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FAST TRANSFORMS OVER FINITE FIELDS OF
CHARACTERISTIC TWO

NICHOLAS COXON

ABSTRACT. An additive fast Fourier transform over a finite field of charac-
teristic two efficiently evaluates polynomials at every element of an Fa-linear
subspace of the field. We view these transforms as performing a change of
basis from the monomial basis to the associated Lagrange basis, and con-
sider the problem of performing the various conversions between these two
bases, the associated Newton basis, and the “novel” basis of Lin, Chung and
Han (FOCS 2014). Existing algorithms are divided between two families, those
designed for arbitrary subspaces and more efficient algorithms designed for spe-
cially constructed subspaces of fields with degree equal to a power of two. We
generalise techniques from both families to provide new conversion algorithms
that may be applied to arbitrary subspaces, but which benefit equally from
the specially constructed subspaces. We then construct subspaces of fields
with smooth degree for which our algorithms provide better performance than
existing algorithms.

1. INTRODUCTION

Let F be a finite field of characteristic two, and W = {wq,...,wan_1} be an
n-dimensional Fa-linear subspace of F. Define polynomials

2w Tor—w, n—12"(ili -1 T — w;
L= —=, v=]]—2 and X;=]] [[ —
i=0 Wi — Wy =0 Wi — Wy k=0 =0 wzkmk — Wy
i
for i € {0,...,2™ — 1}, where [-]x : N — {0,1} for k € N such that

i=> 2Mi]p forieN.
keN

Let F[z], denote the space of polynomials with coefficients in F and degree less
than ¢. Then {Lg,...,Lan_1} is the Lagrange basis of F[z]sn associated with the
enumeration of W. Similarly, {Ny, ..., Nan_1} is the associated Newton basis, nor-
malised so that N;(w;) = 1. The definition of the functions [ - |, implies that each
of the polynomials X; has degree equal to i. Thus, {Xo,..., Xon_1} is also a basis
of F[z]a~. This unusual basis was introduced by Lin, Chung and Han in 2014 [21].
Consequently, we refer to it as the Lin—Chung—Han basis, or simply the LCH ba-
sis. In this paper, we describe new fast algorithms for converting between the
Lagrange, (normalised) Newton, Lin—Chung-Han and monomial bases for specially
constructed subspaces.
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Converting to the Lagrange basis from one of the three remaining bases cor-
responds to evaluating a polynomial at each element in W. An algorithm that
efficiently performs this evaluation for polynomials written on the monomial ba-
sis is referred to as an additive fast Fourier transform (FFT). The designation as
“additive” reflects the fact that a fast Fourier transform traditionally evaluates
polynomials at each element of a cyclic group. To avoid confusion, we refer to such
algorithms as multiplicative FFTs hereafter. Additive FFTs have been investigated
as an alternative to multiplicative FFTs for use in fast multiplication algorithms for
binary polynomials [28, 6, 23, 8, 9, 18], and have also found applications in coding
theory and cryptography [4, 3, 10, 1].

Additive FFTs first appeared in the 1980s with the of algorithm of Wang and
Zhu [29], which was subsequently rediscovered by Cantor [7]. Applied to character-
istic two finite fields, the Wang-Zhu-Cantor algorithm is restricted to extensions
of degree equal to a power of two. This restriction is removed by the algorithm of
von zur Gathen and Gerhard [28], but at the cost of a higher algebraic complexity.
For these and subsequent algorithms [14, 4, 3], the subspace W is described by an

ordered basis 8 = (B, - - -, Bn—1), which also defines the enumeration of the space by
n—1

(1.1) wi=Y [ilxBr forie{0,...,2"—1}.
k=0

For an arbitrary choice of basis, the algorithm of von zur Gathen and Gerhard
performs O(flog® ¢) additions and multiplications, where ¢ = |W| = 2". The
subsequent algorithm of Gao and Mateer [14] achieves the same additive complexity
while performing only O(¢log ¢) multiplications.

For extensions with degree equal to a power of two, faster algorithms are obtained
through a special choice of subspace and its basis. The defining property of these
spaces is the existence of a Cantor basis, i.e., a basis § = (8o, ..., Sn—1) such that

(1.2) Bo=1 and 52»:@2“—6“1 for i € {0,...,n — 2}

For subspaces represented by a Cantor basis, the Wang—Zhu—Cantor algorithm per-
forms O(¢1og'*%>? ¢) additions and O(£log ) multiplications. Gao and Mateer [14]
also contribute to this special case by providing an algorithm that achieves the same
multiplicative complexity while performing only O(£(log ¢) loglog ¢) additions.

For the same subspace enumeration used in the additive FFTs, Lin, Chung
and Han [21] provide algorithms for converting between the Lagrange and LCH
bases that perform O(¢log/) additions and multiplications. Lin, Chung and Han
use their basis and conversion algorithms to provide fast encoding and decoding
algorithms for Reed—Solomon codes. This application is further explored in the
subsequent work of Lin, Al-Naffouri and Han [19] and Lin, Al-Naffouri, Han and
Chung [20], while Ben-Sasson et al. [2] utilise the conversion algorithms within their
zero-knowledge proof system. Lin, Al-Naffouri, Han and Chung [20] additionally
consider the problem of converting between the LCH and monomial bases. For
subspaces represented by an arbitrary choice of basis, they provide algorithms for
converting between the two bases that perform O(¢log? ) additions and O(¢log ¢)
multiplications. For subspaces represented by a Cantor basis they provide algo-
rithms that require only O(¢(log ¢)loglog ¢) additions and perform no multiplica-
tions. The techniques used in both cases, as well as for the algorithms of Lin,
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Chung and Han, originate in the work of Gao and Mateer. This relationship be-
comes apparent when combining the algorithms to obtain additive FFTs, since one
essentially obtains the algorithms of Gao and Mateer.

The techniques developed for additive FFTs have yet to be applied to conver-
sions involving the Newton basis. In the realm of multiplicative FFTs, one has the
algorithms of van der Hoeven and Schost [26], which convert between the monomial
basis and the Newton basis associated with the radix-2 truncated Fourier transform
points [25, 24]. Fast conversion between the two basis is a necessary requirement of
multivariate evaluation and interpolation algorithms [26, 11] and their application
to systematic encoding of Reed—Muller and multiplicity codes [11]. For applications
in coding theory, characteristic two finite fields are particularly interesting due to
their fast arithmetic. However, the algorithms of van der Hoeven and Schost are
not suited to such fields as they require the existence of roots of unity with order
equal to a power of two. It is likely that this problem may be partially overcome
by generalising their algorithm in a manner analogous to the generalisation of the
radix-2 truncated Fourier transform [25, 24] to mixed radices by Larrieu [17]. De-
veloping an algorithm based on the ideas of additive FFTs provides a second and
more widely applicable solution to the problem.

In this paper, we describe new fast conversion algorithms between the Lin—
Chung—Han basis and each of the Newton, Lagrange and monomial bases. These
algorithms may in-turn be combined to obtain fast conversions algorithms between
any two of the four bases. We once again represent subspaces by ordered bases,
and use (1.1) for their enumeration.

In Section 2, we show that if the defining basis 8 = (S, . .., 8n—1) has dimension
greater than one and satisfies
(1.3) O Baa

"o’ Bo
for some d € {1,...,n — 1}, then each of the three conversions problems over the
subspace generated by 8 may be efficiently reduced to instances of the problem over
the subspaces generated by o = (o, ..., 84_1) and some vector § € F*~¢. One may
always take d equal to one, allowing the reductions to be applied regardless of the
choice of 8. Consequently, fast conversions algorithms are obtained by recursively
solving the smaller problems admitted by the reduction, and directly solving the
problems for the base case of n = 1.

Our basis conversion algorithms are described in Section 3. Over the subspace
generated by an n-dimensional basis 3, the algorithms take as input the first /¢
coefficients on the input basis of a polynomial in F[z], C F[z]s». The algorithms
then return the first ¢ coefficients of the polynomial on the desired output basis.
For conversion between the Lagrange and LCH bases, the first ¢ Lagrange basis
polynomials do not form a basis of F[z], for £ < 2". Consequently, we embed
these cases in the larger case of ¢ = 2™, after-which we disregard unnecessary parts
of the resulting computations so as not to incur a large penalty in complexity.
This approach results in what is known as “pruned” or “truncated” algorithms
in the literature on fast Fourier transforms. While truncated additive FFTs have
been previously investigated [28, 23, 6, 4, 3, 8, 9], our algorithms for converting
between the Lagrange and LCH bases are obtained as analogues of Harvey’s “cache-
friendly” truncated multiplicative FFTs [15]. As a consequence of this approach, the
algorithms in fact solve slightly more general problems than those just described,

S ]de
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allowing us to in-turn provide the slightly generalised additive FFTs required by
the fast Hermite interpolation and evaluation algorithms of Coxon [12].

Table 1 provides bounds on the number of additions and multiplications per-
formed by our algorithms for conversion in either direction between the LCH basis
and each of the three remaining bases. These bounds omit the cost of a small pre-
computation requiring O(n?) field operations. The table also provides bounds on
the number of field elements that are required to be stored in auxiliary space by the
algorithms. The bound for conversion with the Newton basis is new. For conversion
with the Lagrange basis, we only have the algorithm of Lin, Chung and Han [21]
to compare with, and only for the case ¢ = 2™. Their algorithm performs fewer
additions in this case, but only after a much larger precomputation, of unanalysed
complexity, that stores 2" — 1 field elements in auxiliary space. For conversion with
the monomial basis, we have the algorithms of Lin et al. [20] to compare with, but
once again only for the case ¢ = 2". Our algorithms perform the same number of
additions as their algorithms in this case, while performing fewer multiplications.

Basis Additions Multiplications Auxiliary space
Newton (([logo €] —1)+1  [£/2]]log, {] O(n?)
Lagrange |£/2](3[logy €] +1) [£/2]([logy €] +1) 2" — £+ O(n?)
Monomial ~[£/2] (% ‘) 31¢/2][log, (] +1  O(n)

TABLE 1. Algebraic and space complexities.

The cost of the reductions used in our algorithms reduce with the size of the
value d for which they are applied. For an arbitrary choice of the basis 3, the
condition (1.3) may only ever be satisfied by d equal to one. This will also be
the case if Fy is the only subfield of F with degree less than n. The bounds in
Table 1 describe the complexity of our algorithms for this case, and thus represent
their worst-case complexities. When the field has degree equal to a power of two
and f is a Cantor basis, the condition (1.3) is satisfied by d equal to any power of
two less than n. Moreover, 6 = (o, .., 8n—d—1) for all such values of d, so that
the recursive cases are themselves represented by Cantor bases. Consequently, it
is possible to always take d to be the largest power of two less than n. With this
strategy, the algorithms for converting between the LCH and Newton bases perform
only (3¢ — 2)[log, ¢]/4 additions. The algorithms for converting between the LCH
and Lagrange bases enjoy a similar reduction in the number of additions they
perform, while the algorithms for converting between the LCH and monomials bases
perform only |£/2][log, £][log, log, max(¢, 2)] additions. Moreover, for conversions
between the LCH and monomial bases, all multiplications in the algorithms become
multiplications by one, allowing them to be eliminated altogether. In this case, the
algorithms reduce to those of Lin et al. [20].

While the benefits of using a Cantor basis are clear, F will only admit a Cantor
basis of a given dimension if its degree is divisible by a sufficiently large power of
two. In Section 4, we propose new basis constructions that provide benefits similar
to those afforded by Cantor bases when the degree of the field contains a sufficiently
large smooth factor, i.e., one that factors into a product of small primes. Such a
factor ensures the presence of a tower of subfields, which we use in Section 4.1
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to construct bases that reduce the number of field operations performed by the
algorithms of Section 3 by allowing their reductions to be applied more frequently
with values of d greater than one. For towers containing quadratic extensions, we
additionally show in Section 4.2 how to leverage freedom in the construction in
order to eliminate some multiplications in the algorithms for conversion between
the monomial and LCH bases, echoing the reduction in multiplications obtained for
Cantor bases. Finally, in Section 4.3, we show how to take advantage of quadratic
extensions in a different manner by generalising the construction of Cantor bases.

2. PRELIMINARIES
For 8 = (Bo,-..,0n—1) € F", define

n—1

wpi= Y [ilxBr forie{0,...,2"—1}.

k=0
If the entries of 8 are linearly independent over Fo, then let Lg;, Ng; and Xg;
respectively denote the ith Lagrange, Newton and LCH basis polynomials associ-

ated with the enumeration {wg,...,wgan_1} of the subspace it generates. That
is, define

i N =1

—WB,j —WB.j
Lpi= 1 —>%  Neu=]l_—=

j=0 B,i B3 j=0 Bsi B.J

J#i
and

n—12F[i]k—1

Xoo= [ [ ;22—
k=0 j

jmo  WB2RElk T WB.

for i € {0,...,2" —1}.

2.1. Factorisations of basis polynomials. The following lemma provides fac-
torisations of the basis polynomials associated with a vector 8 € F". These factori-
sations in-turn provide the reductions employed in our basis conversion algorithms.

Lemma 2.1. Letn > 2 and 8= (Bo,--.,Bn-1) € F™ have entries that are linearly
independent over Fo. For some d € {1,...,n — 1} such that B;/By € Faa for

1€{0,...,d—1}, set a = (Bo,...,Ba-1), v = (Bay---,Pn-1) and

5 </3d>2"’6d <ﬁn1>2dﬂn1
Bo Bo’ T\ Bo Bo )

Then 0 has entries that are linearly independent over Fo, and

2d
e X
Lga;yj = Ls, ((5()) - 50) Laj(x — wy i),
2d
X X
Ngoaiyj = Nsi <<ﬂo) - 50) N j (T — wy i),

2d
Xpoaipj = Xs <<;0> - ;})ij(x)

forie{0,...,2"=41—1} and j € {0,...,2¢ — 1}.
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Proof. Let n > 2 and =
independent over Fy. Define «, v and § as per the lemma for some d € {1, ...,
such that 8;/8 € Faa for i € {0,...,d

(2.1)

for i € {0,...,2"~

Thus,

(2.2) <

for i € {0,...,2""

(2.3)

for i € {0,...,2"~

NICHOLAS COXON

(Bo, - - -

d—1 n—d—1

,Bn—1) € F™ have entries that are linearly

n—1}

— 1}. Then

wotig; = Y UlkBe+ Y [leBark = way +wni

k=0 k=0
41} and j € {0,...,2¢

d

(%) -
Bo 50

w€F,q
w d 2¢ w d nd
B,24i+j BZH-J:

Bo ) Z
41} and j € {0,...,2¢

-#((3

291

H T — W 2ditj

()

— 1}. The choice of d implies that

H Bk _w=0 forke{0,...,d—1}.

—1}. It follows that

- (5)-+)

4 1}, since the polynomials on either side of the equation are

monic and split over F with identical roots. As the entries of 5 are linearly inde-
pendent over Fsy, comparing roots shows that the polynomials on the left-hand side
of (2.3) are distinct for different values of i € {0,...,2"~4—1}. Consequently, com-
paring the polynomials on the right-hand side of the equation shows that ws; # ws ;
for distinct i, j € {0,...,2"~¢ —1}. Thus, the entries of § are linearly independent
over [Fo.

Collecting terms and substituting in (2.1), (2.2) and (2.3) shows that

on—d_12¢_1 2d _q
L —Wgodsit T —Wg odjtg
L= | 1111 I
20 1m0 WB.2%i+j T WB2ds 4t =0 WB.2dit) T Wp2ditt
A )
241
_ H 117/5() ((E/Bo) — Ws,s T — Wyj — Wat
— - wé,s i—0 w’yﬂ' + wa,j — (U»Yﬂ‘ — wa,t
e t#j
gn—d_q od 9d_q
B 0 D Rt oy y et
=0 Ws,i — Ws,s =0 Wa,j — Wait
s =2

2(1
X X
L((ﬁ) )

d—1} and j € {0,...,2¢

> Laj(z — wsyi)

for i € {0,...,2"~ -1}
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Similarly,

i—12%-1 j—1
N _ T — Wp2ds+t LT — Wp2ditt
sonies = | 1111 = 11 =
20 =0 WB.24i+j T Wp2ds+t roo WB2di+j T W 2ditt

i—1 24 j—1
_ (%/ﬁo) — ('/E/BO) — Ws,s M
B (H Wsi — We.s ) (H) Warj — Wart )

s=0

X 2 x

for i € {0,...,2""% —1} and j € {0,...,2¢ — 1}. It follows immediately from the
definition of the Newton and LCH bases that

n—1
Xﬂ,i = HNB,Qk[i]k for i € {O,...,Qn 71}.
k=0
Hence,
n—d—1
Xﬁ 2d7,+J ( H Nﬁ 2k+d ><H N,B 2k )
k=0
n—d—1 24
< kl;[O N62k[l]k<(50) - 0)) (H 2% [5]x Uny,O))
2d
X
= Xs - —— | X iz
’ Bo ﬁo) (@)
fori € {0,...,2"% —1} and j € {0,...,29 — 1}. O

To illustrate how we can utilise Lemma 2.1, let us consider the problem of con-
verting polynomials from the Lagrange basis to the LCH basis. The factorisation
of the Lagrange basis polynomials provided by the lemma includes a shift of vari-
ables for one factor. Consequently, a recursive approach is facilitated by considering
the more general problem of converting from a basis of shifted Lagrange polyno-
mials to the LCH basis. An instance of this new problem is defined by a vector
B8 = (Bo,---,Bn—1) € F™ with linearly independent entries over Fy, a shift pa-

rameter A € [, and coefficients fy, ..., fon_1 € F. The goal is then to compute
ho,...,hon_1 € F such that
Q’Vl_l 2’7l_1
(24) Z hngﬂ' = Z f¢L57i(I - A
i=0 i=0
If n =1, then

x x x
Lgo=—+1, Lgi1=—, Xgpo=1 and Xpg;=—.
707 By 1T B, P 1T By
Thus, one can simply compute hg = fo — (A/Bo)(fo + f1) and hy = fo + f1. If
n > 2, then the following consequence of Lemma 2.1 decomposes the length 2"
problem into 2"~% problems of length 2¢, and 2¢ problems of length 2"~¢, for
de{1,...,n—1} such that 8;/8y € Foa for i € {0,...,d— 1}. After choosing such



8 NICHOLAS COXON

a value of d, for which one always has the possibility of taking d = 1, the smaller
instances of the problem admitted by the decomposition can be solved recursively.

Lemma 2.2. Suppose that B = (Bo,...,Pn-1) € F™ has n > 2 linearly indepen-
dent entries over Fy, and let o, v and § be defined as per Lemma 2.1 for some
d e {l,...,n — 1} such that 5;/By € Faa for i € {0,...,d — 1}. Suppose that
fo, RN fgnfl, )\,go, ooy Qgon_1, ho, ceey hon_1 €T satisfy

241 2¢-1

(25) Z g2di+jXC!7j = Z f2d7;+jL()z,j (l' — )\ — (.(}771') fOTi S {07 ey 2n7d — 1}7
7=0 7=0

and
on—d_q on—d_1

(2.6) > g Xsi= Y goapy;Lsi(w—n) forje{0,...,2¢ 1},
=0 =0

where n = (/\/BO)Qd — (M Bo). Then (2.4) holds.

Proof. Suppose that 8 = (So,...,Bn-1) € F” hasn > 2 linearly independent entries
over Fy, and let v, v and § be defined as per Lemma 2.1 for some d € {1,...,n — 1}
such that B8;/8y € Fqa for ¢ € {0,...,d — 1}. Suppose that fo,..., fan_1,
9o, ---,9amn—1,ho, ..., hon_1 € F satisfy (2.5) and (2.6). Then Lemma 2.1 implies
that

2" —1 on—d_q f2d_
D filpilw =N = > | Y farigiLag(@—A—wyy)
i=0 i=0 j=0

T 2 T
L((ﬁ) -2 )

where n = (A/80)2" — (A B0). By substituting in (2.5) and (2.6), it follows that

2"—1 on=d_q fod_ . od .
D ilsilw =N =3 | D 92045 Xa;(@) | Lo, ((5) B )
=0 0 0

i=0 j=0

2¢_1 for—d_ . 2d .
= > D goririlss (6) == | Xa;(®)
=0 0 Bo

=0

241 fon—d_1 . 2d .
= Z Z h2di+jX67i<<ﬂo) _50> Xa,j(l').

j=0 \ i=0
Hence, Lemma 2.1 implies that (2.4) holds. |

2.2. Reduction trees. We use full binary trees to encode the values of d for which
the reductions provided by Lemma 2.1 are applied when converting between two of
the bases.

Definition 2.3. A full binary tree is a tree that contains a unique vertex of degree
zero or two, while all other vertices have degree one or three. Given a full binary
tree (V, E') with unique vertex r € V of degree zero or two, we use the following
nomenclature:
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the vertex r is called the root of the tree,

a vertex of degree at most one is called a leaf,

a vertex of degree greater than one is called an internal vertex,

if ve V\{r}and v =uvg,v1,...,v, =r is a path, then v is called a child
of v1, and a descendant of v; for i € {1,...,n},

the set of leaves that are descended from or equal to v € V' is denoted L,,,
e the subtree of (V, F) rooted on v € V is the full binary tree (V', E’) such
that V'’ consists of v and all its descendants, and E’ consists of all edges
{u,v} € E such that u,v € V.

Example 2.4. The graph shown in Figure 1 is a full binary tree with root vertex vy,
internal vertices vg, v1, v2 and vg, and leaves vz, v4, vs, v7 and vg. The vertex vy has
children vy and vs, while its descendants are vo, v, vy and vs. Consequently, the
subtree rooted on vy consists of those vertices and edges contained in the dotted box.
Finally, L,, = {vs, v4,v5, 07,08}, Ly, = {v3,v4,05}, Ly, = {v3,04}, Lyg = {v7,08}
and L,, = {v;} for i € {3,4,5,7,8}.

FIGURE 1. A full binary tree.

Each internal vertex of a full binary tree has exactly two children. As it is
necessary for us to distinguish between the children of internal vertices in our
algorithms, we assume that each full binary tree (V, E) comes equipped with a
partition {E,, E5} of E such that if v € V has children vg and vy, then {v,v;} € E,
if and only if {v,v1_;} € Es. Then for each internal vertex v € V', we denote by v,
the child of v such that {v,v,} € E,, and by vs the child of v such that {v,vs} € Es.
The partition additionally induces a vertex labelling d : V' — N given by

d(v) = {0 if v is a leaf vertex,

|L,.| if vis an internal vertex.

Example 2.5. We obtain one such partition { E,, Fs} for the tree shown in Figure 1
by letting F, contain the leftmost (as shown in the figure), and Es the rightmost,
of the two edges that connect each internal vertex with its children. Then d(vg) =
|Ly, | =3, d(v1) = |Lyy| =2, d(v2) = |Lys| = 1, d(vs) = |Ly,| = 1 and d(v;) = 0 for
i€{3,4,5,7,8}.

We use the vertex labelling to encode the values of d for which the reductions

provided by Lemma 2.1 are applied. A reduction tree is a full binary tree that
fulfils this role for some subspace basis 5 € F™. To allow us to formally define this
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notion, we now introduce maps that send 8 to each of the vectors o and ¢ defined
in Lemma 2.1. For § = (B, ..., Bn—1) € F" with n > 2 linearly independent entries
over Fy and d € {1,...,n — 1}, define «(8,d) = (Bo, - - ., B4—1) and

(BT Ba (Bar) Bu
5(6’60_((50) ﬁo""’< B ) Bo )

When d has the additional property that 8;/8y € Foa for i € {0,...,d — 1},
Lemma 2.1 implies that the vector §(3,d) has linearly independent entries over Fy.

Definition 2.6. Let 8 € F” have entries that are linearly independent over F,
and (V, E) be a full binary tree with root vertex » € V. Then (V, E) is a reduction
tree for [ if it has n leaves, and the following conditions hold if n > 1:

(1) Bi/Bo € Faacy for i € {0,...,d(r) — 1},

(2) the subtree of (V, E) rooted on r,, is a reduction tree for a(3,d(r)), and
(3) the subtree of (V| E) rooted on rs is a reduction tree for §(3,d(r)).
If

v is an internal vertex of a full binary tree, then
Ly, | =d(v) and |[Ly,|=|Ly| = |Lu,| = |Lo| — d(v),

since {L,,, Ly, } is a partition of L,. Therefore, given a basis vector 8 and one of
its reduction trees (V, E), there exists vectors B, = (Bv,0,---;Bv,L,]-1) € FlEo| for
v € V, each with linearly independent entries over Fy, such that

B, Bu,d(w)—1 € Foatry,  a(By,d(v)) = Bo, and  8(By,d(v)) = Bu,

B’U,O Y /81),0
for all internal v € V', and 8, = 8 if v is the root of the tree. These vectors define
instances of each of the basis conversions problem over the subspaces they gener-
ate. If v is an internal vertex, then Lemma 2.1 allows instances of the conversions
problems over the subspace generated by (3, to be reduced to instances over the
subspaces generated by (3, and fB,,. If v is in a leaf, then £, is 1-dimensional and
the corresponding conversion problems may be solved directly. Consequently, the
existence of a reduction tree allows the basis conversion problems to be recursively
solved with recursion depth equal to that of the tree, i.e., equal to the length of the
longest path between its root vertex and one of its leaves.

As the first condition of Definition 2.6 is trivially satisfied if d(r) = 1, the
existence of a reduction tree for an arbitrarily chosen subspace basis is guaranteed.

Proposition 2.7. Let 5 € F" have entries that are linearly independent over Fo.
Then every full binary tree with n leaves and Im(d) C {0, 1} is a reduction tree for 3.

It is straightforward to prove Proposition 2.7 by induction on n, or to obtain the
proposition as a consequence of Theorem 4.3 in Section 4.1. Consequently, we omit
its proof. The choice of reduction trees provided by the proposition captures the
strategy used in recent algorithms [14, 21, 20] for an arbitrary choice of subspace
basis. Accordingly, we use such trees as our baseline for comparison. The reduction
strategy use by recent algorithms specific to Cantor bases [14, 20] is captured by re-
duction trees such that d(v) = 2/1°821L211=1 for all internal vertices. We characterise
the reduction trees of Cantor bases in the following proposition.

Proposition 2.8. Suppose that 8 € F" is a Cantor basis. Then a full binary tree is
a reduction tree for B if and only if it has n leaves and Im(d) C {0,2°,21,22 .. }.
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We use the following properties of Cantor bases to prove Proposition 2.8.

Lemma 2.9 (Properties of Cantor bases). Suppose that 8 = (Bo,...,Bn-1) € F"
is a Cantor basis. Then

(1) Bo,---,Bn_1 are linearly independent over Fo,
(2) Bo,---,Bi—1 € Fpor if i < 2% for some k € N, and

(3) 5§2k — Bi = Bi_or if i > 2% for some k € N.

Lemma 2.9 is proved by Gao and Mateer [14, Apendix A], and also obtained as
a special case of Lemma 4.13 in Section 4.3.

Proof of Proposition 2.8. A full binary tree with one leaf has Im(d) = {0}. Thus,
the proposition holds for n = 1, since a full binary tree is a reduction tree for a
1-dimensional Cantor basis if and only if it has one leaf. Therefore, let n > 2,
and suppose that the proposition is true for all smaller values of n. Suppose that
B=(Bo,--.,Bn-1) € F™ is a Cantor basis, and let (V, E) be a full binary tree with
root vertex r € V. Then (V, E) is a reduction tree for § if and only if it has n leaves,
Bos - - Bagry—1 € Faam (recall that By = 1 for a Cantor basis), the subtree rooted
on r, is a reduction tree for (8, d(r)), and the subtree rooted on s is a reduction
tree for §(B3,d(r)). If the tree has n leaves, then 1 < d(r) < n and properties (1)
and (2) of Lemma 2.9 imply that SBo,..., Bqy—1 € Fauw if and only if d(r) is a
power of two. In this case, property (3) of the lemma implies that «(3,d(r)) =
(Bos - -+ Bagy—1) and §(B,d(r)) = (Bo,-- -, Bn—d(r)—1). Finally, if the tree has n
leaves, then the subtree rooted on 7, has d(r) leaves, and the subtree rooted on rs
has |L,| — d(r) = n — d(r) leaves. Therefore, the induction hypothesis implies that
(V, E) is a reduction tree for 8 if and only if it has n leaves, d(r) is a power of two,
and the subtrees rooted on r, and 75 both satisfy Im(d) C {0,2°,2!,22,...}. That
is, if and only if the tree has n leaves and Im(d) C {0,2° 2,22 ... }. Hence, the
proposition follows by induction. [l

3. CONVERSION ALGORITHMS

In this section, we describe how to convert between the polynomial bases once (8
and a suitable reduction tree have been chosen. Accordingly, we now fix a vector
B8 = (Bo,---sPn-1) € F" that has linearly independent entries over Fy, and a
reduction tree (V,E) for 5. The algorithms of this section are then presented
for this arbitrary selection. Recall that we only provide algorithms for converting
between the LCH basis and each of the Newton, Lagrange and monomial bases. The
algorithms that we propose for each of these problems require the precomputation
of a small number of constants associated with the basis and the reduction tree.
Consequently, we begin the section by discussing these precomputations and their
cost.

3.1. Precomputations. For the remainder of the section, we use the shorthand
notations d,, = d(v) and n, = |L,| for v € V. Define 8, = (8,0, -+ Bvn,—1) € F™
for v € V recursively as follows: if v is the root of the tree, then 8, = 3; if v is an
internal vertex, then 3, = a(8,,d,) and ,; = §(By,d,). Then Definition 2.6 and
Lemma 2.1 imply that the vectors 3, for v € V' each have entries that are linearly
independent over Fy. Finally, let v, = (Bv,dy;- -, Bv,n,—1) for all internal v € V.
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Given (3, for some internal v € V, repeated squaring allows §(8,,d,) to be
computed with (n, — d,)(d, + 1) multiplications and n, — d, additions. If r € V is
the root vertex of the tree, then V'\ L, is the set of internal vertices in V', and

(3.1) S —d)= Y izl = (51 = (5)

veV\L, veEV\L,

Thus, the vectors 3, for v € V can be computed with O(n?) field operations. The
algorithms we propose for converting between the monomial and LCH bases only
require the precomputation and storage of 3,,,0 or 1/8,, o for all internal v € V. As
a full binary tree with n leaves has n—1 internal vertices, the algorithms require the
storage of O(n) field elements, which can be computed with O(n?) field operations.

For conversions involving the Lagrange or Newton bases, we generalise the prob-
lems to include a shift parameter, as we did at the end of Section 2.1 for Lagrange
to LCH conversion. As a result, we require additional machinery to allow compu-
tations related to the shift parameter to be handled in a time and space-friendly
manner. Define maps ¢, : L, X F — F for v € V recursively as follows: for u € L,
and A € T,

)\/5@,0 ifu= v,
0o(u, \) = { P, (U, A) ifu#vandue€lL,,
Pos (u, (/\/51;,0)2% - /\/ﬁu,o) if u#vand u € Ly,.

For internal v € V', define

Ooi = Budyrj forie{0,...,n,—d, 1}

Jj=0

Then the algorithms we propose for conversions involving the Newton or Lagrange
bases require the precomputation and storage of ¢, (u, 0y0),- - -, Yo (U, Oy ny—dy—1)
for all internal v € V and u € L,_. The identity (3.1) implies that n(n — 1)/2 field
elements are stored as result of this requirement. Moreover, it is straightforward to
show that the precomputation can be performed with O(n?) field operations.

Remark 3.1. If g is a Cantor basis, then Proposition 2.8 and property (3) of
Lemma 2.9 imply that 8, = (Bo,...,Bn,—1) for v € V. It follows that B,,0 =
Bo = 1 for all internal v € V. Thus, no precomputations are required for con-
verting between the LCH and monomial bases. For v € V and uw € L,, the map
Yy(u, - ) : F — T is Fy-linear, while Proposition 2.8 and properties (2) and (3) of
Lemma 2.9 imply that

ﬁi if u= v,
Yo, (U, ;) ifuz#vanduel,,,
Py (U, BZ) = . .
Vo (U, Bi—a,) fu#v,u€ Ly, and i > d,,
0 ifus#v,ue L, and i < d,,
for i € {0,...,n—1}. Consequently, the precomputations for conversions involving

the Newton or Lagrange bases require fewer operations.
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3.2. Conversion between the Newton and Lin—-Chung—Han bases. The fac-
torisations of the Newton basis polynomials provided by Lemma 2.1 include a shift
of variables for one factor. Consequently, as we did for Lagrange basis to LCH basis
conversion, we consider the more general problem of converting between a basis of
shifted Newton polynomials and the LCH basis. Our conversions algorithms are
then based on the following analogue of Lemma 2.2.

Lemma 3.2. Let v € V be an internal vertex and ¢ € {1,...,2™}. Suppose that
an BERE) fZ*la )‘7907 s ge—1, hOa R he_1 €F Satisfy

(3.2)
min(£—2%4,2% )1 min(£—2%4,2% )1
> 92015 X By, 5 = > Joawirj N, (@ — XA —wy, i)
Jj=0 7=0
forie{o,..., [é/Zdﬂ — 1}, and
[(e—j)/2% ] -1 [(e—j)/2% ] -1
(3.3) Z hoaviy; Xg,, i = Z G2avitj N, i (T — 1)
i=0 =0

for j €{0,...,min(2%,¢) — 1}, where n = ()\/&,70)2% — A/ Buvo. Then
—

-1
(34) Z hiXﬂmi = Z fiNﬁmi(m — )\)

=0 =0

Ju

The proof of Lemma 3.2 is omitted since it follows along similar lines to that of
Lemma 2.2. Using the lemma, we obtain Algorithms 1 and 2 for conversion between
the Newton and LCH bases. The algorithms each operate on a vector (ag, ..., as_1)
of field elements that initially contains the coefficients of a polynomial on the input
basis, and overwrite its entries with the coefficients of the polynomial on the output
basis. The subvectors of this vector that appear in the algorithms would be rep-
resented in practice by auxiliary variables, e.g., by a pointer to their first element
and a stride parameter. The map A : N — N that appears in the algorithms is
defined by i — min{k € N | [i] = 0}. By noting that A(0), A(1),...,A(2% —2) is
the transition sequence of the k-bit binary reflected Gray code, it is possible to suc-
cessively compute the terms of the sequence at the cost of a small constant number
of operations per element by the algorithm of Bitner, Ehrlich and Reingold [5] (see
also [16]).

Theorem 3.3. Algorithms 1 and 2 are correct.

Proof. We only prove correctness for Algorithm 1, since the proof for Algorithm 2
is almost identical. Suppose that the input vertex v is a leaf. Then ¢ € {1,2}
since n, = 1. Moreover, L, = {v}, @,(v,\) = N/ Bu0, Xs,0 = Ng,0 = 1 and
Xg,1 = Ng,1 = x/Byo. It follows that Algorithm 1 produces the correct output
whenever the input vertex is a leaf. Therefore, as (V) E) is a full binary tree, it
is sufficient to show that for internal v € V, if the algorithm produces the correct
output whenever v, or vs is given as an input, then the algorithm produces the
correct output whenever v is given as an input.

Let v € V be an internal vertex and suppose that the algorithm produces the
correct output whenever v, or vs is given as an input. Let A € F, £ € {1,...,2™}
and fo,..., fe—1 € F. Suppose that Algorithm 1 is called on v, (¢, (u, A))uer, and £,
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Algorithm 1 N2X(v, (¢y(u, X)) uer, ¢, (a0, - ., ar—1))

Input: a vertex v € V, the vector (p,(u,\))ucr, € F" for some A € F, £ €
{1,...,2™}, and a; = f; € F for i € {0,...,¢ —1}.

Output: a; = h; € F for i € {0,...,¢ — 1} such that (3.4) holds.

1: if v is a leaf then

2 if £ =2 then ag < ag + v, (v, N)ay

3 return

4 by < [0/2%] =1, ly < £ — 2% (1, £y < min(2%, ()

A (QOU(U, /\))uELva’ V< ((,OU(U, )‘))UELW

6

7

8

9

:fori=0,...,4; —1do

N2X (Ve 1, 297, (Agan sy Qgduigrs - - - 5 Qody (i4+1)-1))
=+ (po(u, O—v,A(i)))ueLva
¢ N2X(vas 1, Lo, (Qgdup, s Godup, 415 -+ Ge—1))
10: fOI‘jZO,...,gg—l do
11: N2X(vs, v, €1 + 1, (aj, Q2dy 4 jy - - ,a2d1,£1+]’))
12: for j =4o,..., 05 — 1 do
13: N2X(U5a v, 1, (ajv Aodv gy - -5 A2dy (51—1)+j))

Algorithm 2 X2N(v, (¢y (U, A))ueL,, ¢, (a0, - ., ar—1))

Input: a vertex v € V, the vector (p,(u,\))ucr, € F™ for some A € F, £ €
{1,...,2™}, and a; = h; € F for i € {0,..., £ —1}.

Output: a; = f; € F for i € {0,...,¢ — 1} such that (3.4) holds.

1: if v is a leaf then
2 if £ =2 then ag < ag + v, (v, N)aq
3 return
4 Uy < [0/2%] =1, 0y < £ — 2% 01, £ < min(2%, ()
5: = (o, A))ueL,, > V < (@o(u; A))uer
6
7
8
9

vs

:for j=0,...,00—1do

: X2N(’U§,V7€1+1,(aj,agdv+j7...,agdvgl+j>)
: for j=14,,...,05 —1do
: X2N(U5, v, El, (aj, A9ody N ) A9ody ([1_1)_’_]'))
10: for:=0,...,¢4; —1do
11: X2N('Ua7 W, 2d1,’ (agdvi7 A2dy 11y -y A2dy (i—l—l)—l))
12: 4= p+ (ou(u, 04 Ax))ueL,,
13: X2N('Ua7/1'7€27(GQdVZ17a2dvll+17"'7a€71))

with a; = f; for i € {0,...,¢ —1}. Then Lines 5 and 8 of the algorithm and the
Fo-linearity of the maps ¢, (u, - ) : F — F, for u € L,, ensure that

i—1 1—1
p= | eo(w )+ 0o (w00,a0) = || WA+ onan
j=0 =0

u€Ly, UE Ly,
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each time the recursive call of Line 7 is performed. As v, = (Bu,dys-- -, Bvine—do—1),
we have w,, 0 =0 and
A(i—1) i—1
Wi = Wy i1+ Z Bo,dyt+j = Wrypyi—1 + Ty AGi—1) = ZJU,A(j)
§=0 §=0

fori e {1,...,2%~4 —1}. Thus,
p= (po(u, A+ W%,i))ueLm = (Pu, (u, A + w%’i))ueLva

each time the recursive call of Line 7 is performed. Similarly,
= (oo (U A @y, 1j201-1)) e,

when the recursive call of Line 9 is performed. Therefore, the assumption that
Algorithm 1 produces the correct output whenever v, is given as an input implies
that Lines 4-9 set a; = g; for i € {0,...,¢ — 1}, where go,...,g¢—1 are the unique
elements in F such that (3.2) holds.

The recursive calls of Lines 11 and 13 are made with

v = (Sov(uv)‘))uGL = (@v,s (u7n>)u€Lv5’

vg

where n = ()\/,81,70)2(1/” — A/By,o- Therefore, the assumption that Algorithm 1 pro-
duces the correct output whenever v; is given as an input implies that Lines 10-13

set a; = h; for i € {0,...,¢ — 1}, where hg, ..., hy_1 are the unique elements in F
such that (3.3) holds. Hence, Lemma 3.2 implies that (3.4) holds at the end of the
algorithm. O

For conversions between the Newton and LCH bases the shift parameter A is
equal to zero for the initial calls to Algorithms 1 and 2. In this case, the vector
(¢w(u, A))uer, contains all zeros. If an application arises where it is necessary for
the initial call to be made with A # 0, then the input vector can be computed with
O(n?) field operations. Storing the input vector and the vectors y and v that appear
in the algorithms requires storing O(n?2) field elements. Including the computation
and storage of the precomputed elements ¢, (u, 0y, ), it follows that Algorithms 1
and 2 require auxiliary storage for O(n?) field elements, while all precomputations
can be performed with O(n?) field operations.

The number of multiplications performed by Algorithms 1 and 2 is independent
of the choice of reduction tree. This is not true of the number of additions performed
by the algorithms due to the updates made to the vector p in the recursive case.
Line 8 of Algorithm 1 and Line 12 of Algorithm 2 each perform ([¢/2%] — 1)d,
additions over all iterations of their containing loops. Consequently, we should aim
to avoid small values of d,, when choosing a reduction tree. Moreover, we expect
the number of additions performed by the algorithms to be maximised when the
subtree rooted on the initial input vertex satisfies Im(d) C {0,1}.

Example 3.4. If 8 is a Cantor basis, then Proposition 2.8 implies that d, <
2Mogznel=1 for all internal v € V, and guarantees the existence of a reduction
tree for 8 such that equality always holds. For n up to fifteen, we confirmed
experimentally that this choice of reduction tree always minimises the number of
additions performed by Algorithms 1 and 2 over all possible reduction trees, while
those with Im(d) C {0, 1} were found to always maximise the number of additions
performed by the algorithms. Figure 2 shows the maximum and minimum number
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FIGURE 2. Maximum and minimum number of operations per-
formed by Algorithms 1 and 2 for Cantor bases of dimension 15.

of additions performed over all reduction trees for n = 15, as well as the number of
multiplications performed for all trees.

The difference between the maximum and minimum number of additions shown
in Figure 2 is reflected in the bounds that we obtain on the complexities of the
algorithms.

Theorem 3.5. Algorithms 1 and 2 perform at most |£/2][logs £] multiplications
and £([logy €] — 1) + 1 additions in F. If d, = 2[1°8271=1 for all internal v € V,
then the algorithms perform at most (3¢ — 2)[logy £]/4 additions in F.

We split the proof of Theorem 3.5 into three lemmas, one for each of the three
bounds. It is clear that Algorithms 1 and 2 perform the same number of multipli-
cations when given identical inputs. Consequently, we only prove the bounds for
Algorithm 1. The three bounds are equal to zero if £ = 1, and one if £ = 2. Thus,
the bounds hold if the input vertex is a leaf. Therefore, for each of the three bounds
it is sufficient to show that if v € V' is an internal vertex such that the bound holds
whenever the input vertex is v, or vs, then the bound holds whenever v is the input
vertex.

Lemma 3.6. Algorithms 1 and 2 perform at most | £/2][log, £] multiplications in F.

Proof. Suppose that the input vertex v € V to Algorithm 1 is an internal vertex such
that the algorithm performs at most |£/2][log, ¢] multiplications in F whenever v,,
or vs is given as the input vertex. If ¢ = 0, then ¢, = ¢, = £ and the algorithm
performs at most

m [ogy £2] + £ BJ [log, 1] = m [log, £]
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multiplications. Therefore, suppose that ¢; # 0. Then, as ¢; < 2% Lines 6-9 of
the algorithm perform at most

14 1 14
(3.5) 24710 d, + BJ [log, 2] < <2dv—1el + {;J)d = Mdv
multiplications. Let k € N such that 2¥=! < ¢; +1 < 2*. Then [log, 1 +1] =k
and 2% th—1 < 2dv(f) 4 0y /29v) = ¢ < 290k gince k > 1 and 0 < fy/29 < 1.
Thus, [log, ¢ + 1] = [logy ¢] — d,. It follows that Lines 10-13 of the algorithm
perform at most

l+1 12
fo| Mo 14 11+ (2 - 1) | o

dy _
< \‘52(51 +1) +2(2 £2)£1J [logy 61 + 1] = KJ ([logy £] — dy)

multiplications. By combining this bound with (3.5), it follows that Algorithm 1
performs at most |£/2][log, ¢] multiplications if ¢1 # 0. O

Lemma 3.7. Algorithms 1 and 2 perform at most £([log, £] — 1)+1 additions in F.

Proof. Suppose that the input vertex v € V to Algorithm 1 is an internal vertex
such that the algorithm performs at most ¢([log, £] — 1)+1 additions in F whenever
Vg OF vg is given as the input vertex. If ¢; = 0, then ¢35 = £, = ¢ and the algorithm
performs at most

O5([logy €3] — 1) + 1+ £o(1([logy 1] — 1) + 1) = £([log, £] — 1) + 1

additions. Therefore, suppose that £1 # 0. Then Lines 6-9 of the algorithm perform
at most

0 (2% (dy — 1) + 1+ dy) + L2([logy €] — 1) + 1
=0(dy, — 1)+ 14 1(dy + 1) + L2([logy l2] — do)
additions, while Lines 10-13 perform at most
lo(01 4+ 1)([logy 61 + 17 — 1) + (2% — £3) 41 ([logy €1] — 1) + 2%
< U([logy b1 4 1] — 1) 4+ 2% = ¢([logy ] — d,,) — £ + 2%
additions. As 1 < £y < 2% it follows that Algorithm 1 performs at most
((Mogy 0] — 1) + 14 £1(dy + 1) + £o([logy £2] — dy) — £+ 2%
Lo
= (([logy /] = 1) +1— (2% —dy — 1) (6 = 1) +dy + 1+ L2 [logz WW

[log, 2901 /05 | odu+1

< U(Mloga €] = 1)+ 1k dy 1= S

< {([logy 4] —1)+1
additions if ¢; # 0. O

Lemma 3.8. Suppose that d, = 2[1°8271=1 for all internal v € V. Then Algo-
rithms 1 and 2 perform at most (3¢ — 2)[logy £]/4 additions in F.
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Proof. Suppose that d, = 2/1°%27+1=1 for all internal v € V. Furthermore, suppose
that the input vertex v € V to Algorithm 1 is an internal vertex such that the
algorithm performs at most (3¢ — 2)[log, ¢]/4 additions in F whenever v, or vs is
given as the input vertex. If 1 = 0, then ¢5 = ¢, = £ and the algorithm performs

at most

3, — 2 302

llogs £2] + &2 (3;2 log 11) =¥ 2 og, 1.

additions. Therefore, suppose that £; # 0. Then, as f, < 2% Lines 6-9 of the
algorithm perform at most

3.9 _9 30y — 2 30 —2 ¢
gl <dv + dv) + 2 |—1Og2 62—‘ < dv + Eldv

4 4 4
additions, while Lines 10-13 perform at most
361 4+1)—2 30, —2
Ez%ﬂogg (4 1]+ (2% — ) == [log, (1]
3¢ — 2dvt1
<22 flog, by +1]

- 4
30—2 24v — 1
< T(ﬂOgQ 0] —dy) —
additions. It follows that Algorithm 1 performs at most

30 -2 d ( 4 2dv — 1> 3¢

10g2(€1 + 1)

logy (41 + 1) d,

additions if ¢; # 0, since ¢; + 1 < 2"v~4v < 24v and the function x/logy(z + 1) is
increasing for z > 1. O

v -2
THOgQ 0]+ > logy (61 +1) < 1 [log, €]

3.3. Conversion from the Lagrange basis to the Lin—Chung—Han basis.
Our algorithms for converting between the Lagrange and LCH bases are direct
analogues of Harvey’s cache-friendly truncated FFT and inverse truncated FFT
algorithms [15]. We align our presentation of the algorithms and their proofs of
correctness with their counterparts given by Harvey, and direct the reader to Har-
vey’s paper for further motivation behind the algorithms. In this section, we focus
on the problem of converting from the Lagrange basis to the LCH basis. The in-
verse problem of converting from the LCH basis to the Lagrange basis is considered
separately in the next section.

We propose Algorithm 3 for converting from the Lagrange basis to the LCH
basis. Like the algorithms of Section 3.2, Algorithm 3 operates on a vector of field
elements whose initial entries are overwritten with the output. However, the length
of the vector is determined by the input vertex rather than the parameter ¢ which
bounds the polynomial length. Consequently, the vector may have coordinates that
are never used to store input or output values, but which are still used for inter-
mediate computations. If the parameter c is less than ¢, then the algorithm differs
substantially from the other basis conversion algorithms in this paper by requiring
that the vector initially contain a combination of coefficients from a polynomial’s
representations on the input and output bases. If the parameter b is set equal to
one, then the algorithm has the additional unique feature of being required to com-
pute a coefficient from the input basis representation. These two parameters are
part of the internal mechanics of the recursive approach used by the algorithm, and
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in most practical applications, such as the multiplication of binary polynomials,
the initial call to the algorithm is made with ¢ = ¢ and b = 0. However, one may
be required to initially call the algorithm with ¢ < ¢ if it used within the Hermite
interpolation algorithm of Coxon [12].

The reduction used by Algorithm 3 is provided by the following generalisation
of Lemma 2.2, which is rephrased to reflect the fact that the algorithm takes in a
mixture of coefficients from representations on the Lagrange and LCH bases.

Lemma 3.9. Let v € V be an internal vertex and ¢ € {1,...,2™}. Suppose that
fosevoy foru_1, A\ hgy ..., hy_q1 €T satisfy

2" —1

-1
(3.6) > hiXpi= Y fils,i(x—\).
=0 =0

Then there exist unique elements go, ..., gonv_1 € F such that

min (2% ,¢)—1 9dv _1
(3.7) Yo i Xp g = Y, foririLa,, (@ = A —wy, )

§=0 §=0
forie{0,...,2% 4% — 1} and
L(f—l—j)/2d”J gnv—dv _1
(3.8) Z hodviy; Xg,,,i = Z GoavitjLp,, i(x —n)
i=0 i=0

for j €{0,...,2% — 1}, where n = ()\/ﬁv,o)Qd'U — X Bvo-

Proof. Let v € V, £ € {1,...,2™} and fo,..., fanv—1,A ho, ..., he—1 € F satisfy
the conditions of the lemma. Then there exist unique elements gg,...,gon._1 € F
such that (3.8) holds for j € {0,...,2% — 1}. We show that they also satisfy (3.7)
fori € {0,...,2nv~% —1}. If j € {0,...,2% — 1} satisfies j > ¢, then (3.8) implies
that goa,;4; = 0 for i € {0,...,2%=4 — 1}. Therefore, if we let hy = --- =
hons_1 = 0, then the left-hand sides of (3.6), (3.7) and (3.8) remain unchanged
if we replace £ by 2™ in the summation bounds. Consequently, (3.7) must hold
for i € {0,...,2"v~% — 1}, since otherwise Lemma 2.2 allows us to contradict the
uniqueness of the coefficients fo, ..., fano—1 in (3.6) by writing the polynomial on
the left-hand side of (3.7) on the basis

{Lp, 0@ =X=wy i), Lg, p0_1(z = A—wy, i)}
fori € {0,...,2m% =4 — 1} O

Theorem 3.10. Algorithm 3 is correct.

Proof. Suppose that v € V is a leaf. Then Table 2 displays the input and output
requirements of Algorithm 3 on the vector (ag,...,asm._1) = (ag,a1) for each
possible input that includes v. The table also shows the output of the algorithm
as computed by Lines 1-7. The elements f; and h; that appear in a row of the
table are the coefficients of (3.6) for the specified value of ¢. Elements denoted by
asterisks are unspecified by the algorithm. As v is a leaf, we have

X X X
, Lg,o= +1 and Lg, 1= .
v,0 Po. 51},0 ? /B’U,O

Xg,0=1 Xpg1=
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Algorithm 3 L2X(v, (¢4 (1, A\))uer,, ¢ 4, b, (ag, - .., agny—1))

Input: a vertex v € V, the vector (p,(u, A))ucr, € F™ for some A € F, ¢, € N
such that ¢ < fand 1 < ¢ < 2™ b € {0,1} such that 1 < b+ ¢ < 2",
a;=fieFforie{0,...,c—1},and a; = h; € Ffori € {c,..., £ —1}.

Output: a; = h; € F for i € {0,...,¢ — 1} such that (3.6) holds for some
fesoooyforv_1 €F,and a. = f.if b= 1.

1: if v is a leaf then

2 if ¢ =2 then ay + ag + a1, ag + ap + P, (v, N)ay

3 if c=1,¢=2and b=1 then w <+ ¢,(v,\)ay, a1 < ag+ a1, ag + ag +w

4: if c=1,4=2and b= 0 then ay < ag + ¢, (v, \)a1

5: if c=0and ¢ =2 then ag + ag + v, (v, \)a;

6

7

8

9

ifc=1,/=1and b =1 then a; + ag
: return
Dy — Lc/?d“J, Co ¢ — 2%y
: 61 < |_€/2d“J, €2 — 0 — 2d”£1
10: 4 < min(2% ), b’ < min(b + co, 1)
11: s < min(cg, f3), t < max(cg, l2)
12: p1 <= (pu(u, )‘))uGLuaa v (polu, )‘))UGLU(S
13: for i =0,...,¢; +V —2 do
14: L2X(’UQ, I, 24w s 2dv ,0, (agd,”-, AQdy iyl - -5 A2dy (i+1),1))
15: A (‘pv(ua UU,A(i)))uELva
16: if b’ = 0 then

17: |_2>((’l)a7 M, 2w s 2dv ,0, (a2dv (c1—1)> @2dv (c; —1)+1) - - - » A2dv 61,1»
18: for j =co,...,t —1do

19: L2X(vs, v, c1, b1 + 1,V (aj, Ggdy 4 gy - -+ 5 Qodn (2m0—dv—1)45))

20: for j=t,...,¢, —1do

21: L2X(vs, v, c1, 01,0, (aj, Ggan gy - - 5 Gody (20 —do —1)4))

22: if ¥ =1 then

23: L2X(Var, s €25 05, b, (Adu ey s Qoduey 115 - - - Gdu (g +1)—1))

24: for j=0,...,s—1do

25: L2X(vs, v, c1 + 1,41 + 1,0, (aj, Ady 4 jy -+ Qdy (2nu—dv,1)+j))
26: for j=s,...,c0 —1do

27: L2X(vs, v, c1 + 1,£1,0, (aj, Ggau g jy - - -, Qody (200 —dv —1)45))

Moreover, ¢,(v,\) = A/By o for A € F. Thus, the coefficients of (3.6) satisfy
ho = f() +QDU(U,>\)(f0+f1) and h1 = fo +f1 if ¢ = 2, and ho = f() = fl if £ =1.
Using these equation, one can readily verify that the computed output agrees with
the required output for all inputs. Consequently, Algorithm 3 produces the correct
output whenever the input vertex is a leaf. Therefore, as (V, E) is a full binary tree,
it is sufficient to show that for all internal v € V, if the algorithm produces the
correct output whenever v, or vs is given as an input, then it produces the correct
output whenever v is given as an input.

Let v € V be an internal vertex and suppose that Algorithm 3 produces the
correct output whenever v, or vs is given as an input. Let A € F, ¢,£ € N such
that ¢ < £ and 1 < ¢ < 2™, and b € {0,1} such that 1 < b+ ¢ < 2™. Suppose
that Algorithm 3 is called on v, (¢, (4, A))ueL,, ¢ ¢, b and (ag, ..., ans—1), with
a; = f, € Fforie{0,...,c—1}, and a; = h; € Ffor i € {¢,...,¢ —1}. Then
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Input Required output Computed output

c £ b a am ag ay ag ay

2 20 fo f1 ho hy Jo+ oo, \)(fo+f1) fo+ fi
1 21 fo m ho fi fo+ wu(v, NIy fo+h
120 fo M ho * Jo +@u(v, Ay *

0 2 1 ho hl fo ho + (Yol (’U7 )\)hl *

1 11 fo = ho 1 Jo fo

1 1 0 fo = hg * fo *

0 1 1 hy = fo * ho

TABLE 2. Required and computed outputs of Algorithm 3 when v
is a leaf.

there exist unique elements hg, ..., he_1, fe,. -, fono—1 € F such that (3.6) holds.
In-turn, Lemma 3.9 implies that there exist unique elements gg,...,gonv_1 € F
such that (3.7) and (3.8) hold.

Repeating arguments from the proof of Theorem 3.3 shows that vector p is equal
to (v, (U, X + w4, i))ucL,, each time the recursive call of Line 14 is made, equal
t0 (o, (U A+ Wy, ¢,-1))ucL,, Whenever the recursive call of Line 17 is performed,
and equal to (@y, (U, A + Wy, ¢, ))uerL,, Whenever the recursive call of Line 23 is
performed. Similarly, the vector v is equal to (¢u,(u,n))ucr,, for the recursive
calls of Lines 19, 21, 25 and 27. It follows that if the recursive call of Line 14 is
made with aga,; ; = faa,;4; for j € {0,...,2% —1}, then (3.7) and the assumption
that the algorithm produces the correct output whenever v, is given as an input
imply that aga,;y; = godu;q; for j € {0, .. .,2% — 1} afterwards. Similarly, if the
recursive call of Line 19 is made with aga,;1; = goav;y; for i € {0,...,c1 — 1}
and agay;yj = hoay;ij for i € {c1,...,41}, then (3.8) and the assumption that
the algorithm produces the correct output whenever v; is given as an input imply
that aga,;4; = hoay;qj for i € {0,...,c1 — 1}, and agave, 1 = Godve, 4, if 0 =1,
afterwards. Similar statements hold for the remaining recursive calls made by the
algorithm.

The remainder of the proof is split into four cases. For each case, we provide
an example in either Figure 3 or 4 of how the vector (ag,...,asn, 1) evolves dur-
ing the algorithm. In the figures, the vector is represented by the 27— x 2dv
matrix (@gd, ;4 ;)o<i<ons—dv 0<j<2dy . Under this representation, the subvectors that
are subjected to recursive calls by the algorithm correspond to row and column
vectors of the matrix. Asterisks in the figures represent unspecified entries, while
entries surrounded by parenthesis are computed only if b = 1, and are unspecified
otherwise.

Case a: Suppose that £; = 0. Then Lines 8-11 of the algorithm set ¢; = 0,
o =8 =c¢ by =4ty =t =~{and b = 1. Thus, Lines 13-17 have no effect.
Equation (3.8) implies that Lines 18-19 set a; = g, for j € {¢,...,¢—1}. Lines 20—
21 have no effect since ¢, = ¢. Equation (3.7) implies that Lines 22-23 set a; = ¢;
fori€{0,...,¢—1}, and a. = f. if b = 1. Equation (3.8) implies that Lines 24-25
set a; = h; for i € {0,...,¢c— 1}. Finally, Lines 26-27 have no effect since s = cs.

Case b: Suppose that ¢; # 0 and ¢y = 0. Then Lines 811 set ¢; = ¢/2%,
¢y =24 b =b s=0andt = f;. Equation (3.7) implies that Lines 13-17 set
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Case a Case b
Jo i fo ks ha By x % fo i fo fs fo fs fo fr
* * KoK * * * * fs fo fio fu fiz fis fu fis
* * * * * * * * hi¢ hir hig hig hoy % * *
* * * * * * * * * * * * * * * *

(3a) Initial contents.

|
|
|

2 i(f) x x ok w ho h ha hs hi hs he hg
D e hs hg hip hi1 hiza hiz hig his
* * * * * (fi6) * * * * * * *
ok ok ok % ok ok k% % % %

(3e) After Lines 24-27 make recursive calls on the highlighted columns.

FIGURE 3. Evolution of the vector (ag,...,asn, —1) during Algo-
rithm 3 for n, =5, d, =3, ¢c =3, ¢{ = 6 (Case a), and n, = 5,
dy, =3, c=16, { =21 (Case b).

a; = g; for i € {0,...,c—1}. Thus, (3.8) implies that Lines 18-21 set a; = h; for
i €1{0,...,c—1}, and acyj = gey; for j € {0,...,29% — 1} if b = 1. Equation (3.7)
implies that Lines 2223 set a. = f. if b = 1, and have no effect otherwise. Lines 24—
27 have no effect since s = c5 = 0.

Case c: Suppose that £; # 0 and 0 < ¢3 < ¢3. Then Lines 8-11 set ¢, = 2w
b =1, s =cy and t = ¢5. Equation (3.7) implies that Lines 13-17 set a; = g; for
i €{0,...,2%¢;—1}. Thus, (3.8) implies that Lines 18-21 set aga, ;1 ; = hga,;,; and
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Agdy eyt = Godvey 1+ for i € {0,...,c; —1} and j € {cs,...,2% —1}. Equation (3.7)
implies that Lines 22-23 set agd, ¢, 1 = godve,+5 for j € {0,...,c2—1}, and a. = f.
if b = 1. Equation (3.8) implies that Lines 24-25 set aga,;y; = hoa,;y; for i €
{0,...,c1} and j € {0,...,co — 1}. Lines 26-27 have no effect since s = cs.

Case d: Suppose that ¢; # 0 and ¢ < cp. Then Lines 8-11 set ¢, = 27w
b =1, s =¥y and t = co. Equation (3.7) implies that Lines 13-17 set a; = g; for
i €{0,...,2%¢c;—1}. Lines 18-19 have no effect since t = c,. Equation (3.8) implies
that Lines 20-21 set agay ;1 j = hody it j and aga, ¢, +j = godue, 4 fori € {0,...,c1—1}
and j € {ca,...,2% —1}. Equation (3.7) implies Lines 22-23 set asu, c14j = G2dver+j
for j € {0,...,co—1}, and a. = f. if b = 1. Equation (3.8) implies that Lines 24-27
set agdy ;4 ; = hoayiy; for i € {0,...,c1} and j € {0,...,co — 1}.

In each of the four cases, Algorithm 3 terminates with a; = h; for i € {0,...,c—
1}, and a. = f. if b = 1, as required. Hence, for internal v € V| if the algorithm
produces the correct output whenever v,, or vg is given as an input, then it produces
the correct output whenever v is given as an input. O

Algorithm 3 requires the same precomputations as the algorithms of Section 3.2.
However, as the length of the vector on which the algorithm operates is no longer
tied to the polynomial length ¢, the auxiliary space requirements grow to 2" — £+
O(n?) field elements, where the last term accounts for the storage of the vectors
and v, and the precomputed elements ¢, (u,0,,;). The update to the vector p in
Line 15 of the algorithm performs (c1 +b'—1)d, = (|¢/2% |+b'—1)d, additions over
all iterations of its containing loop. Therefore, as for the algorithms of Section 3.2,
small values of d, should be avoided when choosing a reduction tree.

Example 3.11. For § equal to a Cantor basis of dimension 15, and inputs ¢ €
{1,...,215} ¢={ and b = 0, Figure 5 shows the maximum and minimum number
of additions performed by Algorithm 3 over all possible reduction trees for the
basis. The number of multiplications performed by the algorithm for each value
of ¢, which is independent of the choice of reduction tree, is also shown in the
figure. As for Example 3.4, the number of additions performed for each value of ¢
is maximised by the tree with Im(d) C {0,1}, and minimised by the tree such that
d, = 2M°g27v1-1 for all internal v € V.

Theorem 3.12. Algorithm 3 performs at most
min(c—H;_l(ﬂogQ c+b]l—-1)+¢-1, 2”“_1nv>
multiplications in F, and at most
min<M2_1(3ﬂog2 c+bl—1)+£—1,2""1(3n, —2)+ 1)

additions in F.

We split the proof of Theorem 3.12 into four lemmas, one for each bound. It
is readily verified that the bounds hold if the input vertex is a leaf. Therefore, as
(V, E) is a full binary tree, it is sufficient to show for each bound that if v € V is
an internal vertex such that the bound holds whenever the input vertex is v, or vy,
then the bound holds whenever v is the input vertex.

Lemma 3.13. Algorithm 8 performs at most 2™ ~*n, multiplications in F.
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Case ¢ Case d
o i fo fs fo fs fo Sr fo i fo fs fo fs fo fr
fs Jo fio fu fiz fis fua fis fs fo fio fu fiz fis fua fis
fie fir his hig hao hai hae hos fie fir fis fio fao far haa haos
hog hos haog hor  * * * * hoy hos hog hor % * * *
(4a) Initial contents.

i 90 9o g1 92 g3 g4+ G5 Go g7}
98 .98 99 g10 gu1 g12 913 g4 gi5 :
fie fie fir fis fio foo for haa hos
hag hog hos hog hor % % x %
(4b) After Lines 13-17 make recursive calls on the highlighted rows
9o g 91 92 93 g4 G5 h6 h7
g8 g8 g9 g0 g1 Y12 Gi3 i h14 his
fie fie fir fis fio fao S 5922

a4 hos hos hos hor % % *

(4c) After Lines 18-21 make recursive calls on the highlighted columnb

go g1 ha hy ha hs he Nt g 91 92 93 94 g5 he It
gs g9 hio hir hi2 hiz hia his g8 99 g0 911 912 g13 hia his
{916 gir (fig) * * x k% 916 g17 918 919 920 g21 (fa2) *
hog hos % * * * * * hog hos hog har  x * * *

(4d) After Lines 23 makes a recursive call on the hlghhghted row.

hi ha hs hy hs hg hy : : : h6 by
hio b hi bz b has h11 h12 h13 his his
hiz i (f18) % k% % : ; h20 h21 (f22) .
: * * * * * % H N .

(4e) After Lines 24-27 make recursive calls on the hlghhghted columus.

FIGURE 4. Evolution of the vector (ag,...,asn._1) during Algo-
rithm 3 for n, =5, d, = 3, ¢ = 18, £ = 28 (Case ¢), and n, = 5,
dy, =3, c=22, ¢ =28 (Case d).

Proof. Suppose that Algorithm 3 is called on an internal vertex v € V such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lines 13-17
of the algorithm perform at most ¢;2%~1d, < (27 =% —/)29°~1d, multiplications,
since ¢; < 2™~ % with equality implying ¢ = b = ¥ = 0. If £ > 2% then
ly =24 >t >cy. If £ <29 then £ = by = l}, > ¢ = c3. Thus, the inequalities
o <t < < 2% hold in either case. It follows that Lines 18-21 perform at
most (247 — ¢p)2" =9 ~1(n, — d,) multiplications. Lines 22-23 performs at most
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-10°

—— Max. additions
---- Min. additions
6l Multiplications

Number of additions or multiplications

! ! ! ! 104
0.5 1 1.5 2 2.5 3

Polynomial length (¢)

FIGURE 5. Maximum and minimum number of operations per-
formed by Algorithm 3 (Algorithm 4) for Cantor bases of dimen-
sion 15, with parameters ¢ = £ and b = 0 (respectively, ¢ = ¢).

b'2% =14, multiplications, while Lines 24-27 perform at most c2"* =%~ (n, —d,).
Summing these contributions, it follows that Algorithm 3 performs at most 2"~ 'n,,

multiplications. U

Lemma 3.14. Algorithm 3 performs at most
c+b—1

(3.9) .

([loggec+b] —1)+£-1
multiplications in F.

Proof. Suppose that Algorithm 3 is called on an internal vertex v € V such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lemma 3.13
implies that Lines 13-17 perform at most

— ey

(3.10) 27, = CT

multiplications. As co <t <0, < 2% Lines 18-21 perform at most

c+b -1
2

multiplications. Lines 22-23 perform at most

dy

(3.11) (2% — ¢2) (Mlogger + b7 —1) + (b — o) (b — 1) +t — 2

(3.12) b (m;_l(ﬂogQ max(co +b,1)] — 1) + €5 — 1)

multiplications, while Lines 24-27 perform at most

(3.13) e (%(mgg e+ 1] — 1)+ — 1) +s
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multiplications. We show that the sum of these contributions is bounded by (3.9).
Suppose that &’ = 1. Then 1 < ¢34+ b < ¢+ b. Thus, the sum of (3.10)—(3.13) in
this case is at most

C— Co

-1
(814) =52 (Mlogyer+11+d, — 1)+ cetb-l

5 ([loggc+b] —1)+¢—1,

since
by — 1)+ s+t —co =050 — 1)+ Ly < 2%l 4 by — 0y =L — 1),
If ¢4 =0, then cog = ¢. If ¢; # 0 and ¢y # 0, then
Mog, c1 + 17 = [logy [e/2%]] = [logy c] — d, < [log, ¢ + b] — d,.
If ¢;1 # 0 and ¢o = 0, then b =1 since ¢ +b > 1, and
[logy 1 + 1] = [log, c/24 + 1] = [logy ¢+ 1] — dy = [logy ¢ + b] — d,.

In all three of these cases, substituting into (3.14) yields (3.9).

Suppose now that ¥ = 0. Then ¢ = 0 and b = 0. As ¢+ b > 1, it follows
that ¢; = c/2d’” # 0. Thus, £, = 2d”, since £ > ¢ > 2%. Therefore, the sum of
(3.10)—(3.13) in this case is at most

c c— 2%

idv + T([logQ ]l —1)+0—2%
= ~dy+ %(ﬂode )= Qo] 1) e 2
< Sd+ %(flogzd I it SRS
= C; l(ﬂogzc] —-1)+{—-1—- %(Qd” —d, —1)
< M%((lo&c%—b] -1)+¢-1,
as required. ([

Lemma 3.15. Algorithm 3 performs at most 2"v~1(3n, — 2) + 1 additions in F.

Proof. Suppose that Algorithm 3 is called on an internal vertex v € V such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lines 1317
of the algorithm perform at most

a (2% 1(3dy —2) + 14+dy) — (1 —)d,
< (2m =) (2" (3dy —2) + 1) + (2™ —1)d,
additions, since ¢; < 2" ~% with equality implying that co =b =0 = 0. As ¢ <
t < ¢4y < 2% Lines 18-21 perform at most (2% — ¢p)(2"v~%~1(3(n, —d,) —2) +1)
additions. Lines 22-23 perform at most (2% ~1(3d, — 2) + 1) additions, while

Lines 24-27 perform at most co(2"v~%~1(3(n, —d,) —2) + 1) additions. Summing
these contributions, it follows that Algorithm 3 performs at most

27 (3n, —2) +1— (2% —d, — 1) (2™ % —1) <2 (3, —2) + 1
additions. O
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Lemma 3.16. Algorithm 3 performs at most
c+b—1

(3.15) 5

(3[loggc+b] —1)+¢—1
additions in F.

Proof. Suppose that Algorithm 3 is called on an internal vertex v € V such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lemma 3.15
implies that Lines 13-17 perform at most

c—

202 3d, — (1—b)d,

(3.16) (2% (3dy —2) + 1+ dy,) — (1 —b)d, <

additions. As ¢y <t < £, < 2% Lines 18-21 perform at most

+b -1
3.17) (2% - 02)%(3(10& e +0]—1)+ (ly —co)(ly — 1)+t —co
additions. Lines 22-23 perform at most
b—1
(3.18) b’(62+2(3ﬂog2 max(co +b,1)] — 1) + £, — 1>
additions, while Lines 24-27 perform at most
(3.19) CQ(%(sﬂogQ e +1]—1) 46 — 1) +s

additions. We show that the sum of these contributions is bounded by (3.15).
Suppose that ¥’ = 1. Then the sum of (3.16)—(3.19) is at most
co+b—1
QT(snogQHb] —1)+4—1.
If ¢ = 0, then ¢2 = c. If not, then [log, ¢; + 1] < [log, ¢ + b] — d,. In either case,
substituting into (3.20) yields (3.15).
Suppose now that & = 0. Then ¢y = b =0, ¢; # 0 and ¢, = 29, Tt follows that
the sum of (3.16)—(3.19) in this case is at most

C — Cy

(3.20) (3[logy c1 + 1] +3d, — 1) +

%?;dv —d, + #(3(10&, 1] — 1)+ £ — 2%
< C;—13dv+%dv+ 6;1(3ﬂog2c] —3d, — 1) + 2t -1 + 40— 2%
:cglwmgﬂﬂ—m+£—1—%@%—dv—n
< 3flogy e+ b 1)+ 01,
as required. 0

3.4. Conversion from the Lin—Chung—Han basis to the Lagrange basis.
We propose Algorithm 4 for converting from the LCH basis to the Lagrange basis.
The parameter ¢ plays a different role than in Algorithm 3, with its function being
to specify the number Lagrange basis coefficients returned by the algorithm, rather
than to specify a mixture of coefficients. For conversion from the LCH basis to
the Lagrange basis, Algorithm 4 is initially called with ¢ = 2. Smaller initial
values of ¢ are relevant, for example, when using the algorithm within the Hermite
evaluation algorithm of Coxon [12].

Theorem 3.17. Algorithm 4 is correct.
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Algorithm 4 X2L(v, (@ (1, A\))uer,, ¢ 4, (ag, ..., a2nv—1))

Input: a vertex v € V, the vector (¢, (u,A))uer, € F™ for some A € F, ¢, ¢ €
{1,2,...,2™}, and a; = h; € F for i € {0,...,¢£ —1}.

Output: a; = f; € F for i € {0,...,¢c — 1} such that (3.6) holds for some
fesooy fonou—1 €F.

1: if v is a leaf then

2 if ¢ =2 and £ =2 then ag < ag + ¢, (v,N)a1, a1 + ag + a1

3 if ¢c=1and £ =2 then ag < ag + ¢, (v, \)ay

4: if c=2and ¢ =1 then a; + ag

5: return

6

7

8

9

cop 4 [ef2%] =1, ¢+ c— 2%y

by |[0)2% |, by« € — 2% 4y 0 < min(29, ()
: = (oo, A))ueL,, » v (@olu, )‘))ueLu{s

:for j=0,...,00—1do

10: X2L(U§, v,C1 =+ 1, gl + 1, (aj, A9ody N ) a2dv(2nu*dv_1)+‘j))
11: for j =4o,..., 05 — 1 do

12: X2L(U§, v, C1 —+ 1, 61, ((Zj, Agdy 4o , A9dy (2"v7’iv—1)+j))

13: for i =0,...,¢c1 —1 do

14: )(2'.(’l}a7 M, 2d”7£/2, (CLde,L'7 A2dy 11y -y Aody (i+1)71)>

150 p pt (00U, 00,a0)) e,

16: X2L(va7 M, C2, £l27 (a2d’vc1aa2dvcl+17 ceey Gody (cl+1)71))

Proof. Table 3 displays the input and output requirements of Algorithm 4 when the
input vertex v is a leaf, as well as showing the output of the algorithm as computed
by Lines 1-5. The elements f; and h; that appear in a row of the table are the
coefficients of (3.6) for the specified value of ¢. Elements denoted by asterisks
are unspecified by the algorithm. As v is a leaf, the coefficients of (3.6) satisfy
fO = hO + QDU(U’)‘)hl and fl = hl + (hO + @v(v’)‘)hl) if £ = 2, and fO = fl = hO
if £ = 1. Using these equation, one can readily verify that the computed output
agrees with the required output for all inputs. Consequently, Algorithm 4 produces
the correct output whenever the input vertex is a leaf. Therefore, as (V, E) is a
full binary tree, it is sufficient to show that for all internal v € V, if the algorithm
produces the correct output whenever v,, or vs is given as an input, then it produces
the correct output whenever v is given as an input.

Input Required output Computed output
c ¥ ay m ag a1 aop ay
2 2 ho hl fo f1 ho + [Y22%) (1}, /\)]’Ll hl + (ho + P (U, /\)hl)
1 2 hy M fo * ho + @ (v, M)y *
2 1 ho = fo i ho ho
1 1 ho * fo * ho *

TABLE 3. Required and computed outputs of Algorithm 4 when v
is a leaf.

Let v € V be an internal vertex and suppose that Algorithm 4 produces the
correct output whenever v, or vs is given as an input. Suppose that the algorithm
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is called on v, the vector (@, (u, A))yer, for some A € F, integers ¢, ¢ € {1,2,...,2"}
and (ag, ..., a9ns—1), with a; = h; € Ffori € {0,...,¢—1}. Then there exist unique
elements fo, ..., fono—1 € F such that (3.6) holds. In-turn, Lemma 3.9 implies that
there exist unique elements go, ..., gano—1 € F such that (3.7) and (3.8) hold.
Once again repeating arguments from the proof of Theorem 3.3 shows that v =
(¢vs (4, M))uer,, for the recursive calls of Lines 9-12, p = (o, (U A + Wy, i) JueL,,
each time the recursive call of Line 14 is performed, and finally u = (¢, (u, A +
Wy ,e1))ueL,, for the recursive call of Line 16. Thus, (3.8) and the assumption that
the algorithm produces the correct output whenever v; is given as an input imply
that Lines 9-12 set agau ;4 j = gaavip; fori € {0,...,c1} and j € {0, ..., min(2%, £)—
1}. Consequently, (3.7) and the assumption that the algorithm produces the correct
output whenever v, is given as an input imply that Lines 13-15 set a; = f; for
i €{0,...,2%¢c; — 1}, and that Line 16 sets a; = f; for i € {2%¢,...,c — 1}.
Therefore, the algorithm terminates with a; = f; for ¢ € {0,...,¢— 1}, as required.
Hence, for internal v € V| if the algorithm produces the correct output whenever
Vo OT Vg is given as an input, then it produces the correct output whenever v is
given as an input. (]

Algorithm 4 requires the same precomputations as the algorithms of Sections 3.2
and 3.3, while the algorithm requires auxiliary space for 2™ — max(c, £) + O(n?)
field elements. Small values of d, should once again be avoided when choosing a
reduction tree for the algorithm, in order to help reduce the number of additions
performed by the updates to the vector u in Line 15.

Example 3.18. For § equal to a Cantor basis of dimension 15, and inputs ¢ €
{1,...,215} and ¢ = ¢, Figure 5 also shows the maximum and minimum number of
additions performed by Algorithm 4 over all possible reduction trees for the basis,
as well as the number of multiplications performed by the algorithm for all such
trees. Thus, Algorithm 3 with ¢ = ¢ and b = 0 performs the same number of
operations for both extremes (see Example 3.11). As for Examples 3.4 and 3.11,
the maximum and minimum number of additions performed for each ¢ are given
respectively by the trees with d, = 1 and d,, = 2227 1-1 for all internal v € V.

Theorem 3.19. Algorithm 4 performs at most
: c—1 Ny —1
min T(ﬂog2 cl-1)+4£—1,2"""n,
multiplications in F, and at most
. c—1 n,—1
min T(?;[log2 cl—1)+£—-1,2"""(3n, —2)+1

additions in F.

We split the proof of Theorem 3.19 into four lemmas, one for each bound. It
is readily verified that the bounds hold if the input vertex is a leaf. Therefore, as
(V, E) is a full binary tree, it is sufficient to show for each bound that if v € V' is
an internal vertex such that the bound holds whenever the input vertex is v, or vy,
then the bound holds whenever v is the input vertex.

Lemma 3.20. Algorithm 4 performs at most 2™~ 'n, multiplications in F.
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Proof. Suppose that Algorithm 4 is called on an internal vertex v € V' such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lines 9-12
of the algorithm perform at most ¢52™~%~1(n, —d,) < 2" ~(n, — d,) multipli-
cations, while Lines 1316 perform at most (¢; + 1)2d”_1dv < 27 —1d, multiplica-
tions. Summing theses contributions, it follows that Algorithm 4 performs at most
27>~ 1, multiplications. U

Lemma 3.21. Algorithm 4 performs at most (¢ —1)([logy c] —1)/2 + £ — 1 multi-
plications in F.

Proof. Suppose that Algorithm 4 is called on an internal vertex v € V' such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lines 9-12
perform at most

C— Co

2d“%(f10g201+1] S Ol — 1)+l < ([logyc1 +1] — 1) + £ — 0}

multiplications. Lemma 3.20 implies that Lines 13—16 perform at most

Coy — 1 2 — 1
5 (

multiplications. As ¢y < ¢, it follows that Algorithm 4 performs at most

CQ—].

2% 1d, + [logy o] — 1) +05—1

(Nogg 5] — 1) 4651 = “ 24,4

C— C2

([loggc1 +1]+dy — 1) +

([logge]l —1)+£—1

multiplications. Hence, Algorithm 4 performs at most (¢ — 1)([logyc] — 1)/2 +
¢ — 1 multiplications, since co = ¢ if ¢; = 0, and [logyc; + 1] = [logyc] — d,
otherwise. 0

Lemma 3.22. Algorithm 4 performs at most 2"*~1(3n, — 2) + 1 additions in F.

Proof. Suppose that Algorithm 4 is called on an internal vertex v € V such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lines 9-12
of the algorithm perform at most

(2" (3(ny — dy) —2) + 1) < 2" (3n, — 3d,) — 2% (2" — 1)
additions. Lines 13-16 perform at most
(c1+1)(2% ' (3dy —2) + dy + 1) —dy < 2" 1(3dy — 2) + 14 (dy + 1) (2™ — 1)
additions. It follows that Algorithm 4 performs at most

27 (3n, —2) +1— (2% —d, — 1) (2™ % —1) < 2" !(3n, — 2) + 1
additions. (]

Lemma 3.23. Algorithm 4 performs at most (¢c—1)(3[logy ¢]—1)/2+€—1 additions
m IF.

Proof. Suppose that Algorithm 4 is called on an internal vertex v € V such that the
bound of the lemma holds whenever the input vertex is v, or vs. Then Lines 9-12
perform at most

C— C

zdv%l(gﬂog2 1+ 1] = 1)+ 050 — 1)+ 4y < (3[loggcy + 1] — 1) + £ — ¢4

additions. Lemma 3.22 implies that Lines 13-15 perform at most

):6762 C— Co

e (2% (3dy — 2) + 1+ d,

3dy —c1 (2% —dy, —1) <

3d,
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additions. Line 16 performs at most
Co — 1

2
additions. As ¢y < ¢, it follows that Algorithm 4 performs at most

(3logy es] — 1) + £ — 1

c—C2 co—1
2

additions. Hence, Algorithm 4 performs at most (¢ — 1)(3[logyc] —1)/2 +¢—1
additions, since ¢a = ¢ if ¢ = 0, and [log, ¢1 + 1] = [log, ¢] — d,, otherwise. O

(3logger + 11 +3d, — 1) + (3[loggc] — 1)+ £ —1

3.5. Interlude: generalised Taylor expansion. The generalised Taylor expan-
sion of a polynomial F' € Flx] at a degree ¢ > 1 polynomial T' € F[z], also called its
T-adic expansion, is the series expansion

F=F+ KT+ FRT*+- -

such that F; € Flz]; for i € N. Gao and Mateer [14, Section II] provide a fast
algorithm for computing the coefficients of the Taylor expansion when T' = 2! — x
with ¢ > 2. The algorithm is then utilised as part of their additive FFT algorithms.
Our algorithm for converting from the monomial basis to the LCH basis similarly
relies on their generalised Taylor expansion algorithm. Consequently, we make a
brief aside to recall their algorithm.

The algorithm of Gao and Mateer can be viewed as a specialisation of the re-
cursive algorithm of von zur Gathen [27] that takes advantage of easy division by
(xt — x)Qk = 22"t — 22" in characteristic two. We present a nonrecursive version of
their algorithm modelled on the basis conversion algorithms of van der Hoeven and
Schost [26, Section 2.2]. We also present the inverse algorithm, which recovers a
polynomial from the coefficients of its Taylor expansion at z! — x, as it is required
by our algorithm for converting from the LCH basis to monomial basis. Finally, we
derive a bound on the complexity of both algorithms that is tighter than the one
provided by Gao and Mateer.

Let F € Flz]; and t > 2 be an integer. For k € N, define Fy o, Fj 1, ... € Flz]ox,
by the equation

ks
(3.21) F=Y F(a' —2)"".
1€EN
Then Fyo,Fo1,... are the coefficients of the Taylor expansion at z' — z, while
Fy o= F for k > [logy[¢/t]]. By grouping terms of indices 2¢ and 2i + 1 in (3.21),
it follows that

k+1;
F= Z(ka + Fr i1 (m2kt — x2k>) (xt — :r)2 " for k e N.
€N
Thus, we obtain the recursive formula
k k i
Fii1i= Froi + 2% Froiv1 +2° 'Froi41 for ki € N.

Given F}, 9; and Fj, 2,41 on the monomial basis, the recursive formula allows Fj1
to be readily computed on the monomial basis. The formula also allows this compu-
tation to be easily inverted. Therefore, given the Taylor coefficients Fy o, Fo,1,... on
the monomial basis, we can efficiently compute F' = FJig,1¢/¢17,0 On the monomial
basis by means of the recursive formula, and vice versa. Using this observation, we
obtain Algorithms 5 and 6.
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Algorithm 5 TaylorExpansion(t, ¢, (ag, . ..,as-1))

Input: Integerst >2and £ > 1, and a; = f; € F for i € {0,...,¢ —1}.
Output: a; =¢; for i € {0,...,¢ — 1} such that

[¢/t]—1 [min(£—ti,t)—1 ] -1
(3.22) Z Z civi@ | (2 = x)z = Z fiz'.
i=0 j=0 =0

1: for k = [log,[¢/t]] —1,...,0 do

2 51 — LE/(Z’““t)J, 42 — 0 — 2k+1t€1

3 fori=0,...,¢4; —1do

4: for j =2Ft—1,...,0 do

5 Qok¢(25) 42k 4 = Qoky(2) 12k 15 T G2k (2i41)+j
6 for j =0, —2"t—1,...,0do

7 Qokg(20,) 42k 45 = Qokg(20) 42k 45 T Q2kg(26; +1)+j

Algorithm 6 InverseTaylorExpansion(t, ¢, (ag, . ..,as—1))

Input: Integers ¢t > 2 and £ > 1, and a; =¢; € F for i € {0,...,£—1}.
Output: a; = f; i € {0,...,£ — 1} such that (3.22) holds.
1: for k=0,...,[log,[¢/t]] — 1 do
81 «— Lf/(?kJrlt)J, 52 — 0 — 2k+1t€1
fori=0,...,¢/; —1do
for j=0,...,2"t—1do
Aokt(2i)+2k 45 = Q2kg(2i)+2k+j T Q2kg(2i+1)+j
for j=0,...,0,b—2"t—1do
Aokt(26,)+2k+j = A2kp(20,)+2k+5 T Q2kt(20,+1)+5

Lemma 3.24. Algorithms 5 and 6 perform at most |£/2][log,[¢/t]] additions in F.

Proof. For each k € {0, ..., [logy[€/t]] — 1}, Lines 2-7 of either algorithm perform
at most

2k 01 + max(fy —25t,0) < 25t +max(ly — [€o/2], [£2/2]) = 2%tl1 4 | £2/2] = [£/2]
additions in [F. [l

3.6. Conversion between the Lin—Chung-Han and monomial bases. We
use Lemma 2.1 to provide algorithms for converting between the monomial basis
and the “twisted” LCH basis {Xg, 0(8v,0%), - - -, X3, .0-1(Bv,0)} of Flx]e, for v e V
and £ € {1,...,2"}. Conversions between the LCH and monomial bases then
require at most an additional max(2¢ — 3,0) multiplications for performing the
substitution « — x/B, 0 or  — By 0z. In particular, no additional multiplications
are required if 3 is a Cantor basis, since 8,0 = 1 for all v € V (see Remark 3.1).
We base the conversion algorithms on the following analogue of Lemma 2.2.

Lemma 3.25. Let v € V be an internal vertex and ¢ € {1,...,2™}. Suppose that
h07 L) h[—l; A?QO? cee390—1,€0,- -5 Co—1 € F satz'sfy
min(¢—29v4,2% ) -1 min(£—2%4,2% ) —1

(3.23) Z 92dv¢+j$j = Z hzde—j XBUQ J (Bua,07)

Jj=0 Jj=0
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forieA{0,....[¢/2%] =1}, and

[(e—5)/2% ] -1 [(e—j)/2% ] -1
(3.24) Z Codu 4" = Z 92vitj X, i(Bus,07)
1=0 1=0

for j €10,...,min(2% ¢) — 1}. Then

[¢/2%] -1 [min(e—2%v 4,290 ) -1 odo i
|zt —x
(3.25) > > Coduiy T ( >:ZhiX5v7i(ﬁvyox).

i=0 §=0 Bus0 i=0

Proof. Let v € V be an internal vertex and ¢ € {1,...,2"}. Suppose that
hoye oy Pe—1,A,90, -+, Go—1,C0,---,co—1 € F satisfy equations (3.23) and (3.24).
Then B,/Bvo € Foa, for i € {0,...,d, — 1}, since (V,E) is a reduction tree
for 8. Thus, Lemma 2.1 implies that

/-1 ’—5/2%]_1 min(£_2d,l,i,2dv)_1
Z Xl Pro) = Z Z haaviv; X, .i(B0x)
=0 = =~

X X, i (:vzdu - :1:)

Substituting in £y,0 = Bu, .0, (3.23) and (3.24), it follows that

-1 [¢/2%v]=1 [min(£—2%i2%v ) -1

. dy
> hiXp,i(Boow) = > Gadviyj 2’ X&)é,i(ff? - x)
i=0 i=0 §=0

min(2%,0)—1 [ [(¢=5)/2% ] -1

2dv

¢ —x ;
E devi+jXﬂu5,i Boso—7— | |2’

ng,O

§j=0 i=0
min (2% ,0)—1 [ [(e—j)/2% ] -1 dy i
A j
= Z CZdUi—‘rj 7/8 X7,
=0 i=0 v5,0
Hence, (3.25) holds. O

Using Lemma 3.25, we obtain Algorithms 7 and 8 for converting between the
monomial basis and the twisted basis {X3,.0(Bv,07), ..., X, e—1(Bv,07)} of Flz],.
Each algorithm makes what is now a familiar pattern of recursive calls, but with
the addition of the computation of either a generalised Taylor expansion or the
inverse transformation, for which the algorithms of Section 3.5 are used.

Theorem 3.26. Algorithms 7 and 8 are correct.

Proof. We prove correctness for Algorithm 7 by induction on ¢. The proof of
correctness for Algorithm 8 is omitted since it is almost identical. For v € V| we
have X3, 0(Bv,0x) = 1 and Xg, 1(Bv0z) = x. Thus, Algorithm 7 produces the
correct output for all inputs with ¢ < 2. In particular, it follows that the algorithm
produces the correct output whenever the input vertex is a leaf. Therefore, it is
sufficient to show that for internal v € V, if the algorithm produces the correct
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Algorithm 7 X2M(v, ¢, (ag, .. .,as—1))

Input: avertexv eV, £e€{l,...,2™} and a; = h; € F for i € {0,...,£—1}.
Output: a; = f; € F for i € {0,...,¢ — 1} such that

-1 -1
(3.26) Z fixl = Z hiXﬁv)i(,Bv)ox).
i=0 i=0
1: if ¢/ < 2 then return
2 0y« [€/2%] =1, by « £ — 2% 0, £} + min(2%, ()
3: fori=0,...,¢; —1do
4: X2M(vg,, 2w (Godv iy Goduig1s - - - Gody (Z-Jrl),l))
5: X2M(1}a,€2, (G/Qdugl,azdvgl+17 ce ,ag_l))
6: for j=0,...,/o0—1do
7 X2M(v5,€1 +1,(aj,a2d7,+j,...,a2d1,gl+j))
8: for j=4y,..., 0, —1do
9: X2M(’l}5,f1,(aj,a2du+j7...,GQdU(zl,l)Jrj))
10: if 41 # 0 and 1/8,,,0 # 1 then
11: w < 1/Bu;s.0
12: fori=1,...,/1 —1do
13: for j=0,...,2% —1do
14: Q2dv i j — Whody i j
15: w 4= w/Bys 0
16: fOI‘j:O,...,gg—ldO
17: a’2dv€1+j < wagdugl+j
18: InverseTaylorExpansion(29+, 4, (ag, a1, ...,a¢_1))

output whenever v, or vs is given as an input, then it produces the correct output
whenever v and £ € {3,...,2"} are given as inputs.

Let v € V be an internal vertex and suppose that Algorithm 7 produces the
correct output whenever v, or vs is given as an input. Suppose that the algorithm
is called onv and £ € {3,...,2"}, with a; = h; € Ffor i € {0,...,¢—1}. Then the
assumption that Algorithm 7 produces the correct output whenever v, is given as
an input implies that Lines 2-5 of the algorithm set a; = g; for i € {0,...,¢ — 1},
where go, ..., ge—1 are the unique elements in F such that (3.23) holds. Similarly,
the assumption implies that Lines 6-9 then set a; = ¢; for i € {0,...,¢— 1}, where
g, - -, ce—1 are the unique elements in I such that (3.24) holds. As v is an internal
vertex, Lemma 3.25 implies that cg,...,ce—1 also satisfy (3.25).

Let fo,...,fr—1 be the unique elements in F such that (3.26) holds. If £ < 2%,
then (3.25) and (3.26) imply that f; = ¢; for ¢ € {0,...,£ — 1}. Moreover,
Lines 10-18 have no effect in this case. Therefore, the algorithm produces the
correct output if £ < 2% . If £ > 2% then Lines 10-17 set Qgdyiqj = CdeZ‘_;'_j/ﬂj)&’O
for i € {1,...,[¢/2%] — 1} and j € {0,...,min(¢ — 29i,2%) — 1}. Substituting
into (3.25), it follows that

[€/2] =1 /min(e—29v,29v)—1 o1

Z Z Agayiy 27 (astv - x)z = Z hiXg, i(Bv,0)

i=0 §=0 i=0



FAST TRANSFORMS OVER FINITE FIELDS OF CHARACTERISTIC TWO 35

Algorithm 8 M2X(v, ¢, (ag,...,as—1))

Input: avertexv eV, £e€{l,...,2™} and a; = f; € F for i € {0,...,¢ —1}.
Output: a; = h; € F for i € {0,...,¢ — 1} such that (3.26) holds.

1: if / <2 then return

2 0y« [€/2%] =1, by « € — 2% 0y, £} + min(2%, ()
3: TaylorExpansion(2%, ¢, (ag, a1, ...,as_1))

4: if £; # 0 and B,;,0 # 1 then

5: w < ﬁyé)o

6: fori=1,...,/1 —1do

7 for j=0,...,2% —1do

8: a2dvi+j < wa2dvi+j

9: W 4= Py, oW

10: fOI‘j:O,...,gg—ldO

11: a2dv€1+j < wagdugl+j

12: for j=0,...,/0—1do

13: M2X(vs, €1 + 1, (aj, Ggdy 1, . -, Qoang, 1))

14: for j =4s,..., 0, —1 do

15: M2X(’U5, b, ((J,j7 QAody 4y - -5 Aody (41,1)+]—))

16: for i =0,...,¢; —1do

17: MQX(UO” Qd“, (anUi, QA9dy g1y -+ Aody (i+1)—1))
18: MQX(UQ, Ly, (a2dvgl,a2dvgl+1, . ,ag_l))

when InverseTaylorExpansion is called in Line 18. Thus, the algorithm produces the
correct output if £ > 2% . Hence, for internal v € V, if the algorithm produces the
correct output whenever v, or vs is given as an input, then it produces the correct
output whenever v and ¢ € {3,...,2"} are given as inputs. O

Algorithm 8 requires the precomputation and storage of the elements 3,; ¢, while
their inverses are required for Algorithm 7. Consequently, the algorithms require
auxiliary storage for O(n) field elements, while all precomputations can be per-
formed with O(n?) field operations. If ¢; = [¢/29] —1 is nonzero, then Lines 10-17
of Algorithm 7 and Lines 4-11 of Algorithm 8 perform

(6 —1)(2% + 1) + o = £+ [£/2%] — 29 —2

multiplications, while the calls made by the algorithms to either TaylorExpansion
or InverseTaylorExpansion perform at most [£/2][log,[¢/2% || additions. It follows
that we should once again aim to avoid small values of d,, when choosing a reduc-
tion tree for the algorithms. However, compared to the algorithms for conversion
between the LCH and the Newton and Lagrange bases, a much greater cost in terms
of multiplications and additions is incurred if one fails to do so. If § is a Cantor
basis, then $,,,0 = 1 for all internal v € V, regardless of the choice of reduction
tree (see Remark 3.1). Thus, Algorithms 7 and 8 perform no multiplications in this
case, and require no precomputations.

Lin et al. [20] provide two algorithms for converting from the monomial basis to
the LCH basis when / is a power of two, one for arbitrary bases and one for Cantor
bases. The reduction strategy they apply for the arbitrary bases corresponds to
reduction trees with Im(d) C {0,1}. For such reduction trees, Algorithm 8 performs
the same number of additions as their algorithm, but fewer multiplications in the
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recursive case (after equalising precomputations). For Cantor bases, Algorithm 8
reduces to their algorithm by choosing the reduction tree so that d, = 2/1°gz27v1-1
for all internal v € V.

Theorem 3.27. Algorithms 7 and 8 perform at most [£/2](3[logy ] — 4) + 1 mul-
tiplications and |¢/2] (“Og; 51) additions in F. If d, = 21°8271=1 for gl internal
v €V, then the algorithms perform at most |£/2][log, £][log, log, max(¢,2)] addi-
tions in F. If 5 is a Cantor basis, then the algorithms perform no multiplications.

We have already shown that Algorithms 5 and 6 perform no multiplications
when  is a Cantor basis. We split the remainder of the proof of Theorem 3.27 into
three lemmas, one for each of three remaining bounds. It is clear that Algorithms 7
and 8 perform the same number of multiplications when given identical inputs.
Consequently, we only prove the bounds for Algorithm 7. All three bounds are equal
to zero or one for ¢ < 2, while Algorithm 7 performs no additions or multiplications
for such input values of ¢. In particular, it follows that all three bound holds if the
input vertex is a leaf. Consequently, for each of the three bounds it is sufficient to
show that if v € V is an internal vertex such that the bound holds whenever the
input vertex is v, or vg, then the bound holds whenever the input vertex is v and
0e{3,...,2™}.

Lemma 3.28. Algorithms 7 and 8 perform at most |£/2](3[logy €] — 4) + 1 multi-
plications in F.

Proof. Suppose that for some internal vertex v € V', Algorithm 7 performs at most
1£/2](3[logy ¢] —4) + 1 multiplications in F whenever v, or vs is given as the input

vertex. Furthermore, suppose that v and ¢ € {3,...,2"} are given as inputs to
the algorithm. If ¢; = 0, then ¢5 = ¢, = ¢ and the algorithm performs at most

V;J(z%[loggfﬂ ) F1+bx0= m (3flog (] =) +1

multiplications. Therefore, suppose that ¢; # 0. Then, as ¢; < 2%, Lines 3-5 of
the algorithm perform at most

0 (2% (3d, —4) + 1) + V;J (3[logy £a] —4) +1 < KJ (3dy —4) + 6 + 1

multiplications. Lines 6-9 perform at most

0y V; 1J (3[logy 01 + 17 — 4) + (2% — &) V;J (3logy (1] — 4) + 2

VQ(E + 1)+ (2% — £)4
2

<

J (3[logy 1 + 1] — 4) + 2%

= KJ (3[logy £] — 3d, — 4) + 2%
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multiplications, Lines 10-17 perform (¢; —1)(2% + 1) + ¢, multiplications, and
Line 18 performs no multiplications. Summing these bounds, it follows that Algo-
rithm 7 performs at most

l l
M (3[logy /] —4) +1 — 4M + (2% 4+ 2)0 + 4, — 1
< g (3[logy 0] —4) +1— 20+ (2% +2)0; + 4> + 1
o
= |5 |(3logy (] = 4) +1 - (2% —2)6; — (62 — 1)
-
<13 (3[logy ] —4) +1
multiplications. (I

Lemma 3.29. Algorithms 7 and 8 perform at most |£/2] (“0322 ﬂ) additions in F.

Proof. Suppose that for some internal vertex v € V', Algorithm 7 performs at most
1£/2] (&2 1) additions in F whenever v, or vs is given as the input vertex. Fur-
thermore, suppose that v and £ € {3,...,2"} are given as inputs to the algorithm.
If ¢, =0, then {5 = ¢, = ¢ and the algorithm performs at most

£J(57) e -1 (5

additions. Therefore, suppose that ¢; > 0. Then, as ¢ < 2%, Lines 3-5 of the
algorithm perform at most

neet () + [ 2] (M) < (5) 4 [2)(5) - [5)(5)

additions. Lines 6-9 of the algorithm perform at most

ty V;lJ (hoggt; +11> £t 1) VSJ (nog;m> . m <flog2£21 +11>

additions, since f3(¢ + 1) + (2% — £9)¢; = ¢. Lines 10-17 perform no additions,
while Lemma 3.24 implies that Line 18 performs at most [£/2][log,[¢/2%]] =
[£/2][logy €1 + 1] additions. As [log, ¢1 + 1] = [log, £] —d,, it follows by summing
these bounds that Algorithm 7 performs at most

KJ ((hog22 ﬂ) — Nogy f1 + 11(dy — 1)> < m (Dog22 e})

additions. O

Lemma 3.30. Suppose that d, = 2/1°8271=1 for all internal v € V. Then Algo-
rithms 7 and 8 perform at most |£/2][logs £][logs logy max(4,2)] additions in F.

Proof. Suppose that d, = 2M°82721-1 for all internal vertices v € V. Further-
more, suppose that for some internal vertex v € V', Algorithm 7 performs at most
14/2][log, €] [log, log, max(¢,2)] additions in F whenever v, or vs is given as the
input vertex. Finally, suppose that v and £ € {3,...,2"} are given as inputs to
the algorithm. If ¢; = 0, then ¢35 = ¢, = ¢ and the algorithm performs at most

L 14 12
2| Togs a1 10g, 0 ] + £ x 0+ | | o 11 = | § | o 1710, o, 1
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additions. Therefore, suppose that ¢; > 0. Then, as o < 2% < ¢, Lines 3-5 of the
algorithm perform at most

4 ¢
(3.27) 0,2%71d, [log, log, £] + L;J dy[log, log, £] = LQJ dy [logy log, ¢]

additions. Lines 6-7 of the algorithm perform at most

0+1
12 { ! ;_ J [logy €1 + 1][logs logs €1 + 1]

additions, while Lines 89 perform at most
14
(24 — £5) {;J [log, ¢1][log, log, max(4y,2)]

additions. As f3(¢1+1)+ (2% —£3)¢; = ¢, it follows that Lines 6-9 of the algorithm
perform at most |£/2][log, ¢1 + 1][log, log, ¢1 + 1] additions. If ¢; > 2, then there
exists an integer k > 1 such that 22" < ¢, + 1 < 22", Then [log, log, £, + 1] =
k, 220 < amemde < 2dvoand ¢ = 240 (0 4 £y/2%) > 202" 5 92" Thyg,
[logy log, £1 + 1] < [logylog, €] — 1 if €1 > 2. As £ > 3, the inequality also holds if
{1 = 1. Therefore, Lines 6-9 of the algorithm perform at most

(3.28) m (Mog, €] — dy)[log, log, €] — EJ Mog, 41 + 1]

additions. Lines 10-17 of the algorithm perform no additions, while Lemma 3.24
implies that Line 18 performs at most |¢/2][log, [¢/2% ] = [£/2][log, {1 + 1] ad-
ditions. By combining this last bound with the bounds (3.27) and (3.28) on the
number of additions performed by Lines 3-5 and Lines 6-9, it follows that Algo-
rithm 7 performs at most |£/2][log, ¢][log, log, £] additions, which is the required
bound since ¢ > 3. O

4. CONSTRUCTING A BASIS AND REDUCTION TREE

Let 8= (Bo,-..,0n—1) € F™ have entries that are linearly independent over Fs.
If n = 1, then there exists a unique reduction tree for [, the tree consisting of a
single vertex. If n > 1, then a full binary tree is a reduction tree for g if it has
n leaves, the subtrees rooted on the children r, and rs of the tree’s root vertex r
are themselves reduction trees for (3, d(r)) and §(5,d(r)), respectively, and the
quotients Bo/Bo, ..., Bary—1/Bo belong to Faacry. The requirement on the quotients
is trivially satisfied if d(r) = 1. Consequently, the full binary tree with n leaves and
Im(d) € {0,1} is a reduction tree for 8 (Proposition 2.7). We view this tree as the
trivial choice of reduction tree for the basis, and as capturing the approach used by
existing algorithms. We expect such trees to yield the worst algebraic complexity
for the algorithms of Section 3. Accordingly, when we have freedom to choose the
basis vector, our choice should enable us to avoid their use. Cantor bases provide
such a choice, and we witnessed the benefits they provide in Section 3. However,
Cantor bases are restricted to extensions with degree divisible by sufficiently large
powers of two. In this section, we propose new basis constructions that allow us to
benefit similarly in other extensions.

Regardless of the chosen basis vector, the choice of reduction trees is limited by
the subfield structure of F.
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Proposition 4.1. If (V, E) is a reduction tree for some vector in F", then
d(ve) < d() <n <[F:Fo] and max(d(vy),1)|d(v) | [F:Fq
for all internal v € V.

Proof. Suppose that (V, E) is a reduction tree for some vector 8 € F™. Then
n < [F : Fy] since Definition 2.6 requires 8 to have linearly independent entries over
F5. The definition also requires the tree to have n leaves. Thus,

d(va) < |Lo, | = d(v) < |Ly| < n < [F : Fy]

for all internal v € V.

Let v € V be an internal vertex. Then it follows from Definition 2.6 that the
subtree rooted on v is a reduction tree for some vector 3, = (8u,0,- - -, Bu,|L,|-1) €
FIEel that has linearly independent entries over Fo. Moreover, as |L,| > 1, the
definition implies that the quotients B,0/B8v,0,- -, Bu,dw)—1/Bv,0 belong to Faaw).
These quotients inherit linear independence over Fo. Thus, they form a basis of
the extension Foaw) /Fo. As the quotients also belong to T, it follows that Foaw) is
a subfield of F. Therefore, d(v) divides [F : F5]. Similarly, if the vertex is v, is an
internal vertex, then Fya(v,) is a subfield of Fya(v), since the subtree rooted on v, is
a reduction tree for a(fB,,d(v)) = (Bv,0s---»Bu,dw)—1)- AS vy is an internal vertex
if and only if d(v,) > 1, it follows that max(d(v,), 1) divides d(v). O

Corollary 4.2. Suppose that the entries of B € F™ are linearly independent over Fa,
and [F : Fa] has no proper factor less than n. Then a full binary tree is a reduction
tree for B if and only if it has n leaves and Im(d) C {0,1}.

Proof. Proposition 2.7 implies that it is sufficient to have n leaves and Im(d) C
{0,1}, while Proposition 4.1 implies that it is also necessary. O

4.1. A construction for arbitrary fields. It follows from Proposition 4.1 that
a path in a reduction tree that consists of two or more edges of the form {v, v}
admits a nontrivial tower of subfields of F. However, the existence of a basis vector
of a prescribed dimension that has a nontrivial reduction tree is not guaranteed by
the existence of nontrivial tower of subfields. Indeed, Corollary 4.2 shows that it is
necessary for the tower to contain a subfield other than Fy of degree bounded by
the dimension. In this section, we show that this requirement is also sufficient.

Theorem 4.3. Suppose there exists a tower of subfields
(4.1) Fo =TFong C Fony C -+ C Fonp =F.
Let {0k,05 - s Ok .npsr jnu—1) be a basis of Fonisn [Fony. for k € {0,...,m — 1}, and

m—1 m—1
Bi = H Wk, Such that Z TNy =1
k=0 k=0

forie{0,...,nm —1}. Then Bo,...,Bn,, -1 € F are linearly independent over Fa.
Moreover, a full binary tree (V,E) with n < n,, leaves is a reduction tree for

(Bos -+, Bn—1) if Im(d) C{0,n0,...,nm-1} and d(vs) < d(v) for all internalv € V.

The requirements of Theorem 4.3 are satisfied by the full binary tree with n
leaves and Im(d) C {0,1}. Consequently, Proposition 2.7 follows from the case
m = 1. We delay the proof of the theorem until the end of the section. Instead, we
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now show that the basis vectors given by the construction of the theorem allow a
nontrivial and, more importantly, beneficial choice of reduction trees.

Proposition 4.4. If I CN and (V, E) is a full binary tree such that
d(v) =max{i € I|i<|Ly|}
for all internal v € V, then d(vs) < d(v) for all internal v € V.

Proof. Suppose that I C N and a full binary tree (V, E) satisfy the conditions of
the proposition. Then d(vs) < |Ly,| < |Ly| and d(vs) € I U {0} for all internal
v € V. Hence, d(vs) < max{i € I | i < |L,|} = d(v) for all internal v € V. O

For tuples of positive integers (ng,...,nm,) such that (4.1) holds, let T("0»+"m)
denote the full binary tree with n leaves and d(v) = max{ny | np < |L,|} for all
internal vertices v. If n; < n < n,,, then the root vertex r of T.("0»~"m) gatisfies
d(r) > ny > 1, establishing the existence of a tree with Im(d) ¢ {0, 1} that satisfies
the conditions of Theorem 4.3. Moreover, we expect this tree to approximately
minimise the algebraic complexity of the conversion algorithms of Section 3 over
all trees that satisfy the conditions of the theorem.

Example 4.5. Suppose that F = Foi12. Then there are eight tuples of positive
integers (no,...,n.,) such that (4.1) holds. For each such tuple, Figure 6 displays
the relative number of additions performed by the basis conversion algorithms of
Section 3 for 8 = (S, ..., B11) given by the constructed of Theorem 4.3 (the choice
of the bases for the extensions Fonii1 /Fon, doesn’t matter here), the reduction tree
Ti5% "™ and polynomial length (¢) ranging over {1,...,2'2}. The number of
additions performed in each case is given as a fraction of the number performed for
the tuple (1,12), which is taken to be one if zero additions are performed for both
tuples. The reduction tree that corresponds to the tuple (1,12) has Im(d) = {0, 1}.
Thus, it represents the complexity obtained with the reduction strategy of existing
algorithms. The additional parameters ¢ = ¢ and b = 0 are used for Algorithm 3,
and ¢ = £ is used for Algorithm 4. Figure 7 similarly displays the relative number
of multiplications performed by Algorithms 7 and 8, under the assumption that
Bus,0 is never equal to one in Line 10 of Algorithm 7 and Line 4 of Algorithm 8.
The daggered tuples that appear in the figure are discussed in the next section.

Example 4.5 demonstrates that the construction of Theorem 4.3 and the choice
of reduction trees it provides allows us to achieve a lower algebraic complexity if
[F : F3] has even a single sufficiently small factor. The potential benefits are greater
still when the degree of the field contains many small prime factors, echoing the
benefits obtained by using roots of unity with smooth order in multiplicative FFTs.
While a reduction in algebraic complexity is certainly desirable, it is not the only
consideration in practice. For example, Harvey’s “cache-friendly” variant [15] of
the radix-2 truncated Fourier transform [25] obtains better practical performance
by optimising cache effects. This variant employs a reduction strategy that more
rapidly reduces to problems of size that fit into cache, helping to reduce data
exchanges with RAM. An analogous approach for the algorithms of Section 3 is to
use reduction trees that balance the size of |L,, | and |L,,| for internal vertices. If
[F : Fo] is smooth and the construction of Theorem 4.3 is applied with the number
of subfields in the tower taken as large as possible, then the following proposition
shows that it is possible to construct such trees while meeting requirements of
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FIGURE 6. Relative number of additions performed by the algo-
rithms of Section 3 (see Example 4.5).

the theorem by choosing d(v) € {no,...,nn} to minimise max(ng, |L,| — ng) for
all internal vertices. While there are trade-offs between optimising cache effects
and reducing the operation count to be considered in practice, it appears that

Theorem 4.3 offers us some freedom, especially when the degree of the field is
smooth, to tune the algorithms of Section 3.

Proposition 4.6. If I C N and (V, E) is a full binary tree such that

d(v) € arg min max(%, | L,| — 7)
iel
for all internal v € V', then d(vs) < d(v) for all internal v € V.

Proof. We prove the proposition by contradiction. Suppose that I C N and a full
binary tree (V, E) satisfy the conditions of the proposition. Furthermore, suppose
there exists an internal vertex v € V' such that d(vs) > d(v). Then vs is an internal
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FIGURE 7. Relative number of multiplications performed by Al-
gorithms 7 and 8 (see Example 4.5).

vertex since d(vs) > 1. Thus, d(vs) € I and
max(d(vs), [Ly| — d(vs)) < max(|Ly,|,|Ly| = d(v))
= max(|Ly| — Ly, |, [Lo| — d(v))
= max(|Ly| = d(v), [Ly| — d(v))
< max(d(v), |L,| — d(v)),
which contradicts the minimality of max(d(v), |L,| — d(v)). O

We now turn our attention to the proof of Theorem 4.3, which we obtain as a
consequence of the following more general result.

Lemma 4.7. Suppose there exists a tower of subfields Fo = Fong C -+ C Fonn = F.
Let 8 = (Bo,---,Bn-1) € F" have entries that are linearly independent over Fs,
and (V, E) be a full binary tree with n leaves and root vertex r € V.. Then (V, E) is
a reduction tree for B if the following conditions are satisfied:

(1) Im(d) C{0,n0,...,Nm—1},

(2) d(vs) < d(v) for all internal v € V, and

(3) Bi/Bnilin,) € Fonw fori€{0,...,n—1} and k € {0,...,m — 1} such that

ng, < d(r).

Proof. We prove the lemma by induction on n. The lemma holds trivially if n = 1,
since it is sufficient for (V, E) to have n leaves in this case. Therefore, let n > 2
and suppose that the lemma is true for all smaller values of n. Suppose that
B = (Bo,---,Bn-1) € F™ and a full binary tree (V, E) satisfy the conditions of the
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lemma. Then the root vertex r € V of the tree is not a leaf since |L,| = n > 2.
Thus, (1) implies that d(r) = n, for some ¢ € {0,...,m — 1} such that n, < n.
Let a(B,d(r)) = (a0, .., n,—1) and §(5,d(r)) = (o, .- -,0n—n,—1), which have
linearly independent entries over Fy by Lemma 2.1. Then, as d(r,) < d(r), (3)
implies that o;/am, |i/ny] = Bi/Buyli/m,] € Fane for i € {0,...,ny — 1} and k €

{0,...,m — 1} such that ny < d(r,). Moreover, as ng,...,ny divide ny, we have
ﬁnz-‘r’i — /Bne+i /8n£+’ﬂk li/ng] _ an+i B’I’L1{+’nk li/nk]
Bo Brotnili/ml Bo Brs L (ne+i)/n ] Bo

where ﬂnz-‘ri/ﬁnk\_(nﬂri)/nkj € ]ank - sz, for i € {O,...,n — Ny — 1} and k €
{0,...,¢}. Tt follows that

ng
5 — ﬂnngi (ﬂng—&-nk li/nk ] >2 . ﬂnz—i-nk li/ng]
Br [ (ne+i)/nx ) Bo Bo

_ /Bng-i-i

Bras L (ne+i) /)
fori e {0,...,n—n;—1} and k € {0,...,£}. Asd(rs) < d(r) = ne by (2), it follows
that 6;/0p, i/n,) € Fane fori € {0,...,n—ny—1} and k € {0,...,m —1} such that
ng < d(rs). Conditions (1) and (2) are satisfied by the subtrees of (V, F) rooted on
rq and 75 through inheritance. The subtree rooted on 7, has |L,_ | = d(r) =n, <n
leaves, while the subtree rooted on rs has |L,,| = |Ly| — |L, | = n —d(r) =
n —ng < n leaves. Therefore, the induction hypothesis implies that the subtree
rooted on 7, is a reduction tree for a(f,d(r)), and the subtree rooted on rs is a
reduction tree for 6(3,d(r)). Finally, (3) implies that 8;/B0 = Bi/Bn, i/n.] € Faawm
for i € {0,...,d(r) — 1}. Hence, (V, E) is a reduction tree for S. O

OnyLi/n ]

If 8 = (Bo,...,Pn-1) € F™ is a Cantor basis with n > 4, then properties (1)
and (2) of Lemma 2.9 imply that 83 € Fy6\Fy4. Thus, 85/82 does not belong to Fy,
since S5 = fB2/B3 + 1. Consequently, Proposition 2.8 implies that the converse
of Lemma 4.7 does not hold. We now complete the proof of Theorem 4.3 by
establishing linear independence and showing that the vectors (8o, ..., Bn—1) for
n € {1,...,n,,} always satisfy the third condition of Lemma 4.7.

Lemma 4.8. Suppose that Bo,...,0n, —1 are given by the construction of Theo-
rem 4.3. Then Po, ..., Bn,,—1 are linearly independent over Fa, and Bi/ By, |i/n,| €
Fony forie{0,...,nm —1} and k € {0,...,m —1}.

Proof. Suppose that Bo,..., B, —1 are given by the construction of Theorem 4.3.
Let i € {0,...,ny — 1} and i = ZZZOI igng with i € {0,...,ngy1/ng — 1} for
ke€{0,...,m —1}. Then

Bi V0io* Vk—1,in 1 Vksin = Om—1yim 1 Y0, " V=105,
_ = € Fony

Borlisme) Y00 k1,000 = Om—1im_y Y00 T-10
for k € {0,...,m}, as required. Similarly,
(4.2) Binsts _ Uni and Bi B € Fani
Bo Yk,0 Bo Bo  Builijnn
for i € {0,...,np41/nx — 1}, 5 € {0,...,np — 1} and k& € {0,...,m — 1}. Now
{ﬂk,o/'ﬂk,O, ey ﬂk’nk+1/nk,1/?9k7o} is a basis of Fz”k+1 /ank for k € {0, e, M — 1}.
Therefore, if By/Bo, ..., Pn,—1/Bo are linearly independent over Fy for some k €
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{0,...,m — 1}, then (4.2) implies that 3o/fo, ..., Bn.,,—1/Po are linearly indepen-
dent over Fo. As ng = 1, it follows that Bo,...,Bn,,—1 are linearly independent
over [Fs. O

4.2. Fewer multiplications for quadratic extensions. Theorem 4.3 does not
place any restrictions on the choice of bases for the extensions Fynii1 /Foni. In this
section, we show that if some of these extension are quadratic, then it possible to
choose their bases so that Algorithms 7 and 8 perform fewer multiplications.

Theorem 4.9. Let By, ...,Bn,,—1 € F be constructed as per Theorem 4.8, n €
{1,...,nm}, and V be the vertex set of the tree T "m).  Recursively define
vectors By = (Bv,0,- - Bu,|L,|-1) for v € V as follows: if v is the root of the tree,
then By, = (Bo, - - -, Bn—1); and if v is an internal vertex, then B, = a(By,d(v)) and
Bus = 6(By,d(v)). Suppose there exists t € {0,...,m — 1} such that

Niy1 Vi1
4.3 =2 d Ty, |l =1 =1
(4.3) T an TFyntr [Fyne (ﬁtﬁ)

Then Bys0 =1 for allv € V such that d(v) = n,.

The definition of the vectors 3, in Theorem 4.9 matches that of Section 3. Con-
sequently, for 8 = (Bo,...,Bn-1) given by the construction of Theorem 4.3, and
the reduction tree T,"0>~"m) TLines 10-17 of Algorithm 7 (similarly, Lines 4-11 of
Algorithm 8) perform no multiplications if the input vertex v satisfies d(v) = ny
for some t such that (4.3) holds. If nsy1/n: = 2, then we may ensure that the
condition on the trace in (4.3) is satisfied by taking ¥ ¢ = 1 and 91 € Foreta
with Tr]FQ,Lt+1 JFyns (¥9¢1) = 1, which yields a basis since the trace of one is equal
to zero. Therefore, it is possible to achieve a significant reduction in the number
of multiplications performed by Algorithms 7 and 8 when the tower used in the
construction contains several quadratic extensions. Returning to Example 4.5, we
see such an improvement for F = Fyi2 by looking at the relative number of mul-
tiplications performed for the daggered tuples in Figure 7. For these tuples, it is
assumed that 3,, 0 =1 if and only if d(v) = n, for some ¢ such that ns41/n; = 2.

We now turn our attention to the proof of Theorem 4.9.

Lemma 4.10. Assume the hypothesis and notation of Theorem 4.9. Ifv € V is
an internal verter and d(v) = ne, then there exist elements U5 o, 05 1, ... € Forea
that are linearly independent over Fon,, for which

l
190 i 19[—1 lo— . .
_ Z0s0 | et vy i, Such that E Eng =1,

k=0

(44) 181)5,71

Yo,0 Pe—1,0

fori€0,...,|Ly;| — 1}. Furthermore,

Vg1 ) 9,
4.5 ! — < ) _ )
(45) 40 Pe0 Y0

if there is no vertex w € V' such that us = v and d(u) = ny.

Proof. Throughout the proof, if i € {0,...,n,, — 1}, then ig,..., 4,1 denote the
coefficients of the expansion ¢ = ZZL:_OI ixng such that iy, € {0,...,ng41/nk—1} for
k €{0,...,m—1}. We note in particular that {0,...,|L,|—1} C{0,...,n,,—1} for
v € V, since |L,| < n < n,,. We begin by showing that the assertions of the lemma



FAST TRANSFORMS OVER FINITE FIELDS OF CHARACTERISTIC TWO 45

hold for a special subset of the internal vertices in the tree, before completing the
proof by induction.

Let v € V be an internal vertex such that the (possibly trivial) path r =
Vo, ...,V = v that connects v to the root vertex r € V satisfies v; = (vi—1)a
for i € {1,...,h}. Then

m—1
Bui=Buy_ri=""=Buogi =Bri= ] Inin forie{0,... |L,[—1}.
k=0

As v is an internal vertex, d(v) = max{ny | nx < |L,|} by the definition of the tree
Tnos-wmm) - Thus, d(v) = ng for some £ € {0,...,m — 1}. Moreover, |L,,| = |L,| —
ng < Ny41, since otherwise the maximality of ny is contradicted. Consequently,

Boneti Yoy Vo151 Vo144 )
4.6 : = =0 ... : =~ fori€{0,...,|Ly | —1}.
(4.6) B0 Po,0 Pe—10  Yeo { [Eus| =1}

As the quotients ¥y ;/0k,0 € Foneyr C Fong for k € {0, ..., -1}, it follows that (4.4)
holds with

9, 2,
%z( ““) — 2 forie {0, npsa/ne — 2},

1,0 V1,0
Consequently, (4.5) also holds. Finally, 9, ... ,I%MH Ine—2 inherit linear inde-
pendence over Fane from 9, ..., 00, /n,~1, Since
’I’Lg+1/ne—2 TLg+1/ng—1 19 )
D ¥ =0 ifandonlyif Y0 NGt € Fon
i=0 i=1 £,0
for A\q,..., /\nz+1/m—1 € Fany.
We now proceed by induction on the depth of v, i.e., on the length h of the path
r = vg,...,V, = v that connects v to the root vertex of the tree. If v € V is an

internal vertex of depth zero, then v is the root of the tree which is covered by
the already proved case. Therefore, let h be a positive integer, and suppose that
the assertions of the lemma holds for all internal vertices with depth less than h.
Let v € V be an internal vertex of depth A (if no such vertex exists, then we are
done) and 7 = vy, ..., v, = v be the path that connects v to the root vertex r € V.
We may assume that v; = (v;—1)s for some ¢ € {1,...,h}. Let j the maximum
of all such indices. Then v;_; is an internal vertex. Thus, d(v;_1) = nj for some
k € {0,...,m — 1}. Consequently, the induction hypothesis and the choice of j

imply that there exists a basis {0} ,..., Znﬂl/nk—l} of Fynis1 /Fan, such that
(4.7)
190 i 19}(371,‘ - .
Buoi = Bop_1i == Bu i = 2 L =0y ;. forie{0,...,|Ly—1}.
Jo,0 Ye—1,0
As v is an internal vertex, d(v) = ny for some £ € {0,...,m — 1}. Moreover, the

definition of the tree T,{*0"m) implies that
ng = max{n; | n; < |Ly|} < max{n; | n, < |LUJ_1 |} = ng,

since v is descended from v;_;. If £ = k, then (4.7) implies that (4.4) holds with

19// 2 1
/ £it1 £t .
i =\ g — for i € {0,...,npp1/ne — 2},
2,0 £0
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which inherit linear independence over Fan, from 19%’0, e ﬂ%/mkﬂ 1" Moreover,
we must have j = h, since otherwise the maximality of j implies that v is descended
from (v;)q, which in-turn implies that ng = ny < |L,| < d(v;) < ng. It follows
that u = v, satisfies us = v and d(u) = ny. Consequently, we are not required to
show that (4.5) holds in this case.

If ¢ < k, then |Ly,| = |Ly| —ne < mer1 < ny, since ng = max{n; | ny < |Ly,|}.
Thus, (4.7) implies that (4.6) holds, which we have already shown to be sufficient for
the two assertions of the lemma to hold. Hence, the lemma follows by induction. [

Remark 4.11. Lemma 4.10 implies that 8,50 = 19’5,0 lies in the subfield Fonreiy
regardless of the choice of bases used in the construction of Theorem 4.3. Conse-
quently, if 3,;,0 cannot be forced to equal one, then it may still be possible to reduce
the cost of the multiplications performed in Lines 10-17 of Algorithm 7 (similarly,
Lines 4-11 of Algorithm 8) by choosing the representation of the elements in F so
that the cost of multiplication is reduced whenever one of the multiplicands be-
longs to Fyney1. Such optimisations have previously been shown to be beneficial in
practice, particularly for multiplications by elements of small subfields, by Bern-
stein and Chou [3] and Chen et al. [8]. These considerations also extend to the
algorithms for conversion between the LCH and the Newton or Lagrange bases of
Sections 3.2-3.4. For these algorithms, if the tower used in the construction of the
basis contains small subfields, then Lemma 4.10 can be used to show that some of
the precomputed elements ¢, (u, 0, ;) belong to small subfields. Consequently, if
the initial shift parameter A also lies in a small subfield, as is the case when it is
zero, then so too do some of the multiplicands in the base cases of the algorithms.

Proof of Theorem 4.9. Suppose there exists t € {0,...,m—1} such that (4.3) holds,
and there exists a vertex v € V such that d(v) = n;. If v = us for some u € V,
then d(u) # ny, since otherwise nyy1 = 2n; < ng + |Ly| = ng + (| Lo| — 1) = |Lul,
contradicting the maximality of n;. Therefore, Lemma 4.10 implies that

900 Vero( (Ven)" Vea e
v - — ... 2 - _ > — T N . s — 1’
Bus.o Po,0  Ve—1,0 \ \Dro Pt0 Ty [Fane Ji0

as required. ([l

4.3. Generalised Cantor basis. Gao and Mateer propose a generic method of
constructing Cantor bases in the appendix of their paper [14]. We generalise their
construction to one that extends an arbitrarily chosen basis of Fo: /Fy to a basis
of Fyam: /o that enjoys properties similar to those offered by Cantor bases. The
original construction of Gao and Mateer then corresponds to the case t = 1. By
generalising their construction, we are able to take advantage of quadratic exten-
sions in a different manner to the previous section in order to provide a greater
selection of reduction trees.

Hereafter, we assume that F.m» C F with m € N positive and ¢ = 2! for some
positive ¢ € N. We also fix a basis fo,...,B2m¢—1 of Fom /Fy which is given by
the following generalisation of the construction of Gao and Mateer: choose a basis
{¥0,...,9t-1} of Fy/Fa, choose Biam_1), ..., Bami—1 € Fpam such that

T‘I']qum /¥, (B(mel)t+i) = ’lgz for i € {0, N ,t — 1},
and recursively define
51':534_,:*51‘% fOI‘ZG{O,,(mel)tfl}
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FIGURE 8. Construction of Theorem 4.12.

For this construction, we provide generalisations of the properties of Cantor bases
given in Lemma 2.9. The properties are then used to prove the following the-
orem, which provides a method of constructing reduction trees for the vectors
(60, Ceey /Bn—l) forn € {1, ceey th}

Theorem 4.12. Letn € {1,...,2"t}, To = (Vo, Eo) be a full binary tree with [n/t]
leaves such that Tm(d) C {0,2°,21,.. ., 20el"/tV1=1Y "and T; = (V;, E;) be a reduc-
tion tree for (Yo, ..., Imin(n—(i—1)t,t)—1), fori € {1,...,[n/t]}. Letuy, ..., urn/e €
Vo be the leaves of Ty, ordered such that for all i,j € {1,...,[n/t]} with i < j,
there exists an internal vertex v € Vo with u; € Ly, and u; € L,;. Construct a new
tree T = (V, E) by identifying the root vertex of T; with u; for i € {1,...,[n/t]},
as shown in Figure 8. Then T is a reduction tree for (Bo, ..., Bn—1)-

Theorem 4.12 provides greater freedom than Theorem 4.3 by not requiring the
inequality d(vs) < d(v) to hold for v € V' that are initially internal vertices in the
tree Tp. Proposition 2.7 guarantees the existence of trees T1,..., T, 4 to use in
the construction. We can of course provide a better selection for these trees if the
methods of Sections 4.1 and 4.2 are used to construct the basis {¥o, ..., %1}

The remainder of the section is dedicated to the proof of Theorem 4.12.

Lemma 4.13. The following hold:

(1) 8 o ()BY, forie{0,..., (2™ — j)t — 1} and j € {0,...,2™ — 1},
k

(2) Bi = B piy = Bigare fori €{0,..., (2™ =2F)t =1} and k € {0,...,m -1},

(3) ﬂl—ﬁ forie{0,...,t—1},

(4) Boy---,Bore_1 € quk for ke{0,...,m—1}, and

(5) Boy-..,Bami—1 are linearly independent over Fa.

Our proof of Lemma 4.13 generalises arguments found in Cantor’s paper [7] and
the paper of Gao and Mateer [14].

Proof. We prove (1) by induction on j. It is clear that (1) holds if j = 0, regardless
of the value of i. Therefore, suppose that (1) holds for some j € {0,...,2™ — 2}
and each 7 € {0,...,(2™ — j)t — 1}. Then

J . J .
J J T
Bive = Z (r> f+t+at Z (r> g+(j+1)t

r=0 r=0
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forie{0,...,2"m —j—1t—1} As (2™ —j— 1)t —1< (2™ — 1)t — 1, it follows
that

Bi = By — Bite
J .
_ Z J ! _ ﬁqr
- r i+(j+1)t i+(i+1)t
r=0

(i NP

o1+ ()
r=1
G+l

J+1\ 4

= Bit+e + Z ( r ) g+(j+1)t

r=1

j+1 .
- r i+(j+1)t
r=0

for i € {0,...,(2™ — j — 1)t — 1}. Thus, property (1) holds.

For i,j € N, Lucas’ lemma [22, p. 230] (see also [13]) implies that (;) =1
(mod 2) if and only if [j]i < [{]x for k € N. Using the lemma, property (2) follows
from property (1) by setting j = 2¥. Similarly, Lucas’ lemma and property (1) with
j = (2m% — 1)2* implies that

(2771—19_1)21\: K &
(2m=Fk —1)2k\ .
Bek-1yi+i = Z ( r ﬁ(q2mfl)t+i
r=0
2mF—1

k
= X A
(2m—1)t+i
r=0

= Trp ym JF o (Bem—1)t+1)

for i € {0,...,t — 1} and k € {0,...,m — 1}. Setting k¥ = 0, property (3) fol-
lows by the choice of Bgm_1y¢,...,B2m¢—1. Moreover, the trace formula implies
that Biok_1), -, Bare—1 € Fqgk for k € {0,...,m — 1}, after-which the recursive
definition of By, ..., Bam_1)—1 implies that property (4) holds.

Property (3) implies that f,...,[t—1 are linearly independent over Fy, and
belong to the kernel of the Fo-linear map ¢ : F — F given by w — w? — w.
Thus, for ¢ € {2,...,2™}, any nontrivial Fy-linear relation amongst fo, ..., Bit—1,
which necessarily involves at least one of B(;_1y, ..., Bit—1, translates under ¢ to a
nontrivial relation amongst By, ..., Bi—1)¢—1. It follows that property (5) holds by
induction on . (]

Lemma 4.13 provides generalisations of the properties of Cantor bases given
in Lemma 2.9. The following lemma may be viewed as a partial generalisation
Proposition 2.8.

Lemma 4.14. Let (V,E) be a full binary tree with n < 2™t leaves that satisfies
the following conditions:

(1) if v € V such that |L,| > t, then d(v) € {2*t | k < [logy[n/t]]}, and
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(2) if v € V such that |L,| < t, and v is either the root of the tree or a child
of a vertex v' € V with |L,/| > t, then the subtree of (V, E) rooted on v is
a reduction tree for (Bo, ..., B, |-1)-

Then (V, E) is a reduction tree for (Bo, ..., Bn-1)-
The following technical lemma is required for the proof of Lemma 4.14.

Lemma 4.15. Let pn € F™ have linearly independent entries over Fo, (V, E) be a
reduction tree for i, and w € F be nonzero. Then (V, E) is a reduction tree for wu.

Proof. We prove the lemma by induction on n. The lemma holds trivially for
n = 1. Therefore, let n > 2 and suppose that the lemma holds for all smaller
values of n. Let p = (uo,- .., ttn—1) € F™ have linearly independent entries over Fa,
(V, E) be a reduction tree for u, 7 € V be the root vertex of the tree, and w € F
be nonzero. Then p;/uo = wui/(wpo) € Foaey for i € {0,...,d(r) — 1}, the
induction hypothesis implies that the subtree rooted on r, is a reduction tree
for wa(u,d(r)) = a(wu,d(r)), and the subtree rooted on r; is a reduction tree for
0(u,d(r)) = d(wp,d(r)). Therefore, (V, E) is a reduction tree for wy. Hence, the
lemma follows by induction. O

Proof of Lemma 4.14. We prove the lemma by induction of n. Condition (2) im-
plies that the lemma holds trivially if n < ¢t. Therefore, let n € {t +1,...,2™t}
and suppose that the lemma is true for all smaller values of n. Let (V, E) be a full
binary tree with n leaves that satisfies conditions (1) and (2) of the lemma. Let
B = (Bo,---,Pn-1) and 7 € V be the root vertex of the tree. Then |L,| =n > t.
Thus, (1) implies that d(r) = 2Ft for some k < [logy[n/t]] < m. Therefore,
property (4) of Lemma 4.13 implies that 5;/80 € Fyay for i € {0,...,d(r) — 1}.
Moreover, properties (2) and (4) of the lemma imply that

(4.8)  a(B,d(r)) = (Bo.. ... Bar)-1) and 6(6,d(r)):%

The subtrees of (V, E) rooted on r, and r; satisfy the conditions of the lemma
through inheritance. Thus, the induction hypothesis and (4.8) imply that the
subtree rooted on r, is a reduction tree for a(S,d(r)). Similarly, the induction
hypothesis, Lemma 4.15 and (4.8) imply that the subtree root on rs is a reduction
tree for 6(8,d(r)). Therefore, (V, E) is a reduction tree for 5. Hence, the lemma
follows by induction. O

(Bos- - Br—ar)—1)-

We now complete the proof of Theorem 4.12 by showing that its construction
produces binary trees that satisfy the conditions of Lemma 4.14.

Proof of Theorem 4.12. For i € {1,...,[n/t]}, (Vi, E;) is a full binary tree with
min(n — (i — 1)t, t) leaves. Therefore, it is clear that (V, E) is a full binary tree with
[n/t]
Z min(n — (i — 1)t,t) =n
i=1
leaves. We show that (V| F) satisfies the conditions of Lemma 4.14.

Suppose there exists a vertex v € V such that |L,| > t. Then v is not descended
from or equal to u; for i € {1,...,[n/t]}, since (V;, E;) has at most ¢t leaves. By
the choice of (Vj, Ep), it follows that 2% of the vertices u; are descended from v,
for some k < [log,[n/t]]. Let i1,...,ig be the indices of these vertices. Then
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i1,...,99r < [n/t], since the ordering of the vertices u; implies that uf, ;1 must be
equal to vs or one of its descendants. It follows that the subtrees of (V, E) rooted
on iy, ..., ui, each have t leaves. Thus, d(v) = 2kt for some k < [log,[n/t]].
Therefore, (V, E) satisfies condition (1) of Lemma 4.14.

Suppose there exists a vertex v € V such that |L,| < ¢, and v is either the root of
the tree or the child of a vertex v' € V with |L,/| > ¢. Then v is descended from or
equal to u; for some i € {1,...,[n/t]}, since the subtrees rooted on s, ..., U, /41
each have ¢ leaves, while the subtree rooted on ur, /) has at least one leaf. If v
is the root of (V| E), then (V,E) = (V;, E;). If v is the child of a vertex v' € V
such that |L,/| > ¢, and thus |L,/| > |Ly,|, then w; is a descendant of v’. In either
case, v is equal to u;. Thus, the choice of (V;, E;) and property (3) of Lemma 4.13
imply that the subtree of (V, E) rooted on v is a reduction tree for (5o, ..., 8|5, |-1)-
Hence, (V, E) satisfies condition (2) of Lemma 4.14.
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