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Abstract—Lenstra’s attack uses Chinese remainder theorem as a
tool and requires a faulty signature to be successful. This paper
reports on the security responses of fourth and sixth order Lucas
based (LUC,;) cryptosystem under the Lenstra’s attack as compared
to the other two Lucas based cryptosystems such as LUC and LUC;
cryptosystems. All the Lucas based cryptosystems were exposed
mathematically to the Lenstra’s attack using Chinese Remainder
Theorem and Dickson polynomial. Result shows that the possibility
for successful Lenstra’s attack is less against LUC,¢ cryptosystem
than LUC; and LUC cryptosystems. Current study concludes that
LUC46 cryptosystem is more secure than LUC and LUGC;
cryptosystems in sustaining against Lenstra’s attack.

Keywords—Lucas sequence, Dickson Polynomial,
signature, corresponding signature, congruence.
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1. INTRODUCTION

UBLIC key Cryptography is an encryption technique for
secret writing involving a public key and a private key.
Public key is used to encrypt the plaintexts, whilst private key
is used to decrypt the ciphertexts. This concept was introduced
by Diffie and Hellman [2] in 1976. In 1978, Rivest, Shamir,
and Adleman [5] discovered the first practical public-key
encryption and signature scheme, which now is referred as
RSA. The RSA scheme is based on hard mathematical
problem and the intractability of factoring large integers.
Smith and Lennon [8] proposed a cryptosystem which is
analogous to the RSA scheme and based on Lucas function
[9]. It was referred as LUC cryptosystem. LUC cryptosystem
used the second order of Lucas sequence to generate the
ciphertext or to recover the original plaintext through the
process of encryption and decryption respectively.
Subsequently, Said and John [6], [7] extended the LUC
cryptosystem with a cubic equation and referred it as LUC;
cryptosystem. Similarly, LUC; cryptosystem used third order
Lucas sequence to develop further the cryptosystem. Wong
used the fourth and sixth order Lucas sequence to develop
their LUC, ¢ cryptosystem [10], [11] which was extended from
LUC and LUC; cryptosystem, based on the characteristics of
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quartic equation. The security of LUC,¢ cryptosystem [10],
[11] had been verified using Hastad’s attack [12], GCD attack
[13], and garbage-man-in-the-middle (type 1) attack [14],
respectively.

At Bellcore press release, September 25" 1996, Boneh,
Demilli and Lipton reported that they successfully identified
the attack against RSA based on Chinese Remainder Theorem.
However, they did not provide any further technical detail.
The attack was able to recover the secret factors, p and g of
the public modulus n from two signatures of the same
plaintext, i.e. a real plaintext and a faulty plaintext. After that,
Lenstra [1] wrote a memo to show that only the faulty
signature was required for the attack. In this paper, these
Lenstra’s attacks [3], [4] will be further extended to test on the
LUC, LUC;, and LUCy4 6 cryptosystems.

II. THE LUC-TYPE CRYPTOSYSTEM

A N-th order linear recurrence of Lucas sequence is a
sequence of integers T}, defined by

To=2(D"aT, (1)

with initial values of Ty, Ty, -+, Ty—1, Where a;are coefficients
in N-th order polynomial,

N-1
X" JrZ(—l)‘aixN’i +a, =0. )

Therefore, all the cryptosystems were developed based on
Lucas sequence called LUC-type cryptosystems. In this
manner, this study focused on the reaction of LUC, LUC;3, and
LUC,¢ cryptosystems under Lenstra’s attack.

A. LUC Cruptosystem

Suppose that n be the product of two different odd primes, p
and g, and the public key, e must be relatively primes to
(p—1(g—1)(+1)(g+ 1). Then, the encryption process
of LUC cryptosystem can be defined as

E(M)=C =V, (M,l)modn, 3)

where V,(M,1) is second order Lucas sequence, M is the

plaintext, and C is the ciphertext.
The corresponding decryption key, d can be generated by

ed =1mod ¢(n) 4
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where ¢(n) is Euler function. The Euler totient function

¢(n)=(p—[czp_ 4}}[”“((::4]}

where [ p{g]) and [q_{cz_4]]are the Legendre symbols of

©)

P q
(c*-4) with respect to p and q. Therefore, there are four
possible of decryption keys,

=e'mod(p+1)(q+1),

e”'mod(p+1)(q-1), (6)

=e mod(p-1)(g+1),
e 'mod(p-1)(q-1).

o o o o
il

Similarly, the decryption process can be obtained by
substituting e and M with d and C respectively into (3).

D(C)=M =V, (C,I)modn. (7)

B. LUC; Cryptosystem

As in the LUC cryptosystems, LUC; cryptosystem has a
number n which is the product of two prime numbers p and q.
In the encryption process, the encryption key, e must be

chosen relatively prime to the Euler function ¢(n) :Ba , in
order to solve the congruence ed =1modg(n), and hence to
find the decryption key d.

In the LUC; cryptosystem, _p and a are defined as

p>+ p+1, iff(x)is of type t[3] mod p;

E ={p’> -1, if f (X) is of type t[2,1] mod p; (®)
p-1, if f (x) is of type t[1] mod p.

and
q>+q+1, iff(x)isoftypet[3] modq;

q=4q>-1, i (x) is of type t[2,1] mod q: ©
qg-1, if f (x) is of type t[1] mod q.

where f(x)=x'-Px*+Qx-1 with P and Q are plaintexts.
f(x) is an irreducible cubic
f(x)
irreducible quadratic polynomial and a linear polynomial, and
type t[1] means that f(X) is product of three linear

Note that type t[3] means

polynomial, type t[2,1] means is product of an

polynomials.

In practice, since ¢(n) depends on the type of an auxiliary
polynomial, then the public key, e must be relatively prime to
p—1,q-—1Lp+1L,q+1L,p>+p+1,andqg?+q+ 1.

The LUC; cryptosystem is set up based on the third order
Lucas sequence, V, which is derived from the cubic

International Scholarly and Scientific Research & Innovation 13(4) 2019

polynomial x3 — Px2 + Qx— 1 =0, where P and Q constitute
the plaintexts.
The encryption function is defined by

E(P,Q) = (V.(P,Q,1),V.(Q,P.,1)) =(C,,C,) modn (10)
where n = pq, V,(P,Q,1) and V,(Q, P, 1) are the e-th term of
the third order Lucas sequence, defined by

V.,; =PV,,, -QV,,, +V, modn (11)
with initial values Vy(P,Q,1) =3, V;(P,Q,1) =P and
VZ(P'Qll) = P2 - 2Q3 or VO(Q!P!l) = 3’ Vl(Q'P'l) = Q
and V,(Q,P,1) = Q2 — 2P. P and Q are coefficients for cubic
polynomial.

The decryption key is (d,n) where d is the inverse of e
modulo ¢(n). To decrypt the plaintext, the receiver must

know or be able to compute ¢(n) and follow by calculating

D(CMCZ) = (Vd (Cl,Czal)aVu (C2$C1’1))
=(C,,C,)modn

(12)

which would finally recover the original plaintext (P, Q).

C.LUC, 6 Cryptosystem

As in the LUC and LUC; cryptosystems, the Lucas
sequence was used to generate the chipertext from the
plaintext or recover the plaintext from the chipertext. In the
LUC46 cryptosystem, the fourth and sixth order Lucas
sequence had been selected to generate the ciphertext and
recover the plaintext, where the fourth order Lucas sequence
was used for the first and third plaintext or ciphertext and the
sixth order Lucas sequence was used for the second plaintext
or ciphertext. Therefore, there are three sets of plaintexts or
ciphertexts. However, there is only one set of plaintext or
ciphertext in LUC cryptosystems, whereas LUC; is 2.

The encryption key, (e,n) can be made public, whilst
(m4, my, my) is the set of plaintext. The prime number e must
be relatively prime to the Euler totient function ¢(n)=p-q in

order to solve the congruence ed =1mod¢(n) and, hence find
the decryption key d.
In the LUC4; cryptosystem, p and q are defined as

p’+ p’+ p+1, iff(x) is of type t[4] mod p;

p’ -1, if f (x) is of type t[3,1] mod p; (13)
p=1p>-1, if f (x) is of type t[2,1] mod p;
p+1, if f(x) is of type t[2] mod p
p-1, if f (x) is of type t[1] mod p.
and
85 1SN1:0000000091950263
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g’ +9>+q+1, iff(x)is of type t[{4] mod p;
~ q’ -1, if f (x) is of type t[3,1] mod p; (14)
qg=49° -1, if f (x) is of type t[2,1] mod p;

q+1, if f (x) is of type t[2] mod p

q-1, if f (x) is of type t[1] mod p.

where f(x) = x* — myx3 + myx? — myx + 1. Note that type
f[4,1] means f(X) is an irreducible quartic polynomial, type

f(x)

polynomial and a linear polynomial, type t[2,1] means f(X)

{[3,1] means is product of an irreducible cubic

is product of an irreducible quadratic polynomial and two
linear polynomials, type t[2] means f(X) is product of two

irreducible quadratic polynomials, and type t[1] means f(x)

is product of four linear polynomials. In fact, the receiver
receives the ciphertext, (cy,c,,c3) but not the plaintext,
(m,, m,, my). Therefore, it is necessary to make sure g(x) =
x* — 123 + ¢,x% — c3x + 1 must in the same type as f(x). In
practice, the encryption key e must be relatively prime to
p—1,q—-1,p+1, g+1, p?’+p+1, g>?+q+1, p>+
p?+p+1,and q® + g% + q + 1 in order to cover all possible
cases since ¢@(n) depends on the type of an auxiliary

polynomial. Thus, a public-key cryptosystem will be set,
based on the Lucas sequence, V}, which is derived from the
quartic polynomial, x*—m;x3 + myx?-myx + 1 = 0.

The encryption function is defined by

E(ml’m27m3)
= (\/e(m15m27m351)7
V,(m,,mm, —1,m?> +m,’ —2m,,mm, —1,m,,1) 15)

Ve(m3sm25m131))
=(c,,C,,C;)modn

where n = pq, (my, m,, m3) constitute the plaintexts and the
coefficients of quartic polynomial and the encryption
key,(e,n). V,(m;, m,, ms, 1) and V,(m3, m,, my, 1) are the e-
th term of the fourth order Lucas sequence. V,(m, m;mg; —
1,m;2 + m3? — 2m,, m;my; —1,m,,1) is e-th term of the
sixth order Lucas sequence which can easily be obtained by
using (1).
To decrypt the ciphertexts, the receiver calculates

D(c,,c,,¢5)
= (V(c,,C,,C5. 1),
V. (c,,c,c, —1,¢% +¢;* - 2¢,,¢,c, — 1,¢,,1) (16)

Ve(c3aC27C1=1))
=(m;,m,,m;)modn

which will recover the original message (m,, m,, ms).

III. THE ATTACK

Lenstra’s attack is an attack performed using the Chinese
Remainder Therorem. It enables the cryptanalyst to get the
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secret factors of modulus. On the other hand, a greater
common divisor (GCD) is used to get the secret factors during
the final stage of calculation.

The second of Dickson Polynomial is defined as

& k (k-i i\ n-2i
k_( ]“"”

where lkJ is the largest integer less than . It is easy to
2 2

extend it to the third, fourth and sixth order of Dickson
Polynomial. In the Lenstra’s attack, Dickson Polynomial is
used to transform the Lucas sequence into polynomial to

indicate that the secret factors of the modulus can be obtain by
GCD method.

A. Attack on LUC Cryptosystem

In the LUC cryptosystem, let p and g be two primes,
n=pg denotes the modulus, € is the encryption key, d is the

D, (x,a) = a7

decryption key, m is the plaintext, s is the corresponding
signature, and s is the faulty signature.

Theorem 1. If the faulty signature, s is not in congruence with
corresponding signature S modulus p, but in congruence with
corresponding signature S modulus g, then

ged(V, (g,l) —mmodn,n)=q.

Proof. Since §= smodq =s+kq, where K is an any integer,

then Ve(é,l) =V,(s+kq,1) . By using second order of Dickson
polynomial,
L%J e(_l)l

Vs k=3 S [ei"J(Hkq)H‘ modn
i=0 -

Je i i i s
=V, (s, I)JquZE( D [ei |J(E le] ijqjl e-2i-i odn

ico o €- i

Je i i — —2i
_m+qz 2i e(- 1)[ I J(e 2|] ijqulse—zifjmodn.

ico =1 €e-1 J

Therefore,
e 2|e 1 e— 2|
wir-n-SEL( )
i=0 j=1 e—1 J
skigi™'s* 2 modn.
Since
ezigny (e—i)fe=2i) . . ..,
_— ) ) quJ e-2i-j
i-0 jo1 €1 I J

is an irreducible quadratic polynomial, then
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ged(V, (s,1)~mmodn,n) =q. o

B. Attack on LUC; Cryptosystem

Same as LUC cryptosystem, let p and q be two primes,
n=pgq denotes the modulus, e is encryption key, d is

(ml’mZ) (51352)

corresponding signatures, and (S,,S,) are faulty signatures.

decryption key, are plaintexts, are

Theorem 2. If the faulty signature,éI is not in congruence

with corresponding signature S, modulus p, while in

congruence with corresponding signature S, modulus g, and

the faulty signature,gg is not in congruence with

corresponding signature S, modulus p, while in congruence

with corresponding signature S, modulus g, then
gcd(Ve(sAl,g;l)— m, modn,n) =q , and
gche(SAz,g,l)— m, modn,n) =g .
Proof: Since
s:zslmodq:sl +k,q, and sA2 =s,modq =S5, +k,q
where k; and k;, are an any integer, then
Ve (517 5271) :Ve (51 + quv S, + kzqzl) and
V,(s,,s,,1) =V, (s, +k,a,s, +kq,1).

By using third order of Dickson polynomial,
Ve(sl + qu’ SZ + k2q91)

L 5 el _[e7i72jj[i+j](sl+qu)e,ﬂ,3,-x(sz+k2q)imodn

i+] i

5] 15 e(—l)‘ e—i—-2j\(i+]j e23i(g—2i—3] e
:iojzoe_i—Zj( i+ j( i ]X hzz;] ( h Jk.t‘.]sl
' -]Szi"(kZQ)i"modn
U ecry (e—i-2j)(i+]
Em,+q;,§e—i—zj[ i+ j[ i ]

P2 (e -2i-3] ()
X hZ; [e ;] l]k]hqhqsle—zmjX;[:jszl—l(kzq).,| mod .

Therefore,
gcd(\/e(s:l,s:,l)—m1 modn,n)=(.
Similar calculation is also applied to

ng(Ve(g;’ézzl)_mz modn,n):q . O
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Theorem 3.If the faulty signatures, (SA, ,é;) are not in
congruence with corresponding signatures (S;,S,) modulus p,
and only one of the faulty signature 5; or §; in congruence
with corresponding signature S, or S, modulus g, then, it is
unable to get the secret factors.

Proof: Suppose that SA1 =s,+kq and SA2 #5, +k,q, where k;

and k; are an any integer, then

B ecry (e—i-2j)(i+] o
=3y e(=1 (e ! JJ[IJ;J](SI+|<IQ)€2|3].(18)

Sime—i-2j\ i+

x(s,)' modn.

Equation (18) cannot be transformed into m, + f(s,,s,) due
to inability to get

E

(I

Wl

| e(=1) (e—i-2j\(i+]

- . ) ) slef2if3j82i
i0jo€e—1-2] 1+ ] I '
Therefore,
ged(V, (S,,5,,1)—m modn,n) = q . o

Theorem 3 shows that it is necessary to get all faulty
signatures in congruence with corresponding signatures
modulus g for successful Lenstra’s attack.

C.Attack on LUC, ¢ Cryptosystem

Same as LUC and LUC; cryptosystems, let p and g be two
primes, n= pg denotes the modulus, e is the encryption key,

d is the decryption key, (m,,m,,m,) are plaintexts, (S,,S,,S,)

are the corresponding signatures, and (é; ,5; ,5; ) are the faulty
signatures.

Theorem 4. If the faulty signatures, (SA1 ,572 ,5; ) are not in
congruence with corresponding signature (S,,S,,S;) modulus

p, while in congruence with corresponding
(s,,S,,S;) modulus g, then

signature

ng(Ve(S1552>S371)_m1an) =q P

~ A~ ~2 ~2 ~ A~ o~
ged(V,(s,,s,8,-Ls, +s, —2s,,55,—-15s,,1)-m,,n)=q,

and

ng(Ve(S3,Sz,S],1)—m3,n) =q.

Proof: Since

87 1SN1:0000000091950263
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s:Eslmodq: +kq, s;sszmodq=52+k2q,and

sA3 =s,modq =S, +k,q

where Ky ky, and k; are any integer, then

~ A~ A~

Ve(SI’SZ’S3’1)

=V, (s, +k0,s, +k,0,s, +k,q,1)

_BH%JM e(-1)"*" e—i-2j-3h)(i+]j+h
45 ee—i-2j-3h i+ j+h i+ ]

i+ J e—2i-3j i i
X i (s, +kq) (s, +k,0)'(s; +k,0)! modn

Similar proving method is from Theorem 2. It is easy to get

e—i—2j-3h\(i+j+h
i+j+h i+ ]
(I+J . '31(6 2i I3j_4hjsle_2i-3j-|lkll,qll—l
=1 1

[II }2' '”k uqlzz[ }‘Sj-gk;gql3 modn
|271

2 =1

V(55,551
L%J H \_%J e(—l)”“
o hz_:;e—i—zj—3h[

~

Therefore,

ng(Ve(Sl,SZ,S3,1)—m],n)=q .

Similar calculation is also applied to

~ A~ ~2 ~2 ~ A~ ~
ged(V,(s,,s,8, —1,8, +s, —2s,,5,5,—1,5,,1)-m,,n)=q

and

ng(\/e(S3,Sz,Sl,1)—m3,n) =q.
m
Theorem 5. If the faulty signatures, (SAl , SA2 , S:) are not in

congruence with corresponding signatures (S,,S,,S;) modulus

p, and at least one of the faulty signature é; or §; or é; not in
congruence with corresponding signature S, or S, or S,
modulus g, then, it is unable to get the secret factors.

Proof: that 5; =S, +Kk,q, and

Suppose ST =s +kq,

S: #5, +K,q, where k; k,, and k; are an any integer, then
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V, (s 52,53,1)
=V, (s, +k,0,s, +k,0,s, +k,0,1)

_ BJ \_%J \_%J e(_l)i+h e_i_zj _3h i+ J +h (19)
S 4S&e-i-2j-3h i+j+h i+j
i
( * (s, +k @) (s, +k,qQ)'s, " modn
Since, (19) cannot be transformed into form
m, + f(s,,s,,S;) , then
gcd(Ve(s:,s.Az,s:,l)—ml modn,n) #(q. o

Theorem 5 shows that it is necessary to get all faulty
signatures in congruence with corresponding signatures
modulus g for successful the Lenstra’s attack.

IV. CONCLUSION

In this paper, the Lenstra’s attack against LUC, LUC; and
LUC,¢ cryptosystem was presented. The Dickson polynomial
helps to transform the Lucas sequence into polynomial. It
gives the provisions for a successful Lenstra’s attack into the
cryptosystems. Result cannot summarize the security
capability comparison among the cryptosystems. However, the
possibility for Lenstra’s attack to success in the LUCy;
cryptosystem is smaller than in LUC; and LUC cryptosystems.
This is because the LUC,¢ cryptosystem needs three faulty
signatures in congruence with corresponding signature while,
LUC; cryptosystem requires only two faulty signatures and
LUC cryptosystem needs only one.
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