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In this paper, two accuracy configurable adders capable of operating in approximate and exact modes are
proposed. In the adders, which include a block-based carry propagate and a parallel prefix structure, the
carry chains are cut off in the approximate mode limiting the carry chain depth to two blocks. In the case of
parallel prefix adder, we propose a special carry generate tree equipped with a power gating means. In both of
the proposed structures, the critical paths of the adders are not increased in the exact operating mode. Thus,
the main objective of proposing these approximate adder structures is to present an accuracy configurable
adder structure whose delay in the exact mode is almost the same as an exact adder. The efficacies of the
proposed accuracy configurable adders are compared with some state-of-the-art adder structures using a
15nm CMOS technology. In addition, their efficacies are evaluated in two error-resilient applications. These
studies show that the proposed carry-propagate adder has 22% (51%) lower energy consumption (error rate)
compared to the best prior works. Also, the proposed parallel prefix adder provides, on average, 20% lower
energy consumption compared to the exact parallel prefix adders.
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1 INTRODUCTION

Transistor counts in digital integrated circuits are growing rapidly, which gives rise to an increase
in the power consumption. On the other hand, as the user applications are becoming more com-
plex, higher performance computing is required to address the high performance and low power
needs of these applications. Approximate computing is considered as one of the promising solu-
tions to achieve a good balance between computational speed and power efficiency. Fortunately,
there are a large number of applications in different domains which can tolerate a certain amount
of output error. Examples are multimedia and image processing, wireless communication, machine
learning, data mining, and some digital signal processing applications [1]. Approximate comput-
ing techniques may be employed at different design abstraction levels such as Instruction Set
Architecture (ISA) [2], architecture [3], and circuit level [4-6].

Arithmetic components are the heart of computational units, and hence, their latencies and
energy consumptions have strong impacts on characteristics of the whole system. Among the
arithmetic units, adders are the basic operators for performing the other arithmetic operations
like subtraction, multiplication, and division [1]. Therefore, improving the efficacy of adders can
lead to significant improvement in the overall circuit’s efficacy. In recent years, designing approx-
imate adders has received a lot of attention from researchers (e.g., see, [7-11]). Examples of the
techniques employed in approximating the adders include logic simplification [5], voltage over
scaling [12], and truncating the carry chain [13].

While most of the proposed approximate adders have a fixed output accuracy level [13, 15, 16],
some state-of-the-art approximate adders provide configurable output accuracy levels (see, e.g.,
[17, 18]). The runtime accuracy configurability (AC), however, is achieved normally at the cost
of some timing, area, and power overheads [19]. For example, in some circuits, generating the exact
output requires several extra clocks (e.g., [20]). In addition, most AC adders are designed based on
a specific type of adder, limiting their usage in the low power/high performance applications (e.g.,
[9]) when the underlying adder type is not the optimal one for a given application.

In this paper, we present two circuit-level adder structures including block-based carry propa-
gates and tree-based AC adders whose operation delay overhead in the exact mode is negligibly
small. Having the ability to dynamically configure the accuracy provides us with online quality of
service (QoS) and energy management [19]. In the approximate operating mode of the proposed
block-based carry propagate adder, the carry chain becomes limited to two blocks. In addition, to
remove the delay overhead of the switches controlling the operating mode, we present a structure
where the required logic is embedded into the carry generator logic. It should be mentioned that
the summation block of this adder could be implemented based on either carry look-ahead adder
or any carry propagate adder types. In the case of the proposed parallel prefix adder, we present a
carry generation tree structure where a power gating technique, which shortens the carry chain
and imposes some area overhead, is invoked. The structure of the latter adder in the approximate
mode is similar to that of the approximate block-based adder. To the best of our knowledge, this
is the first accuracy configurable parallel prefix adder which provides negligibly small delay over-
head in the exact operating mode. The accuracy and design parameters of the proposed AC adders
are compared with some of the state-of-the-art structures. Also, the efficacies of the structures in
two error resilient applications are studied.

The rest of this paper is organized as follows. Prior works are studied in Section 2. The structural
details of the proposed accuracy configurable adders are provided in Section 3. In Section 4, the
efficacies of the proposed adders are compared to those of the prior works. Finally, the paper is
concluded in Section 5.
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2 RELATED WORKS

In this section, some of prior configurable accuracy adders are reviewed. An accuracy gracefully
degrading adder (GDA) was proposed in [22]. In this adder, [n/] I-bits sub-adders were employed
to calculate the output. The input carry of the sub-adders could be exact or predicted. The GDA
utilized some multiplexers to select between the exact and approximate input carries. A generalized
model of window-based approximate adders called GeAr was suggested in [20]. The adder utilized
(n —1) I-bits sub-adders operating in parallel to produce the final output. In addition, the GeAr
utilized an error correction unit to increase the output accuracy. The error correction unit was a
sequential circuit which took several cycles to correct the output depending on the number of sub-
adders. In [21] an accuracy-configurable adder based on the carry look-ahead adder structure was
proposed. In this adder, the first part of the conventional carry-look ahead adder (CLA) which
generated the propagate and generate signals, was replaced by a carry-maskable half-adder
(CMHA) structure providing the carry chain masking as well as the accuracy reconfigurability.

A reconfigurable approximate carry look-ahead adder (RAP-CLA) designed based on the
exact CLA was proposed in [19]. The adder was able to switch between exact and approximate
operating modes during the runtime. In the RAP-CLA, fixed-size overlapped blocks (windows)
were employed to calculate the carry output and sum bits. To design dynamically energy-quality
scalable adders with graceful degradation, a bit truncation approach was proposed in [16]. The key
idea was to set the truncated input bits to some constant values (instead of zero) for maximizing the
output quality. The authors of [17] proposed a carry-predicting adder (called CPredA) which
did not either require additional circuits or recovery logic blocks for the carry-in prediction. It was
constructed using one carry predicting full adder (CPFA) and one carry-maskable full adder
(CMFA). These two modified full adders provided reconfigurability by predicting the carry and
cutting the critical path in the desired length. In [18], an accuracy-configurable block-based Carry
Look-ahead Adder (AC-CLA) whose structure employed the voltage over scaling (VOS) as the
online approximation knob for adjusting the output quality was proposed. Under a given accuracy
level, some blocks of the AC-CLA operated at the low operating voltage level (approximate mode),
whereas other blocks operated at the nominal operating voltage level (accurate mode). In this
structure for passing signals from low voltage domain to the high voltage domain, voltage level
shifter was required imposing delay and power overheads.

An accuracy configurable adder whose architecture consisted of an accurate part and an inac-
curate part was proposed in [15]. In the inaccurate part, except for the two most significant sum
bits, the sum bits were assigned a constant value of 1. Also, the most significant bit of the inaccu-
rate part has been employed to predict (by using AND gate) the carry input of the accurate part.
To provide the ability to switch from the approximate to exact mode, all of these works added
additional circuits to the critical path of the adder. This made the delay of the adders in the exact
mode higher than that of the conventional exact adder. While the main objective of proposing the
approximate adder structures in this work is to present an accuracy configurable adder structure
whose delay in the exact mode is almost the same as an exact adder.

3 THE PROPOSED ADDER STRUCTURES (ND-ACA)

In this section, the architectures of the proposed approximate adder for the two adder classes of
carry propagate adder (CPA) and parallel prefix adder (PPA) are presented.

3.1 Carry-Propagate Adder (ND-ACAcp)

The typical architecture of an approximate adder equipped with a carry prediction unit is illus-
trated in Figure 1. In this structure, the adder is segmented into several summation blocks. The a
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Fig. 1. The general architecture of an accuracy configurable block-based CPA equipped with the carry pre-
diction unit.

and b are the n-bit input operands of the adder while s and c,,; are the sum and carry outputs,
respectively. The add operation is performed by [n/k] k-bit summation blocks. For this adder, the
longest carry propagation paths in the exact and approximate modes are shown as CPg and CPg,
respectively. Each summation block includes a k-bit sub-adder, a Carry Predict unit, and a Selec-
tion unit. The sub-adders may be composed of any desired adder type, e.g., Ripple Carry Adder
(RCA), Carry Look-ahead Adder (CLA), and Carry Skip Adder (CSA). Additionally, selecting
the output carry by the carry prediction unit results in a shorter critical path and lower energy
consumption [5]. In this case, the dependency between the blocks is removed at the cost of some
accuracy loss. Therefore, the accuracy of the add operation, in the approximate mode, depends on
the accuracy of the carry prediction unit and the output signal of the carry selection unit. This
structure provides multi-precision quality at run-time while imposing some power and area over-
heads compared to the exact operating mode. In Figure 1, the output carry of the i*" block (i.e., cio)
is determined by [19]

k-1 k-1
i _ i i i i i i i
€O = Gk—1 T P19t -+ l—[pngo + l_[pncin (1)
n=1 n=0

where g]i(_l, pl’;_l, and cfn are the generate (aj.; ® by.1), propagate (ax.; @ by.1) of the k — 1" bit in
it" block, and the carry input signal of this block, respectively.
Let us rephrase (1) for the i*" block as follows

k-2 k-2
¢o =iy Py ® (g,i_z +ot | | phgi+ ﬂp;c;n> @)
n=1 n=0

where e denotes the Boolean AND operation. In addition, C{ ,, is determined by the previous sum-
mation block. Next, we rewrite (2) as where, in this case, the carry output of the i** sub-adder block
(in its exact operating mode) is obtained through a multiplexer whose selector signal is P _,.
. k=2 k=2 .
. i 4o Lagl 4 il i =1
o = {9k 1 Pugo + 11 puciy Pt 3)
It Pry =0

o—exact
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Fig. 2. (a) Conventional FA, (b) the proposed S-FA, (c) the employed AO gate, and (d) the general architecture
of the proposed accuracy configurable CPA.

The multiplexing operation inside the FA is implemented by a AND-OR gate (see Figure 2(a)).
Now, based on this, we suggest omitting the AO gate inside the conventional block-based adder
structure and using the AO gate of the summation block (based on (3)) in place of that in the
internal structure of the block-based AC adder. Using this modification, the critical path of the
exact mode of the add operation is shortened by [n/k] X Dgo (Dao is the delay of the AO gate)
compared to the delay of the conventional block-based accuracy configurable adders. In this case,
the delay of the adder in the exact mode becomes the same as that of the conventional CPA making
the approach free of any delay overheads. On the other hand, in the approximate mode, the output
carry of each block in the proposed adder is determined by assuming that the carry input for that
block is logic 0. Thus, the output carry in the approximate mode (c’_ appx) is obtained from

k-2
cé—appx =Gt P ® (9122 +oet nngé) (4)
n=1

To implement the proposed approach, we suggest to employ our suggested simplified full adder
(S-FA) shown in Figure 2(b) which is placed in the most significant bit position of the sub-adder
blocks. The S-FA provides run-time accuracy re-configurability when used along with the sug-
gested AO gate structure shown in Figure 2(c). S-FA has three outputs comprising a sum signal
denoted by s, a carry bypass (cp) signal which is directly connected to its c;, and a generate sig-
nal (g). Since the S-FA is employed as the last FA in the sub-adder block, the two inputs of the
AO gate are ¢;, and g]i_l. The general structure of the proposed approximate block-based adder
is depicted in Figure 2(d). In this structure, the select signal of the AO gate is OM o pli_l, where
the signal OM (operating mode) determines the operating mode of the summation block. Based
on these explanations, the output carry of the i block of the proposed adder may be formulated
as

k=2 k-2 k-2
Co = (gllc—l +Pps® (gllc—z toot nprlﬂé» +OMep; @ (gllc—z toot np;’gé * l—[p;’c:”>
n=1 n=1 n=0

(©)
Here, when OM = 1, the above equation reduces to (1) and when OM = 0, it reduces to (4). In
this work, we only consider the proposed CPA structure in the cases that all the OM signals of
the blocks are the same. Also, it is possible to control the OM signals differently providing us
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Fig. 3. The function and the carry chain of the proposed carry propagate adder under two input samples.

with multi-accuracy structures. The function and the carry chain of the proposed adder under
two input samples and corresponding propagate and generate signals with each pair of bits, are
illustrated in Figure 3. In the figure, c'[j] is the exact input carry of the j* bit position in i" block.
As depicted in the figure, the least significant bit of the 2"? block is wrong. It originates from
the fact that when OM = 0 (approximate mode), the input carry of 2"¢ block is the approximate
output carry of its previous block (i.e., c}_, ppx)- More specifically, in the exact operation, based on
the input operands, the 1°* block propagates c}, (C(())) to the next block where ¢}, = 1. However, in
the approximate mode, the predicted carry for the next block is generated without considering the
input carry and thus ¢?, = 0. However, the correct input carry of 2°* block should be 1. Hence, in
this particular bit position, an incorrect result is generated.

3.2 Parallel Prefix Adder (ND-ACApp)

The general structure of a parallel prefix adder (PPA) has three stages, including pre-processing,
carry propagation, and final summation [23, 24]. In the first stage, the generate (g;) and propagate
(p:) signals of the i*" bit position (n > i > 0) are obtained. In this case, the input carry of the
(i + 1)** bit position (c;11) is equal to g;. Also, the sum signal in the ith bit position (s;) is p; & c;.
The Boolean operation o (called prefix operation) is widely used in PPAs and is applied on the pair
of generate and propagate signals. Generally, the prefix operation is defined as

(9:p)o(gp)=(g+peg.pep)=(9"p") (6)

The pair of (g.j, pi:j) (Where j < i) denotes the carry generation and propagation signals for the

bits in the range of (i,i — 1,i —2,...,j + 1) inclusive of i and j, which could be determined by

associating the two overlapping terms of (g;.x, pi:c) and (gr.j, prj) (Where j < k < r < i) using (6).
Thus, in this case, g;;; and p;.; are obtained from

9ij = 9Gik + Dik ® Grij (7)

Pi;j = Pik ® Prij (8)

Based on these explanations, Figure 4(a) shows the general structure of the proposed accuracy-

configurable parallel prefix adder, its structure during the approximate mode, and its basic blocks.

The gray circle is used to show passing the generate and propagate signals to the next level without

applying any function on them. The square block generates the p and g signals. The gray diamond

block implements the prefix operation based on (7) and (8). The dot filled diamond is an extension

of the gray diamond and performs the prefix operation on the three input pairs of (p;, ¢i), (pi-1,
gi—1), and (p;—z, gi—2). This block is only used in the first level of the carry generation step to form
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Fig. 4. (a) The general structure of the proposed 32-bit accuracy configurable PPA (b) its equivalent circuit
in the approxmiate mode (c) internal structure of logic blocks.

the carry propagation in a block-based approach without increasing the carry generation stages.
To support accuracy configurability, we suggest the hatched filled diamond, which implements the
2-input prefix operation (similar to the gray diamond block). In other words, in the approximate
mode (as determined by the OM signal in CPA structure), its AND and OR gates are turned off
(using power gating technique) and the outputs of the block become g;.; = gi.x and p;;; = pi.
Hatched block is used instead of the gray diamonds to cut the carry chains and reduce the latency
as well as the power consumption (by power gating of the unused logics). This block in the exact
mode generates the proper generate (g) and propagate (p) signals based on its g and p input signals
and by using two-level logics (AND-OR logic). Thus, in the exact mode, it imposes two-level logic
delay. However, in the case of the approximate mode, its g and p input signals would be passed to
the next level through the tristate buffers, and only impose one-level logic delay (buffer logic).
This means that the proposed PPA structure with a bit-width equal or lower than 8 bits (i < 3)
would operate just like the exact adder limiting the application of the structure to data-paths with
bit widths larger than 8. Thus, in the proposed structure, each two adjacent n-bit blocks have an
overlap of 4 bits. As an example, in Figure 4(b), by exploiting the hatch filled diamond blocks in the
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Fig. 5. The function and the carry chain of the proposed parallel prefix adder under two input samples.

last two levels of the carry reduction step, the number of stages in the critical path (in the carry
generation step) during the approximate mode operation is 3 (plus two tristate gates) whereas in
the exact operating mode, the critical path has five stages (log 32).

Thus, in the approximate mode, the 32-bit adder is constructed by seven overlapping blocks (as
shown in Figure 4(b)). Moreover, in this figure, the dashed rectangle shows the independent adder
blocks in the approximate operating mode. As mentioned before, the hatched filled diamond can be
employed in the last levels (3 < Level # < log n) of an n-bit proposed PPA. In this case, the number
of 8-bits blocks is 2822 _ { where n € 2! and i > 3. Based on this, the smallest block size for the
proposed PPA is 8 bits. For example, in our proposed structure, to create a 32-bit proposed adder
module, seven 8-bit blocks are needed (20°6232~2 — 1 = 7). Finally, while the considered tristate
buffers (for bypassing the powered off gates) in the hatched-filled diamonds were not placed in
the critical path, the total capacitance of the critical path increases negligibly. This is due to the
fact that this capacitance increase is considerably smaller than those of the output of the blocks
and the wires of the critical path. Our studies showed that the delay overhead was below 1%.

Finally, the function and the carry generation tree of the proposed adder under two input sam-
ples are illustrated in Figure 5. Just like the CPA structure, when OM = 1, the carry generation tree
is in the exact mode. It means that the carry input of the i*" bit position is determined by (6) and
(7). Otherwise, it is in the approximate mode and the input carry of the i*" bit (4q < i < 4(q + 1))
is determined by (gi_1.j, pi-1:j), where j = 4(q — 1) and q > 1. Note that in the case of the exact
operating mode, j is 0. As depicted in the figure, the 8 bit position of the final result, whose carry
input is determined by pair {(g7.4 - p7.4)| ¢ = 2 and j = 4}, is wrong. It originates from the fact that
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Table 1. Comparison of Accuracy Results for 8-, 16-, and 32-bit Adders

8-bit 16-bit 32-bit
AdderType BS ER(%) NMED MRED pp o) nmep MRED gR () nmep MRED
(X10_4) (><10 ) (X10_4) (><10 ) (X10_4) (><10 )
2 1873 167 185 4786 172 189 7466 172 190
ND-ACAcp 4 0 0 0 44 20 26 124 20 %
8 0 0 0 0 0 0 040 007 01
2 3006 605 707 6177 625 730 6537 625 730
GeAr 4 55 68 93 167 156 190 322 156 190
8 0 0 0 068 10 12 225 10 12
2 1554 606 646 3645 625 670 5571 626 670
RAP-CLA 4 23 137 147 854 129 154 172 130 154
8 0 0 0 034 10 11 11z 10 1
2 2747 395 428 6098 417 554 8762 417 554
GDA 3 55 3¢ 52 212 56 81 459 55 81
8 0 0 0 620 2 35 180 3 2
2 2544 621 742 5967 689 804 912 689 804
AC-CLA 4 375 59 70 1391 98 110 284 100 110
8 0 0 0 057 16 18 145 10 1
2 6832 146 191 9683 156 200 9987 157 203
CMHA 4 5149 124 158 8795 10 13 9864 10 13
5 0 0 0 6832 06 08 891 06 09
2 - - - - - - - - -
4 - - - - - - - - -
ND-ACApp
8 0 0 0 44 20 26 124 20 %
16 0 0 0 0 0 0 040 007 01

when OM = 0, the input carry of this particular bit position is g7.4+ p7.493.0 = 0 where g7.4 is 0 and
g0 1s also 0 because of the bypass of the exact value of gs,0 (see (7)). While the correct value of
g3 is 1 and since p7.4 = 1, the exact input carry to this bit position should be g7.4+ p7.493.0 = 1. This
is the reason for having the wrong result.

4 RESULTS AND DISCUSSION

In this section, the accuracy and design parameters of the proposed adders are compared to those
of the prior work. Also, the efficacies of the proposed adders in error-resilient applications are
studied.

4.1 Accuracy Analysis Comparison of Accuracy

The accuracies of the proposed carry propagate and parallel prefix ND-ACA (i.e., ND-ACAcp and
ND-ACApp) in approximate operating mode are compared with those of five state-of-the-art
(SOTA) AC adders in Table 1. The set of considered SOTA run-time reconfigurable adders consists
of AC-CLA [18], RAP-CLA [19], GeAr [20], CMHA [21], and GDA [22]. The considered error
metrics in this study were Error Rate (ER), Normalized Mean Error Distance (NMED), and
Mean Relative Error Distance (MRED) [19]. In Table 1, the accuracies were reported for the
block sizes of 2, 4, and 8 and the operating widths of 8, 16, and 32 bits for all studies structures.
However, in the case of the ND-ACApp, since, as mentioned before, the smallest block size is 8,
we reported its accuracy in the case of the 16-bit block size as well. The accuracy metrics fvere
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extracted by applying 65,536 (10M) uniform random numbers in the case of 8-bit (16- and 32-bit)
adders to perform unsigned add operations.

As the results show, due to similar carry signal paths, the accuracy of the proposed carry prop-
agates ND-ACA with the block size of 4 (8) is the same as that of the proposed parallel prefix
ND-ACA with block size of 8 (16). This originates from the fact that, as an example, the length of
carry chain in the cases of ND-ACAcp with the block size of 4 and ND-ACApp with the block size
of 8 are the same and it is equal to 4. In the case of the 8-bit (16-bit) ND-ACAcp with the block size
of 4 (8), the proposed adder in the approximate mode operates as an exact adder having precise
outputs. The reported figures in this table reveal that, in the case of 8-bit and 16-bit adders, the ER
of the ND-ACA is lower than the other adders. More specifically, the ER of the ND-ACA is up to
51% lower than those of the AC-CLA, RAP-CLA, GeAr, CMHA, and GDA adders. Also, The NMED
and MRED of the ND-ACA for 32-bit and 16-bit adders are up to 75% and 76% smaller than those
of the other adders for same block size.

4.2 Design Parameters

In this subsection, the design parameters (i.e., delay, energy, and area) of the proposed carry propa-
gate adder are compared to those of the AC-CLA, RAP-CLA, GeAr, CMHA, and GDA in the approx-
imate and exact modes as well as the exact carry look- ahead adder (CLA) in the case of the carry
propagate adders. In addition, the design parameters of the proposed parallel prefix adder are com-
pared to those of the exact Kogge-Stone, Brent Kung and Sklansky adders [23]. All of these adders
were described by Verilog HDL and synthesized by Synopsys Design Compiler using maximum
executable frequency constraint. Also, all the studies in this work were performed using the typical
process of the 15nm FinFET NanGate technology [25] at the operating voltage level of 0.8V and at
the operating temperature of 25°C (with FO4 delay of 2.6ps). In this study, the power consumptions
of the adders were obtained by extracting the internal signal activity of the adders when injecting
10M random inputs. The energies, delays and area of the considered carry propagate adders in the
approximate and exact modes are shown in Figure 6(a) and (b), respectively. Note that since the area
usage in approximate and exact modes are the same, the area usage is only reported in Figure 6(b).
Also, the energy, delay and area of the considered parallel prefix adders are illustrated in Figure 6(c).
For the purpose of comparison, in the carry propagate adders, the block size of ND-ACAcp was 4.
For this block size, we chose the window size/block size of the considered prior works in a way that
their MREDs were about the same as that of ND-ACAcp leading to window/block sizes of 7, 7, 4,
and 4 for the RAP-CLA, GeAr, CMHA, and GDA, respectively. Also, the width (operating voltage) of
the approximate part of the AC-CLA was 4 (0.6V). Moreover, the block size of ND-ACApp was con-
sidered as 8 in these studies to have the same accuracy with the ND-ACAcp with the block size of 4.

In the case of the considered accuracy configurable CPAs in the approximate mode, the
proposed ND-ACAcp provided lower delay, area, and energy consumption. The advantage of the
proposed structure for these parameters improved by increasing the bit width. As the results
show (Figure 6(a) and (b)), on average, the proposed 8-bit (32-bit) carry propagate structure in
the approximate mode led to 13% (22%), 8% (15%), and 8% (14%) lower energy, delay, and area
usage, respectively, compared to those of the other considered designs. Also, in the exact mode,
the energy, delay, and area overheads of the proposed structure are lower than those of the other
accuracy configurable designs.

The energy and area overheads of ND-ACAcp, on average, are about 3% and 4% compared to the
exact CLA, respectively while the delays are almost the same. These values for the other designs
are, on average, about 27%, 12%, and 13%, respectively. Finally, the results in Figure 6(c) show that
the proposed parallel prefix adder in the exact mode has similar design parameters to those of the
Sklansky adder. Although, the ND-ACApp structure leads to up to 9% more delay to generate the
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Fig. 6. The energy, delay and area consumption of 8, 16, and 32-bit (a) approximate CPAs (b) exact CPAs
(c) PPAs.

final result in comparison with the Kogge-Stone adder, it consumes up to 14% lower energy in the
exact model. In the approximate mode, however, its energy and delay are, on average, about 20%
and 13% lower than the considered exact parallel prefix adders. Finally, as mentioned before and
verified by the results, the design parameters of the 8-bit parallel ND-ACAPP in both approximate
and exact mode are as the same.

4.3 Efficiency Evaluation Using Error Resilient Applications

To evaluate the efficacies of the proposed adders in error resilient applications, digit recognition
and image sharpening applications were employed. In this evaluation, each sub-adder used four
previous bits to predict the input carry of its next sub-adder. We have used the proposed CPA
structure with the block size of 4 for the studied real-world applications. However, as illustrated
in Table 1, the ND-ACAcp with the block size of i and ND-ACApp with the block size of 2i have a
similar output accuracy in the approximate mode. Thus, by considering the proposed tree adder
structure in the real-world applications study, similar accuracies could be obtained. For the digit
recognition application, we exploited a multilayer perceptron (MLP) neural network with one
hidden layer trained for the MNIST dataset. A subset of 50K of the dataset images (with the size of
28 x 28 pixels) were used for the training where the remaining images (10K) were considered for the
test phase. The considered MLP was implemented in the fixed-point format, where our proposed
ND-ACA adder as well as other adders were utilized as the accumulator inside the MAC operator
of the neurons. An exact multiplier structure was utilized for the required multiplication operation.
In this study, the MLP was implemented by the adders with the width of 2i bits (0 < i < 8) where
8 bits considered for the integer part. Thus, for the cases with 2i < 8, the fraction part size was zero.

The accuracies of these implementations are reported Table 2 where the accuracy of the net-
work in the case of the floating-point operations (golden model) is 98.8%. In the cases of the 12
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Table 2. The Accuracy of SOTA Adders in a Character Recognition Application

Accuracy (%)
Adder Type  2-bit  4-bit  6-bit  8-bit  10-bit  12-bit  14-bit  16-bit
GeAr 3237 6453 7887  93.20 94.46 95.27 95.69 95.70
RAP-CLA 33.56 6547 7934 93.21 94.44 95.31 95.70 95.73
GDA 30.41 62.03 7696 91.89 93.81 95.13 95.51 95.56

AC-CLA 32.76  63.89 78.01 9337  93.79 94.82 9491 95.17
CMHA 38.73  69.04 80.35 94.17  94.89 95.62 95.91 96.03
ND-ACA 41.08 72.81 83.44 95.05  95.52 96.08 96.37 96.41

Table 3. PSNR and MSSIM of the Sharpening Application on Ten Input Images

Image Name| Barbara Mandrill Lena Parrot Kid House Lake Airplane Peppers Female

PSNR SSIM|PSNR SSIM | PSNR SSIM [PSNR SSIM | PSNR SSIM [PSNR SSIM | PSNR SSIM |PSNR SSIM |PSNR SSIM|PSNR SSIM

ND_ACA 2696 0.85|26.82 0.94| 29.6 0.89 |26.92 0.73 | 28.43 0.85|26.93 0.82|27.16 0.87 | 25.14 0.67 | 27.26 0.83 [ 28.36 0.79
GDA 19.11 0.76 | 19.23 0.86 [ 21.66 0.7 | 19.65 0.52 | 20.47 0.78 [ 20.71 0.65 | 19.82 0.64 | 17.84 0.48 [ 19.63 0.59 [ 21.27 0.66
GeAr 169 0.6 | 16.46 0.73 | 19.94 0.71 [ 16.95 0.39 [ 21.59 0.71 | 1595 0.53 | 17.89 0.68 | 16.19 0.55 | 17.66 0.57 | 18.98 0.55

Rap CLA | 1849 0.6 [1824 0.73]19.81 0.8 [13.93 0.41|18.27 0.69 [ 13.63 0.52|15.18 0.68 | 14.04 0.71 | 1459 0.62 | 1591 0.54

CMHA 23.11 083 21.1 0.83|27.91 0.94 (2797 089 289 0.97|2835 0.89]26.97 093 27.61 0.79 |27.98 0.97 | 28.83 0.92

AC_CLA [16.92 0.68 | 16.86 0.77 | 19.58 0.76 | 15.49 0.58 | 19.75 0.71 | 15.68 0.66 | 15.52 0.76 | 14.2 0.77 | 14.87 0.71 [ 16.55 0.54

(a) (b) (c) (d) (e) (U)
MSSIM =0.89 MSSIM =0.71 MSSIM =0.70 MSSIM =0.80 MSSIM =0.94 MSSIM =0.76
PSNR = 29.60 PSNR = 19.94 PSNR = 21.66 PSNR = 19.81 PSNR = 27.91 PSNR = 19.58

Fig. 7. The output image and its quality of the sharpening application by employing (a) ND-ACA, (b) GDA,
() GeAr, (d) RAP-CLA, (€) CMHA, and (f) AC-CLA.

to 16-bit structures, the accuracies of the all the considered adders were almost the same (~96%).
For the smaller bit widths (from 2 to 8 bits), however, our structure resulted, on average, about
7.5% accuracy improvement compared to those of RAP-CLA, GeAr, CMHA, and GDA. To evaluate
the efficacies of the considered adders in the sharpening application, we used ten input images
and extracted the Peak Signal-to-Noise Ratio (PSNR) and Mean Structural Similarity Index
Method (MSSIM) metrics of the output images [26]. PSNR and MSSIM of the sharpening applica-
tion on ten considered input images are reported in Table 3. Also, as an example, Figure 7 shows
the output image when the Lena image was the input. The results show that using the ND-ACA, in
image sharpening application leads to, on average, 15.7% energy saving while having only 11% (4%)
reduction in PSNR (MSSIM), compared to the exact one. When GDA, GeAr, CMHA, and RAP-CLA
were employed, however, on average, about 26% (22%) PSNR (MSSIM) reduction was observed.

5 CONCLUSION

In this paper, two accuracy configurable adders of block-based CPA and PPA were proposed. The
adders, which in general denoted as (ND-ACA), operated in approximate and exact modes with
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imposing negligible delay overhead in the latter mode. Thus, the main objective of proposing these
approximate adder structures has been to present an accuracy configurable adder structure whose
delay in the exact mode is almost the same as an exact adder. The characteristic parameters of
ND-ACA were compared with some prior works. The comparison included two error resilient
applications. The evaluation showed that the proposed carry propagate adder led to 22% (51%)
lower energy consumption (error rate) compared to that of the prior works. Also, the proposed
parallel prefix adder provided, on average, 20% lower energy consumption compared to that of the
exact parallel prefix adders.
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