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Abstract: - Digital adders form a significant part of the arithmetic unit in the processors. Many Digital Signal
Processing (DSP) algorithms equally uses adder and multiplier element as its component to achieve the
required arithmetic operation. Hence it is important to optimize the adder circuit in the gate-level itself to
design it for the required standards. Recently there are various bio-inspired optimization algorithms which
efficiently synthesize digital circuits like adders and multipliers. Optimization algorithms like genetic
Algorithm (GA), Particle swarm optimization (PSO) and Harmony Search (HS) has proved its efficiency in
various optimization problems. We utilize the conventional Cartesian genetic programming (CGP) along with
the shuffling mechanism to evolve the 4X4 adder circuit using only two input NAND gate library. The evolved
adder circuit is compared with the existing adder circuits to prove its performance benefits. This evolved 4-bit
adder is used further to synthesis higher order adders for its real time performance benefits.

Key-Words: - Evolved adder, Cartesian Genetic Programming, Partitioned Multiplier, Bio-Inspired
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method which are suitable for manual simplification . . .
and may not be efficient to implement in a computer 2 Cartesian Genetic Programming
as a computer-aided design (CAD) tool. Also (CGP)

commercially available CAD tools are efficient in

optimizing the digital circuits when compared to 2 1 Conventional CGP

conventional techniques. Recently bio-inspired CGP was developed by Miller et al and it is widely

algorithms ~ used  for  optimizing digital used for evolving digital circuits [9-11].
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circuits have been evolved using a new technique | 1

for the synthesis of combinational circuits by using o }}

CGP and uniform NAND gate based templates [7].

Many researchers concentrated on evolving the
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functionality of the multiplier circuit [8]. The _
dynamic power consumed by the adder and Fig. 1. Node Structure of CGP

multiplier can be reduced by minimizing the
switching activity of the partial products in 2’s
complement multiplier [4, 5]. The operand

CGP allows the re-use of nodes and any node in the
directed graph can be reused and the output of any
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node serves as the input of the node in the
subsequent stage. The length of the genotype in
CGP is fixed, but it does not mean that all the nodes
in the graph should be used. The phenotype will be
of variable length which means the circuit can
change in size and levels and is limited by the
maximum number of nodes in CGP. There may be
many unused nodes or genes which will not have
any impact on the circuit operation or the fitness
function (neutrality) and those nodes can be avoided
when mapping the genotype to phenotype.

2.2 CGP and its variants

CGP fails to solve the problems with multiple
outputs and the computational effort drastically
raises when the problem size and the number of
input and output increases. The multi-chromosome
CGP (MC-CGP) proposed in [12] has a
considerable improvement in the performance and
hence can arrive at a solution even for problem with
multiple inputs and multiple outputs. But the
solutions arrived by MC-CGP are much larger and
possesses huge number of nodes which may not be
suitable for evolving area efficient digital circuits
such as multipliers [12]. Hence we modified the
conventional CGP to optimize both the run time
(i.e)) computational effort and also to find the
optimal solution by changing the fitness into
hierarchical fitness function.

There are several variations to the existing
conventional CGP. lterative self-modifications are
done to allow the phenotype changes and they are
termed as self-modifying CGP [14]. For modular
problems the re-use of subroutines in CPG has
shown significant improvement which is called
embedded CGP or modular CGP [9]. To reduce the
complexity of a bigger or multiple output problems,
it is decomposed into smaller problems and is made
easier to find a solution. This technique is called
multi-chromosome CGP [12]. In Real-valued CGP a
cross over operator is introduced to improve the
evolution process and extra level of neutrality are
added and real-valued genotype is introduced [15].
The recombination is improved using Implicit-
context CGP which introduces implicit context
representation to CGP and hence enables positional
independence [13]. The shuffling mechanism
introduced in the conventional CGP avoids the
algorithm from settling in the local maximum and
tends to find an optimal solution rather than sub-
optimal solutions [2].

3. Selection and Fitness in CGP
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In the CGP, the parent is the best in the total
population in terms of functionality and the gate
count. We slightly modify the selection mechanism
of the standard CGP to cater the needs of evolving
adders based on NAND gate template alone. If the
chromosome has satisfied the functionality and if
the gate count of the chromosome is lesser than its
predecessor, then it is selected as the parent for the
next run.

3.1 Mutation in CGP

The mutation operator used in CGP is typically a
point-mutation operator similar to CGP, in which a
number of randomly chosen genes in the genotype
are changed to other valid randomly chosen values.

Fig. 2a represents an evolved 4-bit digital
circuit which has 4 inputs and 5 outputs and the
multi-chromosome representation of the evolved
circuit are shown in the same figure. There are
totally five chromosome nodes OO0 t0 O3 and V’.
The value of chromosome node O1 is 001, where 0
denotes the “one input bubbled-AND” gate and 1
represents 2-input OR gate. Here 0 and 1 represents
the input nodes 10 and I1. Similarly all other
chromosomes can be decoded. In Fig. 2b the output
00 is mutated from the value 0 to 9 and hence the
node 9 becomes active which includes an additional
gate.

0
LU ——

1
1 =

a) Evolved 4-bit circuit
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b) Point mutated output node (OO0) shifts from 0 to
9.

Fig. 2. An example of point-mutation operator

3.2 Fitness in CCGP

Fitness function of the adder is similar to the truth
table of the 4-bit adder itself. As we are trying to
evolve the precise 4-bit adder, the circuit should
satisfy all the input possibilities (24) otherwise the
evolved circuit cannot be considered.

4. Synthesis and Optimization of

adder circuit

The combinational circuit can be optimized by the
minimization of the netlist with respect to logic cell
area, power dissipation and the propagation delay
for the corresponding technology library used. The
optimization algorithm in the EDA tools in general
follows the following steps to optimize any given
logic.

Flattening

Logic minimization

Timing-driven factorization
Technology mapping

Also the degree of optimization depends on
the logic depth of the circuit which is taken into
consideration and particularly the arithmetic circuits
are challenging to perform the optimization process.
Perhaps the efficient synthesis and realization of
these arithmetic circuits like adders and multipliers
relies on datapath synthesis and also efficient logic
optimization at the very fundamental level. Thus the
synthesis and optimization of 4-bit adder is very
important as it contributes to the datapath of the
arithmetic circuit.

5. Simulation Results

The 4-bit adder circuit is evolved using the
CGP along with the shuffling mechanism which
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tends to avoid local maxima. The evolved circuit
gene is then decoded to obtain the gate equivalent
phenotype. Also the phenotype is decoded using
Verilog Hardware Descriptive Language (HDL) to
make it suitable for synthesis and implementation in
any commercially available Electronic Design
Automation (EDA) tool.

5.1. Synthesized netlist of the evolved 4-bit
adder

The decoded netlist is given as input to the
standard synthesis tool to check its functionality and
performance. We use Altera© Quartus 11© to
synthesis the gate-level decoded architecture and
from the synthesized circuit, the logic area and the
time delay consumed by the circuit can be
estimated. Fig. 3 shows the synthesized RTL
structure of the evolved 4-bit adder.

([

Fig. 3: Synthesised netlist showing the evolved 4-bit
adder

5.2. Construction of higher order adders
from the evolved 4-bit adder

The higher order adders are constructed
from the evolved lower order 4-bit adder. A
hierarchical tree approach is considered when higher
level adder circuits are constructed. As evolving 16-
bit and higher order adders are practically limited
because of the scalability of the CGP, it is
worthwhile to evolve lower order adders from
which higher order adders can be constructed.
Construction of higher order adders from the
evolved 4-bit adder increases the overall
propagation delay if it constructed as a ripple adder.
Hence we use separate circuit to compute the carry
so that the excessive increase in the delay can be
reduced at the expense of extra gates and a small
increase in the logic cell area. Table 1 shows the
comparison of gate count the additional hardware
resources such as multiplexers used for various
adders. Table 2 compares the cell area, delay and
the power consumed for the listed adders.
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Table 1: Comparison of hardware resources of
various adders

16 bits 32 bits 64 bits

Typeof ["No. | No. | No. | No. | No. | No.
Adder of of of of of of

Gate | Mux | Gate | Mux | Gate | Mux
Carry— | 160 | 3 | 320| 7 | 640 | 15
Select
Carry— | g6 | 3 | 170 | 5 | 329 | 10
Skip
Brent— | 155 | o | 254 | 0 | 510 0
Kung
Kogge— | 179 | o | 449 | 0 |1089| 0
Stone
Ladner—| 159 | o 305 | 0 | 705 | 0
Fischer
Proposed
Hybrid | 124 | 0 | 253 | 0 | 511 | 0
Adder

Table 2: Comparison of synthesis results of various

adders
(a) 16-hit
16 bits
Type of Adder Area | Delay | Power
(mm?) | (ns) (mw)
Carry — Select 0.327 | 0.13 | 6.04E-04
Carry — Skip 0.259 | 0.33 | 4.27E-04
Brent — Kung 0.276 | 0.27 | 5.63E-04
Kogge — Stone 0.496 | 0.04 | 7.78E-04
Ladner — Fischer 0.276 | 0.16 | 5.81E-04
Proposed Hybrid Adder | 0.232 | 0.24 | 3.62E-04
(b) 32-bit
32 bits
Type of Adder Area | Area | Area
(mm? | (mm?) | (mm?)
Carry — Select 1.3367 | 1.3367 | 1.3367
Carry — Skip 0.6914 | 0.6914 | 0.6914
Brent — Kung 0.8551 | 0.8551 | 0.8551
Kogge — Stone 1.6146 | 1.6146 | 1.6146
Ladner — Fischer 0.8583 | 0.8583 | 0.8583
Proposed Hybrid Adder | 0.6126 | 0.6126 | 0.6126
(c) 64-bit
Type of Adder ‘ 64 bits
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Area Area Area

(mm?) | (mm?) | (mm?)
Carry — Select 2.707 | 2.707 | 2.707
Carry — Skip 1.6432 | 1.6432 | 1.6432
Brent — Kung 1.8843 | 1.8843 | 1.8843
Kogge — Stone 3.701 | 3.701 | 3.701
Ladner — Fischer 1.8871 | 1.8871 | 1.8871
Proposed Hybrid Adder | 1.3621 | 1.3621 | 1.3621

The graphical representation of the

comparison of logic cell area, delay, power and gate
count is depicted in Fig. 4.
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Fig. 4. Comparison of (a) Cell Area, (b) Delay,
(c) Power, (d) Gate Count

6. Conclusions and Future Work

Thus we have evolved a NAND gate based
4-bit adder by employing the CGP along with the
shuffling operator to obtain global optimal solution.
The higher order adders like 16-bit, 32-bit and 64-
bit adders are constructed using the lower order
evolved 4-bit adder using a hierarchical approach.
As the optimization algorithm cannot evolve huge
multipliers, this hybrid approach is suitable as it
exploits the benefits of both the conventional design
method and the robust optimization algorithm. The
synthesized adder proves performance benefits in
terms on logic cell area and hence the power
consumed. This hybrid approach can be extended to
other combinational circuits to synthesize a real
time circuit. This adder can be used in an
application to prove its suitability in real time
hardware implementation.
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