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Abstract— Addition is a significant operation in soft computing; several sequential adder designs have been proposed in the
technical literature. These adders show different operational profiles; some of them are inspired by biological networks or the
probabilistic nature of nanometric devices (such as the Lower-part OR Adder (LOA) and the Probabilistic Full Adder (PFA)). This
paper deals with the reliability assessment and comparison of these sequential adder implementations. A new metric referred to as
the mean error distance (MED) is proposed as a unified figure for evaluating the reliability of both probabilistic and deterministic
adders. Reliability is analyzed using the so-called sequential probability transition matrices (S-PTMs) with respect also to error
masking (as occurring due to the sequential nature of the addition process). A baseline sequential adder implementation, referred
to as the Lower-bit Ignored Adder (LIA), is used as a benchmark for evaluating the other implementations. It is shown that
compared with the LIA, the PFA has a better reliability at a small gate error rate, but at the cost of a larger overhead in area and
therefore static power consumption. The LOA achieves a good tradeoff between reliability, area, power and delay compared to the
LIA and PFA implementations.

Keywords- Sequential adders, Soft computing, Reliability, Error masking, Approximate logic, Imprecise arithmetic, Mean error
distance.

l. INTRODUCTION

Methodologies for soft computing rely on the feature that many applications can tolerate some loss of precision and the
solution can be tailored to tolerate some degree of uncertainty. Deterministic, explicit, and precise models and algorithms are
not always suitable to solve these types of applications [1]. However, soft computing applications are mostly implemented
using digital binary logic circuits, thus operating with a high degree of predictability and precision. A framework based on a
precise and specific implementation can still be used with a methodology that intrinsically has a lower degree of precision and
an increasing uncertainty in operation. While this may be viewed as a potential conflict, such an approach tailors the significant
advantage of soft computing (and its inherent tolerance to some imprecision and uncertainty) to a technology platform
implemented by conventional digital logic and systems. The paradigm of soft computation relies on relaxing fully precise and
completely deterministic building blocks (such as a full adder) when for example, implementing bio-inspired systems. This
allows nature inspired computation to redirect the existing design process of digital circuits and systems by taking advantage of
a decrease in complexity and cost with possibly a potential increase in speed and performance.

One of the fundamental arithmetic operations in many applications of soft computing is addition. Soft additions are
generally based on the operation of deterministic approximate logic or probabilistic imprecise arithmetic (categorized in [2] as
design-time and run-time techniques). Two recently proposed adder architectures are representatives of these types. The first is
the bio-inspired lower-part OR adder (LOA) [3]; LOA is based on approximate logic, whose truth table is slightly different
from the original truth table of a full adder. The use of a LOA based architecture results in approximations to the addition,
making it deterministically different from the precise operational outcome. The other design is known as the probabilistic full
adder (PFA) [4]; its implementation is based on probabilistic CMOS, a technology platform for modeling the behavior of
future designs as well as reducing energy consumption.

The objective of this paper is to assess these two sequential adder designs as well as a baseline design with respect to
reliability and performance for soft computing. A new metric referred to as mean error distance (MED) is proposed to
characterize the reliability of a sequential adder implementation. The MED is used with sequential probability transition
matrices (S-PTMs) and is able to evaluate the reliability of both probabilistic and deterministic adders in the presence of so-
called error masking [5]. An adder implementation with reduced precision, referred to as the lower-bit ignored adder (LIA), is
then investigated as a baseline for assessing the other adders. A detailed analysis and simulation results are presented to
substantiate the practicality of these different sequential adders for soft computing.

Il.  REVIEW

A sequential adder (Fig. 1) is often used in applications such as neural computing. The sequential adder consists of a k-bit
full adder concatenated with a k-bit register.
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Fig. 1 A k-bit sequential adder. Fig. 2 Sequential architecture for VLSI implementation of a neural network [3].

Consider as an example the sequential adder proposed in [3]; Fig. 2 shows a sequential implementation of a face
recognition neural network. In this implementation, a neuron is scheduled to perform on a sequential basis the computation of
all neurons of the network. Next, different implementations of a full adder are reviewed; particular emphasis is devoted to
features relevant to soft computing.

Conventional Full Adder (CFA): Fig. 3(a) shows a general (precise) one-bit full adder; the CFA is commonly connected in a
ripple-carry implementation, i.e., by cascading the circuit of Fig. 3(a) in a linear array, as shown in Fig. 3(b).
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Fig. 3 (a) Implementation of a one-bit full adder, (b) Ripple carry adder implementation.

Lower-Part-OR Adder (LOA): Differently from conventional designs that strictly operate according to the exact function (as
defined by its truth table), an approximate logic implementation ignores some entries in the truth table. This feature allows
balancing precision with other performance metrics. The recently proposed LOA is based on such a design [3]. A LOA
divides a k-bit addition into two smaller parts, i.e., two modules of m-bits and n-bits respectively. As shown in Fig. 4, the m-
bit module of a LOA uses a smaller but precise adder (referred to as the sub-adder) to compute the exact values of the m most
significant bits of the result (also referred to as the upper part). Additional OR gates are used to approximately compute the n
least significant bits (also referred to as the lower part) of the sum by applying a bitwise OR operation on the respective input
bits. An additional AND gate is used to generate the carry-in for the precise sub-adder when the most significant bits of both
the lower-part inputs are “1.” As this implementation ignores the “trivial” carries in the lower part of the LOA adder, it may
result in a loss of precision. Albeit using different structures, the approximate adder designs in [6] and [7] belong to the same
category.
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Fig. 4 Hardware structure of the lower-part-OR adder (LOA) [3]. Fig. 5 Hardware structure of the probabilistic full adder (PFA).



Probabilistic Full Adder (PFA): Probabilistic CMOS (PCMOS) is considered as one of the many techniques to achieve
savings in power consumption, while balancing performance at nanometric ranges. For a k-bit PFA, the most significant m-
bit adders are implemented using perfectly reliable (and thus deterministic) gates, while the least significant n bits are
implemented in PCMOS. The structure of this type of adder is shown in Fig. 5.

1. SEQUENTIAL PROBABILITY TRANSITION MATRICES AND ERROR MASKING

Prior to presenting the analysis, several definitions need to be introduced for completeness. The signal probability is
defined as the probability of a signal being logical “1.” In a combinational circuit, the output probability for a specific input
vector | is defined as the joint probability that all of the outputs are “1” when the input vector is I. The output reliability for
input | is defined as the joint probability that all outputs are correct for I. Any output that deviates from the correct value, is
considered an unreliable output. This definition of reliability considers the correlation among signals and is therefore used in
this paper unless noted otherwise. Circuit reliability is defined as the average output reliability over all possible input vectors.
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Fig. 6 Mealy model of a sequential circuit. Fig. 7 A sub-matrix of the S-PTM @ ¢ used to obtain restoring inputs. “PI”’ represents
primary inputs, “PS” represents present states. “NS” represents next states. “P;” inside
the matrix represents a large probability while “...” represents a small probability.

For sequential circuits the following definitions are also introduced. Restoring inputs are the primary inputs or a sequence
of primary inputs that logically mask the feedback signals in a sequential circuit. Error masking in a sequential circuit refers
to the scenario by which the feedback signals are logically masked by specific combinations of primary inputs (referred to as
restoring inputs). Therefore a sequential circuit is said to be reliable if error masking frequently occurs; it is unreliable
otherwise. In this paper the adders introduced previously are analytically assessed for circuit reliability using the so-called
sequential probability transition matrix (S-PTM) technique. This technique is based on a Mealy model of a sequential circuit
(Fig. 6). S-PTMs define several matrices mapping from the m+n inputs to the k primary outputs (®,,) and to the n next
states (@), also from the n next states to the n present states. By employing matrix operations, performance evaluation of a
sequential circuit can be performed at each clock cycle (albeit this may incur a substantial computational overhead).

The process of error masking can be described using S-PTMs as follows. According to the values of the primary
inputs, @, is divided into 2™ row blocks, each block consisting of 2™ row vectors for a specific combination of primary
inputs. In this block, if the entries in a column (corresponding to the transition probabilities from the inputs to a specific
output) have mostly large values, then the primary input combination for this block (denoted as ay,_ja,_3 ...a;aq in Fig. 7)
is defined as a set of so-called restoring inputs. A similar procedure can be applied to the analysis of ®,; it characterizes
whether restoring inputs exist such that the effects of errors accumulated in the flip-flops can be taken into account. This
scenario is generally referred to as error masking. Error masking can occur also over multiple steps (clock cycles); a detailed
analysis of multiple-step error masking using state transition matrices and binary decision diagrams is provided in [5].

IV. ERROR DISTANCE

In this section, a new metric for evaluating the reliability of an adder is proposed; subsequently, the performance of
different implementations of sequential adders is assessed by using S-PTMs. This new metric relates performance to
reliability for soft computing operation of the adders. Consider as an example the case in which the exact Sum output of an
adder is “100101” and all other values are considered unreliable (for example, both “100100” and “110101” represent



unreliable values). However, these two output values have different implications when compared to the correct value:
“100100” means the output is different by 1 (or at a distance of 1) from the correct value, while “110101” is different by 16
(or at a distance of 16) from the correct value. So, the output could take different (and erroneous) values that are substantially
different from the correct Sum value. This is dependent on the error and its effect on the addition, i.e., a lower bit error has
less impact on the output Sum.

Under these circumstances, the metric of circuit reliability has limited usefulness in assessing the performance of an adder,
because it considers only the presence of an error, but not the error’s implication on the addition. A new metric referred to as
error distance (ED) is therefore proposed. In general, the ED between two binary numbers, a (erroneous) and b (correct, i.e.,
golden), is given by:

ED(a,b) = |a—b| = |;a[i] * 2 — X;b[j] * 2|, 1)
where i and j are the indices for the bits in a and b, respectively. In the previous example, the two erroneous values “100100”
and “110101” have an ED of 1 and 16 to the golden “100101,” respectively.

For a non-deterministic implementation, the output is probabilistic and usually follows a distribution for a given input. In
this case, the ED of the output (denoted by d) is defined as the weighted average of EDs of all possible outputs to the hominal
output. Assume that for a given input, the output has a nominal value b, but it can take any value given in a set of vectors
(by, by, ... by); the ED of the output is then given by:

d = X, ED(b;, b) * p;, 2
where 1 < i < N and p; is the output probability of b;.

When the primary inputs to a circuit are non-deterministic and thus each input occurs at a specific probability, the mean
error distance (MED) of the circuit (denoted by d,,,) is defined as the mean value of the EDs of all possible outputs for each
input. Assume that the input is given by a set of vectors (a;, a,, ...ay); €ach vector occurs with a probability given by a
corresponding value in (q, qz ..., qp)- Then, the MED of the circuit is given by:

dm:Zjdj*qj’ 3)
where 1 < j < M and d; is the ED of the output for the input a;, which can be computed by (2).

TABLE 1. MEAN ERROR DISTANCE FOR FOUR CLOCK CYCLES WITH RANDOM INPUTS

Experiment | Architecture Clk1 Clk2 ClIk3 Clk4
No. 1 CFA 0 0 0 0
PFA 0.7400 1.1920 1.4620 2.1900
LOA 0 2 1 1
No. 2 CFA 0 0 0 0
PFA 0.7220 1.0260 1.5940 1.9640
LOA 0 1 1 1
No. 3 CFA 0 0 0 0
PFA 0.7820 1.2100 1.5180 2.2340
LOA 0 2 1 0
No. 4 CFA 0 0 0 0
PFA 0.6480 1.2860 1.5680 1.5980
LOA 1 1 2 1

For simplicity, uniformly-distributed random inputs are considered hereafter, i.e., each input occurs with the same
probability. Consider as an example a 3-bit adder. In Fig. 4 and Fig. 5, let k =3, m =1 and n = 2. A 3-bit CFA is used to
calculate the correct value for comparison. A gate error rate of 0.028 is used for PFA; this value is selected such that the
MED is the same as for the LOA (as shown in subsequent sections). Table 1 shows the results of four experiments, each of
which consists of four consecutive clock cycles. As can be seen, the MED of the LOA can be reduced or reset. For example,
the MED has a value of 0 at both CIk1 and CIk4 in Experiment No. 3; this is due to the effect of error masking, as discussed
in more detail next. However, the MED for the PFA is in most cases significantly greater than its LOA counterpart. As
expected, the CFA has an MED of 0 throughout the four clock cycles in all experiments.

For uniformly distributed inputs, the 16 input values occur with the same probability of 1/16. Based on the S-PTM model
for this 3-bit adder, the transition matrix &, is given in Fig. 8. Only the matrices for the lower two bits are shown as the
higher bits are accurate and the same for these different implementations. Given the transition matrices, the ED of an output
can be computed for an input against the corresponding output of the CFA (taken as the golden value). Given @, in Fig.
8(b), for example, the MED of the LOA is:

dm‘LOA=i*(0+0+0+0+0+1+O+1+0+0+2+2+0+1+2+1)=0.625. 4)
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Similarly, the MED of the PFA is calculated as:

dmpra = -+ X;dj = 0.6167. (5)
Consider next an implementation using only the higher two bits as the 3-bit adder, i.e., an approximate implementation

with a reduced precision of one bit. The transition matrix is shown in Fig. 8(d) and its MED is given by:
dm(z_bitAdder)=i*2jd,-=i*(0+1+0+1+1+2+1+2+0+1+0+1+1+2+1+2)= 1. (6)
This shows that the 2-bit adder has the largest MED, while the MED of the PFA (0.6167) is only slightly different from
that of the LOA; therefore, 0.028 is used as error rate of the PFA in the previous simulation. However, from Table 1 the
cumulated error distances are quite different. This is mainly due to a result of error masking. For the CFA (as well as the
PFA), no adjacent 1’s exist in the columns of ®g,, i.€., there is no restoring input for CFA and PFA. Therefore, errors have
a cumulative effect and cannot be logically masked. However, for the LOA several restoring inputs are found in ®; g,
(indicated by the neighboring 1’s in the columns), i.e., errors can be logically masked by specific inputs. This can be
explained as follows. If there is a “1” at the primary input of an LOA, the OR gate masks all cumulative errors. This is not the

case for the PFA because it is always affected by errors; therefore, errors accumulate rather than being masked.
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Fig. 8. Transition matrices for the two lower bits of the 3-bit adder: (a) CFA (b) LOA (c) PFA and (d) 2-bit adder. Each row corresponds to an input,
which consists of two bits from the primary inputs and two bits from the feedbacks; each column corresponds to a 3-bit output of the 2-bit addition. So, an
entry in a matrix indicates a transition (probability) from an input to an output. In (d), “0” is used as the third output in default of the last bit.



V. MEAN ERROR DISTANCE (MED) EVALUATION

As discussed previously, soft computing is confronted with many similarities and often contradictory features that can also
be found in bio-inspired systems, i.e., systems made of a large number of unreliable modules. These systems utilize extensive
networks to circumvent the unreliable nature of the computational modules while still retaining low power/energy
consumption. The adder configurations presented previously draw significant resemblance to this type of system. The LOA
resorts to approximate logic to target reliable modules and PFA resorts to characterizing probabilistic behavior of nanoscale
modules. However, one of the issues that must be addressed for soft computing is that probabilistic implementations may
likely tradeoff too much accuracy for little saving in area and power. In this section, this tradeoff is evaluated against a
baseline design of a reduced precision adder, i.e., the lower-bit ignored adder (LIA). In this implementation, instead of using
n-bit unreliable adders for computation, the lower significant bits are ignored.

Consider next the general case of a 32-bit adder (k=32); the MED is plotted in Fig. 9 by varying the number of lower bits,
n. By ignoring all lower bits, as shown in Fig. 9, an n-bit ignored LIA has better performance than an n-bit PFA at a gate
error rate of 0.2 for the 32-bit adder. Moreover, as shown in Fig. 9, the expected mean error distances of both the LOA and
the PFA increase exponentially by increasing the number of lower bits. For the LOA, error masking occurs when the carry bit
is ignored - there is no carry for the lower bits. Therefore, errors in different bits are operationally isolated. In the LOA by
changing the truth table with approximate logic, error masking occurs in the combinational circuits. Based on this feature,
errors in the lower bits cannot be propagated to the higher bits, thus preventing their cumulative effect.
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Fig. 9 Mean error distance versus the number of lower bits in different adder implementations. Fig. 10 A sequential adder implementation.

The simulation results of Fig. 9 show the effectiveness of the proposed evaluation technique. It is revealed that, although
there is no cumulative error for the LOA, an error due to the approximate logic makes its MED to be not as optimistic as
expected, especially for an increased number of lower bits. This is due to the fact that an error can occur in the most
significant lower bit. The PFA shows a different scenario. Errors in the lower bits are likely to be propagated to the higher
bits. So, its MED is rather large even for a small error rate, due to the cumulative errors from the lower bits (even though the
error that results from the most significant bit is not that large).

LOA, PFA and LIA are based on an n-bit combinational adder. An n-bit ripple carry adder can be equivalently
implemented by a sequential circuit based on a single-bit full adder, as shown in Fig. 10. In this circuit, Cout (Carry-out) in a
lower significant bit is used as Cin (Carry-in) for a higher bit. So if occurring in the lower significant bits, errors can
propagate to the higher significant bits, i.e., the cumulative effects of errors may make the higher significant bits to be less
reliable than expected. However, the errors in Cout can be masked by primary inputs with values “00” and “11.” This is an
effect of error masking. In a complex adder design (such as the LOA, PFA or LIA), error masking exists and its analysis must
consider the multiple feedback signals. An efficient approach using stochastic bit streams can be used for such an analysis
[10].

VI. STATIC POWER CONSUMPTION AND DELAY

Consider next the static power consumption of the adders. As suggested in [4], the energy (E) consumed by a probabilistic
inverter increases exponentially with the probability of its correct functioning, p, if the noise magnitude remains constant. For
simplicity, here we assume that the energy consumption of any binary gate increases exponentially with p. It is further
assumed that the static power of a 1-bit CFA is normalized to 1, i.e.,



Ey_cpa =1 )
The static power of a 1-bit PFA is then:

Ei_pra = E1—cra * Z—? =P ®)
For a k-bit CFA, its static power is given by:
Ecpa =k * Ey_cpa = k. C)]
Let n denote the number of lower bits; so, for the PFA, its static power is:
Eppa =m* Ej_cpa + n* Ej_ppa = m+ nxeP™L (10)

In a LOA, there is only one OR gate instead of five gates as in a conventional adder; so as a first-order estimation, the power
consumption of the lower bits in a LOA is 1/5 of that in a CFA, i.e.,

ELOA =m * El—CFA + n* EOR =m+ 02 * N. (11)
For the LIA, its power consumption is simply:
ELIA =m. (12)

The delay in this paper is measured through the critical path, i.e., the longest path in a specific implementation of a
sequential adder. It should be noted that due to the use of approximate logic, the length of the critical path is also changed
from an exact implementation (as related to the rippling of the carry). The delays for a k-bit full adder implemented by CFA,
PFA, LOA and LIA are given in Table 2 (the delay and the static power consumption are normalized to those of a single
CFA). For comparison purposes, the reliable performance of an implementation can then be assessed at a given budget of
static power consumption. Consider again a 32-bit adder (k=32); assume that the maximum static power is normalized to the
single conventional adder and is given by a constant value of 28. Table 3 shows the MED of the different implementations. It
can be seen that the MED of the PFA drastically increases with the number of lower unreliable bits, while for the same power
consumption, the LIA has a significantly lower MED and the LOA performs the best with the smallest MED.

TABLE 2. COMPARISON OF DELAY AND STATIC POWER CONSUMPTION
FOR DIFFERENT IMPLEMENTATIONS OF SEQUENTIAL ADDER

. Normalized Normalized Static Power
Implementation .
Delay Consumption
CFA K (=m+n) k(=m+n)
PFA k (=m+n) m+n*eP~1
LOA m m+0.2* n
LIA m m

TABLE 3. MED OF DIFFERENT IMPLEMENTATIONS OF A 32-BIT ADDER
WITH THE SAME STATIC POWER

Implementation Features MED
p=0.1335: m=0, n=32 ~10°
p=0.2 : m=10, n=22 ~10°
PFA p=0.3: m=17 ,n=15 ~10*
p=0.4: m=20,n=12 ~108
p=0.5: m=22, n=10 ~500
LOA m=27, n=5 5.875
LIA n=4 8

VIl. CONCLUSION

This paper has assessed several sequential adder designs with respect to reliable performance for soft computing. A new
metric referred to as mean error distance (MED) has been proposed to characterize the reliability of an approximate or
probabilistic implementation. The MED has been used with sequential probability transition matrices (S-PTMs) in the presence
of so-called error masking in the operation of different adder implementations under various input distributions. This paper has
also dealt with the comparison of two representative implementations, the LOA and PFA. Based on the notion of MED,
simulation results indicate that the reliable performance of PFA shows little advantage over the LOA, especially for large gate
error rates, and that the LOA provides a better reliability-area tradeoff, due to the use of approximate logic and the presence of
error masking. By ignoring or approximating the lower bits, the stringent timing feature of the critical path has been lessened,
thus the LIA and LOA can be useful for higher speed computing. A detailed analysis and simulation results of these sequential
adders have been presented to substantiate the practicality of these various implementations for soft computing.
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