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Abstract—This paper presents a novel multi-level approxi-
mate logarithmic multiplier (ALM) named multi-ALM that of-
fers dynamic run-time re-configurability for various precision,
performance, and power requirements. While previous research
on ALM designs has focused primarily on trade-offs between
performance, energy, and accuracy during design time, our work
addresses the critical need for dynamic re-configurability at run-
time to enable efficient power, performance, and quality man-
agement at the architecture and algorithm levels. The proposed
multi-ALM is based on an innovative iterative formulation of log-
arithmic multiplication, resulting in a Taylor series-like formula.
This formulation facilitates straightforward trade-offs between
multiplication accuracy and power consumption. We demonstrate
that traditional ALMs can be considered level 1 ALMs within
the multi-ALM framework. Furthermore, we introduce a new
four-level ALM MAC array architecture design that enables run-
time reconfigurable MAC (Multiply-Accumulate) computing with
customizable accuracy and performance settings. This architec-
ture empowers system designers to adapt the ALM functionality
on-the-fly, tailoring it to the specific requirements of different
applications and scenarios. Numerical results show that 8-bit
two-level multi-ALM can achieve up to 17.22×, 2.78×, and 1.37×
improvement in mean error, peak error, and power consumption
respectively over the baseline ALM, while the area increases
by 1.40×. 16-bit two-level multi-ALM can achieve up to 17.5×
and 2.75× improvement in mean error and peak error over
ALM. Furthermore, we evaluate the proposed multi-ALM design
in several multiplication and accumulation (MAC) applications
and discrete cosine transformation (DCT) application. The result
shows that, multi-ALM can effectively trade-off performance such
as throughput per unit of resource consumption to provide better
accuracy of MAC computation, and quality of reconstructed
image upon the conventional fixed configuration approximate
multipliers.

Index Terms—Run time reconfiguration, approximate comput-
ing, parallel computing

I. INTRODUCTION

Approximate computing has emerged as a powerful ap-
proach that allows efficient trade-offs between energy, per-
formance, and accuracy or quality metrics. By introducing an
additional knob for metric optimization, it offers valuable ben-
efits during both design-time and run-time stages. The growing
popularity of approximate computing is largely attributed to
the increasing prevalence of error-tolerant applications, partic-
ularly in fields like machine learning and multimedia work-
loads [1]. These applications heavily rely on multiplication
operations, prompting significant research efforts towards the
design of hardware-efficient multipliers. The primary objective
in the design of approximate multipliers is to minimize power
consumption and area while minimizing accuracy loss. This
pursuit of hardware efficiency is essential to ensure the optimal
performance of error-tolerant applications while maintaining
an acceptable level of accuracy.

Several approximate multiplier designs have been recently
introduced [2]–[13]. These approximate multipliers either
employ ad-hoc truncation or reduction methods or utilize
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mathematically formulated approximation schemes. However,
most of the existing methods lack systematic configurability
for achieving a balance between accuracy, area, power con-
sumption, and latency.

In contrast, a category of approximate multipliers that are
mathematically formulated includes logarithmic multipliers,
which transform multiplication operations into a combination
of shift and addition operations. The logarithmic multiplier
leverages the inherent approximate nature of logarithmic op-
erations and allows for easy manipulation of accuracy while
trading off area, latency, and power consumption. The con-
cept of the logarithmic multiplier was originally proposed by
Mitchell [14]. Since then, numerous variations of approximate
logarithmic multipliers (ALMs) have been introduced to en-
hance Mitchell’s initial work [9], [10], [12], [15], [16]. Most
of these approaches primarily focus on achieving trade-offs
between accuracy and various sources of error compensation
during the design phase, typically based on single-level ap-
proximation techniques (which we will elaborate on later).

In this work, we proposed a novel run-time re-configurable
multi-level ALM design, called Multi-ALM, which allows the
trade-off between performance/power and accuracy at the run-
time. The key contributions of this work are listed as follows:

1. First, we present a novel iterative formulation of log-
arithmic multiplication, akin to the Taylor series for-
mula, enabling easy trade-offs between multiplication
accuracy and efficiency by selectively controlling the
number of terms used. Here, we show that conventional
ALMs essentially serve as level 1 ALMs within this
new formulation. Furthermore, we introduce multi-level
logarithmic multiplication through our newly developed
multi-ALM approach, incorporating more than one level.
The multi-ALM technique offers an improved trade-off
between accuracy and performance/power, making it a
valuable tool for optimizing hardware designs for various
computing applications.

2. Second, we introduce a novel 4-level ALM MAC
(Multiplier and Accumulator) array architecture design,
enabling run-time reconfigurability of ALMs. This versa-
tile architecture can be dynamically configured to support
different ALM or ALM MAC arrays, offering varying
levels of accuracy and performance based on the spe-
cific application requirements. By providing this level of
flexibility and adaptability, our 4-level ALM MAC array
represents a significant advancement in implementing
reconfigurable ALMs for various computing tasks.

Numerical results show that 8-bit two-level multi-ALM can
achieve up to 17.22×, 2.78× and 1.37× improvement in
mean error, peak error, and power consumption respectively
over the baseline ALM, while the area increases by 1.40×.
16-bit two-level multi-ALM can achieve up to 17.5× and
2.75× improvement in mean error and peak error over ALM.
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Furthermore, we evaluate the proposed multi-ALM design
in a multiplication-accumulation (MAC) applications, and a
discrete cosine transformation (DCT) application. The result
shows that, multi-ALM can effectively trade-off performance
such as throughput per unit of resource consumption to
provide better accuracy of MAC computation, and quality of
reconstructed image upon the conventional fixed configuration
approximate multipliers with small hardware overhead to
introduce runtime re-configurability.

II. PRELIMINARIES

Approximate unsigned integer multiplier has been inspected
in several studies and various efficient designs have been
proposed recently. Earlier ad-hoc based approximate designs,
such as recursive multipliers [2] consisting of 2 × 2 multi-
plication blocks involved simplification of Wallace tree [3],
and partial product generation/summation [4]–[6]. However,
recently, many approximate multipliers have been developed
based on the classic approximate logarithmic multiplier (also
known as ALM) proposed by Mitchell. In a baseline ALM
design, the two inputs X and Y are first represented by the
following format: 2kx · (1 + x) and 2ky · (1 + y), respectively.
Then the multiplication result, CALM can be approximated
as (1).

CALM =

{
2kx+ky · (1 + x+ y), x+ y < 1,
2kx+ky+1 · (x+ y), x+ y ≥ 1

(1)

The hardware implementation of ALM design requires four
modules:a leading-one detectors (LOD) to find the leading bit
‘1’ as the integer part; two barrel shifters to re-align the rest of
the bits as the fraction part; two adders to sum the two aligned
fractions and integer parts up as kx + ky + x+ y; and finally,
a shifter to realign the bits of the fractions sum according
to integer sum. ALM shows good overall performance and has
flexibility for trade-offs among area, power, and accuracy [14].

III. THE PROPOSED MULTI-LEVEL APPROXIMATE
MULTIPLIER

In this section, we present the new multi-level re-
configurable approximate multiplier, called multi-ALM. We
first present the new iterative formula for the ALM algorithm
and then introduce our reconfigurbale two-level ALM design.

A. New iterative definition of ALM accuracy
Let us first define X1 = (1 + x1) × 2kx1 and Y1 = (1 +

y1)× 2ky1 . The exact logarithmic multiplication, X1 × Y1 of
two N -bit number, X1 and Y1 can be written as

X1 × Y1 = (1 + x1 + y1 + x1 × y1)× 2kx1
+ky1 (2)

Here, x and y are mantissa and kx and ky are exponent part
of X and Y respectively. Now we define a new operation,
call unified-ALM, or UALM(X,Y ). This multiplication is
approximated by removing x1×y1 term in (2). Then we have,

UALM(X1, Y1) = (1 + x1 + y1)× 2kx1+ky1 (3)

Similar to the existing ALM methods, the unified-ALM con-
sists of total two leading one detectors, two N − 1 bit adders,
one half-adder and a shifter which results in significant reduc-
tion in area and energy compared to both exact multiplier and
conventional ALM but at cost of certain accuracy loss. Note
that such unified ALM definition is a bit different than existing
ALM formula (1) as we do not need to consider the two
scenarios in the new method. The accuracy loss in both con-
ventional ALM in (1) and unified-ALM in (3) mainly comes
from removing the mantissa multiplication, x1×y1×2kx1+ky1

in (2). Specifically, the exact log multiplication of two N-bit
numbers, X1 and Y1 can be re-arranged as in the following

(4a) as addition of UALM(X1, Y1) with an error correcting
term EC1 = (x1 × 2kx1 )(y1 × 2ky1 ), which essentially is
the multiplication of two new number X2 = x1 × 2kx1 and
Y2 = y1 × 2ky1 as shown in (4b).

X1 × Y1

= (1 + x1 + y1)× 2kx1
+ky1 + (x1 × 2kx1 )(y1 × 2ky1 )

(4a)
= UALM(X1, Y1) +X2Y2 (4b)
= UALM(X1, Y1) + (1 + x2 + y2 + x2y2)2

kx2+ky2

= UALM(X1, Y1) + UALM(X2, Y2) +X3Y3 (4c)

Now, this multiplication for EC1 can be further rearranged
again as a new UALM(X2, Y2) plus a new error correcting
term EC2 = X3Y3 as shown in (4). If we repeat this
process, we will end up with a new iterative definition of the
multiplication of X × Y in terms of ALM shown below:

X1 × Y1 =

l+1∑
i=1

UALM(Xi, Yi); 0 ≤ l < lmax (5)

where l represents the number of level of the UALM , and the
maximum level we can have is lmax + 1. Now we introduce
new concept of ALM, called, multi-level ALM design and (5)
basically defines (l + 1)th level ALM multiplication of X
and Y . Here, lmax = N − 1, and N is the bit width of the
input multiplicands of a UALM. We note that the iterative
formula (5) works for both cases defined in (1) as we start
with the exact solution defined in (4a). The traditional ALM
is essentially a level-1 ALM in the new design. The multi-
level ALM formula in (5) basically gives us more opportunity
to trade the power/area with the accuracy as shown in the
next subsection.

B. Bit segmentation in logarithmic multiplier
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Fig. 1: Absolute error distribution of 8-bit log multiplier
Let us consider multiplication of two 8-bit numbers, X1

and Y1 with two level of segmentation (s = 1) as an example
shown in (6a). Segmentation is to partition of data into many
segments. The multiplication of two 8-bit numbers can be
computed as shifted summation of four partial products as
shown in (6b).

X1 = X1,1 +X1,2 × 24;Y1 = Y1,1 + Y1,2 × 24 (6a)
X1 × Y1 = X1,1 × Y1,1 +X1,2 × Y1,1 × 24

+X1,1 × Y1,2 × 24 +X1,2 × Y1,2 × 28 (6b)

Each of the partial products in (6b) can be computed with one
UALM and then properly shifted-added together to calculate
the final approximate multiplication, of X1 × Y1 as shown in
(7a). To reduce the error of this approximate multiplication
in (7a), another set of UALMs can be introduced to calculate
2-level multi-ALM as in (7b).
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X1 × Y1 =

2∑
k=1

2∑
j=1

(X1,j × Y1,k)× 24(j+k−2) (7a)

≈
2∑

k=1

2∑
j=1

(
UALM(X1,j , Y1,k) +X2,j × Y2,k

)
× 24(j+k−2)

(7b)

≈
2∑

k=1

2∑
j=1

(
UALM(X1,j , Y1,k) + UALM(X2,j , Y2,k)

)
× 24(j+k−2)

(7c)

where, we have

X1,j = (1 + x1,j)× 2kx1,j ; Y1,j = (1 + y1,j)× 2ky1,j

X2,j = x1,j × 2kx1,j ; Y2,j = y1,j × 2ky1,j

In general, given ALM level l and segmentation number s,
and precision in each segment N , the precision of the given
numbers are N × 2s. Then the multiplication of two numbers
can be implemented with (s+1)2 numbers of N -bit UALMs
as shown in (8).

X1 × Y1 ≈
s+1∑
k=1

s+1∑
j=1

(l+1)<N∑
i=1

UALM(Xi,j , Yi,k)× 2N(j+k−2)

 (8)

where

X1 =

s+1∑
j=1

X1,j × 2Ns(j−1)

Y1 =

s+1∑
k=1

Y1,k × 2Ns(k−1)

X1,j = (1 + x1,j)× 2kx1,j ; Y1,j = (1 + y1,j)× 2ky1,j

Xi,j = xi−1,j × 2kxi−1,j ; Yi,j = yi−1,j × 2kyi−1,j

Fig. 1 shows the absolute error distribution of 8-bit multi-
plication for base-ALM [14] and the proposed error-reducing
algorithm in (4)-(8), under different level l and different bit
segmentation s. The probability of error (Y axis) within the
range of 0%− 1% (which is more desirable) increases as we
increase the number of bit-segmentation from s = 0 to s = 1.
This is also the case with increasing level l as well. The best
results indeed comes from l = 1 and s = 1 as the probability
of absolute error that is larger than one, goes to almost zero.

On the other hand, the number of partial product will
increase with more bit segmentation. However each partial
product can be implemented with smaller log multiplier, which
will reduce the size of leading one detectors (LODs) and
adders used in each unit log multiplier (UALM).

C. The proposed re-configurable 4-level ALM MAC design
Based on the new definition of multi-level ALM in (8), we

propose a new multi-ALM MAC array design by increasing
the level of log multiplier (l) and bit segmentation value (s).
The new design can be reconfigured from 16× 4 parallel N -
bit ALM array to a single 2N -bit multiplier with different
accuracy and precision.

Fig. 2 shows the architecture of our proposed 4 level ALM
MAC array design, which consists of total 4×4 units of N -bit
UALM with lmax = 3. The control module of multi-ALM is
a finite state machine (FSM) with three control input- ‘start’,
‘s’‘ and ‘l’ as well as three bit output signal ‘done’, ‘ren’ and
‘wen’ and an output address bus ‘raddr’. The multiplication
starts at the positive edge of clock after ‘start’ bit goes high.

The single bit control input ‘s’ can be configured during
runtime to ‘0’ for single precision (N -bit) multiplication, and
‘1’ for double precision (2N -bit) multiplication. The two-bit
control input ‘l’ can be configured during run-time to values
[‘00’,‘01’,‘11’] for single, two-level and four level iteration of
ALM respectively, depending on requirement of accuracy of
the application.

There are two input data register RX and RY to store the
MAC vectors of multiplicands. Each register can store up to
4 vectors of length P and bit-width of N . During double
precision computation, each of RX and RY stores a single
vector of length P and bitwidth of 2N . The Controller FSM
output ‘raddr’ selects the data (DX and DY) to be sent to
UALM array at each clock cycle when ‘ren’ is set to ‘1’.

The UALM array has 16 ALM units labeled as UALM.
Each UALM has two sets of multiplexers to select multipli-
cands ‘X1’(‘Y1’) from ‘DX’(‘DY’) or ‘LX’(‘LY’) depending
on the value of ‘s’ and ‘l’. The output of multiplexers are
sent to a leading-one detector (LOD) unit that calculates
the exponent ‘kx’(‘ky’) and mantissa ‘x’(‘y’) and next level
input ‘X2’(‘Y2’) according to (4). The exponent and mantissa
from LOD is sent to log-multiplier unit (LM) for computing
approximate log multiplication of X1 and Y1 according to (3).
The other output of LODs namely X2(Y2) is sent as data
inputs LX(LY) for next UALM unit. The multiplication result
‘m’ from LM unit is sent to a Row accumulator unit. The
Row accumulator unit has four accumulators, one for each
column of UALM array. Each accumulator adds multiplication
result, ‘m(t)’ of current clock cycle ‘t’ from UALM units
in four rows of each column to the accumulation result of
last clock cycle (Mj(t − 1)). The result of accumulators are
sent to a column shifter+adder unit that shifts and adds four
partial sums (Mj ; j=1,..,4) according to the rules of partial
product. Finally, the last multiplexer stage selects between
concatenated outputs (M1,M2,M3,M4) or cumulative sum
of partial products S and sends to an output data register
RZ. When entire MAC vector of length P is finished with
computation, a ‘done’ signal is set as high by the controller
FSM.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate the performance of the proposed
multi-ALM and compare it against the conventional ALM
(approximate logarithmic multiplier) baseline [14] and exact
multiplier.

A. Experimental setup
We have implemented our proposed multi-level ALM with

Verilog HDL and synthesized this in Synopsys Design Com-
piler using 32nm technology. We have compared our de-
sign for accuracy, area, and power with three state-of-the-art
approximate multipliers, and also an exact multiplier which
is our baseline. Our proposed multi-ALM is defined with
three parameters, s, l, and N . The parameter s and l are
reconfigurable during runtime. These two parameters configure
the segmentation of input data (partitioning of the data) and
level of iteration (level of accuracy), respectively. The last
parameter, N , denotes the bit-precision of each unit ALM
multiplier. Multi-ALM dynamically sets the precision of each
input multiplicand as 2s ×N .

We have measured the mean error and peak error of mul-
tiplication for each configuration in multi-ALM and using all
possible combination of input multiplicands within the range
of [1, 2N − 1] for both N = 8 and N = 16. We have also
designed a finite state machine (FSM) using Verilog HDL that
computes MAC of 2 input vectors (each of length 8) using
different multipliers. The power and area of such MAC-FSM

Authorized licensed use limited to: Univ of Calif Riverside. Downloaded on June 24,2026 at 00:50:54 UTC from IEEE Xplore.  Restrictions apply. 



Main data memory

Column 
shifter+adder

[N-1:0]RX[P-1:0][3:0]

[N-1:0]RY[P-1:0][3:0]

Controller 
FSM

raddr

raddr DY

DX

raddr

ren

ren

ren

UALM arrary

UALM 
(4,0)

UALM 
(0,4)

UALM 
(4,4)

…

…

… …

UALM 
(0,0)

1 0

D
X

[i]
[j/

2]

D
X

[i]
[j]

L
X

[i-
1]

[j]

10

s

l[j%2]

1 0

D
Y

[i]
[j%

2]

D
Y

[i]
[j]

LY
[i-

1]
[j]

10

LOD LOD

LM

LX[i][j] LY[i][j]m[i][j]
Row accumulator

[2N-1:0]𝐌𝐣(𝑡) = 𝐌𝐣 𝑡 − 1 + ∑𝐢#𝟎𝟑 𝐦 i [j]

[4N-1:0]S(𝑡) = {𝐌𝟑(𝑡)<<2N)}+  
 [{(𝐌𝟐(𝑡)+ 𝐌𝟏(𝑡)}<<N]+ 𝐌𝟎(𝑡)

10

s s
[1:0]l[1:0]l

start

[N-1:0]RZ[3:0]

wen

wen

clock

done

𝒌 𝒙
,𝒙

𝒌
𝒚 ,𝒚

𝐗𝟏 𝐘𝟏

𝐗𝟐 𝐘𝟐

WAIT MULT

DONE

raddr=0
ren=0
wen=0
done=0

raddr=
raddr-l+4
ren=1;
wen=1
done=0

raddr=0
ren=0
wen=0
done=1

start=1
start=0

raddr=P+l-4

raddr≠P+l-4

raddr : Read address
ren : Read enable signal
wen : Write enable signal
DX : RX[raddr+4:raddr][3:0]
DY : RY[raddr+4:raddr][3:0]
P : MAC vector size
s : Configuration - precision
l : Configuration - accuracy

U
A

L
M

(i,
j)Controller FSM

Fig. 2: The proposed 4 level multiple precision ALM MAC architecture

have been measured using Synopsys Design Compiler. We
developed another behavioral simulation model to measure
the accuracy of MAC application for such 100M pairs of
randomly generated MAC of different data precision.

Finally, the proposed design has been evaluated for a very
frequently used signal processing application of discrete cosine
transform (DCT). We have designed a finite-state-machine
(FSM) to transform a greyscale image of 512 × 512 pixels
with DCT and compress it by 66.75% . We have computed
the peak signal-to-noise ratio (PSNR) and mean square error
(MSE) for all configurations of our proposed multi-ALM as
well as other conventional approximate multipliers.

B. Accuracy, energy and power of single multiplication

TABLE I
ACCURACY, AREA AND POWER OF VARIABLE PRECISION

RE-CONFIGURABLE ALM. S= # segmentation− 1;
L= #iteration− 1 IN LOG MULTIPLIER

multipli-
cand

bit-width
s l mean error(%) peak error(%) area(µm2) power(µW )

8

Exact 0 0 2067.86 53.32
Base-ALM [14] 3.79 11.11 820.63 72.83

0
0 8.91 24.80 584.67 26.60
1 0.83 6.10 1144.79 59.328
2 0.071 1.48 1522.32 84.496
3 0.0048 0.35 1877.36 104.061

1 0 5.90 21.71 786 39.84
1 0.22 4.00 1299 65.70
2 0.0024 0.44 1552.59 77.07
3 0.00 0.00 1692.15 88.00

16

Exact 0 0 8753.48 323.52
Base-ALM [14] 3.85 11.11 1825.92 110.91

0
0 9.41 25 1521.80 63.54
1 0.99 6.25 2908.06 139.268
2 0.11 1.56 4320.63 221.94
3 0.012 0.39 5530.67 298.48

1
0 8.99 24.8 2017.22 109.49
1 0.85 6.10 3793.6 230.09
2 0.072 1.48 4781.93 299.65
3 0.005 0.35 5785.91 346.50

Table I shows the mean error and peak error percentage of
exact multiplier, base-ALM and multi-ALM for 8-bit and 16-
bit multiplication. The 8-bit single segment (s = 0) one-level
(l = 0) multi-ALM can provide area-reduction and power-
reduction of around 28.75% and 62.62%, respectively, over

base-ALM, while the mean and peak error increases up to
2.4× and 2.23×, respectively. However, Table I also shows
that, the mean and peak error can be further improved for any
value of s with multiple level of iteration (l ≥ 2) in multi-ALM.
The two-level multi-ALM (l = 1) can significantly reduce peak
error by 78.10% and mean error by 94.03%× with an increase
in area of 1.39× over base-ALM. The power consumption
in single-segment two-level multi-ALM is also 18.54% lower
than base-ALM. The error metric can be reduced further by
increasing segmentation (s) and/or increasing level of iteration
(l) while simultaneously at increased area and power as shown
in Table I.

The 16-bit two-level multi-ALM can provide a similar im-
proved error metric over the 16-bit base-ALM. While the mean
and peak errors are higher in one-level (l = 0) multi-ALM,
the area and power consumption are reduced by 16.66% and
42.71% over base-ALM. The mean and peak error improves
significantly in two-level (l = 1) multi-ALM with 74.29% and
64.10% reduction over ALM, respectively. However, the area
and the power consumption in two-level multi-ALM are also
increased up to 1.91× and 1.29×, respectively over base-ALM.
The accuracy of 16-bit multi-ALM improves with a higher
number of segmentation and/or iteration levels at the expense
of increased area and power consumption.

C. Application-1: multiplication-accumulation (MAC)
We have further compared multi-ALM with the ex-

act multiplier and existing ALM approximate multipliers:
base-ALM [14], IALM [15], IIALM [15], IBLM [17] for
multiplication-accumulation (MAC) application, which is one
of the most frequently used block in any digital signal pro-
cessing application. We have designed a finite-state-machine
(FSM) in Verilog HDL that takes two vectors, each of length
eight as inputs. The elements of vectors can be integers of
different precision (8-bit, 16-bit, or 32-bit). We have imple-
mented the FSM with three different Multi-ALM designs-
8-bit Multi-ALM, 16-bit Multi-ALM and 32-bit Multi-ALM
as well as with two baseline multipliers- exact and ALM.
For each input data precision, we have generated 100M
pairs of random row vectors, each of length 8 (RX and
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(a) 8-bit MAC

(b) 16-bit MAC

(c) 32-bit MAC

Fig. 3: Performance comparison of MAC application of vector
length 8, and of three different bit-precision implemented with
multi-ALM (three different configuration: l = 0, l = 1 and
l = 3), base-ALM [14], IALM [15], IIALM [15], IBLM [17]

RY in Fig. 2). The comparison of accuracy and hardware
resource consumption in different MAC designs normalized
to that of the baseline exact multiplier is shown in Fig. 3.
We have computed five different hardware resource consump-
tion and performance metrics, namely throughput per unit
of area, throughput per unit of energy, area delay product
(ADP=area×#of clock cycle× clock period), energy delay
product (EDP=energy × # of clock cycle × clock period)
and power density (power

area ). From our comparison of estimated
average hardware resource consumption, we can see that,
multi-ALM can be configured at l = 0 to provide a high
throughput per unit of area, which is 1.98× higher on average
than exact multiplier and 2.09× higher on average than the
existing ALM approximate multipliers.

The same configuration of multi-ALM at l = 0 can also
reduce ADP by 48.72% on average and reduce EDP by
97.52% from those of the exact multiplier based MAC. When
compared to conventional approximate multipliers, the average
reduction in ADP and EDP are 50.5% and 96.11% respec-
tively. However, the accuracy in this configuration also reduces
by 10.75% from that in the exact multiplier and 9.03% from
other approximate ALM multipliers. The accuracy of multi-
ALM can be configured to improve to be around 98.82% by
changing the configuration parameter to l = 1, which is 2.58%
higher than the base-ALM. However, the throughput per unit of
hardware resource in this configuration reduces significantly

and becomes close to that in exact multipliers. On average,
the throughput per unit area and per unit energy in multi-
ALM based MAC are 1.21× and 1.31× of the exact multiplier
based MAC respectively. The same metrics in multi-ALM
based MAC are 1.09× and 0.99× on average, respectively,
when compared to that in the other approximate multiplier
based MAC. The ADP and EDP in multi-ALM based MAC in
this configuration reduce by −2.55% and 89.14%, respectively
when compared to the exact multiplier based MAC and they
reduce by 1.13% and 86.58% on average when compared to
other approximate ALM multiplier based MACs. The accuracy
of multi-ALM can be further improved by making l = 3. From
Fig. 3, it is evident that the run-time reconfigurability of multi-
ALM can be achieved by introducing hardware overhead that
is very close to the exact multiplier.

The last performance metric we have computed is power-
density which reduces by 32.95% on average in multi-ALM
based MAC from that in exact multiplier based MAC and
it only increases by 5.29% on average compared with the
approximate ALM multiplier based MAC.

D. Application-2: 8× 8-point two dimensional DCT

(a) (b)

(c) (d)

Fig. 4: Image compression using 8 × 8 DCT: (a) Original
image; (b-d) DCT using multi-ALM multiplier, l = 3, 1, 0
respectively

We have further implemented discrete cosine transform
(DCT) which is a commonly used lossy image compression
method with our re-configurable MAC and existing other state-
of-the-art approximate ALM multipliers [14], [15], [17]. We
perform the transformation of a grey-scale image of resolution
512 × 512 pixels. The quality of the compressed images has
been evaluated using metrics such as PSNR (peak signal-
to-noise ratio) and MSE (mean square root error). We have
implemented a DCT compression module in Verilog HDL
using our proposed re-configurable multi-ALM based MAC-
FSM with different configurations as well as other existing
fixed-configuration approximate ALM multiplier based MAC-
FSM. The module computes 8 × 8 2-DCT on each 8 × 8
pixel blocks of the original image and outputs compressed
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TABLE II
8X8 DCT COMPUTATION, COMPRESSION 68.75%

PE multiplier Configuration (l) PSNR MSE Throughput/Area Throughput/Power Power density

Multi-ALM
0 26.0654 160.9269 19.6045 0.0223 0.0497
1 28.5176 91.4783 10.3789 0.0118 0.0497
3 28.6361 89.0173 5.3467 0.0061 0.0497

Base-ALM [14] - 27.57 118.3 10.0335 0.0225 0.0473
IALM [15] - 28.49 92.05 11.1473 0.0282 0.0465
IIALM [15] - 28.51 98.62 8.3839 0.0154 0.0482
IBLM [17] - 28.03 102.45 7.5168 0.0123 0.0487

DCT transformed data. We then compared the quality of
the compression by reconstructing the compressed image and
comparing the PSNR (peak signal-to-noise ratio) and MSE
(mean squared errors) with respect to the original image.
Fig. 4 shows the reconstructed image from the compressed
data, which were generated by using different configurations
in our proposed multi-ALM based DCT module.

Table II shows the performance comparison (throughput per
unit of power and area, power density) with respect to the
reconstructed image quality (PSNR and MSE). On average,
multi-ALM in l = 0 configuration can provide 116.48% higher
throughput per unit of area and 26.04% higher throughput
per unit of power than other existing approximate multipliers.
However, in this configuration, the PSNR of the reconstructed
image from the multi-ALM based DCT module is on av-
erage 4.38% lower and MSE is 62.24% higher than other
approximate ALM multiplier. The quality of the reconstructed
image can be further improved by increasing the configuration
parameter value to l = 1 in multi-ALM. The PSNR and
MSE in this configuration improve by 9.41% and 43.15%,
respectively than that in the base configuration of l = 0
in multi-ALM. However, such improvement in signal quality
comes from trading off 47.06% lower throughput per resource
consumption. Also, the throughput in this configuration is
still 1.16% and 2.61% higher in terms of per unit area and
per unit power consumption, respectively when compared to
those in other approximate ALM multipliers. The accuracy
of reconstructed image can be further improved by trading
off more throughput in l = 3 configuration of multi-ALM.
However, the power density remains almost constant in all
accuracy levels. On average, the power density in our proposed
runtime re-configurable multi-ALM based DCT module is
2.12% lower than in other fixed configuration approximate
multiplier based DCT modules.

V. CONCLUSION

In this article, we have proposed a new multiple-level re-
configurable approximate logarithmic multiplication design,
called multi-ALM. The multi-ALM is based on a novel iterative
formulation of the approximate logarithmic multiplication,
which is mathematically proven, and a Taylor series-like
formula to trade-off between accuracy and performance/power.
Multi-ALM gives a new opportunity to trade off the ac-
curacy with the power/performance in a mathematical and
progressive way. We then present the new multi-level ALM
MAC array architecture design to implement run-time re-
configurable MAC computing. Numerical results show that 8-
bit two-level multi-ALM can achieve up to 17.22×, 2.78× and
1.37× improvement in mean error, peak error, and power con-
sumption respectively over the baseline ALM, while the area
increases by 1.40×. 16-bit two-level multi-ALM can achieve
up to 17.5× and 2.75× improvement in mean error and peak
error over ALM. Furthermore, we evaluate the proposed multi-
ALM design in a random 8-point MAC application and a
discrete cosine transformation (DCT) application. The result
shows that with the increase in the segmentation and levels

of the approximate multiplier, multi-ALM can improve the
accuracy of MAC and quality of reconstructed image upon
the conventional fixed configuration approximate multipliers
with small hardware overhead to introduce re-configurability.
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