Transistor Reordering Rulesfor Power Reduction in CMOS Gates
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Abstract — The goal of transistor reordering for a logic
gate is to reduce the propagation delay as well as the
charging and discharging of internal capacitances to achieve
low power consumption. In this paper, based on the input
signal probabilities and transition densities, we propose a set
of simple transistor reordering rules for both basic and
complex CMOS gates to minimize the transition counts at the
internal nodes. The most attractive feature of this approach
is that not only the power consumption is reduced efficiently,
but also the other performances are not degraded.
Experimental results show that this technique typically
reduces the power by about 10% in average, but in some
cases the improvement is even 35%.

|. Introduction

The ever-reducing device size gives rise to the high
performance of modern VLSIs. Due to their high speed and
great transistor count, chips suffer from too much power
dissipation. Excessive power dissipation may reduce chip
reliability, shorten the lifetime and thus require extra
device to remove heat. Moreover, for portable applications
low power dissipation is of critical importance. Therefore,
how to reduce power dissipation of integrated circuits
while retaining their performance has become an
important issue in the design of modern VLSIs.

Many techniques have been reported for low power
such as technology mapping [1, 2], supply-voltage scaling
[3], transistor reordering [4-7], and so on. The main idea of
technology mapping for low power is to minimize the total
capacitance load and average switching activities via
proper mapping. In the voltage scaling technique, because
of the quadratic dependence of voltage on power, slight
decrease of voltage usually make dramatic power
reduction. Both above approaches could reduce power
consumption efficiently, but may also slow down the
computational throughput or increase layout area.
Transistor reordering is another interesting technique for
low power. The attractive property of this technique is that
it can be used in conjunction with other low power
algorithms and reduce the power consumption without any
other performance degradation. In [4, 5], the authors
combined transistor reordering and transistor sizing, from
the signal arrival time point of view, to optimize delay,
area and power consumption. The approach reported in [6]
is based on the signal's transition probability for reducing
the signal frequency of internal nodes;, however,
complicated evaluation are needed for each reordering
process. In [7], the authors have proposed a heuristic
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reordering method for low power, but it is not sufficient to
support the complex gates.

For a CMOS logic gate, the transition times at internal
nodes are strongly dependent on the input signal
characteristics and input positions. A naive transistor
placement may increase the spurious transitions at internal
nodes and result in extra power consumption. In this paper,
we propose a set of simple input reordering rules for both
basic and complex CMOS gates, from the signal
probability and transition density point of view, to
rearrange the transistor positions for power reduction.
Experimental results shown that for some cases a proper
input reordering of a logic gate could save even one third
of power consumption. In addition, the orderings predicted
by our rules are generally very close to the optimal
orderings. In this paper, for convenience, we use the terms
input reordering and transistor reordering almost
synonymously.

The rest of this paper is organized as follows. The
signal probability and transition density are defined in
section I1. Input ordering is the subject of section Il1 where
we discuss the relationship between input signal
characteristics, input position and power consumption, and
finally we conclude a set of reordering rules for both basic
and complex gates. Experimental results for NAND, NOR,
AOI, OAI, and a subset of cmlex and MCNC benchmarks
are demonstrated in section IV. Finally, conclusions and
future works are made in section V.

Il1. Preliminaries and definitions

In [4], Nam has presented two continuous time
probabilistic measures, equilibrium probability and
transition density, under the assumption that the logic
signal can be modeled as strict-sense stationary mean-
ergodic 0-1 process [8, 9]. In this section, we redefine
these probabilistic measures under the same assumption
from discrete time point of view. In the following, we
assume the combinational circuit is a synchronous digital
system controlled by a global clock with cycle time T¢ygje
To capture the glitches exactly in general gate delay
circuits, we assume Tgq is the smallest gate delay in the
circuit, and divide the clock period into S= Tcycle/Tsd
slots.

The signal probability[12] of an input x; being one at a
given time, denoted as p, is given by
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where N is the total number of global clock cycles and
x;(K) is the value of input x; during the interval of time

instances k and k+1. Similarly, the probability that x; is
zero at a given time, denoted as g; or p0. isgi=1-p;.

The transition probabilities[12] of x; for the transition
0->0, 0->1, 1->0, and 1->1 can be denoted by p;%°, p,°L,
p;10, and p;11, respectively, where for example p;10 is
defined by:
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The other transition probabilities follow similarly. It is
easy to verify that

0+ pol =g (4)
pilo + pi11 =p, (5)

There is another switching activity measure called
transition density [8], denoted by D; for signal xj, which is
defined as follows:

NxS _
5 (% (K)x; (k+1) +x; (k) % (k+1))

Di = lim K=
N->c0

NxS
= pi01 + pilo (6)

In general, for a digital signal, p,°Lis equal to p;1% and D;j
is twice that of p;9% or p;0. Thus, it is well to know that
only two parameters p; and D; are needed to determine the
characteristics of signal x;.

If the leakage current and short-circuit current are
ignored, the average power dissipated by a CMOS gate is
given by

Pay :%ng(cout X Doyt + 3 (G xDy)) (1)

where C; is the parasitic capacitance of internal node i and
D; is the transition density at internal node i.

I11. Input reordering

In [7], the authors use exhaustive enumeration method
to determine the best input ordering. The approach is
suited for the gate with a small number of transistors in
series, but it is very inefficient for the gate with paralel-
series or series-parallel structures such as AOI and OAI
gates. Thus, a heuristic and precise reordering method is
indeed necessary.

A. Input reordering strategy

In the following, we would find the relationship of
input characteristics to power consumption based on Eqn.
(7), and try to deduce reordering rules from the
relationship to minimize the power consumption. For
getting a clarity conclusion, we demonstrate a 2-input
NAND gate shown in Fig. 1 as an example. Considering
the first order input temporal correlation, the power
consumption of NAND2 can be derived as follows:

11 .10 10 11 10 10 11 .01 01,11 01,01

Po =K(PaPs *PaPs *PaPs) XCox *K(PAPs * PaPs * PaPs) X Coy

01,10 11,10 01 .00

+K(Pa Ps * PaPs * P Pg P(iNt) xCy

10 01 11,01 00 01 01 .01

+K(Pa P * PaPs * Pa Py B (iNt) + PoPg B, (int)) x Gy

(8)
= 2K(PaPE + P Ps — PAPa’) X Coy
+k(2p,pg + Parpa B (int) + papgtp, (int)) x Gy

(9)

where Kk is a constant, p(int) and py(int) are the
probabilities of internal node being in low and high state,
respectively, and pQ'p%p (int) represents that the internal

node are in low state at time n-2 and input patterns (A, B)
is (0, 0) at time n-1 and (1, O) at time n. In Egn. (8), there
are four terms which in regular order are the power
consumption equations for charging of output node,
discharging of output node, charging of internal node, and
discharging of internal node, respectively. Based on the
definitions in section 11, those equations can be simplified
as Egn. (9). In [13], we have proposed a state transition
graph for power estimation (STGPE) to model the power
consumption of a logic gate. So we could find the
probabilities p,(int) and p,(int) by calculating the state
probabilities of the STGPE of NAND?2.

. 0 + 10 400
o.(int) = pAlpE POEQUEB (10)
A B
P, (int) =1- P, (int) (11)

It is noteworthy that the transition density of the output
node is not affected no matter how the inputs reorder. In
other words, transistor reordering only affect the charging
and discharging of internal nodes. In Eqgn. (9), in general,
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Fig. 1A 2—inpuf NAND gate (NAND2)
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Fig. 2 A three-input NAND gate (NAND3)

2p,pk® dominate the power contribution of internal node.
AFB

Thus, to minimize Py, it is best to place the input with
low signal probability near output node and the input with
low transition density near ground end. To verify the
usefulness of this rule, we evaluate the charging
/discharging equation of internal node, i.e. the last term in
Eqgn. (9), with different Pa, Da, Pg, and Dg and different
ordering. By exhaustive simulation, we find that only
about 7% of the exhaustive simulation cases violate our
ordering rules and get lower power, but in most of these
cases the power saving is very little.

B. Critical input point of view

To illustrate the effect of input reordering more clearly,
we give a three-input CMOS NAND gate shown in Fig. 2
as an example. If MNA, MNB, and MNC are turned on at
time n-1 and one of them would turn off at time n to make
output high, power dissipation would depend on the
position of the off transistor. That is, if MNA turns off, only
C_ needs to be charged, while if MNC turns off, all C,
Cg, and Cc need to be charged. Thus, to avoid the
charging of these internal capacitances, it is better to keep
the NMOS near the output node off. In other words, the
signal with high probability being one should be placed
near ground end to reduce the transition counts of internal
nodes.

Before further study, we should define the critical input
[6]. The critical input of a gate is the input that causes
the output node of the gate to switch. In Fig. 2. if the
critical input is rising and placed near ground end, e.g.,
pat_1, the charge of Cg and Cc must discharge before the
charge of C discharge to zero. However, if the critical
input is placed near output node, e.g., pat_1', the initial
charge of Cg and Cc are zero and the delay time of C|
discharging is less than the case in pattern pat_1.
Similarly, if the critical input is falling and placed near
ground end, e.g., pat_2, Cg and Cc must be charged to
Vbbb - VTHN, Where V1 is the threshold voltage of
NMOS, before C; is charged to Vpp. However, for pattern
pat_2', only C| needs to be charged. Thus, the delay time
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Fig. 3 An OAI223 gate and its simplified structure

of pattern pat_2' is less than pattern pat_2. In aword, if the
critical input is placed more closer ground end, the
propagation delay of the gate is more larger and more
power is dissipated. In general, the input with high
transition density is often the critical input. Therefore, to
reduce the power dissipation we should place the input
with low transition density near the ground end.

C. Complex gates

The configuration of AOI and OAIl gates are more
complex than NAND and NOR gates; however, the
reordering rules of NAND and NOR gates still satisfy the
reordering of complex gates after simplifying the complex
gates. Given a complex gate, we separate the circuit into
two parts, n-block and p-block. n-block and p-block are the
collection of NMOS and PMOS transistors, respectively.
To simplify the reordering rules, the transistors in n-block
and p-block is reordered separately. For an AOI gate, the
reordering method of n-block is identical to the NAND
gate case. Similarly, the reordering of p-block in OAI is
identical to the NOR gate case. In the following, we
present a method to simplify AOI and OAIl gates for
reordering the p-block in AOI gate and n-block in OAI
gate.

Fig. 3(a) illustrated an OAI223 gate and 3(b) is the
simplified circuit where we simplify the parallel-series
NMOS transistors to a NMOS train. Given the signal
probabilities of x; to x,, it is easy to evaluate the signal
probabilities of A, B, and C [10]. For transition density
calculation, our approach is built on the notion of Boolean
difference presented in [8], but consider the case where
the input signals change state simultaneously. In Fig. 3(b),
the transition probability of AfromOto1is

01 _ 00 .01 01 .00 01 .01
pA - pxl px2 + le pxz + pxl pxz

(12)
The last term in the right-hand side of Egn. (12) represents
the probability that both x4 and x, are changing from O to
1 simultaneously, which is ignored in [8]. Based on Egn.
(12) and [10], it is easy to derive the signal probability
and transition density for signal A as follows:



VoD Vbp
NCHCAE ACE e ol
3 3-9 34 5
Y Y Y
14
ACTE -
o ©

@ ()
Fig. 4 A complex gate and its simplified structure

(13)
(14)

Pa = Px, * Px, ~ Px, Px,

Da =Dy, 0x, * Dx,0x, _% Dy, Dy,

According to these data, the reordering of n-block can be
achieved by applying the reordering rule of NAND gate.
Similarly, for an AOI gate, the input signal probabilities
and transition densities of the simplified structure can be
got by replacing p; with g; and g; with p; in Egns. (13) and
(14). So, the p_block of AQI gate can be reordered with
the same manner of NOR gates.

For the reduction of transistors in series, for example
transistors 1 and 2 in Fig. 4(a), the signal probability and
transition density can be got as follows

(15)
(16)

PA = Px, Px,

Dpa = Dy, Px, * Dx, Px, _% Dy, Dy,

The simplification and reordering of B and C are identical
to the case of OAI223. So, reordering of a complex gate
can be easily achieved after these simplification.

D. Summary of reordering rules

Based on the discussions above, the reordering rules
for logic gates are summarized as follows:
For NAND gate
Rule 1: Place the input signal with high signal
probability p; near ground.
Rule 2: Place the input signal with low transition
density D; near ground.
For NOR gate
Rule 1: Place the input signal with low signal
probability p; near power supply.
Rule 2: Place the input signal with low transition
density D near power supply.
For complex gate
Rule 1: Simplify the complex gates to NMOS trains
and PMOS trains.
Rule 2: Obey the rules of NAND and NOR gates for
NMOS and PMOS trains, respectively.
Sometimes rule 1 and rule 2 for both NAND gate and
NOR gate may conflict. Then the reordering is determined
by the ratio of p; to Dj i.e, pi/D; (qi/D; for PMOS trains).
For NMOS (PMOQS) trains, input signals with higher ratio

are placed near ground (Vpp) end.

V. Experimental results

In this section, we will present the preliminary
experimental results using the input reordering rules
described in the last section. To show the efficiency of our
rules, we carried out many experiments on various basic
and complex gates as well as a subset of cmlex-91 and
MCNC-91 benchmarks on a SUN SPARCstation 10
machine. In the experimental results, power dissipation is
in micro-watts and CPU time is in seconds. All of power
dissipations are estimated by the exact SPICE simulation.
The transistor models used are the level 3 model of 0.8um
SPDM CMOS technology obtained from CIC (Chip
Implementation Center). During SPICE simulation, 1000
input patterns with Teycle = Tsg = 50ns and 1ns rise/fall
time are generated randomly according to the input signal
probabilities and transition densities, and then imposed on
the inputs of the basic and complex gates.

For convenience, the NMOS train of NAND gate with
input signals A, B, and C is denoted by NAND_ABC
where the label is ordered from the output end to the
ground end. Similarly, the PMOS train of NOR gate is
denoted by NOR_ABC if A, B, C are ordered from the
power supply end to the output end. Table 1 illustrates the
SPICE simulation results for two inputs NAND and NOR
gates with different input ordering, and Table 2 shows the
results for three inputs NAND and NOR gates. In Table 1,
both signal probability and transition density of signal B
are 0.5. In Table 2, all input signal probabilities are
assumed to be 0.5 in the second column, and all the input
transition densities are assumed to be 0.5 in the third
column. The symbol "EFF." in the table means the power
efficiency of input reordering and is defined as follows:

EFE. = Pow,,. — POW,
Pow,

worst

x 100% A7)

where pow,,,, ¢ and pow,. are the power dissipations
under the worst ordering case and best ordering case,
respectively. For NAND (NOR) gate in Table 1 and Table
2, it is worthy to note that the input with high probability
being one (zero) and low transition density should be
placed near the ground (Vpp) end to achieve low power
dissipation.

For complex gates, OAI223, AOI223 and a complex
gate shown in Fig. 4 are used to check the validity of our
reordering rules. Table 3 shows the experimental results of
AOI223 and OAI223 by reordering the inputs of both n-
block and p-block. For AOI223, the simulation results of
the best and worst ordering predicted by our rules are
listed in the second and third columns respectively, while
the results of the best ordering and worst ordering
examined by exhaustive simulation are listed in the fourth
and fifth columns respectively. Table 5 demonstrates the
simulation results of a complex gate shown in Fig. 4(a) by
reordering the inputs of both n-block and p-block. The
input characteristics of the patterns used in Table 3 and



Table 5 are tabulated in Table 4 and Table 6, respectively.
From Tables 3 and 5, it is seen that the best and worst
input ordering predicted by our method are very close to
the optimal best and worst orderings. In addition, from
Table 3, it can be found that a good input ordering may
save even one third of power consumption with respect to
the worst ordering.

In Table 7, we show several reordering results for
cmlex and MCNC benchmark circuits. In our procedure,
misll [11], with library mcnc.genlib, are used for logic
optimization and technology mapping. Table 8 tabulates
the signal probabilities and transition densities, which are
generated randomly, for benchmark cm150a since this
circuit has the maximal number of input in Table 7. In
Table 7, if the benchmark circuit evaluated has m inputs
(m=21), we take the first m inputs of cm150a listed in
Table 8 as the input signal characteristics of the given
benchmark. Because of the lack of efficient transition
density simulator considering general gate delay, we use
VERILOG simulator to estimate the signal probabilities
and transition densities for each node in the circuit
network. All input signals for SPICE and VERILOG
simulations are generated similar to the case of basic and
complex gates except that Tgqis 1lns (the smallest gate
delay in benchmark circuits). According to the signal
characteristics of each node in the circuit network, we
reorder the transistors for each gate individually to
minimize the power consumption. "CPU Time" in Table 7
is the running time of VERILOG simulation and transistor
reordering. SPICE simulation time are not included in
"CPU Time". In fact, VERILOG simulation time take about
95-percent of the "CPU Time". From Table 7, although the
power reduction of input reordering for some benchmarks
are small, however, input reordering is still an effective
approach for low power design. The most advantage of this
method is that it is orthogonal to other low power
algorithms.

V. Conclusions

The major contribution of transistor reordering is that
the power dissipation could be reduced dramatically
without extra layout area or decrease in speed. In addition,
it can be used in conjunction with other low power
algorithm to achieve further improvement. In this paper,
we have presented a set of reordering rules for NAND,
NOR, AOI, OAI, and other complex gates. Experimental
results show that the input order rearranged by our rules is
very close to the optimal realization.

The method presented in this paper is currently limited
to combinational static CMOS circuits; however, it can be
extended to other MOS circuit structures such as pass
transistor circuits and dynamic CMOS circuits. In our
procedure signal probabilities and transition densities are
estimated by VERILOG simulation. VERILOG simulation
takes much time in our reordering procedure; therefore, an
efficient transition density simulator considering variable
gate delay is necessary. In our experiments, if the
reordering rule 1 and rule 2 for NAND(NOR) gate are
conflicting, then the ordering is determined by comparing

the ratios of p; (q;) to D;. However, this comparison is only
a simple judgment, which may result in a poor reordering.
In fact, the parasitic capacitances of each internal node
are an important factor for determining the reordering
when the conflict occurs. In the future work, this problem
will be further studied. In addition, from probabilistic point
of view, combining transistor reordering, transistor sizing,
and the loading of interconnection line with the
optimization of power, delay, and area will be an
interesting problem.
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Table 1 Simulation results of NAND2 and NOR2 gates
with different input ordering

Table 5 Simulation results of Fig. 4 with different input ordering

Our method Exhaustive EFF.
(p(A), D(A)) [NAND_AB[NAND_BA[ EFF. [[NOR AB[NOR BA [ EFF. best (D) [worst (5] best | worst | (E-DYE]
(0.3, 0.1) 30.27 28.01 7.47% 56.75 7192 [21.79% pat. 1 | 34.29 43.68 34.29 | 43.68 21.50%
(0.3, 0.3) 4155 4362 4.752Aa 70.49 81.01 12.992/0 pat. 2 | 4214 | 51.75 | 42.14 | 51.75 18.57%
(03,05) | 55.79 6147 | 9.24%|| 8974 | 96.77 | 7.26% bat 3| 2820 | 3736 | 27.23 | 3793 | 24.52%
(0.5, 0.1) 47.49 40.24 15.27;% 41.79 52.06 19.73;% pat. 4 | 4152 | 5656 | 4152 | 56.56 | 26.59%
(0503 ] 6338 | 6054 1448%]] 5973 | 6331 |565% pat. 5 | 5528 | 60.60 | 55.28 | 60.79 | _8.78%
(0.5, 0.7) 89.78 79.44 11.523/0 92.59 90.64 2.112/0 pat. 6 | 22.36 | 3145 | 22.36 | 31.90 | 28.90%
(05, 0.9) 10353 10567 | 2.03 f 11287 | 109.97 | 257 f bt 7 | 3436 | 4045 | 3218 [ 4145 150694
(0.7, 0.0) 67.81 56.03 |17.37%|| 28.05 3382 |17.06% pat. 8| 46.17 | 6011 | 4462 |oLaa | 23.19%
(0.7, 0.3) 79.44 7094 [10.70%|| 50.16 4944 | 1.44%
(0.7, 0.5) 94.84 87.21 8.05% 66.75 60.54 9.30%
Table 6 Input characteristics of the input patterns used in Table 5
Table 2 Simulation results of NAND3 and NORS gates pat. 1 (0.2, 0.2; 0.7, 0.2; 0.4, 0.2; 0.3, 0.2; 0.5, 0.2)
with different input ordering pat. 2 (0.5, 0.1; 0.5, 0.2; 0.5, 0.2; 0.5, 0.4; 0.5, 0.3)
pat. 3 (0.3, 0.1; 0.4, 0.3;: 0.8, 0.2; 0.7, 0.1; 0.6, 0.15)
D(A) =07 |p(A) =07 D(A) =07 |p(A) =07 pat. 4 (0.4, 0.4; 0.3,0.3; 0.8, 0.2; 0.5, 0.2; 0.3, 0.3)
D(B) =05 [p(B) =05 D(B) =05 |p(B) =05 pat. 5 (0.8, 0.2; 0.7, 0.3; 0.3, 0.4; 0.5, 0.2; 0.7, 0.2)
D(_Cg): 03 P<E>o: 03 D<_C()f 03 p(‘j)o= 03 pat. 6 (0.4, 0.2; 0.3,0.3; 0.7, 0.1; 0.3, 0.2; 0.8, 0.1)
p=05 D05 p=05 D05 pat. 7 (0.8, 0.2; 0.2, 0.3; 0.4, 0.1; 0.8, 0.2; 0.5, 0.1)
Type and Order| Power (uwW) | Power (uW) || Type and Order] Power (uW) | Power (uW) pat. 8 (0.5 0.1: 0.4. 0.4: 0.7. 0.4: 0.8 0.1 0.6 0.2)
NAND_CBA 45.33 39.21 NOR_CBA 4141 37.24 P T T e R e e
NAND CAB | _ 4531 30.65 NOR_CAB 242 3779
NAND BCA | 4467 40.94 NOR_BCA 4187 38.16
NAND BAC | 4476 4173 NOR BAC 4355 3838 )
NAND_ACB 44.25 4177 NOR ACB 4332 4047 Table 7 Experimental results of cmlex and MCNC benchmarks
NAND ABC | 4422 42,02 NOR_ABC 44,09 40.00
EFF. 2.45% 6.69% EFF. 6.08% 7.11% Yoo oo T Fone (3 Tove roma BT 57 T o0
Circuit |Inputs JOutputg Transistors| Gates | bes reordering worétreorderingJ (B-A)'/B Time
CLr* 5 3 24 6 71.12 79.73 3.260% | 42
cmi3Bat| 6 8 74 17 89.85 95.13 555% | 49
Table 3 Simulation results by reordering the inputs of both gmiggg: ﬂ % %(1)2 ‘2‘; gigg ;38;013 %‘7& igé
- - jcml . A .24% I
n-block and p-block of AOI_223 and OAI_223 Sz I T 5T T T R0 X% W)
cmi6la| 14 5 172 40 500 547.65 8.70% | 18
AOI_223 OAI_223 cml163a*| 16 5 164 3 503.04 553.95 919% | 177
Our _method | Exhaustive | EFF.1 | Our _method | Exhaugive | EFF.2 emd2ar | 4 | 10 94 2 128.36 138.94 761% | 7.7
best(A) [ worst(B) | best | worst | (B-A)/B | best (C)worst (D) best | warst | (p-cyiD cmee | S5 | 3 12 16 21202 30358 | 1040% [ 8
[ pat. 1] 37.11 | 5344 |37.08] 5356 30569 7111 | 8656 | 6osi| e751 | 17.85% omgogr 111 1 3 1 17 1311 S0l 0% | 660h 1128
[t o[ 5174 | 6000 [ 5100 6935] 25040%| 5546 | 6450 | 5501 6496 | 14.14% oy ] 16 f 41 166 ] %] 5% b33 1 3% 1 12
| paal 4296 6210 1 4178) 6227) 3211%] 4855 | 5800 | 4g55] 5811 | 16400 ?gﬂl Z i g ﬁ 1179522 %éggg 1%‘%0 ;?
| patal 5735 7054 |5729) 7067) 1870%] 7351 ) 11235 | 7351 ] 11035 ] 3457% e : : T
[ pat.5| 3650 | 47.33 | 3650] 4849 22.88%| 4480 | 59.44 | 4489] 5044 | 24.48% n?ilsrgm g g ‘Sg 128‘ 41122793 415533 1%12%; igi
pat. 6] 5206 | 7248 | 5206] 72.48] 28.17%| 6309 | 77.74 | 63.00] 78.38 | 18:84% ) 3 0 % T8 557 TS W
rd73" 7 3 578 124 1350 1475.3 849% | 49.8
s02" 10 4 5838 116 94177 993.87 5.24% | 354

Table 4 Input characteristics of the input patterns used in Table 3
(p1, D1; P2, D2; p3, D3, )
pat. 1 (0.9, 0.1; 0.7,0.2; 0.6, 0.2; 0.5, 0.4; 0.3, 0.4; 0.2, 0.3; 0.2, 0.2)
pat. 2 (0.5, 0.1; 0.5, 0.08; 0.5, 0.6; 0.5, 0.4; 0.5, 0.2; 0.5, 0.1; 0.5, 0.1)
pat. 3(0.3,0.2; 0.4,0.2; 0.7, 0.2; 0.8, 0.2; 0.4, 0.2; 0.3,0.2; 0.4, 0.2)
pat. 4 (0.3, 0.4; 0.4, 0.6; 0.8, 0.2; 0.2, 0.2; 0.7, 0.2; 0.9, 0.1; 0.3, 0.1)
pat. 5 (0.9, 0.15; 0.2, 0.3; 0.8, 0.1; 0.7, 0.1; 0.2, 0.2; 0.5, 0.3; 0.7, 0.3)
pat. 6 (0.7, 0.4; 0.5, 0.6; 0.8, 0.1; 0.6, 0.15; 0.7, 0.3; 0.3, 0.4; 0.4, 0.2)

*: cmlex benchmark

A MCNC benchmark

Table 8 The input signal probabilities and transition densities of cm150a
(Pq,Dqipp Do p3 Dy ...
(0.3, 0.002; 0.6, 0.008; 0.5, 0.004; 0.8, 0.004; 0.4, 0.008; 0.7, 0.0048;
0.5, 0.008; 0.2, 0.006; 0.4, 0.004; 0.8, 0.0032; 0.4, 0.006; 0.7, 0.002;
0.6, 0.008; 0.5, 0.006; 0.8, 0.004; 0.5, 0.0068; 0.2, 0.0048; 0.6, 0.0032;
0.5, 0.0052; 0.4, 0.0072; 0.7, 0.0064)
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