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Abstract. Shin et al.[4] proposed a new hash function with 160-bit out-
put length at PKC’98. Recently, at FSE 2002, Han et al.[5] cryptanalyzed
the hash function proposed at PKC’98 and suggested a method finding
a collision pair with probability 2739, supposing that boolean functions
satisfy the SAC(Strict Avalanche Criterion). This paper improves their
attack and shows that we can find a collision pair from the original ver-
sion of the hash function with probability 273713 through the improved
method. Furthermore we point out a weakness of the function comes
from shift values dependent on message.

1 Introduction

MD4, MD5, RIPEMD-160, HAVAL, SHA-1 are well known dedicated hash func-
tions. Dobbertin[2][3] showed that there are serious weakness in MD4 and MD5.
Haval[l1] was attacked partially. Shin et al.[] proposed a new hash function
with 160-bit output length at PKC’98.

Recently, at FSE 2002, Han et al.[5] pointed out that, unlike the designer’s
attention, some of the boolean functions of the hash function proposed at PKC’98
do not satisfy the SAC(Strict Avalanche Criterion). And they analyzed the hash
function proposed at PKC’98 and found a collision pair with probability 2739,
supposing that the boolean functions satisfy the SAC. However only one of
boolean functions used in the hash function satisfies the SAC. So, their attack
introduced at FSE 2002 can not be applied to the hash function itself.

This paper improves the method proposed at FSE 2002 and shows that we
can find a collision pair ”from the original version” of the hash function with
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probability 273713 through the improved method. And we point out the problem
of the hash function comes from shift values dependent on message. Next, we
show that reduced versions for 3-pass HAVAL are attacked by our attack method.

2 The Hash Function Proposed at PKC’98

In this section, we briefly describe the hash function proposed at PKC’98, and
we introduce notations used in this paper.

word 32-bit string

block ||512-bit string used as input of compression function in the hash function
+ addition modulo 2%? operation between two words

X<<® left rotation X by s bits

XAY bitwise logical AND operation of X and Y

XVvY bitwise OR operation of X and Y

XpY bitwise XOR operation of X and Y

2.1 Input Block Length and Padding

An input message is processed by 512-bit block. The proposed hash function
pads a message by appending a single bit 1 next to the least significant bit of
the message, followed by zero or more bit Os until the length of the message is
448 modulo 512, and then appends to the message the 64-bit original message
length modulo 2%4.

2.2 Initial Value(IV)

The initial values of five chaining variables (A,B,C,D,E) used in processing
message are as follows.

A | B | C | D | E
0x67452301|0xef cdab89]0x98badcef [0x10326476|0xc3d2e1£0]

2.3 Constants
The following numbers are used as constants(K; is used in round ).

Ky =0 Ky =0x5a827999 K3 = Ox6ed9ebal K, = 0x8flbbcdc

2.4 Expansion of Message Variables

Eight message variables, X6, X17, -, Xo3 are additionally generated from orig-
inal sixteen input message words, Xo, X1, -+, X315 as follows. So twenty-four
message words are applied to the compression function.

Xiori = (Xo4i ©Xopi ® Xr4i® X124)~< (i=0,1,---,7) (1)
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2.5 Ordering of Message Words

This hash function consists of four rounds. Each round has 24 steps.

Table 1. The definition of permutation p

0[1]2(3|4]5|6|7(89(10{11|12(13|14|15(16|17|18|19(20|21|22|23
21|17|1}23|18(12(10(5|16| 8 | 0 {20| 3 |22| 6 |11|19(15| 2 | 7 (14| 9 |13

>~

(i)

The ordering of message words is determined by p as follows.

Round 1(2/3 4

Permutation||id|p|p*|p®

2.6 Boolean Functions

The boolean functions used at each round are as follows. Only the function f,
satisfies the SAC, while it is not the case for fy and f;.

fo(z1, @2, w3, x4, 5) = (1 A 22) ® (v3 A2a) B (T2 A T3 A 2s) B x5 (2)
fi(zr, x2, 23, x4, 25) = x2 @ ((xa Aws) V (x1 A x3)) (3)
fa(z1, 2,23, T4, 25) = 21 © (T2 A (21 D 24)) © (((21 A 24) B T3) A W5) (4)

2.7 Operation in One Step

The operation in one step is defined as follows. The function fy is applied to the
first round(0~23 step), the function f; is applied to the second round(24~47
step), the function f5 is applied to the third round(48~71 step) and the function
f1 is applied to the fourth round(72~95 step).

Ai = (f(Ai, Bi,Ci, D, Ei) + X + K)<<%, B; = BS<1° (5)
Ait1 = FEi, Biv1 = Ai,Ciq1 = Bi, Diy1 = Ci, Ei1 = D; (6)

The operation in one step can be described in the figure 1.

2.8 Shift Operation

The shift values used in each step, S;(: = 0,1,2,---,95), are determined depend-
ing on message words as follows.

Si = )(}3(Z mod 24) mod 32 (7)

Next table shows R function per round.

Round |12 (3|4
R function||p®|p?|p|id

For example, let’s solve S, shift value at step 20. The step 20 is in the first
round, so R function is p3. Therefore Soq = X p3(20) mod 32 = Xg mod 32.
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Fig. 1. The operation in one step

(A lB[C[D]E |

<< 10

X
K
<< S;

[Ai1|Bia|Ciia|Di | iy ]

2.9 Each Step Operation through the Table

The following table shows each step operation from step 0 to step 6.
A;,B;,C;,D;,E; mean chaining variables after a equation (5) and before a equa-
tion (6) at i step.

Table 2. The message input order, shift value and chaining values per step

[step] A B C D E [Input[Shift value(mod 32)]

0 [[40] Bo Co Do Eo | Xo X1s
1la B o b [E| X Xa2
2 || 42 By Ca By | Xo X
3 || As Bs Ds Es | X3 X14
4 || A4 Ci Di Es| Xa X3
5 | As | Bs Cs Ds Es| Xs X6
6 || A6 Bs Cs Ds [Eo| Xo X

[J: The updated part per step

3 The Analysis of the Original Version of the Hash
Function Proposed at PKC’98

3.1 The Analysis of Input and Output Difference for Boolean
Functions

Boolean function f, satisfies the SAC. This means that when it has a difference
at only one bit, output bit becomes zero with 1/2 probability. At FSE 2002, un-
der supposing that three boolean functions satisfy the SAC, Han et al. proposed
a method finding a collision pair with probability 273°. But in fact, boolean
functions fy and f; do not satisfy the SAC. In case of fy, when only last input
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bit has a difference, output difference becomes always 1(table 3-5). Also, in case
of f1, when only second input bit has a difference, output difference becomes
always 1(table 3-13). These mean the followings: if a message word having a
difference is an input of a round using the function fy, the difference avalanche
occurs after four steps because fifth chaining variable have a difference. If mes-
sage word having a difference is input of a round using the function f;, the
difference avalanche occurs after one step because second chaining variable have
a difference. And the effect of difference avalanche is larger according as the
number of steps increases. Therefore the method proposed by Han et al. at FSE
2002 cannot be applied to the original version of the hash function. But, in case
of fo, if we give simultaneously differences to fifth chaining variable and other
chaining variable, the output bit becomes zero with some probability(table 3-
8,9,11). This is similar to f;. We will use this fact to attack the original version
of the hash function proposed at PKC’98.

Table 3. The probability that output difference bit becomes 0 with the change
of location of input difference bit of boolean function f;

|N0.||Func.|Input|Prob.||N0.||Func.| Input |Prob.|

1 f() X1 1/2 17 f1 X2,T3 3/8
2 fo i) 1/2 18 fl T2,Ts5 3/8
3 f() xr3 3/4 19 f1 T1,T4 3/8
4 f() T4 3/4 20 f1 T1,T2 3/8
5 fo s 0 21 fl T1,T3 5/8
6 f() T1,T2 1/2 22 f1 T2,T4 3/8
7 f() T1,T4 1/4 23 f1 xr3,Ts5 3/8
8 fo I3,Ts5 1/4 24 fl T4,T5 5/8
9 fo T1,Ts5 1/2 25 f1 3,4 3/8
10 f() I3, T4 3/4 26 f1 X1,Ts5 3/8
11 fo T4,T5 1/4 27 fl T2,T3,T4 5/8
12 f1 T 5/8 28 f2 X1 1/2
B A [z | 0 29 f2 T2 1/2
14 f1 T3 5/8 30 f2 xrs3 1/2
5| fi | za [5/8 31 f2 T4 1/2
16 f1 Ts5 5/8 32 f2 X5 1/2

3.2 The Analysis of Input and Output Difference for Step
Operation

At each step, such as equation (5), message word(X) having a difference has
influence on a updating chaining variable(A4;). Therefore, we need to take the
following facts into consideration for difference analysis. The step operation uses
addition modulo 232. If addition modulo 232 is substituted by @, we must con-
sider a probability according to a carry. If k=31, with respect to most significant
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bit, addition modulo 23? and @ play the same role. If k # 31, a carry happens
with probability 1/2. So, the analysis of input and output difference of step op-
eration is done by equations (8), (9), (10), (11). o and § denote arbitrary words,
and p denotes the probability satisfying a equation.

case 1: k=31
(a@15M)+ )@ (a+p) = 1<
(@®15%) + (361548 (a+ ) = 0

case 2 : k # 31
(a@1<F)+p)o(a+p) = 1<
(0®1<4)+ (30159 (a+ ) = 0

(p=1)
(p=1)
(p=1/2)
(r=1/2)

3.3 The Analysis of Expansion of Message Words

By (1), (12)~(19) are obtained as follows.

Xi6 = (Xo® X2 @ X7 @ X12)~<!
X17 = (X1® X3 ® X ® X13)~!
Xis = (Xo® X4 P Xo @ X14)~<!
X19 = (X3 X5 ® X0 @X15)<<1
X0 = (X4 X6 ® X101 @X16)<<1
Xo1 = (X5 ® X7 ® X12 @X17)<<1
Xo2 = (X6 ® Xs ® X13 @X18)<<1
Xoz = (X7 ® Xo ® X14 ® X19)<?

Through the expansion of message words, message words which are affected
by each X;(0 < ¢ < 15) are shown on Table 4 below. This fact was shown by Han
et al. at FSE 2002. When we take a look at the table 4, if we give a difference
to Xo, X1 and Xgg also have some differences.

Table 4. The effect of expansion of message words

[ Xo [ X0 [ X0 [ X | Xa [ X5 | Xe [ X7 [ Xs | Xo [Xi0] X1 [Xi2| X13][X14] X15]

Xi16|X17
X20|Xo1

X16
X1s
Xoo
Xo2

X17|X18|X19|X20|X16|X17|X18| X190
X19|X20|X21|X22|X20|X21|X22|X23
Xo1|X22|X23 X21|X22|X23
X23 X23

Xo20

Xi6
X20
Xo1

Xi7
Xa21
Xa2

X1s
Xa2
Xo3

X19
Xoa3

3.4 The Analysis of Weakness of Shift Value Dependent on Message

‘Words

Generally, in case of MDx-hash functions, shift values are fixed. If shift values can
be selected arbitrarily by attacker, a hash function using these shift values can
be attacked easily by our attack method (described in Appendix A), regardless
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of the expansion of message words and ordering of message words and boolean
functions and step operation. The original version of the hash function proposed
at PKC’98 uses shift values dependent on message words. This principle of the
design makes an attacker select shift values. So, in section 5, based on this fact,
we will attack the original version of the hash function proposed at PKC’98.

4 The Selection of Message Blocks and Shift Values for
Maximizing an Attack Probability

4.1 The Selection of Message Block Pair

When we take a look at the table 4, for the expansion of message words, it is
impossible to give a difference to only one message word pair. But we can give
differences to two message word pairs. Four cases exist.

(Xs, X13),(X9, X14),(X10, X15),(X11, X20). Out of four cases, we select
(X711, Xo0) for maximizing the probability of attack, because (X171, Xo09) makes
the smallest sum of four cases—the sums of the differences of steps of inputting
(Xg, X13),(X9, X14), (Xlo, X15),(X11, XQ()) per round. The table of four cases is
as follows.

Table 5. The differences of steps of inputting each word pair per round

| Round ||(X3,X13)|(X9,X14)|(X10,X15)|(X11,X20)|

1 Round 5 5 5 9
2 Round| 13 1 11 4
3Round| 3 13 13 3
4 Round 20 18 4 7
| Sum [ 41 37 33 23

4.2 The Selection of Differences of Message Block Pair and Shift
Values

The first standard giving differences to block pair is to give a difference to most
significant bit for changing a modular addition with XOR operation. The second
is to apply the same shift values to message block pair.

We select message block pair and shift values as follows.

- X = (Xi)ogigls s X = (E)Ogigls . message block pair
X1 @ X1 = 15599(Xp0 @ 1531 = Xyp)
- X; = Xi(i # 11,20)
- Value of 5 low-order bits of message words
l8b5(X1, X4, X77 X127 X157 X167 X177 X207 X23): (10, 0, 21, 21, ].]., 0, ].0,
0, 13)
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4.3 Input Order of Message Words and Shift Values per Round
through the Table

Table 6 shows input order of message words and shift values per step.(M: order
of message words, - : non-fixed value)

Table 6. The message input order and shift values per step

[step[M]shift[[step] M[shift[[step[ M [shift[[step [M[shift]

010 24 (4] 13 || 48 |23] O 72 |13 .
1|1 25 [21] . 49 |14 . 73 22| 10
2 |2 26 [17] . 50 [19] 10 || 74 | 2

3 |3 27 [ 1] . 51 [21] 10 || 75 |14 .
4 14 28 [23] . 52 |13 13 || 76 [3| O
5 |5 . 29 [18] 11 || 53 |15] . 77 |6

6 |6 21 || 30 [12] O 54 120 21 || 78 [T | .
707 . 31 [10] . 55 |8 . 79 |5 21
8 |8 11 || 32|5] . 56 [18] . 80 |15

9 19| . 33 [16] . 57 [11] O 81 |0

10 10| . 34 [8] . 58 | 5 82 |18

11 |11 13 || 35 (0] O 59 |4 83 |23]| .
12 |12 . 36 [20] 21 || 60 | 7| O 84 |10| 21
13 13| . 37 3] 10 ] 61 |1 85 |21

14 |14 O 38 [22] . 62 |9 86 |16] .
15 |15 0 39 [6] 21 || 63 |12 87 |20| 11
16 |16/ O 40 |11 64 |10 88 |4] O
17 [17| 10 || 41 |19 65 | 2 89 17| 10
18 (18| 21 || 42 [15] . 66 |6 11 || 90 |12

19 19| . 43 | 2| 10 || 67 [17] . 91 |19] .
20 [20] . 44 | 7| . 68 |10 21 || 92 [8]| O
21 |21 45 (14| . 69 |22 93 |9
22 [22] . 46 |9 O 70 [16] . 94 |11] .
23 (23| 10 || 47 |13 . 71 (3] . 95 | 1] 13

5 Full-Round Differential Attack

From now on, we start to attack the original version of the hash function pro-
posed at PKC’98 based on sections 3 and 4. Table 7 shows the full-round differ-
ential attack. Concretely we analyze steps generating differences. See Appendix
A. ANA;, AB;, AC;, AD;, AE; mean the differences of chaining variables after
a equation (5) and before a equation (6) at i step.

The total probability is about 273713, Therefore we can find a collision pair

of the original version of the hash function proposed at PKC’98 with probability
9—37.13

6 Finding a Collision Pair in Practice by Simulation

For finding a collision pair, we executed a program written in visual C 6.0 and
running on a set of 10 PCs under Windows. From this, we found a collision pair
in one computer with about 10 hours. The collision pair is as follows.
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Table 7. The Full-Round Differential Attack

[Sten][ & »_[[Step][AA 4B AT AD _AE[AX] p
0 E 0 1 a8 || o Iz‘ 0 ol o 1
1 0 0 1 49 || o 0 0 ol o 1
2 0 0 1 50 IE‘ 0 0 ol o 1
3 0 0 1 51 || o 0 0 IE‘ 0 1
4 0 E 1 52 || o 0 IE‘ ol o 1
5 IE‘ 0 1 53 || o 0 0 ol o 1
6 0 0 1 54 || o | 1<20 | 0 0 0 [1<81| 1
7 0 0 1 55 IE‘ 1<30 0 0 0 0 1/2
8 0 0 1 56 || 0 1<30 0 0 IE‘ 0 1/2
9 0 E 1 57 || o 0 E 0 |1<30| 1/4
10 IE‘ 0 1 58 || o Iz‘ 0 o| o |1/2
11 0 0 1/2 || 89 || 0 0 0 o| o |1/2
12 0 0 1/2 || 60 IE‘ 0 0 ol o 1
13 0 0 3/4 || 61 || 0 0 0 IE‘ 0 1
14 0 IE‘ 3/4 || 62 || o 0 IE‘ o] o 1
15 | 1<21 | 0o o 0 1<21 0 1/2 63 || o lz‘ 0 0 0 1
16 || 1<31 o o 0 | 1<21 | 0 1/4 64 || 0 0 0 0 0 1
17 || 1<31 o lz‘ 1<31 0 3/8 65 E 0 0 0 0 1
18 || 1<31 ¢ 0 1<31 0 3/4 66 || o 0 0 IE‘ 0 1
19 || 1<31 IE‘ 0 0 1<31 [ o 174 |67 || o 0 IE‘ o] o 1
20 E 0o o 0 1<31 [1<31) 12 68 || o E 0 0 0 1
21 0 0o o 0 0 1/2 || 69 || 0 0 0 ol o 1
22 0 0o o 0 1 70 IE‘ 0 0 ol o 1
23 0 0 0 1 71 | o 0 0 IE‘ 0 1
24 0 IE‘ 0 1 72 || o 0 IE‘ ol o 1
25 IE‘ 0 0 1 73 || o IE‘ 0 ol o 1
26 0 0 0 1 74 || o 0 0 ol o 1
27 0 0 0 1 75 E 0 0 ol o 1
28 0 0 0 1 76 || o 0 0 IE‘ 0 1
29 0 IE‘ 0 1 77 || o 0 IE‘ ol o 1
30 IE‘ 0 0 1 78 || o 0 ol o 1
31 0 0 0 1 79 || o 0 ol o 1
32 0 0 0 1 80 IE‘ 0 ol o 1
33 0 0 0 1 81 || o 0 IE‘ 0 1
34 0 IE‘ 0 1 82 || o IE‘ ol o 1
35 E 0 0 1 83 || o 0 ol o 1
36 0 | 1<31| 84 || o 0 ol o 1
37 0 1/2 || 85 0 0 0 ol o 1
38 0 3/8 || 86 || o 0 0 0 IE‘ 0 1
39 o |25/64|| 87 || 0O 0 0 | 1<10 | 1<81] g
40 1<30115/128|| 88 || © 0 | 1<10 | 1<20 ¢ 0 1/2
a1 0o |25/64| 89 || 0 | 1<20 | 1<200 <200 o |s5/16
a2 0 5/8 920 IE‘ 1<30 ;<20 <200 0 5/8
43 0 1 91 || 0 1<30 <20 ;<20 E 0 |25/64
44 0 1 92 [| o 1<30 ;<20 E 0 0 |15/64
45 0 1 93 [[ 0 1<30 0 0 0 |25/64
46 0 1 94 || o 0 0 [1<303/16
47 0 1 95 E 0 0 ol o 1

[0 :The updated part per step
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Xo = 0xdf407f1a

X1 = 0x99c0464a

X> = 0x3380alfa

X3 = 0x0d40be50

X4 = 0x6580c1c0

X5 = 0xb8803020

X = 0xf5c09a9%e

X7 = 0x388077d5

Xg = 0x1£005106

X9 = 0xb080db94

X10 = 0xb700244c

X11 = 0x3480cc5e

X12 = 0xb5c00895

X13 = 0xa9405c59

X14 = 0x28c04748

X15 = 0xba008ecb

169

X1 = X1 ® 15 X; = X;(i # 11)

The output of compression function for two message blocks is as follows.

Oxfe684dca 0x33524aa4 0x15ce9f59 0xd200e689 0x7b01f656

And a collision pair on the compression function leads to a collision on the
full hash function by simply appending identical blocks or the padding fields for
same-length messages.

7 On the Security of Reduced Versions of 3-Pass HAVAL

HAVAL is a dedicated hash function of the MD family which was proposed by
Zheng et al[LT]. Kasselman et al. found collisions for the last two passes of 3-pass
HAVAL|G]. Park et al., at ACISP 2002, found a 256-bit collision of the first two
passes of 3-pass HAVAL and of the last two passes of 3-pass HAVAL[7]. In this
paper, we attack reduced versions of 3-pass HAVAL using our method different
from two previous attack methods(1-2 round: attack probability is 278, 2-3
round: attack probability is 27°0). Concretely, we select two messages as follow.
For 1-2 round of HAVAL, Wag & Way = 1<<31 Wy @ 15<20 — W, For 2-3
round of HAVAL, W7 @ Wy = 1<<31 W3; @ 1<<30 = W3;.(See Appendix B:
Table 8, 9)

8 Conclusion

This paper shows that we can find a collision pair from the original hash function
with probability 273713 not transforming boolean functions. This means that a
weakness of the hash function proposed at PKC’98 comes from the shift values
of the hash function. That is, shift values depending on messages can be a factor
of reducing the security of hash functions. Also, our attack method is applied
to the reduced version of HAVAL because HAVAL has the weakness of message
input order.

Therefore shift values have to be carefully chosen for the security of hash
functions. And in case that shift values are fixed, the message input order have
to be carefully chosen, also.
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Appendix A

1. The Analysis of 11~21 Steps of Table 7

The first round use the function fy. The values of Table 7 are calculated as

follows.

AFE11 = [fo(E10, Ao, Bio, Cio, D1o) + X11 + K1]<<S“:13 @ [fo(F10, A1o, Bio, Cro,
Dio) + (X11 @ 15530 4 J¢j]<<Su=13 _ 1<<11 (p=1/2)

Above equality holds with probability 1/2 by (10).

ADi2 = [fo(D11, E11, A1, B11,Cn) + X2 + K1}<<Sl2 ® [fo(D11, En1 & 1< Agy,
Bi1,C11) + X12 + K1]<<512 = 0 (p=1/2)

Above equality holds with probability 1/2 by 2 of Table 3.

AC13 = [fo(Ci2, D12, E12, A12,B12) + X13 + K1}<<313 & [fo(Cir2, D12, E12 &
1<<217A12,
Bl2)+X13+K1}<<Sl3 =0 (p=23/4)
Above equality holds with probability 3/4 by 3 of Table 3.

ABys = [fo(Bi3s,Ci3, D13, E13, A13) + X14 + K1]<<Sl4:0 @ [fo(Bis, Cis, D13, E13
G121 Apy) 4 Xya + K, ]<514=0 = (p=3/4)
Above equality holds with probability 3/4 by 4 of Table 3.
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AAis = [fo(A14, Bia, C1a, D14, E1a) + X15 + K1]<<°15=° @ [fo(A14, B14, C1a, D14,
Eia® 1<<21)+X15+K1]<<515:0 — 1<<21 (p _ 1/2)
Above equality holds with probability 1/2 by (10) and by 5 of Table 3.

AEv = [fo(E1s, A1s, Bis, Cis, D1s) + X16 + K1}<<316:0 D[fo(Bis @1 Az @
1552 Bys,Ci5, D15) + X16 + K| <<%1670 = 1< (p=1/4)
Above equality holds with probability 1/4 by (10) and by 6 of Table 3.

ADi7 = [fo(Die, Ere, A1s, Bis,C16) + X1z + Ki]<<57=1% @ [fo(D16, E16 @
1<<21,A16
& 1<% Byg, C16) + X17 + K] <<517=10 = 0 (p=3/8)
Above equality holds with probability 3/8 by 2, 3 of Table 3.

ACis = [fo(Ci7, D17, E17, A17, Bi7) + X1s + K1}<<518:21 @ [fo(Cr7, D17, E17 &
15580 A1 @ 15538 Byo) + Xys + K |<<518=21 — (p=3/4)
Above equality holds with probability 3/4 by 10 of Table 3.

ABig = [fo(Bis, Cis, Dig, E1s, A1) + X19 + K1]<<519 @ [fo(Bis, Cis, D1s, F1s @
1<<317A18 o) 1<<31)—|—X19+K1]<<519 =0 (p _ 1/4)
Above equality holds with probability 1/4 by 11 of Table 3.

AAzg = [fo(Arg, B1g, Cho, D19, E19) + X20 +K1]<<52° O [fo(A19 @131 Big, Cro,

Dig, E1o @ 15°%) + (X0 @ 1°°%1) + K3 ]<<520 =0 (p=1/2)
AFE2 = [fo(E20, A20, B2o, C20, D20) + X1 +K1}<<S21 ® [fo(E20@1<<31,A20,BQO,
Ch0, Dao) + Xo1 + K1]<<521 = 0 (p=1/2)

2. The Analysis of 36~42 Steps of Table 7

The probabilities of following equalities also are calculated like the above
method.

AFEse = [fi1(Ess, Ass, Bas, Cas, Das) + Xa0 + Ko]<<%36=2L ¢ [ f1(E35, Ass, Bss, Cas,

Dis) + (Xao @ 15538) 4 o] S<S36=21 _ 1<<20 (=1
ADs; = [fi1(Dss, Ess, Ase, Bss, C36) + X3 4+ K2]<<%7=10 @ [f1(Dss, Ese ® 1°<%°, Az,
Bise, Cs6) + X3 + K] <<%37=10 = 1<<80 (p=1/2)
ACss = [f1(Cs7, Dar, Esr, Asz, Bar) 4+ Xoo + Ko] <<% @ [f1(Cs7, D37 © 1<% E3;
@& 1%, Ag7, Bar) + X224 Ko|<<%38 = 0 (p=3/8)
ABsg = [f1(Bss, Css, D3s, Ess, Asg) + X¢ + K2}<<S39:21 @ [f1(Bss, Css, D3s
B 18, Eas @ 130, Ass) + X6 + K2]<<539:21 =0 (p=25/64)
AAygo = [f1(Asg, Bag, Cag, D3, F3g) + X11 + Ko]<<510 @ [f1(Ase, Bsg, Ca9, Dag
B1°=%, Ego ®1°°%0) 4+ (X131 1°°%0) 4 K] <%0 = 0 (p = 15/128)
AEa1 = [f1(E10, Ado, Bo, Ca0, Dao) + X19 + Ka]<<511 @ [f1(Fa0 & 1°<%°, Ayo, Buo,
Cua0, D1 ©1°°8) + Xyg + Kp]<<%11 = (p = 25/64)

ADas = [fi(Dar, Ea1, Aar, Bar, Ca1) + X5 + K2]<<512 @ [f1(Da1 & 158 E41, Aa1,
Ba1,Cua1) + X15 + K2] <512 =0 (p=5/8)
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3. The Analysis of 54~59 Steps of Table 7

The probabilities of following equalities also are calculated like the above
method.

ABsy = [f2(Bss, Cs3, Ds3, Ess, Asz) + X0 + K3]<<SE’4:21 @ [f2(Bs3, Cs3, Ds3, Ess,

Ass) + (Xao ® 1559Y) 4 Jo] S<Ss1=21 _ 1<<20 (=1
AAss = [f2(Asa, Bsa, Csa, Dsa, Esa) + Xs 4+ K3]<<55 @ [fa(Asa, Bsa ® 15520 Cs4,

Dsa, Esa) + X5 + K3] <<% =0 (p=1/2)
AEs = [f2(Ess, Ass, Bss, Css, Dss) + X1s + K3]<<556 @ [fa(Fss, Ass, Bss ® 1<%,

0557D55)+X18+K3}<<556 =0 (p=1/2)
ADs7 = [f2(Dse, Ese, Ase, Bse, Cs6) + X11 + K3}<<Ss7:0 @ [f2(Dse, Ese, Ase, Bse

D 1<<307 056) 4 (X11 &) 1<<30) + K3}<<557:0 =0 (p — 1/4)
ACss = [fo(Cs7, Ds7, Est, As7, Bsr) + X5 + K3]<<°%% @ [f2(Cs7, Ds7, Esr, As7, Bsr

@ 1<<30) + X5 +K3}<<558 =0 (p = 1/2)
ABsg = [f2(Bss, Css, Dss, Ess, Ass) + X4 + K3]<<%9 @ [fo(Bss ® 1°<%°, Csg, Dss,

Ess, Ass) + Xa + K3] <<% =0 (p=1/2)

4. The Analysis of 87~95 Steps of Table 7

The probabilities of following equalities also are calculated like the above
method.

ADg7 = [f1(Dss, Ess, Ass, Bses, Css) + X20 + K4]<<587:H @ [f1(Dss, Esc, Ass, Bse,

Cso) + (Xa0 & 15<31) 4 [, ] <<Ss7=11 _ 1<<10 (=1
ACss = [f1(Csr, Ds7, Esr, Asr, Bsr) + Xa + K4]<<38=° @ [ 1 (Cs7, Ds7 ® 1<<'° Eg,
Ag7, Bgr) + X4 + [y <<588=0 = 1<<10 (p=1/2)
ABso = [f1(Bss, Css, Dss, Ess, Ass) + X17 + K] ~<%39=19 @ [ (Bss, Css © 1= Dgg
D 1<<207E887A88) + X17 + K4]<<Sgg:10 _ 1<<20 (p — 5/16)

AN Agy = [f1(Asg, Bsg, Csg, Dgg, Esg) + X12 + K4}<<59° @ [f1(Asg, Bsg ® 1<%, Csg
@155, Do ©1°°%, Ego) + X12 + Ka] <50 = 0 (p=5/8)

AEg1 = [f1(Eoo, Ago, Boo, Coo, Doo) + X19 + K4] <59 @ [f1(Fgo, Ao, Boo ® 1<%,
Coo ® 15520, Doy ® 15529) 4 X9 + K4]<<591 = 0 (p = 25/64)
ADgz = [f1(Do1, E91, Ao1, Bo1, Co1) + Xg + K4]<<592:0 @ [f1(Do1 @ 1°<2° Eg1, Aoy,
Bgl D 1<<30’Cf91 e 1<<20) +X8 +K4]<<592=0 =0 (p — 15/64)
ACyz = [f1(0927D92,E92,A92,B92)+X9+K4}<<593 D [f1(Co2 ®1<<2% Dgs, Ego, Aga,
Boz @ 1°%0) 4 X 4 K4]<<%3 =0 (p = 25/64)
ABgs = [f1(Bo3z, Cos, Doz, Eoz, Ag3)+X11 + K4 <51 @ [f1(Bos @13, Cy3, Dy3, Eos,
Agz) + (X11 @ 15599) 4 K<< = 0 (p = 3/16)

N Ags = [f1(Aga, Boa, Coa, Doa, Fga) + X1 + Ka]<<%95=13 & [f1 (Aga, Boa, Coa, Dos, Fos)
+X1 +K4}<<595:13 =0 (p — 1)
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Appendix B

Table 8. Attack on the first two passes of 3-pass HAVAL

Step]] AA__AB AC AD AE AF AG AH[AX [ p |

Step[[AA_AB __AC AD AE AF AG AH[AX [ p |

0 0 0o 0 o0 o |1|[32] o 0 0o o 0 E o |1
1 0 0o 0 o0 o |13 o 0 0o o o| o |1
2 0 0o 0 o0 o | 1|[3afl o 0 0o o o| o |1
3 0 0o 0 o0 o |13 o 0 0o o o| o |1
4 0 0o o E o |13 o 0 0 E o| o |1
5 0 0 0 o |1|[37| o 0 0 o o |1
6 0 IE‘ o 0 0 0 0 0 o |1|[38] o | 1<31 | 0o o 0 |1<81] 1
7 | <31 | 0 0 0 o 0 [1<31] 1 || 39 lz‘ 1<31 o0 o 0 o |1/2
8 1<31 ¢ 0 0 o0 IE‘ o [1/2|[ 40|l 0o 1<31 o o IE‘ o |[1/2
9 1<31 ¢ 0o 0 o0 0 o |i/2|f4a1 ]l 0o 1<31 o o 0 0o |1/2
10 || 1<31 o 0o o0 E 0 o |i/2fla2 ]|l o 1<31 o o 0 o |1/2
11 || 1<31 o 0 E 0 0 o |i/2fl4s |l 0o 1<31 o o 0 o |1/2
12 || 1<31 ¢ IE‘ 0 o0 0 o |i/2f[4a || 0o 1<31 o IE‘ 0 o |[1/2
13 || 1<31 ¢ 0o 0 o0 0 o |1/2|[ a5 || 0 1<31 0 0 0o |1/2
14 || 1<31 E 0o 0 o0 o |1/2|| 46 || 0 | 1<20 | 0o o 0 o |[1/2
15 | 1<20 | 0 0 0 o o |1/2|| a7 E 1<20 0 0 o |1/2
16 || 1<20 ¢ 0 0 o o |1/2|| 48 || 0o 1<20 0 E o |1/2
17 || 1<20 ¢ 0o 0 o0 o |1/2|| a9 || 0 1<20 0 0 0o |1/2
18 || 1<20 ¢ 0o 0 E o |[1/2|| 50 || 0 1<20 0 0 0o |1/2
19 || 1<20 ¢ 0 E 0 o |i/2|| 51 || o 1<20 0 0 o |1/2
20 || 1<20 ¢ E 0 o o |1/2|| 52 || o 1<20 E 0 o |[1/2
21 || 1<20 ¢ o 0 o0 o |1/2|| 53 || o 1<20 0 0 o |1/2
22 || 1<20 E o0 0 0 0 o0 o |i/2|| 54 || o | 1<9 | 0o o0 0 o |1/2
23 | 1<9 | 0 0o 0 0 0 o0 o |1/2|| 55 1<9 o0 o 0 o |1/2
24 1<9 ¢ 0o 0o o0 o E o |i/2lls6 |l 0o 1<9 o o E o |1/2
25 1<9 ¢ 0 0 o0 lz‘ 0 o |12l s7 ][0 1<9 o o 0 o |[1/2
26 1<9 ¢ 0o o IE‘ 0o 0 o |i/2l[ss |l o 1<9 o o 0 0o |1/2
27 1<9 ¢ 0 E 0o 0 o o |i/2fls9 |l o 1<9 o o 0 o |1/2
28 1<9 ¢ E 0o 0 0 o o |i/2fleo || 0 1<9 o E 0 o |1/2
20 || 1<9 o o 0o o o o] o |izfler]lo 0 ol o |1/2
30 1<9 IE‘ 0O 0 0 0 o0 o |i/2|| 62 || o 0 0 [1<30(1/4
31 E 0o 0 0o 0 o0 o0 0 |[1<30]1/4]|| 63 E 0 0o o0 0 o |1

[0 :The updated part per step



Donghoon Chang et al.

174

Table 9. Attack on the last two passes of 3-pass HAVAL

[2X[p]

AC AD AE AF AG AH[AX | p [[Step][AA AB AC AD AE AF AG__AH

Step|[[AA__AB

T

88
89

92
93

94

1

1/2
1/2

1/2
1/2

1<81

1<20(1 )4

0

1<31

0

1<31

0

0

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
52
53

58

59

62

63

O :The updated part per step
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