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Abstract: As a novel biological computing device, the Spiking Neural P system (SNPS) has powerful
computing potential. The application of SNPS in the field of arithmetic operation has been a hot
research topic in recent years. Researchers have proposed methods and systems for implementing
basic arithmetic operations using SNPS. This paper studies four basic arithmetic operations, improves
the parallelization of addition and multiplication methods, and designs more effective natural
number addition and multiplication SNPS, as well as SNPS for subtraction and for division of natural
numbers based on multiple subtractions. The effectiveness of the proposed SNPS is verified by
example. Compared with the same kind of SNPS, for the addition operation the number of neurons
used in our system is reduced by 50% and the time overhead is reduced by 33%, while for the
multiplication operation the number of neurons is reduced by 40%.

Keywords: arithmetic operations; spiking neural p systems; membrane computing; numerical
computing

1. Introduction

Membrane computing [1] is a branch of natural computing inspired by the structure
and functionality of living cells. In a research report in 1998, Gh. Paun, a member of
the Romanian Academy, proposed the P system, a distributed and parallel computing
model. Each membrane of a biological cell can be regarded as a separate computing unit
to perform the corresponding calculation. With the incredible number of cells in living
organisms and the low energy requirements for biochemical reactions, one of the greatest
advantages of membrane computing is that it enables corresponding computations with
maximum parallelism. The literature [2] shows that membrane computing is equivalent
to Turing machines, and its powerful parallel computing capability can effectively solve
the computing bottlenecks faced by current electronic computers. Research on arithmetic
operations based on membrane computing has been performed in cell-like P systems,
tissue-like P systems, and neural-like P systems.

In [3], the authors implemented arithmetic operations based on a membrane P System;
However, its membrane system structure was complex and did not make full use of the
maximum parallelism of membrane computation; In [4], the authors designed a natural
coding-based arithmetic P System to implement arithmetic operations, which greatly sim-
plified the membrane system structure; In [5], the authors designed a multi-layer membrane
P System to implement unsigned quadratic operations, which reduced the computational
complexity, while the authors of [6] designed a single-layer membrane P System to imple-
ment arithmetic operations, further simplifying the membrane structure and improving
computational efficiency. The authors of [7] designed a multi-layer membrane P System to
implement arithmetic operations with signed numbers, improving the application range
and execution efficiency of basic operations, while in [8-10] the authors designed a single-
layer membrane P System to implement expression evaluation in the domain of integers.
Reference [11] implemented basic arithmetic operations by the P System in the domain of
rational numbers, expanding the scope of application of arithmetic operations in P System
to further enhance the computing power of biological computers, while [12] investigated
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the computational power of tissue P systems where each rule was assigned either a label
chosen from the alphabet or an empty label. The sequence of labels of rules applied during
halting of computation was defined as the result of the computation, and the set of all
results computed by a given tissue P system was called the control language. The results
indicated that the rule complexity is crucial in order for tissue P systems to achieve the
desired computational power. In [13], the authors constructed a novel computational model
called a homeostasis tissue-like P system. Based on the model, it solved the three-coloring
problem in linear time within the standard timeframe. Additionally, it addressed the SAT
problem using communication rules and multiset rewriting rules with a maximum length
of 3 in time-free mode.

In 2006, Dr. M. Ionescu et al. proposed the Spiking Neural P system [14], which utilizes
the phenomenon of neurons sending spikes to connected neurons through synapses. The
SNPS is composed of a set of neurons and their connections, which are typically abstracted
as a directed graph. Neurons are viewed as nodes in the graph, and the connections
between neurons are considered as directed edges. Under the control of the system clock
and the internal excitation rules of neurons, spike signals propagate along the synapses
(represented as directed arcs in the graph) to connected neurons. The execution of the
forgetting rules inside neurons simply consumes spikes. In the basic SNPS [14,15], all
spikes are indistinguishable and denoted by the same symbol “a”. The operation of the
system is synchronous and parallel, which means that all neurons with applicable rules
should be executed [16] at each time slice. This distributed and parallel computing model
has been shown to be computationally complete [15,17,18].

SNPS research in theory and application has achieved significant results, including
generating numbers and languages, simulating logic circuits, system universality, and
variants of spiking neural P systems. In [15], the authors showed that the basic SNPS as
a device for generating sets of numbers is computationally complete in both generation
mode and acceptance mode. In [16], the authors studied the language-generating capacity
of SNPS; the recursively enumerable languages are the inverse image projection of the
languages generated by SNPS. In [19], the authors investigated the minimum universality
of SNPS as a device for computing functions and generating numbers and provided the
minimum number of neurons to produce a universal SNPS using extension rules and
standard rules. A restricted-rule universal system requires 76 neurons, while a universal
system with extension rules only requires 50 neurons. In [20], the authors introduced a
variant of SNP where neurons only contain spikes and the rules are on synapses. When the
number of spikes in a given neuron matches the rule on the synapse, the rule is triggered.
Compared with the SNPS in [19], a number generator constructed based on this variant
SNPS requires only 39 neurons to achieve universality under standard rules, and only
30 neurons are needed when using extension rules. Many variants of SNPS have been
proven to be Turing universal, such as the asynchronous spiking neural P system with local
synchronization introduced in [21] and the SNPS with weights introduced in [22], where
the applicability of the spike rules is controlled by a given discharge threshold. When
integers are used to represent the weight, potential, and threshold parameters, this SNPS
is universal. When natural numbers are used for these parameters, the characteristic of
natural semilinear sets can be obtained. In [23], the aim was to address the limitations
of current SNP systems in handling specific real-world data technology. Neural network
structures and data processing methods were considered as a reference to improve upon
these limitations. By integrating these concepts with membrane computing, spiking neural
membrane computing models (SNMC models) were proposed. The paper successfully
demonstrated the Turing universality of the SNMC model as a number generator and
acceptor. The authors of [24] introduced neuron division and neuron budding into the
framework of the spiking neural P system. A neuron can be divided into two and every
budding can only produce one new neuron, proving that SNPS with neuron division
and neuron budding can solve NP-complete problems in polynomial time. The Directed
Hamiltonian Path (DHP) problem is an NP-hard problem, and the algorithm based on
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SNPS proposed by [25] effectively reduces the time complexity through massive parallelism.
In [26], the authors introduced fuzzy reasoning in SNPS to establish a connection between
P systems and fault diagnosis applications for the automatic implementation of complex
power system fault diagnosis. Reference [27] introduced a Spiking Neural P System with
spikes and anti-spikes. Biologically, spikes represent neural excitation while anti-spikes
represent neural inhibition. When a spike meets an anti-spike, they cancel each other
out and disappear. Based on this rule, the proof of Turing completeness of SNPS and the
required rules are simplified: all rules have a singleton regular expression that precisely
indicates the number of spikes or anti-spikes to be consumed.

Implementing addition, subtraction, multiplication and division on SNPS is the basis
for designing a biological CPU based on the SNP system. By encoding the number as
the time interval between two spikes, the literature [28] constructed four SNP systems for
calculating addition, subtraction, multiplication, and division, respectively. In [29], the
author encoded the number as spike sequences and designed an operation model based on
SNPS to realize the addition and subtraction of two natural numbers, the multiplication
of a fixed multiplicand, an arbitrary multiplier, and judging whether two numbers are
equal. The SNPS operation model designed in [30] can solve the product of any two natural
numbers with a binary bit length of k bits, and can solve the summation problem of n
natural numbers. In [31], simple arithmetic problems were addressed using the spiking
neural p system, including binary complement conversion, addition and subtraction of
signed integers, and multiplication of any two natural numbers.

The motivation of the present study is to design arithmetic SNPS that are fast and
contain fewer neurons and rule types. We encoded numbers as spike sequences and utilized
a single input neuron and a single output neuron to design a complete set of addition,
subtraction, multiplication, and division operations in SNPS based on extended rules. We
analyzed the number of neurons, types of rules, and required time slices for each system.
The main contributions of this paper include:

(1) Designing the SNPS IIgasnp for k-bit binary addition. The system can complete
the addition of two k-bit binary numbers in 2k + 4 time slices using k + 8 neurons, three
types of instantaneous firing rules, and three types of forgetting rules.

(2) Designing the SNPS Ilggsnp for k-bit binary subtraction. The system can complete
the subtraction of two k-bit binary numbers in 2k + 3 time slices using k + 13 neurons,
seven types of instantaneous firing rules, and four types of forgetting rules.

(3) Designing the SNPS Ilgpysnp for k-bit binary multiplication. The system can
complete the multiplication of two k-bit binary numbers in 3k + 5 time slices using 3k + 8
neurons, five types of instantaneous firing rules, and four types of forgetting rules.

(4) Designing the SNPS ITgpgnp for k-bit binary division. The system can complete the
division of two k-bit binary numbers in 2k + quotient + 4 time slices using 5k + 12 neurons,
sixteen types of instantaneous firing rules, and thirteen types of forgetting rules.

Based on instance-based analysis, the effectiveness of the four SNPS designed in
this paper is verified. The rest of the paper is organized as follows. Section 2 briefly
introduces the basic knowledge and related research on SNPS, Section 3 presents the
designed addition, subtraction, multiplication, and division SNPS and instance analysis,
and Section 4 summarizes and analyzes various known arithmetic SNPS from multiple
dimensions. Finally, Section 5 summarizes the whole work.

The SNP operation model proposed in this paper uniformly uses a single input
and output neuron, and a new way of input data construction was constructed. In the
addition and multiplication computational models we constructed, we reduce the number
of neurons used compared to the addition and multiplication proposed in [30]. Based on
multiple subtraction operations, in this we paper achieve the division of any two natural
numbers, and the running time of this division model is positively correlated with the size
of the quotient.
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2. Related Research

Spiking neural P (SN P) systems are a class of discrete neuron-inspired computation
models where information is encoded by the numbers of spikes in neurons and the timing
of spikes. In a spiking neural P system a spike refers to an object in a neuron, which
represents the substance in a neuronal cell. In a spiking neural P system only one object is
allowed in each neuron; the number of objects (spikes) is used to encode (represent) the
corresponding information, such as the summand and addend in addition.

2.1. Spiking Neural P Systems

A Spiking Neural P system of degree m (m > 1) is formally defined as
Formula (1) [14,17,29-32]:

I1=(0, 01, 0y, ..., Om, SYn, in, out) 1

where:

(1) O ={a}is a singleton alphabet, where a is called a spike; 01, 09, ..., ) are neurons of
the form o; = (n;, R;) in the IT system, with 1 <i < m. Where n; > 0 is the number of
spikes in neuron o; in the initial configuration, R; is a finite set of rules of the following
two forms:

@) spiking rule: E/a“—aF; d, where E is a regular expression over O, and ¢ > 1,
d>0,p>1c>p;

(i)  forgetting rule: E'/a®—\, where E’ is a regular expression over O, s > 1,
furthermore, for each rule E/a°—a”; d in the rule set R; of type (i), it holds
that L(E) NL( E') =, where L(E) is the language generated by E.

(2 syn C {o01,02,...,0m} X {01,00,...,0m} is a finite set of synapses between neurons.
0;, 0;) € syn means that there is a synaptic connection from o; to neuron o;. For any i,
j Y ynap j y
1 <i<m,(oj, 0;) & syn;
3) in,out € {01,07,...,0,4} indicate the input and output neurons, respectively. In
P P p y
particular, we use op to denote the environment of the system.

The explanation of the rules is as follows: if a firing rule E/a“—a?; d satisfies p = 1 and
a forgetting rule E'/a°— A satisfies E' = 4%, they are respectively called a standard firing
rule and standard forgetting rule. If the firing rule E/a—a?; d satisfies E = a°, it is usually
written as a°—a”; d. If the firing rule E/a“—aP; d satisfies d = 0, it is called a no-delay firing
rule and written as E/a®—a”. If the firing rule E/a®—a”; d satisfies both E = a“ and 4 = 0, it
is abbreviated as a°—aP. Similarly, if the forgetting rule E’/a®—A satisfies E’ = 4®, it can be
abbreviated as a°—A.

The usage of a spiking rule is as follows: at a certain moment, if the neuron o; contains
spikes and there exists ak e L(E) and k > ¢, then the neuron o; can activate the spiking rule
E/a®—aP; d, consuming c spikes (leaving k — c spikes), and after d time slices, emit p spikes
to all the neurons it is connected to. Additionally, during the period of sending d spikes
after using this rule, the neuron o; is in a closed state, which means it cannot use any rules
or receive spikes from other neurons. Only after o; becomes open (after d time slices) can it
use rules and receive spikes. If a neuron sends spikes to a closed neuron, these spikes will
naturally disappear. For an output neuron, it can send spikes to the environment.

The usage of the forgetting rule is as follows: at a certain moment, if the neuron o;
contains &’ spikes and satisfies a*' € L(E") and k' > s, this neuron can use the forgetting rule
E’/a*—\, which consumes s spikes and does not generate new spikes.

If multiple spiking rules are satisfied in a single neuron, it will randomly choose one
of them to execute. For example, if there are two spiking rules in neuron o;, E1 /a‘—aP!;
dq and By /a®—al?; d,, with L(E1) N L(E2) #, o; can only randomly choose one of them
to use. This is the uncertainty of rule usage. While the usage of rules in a single neuron is
serial, all neurons in the entire system work in parallel.
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To describe the temporal evolution of each neuron in the SNP system, it is assumed that
there is a unified clock in the system and timing is done using time slice. Its pattern at time
slice k can be defined as Cy = (r;®/t,®, r,® /t,®, . 1r,,® /t,,®). Here, r;® (1 <i < m)
denotes the number of spikes contained in neuron o; at time k and t;%) represents the number
of time slices needed for o; to reach an open state starting from time slice k. In particular,
the initial pattern of the system can be represented as Cp = r19/0,r,9/0, ..., 1,9/0}.
Through the execution of rules, the transformation of the pattern of the II system is called
computation. A pattern in which all neurons in the system are in an open state and no rules
can be used is called a termination pattern, and a computation that can reach a termination
pattern is called a terminable computation.

In terminating computations, there are two encoding methods for representing the
computation result [32,33]. The first method represents an operandas the number of time
slices between two spikes (one binary “1” is represented as one spike). The second method
represents the generated spike sequence as the computation result (one spike represents
the binary digit 1, and no spike represents the binary digit 0), thereby obtaining a binary
string. These results can be stored in the neurons of the SNPS or output to the environment.

2.2. Research on Arithmetic Operation of SNP

Arithmetic operations are the basis for solving other complex problems and have always
been a focus of SNPS research. In [28], the authors encoded the number as the time interval
between two spikes to construct four SNP systems for calculating addition, subtraction, multi-
plication, and division. The number of neurons used was 10, 12, 22, and 24, respectively, and
there were 4, 4, 12, and 15 rule types, respectively. In [29], numbers were coded into spike
sequences and realized in three parts: the addition and subtraction of two natural numbers,
the multiplication of fixed multiplicands and arbitrary multipliers, and the judgment of
whether two numbers were equal. In this operation model, the addition of two natural
numbers used three neurons and three rule types, subtraction used 1lten neurons and six
rule types, and multiplication used thirteen neurons and three rule types. In particular, the
multiplier was fixed at 26 and used three neurons and two rule types to judge whether
two numbers are equal. This article raised the open problem of how to design SNPS
to solve the multiplication of two arbitrary natural numbers. In [30], the authors better
answered the question about multiplication proposed by [29]. The designed operation
model can solve the product of any two natural numbers of k-bit length binary digits
(using k? + 5k + 3 neurons and ten rule types while taking 4k + 2 time slices) and designed
an operation model that can solve the sum of n natural numbers (using 3k + 5 neurons
and nine rule types). In [31], simple arithmetic problems were addressed using SNPS,
including binary complement conversion (using six neurons and four rule types), addition
and subtraction of signed integers (using seven neurons and six rule types), and the multi-
plication of any two natural numbers (using k? /2 + 15k/2 + 4 neurons and six rule types).
The operation of signed numbers in [31] was realized based on the sign bit and complement,
and the subtraction operation was realized by adding the opposite number of the addend.
In [28,29,31], the system had multiple input neurons, while in [30] there was only a single
input neuron. In the SNP system mentioned above, the rules in neurons are all executed
within one time slice. However, the time required for different biological operations is
different as well. In [34], the authors introduced an SNP system with no time limit. This
system’s rule execution is time-independent and always produces the same result, and it
was proven that a time-free SNP system with extended rules is Turing-complete. In [35],
the authors studied and designed an adder, subtractor, multiplier, and divider based on
the non-time-limited SNP system proposed in [34] using 2, 2, 11, and 10 neurons and 2, 6,
15, and 16 rule types, respectively. In [36], the authors designed the adder and multiplier
of the SNPS with rules and weights using 2k + 4, 5k neurons and 13, k + 14 rule types,
respectively. Based on the SNPS with anti-spikes introduced in [27], the authors of [37] con-
sidered the design of general-purpose AND gates, OR gates, and NOT gates for symmetric
ternary systems. The three states correspond well to the 1, 0, and —1 of the symmetric
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ternary system, which could effectively solve the representation and operation of negative
integers. In [37], the authors realized the addition and subtraction of signed integers with
an anti-spike neural p system.

In this paper, we only deal with arithmetical operations between natural numbers.
For example, when a natural number # is represented in Formula (2), we obtain the
corresponding binary string by_1...... b1bgy, where by is the least significant bit, by_1 is the
most significant bit, and 21 is the order of 2/, with 0 <i <k — 1.

n=b_ 25T + 0120020, 0<bh;<1,0<i<k—1 2)

3. Arithmetic Operation in Spiking Neural P Systems

This part discusses in detail the four arithmetic SNPS designed in this paper. To
perform arithmetical operations on SNPS, we input the natural numbers into the system
which to be computed and output the computation results. In this paper, we use binary
strings to represent natural numbers, and we make the following assumptions:

(1) A unified clock is used to manage and maintain the operation process, with the unit
of time being the time slice. The execution of each rule in the SNPS only requires one
time slice.

(2) The binary strings involved in the operations have k digits. If a string has less than
k digits, it is padded with leading zeros to reach k digits.

(3) The SNPS can accept one binary digit per time slice. When a binary digit of 1 is
received, this means the system has received a spike; otherwise, no spike is received.
The system receives the input binary string from the least significant bit to the most
significant bit.

(4) In the addition, subtraction, and multiplication SNPS the system operation result is
outputted by the output neurons from low to high bits in the form of a binary string.
In the division SNPS the operation result is stored in a set of result neurons.

(5) In our designed SNPS we set parameter d in the rule description of Formula (1) to 0.
This means that both the spiking rule and the forgetting rule will be executed immedi-
ately once the conditions are satisfied.

The four SNP operational models proposed in this paper have all been proven to
function correctly. Our proof strategy involves tracking the changes in the number of spikes
in key neurons over time slices and providing spike count diagrams for the critical patterns
of neurons when necessary. For example, Section 3.1 illustrates the pattern of the adder at
t =k + 2, where the augend has already been input into the augend cache neuron group.
Finally, the system provides the computation result for each digit over the time slice.

3.1. Binary Addition in SNP Systems

The addition operation is the foundation of arithmetic operations. It involves adding
two binary numbers with the same order while considering the possibility of a carry from
the lower order. The basic idea of our designed binary addition SNPS is:

(1) By inputting the binary string of the addend from the lowest bit to the highest bit
using the input neuron o;,,, if the i-th bit (0 < i <k — 1) in the input string is 1, the
neuron 0j,,,; generates one spike; otherwise, it generates no spike.

(2) After each bit of the augend is input, it is buffered in the system and waits for the
input of the addend. When the highest bit of the augend is input, the addend is
immediately input.

(3) When the i-th bit (0 < i <k — 1) of the augend reaches the addition neuron 044y, the
i-th bit of the addend is taken out from the buffer and input to 0444. The addition
operation is performed by the rules in 0 44,.

Therefore, the spike neural p system IIpasnp for the k-bit binary number addition

designed in this paper includes an input neuron, addition neuron, auxiliary neuron group,
augend input auxiliary neuron group, addend input auxiliary neuron group, and augend
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cache group of neurons. Ilgagnp is defined as in Formula (3), and the membrane structure
is shown in Figure 1.

The neuron group for caching the augend

Figure 1. IIp4gnp structure diagram.

In particular, in order to simplify the complex connections between neurons, the

following conventions are used in the SNPS structure diagram in this paper:

e  Neuron-to-neuron connections are indicated by thin arrows, for example, the connec-
tion between 04,1 and 04y in Figure 1.

e  Connections of neurons to groups of neurons are indicated by thick arrows. Specifically,
if the front end of the thick arrow is a single neuron oy, and the end is a neuron group
ox = {01, 02, ..., 0y}, this means that each neuron o; (1 < i < n) in neuron oy is
connected to neuron group oy; on the contrary, if the front end of the thick arrow is a
neuron group oy, and the end is a single neuron oy, this means that each neuron in the
neuron group oy has a connection to neuron oy.

e  Group-to-neuron connections are indicated by thick arrows. If the front end of the
thick arrow is a neuron group oy = {07, 0y, ..., 05} and the end is a neuron group
oy ={0y/, 0y, ..., o}, then two neurons in the same order from the group oy to the
neuron group oy are connected, that is, there is a connection from o;to o7, 1 <i <n.

Ipasne = (O, Oaux1, Caux2s - - - Oaux6s Onumls Onum2s « - - Onumks SYN, in, out) 3)
where:

(1) O={a}

2) Olnput = (OrRlnput)/ Ripput = la—a};

@) oaux1 = (LRaux1), Raux1 = la—a};

4 ouux2 = (LRaux2), Rauxo = {a—aj;

() oaux3 = (0,Raux3), Rauxs = {ak_>a 5

(6)  oauxs = (0, Rauxa), Rauxa = {ak_ﬂl 5

(7)) ouuxs = (O,Rquxs), Rauxs = {a—a; as/”—>}\}

B)  oauxe = (0,Rauxe), Rauxe = {a—A; a /a—al;

(9) Onumi = (O/Rnumi)/ Rnumi— {a—m /l € {1/ 2/ e /k}}

(10) o444 = (ORa4), Rags = la—a; a?/a—\; a3 /a>—a);
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(11) syn = A(nputaux;)li € {5, 6} }Uf(auxyauxy)U{(auxpaux;) i € {1,3,4}U
{(auxs auxg )} U{(auxgaux;) | € {2, 5} U(auxs,numy WO (num;num;q) i € {1,2,...,k — 1}}}
U{(numy, Add)};

(12) in= Oinputs

(13) out = op (indicates that the system outputs the calculation results to the environment)

In Ilgasnp, we divide the neurons except oy, and 0444 into several groups (see the
dashed box in Figure 1), and their functions are as follows:

e  Neuron Input. The Input neuron receives binary strings from the environment and
converts them to spikes in IIgssnp.

e  Neuron Add. The bit-by-bit addition of binary strings is realized by spiking rules and
forgetting rules.

e Auxiliary neuron groups (auxi, auxp). Continuously send one spike to neurons aux3
and auxy at each time slice.

e  Theaugend is input to the auxiliary neuron group. Accurately input the spike train rep-
resenting the augend into the augend cache neuron group, and shield the interference
when the augend spike train is input.

e Addend input to auxiliary neuron group. Shield the input of the addend spike train,
and accurately input the spike train representing the addend to the neuron Add.

e  The augend cache neuron group. Buffer the augend spike train, and send the augend
spike train to the neuron Add for operation in due course.

For Ilgasnp, Theorem 1 can be obtained.

Theorem 1. Input two natural numbers of length k (k > 2) to the input neuron 0y, of Ilpasnp
sequentially from low to high in binary form; this system can correctly calculate the sum of these
two natural numbers.

Proof of Theorem 1. Let t represent the system time and the unit be a time slice, that is, the
value of t increases by one every time a time slice is passed. Here, X and Y are any two
binary natural numbers with no more than k digits, and X = Ek Y2l Y = Ek ! ylZ’ We

provide input to Ilgasnp sequentially from low bit to high b1t in bmary form When the
binary number received by Ilpasnp is 1, a spike a appears in Olnput; otherwise, no spike
appears in Oyt From t =1 to t = 2k, Ilpasnp receives spikes corresponding to xo to X1
and yy to yx_1 in sequence. When t > 2k + 1, IIgasnp will not accept input. We use sp-x; to
represent the spike corresponding to the binary number x;, that is, when x; = 1, sp-x; = {a};
otherwise, sp-x; = {A}. Similarly, sp-y; is used to represent the spike corresponding to the
binary number y;, which will be used in the following proofs. The execution process of
IIgasnp is as follows.

(1) t=0, start sending the corresponding spike sp-xq of the lowest bit xg of X to oy
(2) Fromt=1tot=X, the regular execution of IIgasnp and the change of spikes in each
neuron include:

(i) Onput accepts sp-x; (0 <i <k — 1) and applies the corresponding rules to send
Sp-x; t0 Ogx5. During this period, 04,5 can only receive the spikes sent by
O1nput, and apply the rules to send the received spikes to 0y in turn. Similarly,
Onumj (1 <j <k — 2) sends the received spikes to 0,41 in sequence.

(ii) Oauxe accepts the spikes sent by o7y, if sp-x; (0 < i <k — 2) = {a}, use the rule
a—A to forget this spike.

(iii) Oaux1 and oguxo (starting to work at t = 1) each maintain one spike, and o3
and 0g,x4 each maintain k — 1 spikes at t = k.

(iv)  There is no spike in 0 444.

(3) Attimet =k + 1, the rule execution of IIgasyp and the change of spikes in each
neuron include:

(i) Oauxe accepts sp-xx_1 and forgets sp-xy_o.
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4)

©)

(ii) Oaux1 and Oguxp keep one spike each, 04,3 and o,,x4 keep k spikes and apply
the rule a*—a? to send two spikes to 0x5 and o,y respectively.

(iii)  There is no spike in 0 444.

At time t = k + 2, the rule execution of IIgasnp and the change of spikes in each

neuron include:

@) Olnput ACCEPts sp-i1 and sends sp-1/g t0 Oaux5. Oauxs sends sp-xx_1 to oyym1 While
receiving sp-yo and (2%} from Oyxa. onumj (1 < j < k — 1) accepts sp-x;; and
sends sp-Xi.j—1, and Opumy accepts sp-xo.

(ii) Oauxe forgets sp-x; 1 accepts both sp-yg (from opyp,¢) and (2%} (from O x3).

(iii) 04ux1 holds one spike, 04,12 gets three spikes (one spike from 0,1 and two
spikes from Ogux4), Oaux3 and oax4 hold one spike.

(iv)  There is no spike in 0 444.

At this point, the augend has been input into the augend cache neuron group and

we can obtain Figure 2, which shows the spikes contained in each neuron in the

configuration Cy,5.

From t =k + 3 to t = 2k + 2, the rule execution of IIgasnp and the change of spikes in

each neuron include:

(1) Omput Sequentially accepts sp-y; (2 < j <k — 1) and simultaneously applies the
rules to send Sp—Yj—1 tO Oauxs and 04,x6. When the number of spikes in 04,y5
is three, the rule a®/a—A is activated and consumes one spike, so there will
always be two spikes in 0,5 and no spikes will be sent.

(ii) Since 04x¢ keeps two spikes, when it receives a spike from o7y, it will apply
the rule a3 /a—a to consume one spike and send one spike to 044, and make
Oauxe keep two spikes.

(iif)  oaux1 sends 1 spike to Ouux2, Tauxp receives one spike, ouyy3 and gy keep
one spike.

(iv)  Starting from time t = k + 3, 0444 receives sp-x; and sp-y; (0 <i <k — 1) at
the same time. Readers can refer to [29] for details of the addition operation
ino Add-

(v) From time t = k + 4, the environment starts to receive calculation results
in sequence.

(vi)  Fromt=2k +1 time slice, 07, no longer accepts the input of the environment,
and only sends the spikes it contains to 04,5 and o416 by using the rules.

(vii) At t =2k + 2, the highest bit x;_; of X and y,_;1 of Y reach the neuron
O add, if X +Y <21 the system will reach the termination pattern at t = 2k
+3IEX+Y > 21 the system will eventually reach the termination pattern
att=2k + 4.

Based on the above description, readers can verify that for k > 2, the SNPS Ilgasnp
for addition constructed above can correctly solve the sum of two natural numbers
with a binary length of k, and the proof is complete. [J

Figure 3 shows a Ilgasnp structure for three-bit binary addition. Based on this Ilgasnp,

the addition process of the natural numbers 7 and 5 is listed in Table 1, which shows the
number of spikes contained in each neuron in Ilgasnpz5)- The two natural numbers
expressed in binary form are 1115, 101,, and 1115 + 101, = 1100,. In Figure 3, the augend
and the addend are input through the neuron Input, the auxiliary neuron group (auxi, aux;)
continuously sends a spike to the neuron auxs, aux, respectively, the auxiliary neuron
group (auxy, auxs) controls the input of the augend 7 (111) to the augend cache neuron
group (numy, numy, nums), and the auxiliary neuron group (auxs, auxs) controls the input
of the addend 5 (111) to the neuron Add. Finally, the addition operation is performed in the
neuron Add.
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Figure 2. The pattern Cy,, of IIpasnp at t =k + 2.

Input

Auxiliary neuron group

auxy

numn, num,

The neuron group for caching the augend

Figure 3. IIg4snp for adding two three-digit numbers.

In Table 1, the first column represents the system moment, and the second to the last
column represent each neuron in the system. Each row of Table 1 represents the number
of spikes in each neuron in the system at the corresponding moment. For example, the
number in the first column of the sixth row (step t = 5) is 0, indicating that the binary bit
currently input to the neuron Input is 0. The number from the eighth column to the tenth
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column is 1, which successively indicates that the binary bit of the augend buffer neuron
group (numy, numy, nums) is 1 and the input of the augend 7 has been completed.

Table 1. IIg4snp calculation process of the instance 1115 + 101, = 11005.

Step t Input auxq auxy auxs auxy auxs auxe nums nums nums Add Output
0 - 1 1 0 0 0 0 0 0 0 0 -
1 1 1 1 0 0 0 0 0 0 0 0 -
2 1 1 1 1 1 1 1 0 0 0 0 -
3 1 1 1 2 2 1 1 1 0 0 0 -
4 1 1 1 3 3 1 1 1 1 0 0 -
5 0 1 3 1 1 3 3 1 1 1 0 -
6 1 0 4 1 1 2 2 0 1 1 2 -
7 - 0 4 1 1 3 3 0 0 1 2 0
8 - 0 4 1 1 2 2 0 0 0 3 0
9 - 0 4 1 1 2 2 0 0 0 1 1

10 - 0 4 1 1 2 2 0 0 0 0 1

The IIgasnp designed in this section can complete the addition of two k-bit binary
numbers within 2k + 4 time slices, and the number of neurons used is k + 8. The neurons in
ITpasnp use three types of non-delay spiking rules and three types of forgetting rules.

3.2. Binary Subtraction in SNP Systems

Subtraction is another basic binary arithmetic operation. The idea is to subtract the
subtrahend from the minuend. Considering whether there is a borrow in the lower bit, we
subtract the values of the same order from two binary numbers. The idea of our designed
binary subtraction SNPS is:

(1) Through the input neuron Input, input the binary string of the minuend from the
lowest bit to the highest bit. When the i-th bit (0 <i < k — 1) in the input string is 1,
the neuron Input gets one spike, otherwise it does not get a spike.

(2) After each digit of the subtrahend is input, it will be cached in the system, waiting for
the input of the subtrahend. Input the subtrahend immediately after the highest bit of
the minuend is input.

(3) When the i-th bit of the subtrahend (0 < i < k — 1) reaches the subtraction neuron
Sub, the i-th bit of the minuend in the cache is taken out and put into the Sub, and the
subtraction operation is performed according to the rules in the Sub.

(4) Before the i-th bit of the minuend (0 < i < k — 1) reaches the subtraction neuron Sub,
3 spikes represent the number 1, and 0 spikes represent the number 0.

Therefore, the SNPS Ilpssyp for binary subtraction designed in this paper includes
input neuron, subtraction neuron, auxiliary neuron group, subtrahend input auxiliary
neuron group, subtrahend input auxiliary neuron group, and minuend cache group of
neurons. The structure of IIggsyp is shown in Figure 4, and its formal definition is shown
in Formula (4).

Mpssnp = (O, Caux1, Oaux2, - - - Oaux9s Tnumls Onum2s - - - Onumk—1, Onumk,1, Onumk,2, Onumk,3, SYN, in, out) 4)
where
(1) O=f{a}

) OTnput = (OrRInput)r Rlnput = {a—a};

) oaux1 = (LRaux1), Raux1 = {a—al;

4)  oaux2 = (1L,Raux2), Rauxz = {a—aj;

(6)  oauxs = (O,Raux3), Rauxs = {ak‘mz}}

(6)  oauxa = (O,Rauxa), Rauxa = {ak_MZ},.

(7)  oauxs = (O,Rauxs), Rauxs = {a—a; a®/a—\);
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8)  cauxe = (0,Rauxe), Rauxe = {a—A; ag/a_m}

) cawy = (LRauxy), Rauxy = {a—al;

(10) cauxs = (1,Rauxs), Rauxg = {a—a};

(11)  Gaux9 = (O,Raux9), Rauxo = {a2k+1_>a b

(12) onumi = (ORuumi), Ryumi = {a—a}, i € {1r 2, k— 1}}

(13) Onumk,i = (O/Rnumk,1)/ Rnumk,i =la—al,i € {1/ 2, 3}}

(14) o5 = (ORgp), Reup = (a—A; a2 /a—a; a® /a?>—\; a*—a; a®—\; a® /a®—a);

(15) syn = A{(Inputaux;)li € {5,6}}}U{(auxy,auxy)}U{(aux,aux;))li € {1,3,4}U
{(auxs,auxe)}U{(auxg,aux;) i € {2,5}U{(auxe,Sub)yU{(auxy,auxg)U{(auxy,auxg) U
{(aux7,Sub)}U{(auxg,auxy)}U{(auxg,aux;) Y U{(auxs,numq )} U{(num;,num; 1) | i €
{1,2,..., k = 2} WU (numy_q,numy ;) 1i € {1,2,3}HU{(numy ;,Sub) li € {1,2,3}};

(16) in = input,

(17) out = oy;

)

Auxiliary neuron group

Auxiliary neuron group
for inputting subtrahend

Auxiliary neuron group
for inputting minuend

Sub

Auxiliary neuron group

S

D

HB SSNP

Figure 4. IIgggnp structure diagram.

In Igssnp, the functions of each neuron (neuron group) are as follows:

Input neuron Input. Input receives binary strings from the environment and converts

them to Spikes in HBSSNP-

Subtractive neuron Sub. The binary strings of the subtrahend and the minuend are

subtracted bit by bit in the neuron Sub.

Auxiliary neuron groups (aux;, auxp, auxy, auxg, auxg). Continuously send a spike to

neurons auxs, auxy, and Sub at each time slice.
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e  Minuend input auxiliary neuron group. The subtrahend is controlled to be accurately
input into the minuend cache neuron, and the interference when the subtrahend is
input is shielded.

¢  Minus input auxiliary neuron group. The subtrahend is controlled to be accurately
input to the neuron Sub, and the interference when the subtrahend is input is shielded.

e  Minuend cache neuron groups. The minuend is cached so that the corresponding
binary bits of the minuend and the subtrahend are synchronously sent to the neuron
Sub for operation.

It can be seen from the following theorem that Ilggsnp can complete the subtraction
of two k-bit binary strings as input.

Theorem 2. For the binary subtractor implemented by the SNPS shown in Figure 4, two natural
numbers of length k (k > 2) are input to its input neuron 0y, in binary form from low to high,
and this system can find the difference between two natural numbers.

Proof of Theorem 2. Let t represent the time slice length, t = 0 be the initial state of the
system, X and Y be two arbitrary natural numbers, and X = Y ; x2L, Y = 2k ! y121

Readers can easily find that the input device composed of neurons oy, and neurons
Oaux1, Oaux2, - --» Oauxe is the same as in Section 3.1; will not be repeated here. Ilpssnp
implementation process is different from the adder in Section 3.1 as follows.

(1) t=k+1, the spike in opym; (1 <j < k — 1) is sp-xx_; 1, and at the next time slice,
Opumk—1 Will move to Ok, 1, Onumk, 2, Tnumk,3 send splkes in Oyymk—1, respectively.

(2)  Oaux7, Oauxs maintain a spike and o,,x7 sends a spike to og,;, at each time slice. At
t =k + 1, there are k spikes in 0,,x9. There are no spikes in og,y,.

(3) Whent =k + 2, the minuend is input into the minuend cache neuron group, and the
pattern Cy,, of Ilgssnp is as shown in Figure 5.

(4) Fromt=k+3to2k+2, g, simultaneously receives sp-x; and sp-y; (0 <i <k — 1)
sequentially. Readers can refer to [13] for details of the subtraction operation in 0.

(5) Starting from time t = k + 4, the environment starts to receive the calculation results
in sequence.

(6) t=2k+2,there are 2k + 1 spikes in oyx9, and the rule a?+1 42 is executed, which
will consume 2k + 1 spikes and send two spikes to ox7.

(7) t=2k+ 3, there is 1 spike in oy9, three spikes in 04,y7, and one spike in 64y, which
will not change after that.

Because subtraction does not need to consider the carry operation of adding the
highest digits of two natural numbers, there is no need to wait another time for the system
to reach the termination pattern. It is not difficult for readers to verify that the system will
reach the termination pattern at t = 2k + 3.

Based on the above description, readers can verify that for k > 2, the SNPS ITgssnp
for subtractor constructed above can correctly solve the difference between two natural
numbers with a binary length of k, and the proof is complete. [

Figure 6 shows a Ilgggnp structure for a three-bit binary subtraction. Based on this
Ilgssnp, the subtraction process of natural numbers 5 and 2 is listed in Table 2, which
shows the number of spikes contained in each neuron in Ilggsnp (5,2). The two natural
numbers expressed in binary form are: 101, 0107, and 101, — 010, = 011;. In Figure 6, the
augend and the addend are input through the neuron Input, the auxiliary neuron group
(auxy, auxy) continuously sends a spike to the neuron auxs, auxs, respectively, and the
auxiliary neuron group (auxi, aux,) continuously sends a spike to the subtraction neuron
Sub, the subtrahend input auxiliary neuron group (auxy, auxs) controls the subtrahend
5 (101) input to the subtrahend cache neuron group (numy, numy, nums 1, nums », nums 3),
the subtrahend input auxiliary neuron group (auxs, auxg) controls subtrahend 2 (010) input
to neuron Sub, and finally subtraction operation is performed in neuron Sub.
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In Table 2 column 1 likewise represents the system moment and columns 2-1 represent
each neuron in the system. Each row of Table 2 represents the number of spikes in each
neuron in the system at the corresponding moment. For example, the number in the first
column of row 6 (step t = 5) is 1, indicating that the binary bit currently input to the neuron
Input is 1. The numbers from the 11th column to the 13th column are 1, 0, 1, respectively,
indicating that the binary bits of the minuend cache neuron group (num;, numsy, nums 1,
numsg », nums3) are 1, 0, 1 respectively, and the input of minuend 5 (101) has been completed.

Figure 5. The pattern Cy,, of IIgggnp at t =k + 2.

Table 2. ITggsnp calculation process of the instance 101, — 010, = 0115.

Step t Input  aux, aux; auxs auxy auxs auxg aux; auxg auxg num, numy nums, i (i=1,2,3) Sub Output
0 - 1 1 0 0 0 0 1 1 0 0 0 0 0 -
1 1 1 1 0 0 0 0 1 1 0 0 0 0 0 -
2 0 1 1 1 1 1 1 1 1 1 0 0 0 1 -
3 1 1 1 2 2 0 1 1 1 2 1 0 0 1 -
4 0 1 1 3 3 1 1 1 1 3 0 1 0 1 -
5 1 1 3 1 1 2 2 1 1 4 1 0 1 1 -
6 0 0 4 1 1 3 3 1 1 5 0 1 0 4 -
7 - 0 4 1 1 2 2 1 1 6 0 0 1 2 1
8 - 0 4 1 1 2 2 1 1 7 0 0 0 5 1
9 - 0 4 1 1 2 2 3 1 1 0 0 0 1 0

The IIgssnp designed in this section can complete the subtraction of two k-bit bi-
nary numbers within 2k + 3 time slices, and the number of neurons used is k + 13. The
neurons in Ilgssnp use a total of seven types of non-delay spiking rules and four types
of forgetting rules.
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Figure 6. IIggsnp for subtraction of two three-digit numbers.

3.3. Binary Multiplication in SNP Systems

The basic idea of multiplication is to multiply each bit of two binary numbers, and
the multiplied results will be added to be the final result according to the weight. In [30],
the authors provide an SNPS for solving the product of any natural number within two
k-bits. The SNPS for multiplication in their paper uses a large number of neurons, and the
total time required for the calculation is not provided in detail. The basic idea of the binary
multiplicative SNPS we designed is:

(1) Through the input neuron Input, inputting the binary string of the multiplicand from
the lowest bit to the highest bit. When the i-th bit (0 < i < k — 1) in the input string
is 1, the neuron Input gets one spike; otherwise, it does not get a spike.

(2) After each bit of the multiplicand is input, it is cached in the system. When all bits
of the multiplicand are input, store the multiplicand in the multiplicand neuron
group and wait for the input of the multiplier. After inputting the highest bit of the
multiplicand, the multiplier is entered immediately.

(38) After each bit of the multiplier is input, it is cached in the system and sent to the
multiplicand neuron to perform multiplication with the corresponding binary bit of
the multiplicand.

(4) The stored multiplicand information in the multiplicand neuron group is not changed
by the operation in (3).

(5) Neuron Add calculates a binary bit of the multiplication result at every moment.
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Therefore, the binary SNPS Ilgysnp for multiplication designed in this paper includes
input neurons, addition neurons, auxiliary neuron groups, multiplicand input auxiliary
neuron groups, and multiplier input auxiliary neuron groups, along with a multiplicand
cache neuron group, multiplicand neuron group, and multiplier cache neuron group. The
structure of IIgpsnp is shown in Figure 7, and its formal definition is shown in Formula (5).

Augxiliary neuron group for inputting mu]up].lcand

Auxiliary neuron group for

inputting multiplier

! |
! |
I I
! L

The neuron group for caching the multiplicand

The multiplier neuron group

Figure 7. Ilgysnp structure diagram.

ppsne =(O, Oaux1, Caux2,- - - Caux6r Ocandls Fcand2s - - -» Ocandkr Smutls Omut2s - - -» Omutks Obitls Opit2s - - -» Obitk, SYN, i, out) (5)
where
(1) O=fal

) OTnput = (OIRInput)r Rpnput = la—a};
) oaux1 = (LRaux1), Raux1 = {a—a};
4)  oaux2 = (1L,Raux2), Rauxz = {a—al;
(5)  oauxs = (O,Raux3), Rauxs = {ak_MZ}

(6)  oauxa = (O, Rauxa), Rauxa = {ak_>a b

(7)) oauxs = (O,Rquxs), Rauxs = {a—a; a?’/ﬂ_ﬂ\}

8)  oauxe = (O,Rauxe), Rauxe = {a—A; ﬂS/ﬂ—m}

) ocandi = (ORcandi)s Regnai = la—a; a _>?\ a® _m i€ {1; 2, /k}}
(10)  oputi = ORmuti), Ruuri = la—a}, i € {1; 2, rk};

(11)  opiti = (ORpirs), Rpiei = [a—A; 0> /a—a), i € {1,2,- -+, k};
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(12) 0441 =(O0Rada), Ragq = a7 /a—=x; a1 /ai* —a), j € {0,1,2,- -+, n};

(13) syn = A{(Imputaux))li € {56} Ul(auxyauxy)}Uf(auxpaux) i € {1,3,4}U
{(auoxs,auxg) Y U{(auxy,aux;) | i € {2, 5} Uf(auxg,cand;) | i € {1,2,--- ,k}U
{(auxs,candy ) }U{(auxe,mut )} U{(cand;,cand; 1) 1i € {1,2,...,k — 1} U{(mut;mut; 1) | i €
{1,2,...,. k= 1HU{it; biti 1) 1i € {1,2,...,k— 1} U{(cand; bity ;1) 1 i € {1,2,...,k}}
U{(mut; bit;) | i € {1,2,..., kUit Add) | i € {1,2,...,k}};

(14) in =input;

(15) out = Add;

In I gpsnp, the functions of each neuron (neuron group) are as follows:

e Input neuron Input. Input receives binary strings from the environment and converts
them to spikes in IIppsnp-

e  Addition neuron Add. The result of multiplying the multiplier by the multiplicand’s
bits is summed in the Add neuron.

e  Auxiliary neuron groups (auxj, aux,). Continuously send a spike to neurons auxs and
auxy at each time slice.

e  The multiplicand is input to the auxiliary neuron group. Control the multiplicand to
be accurately input into the summand buffer neuron, shield the interference during
multiplication input, and save the multiplicand in the multiplicand neuron group
when the input of the highest bit of the multiplicand is completed.

e  Multiply the input auxiliary neuron group. The control multiplier is accurately input
into the multiplier cache neuron group, and the interference when the multiplier is
input is shielded.

Group of multiplicand cache neurons. Cache multiplicand.
Group of multiplier cache neurons. The multiplier is buffered, and each binary bit of
the control multiplier is multiplied by the multiplicand.

e  Group of multiplicand neurons. The multiplicand is stored, and the multiplication
operation of the multiplier and each binary bit of the multiplicand is performed.

It can be seen from the following theorem that IIgysnp can complete the multiplication
of two k-bit binary strings as input.

Theorem 3. For the binary multiplier realized by the SNPS shown in Figure 7, two natural
numbers of length k (k > 2) are input to its input neuron oy,py; in binary form from low to high,
and this system can correctly calculate the product of two natural numbers.

Proof of Theorem 3. Let t represent the time slice length, t = 0 the initial state of the system,
X and Y two arbitrary natural numbers, and m and n two natural numbers less than or
equal to k; then:

m—1 i n—1 i
X =) gx2, Y =), 2, Z=XxY
m—1 i n—1 i
XxY = (Ei‘:o x;2') x (Ei‘:o y;2))
m—1n—1

m—1 m—1 m—1
=Y Yoxy2 =Y yoxi2t0+ Y x2 T+ Y ypax2

i=0 j=0 i=0 i=0 i=0
From the above formula, it can be concluded that the operation of solving X x Y can
be converted into solving n times the product of m digits and 1 digits, and the result of the
product is shifted to the left by j bits according to the weight j of the multiplier y;; then, the
result of n times is shifted to the left summation. In fact, in the [30] the author did the same,
using k? neurons to store the results of the n operations, and the storage process required
k auxiliary neurons. The left shift of the product of the m-bit and 1-bit is achieved by
adjusting the connections of neurons and finally adding the corresponding results n times.
In the SNPS for multiplication designed in this section, k? neurons are not used to
store the results of these n operations. This paper uses a new control method to make
full use of the parallelism of neuron calculations, and sequentially outputs the converted
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operation results Z from low to high. Finally, the correct operation result is obtained.
The operation process of the SNPS multiplier shown in Figure 7 can be divided into the
following three parts:

@

@)

®)

@)

Input the natural number X;
Compute each bit of Z in parallel while inputting Y;
Output each bit of Z from low to high in turn.

The execution process of Ilgpsnp is as follows:

From t =0to t = k + 1, the regular execution of Ilgysnp and the change of spikes in
each neuron include:

(1) Ommput accepts sp-x; (0 < i < k — 1) and applies the corresponding rules to
send sp-x; to 04x5. During this period, 045 can only receive the spikes
sent by oy, and apply the rules to send the received spikes to ocand1 in
turn. Similarly, o5 (1 < j < k — 2) sends the received spikes to o pgj+1
and oy;j respectively.

(ii) Oauxe accepts the spikes sent by oy, if sp-x; (0 <i <k — 1) = {a}, use the rule
a— A to forget this spike.

(iii)  opij (1 <j < k — 2) accepts spikes sent by 04; (1 <j < k — 2) and forgets
them using the rule a—A.

(iv)  oaux1 and ouux (starting to work at t = 1) each maintain one spike, and 0443
and 0,v4 each maintain k spikes at t =k + 1.

v) t=k + 1, 04x3 use the rule a¥—a? to send two spikes to 0ax6, and 0yyx4 use the
rule a¥—a? to send two spikes to 0ux5 and 0¢gugj (1 < j < k) respectively. opypys
accepts sp-yp and sends sp-1 to 04,16 according to the corresponding rules.

(vi)  There is no spike in 0,44, Oy (1 < i < k).

t=Lk+ 2, the rule execution of IIgyssnp and the change of spikes in each neuron include:

(i) Oluput accepts sp-y and sends sp-yo t0 Ouuxs, Oauxe respectively. o5 sends
sp-Xi—1 to O¢ug1 While receiving sp-yo and {a?} from Gyx4. Ocandj (1 <j < k-—1)
accepts sp-xi_; and sends sp-xi_j_1, and Oggugx accepts sp-xo. Ocangj (1 < j < k)
receives the two spikes sent by oauxa, and 0¢,4j(1 < j < k) use the rule a®—a?
or a—A to send sp-x;_1 to Op;).

(ii) Oauxe forgets sp-x 1 accepts both sp-yo (from oy;,pys) and {a?} (from 0yx3).

(iif)  oaux1 holds one spike, o4xy gets three spikes (one spike from o4y, two spikes
from 0gyx4), Oaux3 and ogyx4 hold one spike.

(iv)  There is no spike in 0,44, Oy (1 < i < k). At this point, the multiplicand has
been input into the multiplicand cache neuron group, and we can get Figure 8,
which shows the spikes contained in each neuron in the pattern Cy,,.

t = k + 3, the multiplicand has been input into the multiplicand neuron group, and
the spike changes in each neuron of Ilpysnp are shown in Figure 9:

(i) Olnput accepts sp-y and sends sp-y1 to Oauxs and Oy, Tespectively.

(ii) There are no spikes in 0,1 and four spikes in Gg;x4.

(iii) Oaux3 and 0y,x4 Maintain one spike each.

(iv)  Oauxs receives the sp-y; sent by 0pypyt, and use the corresponding rules in oauxs
to forget sp-.

V) Oauxe receives the sp-y; sent by oy, and applies the corresponding rules in
Oauxe to send sp-yg to o1 -

(vi)  Owmur receives sp-yg sent by oauxe.

(vii)  There is no spike in og; (1 <7 < k), Oyt (2 < j < k).

(viii) sp-x;_q is received in oy (1 <@ <k).

From t = k + 4 to 3k + 5, the rule execution of Ilgysnp and the change of spikes in

each neuron include:
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(i) Omput Sequentially accepts sp-y; (3 <j < k — 1) and simultaneously use the
rules to send $p-Yj—1 tO Oauxs and 0,16.

(ii) When the number of spikes in 045 is 3, the rule a3 /a—A is activated and
consumes one spike, so there will always be two spikes in 04,5 and no spikes
will be sent.

(iii)  There is no spike in o,y (1 < i < k).

(iv) Oauxe sends Sp-y; (1 <j<k—1)to oy sequentially.

(v) Ot (1 < i < k) sends sp-yt4i.(k+5) tO Opyriv1 and oy respectively. Where t is
the current moment of Ilgysnp. If t +i — (k + 5) <0, it means that there is no
spike in 0,,,:;, and no spike will be sent to o,,,;;+1 and oy;;.

(vi)  t =k + 4, opy receives the sp-yg sent by oy,,¢1, and performs the product
operation of sp-yp and sp-xp in opi¢1, and sends the operation result to 04,4 at
the next time slice. Note that after the operation in o1, sp-xg is still stored in
the neuron.

(vii) t=k+5, oy receives the sp-y; sent by o1, performs the product operation
of sp-y1 and sp-xg in 0p;1, and sends the operation result to 044, at the next
time slice. 0444 receives the product operation result of sp-yy and sp-xg, namely
zp, and sends zj to the environment at the next time slice.

(viii) t=k + 6, 29 is received in the environment. o444 is summing the following
operation results: sp-yg X sp-x1, sp-y1 X sp-xo, the summation result is z;, and
the carry is kept in 0447. The ongoing multiplication operation of Ilgysnp:
Sp-Yo X sp-Xz, Sp-Y1 X sp-x1, sp-y2 X sp-xo they will be sent to 04,44 for summing
operation at the next time, and the operation result is z;.

(ix)  Similarly, t = k + 7, z; is received in the environment. t = k + 8, z, is received in
the environment. t =k + 7 (9 <i < 2k + 3), z;_¢ is received in the environment.
t = 3k + 4, zp;_ is received in the environment. Considering that a carry may
occur when operating zo;_», the system reaches the termination configuration
at t = 3k + 5. Based on the above description, readers can verify that, for k > 2,
the SNPS multiplication constructed above can correctly solve the product of
two natural numbers with a binary length of k, and the proof is complete. [

Figure 10 shows a Ilgysnp structure for three-bit binary multiplication. Based on this
IIppsnp, the multiplication process of the natural numbers 7 and 5 is listed in Table 3, which
displays the spike counts in each neuron for each configuration in Ilgysnp(7,5)- These two
natural numbers are expressed in binary form as: 1115, 1015, and 111, x 101, = 100011;.
In Figure 10, the multiplicand and the multiplier are input through the neuron Input,
the auxiliary neuron group (aux, aux;) continuously sends a spike to neurons auxs and
auxy respectively, the multiplicand is input to the auxiliary neuron group (auxy, auxs)
to control the multiplicand 7 (111) to be input to the multiplicand cache neuron group
(candy, cand,, cands), and after inputting the highest bit of the multiplier, it is stored in
the multiplicand neuron group (bit;, bit,, bit3) and the multiplier is input to the auxiliary
neuron group (auxsz, auxg) to control the multiplier 5 (101) input to the multiplier cache
neuron group (muty, muty, mutz. Multiplication is performed in the multiplier neuron, and
the final neuron Add sums the results and outputs them to the environment.

In Table 3, column 1 likewise represents the system moment and columns 2 to last
represent each neuron in the system. Each row of Table 3 represents the number of spikes
in each neuron in the system at the corresponding moment. For example, the number in
the first column of row 9 (step t = 8) is 0, indicating that the binary bit currently input to
the neuron Input is 0. During the computation process of 111; x 101y, fromt=1tot=3,
each binary digit of the multiplicand 111 appears in the neuron input sequentially from low
to high. At t = 6, the multiplicand is stored in the multiplier neuron group (bity, bit,, bits).
From t = 4 to t = 6, each binary digit of the multiplier 101 appears in the neuron input
sequentially from low to high. At t = 8§, the spike count from the 12th column to the 14th
column (mutq, mut,, muts) is 1, 0, 1 respectively, representing the multiplier as 101. In the



Appl. Sci. 2023, 13, 8556 20 of 31

last column, from t =9, the numbers 1,1, 0, 0, 0, 1 are sequentially output to represent the
final calculation result of 100011.

Figure 8. The pattern Cy,, of Igysyp at t =k + 2.

Figure 9. The pattern Cy .3 of IIgygnp at t =k + 3.
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aux)
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Auxiliary newron group for

inputting multiplier

Aurxiliary neuron group for inputting multiplicand

The neuron group for caching the multiplier

The multiplier neuron group

Figure 10. IIppsnp of multiplying two three-digit numbers.

Table 3. IIgyssnp calculation process of the instance 111, x 101, = 100011,.

Step t Input  aux; aux; auxs auxy auxs auxe cand; cand, cand; mut; mut, muts bit, bit, bit Add Output
1 0 0

O XTIV WN—~O
[ =
COoOOCOOOCOOO R M
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e e e N NN N S
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OO OROROODODOCOOO
OO OROFROOOODOODOOO
NMNNNNNONWOWNODODODOOO
NMNNNNNNWNWNNODODODOOO
NNNWONWNNNODODODODOO
O NNNRE R OO0 OOO
'

O OO MM

The IIppsnp designed in this section can complete the multiplication of two k-bit
binary numbers within 3k + 5 time slices, and the number of neurons used is 3k + 8. The
neurons in Ippsnp use a total of five types of non-delay spiking rules and four types of
forgetting rules.



Appl. Sci. 2023, 13, 8556

22 of 31

Mppsne = (O, Caux1, Caux,- - -

Oaux11,

3.4. Binary Division in SNP Systems

Division is a basic method of arithmetic operation. The basic idea of division opera-
tions is to subtract the divisor from the dividend until the remainder is less than the divisor.
At present, nobody has proposed an SNPS which encodes numbers as spike sequences for
division. The basic idea of the binary division SPNS designed in this paper is as follows:

(1) Through the input neuron, input the binary string of the dividend from the lowest bit
to the highest bit. When the i-th bit (0 < i < k — 1) in the input string is 1, the neuron
input gets one spike; otherwise, it does not get one spike.

(2) After each digit of the dividend is input, it will be cached in the system. When all
digits of the dividend are input, the dividend is stored in the dividend neuron group.
Wait for the input of the divisor. Input the divisor immediately after the highest digit
of the dividend is input.

(38) After the divisor input is completed, save the divisor in the divisor neuron group.
After the highest digit of the divisor is input, the control neuron group immedi-
ately sends the divisor to the dividend neuron group for subtraction. The stored
dividend information in the dividend neuron group will be changed due to the
subtraction operation.

(4) For each subtraction operation, send a spike to the resulting neuron group.

(5) Continue to carry out (4) in parallel until the highest bit of the dividend neuron group
sends a borrow message to the control neuron group.

Therefore, the binary SNPS IIppgnp for division designed in this paper includes input
neurons, result neuron groups, auxiliary neuron groups, dividend input auxiliary neuron
groups, divisor input auxiliary neuron groups, and dividend cache neuron groups, along
with a divisor neuron group, divisor cache neuron group, and divisor neuron group. The
structure of IIppsnp is shown in Figure 11, and its formal definition is shown in Formula (6).

051, 052, + +» Osks Odivs1, Odivs2s- - - Odivsks Octrl, Octr2, - - -+ Octrks Odivd1s Odivd2s - - +» Odivdks Cans1, Oans2, - - - Oansk,SYN, in, out) (6)
where
(1) O=fal

2) OTnput = (OIRInput)r Rpnput = {a—a; a3 —a; a® —N);
B)  oaux1 = (LRaux1), Raux1 = {a—aj;
4)  oaux2 = (LRaux2), Rauxz = {a—aj;
(6)  oaux3 = (O,Raux3), Rauxz = {qu 1—)&}
(6)  oauxs = (O,Rauxa), Rauxa = {a—aj;
(7)  oauxs = (O,Rauxs), Rauxs = fa—a; a ‘»\ a—aa %}\}
8)  oauxe = (0,Rauxe), Rauxe = {a —a%; ak+1_>a3}’
) oaux7 = (O, Raux7), Raux7 = {a —A;a _>‘13}
Oaux8 = (2 Rauxs), Rauxsg = {a —AlU {El —a’ i€ {5 6} fuU {119_>7\};
{

)
(11) Oaux9 = (O,Raux9), Rauxg = {@—A i € {1 2, 4} {d—a® i€ {56,7,8};a’—=M\;
(12) ouux10 = (O,Raux10), Raux10 = {a —A; a —a, a _>7\},
(13) oaux11 = (O,Raux11), Raux11 = la—a; a _>}\ a5_>}\}}
(14) o5 =(O,Ry), Rs; = la—a;a®> =\ a®—a%a* —a®yUld—A | j € {5,7,8}} i€ {1,2,--- ,k};
(15) 04ips1 = (O,Raivs1), Raiws1 = (@ —A | j € {1,2}} U {a®—a*; a®/a®—a°)
)

Odivsi = (Oerivsi)/ Rdivsi = {Ll]—)A | ] S {1,2}} U {ﬂj—)ﬂ4 | ] S {5,6}} U {Llj/ds—ﬂls |

je{89r11ie{23, -k}

(17) oetri = OReri), Rewi = {a* =N a®—a;a?—=A) 1 i€ {1,2,--- ,k};

(18) Gaiva1 = (ORyipa1), Raing1 = fa—A; @/a—A | j € {3,5}} U {d/a®—=A | j € {7,9}} U
(a8 /a*—a*; a0 /a8 —A);

(19) Ogivdi = (O,Ryivai), Rdivdi ={a—Nd/a—\ | j € {3,5};d /%N € {7,9}; aB/a*—a*;
al®/a®—N; all /o’ —a*; d /a'0—at | j € {12 14};a'3 /a1 =N}, i € {2,3,- - ,k};

(20) oansi = (O,Ransi), Ransi = {{Il —al, i € {1 2,- /k}?
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(21) syn = {(Input,auxs)}U{(auxy,aux;) i € {2,6 }}Uf(auxp,aux;) i € {1,3}HUf(auxs,aux;) i €

Auxiliary neuron group

{4, 6 }}U{(auxy,auxs)}U{(auxs s ) U{(auxg,aux;) i € {1,5,7HU{(auxg,s;) i € {1,2,...,k}}
U{(auxy,aux;) i € {9, 10} }U{(auxg,auxq) Y Uf(auxs,ctry )} U (auxq,auxg) U
{(auxg,divsy )} U{(auxqo,aux11 ) U{(aux1q ansy )JU{(s1,auxe)}U{(S;41,5) 11 € {1,2,...,k—1}U
(s, divd;) Ii e {12,... kNU{sidivs) i € {1,2,...,kNUldivs;divsia) i €

{1,2,...,k—1}}U (dwsz,dzvd)lz € {1,2,...,k}U
{(ctrl-,divsHl)Iz € {1,2,..., k= 1}U{(ctrictriyg) i € {1,2,...,k—1}U (ctrl,dzvd)l
ied{l,2,... k}HU (ctrk,auxn) {(divd; divd; 1) 11 € {1,2,. — 1} (dwdk,ctrl) li e
{1,2,...,k } {(divdy,aux;) i € {9, 10, 12}}U{(ansi,ansi+1)|i € {1 2,...,k=1}}

= input;

) out=ans;lie€ {1,2,---,k};

Figure 11. IIgysnp structure diagram.

In IIgpsnp, the functions of each neuron (neuron group) are as follows:

Input neuron Input. Input receives binary strings from the environment and converts
them to spikes in HBDSNP-

Cache groups of neurons. Temporarily cache the dividend and the divisor. After the
highest digit of the dividend is input into the system, the auxiliary neuron will save the
dividend in the dividend neuron group. After the highest digit of the divisor is input
into the system, the auxiliary neuron will save the divisor in the divisor neuron group.
Auxiliary neuron group. The control dividend and divisor are stored in the dividend
neuron group and the divisor neuron group, respectively.

Dividend neuron group. Save the dividend, perform the operation of subtracting the
divisor, and send a signal to the control neuron group if the subtraction is not enough.
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Divisor group of neurons. Save the divisor, and send the divisor to the dividend
neuron group for subtraction.

Groups of control neurons. Control the process of subtracting the dividend and the
divisor, and stop when the result of the subtraction operation is less than the divisor.
Resulting neuron groups. Counts the number of subtraction operations performed.

It can be seen from the following theorem that IIgpsyp can complete the division of

two k-bit binary strings as input.

Theorem 4. For the binary divider realized by the SNPS shown in Figure 11, two natural numbers
of length k (k > 2) are input to its input neuron 0ypy; in binary form from low to high, and this
system can correctly calculate the quotient of two natural numbers.

Proof of Theorem 4. Let t represent the time slice length, t = 0 the initial state of the system,
X and Y any two natural numbers, X the dividend, and Y the divisor. Because division can
be regarded as subtraction of the same number continuously, as shown in Figure 11, the
binary divider is designed based on the idea of multiple subtraction; its operation process
can be divided into the following three parts:

@
@

®)

4)

®)

Input dividend X and divisor Y;

Loop controls the dividend to subtract the divisor until the dividend is smaller than
the divisor;

Count the number of subtractions, and convert the result into a binary form.

The execution process of Ilgpsnp is as follows:

t = 0, start sending the corresponding spike sp-xq of the lowest bit xo of X to oyt

From t =1 to t = k, the regular execution of Ilgpsyp and the change of spikes in each

neuron include:

(i) Oput accepts sp-x; (0 <i < k —1) and use the corresponding rules to send
sp-xj to oguys. During this period, 04,5 will only receive the spikes sent by
Ommput, and use the rules to send the received spikes to o5y in turn. Similarly,
0sj (3 <j < k) sends the received spikes to o5;_1 in sequence.

(ii) Oaux1 and 0y maintain one spike each.

(iii)  t=Kk, oaux3 and ogyxe each contain k — 1 spikes.

(iv)  There are no spikes in 051, 052, Oauxi | 1 € {4,5,7,8,9,10,11}, Ogivsis Octris Odivdis
omsi | i€ {1,2,...,k}.

t =k + 1, the rule execution of Igpsyp and the change of spikes in each neuron include:

(i) Olnput accepts sp-yo and sends sp-yp to 0auxs according to the corresponding
rules. 0yx5 accepts sp-xx_1 and sends sp-xi_», Os; (8 <j <k) accepts Sp-Xg—j
and sends sp-x 1, and 05, accepts sp-xo.

(ii) There are k spikes in ox3

(iii)  There are k spikes in 04;x4, and the rule aX—a? will be used to send two spikes
each to o,y | i € {1,5,7} and 05 (1 <j < k).

t =k + 2, the rule execution of IIgpsyp and the change of spikes in each neuron include:

@) Olnput accepts sp-y1 and sends sp-yo tO Ogux5. Oauxs sends sp-xy_1 to o while
receiving sp-1p and (2%} from Ouuxe. Os; (1 <j < k) receives Sp-Xj—1 and {a?)
from 0,x6.

(ii) There are three spikes in 04,1 and k + 1 spikes in 13-

(iii) ~ There is one spike in o4ux6. There are two spikes in 04,x7, and we use the rule
a*—\ to forget these two spikes. At this time, the dividend has been input into
the cache neuron group, and they will be sent to the dividend neuron group
for storage at the next moment.

t=k+3, 04ipgj (1 <j < k) receives sp-x; 1, at this time sp-x; 1 = {a?)

Sp-Xj—1 = {A} means that xj—1is 0.

means xj_1is 1,
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(6)

@)

From t =k + 4 to t = 2k + 3, the regular execution of Ilgpsyp and the change of spikes
in each neuron include:

(i)
(ii)

(iii)
(iv)

\

05 (1 <j < k) sends the received spikes to 051 in sequence.

t = 2k, there are 2k—1 spikes in 0y;x3, the rule a?~1_54 executes, sending one
spike to oayya.

t =2k + 1, there are k + 1 spikes in 0,46, the rule ak*1 43 is executed, and they
are sent to ogyi | 1 € {1,5,7} and Os; (1 <j <k) respectively two spikes.

3

When t = 2k + 2, 04x5 receives three spikes from 04,4 and one spike from
Oaux4. There are four spikes in 04,x1. There are three spikes in 047 0y 1< <k
will receive three spikes from Sp-Yj—1 and 0.6 0y (1 <j <k) will send two
spikes to 0iygj and oauxg. At this point, the divisors have been entered into the
cache neuron group, and they will be sent to the divisor neuron group for
storage at the next moment. sp-y; 1 (1 <j <k) = {a3} means that xj-11is 1, and
sp-xj—1 = {A\} means that x; 1 is 0.

t =2k + 3, oyisj (1 < j < k) receives the sp-y;—1 sent by s;, and the divi-
sor is stored in the divisor neuron group. There are five spikes in g9
(three from 04,7 and two from itself). There are five spikes in oyx10 (three
from 07 and two from og;). There are no spikes in o (1 < j < k). O
(1 <j <k), receiving two spikes sent by s;, after executing the corresponding rules
in 0gjpgj, Sp-Xj—1 = {a*} it means that xji-1is 1, and Sp-xj—1 = {4} means that Xj-11s
0. We can obtain Figure 12 now that both the dividend and the divisor have
been entered into the system, which shows the spikes contained within the
individual neurons in the pattern Cyy, 3.

After t = 2k + 4, the regular execution of Ilppsyp and the change of spikes in each
neuron include:

)

(ii)

(iii)

(iv)

V)

(vi)

t =2k + 4, 05,51 receives five spikes from oux10, 0gips1 receives five spikes from
Ouux9, and prepares to send sp-yg to 04i,51. Octr1 Sends one spike to 0,52 and
Ogivd1 and ocro, respectively.

t = 2k + 5, the difference operation between sp-xo and sp-y is being performed
in 04,41, and the operation result is kept in 0y;,41. If a borrow occurs, four
spikes will be sent to 0,47 to participate in the calculation of sp-x; and sp-y4
at the next time slice.o ;5> receives four spikes from 03,51 and one spike from
octr1, and prepares to send sp-y1 to Oyjys2. Octr2 Sends one spike to 04,53 and
Ogivd2 and o¢3, respectively.

t = 2k + 6, the difference operation between sp-x1 and sp-y; is being performed
in 045492, and the operation result is kept in oy;,42. If a borrow occurs, four
spikes will be sent to 04,43 to participate in the calculation of sp-xp and sp-y,
at the next time slice.

Similarly, it is not difficult to verify that t = 3k + 4, the difference operation of
sp-xx—1 and sp-Yx_1 is going on in 0;,x. So far, the first subtraction operation
is completed. If 05,5k does not send 4 spikes to oax12 (X >Y), 0auxi1 will
send one spike to 04,x12, and o4,x12 Will send this spike to 04,51 at the next
time slice.

Because the neurons of 0;,4(1 < i < k) work in parallel, when t = 3k + 5, the
second subtraction operation is completed. If 04,41 does not send four spikes
to Oaux12 (X >Y), 0aux11 Will send one spike to 04112, and oax12 Will send this
spike to 0y,51 at the next time slice.

The system will keep running until 0,4 sends four spikes to 04,x12, indicating
that the current dividend is smaller than the divisor.
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Figure 12. The pattern Cyy,3 of IIgpgnp at t = 2k + 3.

Through the above description, it is not difficult to see that the number of subtractions
performed by this system will be sent to the neuron 0,51 successively over time, and the
rule in the neuron o,,; (1 < i < k) is a>—a, which means every 2 enters 1; then, when the
system reaches the termination pattern, the result of X quotient Y is stored in the neurons
Oans1, Oans2, - - -» Ognsk in binary form from low to high.

Based on the above description, readers can verify that for k > 2 the SNP divider
constructed above can correctly solve the quotient of two natural numbers with binary
length k, and the proof is completed. O

Figure 13 shows the structure of a IIgpgnp for three-digit binary division. Based on
this Ippsnp, the division process of natural numbers 6 and 2 is listed in Table 4 which
shows the number of spikes contained in each neuron in Ilgpsnp(e,2)- These two natural
numbers are expressed in binary form: 110, 0105, 110, = 010, = 011,. In Figure 13, the
dividend and the divisor are input through the neuron Input, and both the dividend and
the divisor are input to the cache neuron through the input auxiliary neuron group Tuple
(51, 52, 53). The dividend is stored in the dividend neuron group (divy, divy, divs), while the
divisor is stored in the divisor neuron group (divsy, divsy, divsz), and the control neuron after
the input is completed The group immediately sends the divisor to the dividend neuron
group for continuous subtraction operations and sends one spike to the result neuron group
each time until the highest bit of the dividend neuron group sends a borrow message to the
control neuron group, and the final result is stored in the result group of neurons.

In Table 4, likewise, column 1 represents the system moment and columns 2 to 1
represent each neuron in the system. Each row of Table 4 represents the number of spikes
in each neuron in the system at the corresponding moment. It is not difficult to see that
when t = 18 the resulting neuron group (the last three columns) in Table 4 has calculated
the result (011) of dividing the last column of natural numbers 6 and 2.



Appl. Sci. 2023, 13, 8556 27 of 31

Auxiliary neuron group

e T

The result neuron group

Figure 13. IIpgsnp for subtraction of two three-digit numbers.

Table 4. IIgpsnp calculation process of the instance 110,+010, = 0115.

Step t Input auxs auxe aux; auxg  AuXy s3 sz s1 divsy divs, divsy divd; divd, divds aux;y auxyy anss  ansy;  ans;
0 - 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 1 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 1 1 2 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 1 3 0 2 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
5 1 0 1 2 2 0 3 3 2 0 0 1 0 0 0 0 0 0 0 0
6 0 1 2 0 2 0 0 0 0 2 2 2 0 2 2 0 0 0 0 0
7 - 0 4 0 2 0 1 0 0 0 0 0 0 2 2 0 0 0 0 0
8 - 4 1 3 2 0 3 4 3 0 0 0 0 2 2 0 0 0 0 0
9 - 0 1 0 5 5 0 0 0 2 3 2 2 5 4 0 0 0 0 0

10 - 0 1 0 5 5 0 0 0 5 3 0 2 4 4 0 0 0 0 0
11 - 0 1 0 5 5 0 0 0 5 8 0 7 4 4 0 0 0 0 0
12 - 0 1 0 5 5 0 0 0 5 8 6 7 10 4 0 0 0 0 0
13 - 0 1 0 5 5 0 0 0 5 8 6 7 8 9 1 0 0 0 0
14 - 0 1 0 5 5 0 0 0 5 8 6 7 10 13 1 1 0 0 0
15 - 0 1 0 5 5 0 0 0 5 8 6 7 8 7 1 1 0 0 1
16 - 0 1 0 5 5 0 0 0 5 8 6 7 10 11 1 1 0 0 2
17 - 0 1 0 9 9 0 0 0 5 8 6 7 8 9 5 5 0 1 1
18 - 0 1 0 0 0 0 0 0 0 3 5 8 10 12 0 0 0 1 1

The Igpsnp designed in this section can complete the division of two k-bit binary
numbers within 2k + 4 time slices, and the number of neurons used is 5k + 12. The neurons
in IIgpsnp use a total of sixteen types of non-delay spiking rules and thirteen types of
forgetting rules.

4. Comparison of Arithmetic Operations Realized by Various SNP Systems

In this section, we analyze and compare the excellent SNPS proposed in recent years
for basic arithmetic operations; the results are shown in Table 5. The statistical dimensions
include the number of input neurons (NIN), the encoding method of operands (Encoding),
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the number of neurons used by the four basic operations (addition, subtraction, multipli-
cation, and division), the number of time slices required to complete the operation, and
the number of rule types (NRT). In operand input, when one input neuron is used it takes
a long time to input two operands sequentially, but fewer neurons are used. When two
input neurons are used, the input time consumed by parallel input of two operands is
short, while the number of neurons is increased. There are two commonly used operand
encodings: spike time interval-based encoding and spike sequence-based encoding. Spike
time interval-based encoding is the conversion of a numerical value into time slices in the
interval between two spikes, while spike sequence-based encoding is the conversion of
numeric values into a specific sequence of characters, such as a binary sequence. When
the system is input, the operand (value) is encoded into a corresponding spike sequence or
spike interval. The calculation process is to process the spike. When the system outputs,
the spike sequences or spike interval is decoded into a value. The number of rule types
used refers to the number of rules using different representations, e.g., the rule a—a is only
considered as 1 rule type even if it occurs in multiple neurons. The statistical results in bold
in Table 5 are taken from the literature, while the rest are taken from the present study.

Table 5. The number of neurons, time slices required, and number of rule types used for four
arithmetic approaches.

Article Input Type Encoding Add Sub Mut Div Rule Types
[28] multiple inputs time interval 10/- 12/- 21/- 25/- 4/4/12/15
[35] multiple inputs time-free 2/- 2/- 11/- 10/- 2/6/15/16
[29] multiple inputs spike train 3/(k+1) 10/(k +2) 13/(k+7) -/- 3/6/3/-

2
[31] multiple inputs spike train 7/(k +2) 7/(k +2) (k*/2 (-;11?(5{)2 +4)/ -/- 6/6/6/-
[30] single input spike train Bk +5)/(Bk +4) -/- (k% + 5k + 3)/(4k + 2) -/- 9/-/10/-
[36] single input spiketrain  (2k +4)/(3k + 1) - 5k/(3k + 5) A y ((95/1‘21: 3)7/)/
This . . . . (5k +12)/
work single input spike train (k+8)/(2k + 4) (k+13)/(2k + 3) (3k +8)/(3k + 5) (4k + quotient + 4) 6/11/9/29

Note: A/B, A represents the number of neurons used, B represents the number of time slices required for the
operation. C/D/E/F, C represents the number of rules used for addition. Similarly, D, E, and F denote the number
of rules used for subtraction, multiplication, and division, respectively.

In Table 5, for example, the SNPS designed in [29] has multiple input neurons and the
digital encoding method is spike sequences. The additive SNP system uses three neurons,
the time required for the addition of two natural numbers with a length of k bits is k + 1,
and the number of rules is three. Note that while the number of neurons required for
multiplication in [29] is thirteen and the time required is k + 7, this multiplication SNPS
can only fix one of the multipliers, which is fixed at 26. Due to the lack of an SNPS for
implementing division operations in [29], the number of neurons, computation time, and
number of rule types required for the division operation are marked with *-".

In [28], the authors used the time interval encoding method, and the input number was
represented by the time interval between two spike signals received by the input neuron.
This is because the required time is related to the value of the input number, not its binary
length, meaning that it cannot obtain the number of time slices required for the calculation.
Similarly, [35] used the time-free encoding method to remove the precise execution time
of the rules, making the solution of the problem independent of the execution time of the
rules; thus, the time required for calculation cannot be obtained.

Refs. [17,31] used spike sequence encoding and two input neurons, meaning that the
two operands do not need to be stored in the provided system, ensuring that the number
of neurons used by addition and subtraction operations is constant and the calculation
consumes a number of time slices k + 1 (or k + 2). The difference between the multiplication
of [29] and [15] is that in [29] a multiplier is fixed to 26, while in [31] both multipliers can
be input by input neurons, meaning that there is a significant number difference between
the neurons and the time slices of consumption. Neither [29] nor [31] provide an SNPS for
the division operation.
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The work in [30,36] and in this paper, all of which employ spike sequence encoding
and one input neuron, are comparable. Because the SNPS in this paper only saves the first
operand, the calculation starts when the second operand arrives, which time improves
the parallelism of the relevant neurons in the calculation process. Thus, for the number of
neurons used in this paper both the time and computation time are less than the results
in [30,36]. In addition, this paper presents SNPS for subtraction and division operations,
which solves the open problem of how to design a divider based on the SNP system
proposed in [30].

On the other hand, in the SNPS with one input neuron, the input of two k-bit operands
requires 2k spikes; thus, considering the transmission of spikes and the output of calculation
results, the basic arithmetic operation SNPS requires at least 2k + 2 time slices, meaning that
the SNPS addition and multiplication designed in this paper have reached the optimum
in terms of time consumption. Because the first operand of the input needs to be saved,
and considering both the input neuron and the calculation neuron, the SNPS needs at least
k + 2 neurons; thus, the SNPS addition and multiplication designed in this paper use a
number of neurons that is close to optimum.

From the above analysis, we can see that, under the same encoding and input approach,
the basic arithmetic operation SNPS designed in this paper has obvious advantages.

5. Conclusions and Future Work

Basic arithmetic operations are the basis of numerical calculations. In basic arithmetic
operations, it is of great significance to study the simplification of computing components,
reduce computing resources, and improve computing efficiency. Based on this, the present
paper studies the problem of constructing a family of SNPS to realize the four basic arith-
metic operations of addition, subtraction, multiplication, and division using only a single
input neuron. Specifically: (1) by improving the parallelism of addition, this paper con-
structs a k-bit binary addition and multiplication with one input neuron. Among them,
the number of neurons used by the adder is k + 8 and it takes 2k + 4 time slices, which is
50% and 33% less than similar systems, respectively; (2) the number of neurons used in the
multiplication constructed in this paper is 3k + 8, and it takes 3k + 5 time slices, while the
number of neurons used is 40% less than that of similar excellent systems; (3) a subtractive
SNPS is designed, in which the number of neurons used and the time consumption are
k +13 and 2k + 3 time slices, respectively; (4) based on multiple subtraction, an SNPS
for division for solving the quotient of two natural numbers of any binary length is con-
structed. The number of neurons required is 5k + 13 and the maximum time-consuming
is 4k + quotient + 4 time slices, which solves the open problem proposed in [30] of how to
design an SNPS to compute the division of two natural numbers. This paper designs a
complete set of basic arithmetic operation SNPS, and has obvious advantages in the same
type of system.

The system designed in this paper only considers the basic arithmetic operations of
natural numbers, and further research can extend it to integers and even decimals. On the
other hand, the SNPS for division that we have designed here is not optimal, and further
work could optimize the system to reduce the time consumption and the number of neurons
used. We are currently developing software for simulating the operation process of SNPS
to accelerate the development of related SNPS systems and verify whether these systems
are effective. In addition, an SNPS for expression evaluation, which requires the system to
take different operations to complete compound operations, is being further developed.
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