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Abstract

In this paper, we present a low complexity bit-parallel Montgomery multiplier for GF(2") generated with a special class of irre-
ducible pentanomials x” + x"~! + x* + x + 1. Based on a combination of generalized polynomial basis (GPB) squarer and a newly
proposed square-based divide and conquer approach, we can partition field multiplications into a composition of sub-polynomial
multiplications and Montgomery/GPB squarings, which have simpler architecture and thus can be implemented efficiently. Con-
sequently, the proposed multiplier roughly saves 1/4 logic gates compared with the fastest multipliers, while the time complexity

matches previous multipliers using divide and conquer algorithms.
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1. Introduction

Finite field GF(2™) has several crucial applications in many
areas such as combinatorial design, coding theory, computer al-
gebra and cryptography [1, 2]. Much attention has been paid to
efficient implementation of the GF(2™) multiplication, as it is
an elementary arithmetic operation, and other complex arith-
metic operations, e.g., exponentiation and inversion can be per-
formed using multiplications. Nowadays, bit-parallel architec-
tures have become very common because more and more cir-
cuit gates are assembled in a single chip. During recent years, a
number of bit-parallel GF(2™) multipliers have been proposed
to obtain lower space and time complexity. These schemes cov-
ered comprehensive cases, including different bases representa-
tions [4, 7] and generating polynomials [8, 9, 10, 12, 13]. A-
mong them, polynomial basis (PB) and irreducible trinomial
are more widely used. However, irreducible trinomial does not
always exist for any field. As a substitution, irreducible pen-
tanomials are more abundant. It is conjectured that there exist
irreducible pentanomials for any degree m > 4 [14].

Note that the field multiplication using PB representation
consists of a polynomial multiplication and a modular reduc-
tion. Generally, the PB multipliers based on pentanomials are
less efficient than those based on trinomials, as pentanomials
are more complicated in reduction process. Therefore, many s-
pace/time efficient solutions are proposed to exploit special for-
m of pentanomial [24, 25, 4, 15], variant polynomial basis [23],
etc. In [18], a new divide and conquer approach utilizing squar-
ing operation, referred as PCHS approach, is adapted to de-
sign bit-parallel multiplier for type I and type II pentanomials.
Their scheme requires high efficient squaring operation for pen-
tanomials. Unfortunately, squarer for pentanomial is not very
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simple. Hariri and Reyhani-Masoleh [15] presented a Mont-
gomery squarer for special pentanomials x” + x**! 4 x4+ x~1 4+ 1
where (3 < k < (m — 3)/2). Park [17] investigate the explicit
formulae and complexities of squarers for general pentanomi-
als. According to their results, the PB squarer for a general
pentanomial costs at least 0(3%) XOR gates with 3Ty delay.
By contrast, squarer for type II pentanomial is more efficient,
which costs about 37’" XOR gates with 2T’y delay. In [7], Cilardo
proposed a new PB variant, referred as Generalized Polynomial
Basis (GPB), which optimized the multiplier architectures for
irreducible pentanomials. Particularly, he suggested two types
of pentanomials:

Type C.l: X" + X" "+ X+ x+1,(m=1>k> 1),

Type C.2: X" + x5 4+ Xk 4 x5 (m—ky > ky > ky > 1),

and gave corresponding optimal GPB parameters. He claimed
that these types of GPB multipliers match or outperform the
best special-type pentanomials. Based on Cilardo’s work, X-
iong and Fan [20] give an efficient GPB squarer for Type C.1
pentanomial X" + "' + x* + x + 1, where 1 <k < [%].

In this paper, combining extensions of the previous GPB
squarer and the PCHS approach, we can construct an efficient
bit-parallel multiplier for type C.1 pentanomial x™ + x"~! + xk +
x+1,where 1 < k < |3 ]. Please note that the GPB squarer is e-
quivalent to Montgomery squarer [20]. The multiplier architec-
ture we developed using GPB squarer actually performs Mont-
gomery multiplication. Besides, applying an reciprocal proper-
ty presented in [5, 7], we show that the same architecture can
be employed to perform the Montgomery multiplication modu-
lox™+x" '+ x"*+ x+1,[%] <m—k <m—1, only reversing
input and output coefficients. As a result, the proposed mul-
tiplier has about 1/4 reduced space complexity compared with
the fastest bit-parallel multipliers for all Type C.1 pentanomi-
als. Furthermore, its space and time complexity nearly match
Park et al. multiplier [18] for Type I and II pentanomials, where
the same divide and conquer approach is applied.
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The rest of this paper is organized as follows: In Section 2,
we briefly review the PCHS algorithm and the GPB squaring
operation for Type C.1 pentanomials, then state the slight ex-
tensions for both of them. An important reciprocal property
and some notations are also introduced. Based on these formu-
lae, a new bit-parallel Montgomery multiplier is developed in
Section 3 for X" + x" ! + x* + x + 1, where 1 < k < [3]. In
Section 4, we will prove that previous architecture can be used
for the field multiplication about x” + x™ ! + x"* + x + 1 us-
ing the reciprocal property. In Section 5, we further analyze its
complexity and present a comparison between our proposal and
some others. Finally, some conclusions are drawn.

2. Preliminary

In this section, we briefly introduce some basic ingredients
used in our scheme, including the PCHS algorithm, GPB squar-
ing for Type C.1 pentanomials and some necessary lemmas.

2.1. The PCHS approach and its extension

The PCHS approach [18] is a divide and conquer algorith-
m for polynomial multiplication optimization, which works by
breaking down a big polynomial into two sub-polynomials ac-
cording to exponent parities of the indeterminate. The orig-
inal one is only applicable for the polynomial multiplication
of odd degree. Then it was extended to adapt to the polyno-
mial multiplication of even degree [21]. We first assume that
A=Y""aixt and B = 37! bix' are two polynomials in 5 [x]
such that m is an odd integer. A, B can be partitioned into:

A=A} +xA5 and B= x"'B} + B3,

respectively, where

(m=1)/2 (m=3)/2
Ay = ayx', Ay = air1 X',
i=0 i=0
(m=1)/2 (m=1)/2
Bl = Z bg,'_lxi, 32 = Z bg,'xi.
i=1 i=0

Then the polynomial multiplication AB can be rewritten as:

AB = (AT + xA})(x"'B}+B3)
= x"'(A1B1)* +x(A2B2)* +(A1B,)* +(A2 By )* (1
= (A1B1)*(1 + x71) + (A2B2)*(1 + x) + (CD)?,

where C = Ay + Ay, D = By + B». It is clear that (1) saves one
partial multiplication at the cost of three extra partial additions.
Thus, its key idea is analogous to Karatsuba algorithm. Equa-
tion (1) can be extended to the case of even m [21]. This case is
a little different from the above case. A, B now are partitioned
as:

A=Al +xA}, B=B}+xB},

where
my2—1 my2-1
Ay = Z axx', Ay = Z i1 X',
i=0 i=0
m/2—1 m/2—-1
B, = Z byx', B, = Z byiy1x'.
i=0 i=0

The polynomial multiplication AB here can be written as:
AB = (A7 + xA3)(B} + xB3)
= (A + xA)(x "B} + BY) - x
= [x7'(A1B1)? + x(42B2)” + (A1 B2)” + (A2B1)| - x
=[A1B)*(1 + x71) + (A2B,)2(1 + %) + (CD)*| - x

(@)

where C = A| + A, D = By + B;. Obviously, besides polyno-
mial multiplication and addition, Equation (1) and (2) contain
squaring operation. To build efficient multiplier, these formu-
lae should be combined with fast squaring operation. In [18],
Park et al. utilized squaring formulae which is constructed us-
ing weakly dual basis (WDB) [17]. Montgomery squaring for
trinomial is also utilized [21].

2.2. GPB Squarer for Type C.1 pentanomials

In order to describe GPB squaring operation, we first intro-
duce the GPB definition [7]:

Definition 1. Ler the ordered set M = {(x|0 < i <m— 1} bea
polynomial basis of GF(2™) over Fy and R(x) € GF(2™)*. The
ordered set {R(x) - |0 < i < m — 1} is called a Generalized
Polynomial Basis with respect to M.

Obviously, provide that A, B,C € GF(2™) are in PB repre-
sentation and f(x) is an irreducible polynomial that generat-
ed GF(2™). The field multiplication using GPB is defined as
CR = AR-BR mod f(x). Similarly, the GPB squaring operation
is

CR = (AR)* mod f(x).

Particularly, notice that the GPB parameter R is a nonzero el-
ement. Divided both sides of above equation by R, we have
C = A% - R mod f(x) which can be recognized as Montgomery
multiplication, where R is now the Montgomery factor. In fact,
the Montgomery multiplication and GPB product in GF(2™) are
essentially the same operation [7]. Notice that the GPB squar-
ing formulae given in [20] pertains to PB representation of C,
not its GPB representation.

As presented in [7], the Type C.1 pentanomial is x™ + X"~ +
x*+x+1 and its GPB parameter is R = "%+ x" %1 +1. Xiong
[20] gave the explicit formulae of GPB squaring for the above
pentanomial. Nevertheless, they only investigated the case of
modd with 1 < k < ’”T_l In the appendix A, we generalize
their results and give the Montgomery/GPB squaring formulae
for all m with 1 < k < 251 (or 2).



2.3. Reciprocal Polynomial

In [5, 7], the authors introduced an important property about
the similarities between the finite fields generated with an ir-
reducible polynomial f(x) and its reciprocal polynomial f(x).
Related definitions and lemmas are presented as follows.

Definition 2. [7] Let f(x) = pmux™ + pma X" ' + - + p1x +
po be an polynomial over Iy of degree m and its reciprocal
polynomial f(x) is defined as:

7(x) = pox™ +p1)5"71 + o+ D1 X + P

First, notice that if f(x) is irreducible, then its reciprocal ?(x)
is irreducible as well [3]. Define a map ¢ as:

m—1 m—1
v X)) = Falxl/(F,A = ) aid > A= () ax )",
i=0 i=0

where A € F;[x]/(f) and A € Fylx]/ (7). Then we have follow-
ing lemma.

Lemma 1. [5] ¢ is bijective and has the following properties:

L.  preserves the addition, and maps the addition in
Fa[x1/(f) to the addition in F»[x]/(f): a+ b =a+b.

2. Forany A € Fa[x1/(f), we have: y(A-x)=A-x=A-x".

3. ¥ preserves the multiplication, and maps the multipli-
cation in Fy[x]/(f) to the Montgomery multiplication in
Fa[x1/(f), i.e., W(A-By=A-B=A-B-x™™.

The proof of Lemma 1 can be found in [5]. Based on the
above lemma, Cilardo halve the number of cases to be analyzed
for the exhaustive proof of GPB multipliers [7]. His conclusion
can be summarized in following lemma.

Lemma 2. [7] The GPB multiplier for a given irreducible poly-
nomial f(x) with a parameter R(x) can also perform the GPB
multiplication for its reciprocal polynomial f(x) with param-
eter R(x™") - x™"=D, by simply driving the coefficients of the
operands and reading the output coefficients in the reversed or-
der.

We will also utilize such a property to extend our result in
section 4.

3. Montgomery multiplier for Type C.1 pentanomials

Based on extended PCHS approach combined with GPB
squarer, a new bit-parallel Montgomery multiplier for Type C.1
pentanomials is proposed in this section.

Suppose that finite field GF(2™) is defined by an irreducible
Type C.1 pentanomial f(x) = X" + X" '+ x* + x+ 1 (1 <k <
L5 1) with a root x, and the field elements are represented using
polynomial basis {1, x, - - - , X" 1. Let A,B € GF(2™) be two
arbitrary elements in polynomial basis representation:

Alx) = A1 X"Vt Ao X" 2 4+ -+ a1 x + ag,
B(x) = bm_lxm‘l + bm_zx'"‘z +---+bix+ by,

where a;, b; € IF5.
Denoted by y(x) € GF(2™)* the Montgomery factor, the
Montgomery multiplication over GF(2™) is given by

A(x) - B(x) - y(x) mod f(x). 3

Applying Equation (1) and (2) to above expression, we can ex-
pand (3) as follows:
m is odd.

ABy = (A} + xA)(x"' B + BY)| y
= (A1 B)*y(1+x7") + (A2B2)*y(1 + x) + (CD)*y,

where C = Ay + A, D = B, + B».
m is even.

ABy = |(A} + xA)(B] + xB3)|y
= (A1 B1)*yx(1+x7") + (A2 By)*yx(1 + x) + (CD)*yx,

where C = A + Ay, D = By + B,.

The two expressions as above both transform Montgomery
multiplication into the three squaring operations. In order to
apply the GPB squaring formulae, we choose the factor y(x) as
follows:

m is odd,

R
R 4
4 {R -x7!, miseven, @)

where R = X" %+ x" 14 1if f(x) = X" +x" '+ x5+ x+1. As
a result, the Montgomery multiplication (3) in two cases have
the same expansion.

ABy = (A1B))*R(1 + x™1) + (A2B»)*R(1 + x) + (CD)*R. (5)

Such expansions can reduce the number of cases to be analyzed
for the development of our Montgomery multiplier. Mean-
while, their Montgomery squarings keep the simplest form.

It is easy to check that the degrees of A; By, A,B, and CD are
at most m — 1. From now on, the following notations are used:

m—1 m—1 m—1
AlBl = Z c,-xi,Asz = Zdixi, CD = Z eixi,
i=0 i=0 i=0
m—1 )
S1=(AB)’R(1 +x™) mod f(x) = > i,
i=0
m—1 )
S» = (A2B>)*R(1 + x) mod f(x) = Z six',
i=0
m—1 )
S5 = (CD)*R mod f(x) = Z fix'.
i=0

In the next subsections, we analyze the detailed computation of

S'1,8, and § 3, respectively.

3.1. The Complexities of A|B1,A2B,, CD

In this subsection, we briefly analyze the complexities of the
products A B, A;B; and CD required in the computation of



S1,82 and S3. According to the previous description, the coef-
ficients ¢;s of A|By = 2?;61 ¢;x' are given by:

mis odd.
=
0, =0,
Z;:? azjbyi—j)-1. 1<i<mt, ©
e
2 s G2ibri=p1 ml<i<sm-1.
m is even.
ci =
{Z;‘,,Qlazjbzo—j), 0O<i<Z-1, -
2oy @jbri-p, 5 Si<m=2

Similarly, we can obtain the explicit formulae with respect to
d;. Notice that if m is odd, ¢y = 0 and d,,_; = 0, if m is even,
we have ¢,,—-1 = du—1 = 0. It is easy to check that the com-
putation of ¢;s in (6) totally cost # AND and ’"b# XOR
gates with path delay 74 + [log, (mfl)]Tx When m is even,
it requires ﬂ AND and ="+ _4m+4 XOR gates with path delay

Ty + [logz( )]Tx The space and time complexity related to
A, B> are the same as those of A B;.

The computation of CD is a little different. Firstly note that
the computation of C = A; + A, and D = B + B, requires m — 1
XOR gates (m gates if m is even) with one extra Ty gate delay.

m—1

If m is odd, let Z ux' = Cand 3.2 vix' = D, then we have
: —
ZIF(I) Ujvi-js 0<i<™=, ©
e[ = m; 1
Zj;[f% upvij, "=<i<m-1

If m is even, the degrees of C,D are at most % -1, let
w_y

m_q . .
ZZO uix' = C and 2o vix' = D, then the computation of
e;s is
Z] 0”]"! i 0<i<%-1, ©
e =
' 22. g UVijs Z<i<m-2.

One can check that ¢;s in (8) cost (m+1)2 AND and @ XOR
gates with path delay T4 + [log, (’"+1 )]Tx. Conversely, if m is
even, ¢;s in (9) cost % AND and % XOR gates with path
delay T4 + [log, (%)1 Ty.

Moreover, the time complexity formulae immediately imply
that the time delay of CD is equal to those of AyB; and A, B,
except a few Type C.1 pentanomials. Only when m is odd and
[log, ('"“)] > |'log2( ;1)'|, CD costs one more Ty compared
with A;B; and A, B;. This happens if and only if m = 204 1,i>
0. In fact, we have checked the number of such irreducible Type
C.1 pentanomials of degree between [7, 1025], and found that
there are only 24 such pentanomials.

Example 3.1. Consider the field multiplication using PB rep-
resentation over GF(2°) with the underlying irreducible pen-
tanomial x° + x* + x2 + x + 1. Since the degree is odd, the
Montgomery factor is chosen as y = x> + x> + 1. Assume
that A = Y ax? and B = Y}, b;x'2 are two elements in

GF(25). We partition A,B as A = A% + xA%,B
where

_ g2 2
=X Bl+Bz’

Ay a4x2 +arx +ag, Ay = azx + ay,

B

b3x2 +bix, B = b4x2 + byx + by.
According to equation (1) and (3), then we have

ABR = (A? + xA2)(x"' B} +B))R
= [(A1B)*(1 + x71) + (A2B2)*(1 + x) + (CD)*IR
= S] + S2 + S3,

where C = A, +A2 = Z, 0 uix' = asx® + (ar + a3)x + (ap + ay),
D=B;+B, = Z, o ViX = (b3 + b4)x + (b1 + by)x + by. Then,

AB; =asbyx* + (arb; + a4b1)x3 + (aghs + azbl)x2 + apbyx,
AsBy =azbsx® + (a1bs + azbr) x> + (a1by + azbo)x + aybo,
CD =u2vzx4 + (uyvy + uzvl)x3 + (ugva + uyvy + uzvo)x2

+ (ugvy + u1vo)x + ugvy.

So the space and time complexities for A; B, A, B, and CD are
straightforward. Also note that CD requires one more T than
A\B,AyBy, as m =5 =22 + 1 in this example.

3.2. The Computation of S1,S2,S3

According to previous description, the key step in the compu-
tation of S 1,5, 53 is Montgomery squaring (or GPB squaring)
related to A By, A2 B; and CD. Consider the Montgomery/GPB
squarer presented in the Appendix A, we classify Type C.1 pen-
tanomials into eight categories. Then we analyze the compu-
tations of S, S, S3 under different polynomial categories, re-
spectively. The eight cases are as follows:
mis odd, k is even, 1 < k < Z5L;

m is odd, k is even, k = 251,

misodd, kisodd, 1 <k < ’”Tl;
m is odd, k is odd, k = 1
m is even, k is odd, 1<k<5;

miseven, kis odd, k =

m is even, k is even, 1 < k < %;

m

R

® N kWD

mis even, k is even, k =

The above cases correspond to different Montgomery squaring
formulae, resulting different expression of S, S, and S 3. With-
out loss of generality, we analyze two typical cases, i.e., case 1
and case 5.2

2We can follow a similar line of approaches used in case 1 and case 5.



Case 1: Denote ;’5)1 zix' as the Montgomery squaring

(A1B1)’R mod f(x), we have following squaring formula:

Zi =
Ckj2 + Convk-1)/2 + €05 i=0,
Crj2 + Conrk—1y/2> i=1,
Cisk)/2 F Clim+i=1)/2 + Cij2, i=2,4,--- k-2,
Citk-1)/2 F Clivmik—2)/25 i=3,5-,k-1,

Csky2 + Clismek-1y/2 + Clism-1yy2> 1=Kk +2,-++ ,m—k—3,
Cli+k-1)/2 T Clitm+k-2)/25 i=k+1,k+3,

e m—k =2,
o+ Com-1)2 + Cm=1 + Cipp—1, I=m—k—1,
Co + Cm-1)72 + Cim—15 i=m-k,

Csky2 F Climmek-1y/2 + Clism-1yy2, 1=m—k+1,m—k+3,

T
Cli+k-1)/2 T Climm+k)/2> i=m—k+2,m—-k+4,
e m=2
Cim—1» i=m-1.
(10)

Since ¥" + X" ' + x* + x = 1, we have x! = X"~ 4 2 4
X1 4+ 1. Tt follows that:

-1

3

S = Zixi(1+x"])modx'”+x'""+xk+x+1

[

s 1

-3
(2 + )X + 21+ (@1 + 2+ 2003+

g

i=1,i¢®
(mel + Zm-2 t+ ZO)-X”FZ + (mel + ZO)-XWFI 5

an

where O represents a group {0,k — 1,m —2,m — 1}. Then we
substitute z; with the expressions in (10).The coefficients of S|
are given by equation (13).

The computation of S, follows the same line of S;. Let
pers z/x' denote the Montgomery squaring respect to A;B,
then we have:

m—1
S, = Zzﬁxi(l +x)mod X" + X"+ XK +x+1
=0
m-=2
_ ( ’ ’ i ’ m—1 ’ ’ ’ Xk
= Zi L)X X (G Gy G )X+
i=3.1¢0

+ (20 + 21 + 2, )X+ (2 +2)s (12)

where O represents a group of {0, 1,k,m — 1}. The explicit
formulae for the coefficients of S, are given in (14).

r =
Ck/2 + Clm+k-1)/25

Clitk+1)/2 T Clivm+k)2 T Ci+1)/2
FC(i+k-1)/2 F Clitm+k-2)/25

Cif2,

Ck2 + co + Ck—1 + Ck
FCm-1)/2+k T Cm-3)/2+k>»

Cli+m—1)/2>

Clitk+1)/2 T Cli+m+k)/2 T C(i+m)/2

F+Civk-1)/2 t Clitm+k-2)/25

€o + Cm-1)/2 + Con-3)/2+
Cm—k/2-1 + Cp—2 + Ci—1,
Cm—k/2-1>

Cco+ €1+ Cn-1y2t+
Con+1)/2 + Cim—kj2 + Cin—1

Cli+m—1)/2>

Clitk+1)/2 T Cli+myj2 + Clivk-1)/2

FC(i—m+k))2 T Climm+k+2)/2>

Ckj2 + Contk-1y/2 + Co + Cp—1+

Cin+k=3)/2 t Cikj2-15

Ck/2 t Com+k-1)72 + Co + Cim—1,

S; =
dijy + dinsk-ny2 + do + dp—i,
do +dy-1,

diiviy)2 + d(i+m+k—])/2 +dip
+d(irk-2)/2 + Aiismrk-3)/2>
di-1y2»

di—y + di + don-1) 24k

+din-3) 24k + Agrm—-1y72 + Am=1,
diiviy2 + diismrk-1)/2 + d(i+m—1)/2
+d(irk-2)/2 + Aiismrk-3)/2>

diism-2)/2,

doy + don-1yp2 + don-3)2+
Apjp-1 + dp-z + dpy,
An—t)2-1,

dy +d; + d(m,l)/z‘i'

vy + iz + diy
d(,'+k)/2 + d(i+m—l)/2 + d(i+k—2)/2
Fdimrrs1y2 + Aiimmik-1)/25

d(i+17172)/2 5

dinik-3)2 + dijo-1,

1

i

i

i

i

i

i

i

i

=0,
=1,3,--- k-3,
=2,4,--- k-2,
=k-1,
=k k+2,k+4,

e m—k =3,
=k+1,k+3,

ceeom—k—4,

(13)

=m-k-2,
=m-k-1,
=m-k,

=m-k+1,m—-k+3,

e m =3,

=m-k+2,m—k+4,

c,m—4,

=m-2,

=m-1

i=0,

i=1,

i=2,4,--- k-2,
i=3,5--,k-1,
i=k,

i=k+2,k+4, - ,m—k=3,
cm—k =3,
k+1,k+3,-  m—k=2,

~
I

i=m-k-1,

i=m-k,

i=m-k+1,

i=m-k+3,m-k+5,
-,m—3,
i=m-k+2,m—-k+4,
com=2
i=m-—1.
14)



When we add S; and S, together using binary XOR tree, it
is each to check that each coeflicient r; + s; consists of at most 7
items, which indicate that the parallel implementation of S |+S»
costs at most [log, 71 = 3 XOR gates delay. Table 1 summarize
the explicit number of items for each coefficient computation
related to S| + S,. We found that except several coefficients,
most of them consist of 6 items. Note that ¢y = d,,—; = 0 in this
case, it totally requires 5m —2 XOR to obtain the coefficients of
S1+85,.

Table 1: Number items contained in r; + s; of Case 1

ri+ S #ltems | Time delay
i=0 6 3Ty
i=1 7 3Ty
i=2,3,---,k=-2 6 3Ty
i=k-1,k 7 3Ty
i=k+1,k+2,--- , m—k-3 6 3Ty
i=m—-k-2,--- . m—k+1 7 3Ty
i=m—-k+2,m—k+3,--- ,m-3 6 3Ty
i=m-2 7 3Ty
i=m-1 6 3Ty

Case 5: In this case, it is easy to check that S| and S, have
the same transformation as case 1 presented in (11) and (12),
but the Montgomery squaring formula is different. We have the
coeflicients formulae presented in (15) and (16).

Table 2 indicated that the parallel implementation of S| + S,
in this case also requires at most [log, 71 = 3 XOR gates delay.
The explicit formulae about S 1, S, of other cases can be found
in the appendix B. In this case, we have ¢,y = dp-1 = 0,
therefore, it requires 5m — 1 XOR to obtain S| + S, after we
calculate A; By, A;B;. Similarly we can easily obtain the time
delay of S| + S, of other cases, one can check that all these
computations can be finished in 3 T’y gates delay.

Table 2: Number items contained in r; + s; in Case 5

ri+S; #ltems | Time delay
i=0 6 3Tx
i=1 7 3Ty
i=2,3,---,k=2 6 3Ty
i=k-1,k 7 3Tx
i=k+1,k+2,--- . m—k-3 6 3Tx
i=m—-k-2,---,i=m—-k+1 7 3Ty
i=m—-k+3,m—k+4,--- ,m-3 6 3Ty
i=m-2 7 3Tx
i=m-1 6 3Tx

r =

Ck+1)/2 T Convk—1)/25 i=0,

Cis1y/2 F Clixmek=2)72 F Cliemk)/2 i=1,35-,k-2,
Ci2 F Clivk=1)72 F Clivk+1)/25 i=2,4,--- k-3,
Co + Ck-1y72 + Ck + Cr1 i=k-1,

Com+k=1)/2 T Cmj2+k + Cimj24k-1, i =k,

Clirks1)/2 F Clrmy2 + Clevi-1)/25 i=k+1,k+3,--- ,m—k=3,
Clismhyf2 + Cliomrk-2)2 + Clrm-1yy2, 1 = k+2,k+4,--- ,m—k—4,

m—k-2,

€o + Cu—(k3y/2 + Cm—2 + Cin—1, i

Cimjr—1 + Cmp2 + Cu(k+1)/2> i=m—k-1,

co+ 1+ Cuei F Co—kr1))2 i=m-—k,

Clirka /2 F Cirmy2 + Cirk-1)12 i=m—-k+1m-k+3,

e m—4,
Clim+iy2 + Clmekr2)2 + Cam-ty2, I=m—k+2,m—k+4,
e m =3,
€0 + Cimik=1y/2 + C—1 + Conik-3y2, L=m—=2,
Co + Clk=1)72 + Contk=1y/2 + Cim—1» i=m-—1.
(15)
and
5; =
do + d-1y2 + dimsi-1y2 + Am-1, i=0,
do + dg-1y2 + diesry2 + dip-ns i=1,
dipy + diirmek=3)2 + Aiiemrk-1)/2, i=2,4,--- k-1,
dii—iya + dirk-2y2 + diisiy 2, i=3,5,-,k=-2,
di + dinsk-1y2 + di-1 + dpei,s i=k,
Aimik-1y2 + Amppek + Auprii-1, i=k+1,
diiviy2 + digem-1)2 + dri=2)/2, i=k+2,k+4,--- ,m—k-2,
Aiismei-1yy2 + Airmik-3)2 + Aism-2yy2, 1= k+3,k+5,--+ ,m—k=3,
do + dip-s3y2 + Az + diy-1, i=m-k-1,
dpja-1 + dwpr + duk+1y)25 i=m-k,
do +dy + dpy + dp—r1y2 i=m—-k+1,
dimik-1)2 + di—mirs2 + dem—y2, E=m—k+3,m—k+35,
c.m=2,
A2 + diem-1y2 + diiri-2)12 i=m—-k+2,m-k+4,
-,m—73,
A1z + dimrk-3)25 i=m-1
(16)

We then consider the computation of S3. After calculating
CD, we just perform a Montgomery squaring to obtain S'3. Ac-
cording to the Montgomery squaring formulae presented in (10)
and the appendix A, such operations can be implemented in
2Tx with no more than % XOR gates. Furthermore, as stated
previously, the parallel pre-computation of C = A; + A, and
D = B; + B, requires one extra Ty gate delay. Note that the
circuit delay of CD is equal to A{B; and A, B, (except a few
polynomials). Adding all these circuit delay together, we found
that S5 actually has same time delay as S| + S». Therefore,
these two expressions can be calculated in parallel. In the end,
we only need to add S| +S, and S 3 together to obtain the result,
which requires m XOR gates with one T’y delay.



The computation sequence can be arranged as follows:

C, D S3 = (CD)’R
N—— N e’
17x Ti+(Q+[log, 1)1y | ABy = (17)
AlBl,Asz Sl+Sz (51+S2)+S3
N————— N——rry
Ta+log, " 1Ty 3Tx 1Ty

where (S 1+S,) denotes the result of § | +S,. We summarize the
space complexity for each computation part presented as above
in Table 3. Consequently, the total theoretic complexities of the

Table 3: The space complexity for each part of (17)

Case 1: modd, keven, 1 <k <(m—-1)/2
Parts # AND #XOR
A232 % m —im+3
C,D - m—1

(m+1)? (m-1)%
CcD +T ==
S1+8, Sm—2
S3 - m+1
ABy - m
Case 5: meven, kodd, 1 <k <m/2
A|B] mTi mzf4m+4
A232 mT m 7im+4
C,D - m

m> m*—4m+4

CD b mZ—am+4
S1+S5, - Sm—1
S5 - m
ABy - m

proposed multiplier in case 1 are

. 3m? 1
#AND.%+%—Z,

. 3m? Iim _ 1
#XOR : T+T 7>

Delay : T4 + (3 + [logy(m + 1)]) Tx.

Similarly, in case 5 the complexities are

#AND ; 3
#XOR : 22 4 Um 4 5

Delay : T4 + (3 + [log, m]) Tx.

The computation strategiess of other cases are the same as those
we presented in Case 1 and 5. Finally, we summarize the the-
oretic space and time complexity of these corresponding mul-
tipliers in the Table 4. Specially, the multiplier complexities of
other cases are almost equal to those of case 1 and 5.

Example 3.2. Consider the computation of S|, S, S 3 presented
in Example 3.1. Based on the formulae in Appendix A and B,

it is easy to obtain the coefficients of S, S, S 3 as follows:

ro+ sop =cy +c3,

ry+ 81 =c¢+c3+cy4,
Si: rn+ s =c3,
r3+s3=c¢+c +c3,

rqg + S4 =cCo+cC1+C3+cy.

l’()+S0=d()+d1 +d3+d4,
ry+ 81 =dy+ds,

So: r+ sy =dy +dy+ do,
ry+s3 =ds,

r4 + 84 =do+dy +dy.

fo =ey+e +e3,

I =e t+es,

S3: fh =ey+er+e3+ey,
13 =ey+ e+ ey,
1y = ey4.

It is obvious that each coefficient of S| + S, consists of at
most 7 terms, and thus can be calculated in 37x. Meanwhile,
each coeflicient of S3 contain at most 4 terms, which can be
computed in 2Tx. Thus, the computation of S3 and S, S, can
be arranged as (17).

4. Reciprocal property

Until now, we only analyze the Montgomery multiplier for
the Type C.1 pentanomial f(x) = x” + x"~' + x* + x + 1 with
k satisfying 1 < k < ’"T_l (or 7). According to the description
in section 2.3, ]_‘(x) = X"+ x"1 + ¥"* + x + 1 is the reciprocal
polynomial of f(x) and also irreducible over F,. Apparently,
”‘T_' <m-k <m-1(or 3 <m—k < m-1), and such a type
of pentanomial belongs to Type C.1 pentanomial as well. From
Lemma 2, we know that the GPB multiplier circuits for f(x)
and f(x) can be identical by choosing proper GPB parameter.
Notice that GPB multiplication is equivalent to Montgomery
multiplication with the same parameter. However, as we use
different architecture and a slightly different parameter y (see
equation (4)) to implement the Montgomery multiplication, the
conclusion is not direct.

In this section, we will show that the square-based Mont-
gomery multiplier with respect to f(x) and its reciprocal poly-
nomial 7(x) can also be built using an identical circuit.

Theorem 1. The circuit of square-based Montgomery multi-
plier for f(x) with the Montgomery factor y(x~ 1) - x™ ™D s
identical to that of f(x) with Montgomery factor y(x).

Before proving the above theorem, we first introduce a nota-
tion pertaining to the proof. Let h(x) = Y7 hx' be an element
in PB representation in GF(2™) with degree ¢ < m — 1, where
q is the largest index that h~q # 0. A(x) is denoted as Z?:o hixdt,
That is to say the symbol (*) denotes the reversion of the coefli-
cients of 4(x) from index O to ¢. Please note that such a symbol
is different from (*). For example, h(x) = hyx+hy is an element
of GF(2%), h = hox + hy, while h = hox + hyx*.



Table 4: Complexities of Montgomery multiplier for Type C.1 pentanomials

Case #AND #XOR Delay
m odd, k even
<kt
moddkozdd STmZ-F%_‘IT ¥+”Tm_zlt Ta + (3 +[logy(m+ 1) Tx
l<k<mt
m even, k odd 1
l<k<2 R T2
2 e Ty + (3 + [log, m1) Ty
m even, k even W, U,
l<k<? )

Proof. Firstly, based on Lemma 1, we note that these two
quotient ring F»>[x]/(f) and F,[x]/(f) are isomorphic and the
map ¥ stated in section 2.3 is bijective. Any multiplication in
F,[x]/(f) is mapped to that of F,[x]/ (J_‘). As presented in (5),
our scheme split the Montgomery multiplication of F[x]/(f)
into three parts, i.e., ABy = S| + S, + S3. Thus we have:

W(ABy) = X" hix™ = (1) + Y(S2) + Y(S3)
= o ((A1B1 2RO+ x7) + ¢ ((42B2)*R(1 + %)
+y((CD)*R).

(18)

Then we analyze the map of each part in above expression.
Based on property 1 and 2 of Lemma 1, we have

v ((A1B)’R( +x71)) = ((41B1?R) - (1 + ),

(19)
¥ ((A2B2)?R(1 + x)) = v (42B2)R) - (1 + x71).
According to Lemma 1, property 3, it is clear that
v ((AB)’R) =  ((AiBy?) - y(R) - x™
— U2(A-B) - e
=y (AiB) - Yy(R) - x", i = 1,2, 20)

¥ ((CDYR) =y ((CD)?) - w(R) - x™
= y2(CD) - Y(R) - x7".

One can also check that ¥(A;B;) = w(A) W (B)x™™ (for i =
1,2) and Y(CD) = a,lr(C)t//(D)x"”. Notice that the degrees of
A;, B;, C, D are at most ’" (’” — 1 if m is even). It means that
these expressions con51st of at most m” (or 3) nonzero ele-
ments. Thus, z,b(A ), l//(B ), ¥(C) and 1//(D) can be recognized as
left-shifting Al,Bl, C, D by certain bits. For example if m is

m—1

odd, lp(Al)_Zlant ml_(zloah-xz l) xz _Al -x2 .
) noy

If miseven, y(A) = X2, apx™"' = (Zi=0 ayx? 71Ty x3H =

Al - x%*1. As aresult, we immediately know that

Y(A1B1) = Y(ADYB)x™ = A1 Bix™x™ = A Bx,

Y(A2By) = YA (By)x™" = Aszxm+2 = Ay Brx?,

W(CD) = Y(C)p(D)x™ = CDX™ x™ = CDx, (m o0dd),
or

Y(AB) = W(ADY(B)x™ = A;Bix™ 2 x™™ = A;B;x?

Y(CD) = y(Oy(D)x™™ = CDx™2x™™ = CDx?, (m even).

=12,

If m is odd, plug above expressions into (19) and (20), the
equation (18) can be rewritten as:

W(ABy) = ((ANIBNI)Z(l+x)+(A~2§2x)2(1_,_x—l)_i_(Cv[))Z)_w(R)x—zmu'

Specially, notice that deg(A,) = 52 and deg(B,) = %, then
deg(A;Byx) = m—1. Itis easy to check that the degrees of A B,
and €D are both m — 1. Since R = x" % + x"*1 4+ 1, we have

Y(R) = xF + x**1 + x. Multiplying both sides by x~!, we get
m—1
D T = (A B (1+2) + (4B (1+x7)
i=0

+(CD)2) . (Xk_l + )Ck + xm—l)x—2m+2,

where 37! hix" 7! is the reciprocal of ABy = Y1 hx'.
If m is even, the transformation of /(A By) is a little different,

Y(ABY) = ((A1 Bixy(1+x) + (A2 Bo0)(1+x7")
+(CDx)?) - p(R)x~"+2,

Notice that the degrees of A;, B; and C, D in this case are all
7 — 1,50 deg(A;B;x) = deg(CDx) = m — 1. Then we also have,

m—1
D = (A BixP(14x) + (AaBox)’(1+x7)
i=0

—2m+2

+(C'ﬁx)2) SO X

We note that (xX¥! 4+ x% + ¥~ )x™2m2 = (pFm 4 yhom+l 4
Dx! = R(x7") - x™™ D = R'(x), which is identical to the
optimal GPB parameter for f(x) proposed in [7]. Let

S = (AByx)*R'(1 + x7") mod f(x),
S% = (A1B)*R'(1+x) mod f(x),
S% = (CD)*R’ mod f(x), if m is odd,
or
St = (A2Brx)*R'(1 + x~') mod f(x),
S% = (A1 B x)*R'(1+x) mod f(x),
S% = (CDx)*R’ mod f(x), if m is even.

Therefore, the computation of ;7 Uhix"==1 can be partitioned
into three parts that are identical to that of Z;’Q)l h;x', and the



corresponding Montgomery squaring operations are related to
]_‘(x) with R’. From Lemma 2, we know that the GPB (Mont-
gomery) squarers for both f(x) with R and f(x) with R’ are
identical. Thus, the circuits for computation 1,5, S} are the
same as that of S, S, S3. Furthermore, according to the defi-
nition of (%), A;, B;,i = 1,2 can constitute to A, B, which are the
reverses of A, B.

Besides, if we do not split the Montgomery multiplication
ABy and follow the same line of Lemma 2 proof presented
in [6], it is easy to obtain the Montgomery factor for f(x) is
¥ = y(x71) - x™=D_In conclusion, the circuit of square-based
Montgomery multiplier for f(x) is identical to that of f(x), by
by simply driving the coefficients of the operands and reading
the output coefficients in the reversed order. O

5. Comparison and Discussion

Since irreducible trinomials can offer the best performance
[4, 15], irreducible pentanomials are most often exploited as
alternative polynomials for those fields where irreducible trino-
mials do not exist. Moreover, special form of pentanomials are
often considered. Such pentanomials include Type I, Type II,
[24, 25, 4, 15], Type C.1 and Type C.2 pentanomials [7].

In Table 5, we give a comparison of several different bit-
parallel multipliers for irreducible pentanomials according to s-
pace and time complexity. We especially focus on special types
of pentanomials as above. All these multipliers are using PB
representations except particular description. It is easy to check
that our proposal is as fast as those multipliers for Type I and
Type II pentanomials expect a few schemes, but obtains roughly
1/4 logic gates gain. Compared with original GPB multipliers
for Type C.1 and C.2 pentanomials, our proposal is at most 27Ty
slower than the fastest result (for good field, it requires only
1Tx more gates delay). In addition, Our scheme matches the o-
riginal PCHS multiplier [18] with respect to the space and time
complexities.

6. Conclusion

In this paper, we proposed a new square-based bit-parallel
Montgomery multiplier architecture for a class of pentanomi-
als. We have extended the square-based divide and conquer
approach (PCSH scheme) to the modular multiplication for ir-
reducible Type C.1 pentanomials, which are abundant and ef-
ficient to implement. The developed computation approach
effectively exploits subexpression sharing and the complexity
analyses are given in detail. Meanwhile, a reciprocal property
is utilized to prove that two reciprocal Type C.1 pentanomials
shares the same circuit. It is argued that the space complexity
of our proposal is about the same as those of the original PCHS
multipliers, while the time complexity can match some previous
multipliers and Montgomery multipliers, which are developed
without any divide and conquer algorithms.

Since the our proposal relies on efficient squaring operations,
the possible future work in this line should include Montgomery
multiplier for Type C.2 pentanomials based on efficient GPB
squaring operations.
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A. Squarings for All Type C.1 Pentanomials

l.modd, keven, 1 <k < (m-1)/2:

C; =

Qg2 + Agnik-1)/2 + do,

A2 + Agnik-1)/25 i=1,
A(i+k))2 T+ girmek-1)2 + Aif2, i=2,4,--- k-2,
Aitk-1))2 + Aismrk-2)/25 i=3,5--,k-1,

A2 F Aismek-1)2 + Aism-1yp2, i =k, k+2,-- ,m—k-3,

Ai+k-1)/2 T Ai+m+k-2)/2> i=k+1,k+3,--- ,m—k-2,
ao + Agn-1yy2 + Aoy + Agpp-1,  i=m—k—1,
ap + A(m-1)/2 + ap-1, i=m-— k,

Airi-1))2 + Alimeio )25 i=m-k+2,m-k+4,--- ,m-2

Ay, i=m-1.

2. modd, keven, k = (m—1)/2:

¢ =
Ay + Agnsk-1)2 + Ao, i=0,
A + Agnek=1y/25 i=1,
A(isky2 + Agiemek-1y2 + Aij2, i=2,4,--- k-2,
A(isk-1)2 + A(ivm+k=2)/2> i=3,5--,k-1,

aop + A-1y2 + Am-1 + Amii-1y2, 1=k,

ap + agu-1y2 + -1, i=k+1,

Aiky)2 + Aiemrks1)2 + Aism—1y2, i =k+2,k+4,--- ,m=3,
Aivk-1)/2 t Aimm+k)/25 i=k+3,k+5,---,m-2

A1, i=m-1.

3.modd, kodd, 1 <k < (m-1)/2:

¢ =
aop, i=0,
A2 t Amik-1)/2> i=1,3,---,k=-2,
Airk-1)2 + AGismk-2)72 + Qif2, i=2,4,--- k-1,
A(isky)2 T Airmek-1)/2> i=kk+2,--- ,m—k-3,
AGisk-1)2 + Aiemek-2)2 + Aism-1y2, 1=k+1,k+3,--- . m—k-2,
ap + Agn-1y2 + Am-1, i=m—-k-1,
Ao + Au-1y2 + A1 + Qu_gryz, L= m—Kk,
A(i+k)/2 T Alimm+k+1)/25 i=m-k+1m—-k+3,--- ,m-2,
A(isk-1y/2 + Ai—mky2 T Agirm=1)/25 i=m—-k+2,m-k+4,--- ,m—1.
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AGisty2 + Aicmske)2 + Aiem-1y2, i=m—k+1,m—k+3,--- ,m-3,

4. modd, k odd, k = (m — 1)/2:

¢ =
Ao,

A(i+ky2 T Alirm+k-1)/25

A(ivk-1)/2 T Airm+k-2)/2 T Ai/2,
ap + Ain-1)/2 + dp-1,

ap + Agu-1y2 + Q-1 + Aotk 25

A(irk)/2 T Ai—m+k+1)/25

A(i+k-1)/2 T Ai—m+k)/2 T Ai+m-1)/25

5.meven, kodd, 1 <k <m/2:

Ci =

ao + Agu+k-1)/25

AGit+k)/2 t Aivm+k-2)/25

A(ivk-1)/2 T Airm+k-1)/2 T Aij2s

Ak + Qmjo+k-1 T Am+k-1)/25
A(i+k-1)/2 T A(irm+k-1)/25

A(irk)/2 T Ai+m+k-2)/2 T An+i-1)/25
ap + -1+ Ap-1,

ap t app + -1 + Qu-k+1)/25
Ai+k-1)/2 T Ai—m+k+1)/25

Ai+ky2 T Ali—m+k)2 T AGirm=1)/25

Ak-1)/2 T Q-1

6. meven, k odd, k = m/2:

¢ =
ap + Agn+k-1)/2»

A(i+k)2 T Ai+m+k-2)/25
A(i+k-1)/2 T Ai+m+k-1)/2 T Aij2,
Qo + Ag-1y/2 + Qg1 + A1,
ap + ag + apm-1 + Ark-1y/25
A(i+k-1)/2 T Ai—m+k+1)/25

A(i+k)2 T Ali—m+i)2 T Aon+i-1)/25

Ag-1)/2 t Am-1,

7. meven, keven, 1 <k <m/2:

C =

ao + ayp,

AGi+k-1)/2 t Aitm+k-1)/25

Ai+ky2 T Airm+k-2)2 + Aif2,

g + Qpa+k-1,

A(i+k-1)/2 T Alirm+k-1)/2 T Aon+i-1)/25
A(it+k)/2 T Aivm+k-2)/25

ap + Apmp-1 + ap-1 + Ap—k2-1,

ay + Ao + Ap-is

Ai+k-1)/2 T Ai—m+k+1)/2 T Ai+m=-1)/25
Agi+ky/2 t Ai—m+k)/25

Am+k-2)/2 + Am-1,

~.

~.

~.

~.

~.

~.

i=0,
i=13,---
i=2,4,---
i=k,
i=k+1,
i=k+2,k+4,---
i=k+3,k+5,---

=0,
=1,3,5--- k=2,
=24, k-1,
=k,

=k+1,k+3,---

=m—-k-1,

=m—k,
=m—-k+1,m—-k+3,---
=m—-k+2,m-k+4,---

=m-1.

i=0,
i=1,3,5"-,k=-2,
i=2,4,--- k-3,
i=k-1,

i=k,

i=k+1,k+3,--- ,m-2,
i=k+2,k+4,---

i=m-1.

i=0,
i=1,3,5-,k-1,
i=2,4,--- k-2,
i=k,
i=k+1,k+3,--- ,m—
i=k+2,k+4,---
i=m—-k-1,

i=m-—k,

i=m-k+1,m—-k+3,---
i=m—-k+2m—-k+4,---

i=m-1.

,m—2,

,m—1.

m—k—73,
=k+2,k+4,--- m—-k-

2,



8. meven, k even, k = m/2:

¢ =
do + ag2,

A(i+k-1)/2 T Ai+m+k-1)/25
A(i+ky2 T Airm+k-2)2 T Aif2s
ag + Ay + ap_q,

ap +ag + ap-1,

Ai+ky )2+ Ali—m+k)/2>

Am+k-2)/2 + -1,

A(ivk-1)/2 T A(i-m+k+1)/2 T Am+i-1)/2, 1

i=1,3,5:-,k=-3,
i=2,4,--- k-2,

B. The Coefficients Formulae of S; and S,

l.moddkeven, 1 <k <(m-1)/2:

1=
Ck/2 + Cimek=1)/25

Clitk+1)/2 T Civm+ky/2 T Ci+1)2
FC(ik-1)/2 F Clitm+k-2)/25

Ci2,

Cij2 + Co + Cpo + Ck
FCom-1)/2+4k T C(n-3)/2+k>
Cli+m—-1)/25

Clitk+1)/2 T Clitm+ky/2 + Civm)/2
FC(i+k-1)/2 t Clitm+k-2)/25

Co + Cm-1)/2 + Com-3)/2+
Cm—k/2-1 + Cp—2 + Cip—1,
Cm—k/2-15

co+c1 + Con-n2t

Cim+1)/2 T Cm—k/2 + Cp—1
Cli+m=1)/25

Clitk+1)/2 T Clixm)/2 t Clivk—1)/2
FC(i—m+k))2 t Climm+k+2)/25

C/2 + Conik-1)/2 + Co + Cp1+

Cim+k-3)/2 T Crj2-1»

Ck/2 t Cm+k-1)/2 + Co + Cn—1,

i=k-1,
i=k,
i=k+1,k+3,---,m-3,
i=k+2,k+4,--- ., m-2,
i=m-—1.

i=0,

i=1,3,---,k-3,

i=2,4,--- k-2,

i=k-1,

i=kk+2,k+4,--- ,m—k-3,

i=k+1,k+3, .m—k—4,

m—k-2,

i=m—-k-1,

-
Il

i=m-k,
i=m—-k+1,m-k+3,---,m-3,
i=m—-—k+2m-k+4,--- ,m—-4,

m-—2,

-
Il

m— 1.

-
Il

12

s =
dip + dynei-ny2 + do + dp—i,
dy +dy-1,

diiriy)2 + Aiirmei-1y2 + dip
+d(irk-2)12 + Aiismrk-3)/2>
dii-1yp2s

di_y + di + don-1)j24k
+dn-3y2+k + Agrm-1y72 + Am-1,
diiriy)2 + Airmei=1)2 + Aiem=-1y72
+dirk-2)2 + diirmek-3)/25
diivm-2)/2,

do + don—1y2 + dgn-3)2+
Ayijo-1 + dpy + dpy_y,
dotja-15

do +dy + dgp-1)p+

A1)z + Amipz + A1

diiviy2 + dism-1)2 + disk-2)2
Fdiomikr )2 + Aimmik-1)/25
diivm-2)/25

Ainsk-3y2 + dija-1,

2. modd, keven, k = (m—1)/2:

1=
Ckj2 F Cantk-1)/25

Cli+k+1)/2 T Clivm+ky/2 T Ci+1)2
FC(ik-1)/2 t Clitm+k-2)/25

Ci2,

Cr/2 + Cr—1 + Ciy—1

FCm-1)/2 T Can-3)/2+k>
Cli+m—1)/2

Co + €1+ Cum-1)/2 + Cin+k+1)/2
+Cme1 + Crs1

Cli+k+1)/2 T Cii+m)/2 T Clitk-1)/25
FC(i—m+k)/2 t Climm+k+2)/2

Ci/2 + Conik-1)2 + Co + Cmo1+

Com+k=3)/2 + Crj2-1»

Crj2 + Com+k-1)2 + €0 + Cm—1,

S; =
dijy + dinsi-1y2 + do + -y,
dy +dy-1,

diivio)2 + diismrk-1)2 + din
+d(irk-2)2 + diismer-3)/25
di-1y2s

do + di—1 + dgn-1y2
+dn-3)/2+k + Ainsi-1y725
diivm-2)/2>

do +dy + din-1y2 + dimsisy)2
+diy + dyy,

diiviy2 + dism-1)2 + diisk-2)/25
+d(i—mik-1)2 + Ammrkr1))2

Aonsk-3)2 + dija-1,

i

~

1

i=0,

i=1,

i=2,4,--- k-2,
i=3,5--,k-1,

i =k,

i=k+2,k+4,--- ,m— s
i=k+1,k+3,--- ,m—k-2,
i=m—-k-1,

i=m-k,

i=m—-k+1,
i=m—-k+3,m—-k+5,--- ,m-3,
i=m—-k+2,m—-k+4,--- ,m—
i=m-1.

i=0,

i=1,3,---,k-3,

i=2,4,--- k-2,

i=k-1,
i=kk+2,k+4,--- ,m-3,

i=k+1,
i=k+3,k+5,--- ,m—4,
i=m-2,

i=m-1.

:O,

=1,

=2,4,--- k-2,

=3,5--- k-1,

=k,

=k+1,k+3,k+5,--- ,m-2,

=k+2,

i=k+4,k+6,---,m-3,

m— 1.



3.modd, kodd, 1 <k <(m-1)/2:

1=
Ck+1)/2 T Cm+k)/2>

C(i+1)/2

Cli+k+1)/2 Tt Clirm+ky/2 + Cif2
FC(i+k-1)/2 t Clitm+k-2)/25

Co + Clk-1)/2 + Cp—1+

Ck + Con-1)/2+k T C(m=3)/2+k>
Cli+m)/2»

Cli+k+1)/2 T Clirm+ky/2 + Clitm=1)/2
FC(ik-1)/2 t Clitm+k-2)/25

€o + Cm-1)/2 + Con=3)2+
Cim—(k+3)/2 + Cm—2 + Ci—1,
Cm—(k+1)/2

co+ 1+ Con-ny2t

Com+1)/2 T Cm—k+1)/2 + Cim—1,
Cli+m)/2>

Clitk+1)/2 T Cli—m+k)/2 t Climm+k+2)/2
FC(irm-1)/2 + Clitk-1)/25

Co + Cim-1,

Ck-1)/2 T Com+k-2)/2 + Co + Cim-1,

s; =
di—1y2 + dimsi-2y2 + do + dyy,
do + dg—1y2 + dgs1y 2+

Aimsi-2)2 + Aoniiy)2 + A1,

difa,

diiviy2 + diisemrk-1y2 + di-1))2
+disk-2)2 + Aiirmik-3)/25

di1 + di + dp-1y it

din-3)24k + Akem-2)2 + Am-1,
diivm-1)/25

diiviy)2 + Aiismrk-1)72 + Aism-2)2
+disk-2)2 + dirmik-3)/25

do + don-1)2 + dgn-3)2+
An—es3y2 + A + -1,
d—r1)25

do + di + di-1y2+

diney2 + ey + A
diivm-1)/2,

diivioz + Aiicmik—1y2 + Ai—msk+1)/2
+dim-2y2 + diivi-2)/25

d(m+1<—2)/2 + d(k-n/z,

i=0,

i=1,3,--- k-2,
i=2,4,--- k-3,
i=k-1,

i=kk+2,--- ,m—k-3,

i=k+1,k+3,--- ,m—k—-4,

i=m—-k-2,
i=m-k-1,
i=m-k,

i=m—-—k+1m-k+3,--- ,m—4

i=m-k+2,m—-k+4,--- ,m-3,

i=m-2,
i=m-1.

i=0,

i=1,

i=2,4,--- k-1,
i=3,5--,k=-2,
i=k,

i=k+1,k+3,--- , m—k-2,

i=k+2.k+4, - m—k-3,

i=m-k-1,

i=m-k,

i=m—-k+1,
i=m—-k+2m-k+4,--- ,m-3
i=m-k+3,m—k+5,--- ,m-2,

i=m-1.
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4. modd, k odd, k = (m — 1)/2:

r =
Clk+1)/2 T Cion+k)/2>

C(i+1)/25

Cli+k+1)/2 + Cli+m+k)/2 + Cij2
FC(i+k-1)/2 F Clitm+k-2)/25

Ck-1)/2 t Ck—1 + Ck

+Cp—2 + Cip—1,

Cli+m)/2>

Co+ €1+ Cr + Crat

FCm+ky/2 + Cm-1,

Clitk+1)/2 T Cli—m+k)/2 t Cli—m+k+2)/2
tC(ivm-1)/2 T Clirk-1)/25

Co+ Cp-1,

Cik-1)/2 + Con+k-2)/2 + Co + Cm—1,

s; =
d(k—l)/2 + dinsk-2y2 + do + dyy,
do + d—1y2 + diry2

+dmik-2)2 + Ainsioy2 + dm-1,
diiviyy2 + dismek-1772 + dii-1))2
+dirk-2)2 + Aiiemik=3)/25

dipas

do + di_ + di

+dp2 + dimik-2)2,

do +d| +dy + diiy

+diniiy2 + A1,

diivi2 + dicmer-1y2 + dimmiksn))2
+d(ism-2)2 + d(isk-2)/2,

diivm-1)/25

dig-1y2 + donsk-2)/25

5.mevenkodd, 1 <k<m/2:

ri=
Ck+1)/2  Contk-1)/25

Ci+1)/2 F Clivm+k-2)/2 + Clivm+k)/25
Cifa + Citk=1)/2 T Clitk+1)/25

Co t Ci—1y/2 + Ci + Ci—1,5

Com+k=1)/2 F Cmj2+k + Cmj2+k-15
Clitk+1)/2 T+ Ci+my/2 + Clk+i-1)/25
Clitm+k)/2 T Clivm+k=2)/2 T Cli+m-1)/25
Co t Cu—(k+3)2 + Cm—2 + Cip—1,
Cmj2-1 1 Cmja + Cn—(k+1)/25

Co+ €1+ Cp1 + C—(k+1)/2
Clitk+1)/2 + C(ivmyj2 + Clivk-1)/2
Cli—m+k)/2 T Cli—m+k+2)/2 T Cli+m-1)/25

Co + Com+k-1)/2 + Cm-1 + Cm+k-3)/2»

Co + Ck-1)/2 + Com+k-1)/2 + Cm-1,

i=0,

i=1,3,--- k=2,
i=2,4,--- k=3,
i=k-1,

i=kk+2,--- ,m—4,

i=k+1,

i=k+3,k+5,--- ,m-3,

i=m-—1.

k=2,
k-1,

i=k+2,

i=k+4,k+6,---
i=k+1,k+3,---

i=m-1.

,m=2,

,m—73,

=0,
i =1,3,5,-- k-2,
j=2,4,--- k=3,
j=k—1,

=k,
i=k+1,k+3,---
j=k+2,k+4,--- ,m—k-
i=m—k-—2,
i=m—-k-1,

i=m-—k,
i=m—k+1,m—-k+3,---

i=m—k+2m—-k+4,---
i=m-—2,
i=m-—1.

m—k—73,

4,



s; =
do + dg—1y2 + donrk-1)2 + -1,

do + dg—1y2 + dsy2 + d-1,

dijy + diismrk-3)2 + Aismek-1)/25
d(i—l)/z + diirk-2)2 + d(i+1<)/2»

di + dipek-1y2 + iy + dpi,
Aimsi=1y72 + Amprkc + Anprii-1,
diisiogz + diism-1)2 + Agsi-2) /25
diismrk-1)/2 + Aismrk-3)2 + Aism=2))25
do + dp-es3yy2 + Az + diy,

-1 + dypo + dp—er1y2,

do+di +dp_i + dp_ger1y2
dii-mk-v2 + diemsre2 + divm-2)25
diiviy2 + dism=1))2 + diirk=2)/2,

d-1y2 + k=325

6. meven k odd, k = m/2:

1=
Ck+1)/2 T Comtk-1)/25

Ci+1)/2 t Clitm+k-2)/2 T Clitm+k)/25
Cij2 + Clirk-1)72 + Clivk+1)/25

Co + Cik-1y/2 + Cmja+k—2 + Ci—1,5

Co + Ck-1y/2 + Cp—1 + Cys

Co + C1 + Con+k-1)/2 + Cm-1,
Cli+k+1)/2 T C(i+m)/2 + Clivk-1)/2
Cli-m+k)/2 t Climm+k+2)/2 T Clirm-1)/25

Co + Com+k-1)/2 + Cm-1 + Cm+k=3)/2>

Co + Cik-1)/2 + Com+k-1)/2 + Cm-15

s; =
do + di—1y2 + domsk-1y2 + d1s

do + dg—1y2 + disry2 + dp-is
di—vy2 + diii-22 + disi 25

dipp + dismri-3)72 + Aivmer—1y725

do + d-1y2 + dprir— + dp-1,

di1 + di + dipii-1y2 + i

do + di + dimii-1y2 + dm-1,

diisio2 + dism-1y2 + divk-2)/25
dii—mrk-1)2 + Aicmrke1y)2 + Aim=2)2

d-1)2 + dimek-3)2

i

~.

i

:0’

o1,
i =2,4,
i =3,5,
=k

k-

k=2,

=k+1,

i =k+2,k+4,--- m—k—
k+3,k+5,-- . m—k-

=m-k-1,
=m-—k,
=m-k+1,

=m-k+3,m—-k+5,---
i=m—k+2,m—-k+4,---

i =m— 1.
1,3,5,--- ,k—4,
2,4,--- k-3,
k—2;
k—-1;
k+1,k+3,,--- ,m—4,
k+2,k+4,--- ,m-73,
m-—2,
m—1.
=0,
=1,
=35 k=2,
=24, k-3,
=k-1;
=k;
=k+1,
=k+2,k+4,--- ,m-3,
=k+3,k+5,--- ,m-2,
=m-1.

7. meven keven, 1 <k <m/2:

r =
Cm+k)/2 + Ck/2,

Clsk+1)/2 T Crk-1)72 T Clxny/2,
Ci/2 + Clivm+k)/2 T Clitm+k-2)/25
Co + Crjp + Cx + Ci-1,

Cim+k)/2 + Cmpr+k-1 + Conv2k)/25

Clitk+1)/2 T C(i+m-1)/2 F Clk+i-1)/25

2, Clitm+k)/2 T Cli+m+k=2)/2 F Clivm)/25
3, Co + Cm—kj2-1 + Cp—2 + Ciy—1,5

Cmj2—-1 + Cj2 + Cru—ij2-1,

Co+ €1+ Cpkj2 + Cini

Cli+k+1)/2 T C(i+k-1)/2 F Ci+m-1)/25
,m — 2| Ca+my/2 t Climmky/2 T Cli—m+k+2)/25
,m—3[Co+ Ck2 + Cuot + Crj2-1,
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Co + Crj2 + Con+k-2)/2 + Cm—1,

5 =
do + dipp + diner-2y2 + A

do + dimsr-2)2 + Aty + A1,
di—iy2 + diemer—1)72 + Aiiemi=3)25
diiviy2 + diivi-2y2 + dig2,

di + dipsk—2)2 + di-1 + dpi,s

A2 + k-1 + dinson 25

diiviy2 + dirm-2)2 + dri=2)/25
do + dy-ijp-1 + s + dp-1,
A1 + A + dpo-1,
do+dy + dy_ipp + dyy

iz + divi-2y2 + Aiivm-2)/25

dijp-1 + dinri-2)125

8. meven k even, k = m/2:

ri =
Cim+ky/2 + Ck/2,

Cli+k+1)/2 T Cii+k-1)/2 + Ci+1)/25
Cifa2 + Clivm+)2 T Clitm+k=2)/25

Co + Crja-1 + Cj24k-2 + Cm-1,

Co + Cr/2 + ¢y + Cr—1,

Cco + €1+ Contky2 t Cm-15
Clitk+1)/2 T Clitm-1)/2 T Clk+i-1)/25
Cli—m+k)/2 T Cli-m+k+2)/2 T C(ivm)/25
Co + Crjp + Cp—1 + Cip2-1,

Co t+ Crj2 + Consk-2)72 t Cm—15

i
i
i

i

d(i+m+k—1)/2 + diirmi-3)2 + d(i+m-1)/2,

d(i+m—])/2 + diimmik=1)2 + Aimmrir1)/25

0,

1,3,--- k=3,
2,4, k=2,
k-1,

k,
k+1,k+3,---
k+2,k+4,---
m—k-—2,
m—k—1,
m-—k,
m—k+1lm—-k+3,---
m—k+2m—-k+4,---
m-—2,

m—1.

i=0,

i=1,

i=3,5-- k-1,
i=2,4,-- k=2,
i=k,

i=k+1,
i=k+3,k+5,---
i=k+2,k+4,--
i=m—-k-1,
i=m-—k,
i=m—-k+1,
i=m—-—k+3,m-k+5,---
i=m—-—k+2m-k+4,---

i=m-—1.

0,

1,3,--- k-3,
2,4, k-4,
=k-2,
=k-1,

=k,
=k+1,k+3,--
=k+2,k+4,---

,m—3,
,m—4,

m-—2,

m— 1.



s; =
do + dipp + donsk-2)2 + A1,

do + donik-2y2 + Aonary2 + At
Ay + diemei=1)2 + Airmi=3)2>
diivi2 + disk-2)2 + dipa,

do + dipp-i + dipppik—s + dipis

di + di_1 + donsik-2)2 + At

do + di + dipiry2 + dn-i,

diiviyr + diem-2)2 + diri-2)p25
Aiicmik-1y72 + Aiemiks)2 + dism-1y/2

dijr-1 + dynik-2))2,

0
i=3,5-,k-3,
i=2,4,-- k=2,

k-1,

k+1,

k+2,k+4,---

k+3,k+5,---

m—1
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