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Abstract. TriRainbow is proposed by Ganguly and Saxena as a variant
of the multi-layered scheme Rainbow. They show that TriRainbow is as
efficient as Rainbow, but resistants to known attacks breaking Rainbow.
In this paper, we propose efficient attacks against 2-layer TriRainbow by
combining two known attacks against Rainbow. As a result, the complex-
ity of our attack against SL1 TriRainbow is only 232 for version 1, and
270 for version 2. Moreover, our experiment shows that an equivalent key
of TriRainbow version 1 with the parameter (q,v,0,t) = (16, 36, 32, 32)
is computed in a few minutes with a laptop.
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1 Introduction

Standard RSA and EC cryptosystems are designed based on difficult mathe-
matical problems such as prime factorization and discrete logarithm problems.
However, these mathematical problems are known to be solved in polynomial
time using a large-scale quantum computer [9]. It is therefore necessary to con-
struct cryptography based on new mathematical problems resistant to quantum
computers. Such cryptography is referred to as post-quantum cryptography. In
2015, the National Security Agency announced a plan for a transition to post-
quantum cryptography, and the National Institute of Standards and Technology
(NIST) started public recruitment of such cryptography candidates in 2016.
Multivariate public key cryptography is based on an NP-hard problem of
solving a system of quadratic equations, called the MQ problem [g], and is one of
candidates in the NIST PQC standardization project [[0]. UOV is a multivariate
digital signature scheme proposed by Kipnis et al. [7], and has essentially not
been broken over 20 years. Based on UOV, Ding et al. [d] proposed Rainbow as its
multi-layered version and show that it can be simply and efficiently implemented
using linear algebra methods over a small finite field. It is one of the finalists for
the 3rd round of the NIST PQC standardization project [1]. In 2022, Beullens
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proposed Simple attack and Combined attack against Rainbow and shows SL3
and SL5 Rainbow parameters satisfy only SL1 and SL3, respectively [2].

Recently, there are many studies on modifying UOV or Rainbow. For ex-
ample, Beullens proposed MAYO and Furue et al. proposed QR-UOV. In 2023,
Ganguly and Saxena [G] proposed TriRainbow as such a scheme, which replaces
some of the oil variables in Rainbow with triangular variables. They show that
it is more efficient than Rainbow but resistant to known attacks such as the
Simple attack [2]. Moreover, for known attacks against Rainbow, they proposed
the 2-layer TriRainbow parameter sets which satisfy the security levels of the
NIST PQC standardization project.

In this paper, we propose attacks against 2-layer TriRainbow. Our attacks
combine two known attacks against Rainbow. Namely, for 2-layer TriRainbow
version 1, our attack is combined the HighRank attack and the Direct attack,
and for 2-layer TriRainbow version 2, is combined the HighRank attack and the
Simple attack. The complexity of our attack is about 232 for SL1 TriRainbow
version 1, and about 27° for SL1 TriRainbow version 2. Moreover, our experi-
ment shows that an equivalent key of TriRainbow version 1 with the parameter
(q,v,0,t) = (16, 36,32, 32) is computed within a few minutes.

The reminder of this paper is organized as follows. In Section 2, we explain
the construction of Rainbow and some known attacks against Rainbow. In Sec-
tion 3, we review TriRainbow and describe two versions of 2-layer TriRainbow.
In Section 4, we propose attacks for 2-layer TriRainbow. In Section 5, for our
attack, we provide a complexity estimation for the proposed 2-layer TriRainbow
parameters. We conclude this paper in Section 6.

2 Cryptanalysis against Rainbow

In this section, we present the notations used in this paper. Then we explain the
construction of Rainbow and some known attacks against Rainbow.

2.1 Notations

Let N be the set of natural numbers. We denote by F, a finite field with ¢
elements. Let Fj be the set of n-dimensional vectors over F, for n € N. For
m,n € N, we write F;"*" as the set of (m x n)-matrices over F,. We write AT
as the transposed matrix of A.

2.2 Rainbow

In this section, we review Rainbow [d], which is a multi-layer version of UOV [f].

First, we define the notation used for Rainbow. The parameters of Rainbow
are (q,v,01,02). The number of variables is given by n = v 4+ 01 + 02 and the
number of equations is given by m = 01 4+ 02. The indices of variables are divided
intoV:={1,...,v}, Oy :={v+1,...,v4 01} and Oy :== {v+ 01+ 1,...,n}.
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Let O1 :={z € F} | z; = 0,i € V}, Og := {z € F} | 2 = 0, € VUO1},
W= {(Tpt1,..., %) €EFP | 2; =0, € O1}.

Next, we explain the public key and the secret key of Rainbow. Two in-
vertible linear maps § € Fy**™,T € Fp "™ are chosen randomly. We choose
a central map F = (FO+ . F))T . Fy — Fy'. The first o; polynomials
Floth) | F+on) are of the form

k k k
]:(k)(x): Z O‘z(‘j)xiszr Z 51'(j)xixj+ Z %‘( )171:+77(k)7 (1)

i€01,j€V 1,jEV,i<] 1€V U0,
where k € Oy, and the last 0 polynomials F+ertl) — F() are of the form
k k k
]:(k)(x) = Z Oéz(j)ﬂfixj + Z ﬁ@‘(j)xzﬂ?j + Z %‘( )-ri +n®
1€02,j€VUO; 1,jEVUO,i<j i€VUO1UO2

(2)

where k € Os. Then, the public key of Rainbow is P := S o F o7, and the
secret key of Rainbow is (S, F,T). The representation matrices of S and T are
denoted by S and T, respectively. Let F(*) be the representation matrix of a
quadratic map F*) .

2.3 Key recovery attack against Rainbow

In this subsection, we review the key recovery attack against Rainbow.

First, we recall the definition of an equivalent key, which is used some key
recovery attacks on Rainbow [2,5].

Definition 1 (Equivalent key) Fiz I = {I(’“)}Z:m (I®) C{(i,j):1<i<
J < n}). Let §,8" : F — F* and T,T' : Fy — Fy be linear maps, and
F,F :Fy — Ty be quadratic map. Then, (S, F',T') is an equivalent key of
(S, F,T) with respect to I if

SoF oT'=8SoFoT

and FZ./}(;C) = Fz(];) for (i,7) € I™ and k € {v+1,...,n}.

For Rainbow, the set I(®) is defined as the set of an index corresponding a
monomial with zero coefficient in F*). Namely, for k € Oy, I'®) = {(,5) : 1 <
i<v,o+o1+1<j<ntU{(i,j):v+1<i<n,i<j<n}, and for k € Oa,
I® = {(,j):v+01 +1<i<j<n}
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Fig.1. I = {I™},c0, yo, (Rainbow)
With invertible linear maps X' : Fj* — F;" and 2 : Fj — FJ, the equivalent key
of Rainbow is constructed as follows:
S =80%,
Fli=X1loFon™,
T :=020T.

By the condition on the coefficient in I, two linear maps X and {2 have the
following form:

(0 0 0
2 0

N=| 2 | 0 ) =
5 | X

024 | 025 | S

Fig. 2. Linear maps X, 2 (Rainbow)

By setting (21, ..., 2, X1, Yo, X3 appropriately, equivalent keys T”, S’ can take
the following forms:

Fig. 3. Equivalent keys 7", .S’ (Rainbow)
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Next, we recall the key recovery attack against Rainbow and in particular,
we explain the Simple attack [2]. For a quadratic map P : Fy — Fy*, we define
the polar form P’ : F}' x F} — F;* as follows:

P'(x,y) == P(x+y) — P(x) — P(y) + P(0).

When fixing y € Fy/, we denote by P, the map x — P’(z,y). By the structure I
of Rainbow, we obtain the following properties:

— P(z) =0 for x € T10,,
— P(x,y) € SW for x € T 10, y € [y, and
— P(x) € SW for z € T10;.

Then, these properties are represented as the diagram in Figure H.

]FZ' — T7101 — T7102

[ e

P STIW «—— {0}

Fig. 4. Quadratic map P and linear map P,, (Rainbow)

The Simple attack recovers x € 7 'O, in the kernel of le; using the rela-
tionship in Figure @. Note that, since the dimension of 710y and S™'W are
09, the dimension of the kernel of ’P?;|77102 for a random chosen y € Fy is at
least 1 with probability

02—1

1- H(l—qi—"?)':.i.

i=0 q

The outline of the Simple attack is as follows. First, y € [Fy is chosen uniformly
randomly. By using linear equations P, (x) = 0, we eliminate m variables in x
and substitute z into the equation P(z) = 0 in Figure 8. By solving the quadratic
equations, we compute z € 7~ 10,. Then, the equivalent key (S, F', T") will be
recovered efficiently.

3 2-layer TriRainbow

In this section, we review TriRainbow [B] and describe two versions of 2-layer
TriRainbow.
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3.1 TriRainbow

In this subsection, we recall a digital signature scheme TriRainbow proposed by
Ganguly and Saxena [6] as an efficient modified Rainbow.

TriRainbow has a multi-layer form similar to Rainbow but each layer uses
not only a UOV form but also the triangular form. More precisely, the layers
of TriRainbow consist of alternating triangular forms and UOV forms although
the layers of Rainbow consist only of UOV forms.

Rainbow is originally proposed as a multi-layer version of UOV but its two
layer case is mainly used for efficiency [d]. The authors also focus on two layer
case of TriRainbow in order to obtain the same efficiency as Rainbow. In [6],
they give the security analysis of TriRainbow for the known attacks against
Rainbow including the Simple attack and the Combined attack, which lead to
totally break Rainbow in [2]. As a result, for such an attack, they provide the
parameters of TriRainbow with two layers for satisfying the security levels in the
NIST PQC standardization project.

2-layer TriRainbow is the scheme which one of the two layers of Rainbow
is replaced by the triangular form, and it has the parameters (g,v,0,t). The
number of variables is given by n = v + o + ¢ and the number of equations
is given by m = o + t. There are two different versions in 2-layer TriRainbow
depending on the position of a triangular form.

3.2 2-layer TriRainbow version 1

The indices of variables are divided into V := {1,...,v}, O :=={v+1,...,v+ 0},
Tri:={v+o+1,...,n}. Let O:={z €Fy | 2; =0,i € V}, Tp; :={z € F |
=0, € VUO}, W= {(zy41,...,20) EFY |2, =0,i € O}.

We explain the public key and the secret key of 2-layer TriRainbow version
1. Two invertible linear maps S € F;**™, T € Fy*™ are chosen randomly. We

choose a central map F = (F+D F)T . Fy — Fy'. The first o polyno-

mials (FOHD .. F+0)) are of the form
F®) (z Z a Vg T+ Z ,B T + Z vgk)xi +n®) (3)
i,J€EV,i<j 1€0,jEV 1€eVUTre

where k € O, and the last ¢ polynomials F®+to+1)  F() are of the form

]:(k Z a a:lz]Jr Z ﬂl(])xlz + Z oA lern (4)

1<i<k—-1 i<k—1 1<i<k

where k € Tri. Then, the public key is P := S o F o T, and the secret key is
(S, F,T). The representation matrices of S, T are denoted by S, T. Let F®) be
the representation matrix of a quadratic map F*)

An equivalent key of 2-layer TriRainbow version 1 is as follows. For 2-layer
TriRainbow version 1, the set I(*) corresponds to the monomials with zero co-
efficient in F*). Namely, I*) = {(i,j) : 1 < z' <v,v+o+1<j<n}U{@j):
v+1<i<mni<j<n}forkeO,and I* *{(z]) 1<i<k-1Lk+1<
J<n}U{(i,j): k<i<j<n}forkeTri.
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Fig. 5. Structure I = {I(k)}keOUTri

With invertible linear maps X' : Fi* — Fi* and 2 : Fjy — Fy, the equivalent
key of 2-layer TriRainbow version 1 is constructed as follows:

S =8o0X%
Fli=X"loFon™!
T :=00T.

By the condition on the coefficient in I, two linear maps Y and {2 have the
following form:

(0 0 0

N=| 2 | 0 Y=

0 > |5,

U | 92 |

Fig. 6. Linear maps X, 2 (2-layer TriRainbow version 1)

By setting (21, ..., 82, X1, Xy, X3 appropriately, equivalent keys 7’ and S’ can
take the following forms:
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Il T T
IS
T = 0 I T3 S = ;
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0o | o |\ 0
0

Fig. 7. Equivalent keys 7", S’ (2-layer TriRainbow version 1)

3.3 2-layer TriRainbow version 2

The indices of variables are divided into V := {1, ..., v}, Tri := {v+1,...,v+t},
O={v+t+1,...;n}. Let Ty :={zx € Fy | 2; =0,i € V}, O:={x € F} |
r;=0,i€ VUTri}, W:={(zyq1,...,2n) €F* | 2, = 0,i € Tri}.

We explain the public key and the secret key of 2-layer TriRainbow version
2. Two invertible linear maps § € F**™, T € Fy*" are chosen randomly. We

choose a central map F = (F+D . FT . Fy — Fy'. The first ¢ polyno-

mials (FOHD ... FH0)) are of the form
F®)(z Z a xl:vj—k Z ﬁg %y + Z Y xz+77 (5)
1<i<k—1 i<k—1 1<i<k
where k € Tri, and the last o polynomials F+t+1D  F() are of the form
FP ()= oy + > B wia; + > 1z +q®
§,jEVUTTi,i<j i€0,jeVUTri i€VUTTiUO

(6)

where k € O. Then, the public key is P := S o F o T, and the secret key is
(8, F,T). The representation matrices of S, T are denoted by S, T. Let F®) be
the representation matrix of a quadratic map F*)

An equivalent key of 2-layer TriRainbow version 2 is as follows. For 2-layer
TriRainbow version 2, the set I(*) corresponds to the monomials with zero co-
efficient in F*). Namely, for k € Tri, I®) = {(i,j):1<i<k—-1,k+1<j<
n}U{(i,j) : k <i < j<n},and, for k € O, I'® = {(4, ).v—l—t—i—lﬁzﬁgﬁn}.
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With invertible linear maps X' : Fi* — Fi* and 2 : Fj — Fy, the equivalent key
of 2-layer TriRainbow version 2 is constructed as follows:

S =80X%
Fli=Y"1oFon!
T :=00oT.

By the condition on the coefficient in I, two linear maps X and {2 have the
following forms:

i 0 0

0 21

N=| (% o) 0 Y=

S | 3,

| 025 | 2

Fig. 9. Linear maps X, 2 (2-layer TriRainbow version 2)

By setting (21, ..., 82, X1, Xy, X3 appropriately, equivalent keys 7’ and S’ can
take the following form:
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Fig. 10. Equivalent keys 7", S’ (2-layer TriRainbow version 2)

4 Proposed Attacks against 2-layer TriRainbow

In this section, we propose an attacks for 2-layer TriRainbow. First, we introduce
our attack for 2-layer TriRainbow version 1 and then describe our attack for 2-
layer TriRainbow version 2.

4.1 Our attack against 2-layer TriRainbow version 1

In this subsection, we propose an attack combining the HighRank attack and
the Direct attack against 2-layer TriRainbow version 1.
First, we randomly choose a vector a from Fg*t and check that the kernel of

Z?=u+1 a; P is of dimension one. For such a vector a, we define the vector v as
Ker(>7 ;1 a;P™) = (v). If the solutions of (37, ; A;P))v = 0 forms the
subspace of dimension o + ¢ — 1, then the basis of the subspace give the vector

s, of &'~ L.

Forie {v+1,...,n—1} and j € {1,...,n}, comparing the (j,n)-th coordi-
nate of the representing matrices with respect to the first o + ¢ — 1 components
of '~toPoT' ! =F we have

el (P +s5;,, P™M}t, = 0. (7)

Since the equations (@) are (0 + ¢t — 1)n linear equations in n — 1 variables, the
vector t,, can be computed by Gaussian elimination.

Thus we can obtain the matrix 7'('1) such that the n-th column is t,, and the
other columns are eq,...,e,_1, and the matrix Szl) such that the n-th column
is s,, and the other rows are e,11,...,€,_1. Define P1) = S/;, 0P o T’l). Then,
for the first o +¢ — 1 components of P(y), the n-th column and the n-th row are
ZETo.

Next, we will define Séz)v ... ,Séoﬂ) and 7'(’2), ol T(’OH) and obtain P(a), .. ., Plo4t)
such that for the first m — 7 components of P(;), the last 7 columns and the
last 7 rows are zero. We perform this procedure by induction with respect to



Cryptanalysis for 2-Layer TriRainbow 11

¢ € {2,...,0+t} and assume that we obtain Séz)v ... ’SE€—1)7 (’2), .. 7T(/e—1)7
and 73(2), ce ,’P(g_l).
We randomly choose a vector a from F™*~¢ and check that the kernel of

E?:_fﬂ aiP(i) is of dimension ¢. For such a vector a, we define the vector

Vi,...,Vgas Ker(EL_fH a;PM) = (vy,...,vg). If the solutions of {(37= | A PO)v, =

0}, forms the subspace of dimension o+t — ¢, then the basis of the Zswnf‘gslpace
give the vector s,,_p;1 of S'71.

Forie {v+1,...,n—/¢} and j € {1,...,n}, comparing the (j,n — ¢+ 1)-
th coordinate of the representing matrices with respect to the first o + ¢ — /¢
components of "1 oPoT'~1 = F', we have

e;—r{P(i) + Si7n7z+1p(n_€+1)}tn,g+1 =0. (8)

Since the equations (B) are (o + ¢ — ¢)n linear equations in n — ¢ — 1 variables,
the vector t,,_ys41 can be computed by Gaussian elimination.

Thus we can obtain the matrix 7, such that the (n — £+ 1)-th column is
t,—¢r1 and the other columns are eq,...,e,_¢,€n_¢t2,...,€,, and the matrix

‘SEZ) such that the ¢-th column is s; and the other columns are €,41,...,€p—1,€0+1,. ..

Define Py = SE@) oPy_1)0 7?@)' Then, for the first o+t — £ components of P,
its last £ columns and its last ¢ rows are zero.
By repeating the above operation recursively, t,4o+1, - - - t, will be computed.
Finally, 7/~ will be computed. As shown in Figure [T, define 7' = Ty ©

+++ 0 T(m) and T such that 771 =TT . Then, we have

S VoPoT =FoT . (9)

The left hand of equation (H) is revealed in this point. The first o quadratic

maps of (8) is a public key of UOV with parameter (g, v, 0) when restricting the
domain to {(%1,...,%y+0,0,...,0) | z; € Fy}.

Therefore, we can compute a pre-image of P by the Direct attack against

UOV of the form (8). Alternatively, applying a key recovery attack against UOV,

—r-1 ..
we can recover T' . Then, our attack becomes a key recovery attack. This is
the outline of our attack against 2-layer TriRainbow version 1.

I |7, | T, I | 0 | T, I | T, | 0
0 | I | T, 0| I | T 0| 1] o0
T, T 0
0| 0|, 01 0 |, 0 0|,
T/ —1 T/ T”

Fig. 11. A decompositon of equivalent key T"
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Remark 1 Let (g,v,0,t) be a 2-layer TriRainbow version 1 parameter and put
n=v+o+tand m=o0o+t. Forde Nandv+o+1< /¢ <n, we can add d
dummy layers to the triangular layers of 2-layer TriRainbow in the ¢-th position
as follows. The central map of 2-layer TriRainbow with d dummy layers is

(FOtD L FED plrd) L pntd)y

and other secret keys are two invertible linear maps 7 : F*+4 — Frtd and S -
F™ — F™ (see Section B2). Moreover, the public key is P := SoFoT. Then, our
attack is still valid for 2-layer TriRainbow with such a dummy modifier. Indeed,
after our attack recovers quadratic maps FU¢+d . F(+d) a5 the same way
above, we find a € Fff“fl such that V := Ker(Zf;i_H a; P®") is of dimension
n—{+d+1 and the solution space of {(Z;:”Z_H N P@)v; = 0}, is of dimension
{—v—1where V = (v1,...,Vh_¢td+1). Then, we obtain the vector s,—; and solve
linear equations (B) for the vectors ty,...,tp1q—1 in succession. The remaining
process is also the way in this subsection.

4.2 OQOur key recovery attack against 2-layer TriRainbow version 2

In this subsection, we propose a key recovery attack for 2-layer TriRainbow
version 2. In our attack, the second UOV layer will be computed by the Simple
attack. Then, the first triangular layer will be recovered in a similar way as the
attack against the second layer of 2-layer TriRainbow version 1.

By the structure of central map F of 2-layer TriRainbow version 2, we have
the following properties:

— P(x) =0 for x € T1O and
— P(x,y) € SW forz € T710, y € Fy.

Then, these properties are represented as the diagram in Figure 2.

F? —— T T +—— T7'O

P+ &b

P STIW —— {0}

Fig. 12. The diagram of P and P, of 2-layer TriRainbow version 2

Figure [ is the same as Figure @ in the place used for the Simple attack.
Therefore, we can apply the Simple attack to 2-layer TriRainbow version 2 and
x € T 1O is recovered. The outline of the algorithm is as follows:

1. Choose y € Fy uniformly randomly.
2. By using P, (z) = 0, eliminate m variables in z.
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3. Solve quadratic equations P(z) = 0.
4. If there is no solution in the equations, return to 1.

Next, we recover S’ by using z € 71O as follows. Let the first ¢ vectors of
(S"~1)T be s1,...,s: By the definition of equivalent key S’ and W, the space
(SW)1 is spanned by sy, .. .,s;. Then, by Figure [2, we have s; P’ (z,y) = 0 for
i € {l,...,t} and y € Fy. Especially, for i € {1,...,t} and j € {1,...,n}, we
have

s, P'(x,e;) = 0. (10)
For i € {1,...,t}, equations () are linear equations in the variables s;. By
solving the equations for all ¢ € {1,...,t}, the secret key S’ will be recovered.

The last o vectors of 7"~ be computed using S’ as follows. For i € {1,...,t},
Jj€{l,...,n} and 2’ € Fy, we have

s, P'(2,e;) = 0. (11)

The equations [ are linear equations in the variables z’. By solving the equa-
tions, a basis of 71O is obtained. Applying Gaussian elimination, the last o
vectors of 7771 can be computed.

Finally, we compute t,41,...t, ¢ from t, ¢ to t, 1 inductively.

First, we compute t,4: as follows. For k € {v+1,...,v+t—1}, i € V,
j = v+ t, comparing the (7, j)-th coordinate of the representing matrix of the
k-th quadratic map of "1 o P o T'~1 = F', we have

TP+ S Pty = 0. (12
heTri

Forall ke {v+1,...,v+t—1}, i€V, solving equations (I2), the vector t, .
is obtained.

We assume that t, ¢, ...t,4¢—1+1 are recovered and we show the way to
compute t,4¢—; from these vectors. For k € {v+1,...,v+t—1},i €V, j=
v+t —1+1, comparing the (i, j)-th coordinate of the representing matrix of the
k-th quadratic map of "1 o P o T'~1 = F', we have

e/ {PP 4+ > spaP™yys 141 =0. (13)
heTri

In addition, for k € {v+t -1+ 1,...,04+t -1}, i e {k+1,...,0+t}, j =
v+t—141, comparing the (i, j)-th coordinate of the representing matrix of the
k-th quadratic map of S~ oP o T’'~! = F/, we have

e/ {P® + > staPMty i 41 =0. (14)
heTri

The equations (I3) and (IA) are (¢ — )v + ZZif}:rlt_l+1(v +t—k)=0t-Dv+
I(I —1)/2 linear equations in v + ¢t — [ variables t,4¢—;+1. Since we have (¢ —

Duv+1(l—-1)/2>v+t—1forall 2 <[ <tin the parameter proposed by [6], the
vector t,4¢—;4+1 can be computed by Gaussian elimination.
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By repeating the above operation recursively, t, 41, ... t,+¢+ will be computed.

In the above procedure, the equivalent key S’, 7" are computed. By comput-
ing 7' = & ' oP o T'!, the quadratic map F’ is also recovered. This is the
outline of our attack for 2-layer TriRainbow version 2.

Remark 2 By the same argument as Remark [, our attack is still valid for 2-
layer TriRainbow version with a dummy modifier in Remark 0 to the triangular
layer.

5 Cryptanalysis

In this section, for our attack presented in the previous section, we provide a
complexity estimation for the 2-layer TriRainbow parameters proposed in [B]

5.1 Complexity estimation for 2-layer TriRainbow version 1

We estimate the complexity of our attack against 2-layer TriRainbow version 1.
In our attack against the second layer, the dominant part is to find the vector
v such that the solution space of (37;_ 4 \iP®)v = 0 is of dimension o+t — 1
and is estimated by O((n? + n3/6)q) in [5]. Our attack against the first layer is
an attack against UOV of the form (H). The other parts are at most O(n?) since
only linear equations are solved.
When we use the Direct attack as an attack against UOV with a parameter

(g,v,0), the complexity is estimated by

o—1+D\’(o+1
O . 15
(GrIes) )
Here, D € N is the minimal degree of terms whose coefficient is non-positive in
the series (1 — t2)°(1 —t)~°.
When we use the Intersection attack [[] as an attack against UOV with a
parameter (g,v,0), we solve M := (k‘QH)o - 2(];) quadratic equations in N :=

k(v+o0) —(2k —1)o variables where k € N such that (k—1)(v+0)—(2k—1)o > 0.
Then, the complexity is estimated by

N-1+D\’/N+1
O . 16
() =
Here, D € N is the minimal degree of terms whose coefficient is non-positive in
the series (1 — %)M (1 —¢)=N.
Table O shows the complexity of our attack for 2-layer TriRainbow version
1 and the security level asserted in [B]. Therefore, 2-layer TriRainbow version

1 does not satisfy the security level asserted in [B] for known attacks against
Rainbow.
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Table 1. Comparing the complexity of our attack for 2-layer TriRainbow version 1
and the security level (SL) in [6]

SL | ¢ v o t|Complexity of our attack | Asserted SL in [d]

1 |16 363234 232 2145
3 1256 68 32 50 9109 9207
5 1256 96 36 66 9118 9272

5.2 Complexity estimation for 2-layer TriRainbow version 2

We estimate the complexity of our attack for 2-layer TriRainbow version 2.

In our attack against the second layer, the dominant part is the complexity
of computing € 7 'O. Then, we solve m quadratic equations in v variables
and the complexity is estimated by

v—1+D\*(v+1
o(( ; )(2)> (17)
Here, D € N is the minimal degree of terms whose coefficient is non-positive in
the series (1 — t2)™(1 —t)~v.
In our attack against the first layer, the dominant part is to find the vector
v such that the solution space of ( f;? 1 A\ P@)v = 0 is of dimension o+t —1
and is estimated by O(((v + 0)? + (v + 0)®/6)q) in [5]. The other parts are at
most O(n?) since only linear equations are solved.
Table B shows the complexity of our attack for 2-layer TriRainbow version
2 and the security level asserted in [G]. Therefore, 2-layer TriRainbow version 2
does not satisfy the security level asserted in [G].

Table 2. Comparing the complexity of our attack for 2-layer TriRainbow version 2
and the security level (SL) in [6]

SL ‘ g vt o ‘ Complexity of our attack ‘ Asserted SL in [6]

1 [16 36 34 32 270 o115
3 256 68 34 48 9157 9207
5 256 96 38 64 9248 9272

5.3 Experiments

In this subsection, we perform an experiment on our attack against SL1 TriRain-
bow version 1. The experiments were performed by using Magma V2.24-5[3] on
a 2.3 GHz Intel Core i7 CPU.
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In the paper [6], Ganguly and Saxena provide cryptanalysis against their
scheme and propose some parameters for satisfying the security level in the
NIST PQC standardization project. They first take the parameter as the same
as Rainbow and add some dummy layers to it for mitigating a partial key recovery
against the upper layer as an option. For example, they add two dummy layers
to the SL1 Rainbow parameter (q,v,0,t) = (16,36, 32,32) and give (¢q,v,0,t) =
(16, 36, 32, 34) as their SL1 TriRainbow parameter. Then, their discussion for the
complexity estimation does not need such a dummy modifier and the security
of their parameters essentially depends on a parameter set based on Rainbow
(see also Remark M and B). Therefore we consider the security of their scheme
without the dummy modifier.

Table B shows an experimental result for our key recovery attack against
2-layer TriRainbow version 1 with (¢, v,0,t) = (16, 36,32,32). Our experiment
is the average timing of 20 experiments for the parameter. In the complexity
estimation [G], the parameter attains the 128 bits security. However, Table B
shows that our attack breaks the parameter in a few minutes. Note that we
confirm our attack also breaks SL1 TriRainbow version 1 with two dummy layers
as in Remark 0 in almost the same time as in Table B.

Table 3. The average, the maximum, and the minimum of 20 experiments on our
attack against 2-layer TriRainbow version 1 with (g¢,v,0,t) = (16, 36, 32, 32).

[ Our attack | 2nd Layer (sec) | st Layer (sec) | Total (sec) |

Average 72.1 220.8 292.9
Maximum 81.4 235.8 307.0
Minimum 64.9 205.0 276.5

6 Conclusion

In this paper, we propose new efficient attacks against 2-layer TriRainbow.
Our attack uses the High rank attack for the triangular layer, and the Di-
rect attack, the Intersection attack or the Simple attack for the UOV layer.
Then, the complexities of the TriRainbow version 1 parameters (g,v,0,t) =
(16, 36, 32, 34), (256,68, 32,50) and (256,96, 36,66) proposed by Ganguly and
Saxena for satisfying 145,207 and 272 bits security are about 32,109 and 118
bits, respectively. Moreover, the complexities of the TriRainbow version 2 param-
eters (q,v,t,0) = (16,36,34,32), (256,68, 34,48) and (256,96, 38,64) proposed
by Ganguly and Saxena for satisfying 145,207 and 272 bits security are about
70,157 and 275 bits, respectively.

As future work, we will investigate the multi-layer TriRainbow for both ver-
sions.
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