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Abstract

BLUE MIDNIGHT WISH is one of the 14 candidates in the second round of the NIST SHA-3 competition
[1]. In this paper we present a decomposition of the BLUE MIDNIGHT WISH core functions, what gives
deeper look at the BLUE MIDNIGHT WISH family of hash functions and a tool for their cryptanalysis. We
used this decomposition for better understanding the insights of BLUE MIDNIGHT WISH functions and
to propose the tweak for the second round. We would like to encourage further cryptanalysis of BLUE
MIDNIGHT WISH, as the quickest candidate in the second round.
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1 Introduction

In this paper we describe a decomposition of the functions used in tweaked version of BLUE MIDNIGHT
WisH, which was sent to the second round of the NIST SHA-3 competition [2]. It is better for the
reader to start reading the basic description in [2], because this paper in some sense extends it. Thus,
here we just repeat the necessary notations from the basic description and add some new notations of
the new variables of decomposed blocks. Then we describe complete decomposition of BLUE MIDNIGHT
WIsH into simple blocks. The notation and decomposition is written generally for all variants of BLUE
MIDNIGHT WIsH, because BMW224/384 are based on BMW256/512 and BMW256/512 differ only in
the length of the word w = 32/64, in some constants and shifts in the definitions of logical functions.
Therefore for the simplicity it suffices to talk simply of BLUE MIDNIGHT WISH. When necessary, we will
use concrete values of constants and logical functions for BMW256. Otherwise the description and the
decomposition holds for all BLUE MIDNIGHT WISH variants. The aim is to give the symbolic and simple
description, which would unveil and show the basic relations and thus help cryptanalysis. Moreover we
note several basic properties of used transformations.

2 Notations

The basic units in the description are mainly words of w bits. Note that for BMW256/512 we have
w = 32/64. The message block and the chaining values and other variables are usually vectors of 16
words. We will use capitals for these vectors and indexes for their words, for instance X = (Xo, ..., X15).
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Similarly for variables A, S, W, G, H, K, D. The small exception is notation Q, = (Qo, ..., Q15) and
Qv = (Q16, - - -, Q31) for the first and second part of the quadruple pipe Q.

We denote by ROTL'(H) the rotation on words of the variable H = (Hy, ..., Hy5) such that the words
as a whole are rotated one position to the left. Concretely, ROTL'(H) = (Hy, Hs, ..., Hys, Hy). Analo-
gously we define ROTL"(H) = (Hy, Hs, ..., Hy5, Hy, Hy, ..., Hg).

We also use rot M to express another kind of rotation. It is defined as an ensemble of rotations of separate
words of M such that the i-th word of M (as a w-bit string) is rotated by i + 1 positions to the left. For
instance the word My is rotated left by 1 position, the word M is rotated left by 2 positions, and so
forth up to the the word M5 which is rotated to the left by 16 positions.

The width of the message block is the same as the length of chaining value and it is m = 16w bits.

3 Blue Midnight Wish description and decomposition

3.1 General design principles

BLUE MIDNIGHT WISH is an iterative hash function based on a compression function. Padding and
preprocessing of the message is similar to that of SHA-1/2. The first noticeable difference from SHA-1/2
is in the width of the chaining value, which is twice as long as the final hash value. The size of the
message block is same as the size of the chaining value (double length). We can say that this is one of
the design principles that contribute to the BLUE MIDNIGHT WISH speed. The second difference from
SHA-1/2 consists of an additional processing of the last chaining value once more by the compression
function. Finally, the output of the final invocation of the compression function is truncated to give the
hash value.

The generic description of the BLUE MIDNIGHT WISH hash algorithm is given in Table 1.

Algorithm: Blue Midnight Wish
Input: Message M of length [ bits, and the message digest size n.
Output: A message digest Hash, that is n bits long.

1. Preprocessing

(a) Pad the message M.

(b) Parse the padded message into N, m-bit message blocks, M O
M® MW,

(c) Set the initial value of the double pipe H(©).

2. Hash computation
Fori=1to N
{
QL = fo(M), HI=D);
Q) = f(MO, HE=D, QM);
HO = f(MD,Q,Q}");
}
3. Finalization
Q{ime! = fo(HM, CONSTI o)
l{inal = fi(HN), CONST/inal @finaly,
It = f(H™, Qfme!, Q™" );
4. Hash =Take_n_Least_Significant Bits(H/al).

Table 1: A generic description of the BLUE MIDNIGHT WISH hash algorithm

A graphic representation of the BLUE MIDNIGHT WISH hash algorithm and its complete decomposition
is given in the Figure 1.
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Figure 1: A graphic representation of the fully decomposed BLUE MIDNIGHT WISH hash algorithm.
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3.2 The basic structure

The basic structure consists of three functions fy, fi1 and fo. If we denote by f the compression function,
then we can symbolically represent f as f = fs o f1 o fy. The compression function have two inputs, the
old chaining value H (which is set to a constant IV in the beginning) and a message block M. Both enter
the function fy, which creates the value QQ,. Then H, @, and M enter the function f; which produces
Qyp- At the end, @y, @, and M enter the function f5, which creates the new chaining value H. For the
security of the whole hash function it is very important that the values M, Q,, Qp, and H are twice
as long as the final hash value. It makes creating multi-collisions from collisions of the chaining values
ineffective. Definitions of the functions fy, f1, fo and the logic functions are showed in the appendix.

3.3 Decomposition of the function f,

We can write symbolically fo = A3z o Ay o A; o Ay as a composition of alternating binary (&) and
arithmetical (additions/subtractions mod 2*) transformations (bijections or multipermutations).

Qo = fo(M,H) = A3(A3(A1(Ao(M, H))),H), X = Ag(M,H) = M & H, where Ay only xors appropriate
(particular) input words together, W = A;(X), where A; creates output words by applying additions
and subtractions on 5 summands modulo 2%, S = Ay(W), where As uses binary operations xors, shifts
and rotations on input words, Q, = A3(S,H) = S + ROTL(H), where A3 adds S and rotated vector
H component wise, also modulo 2%.

The useful expression is Q, = As(A1(M @& H)) + ROTL'(H), where

W = A, (X):
Wo = X5 - X7z + Xio + Xiz + Xiua
Wi = X¢ - Xs + Xu1 + X - X5
We = Xo + X7 4+ Xo - Xi2 + Xis
Ws = Xo - X1 + Xs - Xi0o + X3
Wy = Xi + Xo + X9 - Xuu - Xua
Ws = X3 — Xo + Xio - Xi2 + Xis
We = X4 - Xo - X3 - Xuu + Xis
W, = X1 - X4 - X5 - Xi2 - Xu
Wg = Xo - X5 — X + Xz — Xis
Wo = Xo - Xz + X - Xz + X
Wi = Xg - X1 - X4 - X7 + X5
Win = Xg — Xo - X2 — X5 + Xo
Wia = X1 + X3 - Xe — X9 + X10
Wiz = X + Xy + X7z + X0 + Xn
Wis = Xz - X5 + Xz - X - X2
Wis = X2 — Xa — X — X9 + Xi3
S = Ay(W):
So = So(Wo) Sl = 51(W1) SQ = SQ(WQ) 53 = 53(W3)
54 = 84(W4) 55 = SO(W5) SG = Sl(Wﬁ) S7 = 82(W7)
Sg = s53(Wg)  So = s4(Wy)  S10=50(Wio) S11=s1(Wi1)
S12 = 52(W12) S13 = s3(W13) Sia = s4(Wia) Sis = so(Wis)
Qu = Ad(Sv H)

Qo = So + Hy; Q1 =851+ Hy; Q2 = S2 + Hs; Q3 = 53+ Hy;

Q4 =S4+ Hs; Qs = S5 + Hg; Q¢ = S + Hr; Q7 = S7 + Hg;

Qg = Sg + Hoy; Qo = So+ Hyp; Q1o = S10+ Hi1; Qi1 = S11 + Hyo;
Qi2 = S12+ Hi3; Qi3 =S13+ Hig; Qua=S1a+ His; Q15 = Si5 + Ho;

3.4 Decomposition of the function f;

The function f; can be viewed as a (weak) block cipher with the default value of NR = 16 rounds. NR is
divided into two parts, NR = ExpandRounds; + ExpandRoundss. At first the transformation expand; ()
is used with number of rounds ExzpandRounds;. Then the the second transformation expands() follows
with the remaining number of rounds ExpandRoundss = NR — ExpandRounds;. Note that the first
transformation is more complex and is assumed as tunable parameter. Increasing it (at the expense of
the second one) it is possible to tune the complexity of BLUE MIDNIGHT WISH.

If we denote by E the underlying block cipher, then we have the ciphertext Q, = f1(M,Qu) = Ea(Qa),
where the key A is created by the transformation AddElement() and @, is the plaintext.

Here we denote the key as A, because the letter K is used to denote the constants used in AddElement()
transformation.
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Now we have this simple decomposition:
A = AddElement(M,H) = (B(rotM) + K) @ ROTL"(H), where K is a constant K = (16 x
0205555555, ..., 31 * 0205555555).

The transformation B is similar to A; and it creates output words adding and subtracting 3 summands
modulo 2%. Tt is given by the nonsingular matrix over Zow. If we denote by D = B(M), we have

Dy = My + Mz — My
Dy, = My + My — Mpy
Dy = My + Ms — M
Dy = M3 + Mg — Mis
Dy = My + M; — My
Ds = Ms + Mg — Mis
D¢ = Mg + Mgy — My
D; = M; + Mo — M
Dg = Mg + My — M
Dy = My + Mo — Ms
Dy = My + M3z — My
Dy = Mi + My — Ms
Dy = Mo + Ms — Mg
Dy = Mz + My — M
Dy = My + My — Mg
Dys = Mys + My — My

The function f; expands Q. = (Qo, ..., Q15) to Qp = (Q1s6, ..., @31) according to the tunable parameters
FExpandRounds; and ExpandRoundss:

1.1 For ii =0 to ExpandRounds; — 1
Q“+16 = expands (ii + 16)

1.2 For u = FxpandRounds, to ExpandRounds, + ExpandRoundss — 1
Q“_HG = expands(ii + 16)

where the functions expand; () and expands() are defined as:

expandy (j)=s1(Qj—16)+52(Qj—15)+53(Qj-14)+50(Q;j-13)
+31(Qa 12)+82(Q - 11)+33(Qj710)+80(Qy 9)
+ 51(Q;— 8)+82(Qy 7) +53(Qj—6) + 50(Q;
+81 Qj-1) +52(Qj-3) + 83(Qj—2) + 50(Q;
7j—16

expands(j)=Qj—16+7m1(Qj—15)+ Qj—14 +72(Qj-13)
+Qj—12+73(Qj-11)+ Qj—10 +74(Qj—9)
+ Qs +15(Qj-7)+ Qj_6 +76(Qj-5)
+ Qj—a +1r7(Qj-3) +54(Qj—2)+ 55(Q;5-1)
+A;_16.

In order to get an insight of the transformations that compute Q, we will introduce two triangular (upper
and lower) transformations. Those transformations will be separated by a part that can be seen as a
addition of the key A.

Let us first define an upper triangular transformation of P = TY(Q,):

Py = s1(Qq) + s2(Q1) + s3(Q2) + s0(Q3) + s1(Q4) + s2(Q5) + s3(Qg) + s0(Q7) + s1(Qg) + s2(Qg) + 3(Q10) + s0(Q11) + s1(Q12)+
+52(Q13) + s3(Q14) + s0(Q15)

Py = 51(Q1) + 52(Q2) + s3(Q3) + s0(Qyg) + s1(Q5) + s2(Qe) + s3(Q7) + s0(Qg) + s1(Qg) + s2(Q10) + s3(Q11) + s0(Q12)+
+51(Q13) + 52(Q14) + s3(Q15)

Py = Q2 +r1(Q3) + Qs +72(Q5) + Qe + m3(Q7) + Qg +74(Qg) + Q1o + r5(Q11) + Q12 + r6(Q13) + Q14 + r7(Q15)
P3 = Q3 +71(Qyq) + Qs +72(Qg) + Q7 +7r3(Qg) + Qg + 74(Q10) + Q11 + 75(Q12) + Q13 + r6(Q14) + Q15

Py = Q4 +r1(Q5) + Qg +72(Q7) + Qg + 73(Qg) + Q10 + 74(Q11) + Q12 + r5(Q13) + Q14 + 76(Q15)

Ps = Q5 +11(Qg) + Q7 +72(Qg) + Qg + r3(Q10) + Q11 + 74(Q12) + Q13 + r5(Q14) + Q15

Pg = Qg +r1(Q7) + Qg +72(Qg) + Q10 + m3(Q11) + Q12 + r4(Q13) + Q14 + 75(Q15)

P7 = Q7 +r1(Qg) + Qg +r2(Q10) + Q11 + m3(Q12) + Qi3 + 74(Q14) + Q15

Pg = Qg+ rl(Qg) + Q1o+ r2(Q11) + Q12 +73(Q13) + Q14 + r4(Q15)

Py = Qg +r1(Q10) + Q11 + 72(Q12) + Q13 + r3(Q14) + Q15
P1o = Q1o +71(Q11) + Q12 + 72(Q13) + Q14 + r3(Q15)

Pip = Q11 +r1(Q12) + Q13 + 72(Q14) + Q15

Pio = Q12 +71(Q13) + Q14 + 72(Q15)

P13 = Q13 +r1(Q14) + Q15

Pig = Q14 +71(Q15)

P15 = Q15
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Analyzing expand; 2() transformations we can locate parts that can be considered as expressions with
variables which are known in advance before the expansion. As we can see, these equations creates a
triangle. We call it upper triangle 7V

Let us denote the transformation K4 of the key addition to the vector Pie. R=KA(P,K)=P+ A=
(1‘207...,}%15)7 where R7 :A1+P1,Z:O7,15

Finally, we define lower triangle transformation Q, = T*(R) as:

Q16 = Ro

Qi7 = R1 + s0(Q1¢)

Q18 = Ra + 54(Q16) + s5(Q17)

Q19 = R3 +r7(Q16) + s4(Q17) + s5(Q18)

Q20 = R4 + Q16 +77(Q17) + 54(Q18) + s5(Q19)

Q21 = Rp +76(Q16) + Q17 + r7(Q18) + s4(Q19) + s5(Q20)

Q22 = Rg + Q16 + 76(Q17) + Q18 + r7(Q19) + 54(Q20) + s5(Q21)

Q23 = R7 +15(Q16) + Q17 + 76(Q18) + Q19 + 77(Q20) + 54(Q21) + s5(Q22)

Q24 = Rg + Q16 + 75(Q17) + Q18 + r6(Q19) + Q20 + 77(Q21) + 54(Q22) + s5(Q23)

Q25 = Rg + 74(Q16) + Q17 + 75(Q18) + Q19 + 76(Q20) + Qo1 + 77(Q22) + 54(Q23) + s5(Q24)

Q26 = Ri9 + Q16 + 74(Q17) + Q18 + r5(Q19) + Q20 + 76(Q21) + Q22 + r7(Q23) + s4(Q24) + s5(Q25)

Qo7 = R11 +73(Q16) + Q17 + 74(Q18) + Q19 + 75(Q20) + Q21 + 76(Q22) + Q23 + r7(Q24) + 54(Q25) + s5(Q2¢)

Q28 = Ri2 + Q16 + 73(Q17) + Qi + r4(Q19) + Q20 + 75(Q21) + Q22 + r6(Q23) + Qa4 + 77(Q25) + s4(Q26) + s5(Q27)

Q29 = Ri3 +r2(Q16) + Q17 + 73(Q18) + Q19 + r4(Q20) + Q21 + 75(Q22) + Q23 + 76(Q24) + Q25 + r7(Q26) + s4(Q27) + s5(Q28)

Q30 = R1a + Q16 + 72(Q17) + Q18 + r3(Q19) + Q20 + 74(Q21) + Q22 + r5(Q23) + Qa4 + 76(Q25) + Q26 + r7(Q27) + 54(Q28) + 55(Q29)
Q31 = Ri5 + r1(Q1e) + Q17 + 72(Q18) + Q19 + r3(Q20) + Q21 + 74(Q22) + Q23 + r5(Q24) + Q25 + r6(Q26) + Q27 + 77(Q28) + s4(Q29) + s5(Q30)

We can see that the upper triangle transformation could be computed independently first, then we can
apply key addition to the result and then we can apply the lower triangle transformation on the result. In
other words the upper triangular computation is parallelizable, while the lower triangular computation
uses variables just computed, i.e. it uses a feedback. Note that the decomposition f; = T% o K4 o TV
doesn’t depend on the choice of tunable parameter. The choice has influence to the internal definition of
the transformations TV and T, not to the decomposition and character of TV and T themself.

Having this decomposition f; = T% o K4 o TV where TV, K4 and T are bijective and/or multipermu-
tation transformations, we can get the following decomposition:

P = TU(QG)7
A = AddElement(M,H) = (B(rotM) + K) & ROTL"(H),
R = KAP,A)=P+A,
Qy = TH(R)
or
Qv = f1(M,H,Q,) = THT"(Qa) + A),
or

Qv = fL(M,H,Q,) = T*(TY(Q.) + ((B(rotM) + K) ® ROTL(H))).
This decomposition shows very simply how the variables are processed. It separates inputs in a clear and

understandable way and shows how they are mixed using different bijections and multipermutations.

3.5 Decomposition of the function f,

The folding function f; compresses the three inputs M, Q, and Q) into H = fo(M,Qa,Qp). It uses
bijective binary linear transformation (matrix) L, which is divided into two matrices L, and L;, where
L=L,® Ly.

)

SHL*(XH) & SHR%(QY) xre QY
SHR"(XH) ® SHLs(QgL?) XL & Q%é
SHR®(XH)® SHL (Q%’;) xre QF
SHRY(XH) & SHL"(Q@) XL ® Q%é
SHR®(XH) & Q50 XLe  Qy
SHL®(XH) & SHRS(QY) XL ® Q%‘?
SHR*(XH) ® SHLG(Q§2 XL & Q?;;
HRW(XH HL? XL :
Lo(@y) = | S F <(Q c L@) = | psin e g%
XH & %43 SHR®(XL) & Q%‘%

XH @ %5 SHL®(XL) ® Q%’i)

XH @ ; SHL*(XL) ® Q;%

XH & %8) SHR3*(XL) ® Q{Q

XH & Q% SHR*(xL)® QY

XH & Q%Q SHR"(XL) & Q%?)

XH @ Q% SHR*(XL) @ Qz‘;)
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The matrices L, and L; are not bijections, but have the ranks near to the full rank value. They were
selected to provide fast binary mixing separately on their variables, and giving a bijection together.

The function f; can be decomposed into several functions. We define:

f3(M,Qp) = Lo(Qy) ® M,

J1(Qa, Qy) = Lp(Qp) ® Qa,
G = fs(M,Qp)+ f1(Qa,Qp) = (M & Lo(Qp)) + (Qa & Lp(Qs)),
H = [f6(G) =G+ f5(G),

where f5 is Feistel-like transformation and where fg is one Feistel-like round.

[elelelelelelelw]

— ROTL® (X4
f5(X) = ROTLlOEXg,;
ROTL(X¢)
ROTL'?(X7)
ROTL3(Xo)
ROTL(X1)
ROTL® (X3)
ROTL(X3)

Finally we can write decomposition of f as:

Je(f3 + fa),
f2(M,Qa, Qv) = fo((M & La(Qp)) + (Qa & Li(Q)))-

Jf2
H

From cryptographic point of view, transformation fg is very useful for statistical randomization of the
result. On the other hand for cryptanalytic purposes (for instance when studying collisions or preimages),
it is possible to explore at first the value G, because H is a bijective image just only of G, without input
of any other variable. When we want to find collisions or pseudo-collisions, it suffices to find out them on
G-values. Note however that in the case of (pseudo) preimages, the final invocation of the compression
function is very restrictive and is there as a security measure against those pseudo-attacks.

In any case we have this simple decomposition:

G = (M®Ly(Qp)) + (Qu ® Lp(Qv))-

3.6 Decomposition of the compression function f

Now we can write the complete decomposition of the compression function f. The value newH is
computed as follows, what is the complete decomposition of the compression function f:

Qa Jfo(M,H) = As(A1(M & H)) + ROTL'(H),
Qv Ji(M,H,Qq) = TH(TY(Qa) + (B(rotM) + K) & ROTL"(H))),
G = [f3(M,Qp) + fa(Qa, Qp) = (M @ Lo(Qp)) + (Qu D Lp(Qs)),
newH f(M,H) = f6(G).

The transformation L(Qp) = La(Qs) ® La(@p) is a dominant part in the G-value (M & L,(Qp)) + (Qq &
Ly(Qp)). As we already mentioned, the partial linear transformations L, and L; are not bijective, but
they have a very high rank (so they are near to bijective transformations). Additionally both parts L,
and L; are summed together arithmetically, and thus when we don’t assume carry bits, they are summed
linearly together and creates the linear bijective image L(Qy) of Qy.

From cryptanalytic point of view we can approximate H by the G value and the G value (M @® L, (Q»)) +
(Qa ® Ly(Qp))) by the expression M @ L(Qyp) ® Q. or even more simply by M & Qp ® Q.. Then we have

Gimplificd ¥ M ® Qa ® Qs = M ® Qq ® TH(TV(Qq) + ((B(rotM) + K) & ROTL"(H))).

By this simplification where we omitted the function fg we can analyze the value G instead of newH.
Thus someone can first start to analyze the following simplified and decomposed compression function f:
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Qo = AA (M@ H)+ ROTL'(H),
Qv THTY(Qa) + ((B(rotM) + K) & ROTL'(H))),
G = (M b La(Qb)) + (Qa (&) Lb(Qb))

We hope that this simple symbolic expression would help cryptanalysts to analyze the hash function and
its parts more effectively, because the relations between variables are now visible more clearly.

4

Bijections and multipermutations in the decompositions

In this section we will number all bijective properties that posses all components of BLUE MIDNIGHT
WisH. All those properties can be formally and mathematically proved as different Lemmas or Proposi-
tions, but in this paper we just give them without formal proofs.

1.

2.

3.

4.1

Function fj

Ao(M, H) is a multipermutation

A1(X) is a bijection

All s;() (xorshifts) are bijections

As(W) is a bijection

A3(S, H) is a multipermutation

When H is fixed, fo(M, H) is a bijection

Function f;

TY(Q.,) is a bijection

B is a bijection

AddElement(M, H) is a multipermutation

KA(P,K) is a multipermutation

TE(R) is a bijection

When A is fixed, f; is a bijection between @, and Qp
When @, is fixed, fi is a bijection between A and Q)
When @), is fixed, fi is a bijection between A and Q,

Function fo

e [ is a bijection

e f3 is a multipermutation

e f4 is a multipermutation

e f5(G) as a function of the first half of the variable G is a bijection
e fg is a bijection

e When @, and M are fixed, f2(Q,) is a bijection

e When @, and Q, are fixed, f2(M) is a bijection

Some design rationales for Blue Midnight Wish

Additionally to the design rationales given in the official BLUE MIDNIGHT WISH documentation here we
give several more.

For different versions of BLUE MIDNIGHT WISH we use the abbreviations BMW224, BMW256,
BMW384 and BMW512. The abbreviation BMW can be interpreted also as ” BIJECTIONS MOUNTED
WIDELY” because BLUE MIDNIGHT WISH uses many bijections and multipermutations entangled
together in a complex way.

Guaranteed change. Bijections and multipermutations guarantee propagation of changes. When
we fix some value inside, due to many bijections, it has large consequences on fixing more complex
values elsewhere. And this property diffuses through the scheme.

Bijections and multipermutations are made by arithmetical or binary transformations, which are al-
ways alternating. It assures non-linearity and mixes variables from two essentially different algebraic
structures together.

Most of bijections and multipermutations provide fast diffusion.

The use of basic instructions ADD, XOR, Shift Left and Shift Right do not create weaknesses for
side channel attacks.
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5 Conclusions

In this paper we gave simple symbolic description and decomposition of BLUE MIDNIGHT WISH family.
This gave us a tool for understanding the strength and role of internal design parts and variables.

We hope that this decomposition can serve other cryptanalysts in their attempts for finding weaknesses

or developing new attacks.

On the other hand, by expressing all the main principles behind the BLUE

MIDNIGHT WISH design in this transparent way, we think that the security of BLUE MIDNIGHT WISH

can be understand even better.
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Appendix: Definitions of the functions f,, fi;, fo and the logic

functions

Here we show necessary definitions. It is possible to find them also in [2]. The function f; : {0,1}*™ —

{0,1}™ is defined in the Table 2.

fo:{0,1}?>™ — {0,1}™

Input: Message block M ® (Mom, Ml(i'), RN ]Wl(?), and the previous double pipe HO-D
G0, ), R
Output: First part of the quadruple pipe Qfl’i) = (Qf;), Qil), AT Qi?).
1. Bijective transform of M@ D H=1),
W(i) _ (M(i) @ H(f 1)) _ (M(i) @ H(ifl)) + (M(f) H(7 1)) + (M(f') ey H“ 1)) + MU) ey H(’i 1))
W _ Ty o pli-1) 1) o pli-1) 1) -1 B o - MD g gli-n
w = P eni™Y) - M22 @HEE )+ (M]( @H% )+ (M](4 @H% y - ]( % )
WQ(I) _ (M()EBH?I vy 4 )@Hl vy 4 )@Hl vy _ @H%l Dy 4 (M%)@H%’ 1)
wi = (Mé ) H?‘ ?) - (M]E D H? ?) + (M‘ ) H%‘ 1>) - (M ;,) @ H%’ 1)) + MPe H%’ ?)
Wéf) = Mg H](l )+ (M%” @ H%? Yo+ P eHITY) — (M](? @ H{ D (M%ZQ @ H%’ ))
wi = e H{ Dy - (IVI{_) @ H%f—”) + (M‘ Do H“ Dy - MmPe H%’ Yy + P e H{ Dy
Wﬁ(l) — (M()@Hl 1)) _ (M01)®H171)) _ (M()@Hl 1)) (M(l)@HI 1)) + (M(S)@Hl 1))
wi = @H? Dy (M%f) @H?*“) - (M% g @H? Dy - ) @H%’ Dy~ () EBH%’ D)y
wi = (M%O @ H%l Vy - Ve H%%*”) - (M?O ) H?H)) + (M](;) ) H}‘ Dy - (M](‘) ) H}: Dy
w = e H(g’ Dy - P e H%f‘”) + M e H?f"”) - Ve HITY) 4+ (M](Q o HED)
Wy = (M% DOHYTY) - (MUOHITH - (MO eHSTY) - <M< Vg ml Yy o (M% @H{ 1)>
wi = Ve Hy ) — (M @H ) - (M@ HyTY) (ol @H%I D)+ e H{Y)
W]EQ = (M“) & Hy'” Dy o+ (M%f) & H?’f*”) - (M?f) & H?’f*”) ~ MO eHITY) 4 (M]ES) e Hi’ )
Wi = (M%’) ® H%’ 1)) + (M%f) ® H{*i)) + MY e H;fi)) + (M}%) @ H 1)) + MY e H{{i))
lel;) — ) ® H{ )) _ (]\/[51.) ® H?t— )) + (]\/fél.) ® gli- )) _ (M]( ® H{ )) _ (M%;) ® H{Q— ))
Wl(;) — (M()@Hl 1)) _ (Mél)@H4171)) _ (Mél)@Hlfl)) _ )@Hl 1)) + (M @Hl 1))
2. Further bijective transform of W(i),j =0,...,15:
Qé) =soW )+ H' s Q) =siwi)+ 5y TYs Q) = sa(wy) 4+ HY s Q§) = sa(Wy)) + H{' Y5
sa(W, (”) + H“ , Q%’_’ = so(W)) + H{ ™Y, Q%’_) =si (W) + Hy ™Y s2(W. (“) + H(’ v,
Q%” = W) + HY'- ? Qp) = sa(Wy") + Hig s Q) = so(Wie)) + Hyy Q‘” = W) + 1y 1%
T e (1 A e BN R T T R

Table 2: Definition of

the function fy of BLUE MIDNIGHT WISH

The function f; : {0,1}™ — {0,1}™ is defined in the Table 3.
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fl : {0’1}3m - {07 1}m

Input: Message block M® = (Mé”, Ml(”, ey Ml(?), the previous double pipe HU ™1 = (Héi’_l), Hii_w, RN Hl(é_n)
and the first part of the quadruple pipe Q((Li) = (6287’),62(1"’)7 e Q(lls)).
Output: Second part of the quadruple pipe Ql(;) = (leﬁ), Q§7’7), e Qéll)).

1. Double pipe expansion according to the tunable parameters ExpandRounds; and ExpandRoundssz.

1.1 For it = 0 to ExzpandRoundsy — 1
Q'EQ&»lG = expand; (i1 + 16)

1.2 For it = ExpandRounds1 to ExpandRounds; + ExpandRoundsy — 1
Qz('zllﬁ = expandz(ii + 16)

Table 3: Definition of the function f; of BLUE MIDNIGHT WISH

The function fo : {0,1}*™ — {0,1}™ is defined in the Table 4.

Folding f> : {0,1}°™ — {0, 1}™

Input: Message block M(#) = (Méi),Mlm, R Ml(?),
quadruple pipe Q) = (Q(()”, QY), o QE? , QYG)’ e Qéll)).
Output: New double pipe H(®) = (H(()l),HY), cee Hi?).

1. Compute the cumulative temporary variables XL and X H.

XL = Qo QY o ... @ Qé%
xH= XL & QY o Q¥ & .. & QY

2. Compute the new double pipe H®:.

a{» = (SHL5(XH) & SHRY(QY)) & M XL & QY e QY
A SHRT(XH) ® SHL3(Q\)) & MY XLe Q) e e

o o
O O
N

SHRS(XH) @ SHL(QD) & ML) XL & QY

SHR'(XH) & SHL>(Q{)) & M{" XL Q) & Qf
SHR}(XH) @ O g MY

SHLS(XH) @ SHRO(QS)) & ML XL o QY & QL

N2

-
|
Vi Y i i i Y
b
QO
) N
e e e e e N A

SHRYXH) ® SHLSQY)) & M{” XL & QY o QY

XL ® Q)

(
(
(
(xuoa sl
(XL ® Q% @ QY
(
(
(

S = roTLo(H{Y) (XH @ 8 oMy SHLA(XL) ® Q%) @ Q"

H{" =ROTL(H{") XH O oMY SHRS(XL) ® Q'Y @ Q"

2 =roTLM (HS) ORI Vit SHLS(XL) @ Q% & Q')

2 =rorr12(HY) O oMY SHIA(XL) @ QY @ Q1Y

YU R R

HE) =ROTLI(H() ©  em®) + (sHRAXD el el

HY) =rOTL*(H") O oMY SHR*(XL) & Q%Y & Q)

H{Y) =ROTL(H{") QYW oMY SHRT(XL) ® Q) @ Q!

+ + + + 4+ o+ + + o+ o+ o+ o+ o+ o+ o+ o+

+ 4+ o+ o+ o+ o+ o+ o+

HY =ROTLIS(H) [ORNY Vi SHR2(XL) ® Q%) @ Q{¥

)

)

)

)

)

)

‘ o)
o — (SHRH(XH) ® SHL2(QY) @ My))
)

)

)

)

)

)

)

)

/\/—\/\/;/\/\/—\
T
e & & & & b &
e e T

Table 4: Definition of the folding function fo of BLUE MIDNIGHT WISH

BLUE MIDNIGHT WISH uses the logic functions, summarized in Table 5.
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BMW384/BMW512

BMW224/BMW256
sg(z) = SHRY(2) ® SHL3(2) ® ROTL*(x2) @ ROTL(a)
s1(z) = SHRY(2) ® SHL2(2) ® ROTLS(2) @ ROTL23(x)
sg(z) = SHR2(x) @ SHL  (¢) ® ROTL2(2) @ ROTL?®(a)
s3(z) = SHR2(x) @ SHL2(x) @ ROTL (2) @ ROTL?? (a)
sg(z) = SHR (2) @ =
s5(z) = SHR2(2) @ =
ri(z) = ROTL3 (z)
ro(z) = ROTL" (z)
ra(z) = ROTL3 (a)
ry(z) = ROTL6(3)
rs(z) = ROTLY (a)
re(z) = ROTL?3(a)
re(z) = ROTL?7 ()
AddElement(j) = ROTL((J mod 1G)+1>(MJ(,">) +

j+3 mod 16)+1 (i) j+10 mod 16)+1 (4)
roTL((G+ )+ )(Mj+3) — roTr(U ) )(Mj+10) +

Kj+16)

(i)
®Hjfr

copandi (D= 1@ 01 +e2(@D H+e3@17 prso@? )
0 a@? ) #2@0 @ )t s0@lY )
+ 0 m1@DY +e@ ) 5@ 0@ )
+ a@P) 0@y sy + @l )

copands ()= Q™ +r1@PD 0+ @D 4@ 1)
+ Q" , +r3@0 4 @l @)
+ Q' +r@D )+ QP +re@?)
+ D + 7@ ) +54(@1D )+ 55 @Y )

ji—4
+AddElement(j — 16)

so(z) = SHRY(2) @ SHL3(2) ® ROTL*(2) @ ROTL37 (a)

s1(z) = SHRY(2) @ SHL2(x) ® ROTL3 (2) ® ROTLA3 (a)

sg(z) = SHR2(x) @ SHLY (2) ® ROTLY (2) ® ROTL53 (a)

s3(z) = SHR2(x) @ SHL2(x) @ ROTL?8(2) @ ROTLO? (a)

sg(z) = SHR (2) @ =

s5(z) = SHR?(z) @ =

ri(z) = ROTL® (z)

ro(z) = ROTL ()

ra(z) = ROTL?7 ()

r4(z) = ROTL32 ()

r5(z) = ROTL37 ()

re(z) = ROTL43(a)

re(z) = ROTL%3 (a)

AddElement(j) = ROTL((J mod 1G)+1)(M](,'l>) +
roTL((i43 mod 16)+1)(M;ir)3) — roTL((5+10 mod 15)+1)(MJ('5210) +

(i)
®H; {7

Kj+16>

capandy (j)= 51<Q;'f_>16> +52(Qg’fj15)+s3(05.214>+so<@§.213>
o a@? ) 4@ D4s@lY ) 4 se@(Y )

0@ () 0)
+92@Y )+ 53@7 ) + 0@ )

oW
N ol () (i) (0)

K K K3
+52(Q 7 5) +53(Q;7,) +s0(Q 7))

v s@P)
+AddElement(j — 16)

expandy (j)= Q§’216 +7‘1(Q§’215)+ Q;Qm +'r2(Q§213)
+ Q%m +r3(Q;(2)11)+ Q%ﬂ)m +r4<Q%f_§9>
+ Q{,g +T5(Qj77)+ Qj75 +7‘6(jS5)

+ + 7@ ) +1@1Y )+ 55 Q4 )

i—4
+AddElement(j — 16)

Table 5: Logic functions used in BLUE MIDNIGHT WISH. Note that for the function AddElement(j)
index expressions involving the variable j for M and H are computed modulo 16.
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