investigations show that the splitting of the output low level in
Fig. 2b is due to the high sensitivity of the circuit to the intermedi-
ate input voltage. This splitting vanishes if the supply voltage is
increased to V. = Vpp = 6V which is possible because of the high
breakdown voltage of the RTBT.

It should be emphasised that an XNOR function is also possible
if the input low level is ¥z = 0.8V and the input high level is Vg
= 2.4V with the same supply voltage as for the NAND circuit.
Additionally, the XOR function can be achieved if the input low is
Vse = 1.6V and the input high is V5 = 3.6V with the same supply
voltage as for the NOR gate.

By optimisation of the RTBT characteristics, common input
and output levels can be achieved and cascading of the logic gates
becomes possible. For this purpose the peak and valley voltage of
the DB-RTD within the RTBT has to be reduced. Then complex
logic functions with a drastically reduced number of active ele-
ments could be fabricated more easily.

In summary, we have presented ambivalent basic logic NAND
and NOR gates and have also shown the potential for XNOR/
XOR gate functionality using a single active device and fixed cir-
cuit topology. The measured low frequency transient behaviour of
the circuit is in good agreement with the simulation results of the
HP-MDS simulator which were obtained to facilitate designing the
circuit. Future work will be devoted to achieving common input
and output logic levels which can be realised by modifying the
RTBT characteristics, enabling the development of more complex
logic modules. By using a multiple base RTBT instead of the resis-
tive voltage devider the coupling of the input terminals can be
avoided.

© IEE 1998 8 October 1998

P. Velling, G. Janssen, U. Auer, W. Prost and F.J. Tegude (Gerhard-
Mercator-University Duisburg, Solid-State Electronics Department,
Lotharstrasse 65, D-47057 Duisburg, Germany)

E-mail: Guido.Janssen@hlt.uni-duisburg.de

References

1 CAPASSO, F., SEN, S., BELTRAM, F., LUNARDI, L.M., VENGURLEKAR, A.S.,
SMITH, P.R., SHAH,N.J, MALIK,RJ, and CHO,AY. ‘Quantum
functional devices: Resonant-tunneling transistors, circuits with
reduced complexity, and multiple-valued logic’, JEEE Trans., 1989,
ED-36, (10), pp. 2065-2082 .

2 MAZUMDER, P., KULKARNLS., BHATTACHARYA, M., SUN,IP., and
HADDAD, G.I. ‘Digital circuit applications of resonant tunneling
devices’, Proc. IEEE, 1998, 86, (4), pp. 664-686

3 SEABAUGH, A.C, TADDIKEN, AH., BEAM,E.A.III, RANDALL,JLY.,
KAO, Y.C., and NEWELL, B. ‘Room temperature resonant tunnelling
bipolar transistor XNOR and XOR integrated circuits’, Electron.
Lett., 1993, 29, (20), pp. 1802-1803

4 CHEN,KJ., WAHO,T., MAEZAWA, K., and  YAMAMOTO, M.
‘Programmable logic gates based on controlled quenching of series-
connected negative differential resistance devices’. Proc. IEEE
Conf. DRC 54th, 24-26 June 1996, Santa Barbara, California

5 VELLING,P., PROST.W., JANBEN,G. AUER U, AGETHEN, M,
REUTER, R., and TEGUDE, F.J.: ‘On the design and modelling of novel
3-D integrated RTD/HBT’. Proc. IEEE Workshop on High
Performance Devices for Microwave and Optoelectronic
Applications (EDMO), Leeds, UK, 25-26 November 1996

6 SEABAUGH, A.C., BEAM,EA., TADDIKEN, AH, RANDALL,JN, and
KAO,Y.-C.: ‘Co-integration of resonant tunneling and double
heterojunction bipolar transistors on InP’, IEEE Electron Device
Lett., 1993, 14, (10), pp. 472-474

7 AUER, U, PROST,W. JANBEN,G., AGETHEN, M., REUTER,R. and
TEGUDE, F.J.: ‘A novel 3-D integrated RTD-HFET frequency
multiplier’, JEEE J. Sel. Topics Quantum Electron., 1996, 2, (3), pp.
650-654 (Special Issue on Ultra Fast Electronics, Optoelectronics,
and Photonics)

2392 ELECTRONICS LETTERS

Low power DCT implementation approach
for CMOS-based DSP processors

S. Masupe and T. Arslan

An algorithm is presented for the low power implementation of
the discrete cosine transform on single multiplier CMOS DSPs.
The algorithm reduces power by reducing the amount of switched
capacitance within the multiplier section of the DSP. This is
achieved by a combination of using shift operations where
possible, and manipulating bit-correlation between successive
cosine coefficients applied to the input of the multiplier section. It
is shown with a number of examples that up to 50% power saving
can be achieved and that the algorithm provides a potential for
more savings in power.

Introduction: Recently there has been a considerable interest in the
low power implementation of the discrete cosine transform (DCT).
This is mainly due to the DCT being the computational bottleneck
of standards such as JPEG and MPEG [1]. Most research work
considering the low power implementation of the DCT has tar-
geted reducing the computational complexity of its design or mod-
ifying this for operation under a lower supply voltage [1, 2]. Both
these techniques have a limited effect on power reduction.
Another major contribution to power consumption is due to the
effective switched capacitance [3]. Only a few researchers have tar-
geted reducing the power of a DCT implementation through a
reduction in the amount of switched capacitance. This reduction
has been achieved through techniques such as the detection of
zero-valued DCT coefficients [6], and lookup table partioning [7].
This Letter presents a new technique for reducing the power dissi-
pation of the DCT by targeting the multiplier section of a DCT
processor. The pivot of this technique is a multiplication algo-
rithm, which reduces power consumption by reducing the effective
switched capacitance of the multiplier through effective manipula-
tion of the multiplication process between the cosine and data
matrices. Our results indicate that the effective capacitance can be
reduced significantly by performing the multiplications of the
DCT in an order dictated by the amount of correlation between
subsequent cosine matrix elements applied to one of the inputs of
the multiplier section. In addition we propose a modified proces-
sor architecture that accommodates this multiplication algorithm
and is open to exploitation by other ordering algorithms. We dem-
onstrate our algorithm through an example in which the cosine
coefficients are ordered according to the minimum Hamming dis-
tance, revealing up to 50% power savings with a number of image
examples.

read Dyy

read Ey
no
’_¢:' —‘—
P=R+P

é

Fig. 1 Flowchart of algorithm

Implementation: The computational bottleneck for the implemen-
tation of the DCT is the multiplication of the cosine coefficients

matrix [E], by the pixel matrix [D], in order to obtain the cosine
coefficients [C], i.e.
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[C] = [E] « [D] M

where each element C, in a [C] matrix of order # is given by:
n
Cij =) EuDyj 2)
k=1

Traditionally, the multiplication process is performed in a row-by-
column fashion [4], see eqn. 2. In some applications where the
number of multipliers is limited, this implies new data at both
multiplier inputs. This in turn implies a relatively large switching
activity inside the multiplier circuit.

We carried out a number of experiments with various cosine
and pixel matrices. Careful analysis of the multiplication proce-
dure revealed two distinct categories of cosine elements: (i) ele-
ments that are powers of 2, and (i) those which are non-powers of
2 numerics. For this reason, our proposed algorithm processes the
elements in (i) by performing a simple shift operation. It is well
known that the switched capacitance of a shift is significantly less
than that of a multiplication [3].

pixel cosine
matrix
memory
memol
©) B
DCT coeficient
register
bank
R)

I

Fig. 2 Simplified architecture of processor

{i87/2]

For each column being processed, the multiplication procedure
outlined above has the product form (m X constant), where m rep-
resents the cosine matrix elements being processed. The multiplica-
tion results are unchanged irrespective of the order in which the
constant is multiplied by the sequence of cosine coefficients in the
column. For this reason, our algorithm performs the multiplica-
tion of elements in eqn. 2 in a column-by-column fashion and
orders the elements, in the column being processed, according to
some criteria, in our case the minimum switching activity (Ham-
ming distance) between consecutive coefficients multiplied by the
constant. This guarantees that similar elements are subsequently
applied to the inputs of the multiplier causing minimum switching
activity within the internal circuit of the multiplier. Although our
investigations were carried out using the example of ordering ele-
ments according to minimum Hamming distance, in practice, any
ordering algorithm can be used and the amount of power saving is
determined by the power of the algorithm used. The steps in Fig. 1
outline the algorithm, which commences with the following initial-
isation steps: (i) Process entries E,, with shift operation; (i) order
remaining coefficients according to some ordering algorithm; (iif)
save entries £, in (E) memory, see Fig. 2, with elements of the
same column being adjacent to each other, followed by the next
column, and so on.

To illustrate the above algorithm, consider an example where

F2.00 200 200 2.00
p_ 185 077 077 185
=141 -141 —1.41 141
L0.77 ~1.85 185 —0.77
r35 32 31 34
32 37 31 31
and D= 195 93 27 31
126 28 31 34

After the first iteration (i = 1, x = 1 and k = 1), the first column,
E, is ordered according to minimum Hamming distance to pro-
duce the ordered sequence (2.00, 0.77, 1.41, 1.85). The original
locations of these elements are stored. Next the above sequence is
multiplied by the first entry in D,,, 35. The entries in registers R,
will be (70, 64.75, 49.35, 26.95), where the first entry (70) is saved

in R, and the second entry is saved in R, and so on. Similarly at
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the end of iteration 2 ( = 2, x = 1, and k = 1), R, will contain
(134, 89.39, 4.23, —32.25). The last iteration ( =4, x =1, and k =
1) for this particular column results in R, containing the first col-
umn of the DCT coefficient matrix [C], i.e. R, = C,, = (244, 18.96,
0, 1.35)7. This procedure is carried out until x = & = n, at which
case R, will contain C,,.

As it stands the algorithm can be implemented on traditional
DSPs without any loss in throughput. However, for higher
throughput applications, a modified processor architecture is
required. The architecture, a simplified version of which is shown
in Fig. 2, requires an internal register bank in order to store the
partial products (R), which eventually result in the DCT coeffi-
cients [C]. In addition, a special memory unit is allocated for both
the cosine and the pixel matrix elements, E, and D,,, respectively.
A shifter is included to cope with the additional shift operations.

Table 1: Typical power savings

Image Ordering Switphed c:;]aﬁftgiie
capacitance reduction

pF(x10%) %

. Traditional 13.77 -
}I‘S’trl‘f;;tal Column-based 8.45 3864
Hamming 7.06 48.73

. Traditional 7.70 -
‘S’frfl‘;;‘f Column-based 755 197
Hamming 6.41 16.84

Traditional 9.25 -
Blocks Column-based 7.65 17.27
Hamming 6.47 29.99

Traditional 13.81 -
Checked Column-based 8.39 39.25
Hamming 6.83 50.50

Simulation and results: An 8 x 8bit array multiplier was con-
structed using the Cadence VLSI suite with ES2 0.7 CMOS tech-
nology. The cosine coeflicient matrix used was obtained using the
MATLAB signal processing toolbox. This was scaled so that the
entries could be represented by numbers between —128 and 127.
The pixels were chosen to represent several types of scenarios
including checked and striped images. A C-program was devel-
oped to generate input simulation files for the Verilog-XL™ dig-
ital simulator [5]. Three types of input simulation files are
generated, each representing the use of one of the following: (i)
traditional cosine DCT multiplication; (ii) Proposed column-based
multiplication algorithm without ordering (column-based); (iii)
proposed column-based multiplication algorithm with ordering
according to minimum Hamming distance (Hamming). In each
simulation, the number of signal transitions (switching activity) for
each gate is monitored. Capacitive information for each gate is
extracted from the layout of the multiplier circuit. Both of these
are used to obtain a figure for the total switched capacitance of
the multiplier.

Table 1 shows the results of the different scenarios used to test
the algorithm. As the Table shows, power savings are achieved
with all examples, with a maximum of 50% power saving for an
8bit multiplier.

Conclusions: An algorithm for the low power implementation of
the discrete cosine transform on CMOS based DSPs has been pre-
sented. The algorithm reduces power by manipulating data at the
multiplier inputs such that switching activity is reduced. This in
turn has the effect of reducing the total switched capacitance. It
has been shown that the algorithm can be used to obtain up to
50% power reduction when used in conjunction with an ordering
algorithm which manipulates bit correlation at multiplier inputs.
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MRF model based image segmentation
using hierarchical distributed genetic
algorithm

Hang Joon Kim, Eun Yi Kim, Jin Wook Kim and
Se Hyun Park

An unsupervised method for segmenting noisy and blurred images
is proposed. A Markov random field (MRF) model is used which
is robust to degradation. Since this is computationally intensive, a
hierarchical distributed genetic algorithm (HDGA) is used which
is unsupervised and parallel. Experimental results show that the
proposed method is effective at segmenting real images.

Introduction: Tmage segmentation is the process by which an image
is segmented into a group of homogeneous regions according to
characteristics such as colour and texture. It is the front-end
processing stage in image processing systems. We use a Markov
random field (MRF) mode which is robust to degradation, but is
computationally intensive [I, 2, 5]. The parameter estimation
problem is a crucial issue for methods based on MRF, and their
performance depends on the availability of correct parameter esti-
mates. A more complex and powerful segmentation algorithm is
therefore required. In this Letter, we use a hierarchical distributed
genetic algorithm (HDGA) which is unsupervised and parallel.
The HDGA uses a multilevel search strategy. The HDGA pro-
vides support for complicated problems with large numbers of
parameters. To analyse segmentation results, we use the uniform
evaluation criterion proposed in [6].

Problem statement. We regard the original image as a pair X = (F,
L), where F is the matrix of observable pixel colours and L
denotes a matrix of unobservable label processes. We consider an
input image to be degraded by blurring matrix H and Gaussian
white noise N. Let S = {(1, /) : 1 £i<m, 1 £j<n} denote the m x
n lattice, such that the elements in S index the image pixels. We
can define a neighbourhood on S as " = {n,,;} where n,; is a set of
sites neighbouring (i, j). Let A = (A, ..., A,,} denote the label set
and X = {X];} be a family of random variables defined on the set
S, in which each random variable X;; takes a value X;; € A. X'is
an MRF on S with respect to a neighbourhood system because the
two conditions of [5] are satisfied. Our goal is to find the ® which
maximises the posterior distribution for a fixed input image g.
That is, we want to determine

argmax P(X = wlg) = argmax P(glw)P(w)/P(g) (1)
Eqn. 1 is divided into two components of the following:

max P(glw) = max(N = g — H(z)|w)
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= {expl-ls— (g~ H I 20%) (VEr?)
)

max P(w) =

maX{exp(—U(f, 1)) = max{exp(-U(f|l) + U(1))}

= maxexp <_ (Z Ve (fil) +ZEC(Z))>} (3)
C @]

In eqn. 3, Cis a possible first-order clique set in the neighbour-
hood, and V and E are potential functions defined as follows:

—1: L{ch;) = L{ch;) and F(ch;) = F(ch;)
Vo(fll)={ 1: L(ch:) = L(ch;) and F(ch:) # F(chy)
0: L(Chq_') # L(Ch3>
_ {—1: iflabels of pixels in a clique are same
EBeD N { 1: otherwise
where L represents the label number of a chromosome ¢/ and F
represents the colour feature of a chromosome. Eqn. 1 is repre-
sented by the following equation, which is defined as an energy
function:

min{Z VeI + B + = (g = HIDI?
¢ c

202

+% log(27r02)}

where | and ¢ are the average and variance of the noise, respec-
tively. Instead of maximising the posterior distrbution, we mini-
mise the energy function.

level 2

search &
level 3

Fig. 1 Structure of HDGA

Structure of HDGA: We use the HDGA to minimise the energy
function. The HDGA uses a multilevel search strategy illustrated
in Fig. 1, in which a higher level cluster investigates a wide search
space [3]. The HDGA facilitates an expanding search parameter
approach. The first level only searches the colour features of each
pixel then these features are sent to the second level where optimal
blurring matrices of each region are searched. Note that in this
level only the blurring matrices are manipulated. Finally, these
parameters are sent to the higher level where optimal noise
parameter values are searched.

A chromosome consists of four parts: label, colour features,
blurring matrix and noise. The first and second layers of the
HDGA optimise the energy function using a distributed genetic
algorithm [4]. We assume that the blurring effect on all pixels in a
region is equal. The third layer carries out optimisation with the
noise parameter values using a simple genetic algorithm. For the
stopping criterion we define the equilibrium. At each time step, the
equilibrium is given by the percentage of pixels in the segmented
image that are assigned the label they had at the previous time
step. The stopping criterion is reached when the equilibrium is
above the equilibrium threshold, or when the maximal number of
generations has been reached.

Experimental results: To evaluate the performance of the proposed
method, experiments were performed using 50 images. The maxi-
mum number of labels is 16 and the size of the blurring matrix is
3 x 3. The neighbourhood of a point is made of the eight contigu-
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