 
tool allowing different implementations of the same algorithm, as well as 
different algorithms for the same function, to be compared. The Cost 
function is chosen to reflect as accurately as possible the functional (or 
logic) design independently of the technology used. This implies that 

Of the Of Output data' 

The cycle time and the latency for both the dilation and erosion 
Structures as a function Of the size of the structuring function, are shown 
in Figure 6. Note that the cycle time is independent of the size of the 
structuring function for both the gray-scale and binary StructureS. How- 
ever, the latency is a linear function of the size of the structuring func- 
tion. 

4. DECOMPOSITION OF STRUCTURING ELEMENTS the technology issue can be introduced separately in the design a practi- 
cal system. 

Let us begin with hardware complexity. Assume that the precision 
of both the input and output signals is b-bit. Since only addition and 
comparison operations are performed, the intemal precision can also 
remain as b-bit. Also assume that full carry-lookahead adders are used, 
thc typical number of logic gates of such adder being about 16b [8]. 
Hence for the implementation of a 4-bit carry-lookahead full adder, a 
total of approximately 64 logic gates are required. The basic magnitude 
comparators can be constructed using an adder and a complementer [9]. 
Since in the dilation (erosion) unit, the comparator is also required to 
provide an output of the maximum (minimum) of the two incoming sig- 
nals, additional logic is needed to gate the appropriate value depending 
on the outcome of the comparison. The logic gate count for this com- 
parator is estimated as 16b + 3b + 1 = 19b + 1. The b-bit parallel-access 

In morphological image processing and analysis, the structuring 
elements used are usually two-dimensional. Some examples of such mor- 
phological filters include close-opening filters, open-closing filters, and 
order-statistic filters such as median filters. Examples of image analysis 
tools based on molphological operations include the pattem spectrum 
[ 101 and skeleton transform [ 111. The implementation of these morpho- 
logical shape descriptors requires repeated operations of structuring ele- 
ments of increasing size or scale. Hence, a means of decomposing a 
large complex structuring element into a few simpler ones will help in 
reducing hardware complexity as well as implementation cost. 

The hardware complexity of the direct implementation of 2-D 
structuring element is of the order of N 2 ,  where the size of the structur- 
ing element is assumed to be equal to a maximum value, N x N .  When N 
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is large, the hardware size increases very rapidly, making the implemen- 
tation infeasible. In order to reduce the size of a 2-D morphological 
filter, an efficient decomposition of structuring elements is necessary. 

In morphological image processing, the notion of a structuring ele- 
ment is analogous to the kemel matrix of a 2-D linear digital filter. 
Therefore, if a large structuring element can be decomposed, as in this 
case, into the Minkowski sum of several much simpler 1-D structuring 
elements, the 2-D morphological image-processing problem can be 
reduced to a 1-D problem. 

Here, a decomposition structure is proposed which can be used to 
realize any structuring element in the digital space Zz: 

Proposition I ;  Suppose B is a structuring element in 2'. It is pos- 
sible to decompose B geometrically into the following form: 

N I  Ni N .  
B =  Q B y u  ,@B2ju . . .  u j 2 E m j  

j=l j=1 

m Na 

i=l j=1 
= U @ B;j (7) 

where U denotes set union and each Eij is a 1-D sub-structuring element. 
When m = 1, equation (7) becomes the familiar dilation operation. The 
introduction of the union operations ensures that structuring elements, 
which are not geometrically connected, can also be decomposed. One 
such example is a pair of points separated by a distance h. This structur- 
ing element has found use for example, in the computation of morpho- 
logical correlation [12]. 

The decomposition structure suggested by equation (7) can also be 
extended to a gray-scale structuring function. In that case, the unions are 
replaced by maximum operations, and binary dilation becomes gray- 
scale dilation. Hence, after the structuring element (function) has been 
decomposed, each of the sub-structuring elements (functions), B;, (gi,), 
can be implemented using the proposed architectures. 

As an example, let us look at the implementation of the geometri- 
cal correlation function (GCF) proposed in [ 121 for shape representation 
and analysis. The definition of the unnormalized GCF is given by the 
following equation: 

K+(h)  g M e s [ X , 0  E t ] ,  h =0,1,2, . . . (8) 

where X is the binary input image, E t  is a structuring element which is 
composed of two single points separated by a distance h at an angle Q 
relative to Oo, and M e s [ X ]  is a measure which is defined as the digital 
area of the image X. The GCF can be restricted to a particular direction, 
for example, horizontal. In this situation, (8) becomes 

and the structuring element is given by 

Ko(h)=Mes [XBs(h)] ,  h=0,1,2, . . .  (9) 

s ( h ) = (  1 * ... * 1) (10) 

where h is the distance separating the two "1" and * denotes a "don't 
care" component. One decomposition that allows repeated applications 
of structuring elements of increasing size as well as ease of implementa- 
tion is described as follows. Let 

A o = l ,  E o = l  (1 la) 

A l = l * ,  E l = * l  (1lb) 

s(O)=Ao orEo, (12a) 

s(h)={Ah-i @A1]U{Bh-l @B1] h2 l  ( 12b) 

where A h  @A1 and Bh @ E l .  Hence, substituting (12) 
into (9) yields 

Then s ( h )  can be written as 

Ko(0) = Mes [X 0 A o ] =  Mes [XI ( 134 

Ko(h)=Mes  { [ X Q A I - ~ I ~ A ~ ]  n{[XOBh-l]OB1] h 2 l  (13b) 

The implementation of (13) can now be carried out quite easily, and is 
shown in Figure 7. Each of the modules A i  is identical due to the decom- 

position of (12). The same applies to the module E:. Each of these 
modules can in fact be implemented using a cascade of two binary ero- 
sion units as shown in Figure 4 (b). 

5. SUMMARY 

In summary, this paper presents high-speed and modular architectures for 
the efficient VLSI implementation of gray-scale and binary morphologi- 
cal filters or operators. This is accomplished using two basic building 
blocks. This approach is inherently modular, so that it provides a very 
flexible system for the implementation of any morphological filter or 
operator. It also provides a very cost-effective way of designing dedi- 
cated morphological filters for signal processing, as well as morphologi- 
cal operators for signal analysis. The advantage of the systolic approach 
suggested is that maximum utilization of processing elements is attained 
through the pipelined nature of the architecture. In addition, this paper 
also introduces the idea of geometrical decomposition, a process by 
which the implementation of large complex structuring elements can be 
made practical using 1-D structuring elements. This idea is illustrated by 
a sample implementation of a morphological correlation function, pro- 
vided. 
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Figure 1 A direct-form implementation of gray-scale dilation 
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Figure 2 A direct-form implementation of gray-scale erosion 

Figure 3 (a) A gray-scale dilation unit (b) A gray-scale erosion unit 
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Figure 5 Complexity of the dilation or erosion unit vs size of 
structuring function at different gray-level 
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Figure 4 (a) A binary dilation unit (b) A binary erosion unit 
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Figure 6 Cycle time T, and latency Ti of the dilation and erosion 
unit vs size of structuring function 
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Figure 7 An architecture for the computation of the geometrical correlation function 
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