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Free generators and Hoffman’s isomorphism for the two-parameter shuffle
algebra

Leonard Schmitz, Nikolas Tapia

Abstract

Signature transforms have recently been extended to data indexed by two and more parameters. With free Lyndon
generators, ideas from Bso-algebras and a novel two-parameter Hoffman exponential, we provide three classes of iso-
morphisms between the underlying two-parameter shuffle and quasi-shuffle algebras. In particular, we provide a Hopf
algebraic connection to the (classical, one-parameter) shuffle algebra over the extended alphabet of connected matrix

compositions.
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1 Introduction

The collection of iterated integrals of a path (termed path signature) has been used as a tool for classification in various
settings since Chen’s seminal 1954 work [4]. In recent years—and in particular since pioneering work by Lyons and
collaborators on the use of signatures as features for data streams in the early 2010s [12, 15]—there has been a surge
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L. Schmitz, N. Tapia 2

in the number of applications, which range from calibration of financial models [1] to motion recognition [3,20] and deep
learning [16]. We refer the interested reader to the surveys by Chevyrev and Kormilitzin [5], and Lyons and McLeod [17].
A discrete counterpart of the path signature has been introduced by one of the coauthors and collaborators [6, 7], and is
likewise starting to see some applications [8].

Signature transforms, both continuous and discrete, have been extended to data indexed by two and more parameters by
either following a topological approach [10], or an algebraic approach [9]. The algebraic picture in this setting becomes
considerably more involved, and two-parameter analogues of the shuffle [10] and quasi-shuffle algebras [9] enter the
frame.

It is a well-known fact that the set of Lyndon words provides an algebraic independent generating set of the (classical,
one-parameter) shuffle and quasi-shuffle algebra, e.g. [19], [13, Thm. 2.6] or [11, Prop. 6.4.14]. The Hopf algebra structure
from [9, Thm. 2.12] guarantees that the two-parameter quasi-shuffle algebra of matrix compositions is free. In this article,
we address the following two questions posed in [9, Sec. 6]:

1 Is there a free generating set akin to Lyndon words?

2 How are two-parameter shuffles and quasi-shuffles related to each other?

We provide full answers to both questions: in Theorem 3.12 we construct an explicit family (8,,),,c¢ of free generators
indexed by Lyndon words, and in Theorem 4.1 we introduce a two-parameter version of Hoffman’s isomorphism together
with its explicit inverse, verifying that the two-parameter shuffle and quasi-shuffle are isomorphic products in the matrix
composition Hopf algebra.

Note that (B,,),,c¢ Simultaneously generates not only the two-parameter shuffle and quasi-shuffle algebra, but even the
(classical, one-parameter) shuffle algebra over the extended alphabet of connected matrix compositions. With this we
relate the (classical, one-parameter) framework [13] to the recent two-parameter development [9, 10,21]. Using ideas from
the theory of By, -algebras, we can extend this connection even to the level of Hopf algebras.

In Section 5.2 we conclude with a fruitful application of our suggested machinery: a novel and transparent proof of the
bialgebra relation with respect to diagonal deconcatenation and the two-parameter quasi-shuffle product, first stated in [9,
Thm. 2.12]. In particular, we can drastically simplify its original proof.

Notation

Throughout, let @ denote the rational number field, N = {1,2,...} the strictly positive integers, and No = {0} U N
the non-negative integers. For every matrix a € M™*" with entries from an arbitrary set M, we denote by size(a) :=
(rows(a), cols(a)) := (m, n) € N? the number of its rows and columns, respectively.

Let K be a commutative Q-algebra and (9iy, %, €) be the free commutative monoid generated by d letters {1, ..., d}.
Here, % denotes the multiplication and ¢ the neutral element with respect to the latter. From [9, Sec. 2] we recall the direct

sum,
H::@Ka

acComp

of matrix compositions, i.e., matrices with entries in Mty which do not contain e-rows or e-columns. Additionally to those
M 4-valued matrices, Comp contains the empty composition denoted by e. Recall from [3, Def. 2.1] that any two matrix
compositions a and b can be concatenated along the diagonal, ¢ = diag(a, b). We denote by Comp,,, the subset of
connected compositions, i.e., all ¢ which have only trivial decompositions, thatisa =eorb = e.

Remark 1.1. We can identify Comp with the Kleene star of connected compositions Compy,,. For this compare [9,
Lem. 2.3] which defines a one-to-one correspondence by sending the composition diag(us,...,ug) € Comp to the
word uy - - -ug € CompZ,,. The empty composition e is identified with the empty word in CompZ,,. This identification
requires to select the explicit coproduct A dual to diagonal concatenation, i.e. [9, Def. 2.10]. Whenever we speak of such
an identification, we implicitly make this choice and write H = IK{(Comp,n)-

Let len: Comp,, — N denote the length of monomials. With the identification from Remark 1.1 we have len(e) = 0
and len(a) := £ for every nonempty a = diag(us, . . ., ug) with u € Comp{, ..

DOI 10.20347/WIAS.PREPRINT.3087 Berlin 2024



Two-parameter shuffle algebras 3

2 The matrix composition Hopf algebra

We begin with recalling the two-parameter shuffle from [10], presented here in the language of [9]. Note that we define the
operation in the larger IK-module H, i.e., we use the extended alphabet Compg,,.

2.1 Two-parameter shuffles

For every n € N let X, denote the permutations of {1, ..., n}. As in the classical setting, let sh(m, s) with m,s € N
denote the subset of permutations g € X5 suchthatg(1) < ... < g(m)andg(m+1) <... < g(m+s).

Definition 2.1. The two-parameter shuffle product is the bilinear mapping
Ww:HxH—-H

determined on nonempty [K-basis elements (a, b) € Comp x Comp via

allb:= Z (diag(a, b)p‘1(u),q‘1(v))
pesh(rows(a),rows(b))
gesh(cols(a),cols(b))

uv

and whereallle :=ellla :=aforalla € Comp.

Example 2.2.

1 € e 1 e 2 2 €

T O 18 P P A P

1 € ¢ e 1 ¢ e ¢ 1

(w2 3]2[8 2 3|%|2 & 3]*[2 3 5]
e 2 3 2 € 3 2 3 ¢

+ + +

1 e & e 1 ¢ e ¢ 1

Theorem 2.3. (H, LU, A) is a graded, connected, and commutative Hopf algebra.

Proof. An elementary way of proving this is similar to [9, Thm. 2.12]. Alternatively we can use the novel two-parameter ver-
sion of Hoffman’s isomorphism & developed in this article (Theorem 4.1), or an analogous proof presented in Section 5.2
via the one-parameter framework. m]

We can describe permutations in sh(m, s) C X .5 with a one-hot matrix encoding, similar to [9, Rem. 5.8] for quasi-

shuffles. With this we can understand the two-parameter shuffle product via suitable matrix actions on the row and column
1

space'.

Remark 2.4. The following subset of permutation matrices

SH(m,s) :=={[e, - €w € - €| €Zmesltp <tpr1.kq <Kgr}

is in one-to-one correspondence to sh(m, s).

Example 2.5. Forp € sh(2,1) withp(1) =1,p(2) =3 and p(3) = 2,

1 ¢ 1 € 1 0 0 1 €
2 € =le 3 =|[{0 0 1{-[2 e
e 3| 2 € 0O 1 Of | 3
p~(u),v uv u,v uyv.
Lemma 2.6. For all nonempty a,b € Comp, we have
alllb = Z Pdiag(a,b)Q".

PeSH(rows(a),rows(b))
QeSH(cols(a),cols(b))

"The matrix action on the row and column space in Comp is defined in [9, Sec. 5.2].
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L. Schmitz, N. Tapia 4

2.2 Block shuffles

m] [m}
Let (H, LW, A) denote the classical Hopf algebra (H, LLI, A) over the extended alphabet Comp,,,, which shuffles the blocks
(connected components with respect to A) of matrix compositions. A formal way of defining this block shuffle is provided
in Definition 2.8.

Example 2.7.
o (1 & 2 ¢
M =|L 5«2
o (1 & ¢ 2 3 ¢
REIERETE N I
D2€£_1ses 2 € e ¢ 2 € €
[1]|_|_J[8 ; 4]=e 2 € e|l+le 1 e e|l+le 3 4 &
£ € 3 4 e ¢ 3 4 e ¢ ¢ |1
Definition 2.8. The block shuffle product is the bilinear mapping
[m]
w:HxH —>H,

which satisfies the recursion
[m] m) m]
diag(a, u) LU diag(b, v) = diag(a, u LU diag(b, v)) + diag(b, diag(a, u) LU v)

fora,b € Comp,,, and u, v € Comp, and such that the empty matrix composition e is the neutral element with respect to
this product.

With this we obtain the (classical, one-parameter) shuffle algebra over the extended alphabet Comp,,.

O
Theorem 2.9. (H, L, A) is a graded, connected, and commutative Hopf algebra.

As in Lemma 2.6, we encode block shuffles via matrix notation. For this, we index elements due to Remark 2.4,

-
€o101)
SH(a, b) = : | o €sh(a,b)
T
€-1(a+b)

via its rows. To encode block shuffles let ® be the Kronecker product of matrices and

- ;
€5-1(1) ® ly,

et ., ®ly,
bSHy (u, v) := T"1("”) “ | ¢ sH Z Ug, Z 7

Co-1(as1) ® 1<a<a  1<B<b
.
[€o-1(a+b) ®ly |
be a block shuffle action matrix for every o € sh(a, b) and block sizes v = (u1,...,uz) and v = (vi,..., Vp).
Lemma 2.10. Fora = diag(uy,...,u,) andb = diag(vy, ..., V) with decompositions into connected compositions u

andv, we have

alllb = Z bSH, (rows(u), rows(v)) diag(a, b) bSH. (cols(u), cols(v)) "
oesh(a,b)

where rows and cols is applied on the components of u and v, respectively.

We can write the two-parameter shuffle product (Definition 2.1) as a block shuffle (Definition 2.8) plus some lower order
terms with respect to the length in Comp.

DOI 10.20347/WIAS.PREPRINT.3087 Berlin 2024



Two-parameter shuffle algebras 5

Lemma 2.11. Foralla,b € Comp,

aL|_|b=a|_I|j_|b+ Z c;

1<i<¢

where ¢; € Comp withlen(c;) < len(a) + len(b) forall1 < i < €.

Proof. Follows with Lemmas 2.6 and 2.10. ]

2.3 Two-parameter quasi-shuffles
As in the classical setting, let gsh(m, s;j) with m, s, j € N denote the set of surjections

g:{1,...,m+s}-»{1,...,j}

such that g(1) < ... < g(m)and g(m+1) < ... < g(m + s). From [9, Def. 2.8] we recall the two-parameter
quasi-shuffle product
X p.q
G Cik
alib=)" > : : )
Jj.keN  peqgsh(m,sy) cp’q cp'q
gegsh(n,t;k) Ji e J:k
where
cy) = diag(ab),, € My.
uep™(x)
veq ' (y)

As discussed in [9, Rem. 5.8 and Lem. 5.11], we know that gsh(m, s; ) is in one-to-one correspondence to

) 1 <<y
e, | € N{)X(m“) K1 < 0 <Ks
right invertible

QSH(m, s;j) = [e[1 - -

m

and that Equation (1) translates to

allib= Z Z Pdiag(a,b)Q".

J.keN  PeQSH(m,sy)
QeQSH(n,t;k)

From [9, Thm. 2.12] we know that (H, Iils_l, A) is a graded, connected, and commutative Hopf algebra.

Similar as in Lemma 2.11 for two-parameter shuffles, we can write Equation (1) as a block shuffle plus some lower order
terms with respect to the length in Comp.

Lemma 2.12. For all nonempty a,b € Comp,

as [m]
allb=allb+ Z (oF

1<i<¢t

where ¢; € Comp with len(¢;) < len(a) +len(b) forall1 < i < €.

3 Free Lyndon generators

3.1 Total order on connected compositions

We equip Comp,,, with a total order, e.g. part 2. of Definition 3.1. Note that this explicit order is arbitrary, and can be
exchanged by any other total order. For convenience, this explicit choice is fixed throughout this section, and illustrated in
Example 3.2.

Definition 3.1.

DOI 10.20347/WIAS.PREPRINT.3087 Berlin 2024



L. Schmitz, N. Tapia 6

1 Let (My, >) be ordered degree-lexicoraphically with 1 < - - - < d. For arbitrary n € N, extend this lexicographically

to (M7, >) via
p>qi= {91 >qqor

p; =q;foralli <j—1andp; > qj,
where p,q € M.

2 Forevery n € N, let (YD?Z, >) be ordered according to part 1. Using this, we equip (Compg,,, >) with a strict total
order via
rows(a) > rows(b) or

a > b := { (rows(a) = rows(b) and cols(a) > cols(b)) or
size(a) = size(b) and vec(a) > vec(b),

where a,b € Comp,,,,. Furthermore, let a > e for every a.

Example 3.2. For > according to part 2. of Definition 3.1, we have for instance

[1]<[2] <[1x2x3]<[1 2]<[2 1]<|]

<m<; ;].

Having a total order on Comp,,,, we can extend it to Comp,,. Note that we do not yet identify Comp,,, with Comp.

Definition 3.3. Let (Comp,,,, >) be totally ordered.
1 We recall the lexicographic order <, on CompZ,, via

< either 3/ < min{len(u),len(v)} 1u; <viAu;j =v; Vj <i—1
U<ex V= .
& or Jda € Compg,, : v = ua.

2 Let the graded lexicographic order on Comp,, be denoted by <grey, that is

len(u) < len(v) or
U <grlex V =
len(u) =len(v) and u <jex V.

The order <gex in part 2. of Definition 3.3 is len-compatible by construction, i.e., elements are first ordered by its length,
and afterwards lexicographically to break ties. Furthermore it is a monomial order, i.e.,

a <giex b = uav <giex ubv

for all a, b, u, v € Comp,,.

Example 3.4. We continue with Example 3.2, i.e., we have a total order on Comp,,, according to Definition 3.1. Let <gyex
be due to Definition 3.3, e.g.,

1
[1] <orex [1 %2 %3] <o [3 e

e [1112] <t [21[1) < 3| 2141

While the order of Comp,,,, from Definition 3.1 was arbitrary, the way Definition 3.3 extends it to Comp,, is crucial for the
following section.

3.2 Lyndon words

A word w € Comp,,,, is a Lyndon word, if and only if it is nonempty and lexicographically strictly smaller than any of its
proper suffixes, that is w <jex v for all nonempty words v € CompZ,, such that w = uv and u € Compy,, is nonempty.
Let & = £(Compgen, <lex) be the set of Lyndon words over the alphabet Comp,,,. We define a family (8,),,cq of
compositions via

B,, = diag(w1, ..., Wen(w)) 2

for every w = wq ... Wign(w) € L.

DOI 10.20347/WIAS.PREPRINT.3087 Berlin 2024



Two-parameter shuffle algebras 7

Example 3.5. In the setting of Example 3.4, we have for instance

UNEARIERE] AN
and as non-examples,

A3 0 23] e e

In Theorem 3.12 we show that (B,,),, ¢ is a family of free generators for the block shuffle algebra, as well as for two-
parameter shuffle algebra, and for the two-parameter quasi-shuffle algebra. Definition 3.6 treats these three products from
above in parallel, and requires the so-called CFL factorization of words.

For nonempty u € Compy,, let (a1, ..., ap) be its Chen-Fox-Lyndon (CFL) factorization, i.e., we have u = a7 ... ap
and a1 2jex - Zjex 8p for a; € L with T </ < p. This factorization always exists and it is unique, see e.g. [11,
Thm. 6.1.27].

Definition 3.6. Let (H, m, +) be a commutative [K-algebra. For every nonempty word u € Comp?,,, we define
B =m(Ba,....8B,) € H

where (a1, ..., ap) is the CFL factorization of u, and 8, is according to Equation (2). If u is empty, we define B, := e.

Note that for every Lyndon word w € £ the identification in Remark 1.1 and B,, from eg. (2) provide the same element in
H. Otherwise, if U = Uy ... Ujgn(y) & £ is nonempty with u; € Comp,,, for 1 < i < len(u), then Definition 3.6 yields 5,7,
which is distinct from diag(ur, . . ., Uien(u))-

Example 3.7. We continue with the framework of Example 3.5.

1
1 For Lyndon word w = [3] [2] € & we have

W

<

Il

W

S

1l
™ M W
N —

regardless of the product m in H.
1 . 1 2
2 Foru = 2 [3] € Comp;,, we have a = (a1, az) = ( ol [3]) € g,
In the algebras (H, I_?_I, +) and (H, LU, +) we have

1 i
8 =8, L8, = [2] W3] and BY =8, W8S, = H w [3].

From now on, we identify Compg,, with Comp as discussed in Remark 1.1. Then, <4ex extends to the graded lexicoraphic
order in H = IK(Compe,,). LetIm : H \ {0} — Comp denote the leading monomial with respect to <griex.

Corollary 3.8. Forevery a,b € H \ {0}, we have
[m] as
Im(a W b) =Im(aw b) =Im(a L b).
Proof. This is an immediate consequence of Lemmas 2.11 and 2.12. O

For nonempty a € Comp let B = Bmuulen(a) be according to Definition 3.6, and where u is the decomposition of a into

connected compositions. Furthermore, let 8" := e.

[m] S
Lemma 3.9. In the three KK-algebras (H, m,+) with m € {LL, L, Ifl_l} we have
Im(B) =a

for every a € Comp.
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Proof. Clearly Im(e) = e, hence we can assume that a is nonempty. We use induction over the length of a, i.e., we show
Im(8B, 4,) = diag(ur,...,u,)

for every n € N and u; € Compg,, with 1 < / < n. The base case n = 1 is clear with Comp,,, € £. For the induction
step, let (a1, ..., ap) be the CFL factorization of a word uq .. .u, with length n. The case p = 1 is clear again with
Compg,, S L. Assuming p > 1, the CFL decompositions of u := a7 and v = ay...a, are a7 and (az,...,ap)
respectively. Clearly u € £ hence B = diag(uy, ..., ug) for a unique € € N. Furthermore len(v) < n, thus inductively

Im(8)") =Im(8y,,, 4,) = diag(Ues1,...,up,). 3)

Ugit.

Now we have to distinguish between the underlying product m.

[m}
1 If m = LW then
| mr g O Og O
By, =Ba W wWB, " =8,7 W B,"
. D .
= diag(uy, ..., up) W diag(Ugs1, ..., Up,)
thus with a basic fact [11, Thm. 6.2.2] about Lyndon words,
W , o
Im(B,,. 4,) = Im(diag(uy, . .., ug) LU diag(Ugs1, - - ., Up))
= diag(uy, ..., up).

2 In the remaining cases m € {LL, EIS_I} we use p — 1 times Corollary 3.8, and also part 1., that is
m & ,
Im(By ) =Im(B,, ) =diag(ur,...,up).

]

[m} S
Corollary 3.10. Via the K-algebras (H, m,+) with m € {L, L, ELI} we obtain three distinct [K-bases (B]") for

the underlying IK-module (H, +).

acComp

Proof. We know that Comp is a K-basis of H. Lemma 3.9 implies that (B-T)aecOmp expands invertibly triangularly with
respect to Comp for every mso it is a [K-basis, too. O

We recall another fact about Lyndon words.

Lemma 3.11. The family (B,),,c¢ freely generates (H, m,+) if and only if (B]") is a K-basis of (H, +).

acComp
Proof. Consider for instance [11, Lem. 6.3.7]. O

[m} S
Theorem 3.12. The family (B,,),,ce freely generates the three K-algebras (H, U, +), (H, LU, +) and (H, EI_I, +).
Proof. Follows with Corollary 3.10 and Lemma 3.11. O

Tables 1 and 2 provide examples of non-trivial expressions in terms of their generators. One way of producing these is by
using Corollary 3.10 and <gex to subtract leading terms by B/ when considered as monomials in B,, for w € £.

3.3 Isomorphisms due to Lyndon generators
[m] as
Corollary 3.13. We have (H, LU, +) = (H, W, +) = (H, L, +) as K-algebras.

In Theorem 4.1 and corollary 5.6 we lift this statement even to the level of Hopf algebras. Note that the explicit mappings
constructed in Corollary 3.13 are not compatible with A, and thus, they cannot be considered as isomorphisms of Hopf
algebras.

DOI 10.20347/WIAS.PREPRINT.3087 Berlin 2024



Two-parameter shuffle algebras 9

Comp | (H, ﬁ, +) in terms of its free generators (By, )wege

2 e m] 1 €

2ol mee-|)

1 € u]

o] e
1 2 € u] 3 € ¢
e || I AwBl-|, 7
e 1 ¢ : 1 e ¢
1 € ¢ [? . U_|[1]— e ¢ |
e ¢ | E e 1 ¢
2 e €] 2 4 o[ 1 & ¢
e 3 ¢ [ SLLI[1]—[2]LLI[ +le 3 ¢

e 3 e 3
e & 1] : e € 2
3 € ¢ ol e 1 e ¢ 1 e ¢
e 1 ¢ [3] ol = 2 el—-|e 3 €
e e 2 € e € 3 e € 2
3 e g u] u] 2 g|no ol|l e e ¢
e 2 ¢ [1]m[z]m[3]_[€ 3]Lu[1]—[3]m[ “l4]e 2 -
e 1 e € 3
1 € ¢ 1 o 1 € ¢
e 2 ¢ [ e]l.u[1]—2£ 1 €
e 2

e e 1 e € 2

Table 1: Block shuffles

o
Proof of Corollary 3.13. With the universal property of (H, L, +), we obtain an isomorphism of algebras ¥ to (H, LI, +)
by setting ¥(B,,) = B, for every w € . Its inverse is defined analogously via ¥~'(8,,) = B,,. The remaining
isomorphisms are constructed in the same way. O

In the following, we illustrate one of the isomorphisms from Corollary 3.13.

[m]
Example 3.14. Let ¥ be the [K-algebra isomorphism from (H, LU, +) to (H, W, +). Lyndon generators are mapped to
each other, e.g.
1 €
<. 3

Otherwise we write compositions in terms of their generators and apply ¥ such that it respects sums and products, e.g.,

1 €
e 2

‘I’([]]) = [1] or Y(

‘V([i f]):lv(mfu[z]—[l ;)=‘V([1])m‘l‘([2])—‘l’([l ‘;])

ST A 1 O Y Y

+
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L. Schmitz, N. Tapia 10

Comp | (H,LU,+) interms of its free generators (By )y cg

2 €] 1 € e 1 e 2

P N DT I o A B

1 € e 1

I AU TOE
1T 2 € 3 € ¢ 1 e 2 e € 3 e 3 ¢ e 1 2
[e 3] [1 2]m[3]_[ 1 21 e 3 e]_1 2 e]_1 £ 2]_3 £ e]
e 1 ¢ : 1 € ¢ e ¢ | e 1 ¢ e ¢ |
1 e ¢ T ELu[1]—a £ -2|1 e e|-2le € 1]-3le 1 ¢
e ¢ 1 e 1 ¢ e 1 ¢ 1 € ¢ 1 € ¢

Table 2: Two-parameter shuffles

or

e ¢ 3

A TR LN
=w([1 2])LL|‘I’([3])—‘|’([:: ’ 8])

e 3
=1 2]|_|_|[3]—[; i g]

|13 & e
e 102

1 & 2
e 3 ¢

[V}

s3+s3a+a12
2 &gl |1 & 2 3 ¢ g

However, an isomorphism of Hopf algebras is not obtained with this construction, as illustrated in the following.

—_

m]
Example 3.15. We continue in the framework of Example 3.14, i.e., let ¥ be the [K-algebra isomorphism from (H, LU, +)

to (H, LU, +). Then, with
0 21 D2 D[] e &
and Equation (2), we have
1

g ¢
(YoV¥Y)oA(le 1 ¢€f)
e ¢ 2

1 e ¢ 1 e 1 e 1 e ¢
=le 1 e|loe+|l]® +W¥( )@ [2]+e®|e 1 &
e 2 1
e ¢ 2 e € 2
1 & ¢ 1 e ¢
#A(le 1 eg])=Ao¥(le 1 ¢gf),
g ¢ 2 e € 2

since with Table 1,

so Y does not respect the coproduct A.

4 Hoffman’s isomorphism for two parameters

In this section we introduce a novel two-parameter version of Hoffman’s isomorphism (Definition 4.2) together with its
explicit inverse (Lemma 4.11). With this we obtain the following main result.
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Theorem 4.1. The Hopf algebras (H, LU, A) and (H, Iils_l, A) are isomorphic.

We prove this in this section. A sequence I = (I;,...,I;) € N¥ of positive integers is called a (classical, one-parameter)
composition of n € Ny, if I + - - - + I, = n. Conventionally the empty composition is counted as the sole composition of
0. Denote the set of all compositions of n by C(n).

For nonempty a € Comp, I € C(rows(a)) and J € C(cols(a)) let a; ; denote the action of I and J on the rows
and columns of a, respectively. This action is formally provided in Definition 4.7. Let len(I) = ¢ denote the length and
It=I)l. .. Iien(r)! the factorial of I € N,

The following explicit mapping @ is motivated by Hoffman’s isomorphism [13, Thm. 2.5], and here generalized for two
parameters.

Definition 4.2. Let ® be the [K-linear mapping from (H, L, A) to (H, Iq_ls_l, A) which satisfies ®(e) := e and

1
d(a) = Z T ary

IeC(rows(a)) =
JeC(cols(a))

for every nonempty K-basis element a € Comp.

Example 4.3.

1 e 1T ¢g]l 1[1] 1 1
d>([£ 2])‘[5 2|22 +§[1 2]+Z[1*2],
1 € 1 € - 1
1T 20 11 e 1
d(le 2|)=|e 2{+5 + = + =2
c 3 e 3 2|le 3] 2| 2%3 23
T[rx2] 1] 1 1
1 B R P +E[1*2*3]

We first show that @ is multiplicative.

Lemma 4.4. Foralla,b € Comp,
d(allb) = d(a) (L d(b).

4.1 Row and column action on matrix compositions

In order to prove Lemma 4.4, we rewrite Definition 4.2 using matrix notation. For this, we introduce a one-hot matrix
encoding of a (classical, one-parameter) composition.

Lemma 4.5. Forallv, € € N, the set
fuse(v,€) = {[e, ... e,]eNg |y < - <ipandy—1_g <1}

is in one-to-one correspondence to the set {I € C(£) | len(I) = v} of compositions with length v.

Example 4.6. The one-hot encodings of all C(4) with length 2 are given by
1T 1 1 0|17 1 0 O]fr 0 0O O
me(z‘”‘”o 00 1Ho 01 1Ho 11 1]}

Proof of Lemma 4.5. For any a € N let
aei=|e ... e]eNy. )
With this we obtain a bijective mapping via
[I1.e1 ... I,.e/] €tuse(v,®)
for every I € C(€) withlen(I) = v. O
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L. Schmitz, N. Tapia 12

Definition 4.7. For all nonempty a € Comp and
(I,J) € C(rows(a)) x C(cols(a))

let
(P, Q) € fuse(len(I), rows(a)) X fuse(len(J), cols(a))

denote the corresponding one-hot encodings due to Lemma 4.5. Then, we set
ar = PaQ

using the matrix action of P and Q on the rows and columns of a, respectively. For P let P! := I'!l denote the factorial of its
corresponding composition I.

The one-hot encodings of compositions satisfy the following properties.
Lemma4.8. Forall€ = €1+ €, andv = vi + v, we have

size(U) = (&1, v7)

{diag(U, V) € fuse(¢, v) size(V) = (£2,v2)

} = diag(fuse(£1, v1), fuse(€2, v2)),

where the operation diag is applied entrywise.

Lemma 4.9. I/fV = diag(V1, V) € fuse(¥¢, v) withV; € fuse(¢;, v;) fori € {1,2}, thenV! = VIV, 1.
Furthermore, all matrices in fuse(v, €) are right invertible, and Definition 4.2 translates to

1 T
u,veN Uefuse(u,rows(a))
Vefuse(v,cols(a))

4.2 Multiplication

From the proof of [13, Thm. 2.5] we recall the following combinatorial (one-parameter) argument in the language of our
one-hot matrix encodings. We apply this argument on both axes simultaneously, and thus show that @ is multiplicative
(Lemma 4.4).

Lemma 4.10. Leta, b € N be fixed.

1 Foralluy, uy,j € N, the mapping
My, u,)j = QSH(u1, ug;j) X fuse(ur, a) X fuse(uz, b) — N{)X(”b)
(A,U1,Uz) — Adiag(U1, Uz)

is injective.

2 Forallj € NandW € Im(N;) with
N; : fuse(j, a + b) x SH(a, b) — N{)x(”b)
(U,P) > UP
there is a unique U such that N; (U, P) = W.

3 Forallj € N,
Im(Nj) = L—IJ |m(MU1,U2,j).

ur,uz
4 Each non-empty preimage Nj‘1 (UP) has the cardinality

u!
#N7T(UP) = ——
J (UP) Uq!Uy!

where UP = Adiag(Us, Uy) due to part 3.
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Despite this being well-known, we provide a proof for completeness.

Proof of Lemma 4.10. The elements in Im(M,, 4, ;) are given by actions on the columns in A, that is

Adiag(U;, Uy)
IR R | S A
=[Li.e, ... L.e, Jieq ... JUZ.eKuz] (6)
where t.e; is according to eq. (4) for t € N. Whenever
[I1.e, ... L., Jieq ... JUZ.eKUZ]
=[Le ... Ijey Jiew ... Jj.eq]

thenI =1',J=J,t=(andk =«’,i.e., part 1.
For part 2. let UP = U'P” with U, U’ € fuse(j, a + b) and P,P’ € SH(a, b). Then U = U'P’P~', and therefore U = U’
dueto PP~ € 3,,p.

For part 3. the elements UP € Im(/;) are given by U, acting on the rows in

P=les, ... o] =lew - € e ... eyl

with permutation o € 2 .+ and two strictly increasing and disjoint ¢ and v. This determines unique K € C(j, a2 + b) and
m, n € Ny such that

UP=[Ki.er ... Kje]leo ... eo,,] @)

= [m1.e1 m;.e; n.eq nj.ej]

with 0.e; encoding an empty block whenever m; or n; is zero for 1 </ < j. We obtain eq. (6) by viewing m and n as
elements I € C(u1, a) and J € C(u, b), i.e., by omitting all the j — u7 zero entries in m, and the j — u; zero entries in
n. This implies

m(Ny) € ) Im(My, u,.7). ®)

ur,uz
In eq. (6) we can count the number of non-zero rows v and s in the first 2 and remaining b columns, which implies that
the union in eq. (8) is disjoint. In part 2. we showed already that the only freedom for eq. (7) comes from different choices
of P. In particular there are exactly
Kil...K;! Kil...K;! uU!

mil...mim!...n;t " Il Tenny it Jien(sy! UplUa!

choices of P’ € SH(a, b) such that UP = UP’ is satisfied. It remains to show equality in eq. (8). For this let

W e |+ Im(My, u,,),

uy,uz
so there are unique vy and u, such that W € Im(M,,, ,, /). With part 1. there is a unique

(A,U1,Uy) € QSH(u1, ug;j) X fuse(ui, a) X fuse(uy, b)

such that W = Adiag(U;, U,). Let t,k, I and J as in eq. (8). Since A is right invertible there exist disjoint I; < - -+ < [,
and Ry < --- <Rpsuchthat {i1,.... 0} ={t1,...,t, }, {K1,.. .. &} = {k1,...,ky, } and

{T,.. .., U{k, ..., Rpy ={t1,.. .ty yU{kr, .. okt ={1,...,a + b}.

This defines

P = [e;] R T -7 e,gb]ESH(a,b).

Choose now U € fuse(/, a + b) such that N;(U,P) = UP = W. o

With this we verify that ® is multiplicative.
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Proof of Lemma 4.4. For all nonempty matrix compositions a and b,

_ 1 . TyT
d(allb) = Z Z Gy UP diag(a.b)a’V

j Uefuse(j,rows(diag(a,b)))

k  Vefuse(k,cols(diag(a,b)))
PeSH(rows(a),rows(b))
QeSH(cols(a),cols(b))

#Nj‘1 (UP#N. T (VQ)

4.10.4 ) ToT
2 Z Z T UP diag(a, b)Q"V
J uPeim(N;))
k vaeim(Ny)
® : T T\RT
= ————  Adiag(U aV, ,UybV, )B
Z AT AR 2bV2)
J Uqefuse(ur,rows(a))
k  Upfuse(up,rows(b))

51 Vi efuse(vy,cols(a))
v12 V; efuse(va,cols(b))
V2 AEQSH(U],UQ'J)
BeQSH(v1,vp;k)

= ®(a) i d(b),
with summands

UP diag(a,b)Q"V™ = M (A, Uy, U,) diag(a,b)M (B, V1, Vo) "
= Adiag(Us, Uy) diag(a, b)diag(V1, Vo) ' BT
= Adiag(UjaV{,U,bV;)B™, 9)

with Lemma 4.10.3, and due to elementary block arithmetic. O

4.3 Invertibility

We provide the explicit inverse of our two-parameter Hoffman’s isomorphism.

Lemma 4.11. The homomorphism & is invertible, where

(_1 )rows(a)—Ien(I)+coIs(a)—Ien(J)

> (a) = .
IEC(r%s(a)) Lo Den(ry 1 - - Jien(u)
JeC(cols(a))

for every nonempty a € Comp.

Example 4.12.
o '([1]) = [1]. ¢‘W[H)=|;]—%[1*2L
[ M BT T RETRR YRS

In order to prove this, we introduce further notation. For two fixed formal power series in one variable ¢, and without

constant term,
F= it g =Y gt <t K,
ieN ieN

we define a [K-linear evaluation evalr , € End(H) via

eval,c,g(a) = Z f]1 .. fjlenmg_/1 o+« lon(y AL
IeC(rows(a))
JeC(cols(a))

for every [K-basis element a € Comp. For every i € N let [t']f := f; denote the coefficient of £ at monomial t/. We
introduce the two-parameter generalization of [14, Thm. 3.1].
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Two-parameter shuffle algebras 15

Lemma 4.13. We have
evalf p oevalg g = evalfog pog

forevery f,g,p,q € t - K[t].

We recall the one-parameter argument from [14, eq. (9)],

k
[“1(F o g) = ) [¢]F[t*]e’ (10

=
forevery f,g € t - K[[t] and k € N. Leta € Comp be fixed. For I € C(rows(a)) with len(I) = x and J € C(x) let
J © I = (I1 +-- 4+ IJ17 IJ1+1 +- 4+ IJ1+JZ9 st I./1+~~~+./e,1+1 + IX) € C(I’OWS(a))

denote the concatenation of I and J. Note that len(J o I) = len(J). Recall further from [14, eq. (11)] that for all K €
C(rows(a)),

[tX](Fog)...[the® ] (f o g)
rows(a)
= Z Z Z [, [t F [0 g ... [t™]g. (11)

x=1 JeC(x) IeC(rows(a))
len(J)=len(K) JoI=K

Proof of Lemma 4.13. We use the recalled one-parameter argument from above on rows and columns, i.e.

evalfog pog(a)

= Y [N(Fog)... [N (Fog)[t1(pog)... 14 (po gax.
KeC(rows(a))
LeC(cols(a))

woy > > (]‘[[rfa]g)(]:[[t*‘ﬂq)(ﬂ[r*]f)(]j[tﬂqp) ak.L

KeC(rows(a)) JeC(x) IeC(rows(a))\ a s
LeC(cols(a)) BeC(y) AeC(cols(a))

1<x<rows(a) len(J)=len(K) with
1<y<cols(a) len(B)=len(L) ég{q::"i

N N 1

IEC(rows(a))( a 1<x<rows(a) JeC(x) \ s

A€eC(cols(a)) 1<y<cols(a) BeC(y)
with
len(I)=x
len(A)=y
= > [thg.. [ten]g[tM]g. .. [t4]q evalrp(ar.a)
IeC(rows(a))
AeC(cols(a))

= evalf , o evalg (a)

for every [K-basis element a € Comp. O

Proof of Lemma 4.11. This follows by choosing 7 (t) := g(t) := e — 1 in the situation of Lemma 4.13. )

4.4 Comultiplication

Lemma 4.14. The homomorphism ® respects deconcatenation, i.e.,

(PR@P)ocA=Aod.

In order to prove Lemma 4.14 we introduce splittings similar to [3, Sec. 5.3].
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Definition 4.15. For fixed a = diag(us, . . ., Uen(a)) and 0 < a < len(a), we say that
(U, V) € fuse(u, rows(a)) x fuse(v, cols(a))

is a-decomposable, if
(U,V) = (diag(U1, Uz), diag(V1,V2)) (12)

with u = U1 + up and v = vy + v, such that
(Uy,Uy) € fuse(u1, Z rows(u;)) X fuse| us, Z rows(u;)
1<i<a a+1<i<len(a)

and

(V1,Vy) € fuse(\q, Z cols(u,-)) X fuse| v, Z cols(u;) |.

1<i<a a+1<i<len(a)

Lemma 4.16. I/f (U, V) is a-decomposable, then its decomposition from eq. (12) is unique.
Similar to [9, Lem. 5.21] we describe the block structure of matrix compositions after the action due to Definition 4.7.
Lemma 4.17. For fixed UV and a, the set
{(x,y) € Comp? | x £ e # y A diag(x,y) = UaV'}
is in one-to-one correspondence to all splittings,

Syyv = {1 <a <len(a) | (U,V) is a-decomposable}.

Proof. If a € Gy then (U, V) is a-decomposable, and therefore,

UaV'™ = diag(U;, Uy) diag(u, . .., Uen(a)) diag(V1,V2)
= diag(U diag(us, . .., Ug)V1, Uz diag(Ug+1, - - -, Uien(a)) V2) (13)
=: diag(x'®), y(®),

where different a yield x(®) and y(®) of varying size.

Conversely, with size(u;) = (u;, v;) and cumulative sum u; := uy + - - - + u;, if

T
UaVT = *1Ssslen(a) [eﬂ(g“f”ﬂ) e eﬂﬂs ]Vs [el(is“) e ell(s“)
= diag(x,y)
with size(x) = (J1, k1) then all s-indexed factors
.
e/-‘(g(s_1)+1) e e,ugs]vs I:e[(is”) o eLK(sH)] = diag(x1(5)’ Y‘ES))

decompose with size(xgs)) = (Jj1, k1). Furthermore, xgs) has all entries equal to € or y#s) does. With UaV™ € Comp

Q)

1 e x(a) have entries different from &, and

and increasing y and ¢, there is a unique 0 < a < len(a) such that x

x1(a+1), .. .,x('e"(a)) have all entries equal to €. Therefore, U and V are of shape (12). If UaV™T = diag(x’,y’) has a
second decomposition with resulting splitting a” € G} , then rows(x) < rows(x") and cols(x) < cols(x") without loss of
generality, thus a < a’. O
Proof of Lemma 4.14. Let a = diag(uy, ..., u,) with len(a) = a, and for simplicity,

A(b) :=A(b)—-b®e—e®b
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for every b. Then, with Lemma 4.17,

Aod(a) = Z Z ﬁA(UaVT) - d(a)@e—e®d(a)

u,v Uefuse(u,rows(a))
Vefuse(v,cols(a))

53 e 3 e

u,v Uefuse(u,rows(a)) uvi x,y€Comp \{e}

Vefuse(v,cols(a)) diag(x,y)=UaV™
(13) 1 . ,
= Z Z Vi Z U; diag(uy, . .., ug)V; ® Updiag(Ugst, ..., us)V,
uv UV aeeav

49 Z Z Z Uj diag(uy, . .., ug )V o Uz diag(ugs+1, - - - > Ua)Vy
Uq!vq! Uy IVo!

uy UV 1<a<a
such that U,V
a-decomposable

~ Z Z Z Uj diag(us, . .., ug)V, o Uz diag(ug+1, - - ., Ua)Vy
1<a<a u,v uv U1 !V1 ! UQ!VZ!
a-decomposable

48 Z Z Z U, diag(us, . .. ,Ua)v;r ® Z Z U, diag(ug+1, - - -,Ua)V;—
U !Ivq! U, !V,!

1<a<al U1 U
Vi V1

Z ®(diag(uy, ..., uy)) ® O(diag(ugst,...,us))

1<a<a

(® ® ®) o A(a)

and thus the claim with ®(e) = e. ]
Putting it all together, we can prove the main result of this section.

Proof of Theorem 4.1. Use Definition 4.2 and Lemmas 4.4, 4.11 and 4.14. O

5 Implicit isomorphisms of Hopf algebras

Let us recall from Remark 1.1 that as a coalgebra, H = IK{Comp,,,) is isomorphic to a deconcatenation coalgebra, and
therefore it is cofree over Comp,,,. This means in particular that we have some tools at our disposal for defining Hopf
maps to and from H. We denote by 7 : H — Comp,,, the projection, orthogonal to

@ Ka.
aeComp \ Comp,,
We note that for any a, b € Comp,
m)
n(allb) =0. (14)

Let (C, Ac) be any graded connected coalgebra. By cofreeness of H, a coalgebra homomorphism ¥ : C — H is
characterized by its projectiol
w=moV¥:C" — Compgy,

where C* = ker ec denotes the augmentation ideal, and moreover
. ~(n=1
Y= Zdlago w®" OA(C" ),
nx1
Further still, ¥ is a coalgebra isomorphism if and only if y is a linear isomorphism.

As a consequence, two coalgebra morphisms ¥, ¥’ : C — H coincide if and only if w = yw’. Applying thisto C = HQH,

m]
and the maps Ll o (W ® V) and ¥ o LLI, we see that a coalgebra morphism W is a bialgebra morphism, if and only if these
are equal. By cofreeness and eq. (14) this condition is equivalent to requiring that for any a,b € Comp,

y(aWwb)=0. (15)
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One can make use of this condition together with certain maps that decompose elements in H as two-parameter shuffle
[m}
polynomials to obtain bialgebra (hence Hopf algebra) homomorphisms from (H, L) to (H, LL).

5.1 Leray’s theorem

s m]
In this section m denotes either LL, EI_I orLu. Forf,g € End(H) we have the convolution product
fxg:=mo(f®g)oA € End(H),

and in particular, £*° := id and £*K := £ % £*(*=1) for every k € N. The mapping id —u o € with counit € and unit y is
s-nilpotent, i.e., for all 2 € H there is k € N such that £*%(a) = 0. This defines the Eulerian idempotent

P (_1)k_1 . k
e :=log™(id) := Z ———(id—u o €)" € End(H).

k=1 k

Note that
(kere)? = {m(a®b) | a,b € kere}

is a K-submodule of ker €.

For the following two results see [18, Sec. 7], [2, Sec. 4.3] or [11, Thm. 1.7.29].
Lemma 5.1. We have
1 kere = K + (kere)? and
~ (kere) )
2 Ime = /(kere)2 as K-modules.

Theorem 5.2 (Leray). H = Sym(Im¢) as [K-algebras.

If K is a field and B a [K-basis of Im ¢, then H = K[ B] as [K-algebras, where [K[ B] denotes the polynomial algebra over
B considered as a set of symbols.

By definition the identity
id = exp*(e)

holds, thus we get an explicit decomposition of any matrix composition as a polynomial in elements of Im ¢, namely

1
Up...up = Z mm(e(m s Un) ® -+ @ (ULt L)y +1 -..Ug)).
IeC(¢)

From Lemma 5.1 we see that ¢ fulfills condition (15). However, it is not always true that Im ¢ C Compg,,, as the following
example shows.

Example 5.3. Let m be the two-parameter shuffle product LLI. Then

X P | A 8 A 8 S B8
o O | A R A

Combining Theorem 5.2 with results from the previous section we obtain the following result.

1 e

e 2 +

O O
Theorem 5.4. LetLogl: (H, W) — (H, L) be the unique bialgebra map induced by 7 o ¢. It is an isomorphism, and
its inverse

ExpJ : (H, LIElI) — (H, W)
LL
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is recursively given by
m mi
TTn (Exp“DJ (ﬂm(a))) = - Z 7p 0 Exp'S o mg o Logy, o mm(a), n < m,
L P L

where fork e N,y - H — Compé(on denotes the canonical projection onto the space of matrix compositions with exactly
k connected blocks. The same holds after replacing LUl by L.

m]
Proof. Note that the restriction of Logi] to Comp,,, is the identity map, thus it is a linear isomorphism. Hence, it is
an isomorphism of algebras. The formula for Exp“DJ follows from a general expression for inversion of lower-triangular
L

maps. O

O
Remark 5.5. Note that in the terminology of [14, Prop. 4.1] the map & o ¢ is a contraction, and the map Logﬁ is the

corresponding expansion.

In particular, by considering appropriate compositions of the exponential and logarithm maps we obtain:

Corollary 5.6. We have (H, I_?_I, A) = (H, W, A) = (H, L, A) as Hopf algebras.

5.2 Application: New proof of the two-parameter bialgebra relation

In this section we present a new proof of the bialgebra relation in (H, Iils_l, A), using the isomorphism to the (classical,
one-parameter) block shuffle algebra introduced in this article.

Proof of Thm. 5.24 in [9]. With isomporphism ¥ from (H, I_?_I, A)to (H, (L, A) according to Theorem 5.4,

Aoli=AoMo(¥W@V¥)o (Y Ty
—AoVYolloW ey
= (YY) oAolo(Y oy
2 (YeoV¥) o(lew)o(dereid) o (A A) o (Y oy
=(Del)o¥*o(der®id) o (A®A) o (¥ '@V
=(L®l)o(der®id) o ¥®* o (A®A) o (¥ oY)
=(Mel)o(der®ido(A®A) o (¥@d)o (¥ ' @y
=(Wel)o(der®id) o (A®A),

where T denotes the flip homomorphism determined by 7(a ® b) := b ® a for all a,b € Comp. O

6 Conclusions and outlook

We have used free Lyndon generators, ideas from B -algebras, and a novel two-parameter Hoffman’s exponential to
provide three different classes of isomorphisms between the two-parameter shuffle and quasi-shuffle algebra. In particular,
we have provided a Hopf algebraic connection to the (classical, one-parameter) shuffle algebra over the extended alphabet
of connected matrix compositions.

1 The here suggested machinery should be useful also for [10,21] since it provides free generators and an underlying
Hopf algebra structure for two-parameter mapping space signatures. In particular, it is now possible to manage all
coefficients that are algebraically dependent through shuffling. This is one of the primary reasons to consider log
signatures in the one-parameter setting.

2 Already in[9, Sec. 6] we addressed the issue to generalize our work for p > 2 parameters. The new strategy applied
in Section 5.2 should allow us to work around elementary block-tensor arithmetic and prevent us from notational
clutter.
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3 The unsolved question from [9, Sec. 6] regarding the computational complexity of the two-parameter sums signature,

taken at an arbitrary matrix composition, can now be reduced to a set of free generators introduced in this article.
For example Theorem 3.12 provides the relation

NN

which allows us to compute for every eventually zero Z : N? — K9 the matrix

14 1 > EKHXTZ
1T el J1cn<n

1<t,<T)

e 1
1 e

]]_[1 -2 [ix]

(<SSOQ;t(Z)7

in linear time O (T T3). So far, the (iteratively) chained coefficients from [9, Thm 4.5] and the algebraic relations ac-
cording to quasi-shuffles do not yield linear complexity algorithms for all coefficients of the two-parameter signature.
Can we understand which coefficients are not computable in linear time via chaining or even other approaches?

4 The isomorphisms due to Sections 3, 4 and 5 are all different from each other. While the Lyndon isomorphisms of

algebras (Corollary 3.13) do not respect the underlying copruduct A dual to diagonal concatenation, the way we
define the isomorphism of Hopf algebras @ inspired by Hoffman (Definition 4.2) seems independent of the explicit A.
Does @ respect other coproducts such as deconcatenation along the antidiagonal? Can we make the isomorhism &
unique up to certain conditions? Can we find a natural isomorphism from one-parameter to two-parameter shuffles
which does not depend on A using theory related to cumulants?
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