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Relevance: Starting with the invention of the Internet, the world began to change rapidly, and the pace of change is
increasing, so the problem of data storage and processing is becoming more and more relevant. The ZK-STARK protocol is a
new cryptographic zero-knowledge proof protocol that is not yet widely used in practice and allows you to check a message or
a transaction on the blockchain network for authenticity without reproducing it completely. At the moment, gaps and problems
related to this protocol are identified: computational complexity, possible poor compatibility with other protocols, and
resistance to attacks from quantum computers. Therefore, the paper aims to supplement the coverage of the problem associated
with computational complexity and to propose solutions to this problem.

Purpose: on the basis of the theoretical implementation of the first stage named Arithmetization of the ZK-STARK protocol,
to test its software implementation in order to provide recommendations on its most computationally efficient version.

Research methods: mathematical statements on interpolation theory, group theory, number theory; information on Fibonacci
numbers; information on the Euler function; generating element of a group; cyclic groups; Lagrange interpolation polynomial
and the sequence of calculations of Arithmetization; Visual Studio 2022 programming environment, C** programming
language, NTL library, Microsoft Excel.

Results of work: The result of the work is the theoretical implementation of the first stage of the ZK-STARK protocol and the
effectiveness testing of the first stage, and providing recommendations for its most effective version.

Conclusion: Testing has shown that the practical implementation of the Arithmetization based on the inverse fast Fourier
3
n
transform has a time complexity O(n*log,(n)), that is in —————— times less than the time complexity of the
n*log, (n)
Arithmetization based on inverse matrices method and Gaussian method for interpolation, that speeds up the work of
Arithmetization of the ZK-STARK protocol.
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1. Introduction
For modern distributed blockchain networks (e.g. cryptocurrencies) that store and process large
amounts of data, it is very important that information always retains such properties as confidentiality,
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integrity and availability (especially after the invention and production of a mass quantum computer)
and each transaction must undergo an authentication procedure. Today, the transaction authentication
procedure is a computationally complex and slow procedure because it requires recreating the entire
transaction, which causes additional losses of resources of a network.

In this regard, it is relevant to develop and implement transaction authentication protocols in the
blockchain network that would allow transactions to have not only the properties of confidentiality,
integrity and availability, but also save network resources (including the time of the network user)
during the transaction authentication procedure. Today, there is a promising solution to save network
resources by using the modern post-quantum-resistant ZK-STARK protocol for the authentication
procedure.

Thus, mathematical modelling and testing of the ZK-STARK protocol implementation software
determine the relevance of this work.

Elie Ben-Sasson, Iddo Bentov, Yinon Horeshi, and Mikhail Ryabzev wrote the first articles
describing the STARK protocol back in 2018 [1]. At the moment, there is only one known ZK-STARK
utility, which is being developed by StarkWare, a company created by the ZK-STARK designers. The
goal is to develop a test layer that will allow the technology to be used on the blockchain, decentralised
exchanges, and much more. As of today, the STARK protocol has not been widely tested, studied, and
has not yet been widely used in any real production system, even in the world of cryptocurrencies [2, 3].
However, StarkWare has already launched an alpha version of the Layer 2 Rollup Network blockchain,
which uses ZK-STARK for the Ethereum cryptocurrency [1, 4].

In general, the main aim of using of knowledge verification systems, such as ZK-STARK, is focused
on the creation of highly secure and private systems. The systems where there is complete
decentralisation of information, and access to it is possible only under a number of clearly defined
conditions, that are also difficult to achieve by unconventional means, such as hacking [2].

Systems with decentralised information include systems such as cryptocurrencies, where the use of
cryptocurrencies not only ensures network security but also protects users, providing them with privacy
and anonymity, depending on the situation [2]. And it is in the latter case that ZK-SNARK stands out
from other similar protocols because it is well suited to ensure privacy and anonymity without revealing
the information in any way, but at the same time leaving the tool for confirming the transaction
unambiguous and deterministic. In other words, ZK-STARK does not reveal the information it
encrypts, but you can always verify its authenticity no matter what [2].

A possible application of STARK is to increase the scalability of the blockchain by allowing
cryptographic tests to take up less space. In cryptocurrencies like Bitcoin, where block size limits the
number of transactions that can be processed per second, this is vital. With smaller cryptographic test
sizes, transactions also take up less space, and more transactions can fit into each block. The effect
becomes stronger when applied to thousands of transactions, and scalability improves with it [2].
However, this is only part of the solution to the scalability problem, as the most minor cryptographic
tests will not lead to a dramatic increase in blockchain performance.

Another possible application of this type of system could be, for example, a fully encrypted and
secure streaming system. This would not require current encryption systems, which are mainly based on
symmetric cryptography. Electronic voting systems also benefit greatly from this type of systems. This
is because they allow a voter to cast a vote, that can be verified, but we have no way of knowing who
cast it [2]. The potential of ZK-STARK is enormous.

The ZK-STARK protocol is a new technology that is not yet widely used in practice. However, at
the moment, some gaps and problems related to its use are identified: prevalence, scalability, proof size,
computational complexity (resource requirements), possible poor compatibility with other protocols,
resistance to quantum attacks, and others [4-10]. Therefore, in our work, we decided to supplement the
coverage of the problem associated with computational complexity and propose solutions to this
problem.

In this paper, we will model and test low-degree cryptographic zero-knowledge proof protocols by
testing a software implementation of Arithmetization of the ZK-STARK protocol based on the Fast
Fourier Transform, Gauss method and inverse matrix method, and recommending the most efficient
version of Arithmetization.
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2. Formulation of a problem

The transaction authentication procedure of the ZK-STARK protocol takes place after the generation
of the execution trace and polynomial constraints for the user-generated transaction. During the
authentication procedure, these two objects are transformed into a single low-degree polynomial [11],
which will be a low-degree polynomial only if the execution trace is correct and, accordingly, the data
on which the computation trace was generated is correct [12].

Taking into account that the Arithmetisation stage involves the use of ‘Error Correction Codes’, the
plan for this stage may look like this [13]:

1) reformulate the execution trace into a polynomial form

2) extend the execution trace to a larger domain

3) transform the execution trace, using polynomial constraints, into another polynomial that is
guaranteed to have a low degree if and only if the execution trace is correct

Based on the available information, we can model the operation of the first stage of the protocol
using a specific example.

Let's say that according to the task we are given:

A finite field ;3 ={0,1,2,3,4,5,6,7,8,9,10,11,12} , which has |Z;3| =13 numbers with addition and

multiplication modulo 13. This field has a multiplicative subgroup G with length |G| =6 and a generator

g = 4. The existence of such a subgroup is guaranteed since 6 divides the size of this group (which is
12) without a remainder [13].
Suppose that the statement about the need to verify the computational integrity of a transaction
sounds like this: ‘The verifier has a sequence of 6 numbers, all of which are Fibonacci numbers.
This sequence of Fibonacci numbers must be verified by reading significantly fewer than 6 numbers
[13].
This problem has the following solution:
The Fibonacci sequence is formally defined as follows:
ag =1
q =1
an+2 = (@nsq +2ap) Mod13
You can create an execution trace by simply writing down all 6 Fibonacci numbers inarow: 1, 1, 2,
3, 5, 8. Then, the polynomial constraints can have the next form [13]:
Ay—1=0ma 4 -1=0,
VO<i<4:A,,—-Ag—-A=0
A; -8=0.
Now let's bring the polynomial constraints to a polynomial form:

The recurrent Fibonacci relation embodies a set of constraints on the entire execution trace, and can
be alternatively interpreted as follows [13]:

vO<i<4: f(g™?) - f(g")-f(g') =0,

Now the Verifier can create a polynomial composition using the formula [24]:
f(g"*) - f(g"™-f(g"
3 .
[T(x-g"

i=0

The calculation of this expression for the special case when the degrees of g form a subgroup can be
performed as follows [13]:

a(x) =

G
1= ] (x-0),
geG
This equality is correct because both sides are polynomials of degree |G| , whose roots are exactly
elements of G [13].

And the actual denominator of the considered composite Fibonacci polynomial can be obtained by
rewriting it in the form [13]:
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f(g|+2)_ f(g|+l)_ f(gl) _ (0)—94)*((0_95)*[1:(92 *Q))_ f(gl *(,0)_ f((l))] , (1)

[x-g') o’ -1
i=0

where w e{l, gl, gz, 93, 94, 95}-

3. Research methods
To solve equation (1), we must first calculate the coefficients of the interpolation polynomial

f(go*x). For this purpose, it may be used the following formula to find the coefficients of the

Lagrange interpolation polynomial [14], but provided that the calculations are carried out in a specific
field.

n op (X
L) = 3 Toq) s @
i=0 (X=%)*on (%)
where, x — is the argument of the interpolation polynomial and the function f(x),

@ (X) = (X = X0) * (X =%)...(X = Xy) .
Using the notation of the previous section, the arguments of the interpolation polynomial f(go*x)

are gi :{1,gl,g2,g3,g4,g5}, where i=0,1...n, where n — the number of Fibonacci numbers that are

the results of the function f (g0 *X) in the domain x e{, gl, gz, gs, g4, 95}.

After finding the coefficients of the interpolation polynomial f(go*x) you need to calculate the

found polynomial also for the cases f (gl *x) and f (92 *X) .

The next step in the calculations is to authenticate the blockchain transaction using the right-hand
side of formula ().

This paper will consider three variants of the method of finding the coefficients of the interpolation
polynomial:

1) Using the Gaussian method with the selection of the main element by column.

2) Using the inverse matrix method with the search for the inverse matrix using the Gaussian method
(used to convert the matrix to the upper triangular form).

3) Using the Fast Fourier Transform.

The first variant [15] is equivalent to applying the conventional Gaussian method (G) to a system in

which the equations are renumbered accordingly at each elimination step.

‘a(k)rk ‘ = max; ‘a(k)ik ‘ k<i<n,
However, the main element can be selected among all the elements of the untransformed part of the
matrix (Fig. 1, b):

‘a(k)rs‘zmaxi,j‘a(k)ij , k<i, j<n.

|
a
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“
1
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Figure 1 — Selection of the main element: a - among the elements of the matrix column; b - among the elements of
the untransformed part of the matrix..
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The complexity of the algorithm (the number of arithmetic operations) is estimated by
3
fa(n) =%+n2 =0(n%)

The algorithm is modified for use in modular arithmetic.

Consider the second variant, in which the inverse matrix method is used to find the coefficients of
the interpolation polynomial with the search for the inverse matrix using the Gaussian method (IM)
[16]. It is used to convert the matrix to the upper triangular form.

Let the given system:

A1X +apoXy +...+a X, =Dy,
dp1X +aAgoXg +...+ Xy = b2,

anp X +apoXo +...+apn Xy =by,
Or in matrix form
Ax*X=B, (3)
where A =(a;) - is a matrix with coefficients at the unknown variables, B and X are a column vector
consisting of free terms and unknown variables.
If the matrix A is nondegenerate, i.e., the determinant of the system is A =|A| # 0, then multiplying

both parts of equation (3) by the matrix A~Lon the left, we obtain the solution of the system in matrix
form: X =B*A™L.

The time complexity of the method is O(n3)

The third variant for finding the coefficients of the interpolation polynomial is to use the Fast
Fourier Transform. The interpolation is performed using the Cooley-Tukey method to calculate the

Inverse Fast Fourier Transform (IFFT).
Let's say we have a sequence of numbers v=(vg,V...v,_1) and we want to compute its DFT
V =g, Vi...V, 1) . Instead of directly using the DFT algorithm, the Cooley-Tukey algorithm splits it
into two parts, one for even indices and one for odd indices:
—1% @ * i

VJ- = EJ- +e n *Oj , Where Ej— DFT for even indices, a OJ- — DFT for odd indices. Now,

. . . .n .
instead of calculating one DFT of size n, we calculate two DFTs of size > This process can be

repeated recursively, breaking the DFT into smaller parts until the size becomes small enough for direct
calculation. Also, thanks to the properties of complex numbers, it is possible to reuse the results of
calculations E; and Oj for calculating V. This leads to a significant reduction in computational costs

[17].
In order to use this method to find the coefficients of the interpolation polynomial, one must change
the direction of traversal of the complex plane by multiplying the degree of the number e by minus one
21
L i
and multiplying the resulting number e N “on =, where n — is the size of the input sequence.
n
Compared to the other two, this method looks the most promising because its time complexity is equal
to n*log,(n) [18].
This method will be used for calculations in the field: the algorithm for calculations in the field of
complex numbers differs from the algorithm for calculations in the field by modulo only in that the
2* i
—1%( .
number e n " is replaced by the element o' of a group, which forms a cyclic subgroup of the
multiplicative group [19].
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4. Results

4.1 Theoretical implementation of the ZK-STARK protocol

To solve a simple example, let's use formula (2) directly and get the numerical solution of the
problem as follows:

1) we find the interpolation Lagrange polynomial for the six Fibonacci numbers.

The polynomial has the form:

f(x)= 7%x° +10%x* +8* x5 +6*x% +10* X +12.
The check shows that the polynomial is calculated correctly:
with x=g°=1:
f(x)=7*1° +10*1% +8*1% + 6*1° +10*1+12 =1 mod(13).
Corresponds to the first Fibonacci number.
With x=g*=4:
f(x)=7%4° +10%4% +8*4% + 6*4% +10*4 +12 =1 mod(13) .
Corresponds to the second Fibonacci number.
With x= 92 =3:
f(x)=7%3° +10%3* +8%3% +-6*3% +10*3+12 =2 mod(13) .
Corresponds to the third Fibonacci number.
With x=g°=12:
f(x) =7*12° +10*12* +8*12% +6*12% +10*12+12 =3 mod(13) .
Corresponds to the fourth Fibonacci number.
With x = g4 =9:
f(x) = f(x)=7*9° +10*9* +8*93 +6%92 +10*9+12 =5 mod(13).
Corresponds to the fifth Fibonacci number.
With x=g° =10:
f (x) =7*10° +10*10% +8*10% + 6*10 +10*10+12 =8 mod(L3) .

Corresponds to the sixth Fibonacci number.
Let's check the property of the recurrence relation, which has the form:

v0e{g.a 0% 6% f(g%X) - f(g™%) - F(x)=0.
To do this, in the interpolation polynomial for six numbers, we substitute the value of x for x, g*x,

92 *x in such a way that next polynomials are formed:

f(x) =7*x° +10*x* +8*x3 + 6% X% +10*x +12

f(g*x) =5%x° +12% x4 + 5% x3 4+ 5*x% +1*x +12

f(g2 *X) =11%x0 4 4% x4 48* %3 4 2% X% + 4% X +12

Then the composition polynomial looks like this:
f(g"2)— f(g"™) - f(g") 12%x° +8*x* +8*x° +4*x% +6*x+1
x0 -1 x0 -1
Based on equality (1), we find the composition polynomial q(x)[3]:
(x=9)*(x=10)*[f (g"*2) - f(g"™)— f(g")] (x=9)*(x=10)*[12%x> +8*x* +8*x3 + 4% x% +6*x+1]
6 - 6
x> -1 x° -1

q(x) =

a(x) =

If the Verifier receives the correct data and creates the correct polynomial, than we have that the
composition polynomial g(x) is a polynomial of degree less than two and looks like this:
Y N
q(x):12 X +6x +x+12 _10%x41, 4
x- =1
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Using this algorithm, the Verifier checks the transaction data for authenticity. Based on the existing
algorithm of Verifier actions, the C++ program was tested on a different number of input Fibonacci
numbers. By default, the Verifier always enters correct data.

5. Testing a C** implementation of the Arithmetization

According to the test results, we have determined that the Inverse Fast Fourier Transform (IFFT)
method is the most effective for solving a system of linear algebraic equations (SLAE) with a large
number of unknowns and equations. This method is able to solve SLAE with the number of unknowns
and equations that is almost in 16578 times bigger than the number of unknowns and equations in the
Gaussian (G) and Inverse Matrix (IM) methods.

When using the IFFT method to perform the interpolation procedure, it is possible to give to the
input in 16578 times more Fibonacci numbers (maximum 22 numbers) than can be input when using
the G and IM methods (maximum 1012) to solve SLAE, provided that the SLAE are solved in a
‘reasonable time’.

The greater efficiency of the IFFT method can be illustrated by the graph:

2,5

———Time of Arithmetization with IM method for
interpolation, sec

———Time of Arithmetization with G method for
interpolation, sec

——Time of Arithmetization with IFFT method
/ for interpolation, sec
) ///(
0
8 16 32 64 128 256

Amaunt of input numbers

Executing time, sec
-
= [l

Figure 2 — depency of a time from amount of input numbers.

In the graph, the Ox axis means the average runtime of the program for 1000 measurements, the Oy
axis means the number of Fibonacci numbers that are input in the program, the blue colour indicates the
runtime of the Arithmetization variant that uses the IM method for the interpolation procedure, the
green colour indicates the runtime of the Arithmetization variant that uses the G method for the
interpolation procedure, and the red colour indicates the runtime of the Arithmetization variant that uses
the IFFT method for the interpolation procedure. At the same time, calculations in the Arithmetization
variants that use the G and IM methods for interpolation are performed in the GF field (257), and
calculations in the Arithmetization variant that uses the IFFT method are performed in the Goldilocks

field, i.e. in GF (2%* —2%2 1+1).S0, calculations using IFFT for 256 input Fibonacci numbers (256
unknowns and 256 equations) are at least 176 times faster, provided that the values of the unknown

064 _ 532 4
numbers in the Goldilocks field are greater in BT times than in the field GF (257).

It was determined from the tests that if the Arithmetization variant using the G or IM method is
given the 8 Fibonacci number as an input, but the calculations are performed in the Goldilocks field, i.e.

modulo P = 254 —232 1.1, than this option ran for 40 minutes without a result, which is 1 545 946 times
longer than the IFFT option for interpolation.

Using the linear regression method, we have shown that the programmed version of Arithmetization,
which uses the IFFT method for interpolation, does indeed have a time complexity O(n*log,(n)):
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linear regression
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Figure 3 — Linear regression for IFFT method.

The numbers on the Ox axis aren*log,(n), and the Oy axis shows the total time of the

Arithmetization. In other words, testing confirms that using the IFFT method speeds up the
Arithmetization stage compared to options that use the G and IM methods for interpolation. That is,
Arithmetisation with IFFT has a time complexity of almost O(n*log,(n)), in contrast to the G and IM

methods, which have time complexity O(n3) .

Testing has shown that the maximum number of Fibonacci numbers that can be given into the input
is 224 numbers, so, it is possible to solve SLAEs of size 22 unknowns and 224 equations in an average
time of 177.45 seconds (average time over 100 measurements).

With the help of the IFFT, it is possible to reduce the time of converting the input data into a
polynomial. Also it is possible to reduce the percentage of time of converting the input data into a
polynomial from the time of the entire first stage. Thanks to the IFFT, the percentage of time decreased
from 99.99 % (for 1012 Fibonacci numbers) to 58.56 % (for 224 Fibonacci numbers).

Using the IFFT method to speed up Prover's work in Arithmetisation, you can speed up in

3
Wgz(n) times the time it takes to check for the correctness of a blockchain network transaction and
save time and hardware resources.

6. Conclusions

The paper carries out mathematical modelling and testing of the programmed first stage of the ZK-
STARK Arithmetisation protocol, which is promising and relevant, which necessitates the study of its
functioning and ways of implementing it in the blockchain network.

1) It is determined the peculiarities of the functioning of the first stage of the ZK-STARK protocol -
the Arithmetisation stage: it begins with the transformation of input data into a polynomial form using
the interpolation polynomial. This polynomial is then tested for low degree. If the polynomial has a
degree of less than two, it passes the test and is considered reliable and accepted by Verifier.

2) A theoretical implementation of the first stage of the ZK-STARK protocol was created and three
software versions were tested (the first stage of the protocol was programmed using the interpolation
polynomial and the procedure for dividing two polynomials. The search for the coefficients of the
interpolation polynomial was programmed using three methods with different speeds: the inverse
matrix method, the Gaussian method, and the fast inverse Fourier transform) of the first stage of the
protocol. Tests showed that the inverse fast Fourier transform was the most effective method for finding
the coefficients of the interpolation polynomial. With the help of the IFFT, it is possible to solve SLAEs
in which the maximum number of unknowns is 22* and the equations is 2% (in 16578 times more than
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. . . . A s S I
the IM and G methods) in 177.45 seconds in the Goldilocks field, which is in 57 times
bigger than the fields, on which Arithmetization based on IM and G methods was tested. The IM and G
methods in the Goldilocks field failed to find the coefficients of the interpolation polynomial faster than
the IFFT method.

3) Testing has shown that the practical implementation of Arithmetization based on IFFT has time

3
complexity O(n*log,(n)). This is in _n times less than the time complexity of
n*logy(n)
Arithmetization based on IM and G. IFFT speeds up the Arithmetization.

4) The most promising method among the three tested was the IFFT method, so it is recommended
to use this method at the Arithmetization stage of the ZK-STARK protocol, as it will increase the
effectiveness of the protocol and will speed up the authentication procedure, of which the
Arithmetization stage is a part.

5) Solving a SLAEs with a large number of unknowns and equations is a very complex
computational task. Therefore, if the activity of the ZK-STARK protocol leads to the solution of a
SLAEs of size 224, or more, it makes sense to distribute the computations during the ZK-STARK
authentication procedure among the computers of the blockchain computer network to speed up the first
stage of the protocol, or to increase the capacity of individual network nodes, or to perform
computations on a quantum computer, since the amount of data that computer networks need to process
IS growing every year.

Given the fact that the IFFT has reduced the percentage of time of converting input data into a
polynomial, as a further step in the study of the promising modern ZK-STARK protocol, is the
optimization of polynomial division (acceleration of polynomial division) can be used to further speed
up the Verifier’s work of the first stage of the ZK-STARK protocol and a software implementation of
an even faster method than the IFFT is for finding the roots of an interpolation polynomial more faster.
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I. B. JIucunbka

TeopernuHa peaJizanisi Ta TECTYBAHHS NEPUIOr0 €TAay POOOTH MPOTOKOIY
ZK-STARK «Apu¢pmernzauis»

AxTyanbHicTh: 3 mosiBoro [HTepHETY CBIT Mo4YaB CTPIMKO 3MIiHIOBAaTHCS, J0 TOTO JX TEMII 3MiH IOCTiffHO 3pocTae, TOMY
npobiieMa 30epexeHHs Ta 00poOKH JaHMX cTae Bee Oibm akTyanbHO. [Ipotokon ZK-STARK - 1ie HoBuii kpunrorpadiqamii
MPOTOKOJI, SIKMH IIle HE Ma€ MAacOBOTO 3aCTOCYBAHHS Ha IPAKTHII Ta JIO3BOJISIE IEPEBIPUTH MOBITOMIICHHS YU TPaH3aKIiIO B
Mepexi BiiokdeiiH Ha TOCTOBIpHICTh, HE BIATBOPIOIOYH ii MOBHICTIO. Ha maHWii MOMEHT, BUSBIICHI NMPOTAIWHH Ta MPOOIEeMH,
MOB's3aHI 3 HOT0 3acTOCYBaHHSIM: OOYHCIIOBAaJbHA CKJIAJHICTh, MOXKJIMBA IIOTaHAa CYMICHICTH 3 IHIIMMH TIPOTOKOJIAMH,
CTIiKicTh O aTrak 3 OOKy KBaHTOBHX KOMHII'IoTepiB. Tomy y poOOTi BHpIIIEHO JOTOBHHUTH BHUCBITIEHHS IpOOJIEMH,
MOB’513aHO1 3 0OYHCITIOBATBHOIO CKIIAIHICTIO T 3aIPONIOHYBATH BapiaHTH BUPIIIEHH 1€l mpoOieMu.

Merta: Ha OCHOBI TeopeTWuHOI peamizamii mepmoro eramy Arethmetization po6oru mportoxomy ZK-STARK mposectu
TECTYBaHHS HOTr0 MPOrpaMHOI peairizaiil 3ay1s HaJaHHS PEKOMEHIAIN 100 HOro HaiGiabI 00YHCITIOBATEHO-e(EKTHBHOT
Bepcii.

MeToau IOCTiIKeHHsI: MATEMaTHYHI BIIOMOCTI 3 TEOpii iHTEPIOIIOBAHHS, TEOPii TPYI, TEOPil YKCE; BIIOMOCTI PO YKCIa
®ibonauyi; BimoMocTi po ¢yHkKHio Eiinepa; MOpoKyOUnil eneMeHT TPYIH; IHUKIIYHI TPYNH; IHTEPHOIALIHHAN MOIHOM
Jlarpamka Ta TOCTIJOBHICTh OOUYHCIIEHb, TaKOXK cepena mporpamysanus Visual Studio 2022, moBa mporpamyBanus C++,
6iomorexka NTL, Microsoft Excel.

Pe3yabTaTi: pe3ynbraTroM pobOTH € TeopeTHdHa peatizamis poboTu mepmoro eramy npotokony ZK-STARK Tta tectyBanHs
Ha e()eKTHBHICTh NEPIIOTO eTaITy, Ta HaJaHHI peKOMEH Al o0 Horo Hail0iIbn eeKTUBHOTO Bepcii.

BucnoBok: TecTyBaHHS MOKa3ao, MO MPaKTHYHE BIPOBauKeHHs Aprdmerusanii Ha ocHoBi L3P mae 9acoBy CKIIapHICTH
n*logi/oi(n), sxa y (n"3)/(n*logi/oin)) pasie MeHmIa, HiX yacoBa CkIaaHicTh Apudmerusanii Ha ocHoBi 3M Tta I, mo
IPHCKOPIOE poboTy etamy Apudmerusanis nporokony ZK-STARK.

Keywords: protocol, ZK-STARK, ARETHMETIZATION, modeling, program, implementation, C++ programming language,
testing, blockchain, efficiency.
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