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Abstract

It is known that correlation-immune (CI) Boolean functions used in the framework of side
channel attacks need to have low Hamming weights. In this paper, we study minimum
Hamming weights of 3-CI Boolean functions, and prove that the Carlet-Chen conjecture is
equivalent to the famous Hadamard conjecture. Moreover, we propose a method to construct
low-weight n-variable CI functions through d-linearly independent sets, which can provide
numerous minimum-weight d-CI functions. Particularly, we obtain some new values of the
minimum Hamming weights of d-CI functions in n variables for n < 13.
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1 Introduction

Side-channel analysis is a very powerful technique which target implementations of block
ciphers [12,13,16,17]. To resist side channel attacks, many possible countermeasures have
been proposed, and correlation-immune (CI) Boolean functions with low Hamming weights
can be used in the framework [6,14,15,20]. To reduce the cost overhead of countermeasures,
one needs to construct d-CI functions with the weight as small as possible, or maximizing d
for a given weight [2,6].

Very recently, Carlet and Chen proposed some constructions of low-weight CI functions,
and conjectured that the minimum Hamming weight of 3-CI functions in n variables is
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In this paper, we study minimum Hamming weights of 3-CI Boolean functions, and
prove that the Carlet-Chen conjecture is equivalent to the famous Hadamard conjecture.
Moreover, we propose a method to construct low-weight n-variable CI functions through
d-linearly independent sets, which can provide numerous minimum-weight d-CI functions.
Particularly, we obtain some new values of the minimum Hamming weights of d-CI functions
in n variables for n < 13.

The paper is organized as follows. In Sect. 2, the necessary background is established. We
then study the relationship between Hadamard matrices and minimum-weight d-CI functions
in Sect. 3. In Sect. 4, we study the relationship between d-linearly independent sets and low-
weight d-CI functions. We end in Sect. 5 with conclusions.

2 Preliminaries

Let [} be the n-dimensional vector space over the finite field IF>. We denote by B, the set of
all n-variable Boolean functions, from I3 into IF,.
Any Boolean function f € B, can be represented by its truth table

[£(0,0,...,0), f(1,0,...,0), f(O,1,...,0), f(1,1,...,0),..., f(1, 1,..., D].

Leta = (ay, ..., a,) € ;. The Hamming weight of a, denoted by w (a), is the cardi-
nality of the set {1 <i < n|a; = 1}.

Let Supp(f) = {x € F}| f(x) = 1} be the support of a Boolean function f € B, whose
cardinality |Supp(f)| is called the Hamming weight of f, and will be denoted by wg (f).
Clearly, f is determined by Supp(f) uniquely. We say that f is balanced if wy (f) = 2"~

Let f € B,. f is called correlation-immune of order d (in brief, d-CI) if and only if

Z (=) ®evx _

n
xel)

forany v = (vi, ..., v,) € Fj satisfying 1 < wp(v) <d,where v-Xx =vix; + -+ vpX,
is the usual inner product [4,7,19,22].
Clearly, for 0 # v € F}}, we have

Z (_1)f(X)EBv-X _ Z (_I)IGBV-X + Z (—D)¥* = -2 Z (=)',

xel} xeSupp(f) x¢Supp(f) xeSupp(f)

Therefore, f is d-CI if and only if

Y D=0,

xeSupp(f)

for any v € ] satisfying I < wy(v) <d.
A matrix H of order n is called a Hadamard matrix if HHT = nl,, where I,, is the n x n
identity matrix and H7 is the transpose of H [10].
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3 Hadamard matrices and minimum Hamming weights of d-Cl Boolean
functions

3.1 On the minimum weight of 3-Cl Boolean functions

Using the same notation as that of [5], we denote the minimum Hamming weight of d-CI
nonzero Boolean functions in n variables as wy, 4.

Lemma 3.1 (Proposition 2.6 of [5]) Let d be an even integer such that n > d > 2. Then
Wnt1,d+1 = 2Wp 4.

Theorem 3.2 Letn > 3 be any integer. Then w, 3 > 8{%].

Proof By Lemma 3.1, it is sufficient to prove that w, > > 4["1’11, for n > 2. Suppose
there is ann > 2 such that m = wy, 2 < 4(%]. Then there exists a 2-CI f € B, with
the Hamming weight m. It is well known that deg(f) < n — 2 and m is a multiple of 4.

Therefore, m < 4(”%11 —4 < n+ 1. Let the support of f be {(a;1, ai2, ..., ain)}, where
1 <i < m. Let M be the matrix

ajp  app - Qg
Moo | @ an 5‘27 =[p1,-.-»Pnls

Onl Gmy - Gy
where p; = (a1, a2j, ..., an;)" and 1 < j < n. Since f is 2-CI, we have wg (p;) = %
and wy (pj, ®pj,) = 3, where 1 < j <nand1 < ji < j» <n. Therefore,

mooce
Pi P, = {% lo};}zl;r;zlsze

We construct an m x (n + 1) matrix H as follows.

1 (=D@ (=)@ .. (=])dm

L e
1 (=D (—1)®2 .. (—1)%m

Then
H"H =ml,
where [ is the identity (n + 1) x (n + 1) matrix. Therefore,
n+1= rank(HTH) <rank(H) <m <n+1,

which is a contradiction, and the result follows. O

By Theorem 3.2, if we can find a 2-CI n-variable Boolean function with the weight
4(”%[]1, then the values of w, > and wy41,3 are both determined. We now give a method
to construct minimum-weight 2-CI n-variable functions through Hadamard matrices, for
infinitely many n’s.
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Construction 1 Let H be any 4k x 4k Hadamard matrix. By negating columns of H, we
can get a matrix whose first row is (1, 1, ..., 1). We delete this row and denote the induced
(4k — 1) x 4k matrix as

(=D%1 (=DB2 . (—])Tsk

~ —1)42.1 —1)42.2 N —1)92.4k
H = ( -1.)- ( .1.). DR ( 1) ’
(— 1) k=11 (—])d4k=12 ... (—])d4k-14
where a; j € Fp, 1 <i <4k—1land1 < j < 4k.Letq; = (a1 j,...,as—1,j), where
1 < j < 4k. Then we construct a function f € Ba;—1 whose support is {q;, q2, . . ., qak}-

Proposition 3.3 Let H be any 4k x 4k Hadamard matrix, and f € Bax—1 be the function
defined in Construction 1. Then f is a 2-CI Boolean function with the minimum Hamming
weight.

Proof Since H is a Hadamard matrix, the rows of the induced matrix H = [(=1)%.J] in
Construction 1 are mutually orthogonal and they are all orthogonal to the vector (1, 1, ..., 1).
Letp; = (ai1,ai2,...,ai4), where 1 <i < 4k — 1. Then wy (p;) = 2k and wy (p;; ®
pPi,) = 2k, where | <i <4k —1land 1 < iy < ip < 4k — 1. Therefore, f is 2-CL
Since wy (f) = 4k = 4(%], by Theorem 3.2, f is a 2-CI Boolean function with the
minimum Hamming weight. O

It is noted that we can construct a 3-CI n-variable Boolean function with the minimum
Hamming weight easily from a 2-CI (n — 1)-variable Boolean function with the minimum
Hamming weight.

Corollary 3.4 [f there exists a Hadamard matrix H of order 4k, then wax 3 = 8k.

In [2], Bhasin et al. presented an open problem: the minimal weight of a d-CI function in n
variables might not increase with n. By Corollary 3.4, we can give a negative answer to this
problem, since there are infinitely many Hadamard matrices.

3.2 Equivalence of the Hadamard and Carlet-Chen conjectures

Hadamard conjectured that there exists a Hadamard matrix of order 4k for every positive
integer k. After more than one hundred years, this conjecture still remains open.

Conjecture 3.5 (Hadamard Conjecture) A Hadamard matrix of order 4k exists for every
positive integer k.

There are many results on this conjecture (see e.g. [1,8,9,11,18,21]). The smallest order for
which no Hadamard matrix has been known is 668.
In [5], based on the numerical results, Carlet and Chen proposed the following conjecture.

Conjecture 3.6 (Carlet-Chen Conjecture) Let n > 3 be any integer. Then wy 3 = 8(%1.
We now prove that the above two conjectures are equivalent.

Theorem 3.7 The Carlet-Chen conjecture is equivalent to the Hadamard conjecture.
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Proof If the Carlet-Chen conjecture holds, then for any positive integer k, we have w4 3 =
8k. Hence, war—1,2 = 4k. That is, there exists a 2-CI f € Ba,—; with the Hamming weight

4k. Let the support of f be {(ai 1,ai2,...,ai4—1)}, where 1 < i < 4k. We construct a
4k x 4k matrix H as follows.
1 (D1 (=192 . (—])Psel
—1)492,1 —_1)42,2 - —1)92,4k—1
L
1 (D%l (—])%k2 ... (—])%kdk-

Then HT H = 4kI, where I is the identity 4k x 4k matrix. Thatis, H” is a Hadamard matrix
of order 4k.

Now suppose the Hadamard conjecture is correct. Then for any positive integer &, there
exists a Hadamard matrix H of order 4k. By Proposition 3.3, the function defined in Construc-
tion 1 is a 2-CI Boolean function with the Hamming weight 4k. Therefore, war—1 2 < 4k.
By Lemma 3.1 and Theorem 3.2, we have wy 3 = 8k. For 1 <t < 3, we have w4, 3 <
W4k+4,3 = 8(k + 1). Then by Theorem 3.2, 8(k + 1) > war4r3 > 8(#1 =8(k+ 1), and
the result follows. O

From the proof of Theorem 3.7, for any minimum-weight 2-CI function f € Baj_1, there
always exists a Hadamard matrix of order 4k such that the function defined in Construction 1
is the same as f. In other words, our construction can provide all minimum-weight 2-CI
Boolean functions in 4k — 1 variables.

4 d-linearly independent sets and d-Cl Boolean functions with low
Hamming weights

4.1 d-Linearly independent sets

We now introduce the notion, d-linearly independent set, which will be used in our construc-
tion of d-CI Boolean functions with low Hamming weights.

Definition 4.1 A subset of ' is said to be d-linearly independent if no vector in the set
can be written as a linear combination of any other d — 1 vectors in the set. That is, for
any different vectors o1, ao, ..., g4 of this set, there do not exist ¢y, ..., c¢g € [Fp such that

Z?:l Citj = 0.
Definition 4.2 A subset S of I}’ with k vectors is said to be a relative maximum d-linearly

independent set if S is not a subset of any d-linearly independent set of ;' with k + 1 vectors.

Clearly, any d-linearly independent set can be extended to a relative maximum d-linearly
independent set, and the rank of a relative maximum d-linearly independent set is m.

Definition 4.3 A subset of '}’ with k vectors is said to be an absolute maximum d-linearly
independent set if there is no d-linearly independent set of Iy’ with k + 1 vectors. We denote
this maximum value k as vy, 4.

It is easy to see that v, » = 2™ — 1 and vy,,4; > V4, for di < d>. We now determine other
values of vy, 4.

Proposition 4.4 The cardinality of an absolute maximum 3-linearly independent set of 5’ is
2m=1 That is, Up3 = om=1
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Proof Suppose there exists a 3-linearly independent set {p1, p2, ..., pom-14} C F5'. Then
we construct a set

T=fp, 1<i<2""'"+ 1 Jpi+p;, 252" +1}

Clearly, the cardinality of the set T is 2" ~! 4+ 1 4+2"~! > 2™ which is contradictory to the
fact that T is a subset of F}’. Therefore, v,, 3 < om=1 Clearly, the set

S={peFy|lwg(p)isodd}
is a 3-linearly independent set with 2"~ vectors, and the result follows. O
Proposition 4.5 Form > Sandd > 2m+2 , the cardinality of an absolute maximum d-linearly
independent set of "y is m + 1. That i lS, Uma =m+1, ford > 2m3+2.

Proof Let S = {p1,p2....,p:} C I} be any absolute maximum d-linearly independent
set. Take a basis of S, say {p1, p2, - - -, Pm}- Then any vector in S can be written as a linear
combination of the basis vectors. We have
[ p1 ] M1 0 ... 0 ]
0 1 ... O
P2 P
pe =] 0o 0o ... 1 P2\
Pm+1 Cm+1,1 Cm+1,2 « -+ Ct1,m
Pm
L Pr L € Ct2 oo Ctm |
where (¢ 1, ¢i2, ..., ¢im) € FO, form + 1 <i < t. Therefore,
T :{(1307"'70)7'~'7(0907"'9 l)s(cm+l.la"'acm+1I‘ll)a"'v(ct,lv"'vct,m)}

is an absolute maximum d-linearly independent set. Since d > M

2m+2

,thereisnovectorq € T

with 1 < wy(q) < . Moreover, there do not exist two dlfferent vectors q1,qx € T

such that wy (qp) > 2’”+2 and wy (q2) > 2’"+2 . Otherwise, q; @ qq is of the Hamming
weight
2m — 4 2m + 2
< = -2
- 3 3
and it can be written as a linear combination of other 2"’3+2 2 vectors in 7. Therefore, the

cardinality of T is at most m + 1. Clearly, the set
S={peFylwy(p) = 1orm
is a d-linearly independent set with m + 1 vectors, and the result follows. O
If m is small, it is quite easy to determine the values of v, 4. In Table 1, we list all the

values of v, 4, form < 9.

4.2 An algorithm for finding relative maximum d-linearly independent sets
Let S C I} be any relative maximum d-linearly independent set. Then S is of rank m,

and there is a linear transformation over 5" which maps S onto a set 7' containing m unit
vectors. Clearly, T is also a relative maximum d-linearly independent set. Moreover, the
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Table 1 The values of vy, 4 d

m

3 4 5 6 7 8 9
2 7 15 31 63 127 255 511
3 8 16 32 64 128 256
4 5 11 13 15
5 12 14
6 11
7 10

inverse transformation maps 7 onto S. Hence, without loss of generality, we only need to
study how to find relative maximum d-linearly independent sets from the set of unit vectors
U ={uy,...,u,}, where u; is the unit vector whose i-th coordinate is 1, for 1 <i < m.
Letu = (uy, uz, ..., u;,) € F5'. Weuse [u] to denote the number u1 +2us+. . A2y,
and provide an algorithm as follows.
An algorithm for finding relative maximum d-linearly independent sets:

1. Start with the set of unit vectors U = {uy,...,u,,} andi =d.
2. Consider u € ' satisfying wt(u) = i which are sorted by |u| in ascending size.

a. If u cannot be written as a linear combination of d — 1 vectors in U, update U to
U U {u};

b. If ju| = 2" — 2"~ update i toi + 1.

c. Ifi > m, goto step 3.

3. Output the set U.
In the algorithm, we sort u with the same weight by |u| in ascending size, and the last u

satisfying wt(u) =iis (0,...,0,1,..., 1) with [u| = 2" — 2m=i The algorithm is simple
and even can be done by hand, which can be seen from the following example.

Example 1 Let m = 7 and d = 4. Then the set of unit vectors is

U ={(1,0,0,0,0,0,0), (0,1,0,0,0,0,0), (0,0, 1,0,0,0,0), (0,0,0, 1, 0,0, 0),
0,0,0,0,1,0,0),(0,0,0,0,0,1,0), (0,0,0,0,0,0, 1)}

Consider vectors of weight 4. We can find the following four vectors one by one:
(1,1,1,1,0,0,0), (1,1,0,0, 1, 1,0), (1,0, 1,0, 1,0, 1), (0,0,0, 1, 1, 1, 1),

and U is updated to the set with eleven vectors. Clearly, any vector of weight greater than 4

can be written as a linear combination of three vectors in U. Therefore, a relative maximum

4-linearly independent set with 11 vectors has been found (it is in fact an absolute maximum
4-linearly independent set).

Remark 1 Tt seems that the above algorithm always generates an absolute maximum d-
linearly independent set, but we cannot prove it, which we leave as an open problem.
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4.3 Constructing d-Cl Boolean functions with low weights through relative
maximum d-linearly independent sets

We now give a method to construct low-weight d-CI n-variable functions through relative
maximum d-linearly independent sets (a similar method was used in Sect. V of [3]).

Construction2 Let S = {uy, ..., u} C F5' be a relative maximum d-linearly independent
set. Let/; € By, be the linear function u; - x, where x € I} and “.” is the usual inner product.
The truth table of /; is denoted by the column vector p; = (ay,j, az,j, ..., am, j)T. Let
ap,p ai2 - dalk q1
a1 a2 -+ axg q2
M=Ipy.....el=| 7 70 0=
02’",1 azm’z e a2’”,k qzm

where q; € Fé and 1 < i < 2™. Then we construct a function f € By whose support is

{q1, 92, ..., q2}.
We give an example to illustrate the construction.

Example 2 Takem = 10andd = 6. Using the above algorithm, we can generate the following
relative maximum 6-linearly independent set by hand quite easily.

S ={(1,0,0,0,0,0,0,0,0,0), (0, 1,0,0,0,0,0,0,0,0), (0,0, 1,0,0,0,0,0,0, 0),
(0,0,0,1,0,0,0,0,0,0), (0,0,0,0,1,0,0,0,0,0), (0,0,0,0,0,1,0,0,0,0),
(0,0,0,0,0,0,1,0,0,0), (0,0,0,0,0,0,0, 1, 0, 0), (0,0,0,0,0,0,0,0, 1, 0),
0,0,0,0,0,0,0,0,0,1),(1,1,1,1,1,1,0,0,0,0), (1,1,1,0,0,0, 1, 1, 1, 0),
(1,0,0,1,1,0,1, 1,0, D}.

In fact, S is an absolute maximum 6-linearly independent set. We have
Lh=x1, h=xp, I3 =x3, l4 =x4, Is = x5, lg = x¢, I7 = x7, I3 = x3
lo =x9,110 = x10, l11 = X1 @ x2 ®x3 D x4 D x5 D X6,
lo=x1®x20x3Dx7Dx3Dx9, [13=x1DxsDx5Dx7Dx3D x10.
Then we can get the function f € B3 by Construction 2 with the support

{(0,0,0,0,0,0,0,0,0,0,0,0,0),(1,0,0,0,0,0,0,0,0,0, 1, 1, 1),
©,1,0,0,0,0,0,0,0,0,1,1,0),(1,1,0,0,0,0,0,0,0,0,0,0, 1),
O LLLLLLLLLLLD, (0,111 1,1,1,1,1,0,0,0))

Itiseasy to check that f is a 6-CI Boolean function with the Hamming weight 1024. Therefore,
w136 < 1024. Since wi3z ¢ > 1024 (the lower bound was obtained by the Delsarte LP

algorithm, see TABLE I of [5]), we have w3 ¢ = 1024. This is a previously unknown value,
thus a triple question mark ??? in Table II of [5] can be taken place by it.

Proposition 4.6 Let f € By be the function defined in Construction 2. Then f is a d-CI
Boolean function with the Hamming weight 2™.

Proof Since S is a relative maximum d-linearly independent set, it is of rank m and
q1, q2, - . ., qom are different vectors. Therefore, f is a well-defined Boolean function with
the Hamming weight 2™. Clearly, f is d-CI if and only if
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Table 2 The values of w, 4

n d

1 2 3 4 5 6 7 8
1 2
2 2 4
3 2 4 8
4 2 8 8 16
5 2 8 16 16 32
6 2 8 16 32 32 64
7 2 8 16 64 64 64 128
8 2 12 16 64 128 128 128 256
9 2 12 24 128 128 256 256 256
0 2 12 24 128 256 512 512 512
2 12 24 128 256 512 1024 1024
12 2 16 24 <256 256 <1024 1024 2048
13 2 16 32 <256 <512 1024 <2048 4096

> ==,

xeSupp(f)

foranyv = (v, ..., %) € ]F’ﬁ satisfying | < wgy(v) <d.Thatis, wyg(vip1D...DvPk) =
2"~ foranyv e F 15 with 1 < wgy(v) < d. Since S is d-linearly independent, for any v € IF’;
with 1 < wgy(v) <d, we have vju; + ... + viyug # 0. Therefore,

vl B ... 0 vl = (viap + ...+ veug) - X
is a balanced function, and the result follows. O

Theorem 4.7 Let vy, 4 be the cardinality of the absolute maximum d-linearly independent
set of . Then

m
w”m,d,d = 2",

Proof LetS = {uy, ..., ut} C I} be an absolute maximum d-linearly independent set. Then
k = v 4. By Construction 2, we can generate a function f € B,,, ,. By Proposition 4.6, f
is a d-CI Boolean function with the Hamming weight 2. Therefore,

m
Wy, 4.d < 2™

For n < 13, there are 8 unknown values of w, 4 (see Table II of [5]). By Theorem 4.7
and Table 1, we can determine the exact values for three of them. That is, wi; 4 = 128,
wi2,5 = 256 and w13,6 = 1024. For other unknown values, Theorem 4.7 provides an upper
bound. In Table 2, we list the values of w, 4 for n < 13. All values for n < 10 can be
determined by the SMT tool [2], and those entries in italic are new values obtained by [2,5].
Those entries in bold are new values obtained by us.

The number of rows of an orthogonal array can be lower bounded by the Delsarte LP
bound, and the bounds were given in Table 1 of [2]. In Appendix 1, we deduce exact values
for some orthogonal arrays and give some results on the maximum number of orthogonal
vectors in ;. Based on the result of Appendix 1 and Theorem 4.7, we have w114 = 128. Then
in Appendix 1, we give an 11-variable 4-CI Boolean function with the minimum Hamming
weight. O
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5 Conclusion

In this paper, we studied the relationships between Hadamard matrices, d-linearly indepen-
dent sets and correlation-immune Boolean functions with minimum Hamming weights. The
field is still open and there are many problems deserved to be studied. We hope that our work
would attract more researchers to be interested in this interesting topic.

Acknowledgements The author would like to thank the financial support from the National Natural Science
Foundation of China (Grant 61572189).

Appendix A: Some results on the maximum number of orthogonal vec-
torsin [

A group of vectors in [} are said to be d-orthogonal if any m vectors of them are orthogonal,
for1 <m < d. Weuse OA, 4 to denote the maximum number of d-orthogonal vectors in
;. Let p1, p2, . . . , Pm be d-orthogonal row vectors and M be the matrix [plT, pg, e, p,{l].
Clearly, if we negate any columns or exchange any rows of M, then the columns of the
induced matrix are still d-orthogonal.

Let p1, p2, . . ., pm be 4-orthogonal column vectors and M = [p1, p2, - - ., P ]. Clearly,
by exchanging rows, the first four columns of M can be transformed to the following vectors
one by one:

qQ = ( 4 1
T
5= (05,150,150, 15,051, ),
T

q4 = (0%,1%,0%,11'71,01&,11&,0%,1%,0%,1%,0%,1%,0%,1%,0%,11’%) ,
where 0; = (0,...,0)and1; = (1,...,1) € Fé.Letqs = [ag, ...,o:g]T,whereaj € IF;'/S.
Suppose q1, q2, q3, q4 and g5 are 4-orthogonal. Clearly, 1, . . ., «g must be balanced vectors,
since q1, q2, q3 and qs are 4-orthogonal. Let q4 = [B1, ..., B3] and x; be the Hamming

weight of o; @ B;, where 1 < i < 8. Since q5 ® q4 @ c1q1 D c2q2 D c3q3 is balanced for
(c1,c2,c3) € F% and wt(cy, ¢, c3) < 2, we have

X1+ x2+x3+ x4 + x5+ X6+ X7 +x8 =
X1+ x2+x3+ X4 — X5 —Xg — X7 —Xg =
X1+x—x3—x4+x54+x6—x7—x3=0
X|—Xo+Xx3—Xx4+x5—x6+x7—x3=0
X1 +x2—x3—x4 —x5 —x6+x7+x3=0
X|—x2+x3— X4 —x5+x6—x7+x3=0
X1 —X2 —x3+x4+x5 —x6—x7+x3=0.

Ol

Therefore,
n n n n
(x1, %2, 33, X3, %5, 36, %7, %) = (C, 5 = C. £ = C,C, = = C,C,.C, 2 =C), (1)
8 8 8 8
where 0 < C < %.
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Take n = 48. Then by exchanging rows or negating the column, qs can be transformed
to (V1. Y2, Y2, Y1, Y2, V1. Y1, ¥2), where (y1, y2) is

©,0,0,1,1,1,1,1,1,0,0,0) or (0,0,1,0,1,1,0,1, 1,0, 0, 1).

If (y1,v2) = (0,0,0,1,1,1,1,1,1,0,0,0), then there is no qs¢ = (01, ..., 83) such that
qi,q2, - - -, qe are 4-orthogonal. Otherwise, 61, . . ., fg must be balanced vectors and

wt(01 @ B1) + wt (62 ® B2) + wt (61 ® y1) + wt(6r @ y2) =646 = 2wt (0 S f1) + 6.

That is, wz(6; @ B1) = 3, which is contradictory to the fact that ; and B, are balanced
vectors.

Now consider the case (y1, y2) = (0,0,1,0,1,1,0,1,1,0,0, 1). Suppose q1, q2, - - - , 46
are 4-orthogonal. Then gg can be transformed to (1, ..., 63), where

01,64, 06,67 € {(0,0,1,1,0,1),(0,1,0,0,1, )}, 00 =63 =65 =63 = (1,1,0,0, 1, 0),
or
62,65,05,03 € {(0,0,1,1,1,0),(1,0,0,0,1,1)},01 =04 =6 =67, =(1,0,1,0, 1, 0).

Itis easy to verify that all these 32 vectors are not 4-orthogonal withqy, qo, . . ., qs. Therefore,
O A4 =5, which seems to be a previously unknown value. Hence, the minimum number
of rows w of an orthogonal array O A(w, 7, 2, 4) is 64, which was known to be > 48 (see
Table 1 of [2]).

Now consider n = 80. Suppose qi, q2, - . - , q¢ are 4-orthogonal. Then q5 can be trans-
formed to («y, o, a2, a1, a2, a1, @1, ®2), Where

o =(0,0,0,1,1,0,0,1,1,1),p = (0,0,1,1,1,0,0,0, 1, 1).
Moreover, qg can be transformed to (01, ..., 0g), where

01, 64,06, 67 € {(0,1,1,0,1,0,0,0,1,1),(0,0,1,1,1,0,1,0,0, D},

and
02,03, 05,08 € {(1,1,0,0,0,0,0,1,1, 1), (0,1,0,0, 1,0, 1, 1,0, 1),
0,0,0,1,1,1,1,1,0,0)}.
It is easy to check by computer that only 8 such vectors are 4-orthogonal with q, q2, . . ., gs.
We then consider q7 for these 8 cases. Using the Eq. (1) for q7 @ q;, whereri = 4, 5, 6, it is
easy to verify by computer that there is no q7 4-orthogonal with q1, qa, . .., q¢. Therefore,
OAgp4 = 6.
Now consider n = 96. We have the following facts:
(1) Suppose qi, q2, - . ., q¢ are 4-orthogonal. Then one of q5 and q¢ can be transformed to
(a,a,a,a,a, a, a, o), whereo = (0,0,0,1,1,1,0,0,0, 1,1, 1).
(2) If there exists a q7 which is 4-orthogonal with qi, q2, . .., q¢, then the constant C in the

Eq. (1) for q7 © q; or q¢ © q; is {g, whereri =4, 5.

So,wecantakeqs = («, a, o, @, o, &, o, ) and there are 48 cases for q¢. Suppose there exists
a qg which is 4-orthogonal with q1, q2, . . ., q7. Then only four cases for qg are remained. For
these four cases, it is easy to verify by computer that the vectors can be extended to a group of
seven vectors 4-orthogonal with each other, but no qg exists. Therefore, O Agg 4 = 7, which
is a previously unknown value. Hence, the minimum number of rows w of an orthogonal
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Table 3 Maximum number of

4-orthogonal vectors in F4 n 32 48 64 80 96 112

0An4 6 5 8 6 7 6

array OA(w, 9, 2, 4) is 128 (it cannot be 112 from the next paragraph), which was known to
be > 96 [2].

Now consider n = 112. Suppose q1, q2, - . . , qp are 4-orthogonal. Then one of q5 and qg
can be transformed to («, an, ao, a1, @2, @1, &1, &2), Where

o =(0,0,0,0,1,1,1,0,0,0, 1, 1, 1, 1), 22 = (0,0,0,1,1,1,1,0,0,0,0, I, 1, I).

So, we can take qs to be this vector. Suppose qi, q2, . . ., q7 are 4-orthogonal. Then qg can
be reduced to eight cases, and it is easy to verify by computer that no q7 exists. Therefore,
OAj12,4 = 6, which is a previously unknown value. Hence, the minimum number of rows
w of an orthogonal array O A(w, 12, 2, 4) is 128, which was known to be > 112 [2].

We summarize the results in Table 3. It is noted that by Table 3 the minimum number of
rows w of an orthogonal array O A(w, n, 2, 4) can be determined, for n < 13.

Appendix B: An 11-variable 4-Cl Boolean function with the minimum
Hamming weight

Take m = 7 and S be the absolute maximum 4-linearly independent set with 11 vectors given
in Example 2. We have

L =x1, bh=x2, I3 =x3, ls = x4, Is = x5, lg = X6, I7 = x7,
Ig =x1 ®x2®x3 D x4, lg=x1 D x2Dx5D xp,
lo=x1 ®x3® x5 D x7, [11 = X1 D X2 D x3 D x4 D x5 D X6 D X7.

Then we can get the function f € B by Construction 2 with the support

{(0,0,0,0,0,0,0,0,0,0,0),(1,0,0,0,0,0,0,1, 1,1, 1), (0, 1,0,0,0,0,0, 1, 1, 0, 1),
(1,1,0,0,0,0,0,0,0,1,0),...,(0,1,1,1,1,1, 1, 1,1, 1,0), (1, 1, 1, 1, 1, 1, 1,0,0, 0, 1)}

Itis easy to check that f is a 4-CI Boolean function with the Hamming weight 128. Therefore,
wi1,4 < 128. From Table 3 of Appendix 1, we have w4 > 128. Hence, w14 = 128. This
is a previously unknown value, thus a triple question mark ??? in Table II of [5] can be taken
place by it.
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