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ABSTRACT: "Approximate computing" is an object construction technique that prioritizes speed and
low power consumption over accuracy. The construction of approximate Booth multiplier systems is the
main goal of this thesis. We can calculate the approximate multiplier for errors resulting from the
approximate 4-2 compressor, the approximate regular partial product array, and the approximate radix-4
Booth encoding using a probabilistic error model. For both 8-bit and 16-bit approximation designs, NMEDs
can be found using the suggested methodology. The simulation results show that the error model and its

underlying structure are accurate. As such, the employed analytical techniques were sound.
Index Terms— Booth encoding and an approximation multiplier for probabilistic error models

1. INTRODUCTION

Digital signal processors, multimedia, embedded
systems, and microprocessor arithmetic units need
high-performance, low-power multipliers.
Precision and exactness are less important in
multimedia signal processing and machine
learning, which include human perception.
Reducing accuracy to speed up and power
consumption will considerably reduce information
processing time and energy. Accuracy requires
more difficult multiplier performance and power
usage enhancement. We call this "accurate
calculation."

Arithmetic processor performance depends on
addition and multiplication. For energy and time
savings, approximation computing has studied
adding. Approximaton adder design study uses
unique measures such error distance, mean error
distance, and normalized error distance. Many
mathematical systems use approximate
multiplication, despite its neglect. Multiplying
causes product row gaps. Improved Booth
encoding and high-performance multipliers reduce
partially complete product rows.

There are several ways to create truncated and
non-truncated multipliers. Truncated product lines

might cause major errors. Truncation-based
designs estimate the least significant partial
products using a constant or omitting the lowest
half, however partial product rows are shorter,
resulting in considerable mistakes. Error
compensation methods like the inexact array
multiplier ignore some of the least significant
columns and treat them as constants to improve
truncated multiplier accuracy. The multiplier
truncation correction constant comes from
rounding and reduction error accounting.
Truncated multipliers with variable adjustment
solve all-zero or all-one partial products in the
least significant columns. Recently developed
error correction methods increase fixed width
Booth multipliers. The error compensation circuit
replaces a reduced sorting network with Booth
encoder outputs in [9]. We solved the quantization
error of a fixed-width Booth multiplier with an
adaptive conditional-probability
Truncated Booth multipliers are more accurate
with error correction. Approximation processing
reduces this cost, but more compensatory circuits
require more hardware.

Accurate calculation benefits low-power, high-

estimator.

speed, low-complexity systems. Adapt output
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precision for image and video processing. Fixed-
width computation and simplified algorithms
reduce time and power consumption but
compromise approximation accuracy, according to
the literature. Approximative arithmetic blocks
can be used to build partial product values. This
method has been wused to study many
approximators, compressors, and adders.

2. RELATED WORK

The proposed approximation squarers (PCS) use
precomputed sums to generate Boolean equations
by decreasing the most significant terms from the
precise squaring equation. Systematically improve
output accuracy. Square the equal halves of the
input operand, x and y, using the quadratic
formula (x + y)2. This squarer approximation (y2)
misses the input operand's LSB bits. One can
approximate squares by flattening. Fix-width
squarers remove N LSBs from output or matching
partial products. Dynamic error compensation
divides the truncation component (TP) into minor
(TPmi) and major (TPm) subparts, lowering TPm;.
TPmj generates partial products, whereas TPmi
biases the squared output. Left-to-right leading-
digit high-radix dual recoding produces a squarer.
After considering guard bits for the fixed-width
squarer, input operands are encoded from top left
to bottom right, ignoring the LSB columns. Per
[14], an array-based approximation squarer
corrects partial product matrix truncation mistakes
with an updated error compensation unit. SquASH
approximates vector-self inner product in self-
healing squarer accumulators. Approximation
squarer accumulator (SAC) reduces output errors
by combining two errors.

This complicates the encoder but accelerates
partial product buildup. Booth multiplication is
simplified by approximate radix-4 and radix-8
Booth multipliers. Redundant binary (RB) partial
product rows multiply values quickly. The
approximative radix-4 RB multiplier yields
approximately RB partial products from RB 4-2
compressors like earlier multipliers. A low error
bias approximative multiplier reduces stacking
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errors in consecutive approximation
multiplications. This multiplier decreases errors
with logarithmic and linear approximation. This
concept approximates an internal self-healing
multiplier accumulator. This MAC's two 2-size
multiplier subblocks' average multiplier error is

approximately nil due to canceling errors.

BOOTH MULTIPLIER

This signed number multiplication aligns positive
and negative integers. In a typical addshift
operation,  multiplier  bits  multiply  the
multiplicand to be added to the partial output.
Large multipliers require many multiplyicands.
That many adds requires a longer multiplier delay.
Reducing boosts performance. Multiplication
circuits are slower and smaller with booth
multiplication. In performance, "short
multiplication" trumps "long multiplication".
MODIFIED BOOTH MULTIPLIER

Recent multiplier designs have exploded.
Multiplier =~ components  are  crucial  to
microprocessors and DSPs. Several multiplication
operations will slow system processes. Recent
multiplier designs minimize operational speed,
size, and power consumption. Proper multipliers
help digital signal processors filter and analyze
spectrum more precisely. This splits the multiplier
in half. PPGs start with Booth encoder and partial
product generator.

Finally, first and second stage components make
the product. Compressors can replace adders to
reduce carry signal delay. Watching adders helps
develop Carry Propagation and Carry Save
circuits. Multiplication requires muliter and
multiplicand. Standard Binary Multipliers use
Multiplicand bits and their own to build Partial
Products. Standard binary multipliers use gates for
partial products. Zero multipliers add zeros to
partial products, creating a row of zeros. Before
the multiplier bit is one, the multiplicand travels
left and adds to partial products.

Booth multiplier compressors and fast adders
yield partial products. Quick adders finish
products. The fundamental radix 4 Booth
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encoding setup is examined here. This Booth
encoding  development  considers  errors.
Approximating normal partial product arrays
reduces nothing. Booth  multipliers use
approximate Booth encoders and partial product

arrays.
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3. DESIGN AND ANALYSIS
APPROXIMATE RADIX-4 BOOTH
MULTIPLIERS

More efficient two-complement binary number
multiplication using MBE and radix-4 Booth
encodings was suggested. Without booth
multipliers, partial product rows are impossible. In

two-s complement, multiplier B is multiplied by A.

Works like this:
REVIEW OF
MULTIPLICATION
Booth encoders decode every subgroup using
partial products -2A, -A, 0A, and 2A. Add 'l
(designated Neg) to A's lower-left corner to
negate.

A= —a, 2"+ Efu:_nz a; 2/,
B=—pb, 2V 4V b2,

RADIX-4 BOOTH
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Booth shows radix-4 encoder, decoder, and
encoder schematics. Examples of Booth encoder
output:

PPij = (B & bzr—j}[bzn 1@@,) +

{bEIQbEI—ij(bEH‘J.EbE[}[b21+1 Eu}—ij'

ALGORITHM 1

Algorithm 1 Probabilistic Error Model.
Require:

Bits of the multiplier operand, N;

Approximate [actor, p; Operands, by, a;;

Maodilication of K-Map, T

Number of the Error in K-Map, ()
Ensure:

Probabilistic Error Model of ABMs, Eapuy

1: Define: Probabilistic of the value “17 of logic expression
:]"-lx'lj::
voBased on cireult structiore to analyze sub-model
Eaprp & PITYE 1 A Qand 0 A 1 denoted as T
%The error model of ABE, i.e. Expg;
T The logical expression of T, i.e. Eg. (9) and (10);
3 Eapa & P(G),
{r: the last symbol compensation bit Neg;

% The error model of approximate partial product array,
e Eapa
T The logical expression of G, £.e. Eq. (12);

: Eaen & P(E), E: the difference between exact com-
pressor and approximate compressor;
voelhe error model s approximate compressor, 1.6
Eacu:
0 The logical expression of E. i.e. Eqg. (14):

5: Define: Function of error model [F(x)];

6 for the sub-model do

T Eapues A F(N p, @ Eppe, Eapa);

B Eapy-c & FIN, p, @, Eapg. Eira, Eacu)

9: end for
% The probabilistic error lunction expression of E 15y <
and Expar-c, i.e. Eqg. (15) and(16);

10: return E, gy

APPROXIMATE BOOTH ENCODING
High-performance = multipliers need  booth

encoding. Reducing rows and PPs speeds PP
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synthesis. Booth data accuracy can be assessed as
follows:
ppyy =(bay © bagoq ){bagyq 0 a;)d
(b © Bag-1)(bagr 0 b2 )(bage10 aj-1)
ABE-1 and ABE-2 are crude Booth encoders. The
figures show Booth encoding gate-level circuits.
Egs. for ABE-1 and ABE-2 are estimates.
appy = (g @ by Wby © ay)

appige = agbojen + Gibaer = baggr 0 ay

25 b

Figure: Gate level circuit of: (a) ABE-1, and (b)
ABE-2 [9].
APPROXIMATE REGULAR PP ARRAY
Booth encoded PP array rows expand by N/2+1.
Neg concluded with a compensation. Create the
array PP by deleting the compensating bit. Figure
depicts how the 8*8 modified Booth encoding
(MBE) PP array now uses ppij instead of Neg.
Also included is the sign extension phrase.
Normalisation at the projected PP array's end
loses a compensatory bit. The array contains
fewer rows, thus PP accumulates faster.
Cin and Cout are not approximate compressor
parameters. Approximaton compressors have
input and output parameters, unlike 4-2. Use
Carry and Sum to estimate properly. Figure
depicts an approximator compressor with four
inputs—P4, P3, P2, and PIl. Logical
considerations predict a 4-2 compressor:
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Figure: Gate level circuit of an inexact compressor.
APPROXIMATE COMPRESSOR

One must analyze all Booth multiplier error
attributes. Approximative multipliers and adders
can be assessed and normalized using error
distance (ED).

Value (A), approximation (A'), maximum error
value, n product outcomes, and results (MAX
output).

Sum =(Pio B)+(Po P

Carry =Pi+ P+ P+ Py
ERROR METRICS

Volume IX Issuell JULY 2024 www.zkginternational.com 37



%ﬁq INTERNATIONAL

Error models approximate booth multiplies. Error
model submodels explain multiplication stages.
Construction of the multiplier circuit creates sub-
error models. Figure 1 shows the error model-
circuit architecture relationship. ABM EABMs
include Booth encoding error, consistent product
array error, and 4-2 compressor error. Case in
point: EACM.

Elhih—=— A A
— B D
MEL = i
8
MELD
NMED =
.1|.Ir- 1-1'I-.--|...'||-||-'

Value (A), approximation (A'), number of
alternative product outcomes n, and maximum
error value are all included (MAX output).
PROBABILISTIC ERROR MODEL OF
ABMS

Figure out Booth multipliers (ABMs) can be
guessed with this mistake model. There are
different parts to the mistake model, and each one
explains a different step in the multiplication
process. To make sub-error models, the
multiplication circuit has to be built. There is a
link between the error model and the circuit layout
shown in Figure 1. There are three mistakes that
make up the whole ABM's EABM: the exact
Booth encoding error, the regular product array
error, and the 4-2 compressor error, which is also
called EACM.
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Figure: The probability error model based on the
circuit.
APPROXIMATE BOOTH
ERROR MODEL

The ABEs show a mistake when one of the "0s" in

ENCODING

the truth table is changed to a "1." It is possible
for ABEs to make both good and negative
mistakes. Then, if you change the number "1" to
"0," T10 and TO1 become 1 and 1, respectively.
When ABE-1's approximation encoding is used,
the mistake is taken into account when the correct
PP is found.

oot = (i © by )(baier0 ag) 4+ Ty
Another way to write the probability error model
is with the ABE-2 approximation.

pis2 = baisr 0 0y 4 Theg 4 Tos

The expected result is better than the exact match
when zeros are replaced with zeros using the
ABE's K-map. In other words, the real results and
the predicted results are not the same. With a
bigger difference between a "1" and a "0," the
predicted result goes down. There is about the
same amount of error introduced by each estimate
encoding method.

Volume IX Issuell JULY 2024 www.zkginternational.com 38



@ © INTERNATIONAL

Table: ED and MED of Approximate Booth
Encoding

Encoding Error Pattern ED MED

ABE-1 Ti-0 4 0125
ABE-2 Ti-0 , Th-1 4 0125

Table: Q and EABE of Approximate Encoding

Encoding Qu-1 Gi-0 Eape

ABE-1 1 4 0.03125
ARE-2 fi 2 (1.01563

Table: Error of PP Array

ED MED Eapa

3 375 0D.125

Here are the Booth encoder mistakes based on the
new model for probabilistic errors. The updated
number in the truth table is shown by the
approximation Booth encoding as ED. With a T10
adjustment, ABE-1's K-map has been changed to
a modified number of 4, which is better. The
ABE-2 K-map will use either T10 or TO1. In this
case, the answer is -4 since TO1 is negative 6 and
T10 is positive 2. The ED, on the other hand, has
an absolute number of four.

There are about 10 T10s and one T1 in Table 2.
Q01 shows how many T10s there are, and Q10
shows how many there are in total. This choice is
there to make the error model better. The prefix
"Q" is used to connect Q01 through Q10. The sum
of Equations Q01 and Q10 is shown by the letter
Q.

The Booth encoding mistake is shown by the extra
parameter Q, which was added to the NMED
during EABE.

NMED _ MED
0 QM AX sutpu

EABE =

PROBABILISTIC ERROR MODEL OF
ABMS
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ABMI1 and ABM2 both use a standard partial
product array that has an expected Booth encoding.
The phrase "single design" refers to everything.
The amount of error goes up logarithmically when
N is multiplied by an ABM. To find the mistake in
the exponent, use log2 N-1. To show the PP array
error of approximation Booth multipliers and
encoders, the EABMS blends all the sub-error
models into a single model of design flaws.

Four Ideas and Approximations for Booth
Multiplier Designs If an object has already been
used by, it is marked as useless by() and used
otherwise.

Multiplier ABE-1 ABE-2 Array Compressor

ABMI ¢ Z ¢
ABM2 : L ¢
ABM3 ‘ 4 ¢
ABM4 : L] L ¢

_ 1o (V2400 000 e
JI'.[,||"|.' ; f. I'E:L””. |‘|,hJ||I|JJJI=| lJ

(Eapa /N )

In this case, ki = pi/pil. An guess factor of pi/pil
= 1.5 is used in a multiplier design with a radix-4
Booth encoding unit count of pi.

There needs to be two to four compressors
between single versions (EABMS) and composite
systems (ABM3 and ABM4). A combined design

error model is also available from the EABMC.

; . [ e
JI'-.l.'J'.'J 0= IltHI |BA =5 % '.II'.-'f--'I':'.'JI By )

4. RESULTS

We look into why the simulation results and the
error model for the four approximate Booth
encoded factors at different p values don't match
up. At the gate level, the Synopsys VCS checks all
Verilog HDL simulation outputs. The model
analysis must be used to figure out the error for
each of the four approximation factors.
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There are four 8-bit ABM models in the NMED
findings table. The number of the variable p can
be anywhere from 4 to 14 different ones. As p
goes up, the error numbers go up almost
exponentially. We can see that the single design
(ABM1, ABM2) has less error than the combined
design (ABM1, ABM?2) because it only uses the
approximate Booth encoding module and the
approximate partial product array module (ABM3,
ABM4).

We can see NMED (both analytical and modeling
values) vs. p in Figures (a) and (b). These show
the 8-bit ABMs EABMS and EABMC. The
ABMI1 model made the most accurate prediction,
and the results of the analysis were a lot like the
results of the exercise. Though not always,
analytical errors are less than the simulated
numbers. The results of the 8-Bit ABM NMED

18 1H = & = Ansisilated)

—&— ABMEnET T
& - ABMZsmulaed)

L] f [ ——
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NMED
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The measured and simulated NMED numbers for
ABM are shown in this graph. There are two 8-bit

ABMs that can be used: EABMS and EABMC.

5. CONCLUSION

This study approximates radix-4 Booth multipliers.

Two approximative Booth encoders with incorrect
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error model (p goes from 4 to 14 and the order of
magnitude is 102) are shown in the table below.

Mtiplee| p 4 6 8 10 0 W

dodted 0080 0T 047 100 D0 T
e 00595 CLE0 037 113K 34006 6400
A
andyte 0645 OGS 02004 08012 2616 78908
dovled 0080 QLT 067 20 080 WA
andlytle QIS 1675 03005 201 B0 24060
N A O 4
naltle 000103 01910 0.0 163014 A2 LiSi

ABMI

ABM:

ABMS

AB

truth table terms reduce PDP by 59%. Analytical
models for the ABM error model considered all
multiplier structure elements. Every approximate
circuitry unit has the right multiplier circuit
topology for compression, PP array, and Booth
encoding. This approach calculated NMED, a
crucial error statisticc. ABMs can be evaluated
quickly and accurately using this method. The
ABMI probabilistic error model excels on 8-bit
computers.
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