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Abstract 

An efficient hierarchical 3-D spatiotemporal subband decomposition scheme using mathematical morphology is 
proposed in this paper~ It can support a hierarchy of video standards including both progressively scanned and interlaced 
signals. The compatibility among different video and distribution standards is increasingly important because of 
a multitude of video and multimedia services within broadband communication networks. This hierarchical coding 
scheme also can provide compatibility by splitting the source signal into several hierarchical layers available for different 
consumer receiver sets. Recently., a sophisticated spatiotemporai linear filtering bank is proposed for this 3-D subband 
decomposition. However, morphological filtering can be used here to reduce its complexity greatly for its simplicity and 
efficiency in parallel/pipeline hardware implementation. Some experiments, using a 2-D frequency sweep as a test pattern, 
are given to show the effectiveness of this approach. 

Key n'ords: Subband decomposition: Video coding; Morphological filtering 

I. Introduction 

Videotransmission via broadband integrated ser- 
vice digital network (B-ISDN) will become a major 
service of the future video communication net- 
works. Emerging broadband communication net- 
works [2] facilitate the existence of various video 
services, ranging from high definition TV (HDTV), 
enhanced TV to videotelephone (VT) and video- 
conferencing. Compatibility between these different 
services is clearly required [8]. In fact, these ser- 
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vices correspond to a possible hierarchy of video 
scanning formats and associated bit-rates as shown 
in Table 1 [8, 3,4]. It consists of 5 different video 
formats, including both progressive-scar~ and inter- 
laced signals with various spatial formats. By split- 
ting the source signal into several hierarchical 
video standard layers, a receiver selects and de- 
codes only those layers suitable for its display 
monitor. A subband coding approach is to decom- 
pose a signal into a low-resolution version and 
several bands containing high-frequency detail in- 
formation. By combining the low-resolution ver- 
sion with some of the high-frequency bands, a high- 
er-resolution version of the video signal is obtained. 
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Table I 
Possible hierarchy of video services [3, 4, 8] 

Video service Scanning parameters Aspect ratio Sampling parameters Bit-rate 
(Mbit/s) 

Luminance Y Chrominance UV 

HDP 1250/50/I : I 
HDI 1250/50/2: I 
EDP 625/50/1: I 
EDI 625/50/2:1 
VT 3 ! 2.5/25/I : I 

16:9 
16:9 
16:9 
16:9 
16:9 

144 MHz/1920 72 MHz/960 2304 
72 MHz/1920 36 MHz/960 1152 
36 MHz/960 18 MHz/480 576 
18 MHz/960 9 MHz/480 288 
4.5 MHz/480 2.25 MHz/240 72 

HDP: progressive high definition 
HDI: interlaced high definition 
EDP: progressive enhanced definition 
EDI: interlaced enhanced definition 
VT: videotelephone format 

Table 1 shows the possible hierarchy of video stan- 
dards. The spatiotemporal spectrum of each stan- 
dard video signal is shown in Fig. l(a). Clearly, 
a 3-D spatiotemporal filtering is necessary to ob- 
tain one of the HDI (Fig. l(b)), EDP (Fig. l(c)), 
EDI (Fig. l(d)), VT (Fig. l(e)) signals from the 
HDP signal (Fig. l(f)). This requires a nonrectan- 
gular 3-D spatiotemporal subband decomposition. 
Recently, a sophisticated spatiotemporal linear fil- 
tering bank is proposed for this 3-D subband 
decomposition [3, 1,4]. It is designed and imple- 
mented in a more complicated polyphase form. 
This polyphase filter's bank is composed of simple 
modulators, polyphase filters, adders, delays, up- 
samplers and downsamplers [3, 4]. The objective of 
this paper is to explore whether an alternative effec- 
tive method, called morphological filtering bank 
scheme, can do these jobs. Morphological filters are 
relatively simple and very effective for subband 
decomposition and directional filtering. Some ex- 
periments, using a 2-D frequency sweep as a test 
pattern, are given to show the effectiveness of this 
approach. 

In this paper, Section 2 reviews mathematical 
morphological operations on binary and gray-level 
images. Section 3 illustrates two spatiotemporal 
and one spatial subband decompositions which can 
be used for hierarchical video schemes. The first 
spatiotemporal subband decomposition, called 
reduced temporal hierarchy [3,4], supports only 
the HDP, EDP and VT progressive-scan services, 

whereas the second spatiotemporal subband de- 
composition, called full temporal hierarchy [3,4] 
and the spatial hierarchy, are capable of handling 
both interlaced and progressive-scan video signals. 
Section 4 gives some subband decomposition ex- 
perimental results using morphological filterir~g, 
and conclusions are made in Section 5. 

2. Mathematical morphology 

Mathematical morphology is an approach to 
image processing based on set-theoretic concepts of 
shape [10]. An image can be represented by a set of 
pixels, the morphological operations deals with two 
images: the original data to be analyzed and 
a structuring element, which is analogous to the 
kernel of a convolution operation. Each structuring 
element has a shape which can be thought of as 
a parameter to the operation. The four basic opera- 
tions in mathematical morphology are dilation, 
erosion, opening and closing. This science was in- 
troduced by Matheron; Serra presents these con- 
cepts in detail [10]. A tutorial is found in Haralick 
et al. [6]. 

2.1. Binary image morphology 

Assume X (original image) and B (structuring 
element) are subsets of a 2-D Euclidean space, let 



F t 

S.-C. Pei, F.-C. Chert / Signal Processing: Image Communication 6 (i994) 83-99 

/.~, L~..F'N I-" l 

. . ~ /  ~ 

(c) 

85 

I 

L-", 

I ~ P  

(el) 

L..~-I~ 
(e) 

HDP I 
I 
I 
I 

•L,mm 
i 

f 
f 

fl 

(f) 

j 

Fig. I. (a) Resolution levels in the spatiotemporal Fourier space, (b) HDI, (c) EDP, (d) EDI, (e) VT, (f) HDP. 

(X)b denote the translation of X by the vector b, 

(X)b = {YlY = x + b, x ~ X } ,  (1) 

then the two most fundamental  morphological  op- 
erations, dilation and erosion, can be defined as 

follows: 

X ~ B - -  U ( X ) b - { y l y = x + b ,  x e X ,  b e B } ,  
beB 

(2) 
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denotes the origin of the structuring element B. 
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Fig. 2, Example of binary image morphology. (a) Erosion and dilation of X by B. (b) Opening and closing of X by B. (The dark solid 
curves correspond to the boundaries of the transformed sets.) 

X e B -  ~(X)-b-  {ylbe B, implies (y + b)eX}. 
beB 

This means that a dilation of X by B, X ~ B, can be 
described as the union of translations of X by all 
points b contained in the structuring element B. 
For erosion, XeB, the result is an intersection of 
translation by all points - b, where b is contained 
in B. Fig. 2(a) shows the example of erosion and 
dilation of X by B. Dilation and erosion cause the 
expanding or shrinking of areas when the structur- 
ing element has a disklike shape. Although dilation 
and erosion are complementary morphological op- 
erations, they are noninvertible. This means that 

the original image in general : "* be recovered 
performing dilation to its eroded version or vice 
versa. 

An opening is defined as an erosion followed by 
a dilation by the same structuring element and is 
shown as 

XoB =(XeB)~B.  (4) 

On the other hand, we define a closing as a dilation 
followed by an erosion as 

X ' B = ( X ~ B ) e B .  (5) 

Openings on an image with a structuring element 
B can be pictured by moving B inside all the shapes 
in an image and marking only those places where 
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(a) (b) (c) 

Fig. 3. Example of gray-level image morphology. (a) Disk-shaped structuring element. (b) Gray-level image landscape. (c) Opening by 
a disk-shaped structuring element. 

B fits. Similarly, closings on an image with a struc- 
turing element B can be pictured by moving 
B around the outside of an image with the result 
that the concave corners are rounded and the con- 
vex corners remain square. The example of opening 
and closing of X by B is shown in Fig. 2(b). 

2.2. Gray-scale morphology 

Morphological concepts can be extended to 
gray-scale images. In the gray-scale morphology 
[6], gray-scale images are visualized as 3-D land- 
scapes. The structuring elements of the gray-scale 
morphology are 3-D shapes like spheres or cylin- 
ders. Performing morphological operations on 
a gray-scale image by a spherical structuring ele- 
ment is equivalent to sliding a sphere across the 
gray-level surface. 

Let the image X(x)  be represented as a function 
of coordinates x. The analytical definitions of the 
gray-level naorphology operations are as follows: 

X f ~ B  = D(x) = max[X(x - b) + B(b)], (6) 
beB 

X © B  = E(x )=  min[X(x + b ) -  B(b)], (7) 
beB 

where the B(b)'s are weights that are a function c,f b. 
Notice that all of the relationships for binary 

image morphology are preserved here in a form in 
which intersection is replaced by min, and union is 
replaced by max. The opening and closing opera- 
tions for gray-level images are defined as in binary 

case, i.e. 

X o B = (X ~ B ) ~ )  B, ~8) 

X ' B  - ( X ~ B ) ~ B .  (9) 

In gray-level morphology the disk-shaped struc- 
turing element shown in Fig. 3(a) is 3-D. The result 
of a 3-D opening is to move the top areas under the 
top surface of the landscape in Fig. 3(b) defined by 
the image, and keep those areas where the disk- 
shaped structuring element fits. Strongly peaked 
areas with widths less than the diameter of the 
disk-shaped structuring element will flatten out as 
illustrated in Fig. ~(c). 

3. The hierarchical spatiotemporal and spatial 
subband decomposition using mathematical 
morphology 

The video hierarchy shown in Table 1 can be 
separated into a hierarchy in the vertical-temporal 
frequency plane and the vertical-horizontal fre- 
quency plane, as shown in Fig. l(a). These two 
hierarchies are referred to as the temporal and the 
spatial hierarchy. Denoting the spatial hierarchy 
spectrum of a video service by the subscript s and 
argument w, the ordering of video services on the 
basis of their frequency content is described as 

VT~(w) C EDIt(w) = EDP~(w) C HDI~(w) 

= HDP~(w). (10) 

This relation ensures that a subband decomposi- 
tion of the spatial hierarchy exists and is simple 
using a morphological subband decomposition 19]. 



88 S.-C. Pei, F.-C. Chen/ Sigmd Processhzg." bnage Com.mnicalion 6 (1994) 83-99 

HDI ~P HDI 
EDP EDP 

EDI I 
~T ~T - 

1 

2 

3 4 3 

2 

(a) ~b) 

Fig. 4. Reduced temporal hierarchy strategy [3, 4]. 

of the two spectra can be extracted from the other. 
If we exclude either the HDI or EDP video service, 
we can get the following incomplete temporal hier- 
archies as 

VTt(w) C EDI,(w) C EDP,(w) C HDPt(w) (11) 

and 

VT,(w) C EDit(w) C HDIt(w) C HDPt(w), (12) 

where the subscript t refers to temporal hierarchy. 

On the other hand, the decomposition of the 
temporal hierarchy is more complicated because 
the HD! and EDP vertical-temporal spectra over- 
lap each other partially as shown in Fig. l(a). None 

3.1. Reth~ced temporal hierarchy 

Only with the reduced temporal hierarchy for 
progressive-scan video services, compatibility be- 
tween the VT, EDP and HDP signals can be fully 
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Fig. 6. Full temporal hierarchy strategy [3, 4]. 

warranted. For interlaced signals, first an upcon- 
version in Fig. 4(a) is done to become progressive- 
scan services before transmission. Then at the 

receiver side a downconversion will get back to 
interlaced signals again. This is illustrated in Fig. 
4(a) [3,4], while the partitioning of the verti- 
cal-temporal spectrum of the HDP signal is shown 
in Fig. 4(b) [3, 4]. It is clear that the advantage of 
this 'reduced temporal hierarchy' is its regularity 
and complexity for subband decomposition. 

The morphological lowpass filters are used here 
instead of the linear band splitting filters. Sequen- 
tial alternating application of the morphological 
operation,~ of opening and closing by means of the 
same structuring elements removes details of the 
image that are small relative to this structuring 
element. We call these alternating sequential filters 
morphological lowpass filters. The I-D highpass 
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S.-C. Pei, F.-C. Chen / Signal Processing: Image Communication 6 (1994) 83-99 91 

Subsampled @ 
Suhbands upsampling 

l _l , 4 _ 1  H r D I L A T I o N H  DILATI°N 
t t 
B2 B1 

 It. I 
! t 
B4 B1 

3 ----~ t 8 m DILATIONt ~ DILATION ~ t  
B4 B1 

~t~ ~ 

-I t ' 6  H °I'A'I°" H DI''TI°" I - 
,,t,, ,,t~ 

6- t8 H DILATION H DILATION 

J~ J~ 

Reconstructed 
Image 

? - - ' I  t 8 

8 I :I t 16 

H DILATION H DILATION 

H DILATION H DILATION 

-I t t 
B4 B3 

B2--[ Ixl .... I 

B4--I I Ixl  I I 

x denotes the origin of 
the structuring elements. 

Fig. 7. (b) System diagram of reconstru:tion for the full temporal hierarchy u~;ng morphological filter banks. 



92 S.-C. Pei, F.-C. Chen / Signal Processing: Image CommunEcation 6 (1994) 83-99 

HDP 

s,~ f 9¢  , i 

o & e  i I 
i 
i 
I 3xl / 45" V.~ "I 3xl ~, 135°1 j ~  

o & o  I X f ~ 1 1  o & o  I 
I 
I • • 

J . , , s ~ z ! s 7  , ~  , s x z ~ , z z 2 ,  , 
y / / ~  s t r u c t u r i ~  s t r u c t u r i ~  EDI 

i " / / A  e z e m n e - ~  e : t e m n r . - ~ l  
Y / / A O & • I " < ]  O & @ I I 

I 
I 

~ ? x l  ~ 90 ° ,  , l x 5 ~ 0  e. 
sm~-~ur ingJ.. .  [ structuring_ 

element "I///" ezemenu ~ VT 

o,o I I o,.-I 

HDI 

v, 
! 

HDI I HDP 
I 

12 
I 
I 1  
! 

.~vh 

Fig. 10. Spatial hierarchy strategy. 

Fig. 8. System diagram of subband decomposition for the con- 
version from HDP signal to EDP, HDI, EDI and VT signal, 
respectively, in the vertical-temporal frequency plane using 
morphological filter banks. 

stz~---~urinojf//~ I structuringl ~ i 
e lement - I / ' / . /A  elenent-I  ~/~1 
0 & • I I 0 & e , J  I 

J 
I t 

s~uri7xl ~ i I 1x7--~1 [ 
eze~t q B 3 

r / / A  ,O  & • i i O & • J 
1 ~ .w 

• , ~ ' ~  

Fig. 9, System diagram of subband decomposition for the spa- 
tial hierarchy using morphological filter banks. 

filters can be constructed with the original signal 
and the complement of the lowpass filtering 
[ , -  Ho(x)'l as follows: 

I-D lowpass filter Ho: closing [opening (x)], (13) 

I-D highpass filter H~" X - Ho(x). (14) 

By using morphological filter banks, the system 
diagram of the reduced temporal hierarchy strategy 

Fig. I I. Test pattern, 2-D frequency sweep. 

is shown in Fig. 5(a). The vertical-temporal plane 
is decollposed into four subbands. The layer asso- 
ciated with the VT signal includes subband number 
4; the layer associated with the EDP signals in- 
cludes subbands 2-4, while the layer associated 
with the HDP signals includes the whole subbands 
1-4 (Fig. 4(b)) totally. The reconstruction process 
is shown in Fig. 5(b) and the interpolation structur- 
ing elements are also shown for reference. 

3.2. Full temporal hierarchy 

A more complete temporal hierarchy called 
the 'full temporal hierarchy' performs subband 
decomposition of the vertical-temporal spectra 
such that all video services can be reconstructed 
directly as shown in Fig. 6(a) [.-3,4]. By HDI* in 
Fig. 6(a), we denote the HDI signal represented on 
a spatiotemporal orthogonal sampling lattice. The 
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Fig. 12. Resultant subbands of the reduced temporal hierarchy: (a) Subband I, (b) Subband 2, (c) Subband 3 and (d) Subband 4. 

resulting subband decomposition of the vertical- 
temporal frequency plane is shown in Fig. 6(b) 
[3, 4]. For example, the EDI spectrum is composed 
of subbands 6 and 7. As compared to the reduced 
temporal hierarchy, the full temporal hierarchy 
strategy is significantly more complex due to addi- 
tional vertical-temporal decomposition stages. 

Recently, a sophisticated spatiotemporal linear 
filtering bank scheme [3,1,4] is proposed to 
implement this full temporal hierarchy decomposi- 
tion. Several nonseparable diamond shaped and 
parallelogram 2-D filtering are necessary to extract 
the wedge-shaped parts of the signal spectrum; also 
it requires two 7t-modulators and several complic- 
ated non-orthogonal quincunx and directional 
decimations to be involved in the above scheme (see 
Fig. 7 in [3]). In our approach, very simple mor- 
phological filters can replace the above 2-D linear 
filters and the nonorthogonal decimations. By 
means of mathematical morphology filters, the 
complexity of filter design and implementation is 
greatly reduced because only summation/subtrac- 

tion operations and maximum/minimum decisions 
are needed. Also, the processing speed is very high 
because the basic morphology operations can be 
implemented in the pipeline processing form of 
parallelism [5]. 

The full temporal hierarchy strategy using mor- 
phological filter banks is shown in Fig. 7(a). The 
2-D directional filter banks for wedge-shaped sub- 
band decomposition are designed by a separable 
product of 1-D directional morphological filters 
with six angle orientations 0 °, 45 °, 67 °, 90 °, 112 ° 
and 135 ° and their complements. These mor- 
phological filters are much easier to design and 
implement than the above 2-D diamond-shaped 
and parallelogram linear filters. For the conversion 
from HDP sign'~l to EDP, HDI and VT signal, 
respectively, the simple morphological filter banks 
in Fig. 8 can achiew. • this downward compatibility 
very easily. The recc,nstructlon process for the full 
temporal hierarchy is shown in Fig. 7(b) and the 
interpolation structuring elements are also shown 
for reference. 
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Fig, 13, Resultant subbands of the full temporal hierarchy: {a) Subband I, (b) Subband 2, (c) Subband 3, (d) Subband 4, (e) Subband 
5, (f) Subband 6, (g) Subband 7, (h) Subband 8. 
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3.3. Spat ial  hierarchy 

Fig. 13. (i) Subband 9. 

The subband decomposition in the vertical- 
horizontal frequency (F,-Fh) plane is called spatial 
hierarchy. As shown in Fig. l(a), the spatial hier- 
archy is well defined since the ordering of video 
services based on their frequency spectra is 
straightforward in Eq. (10). The resulting subband 
decomposition of the vertical-horizontal frequency 
plane is shown in Fig. 10. The layer associated with 
the VT signal consists of subband 3, and the layer 
associated with the EDP or EDI signal includes 
subbands 2 and 3; while the layer associated with 
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Fig. 15. Result of subband decomposition for the conversion from HDP signal to (a) EDP, (b) HDI, (c) ED! and (d) VT signals. 

N N 
Fig. 16. Resultant subbands of spatial hierarchy: (a) Subband I, (b) Subband 2 and (c~ Subband 3. 
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Fig. 17. Reconstracted image of the test pattern for the reduced 
temporal hierarchy. 

the HDP or HDI signal contains subbands 
1-3. Fig. 9 shows the system diagram of 
spatial hierarchy using morphological filter 
banks. 

4. Experimental results 

The test pattern, 2-D frequency sweep, used in 
our experiments is shown in Fig. 11. We present 
the experimental results obtained from the two 
vertical-temporal subband decompositions and 
the vertical-horizontal subband decomposition in 
this section. In a practical coding environment 
these vertical-temporal decompositions have to 
operate in the vertical and temporal dimensions 
and have to perform the required filtering at an 
image sequence. However, for simplicity we have 
applied the decomposition to the 2-D frequency 
sweep (Fig. 11) in our experiments. Since this image 
contains all the 2-D frequencies, we consider it as 
being the vertical-temporal or vertical-horizontal 
plane of an HDP signal; the morphological 
operations are done in the pixel domain while 
the results are interpreted as in the frequency 
domain. 

Fig. 18. (a,b) Reconstructed image of the test pattern for the full temporal hierarchy. (c) Reconstructed image and (d) the absolute 
error image of the HDP signal using subbands 3, 5,6, 7, 8 only. 
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The first experiment, which is implemented by 
the procedures illustrated in Fig. 5(a), investigates 
the frequency contributions of the different sub- 
bands of the reduced temporal hierarchy subband 
decomposition. The experimental result shown in 
Fig. 12 matches with the partitioning of the verti- 
cal-temporal spectrum of the HDP signal 
(Fig. 4(b)). The resultant subbands and their cor- 
responding subsampling matrices of the reduced 
temporal hierarchy are shown in Figs. 14(a) and 
14(b). Only one decimation (u~, i ffi 1, 2, 3, 4) is 
needed to perform at each final subband output 
stage, the previous several decimations needed 
in linear filtering bank in ['3] are combined here 
into one decimation, for example: ug ffi Uo X U,o 
X U2o. 

In the second experiment, we use the procedures 
illustrated in Fig. 7(a) to investigate the frequency 
contributions of the different subbands of the full 
temporal hierarchy subband decomposition. The 
experimental result shown in Fig. 13 demonstrates 
the successful partitioning of the vertical-temporal 
spectrum of the HDP signal for the full temporal 
hierarchy (Fig. 6(b)). Figs. 14(c) and 14(d) show the 
resultant subbands and their (corresponding) sub- 
sampling matrices of the full temporal 
hierarchy. The final directional decimations 
u~, i =  1, 2, , . . ,  9, are obtained in the same way 
as above. 

The procedures shown in Fig. 8 implement the 
third experiment. The experimental result shown in 
Fig. 15 illustrates the downward compatibility from 
HDP signal to EDP, HDI, EDI and VT signal, in 
the vertical-temporal frequency plane. 

The fourth experiment is implemented by the 
procedures shown in Fig. 9. The experimental re- 
sult illustrated in Fig. 16 shows the successful par- 
titioning of the vertical-horizontal spectrum of the 
HDP signal hierarchy (Fig. 10). 

In the last two experiments, we use the proced- 
ures illustrated in Figs. 5(b) and 7(b) to perform the 
reconstruction of the test pattern from the 
subsampled subbands for the reduced temporal 
hierarchy and the full temporal hierarchy, 
respectively, using morphological filter banks. 
The experimental results given in Figs. 17 and 
18 show the successful reconstruction of the 
reduced temporal hierarchy and the full temporal 

hierarchy, respectively. The reconstruction of 
the reduced temporal hierarchy is nearly exact 
as shown in Fig. 17. The reconstructed image of 
the test pattern for the full temporal hierarchy 
has some aliasing patterns in left and right 
boundary areas corresponding to bands 4 and 9, 
as shown in Fig. 18(a), since the original test 
pattern also has some aliasing pattern in 
these areas. If the subsampling and upsampling 
rates of bands 4 and 9 are reduced from 16 to 4, 
the aliasing in these areas is reduced and the 
reconstruction is much improved as shown in 
Fig. 18(b). The reconstructed image and the 
error image of the HDP signal are shown in 
Figs.18(c) and 18(d), respectively, after it has 
been reconstructed using subbands 3, 5, 6, 7, 8 only. 
In Fig. 18(d), the black and white areas indicate 
small and large errors, respectively. As expected, 
the frequencies are well reconstructed in the desired 
diamond-shaped area shown in Fig. 18(c) with 
some similar distortion as in [3, 4]. Experimental 
results show that this distortion is less severe for 
natural sequences since the frequencies involved in 
the distorted areas are less important in natural 
sequences [3, 4]. 

5. Conclusions 

This paper has described two vertical-temporal 
and one vertical-horizontal subband decomposi- 
tions, which can be used for hierarchical video 
coding applications, using mathematical morpho- 
logy. It supports the spatial and temporal hierarchy 
of 5 different video standards including both pro- 
gressively scanned and interlaced signals. Experi- 
mental results confirm the selectivity in frequency 
of the different subbands in the spatial and tem- 
poral hierarchy. 

This 3-D subband decompositions method using 
mathematical morphology have great potential for 
high definition television (HDTV) compatible codi- 
ng and multimedium video compression, etc. 
Meanwhile, the morphological operations involved 
are very simple, fast and well suited for parallel/ 
pipeline hardware (VLSI) implementation [5]. 
Some experiments are given to show the effec- 
tiveness of this approach. 
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