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Abstract

A combinatorial structure, F, with counting sequence {ay, }»>0 and ordinary generating
function Gr = >, -, anx™, is positive algebraic if Gr satisfies a polynomial equation
Gr= Ziv:o pr(z) G% and py(z) is a polynomial in  with non-negative integer coefficients.
We show that every such family is associated with a normed n-magma. An n-magma with

n = (ny,...,ng) is a pair M and F where M is a set of combinatorial structures and
F is a tuple of n;-ary maps f; : M™ — M. A norm is a super-additive size map
Il - M —N.

If the normed n-magma is free then we show there exists a recursive, norm preserv-
ing, universal bijection between all positive algebraic families F; with the same counting
sequence. A free n-magma is defined using a universal mapping principle. We state a the-
orem which provides a combinatorial method of proving if a particular n-magma is free.
We illustrate this by defining several n-magmas: eleven (1,1)-magmas (the Fibonacci
families), seventeen (1, 2)-magmas (nine Motzkin and eight Schréder families) and seven
(3)-magmas (the Fuss-Catalan families). We prove they are all free and hence obtain a
universal bijection for each n. We also show how the n-magma structure manifests as an
embedded bijection.
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1 Definitions and general results

We generalise the Catalan results of Brak [8] to arbitrary positive algebraic combinatorial
families. A combinatorial structure, F, with counting sequence {a,},>0 and ordinary gen-
erating function Gr(z) = >_,5,ana™ is positive algebraic if Gz(x) satisfies a polynomial

equation
N

> k(@) Gy =Gr (1)
k=0
and py(z) = > bgk)xi is a degree my, polynomial in x with non-negative integer coefficients
(ie. all bl(-k) > 0). This case contains a large number of well known combinatorial families such
as Fibonacci, Catalan, Motzkin, Schroder and Fuss-Catalan.

We show that positive algebraic families are associated with particular normed n-magmas
(a norm is a super-additive size map). An n-magma with n = (nq,...,ng) is a pair (M, F)
where M is a set and F is a tuple of n;-ary maps f; : M"™ — M. To each monomial bgk)xiG']f_-
in () we associate bl(-k) unique k-ary maps. These are the maps that constitute the n;-ary
maps of the n-magma. These maps have to be carefully defined for each combinatorial family
to ensure they satisfy certain required properties.

1.1 Magma definitions

In this section we generalise a number of definitions from [g].

A magma is an algebraic structure defined in [7] as a pair (M, x) where M is a non-empty
countable set called the base set and * is a product map

* : MxM—= M.

If (N, o) is a magma, then a magma morphism 6 from M to N is a map 6 : M — N such
that for all m,m’ € M,
O(m+m') = 0(m) e H(m’).

We generalise these definitions to allow for arbitrary n-ary maps.
Definition 1 (n-magma). Let M be a non-empty countable set called the base set. An
n-magma defined on M, where n = (nq,...,ng) with ny < -+ < ng, is a (k + 1)-tuple

(M, fi, ..., fr) where
fi: MY — M

is an ni-ary map, for each i = 1,....k. If (M, f1, ..., fx) and (N, g1, .., gx) are two
n-magmas, then an n-magma morphism from M to N is a map 0 : M — N such that for
allie{1,...,k} and all mq,...,my, € M,

O(fi(ma,...,mp,)) = gi(6(m1),...,0(my,)).



In this definition, we adopt the convention that we write the maps in the same order for
all distinct n-magmas for the same n. Hence if (M, f1, ..., fx) and (N, g1, ..., gr) are two
n-magmas, then f; and g; have the same arity, for each ¢ = 1,...,k. We also require that if
we have more than one map with the same arity, then the order in which we write the maps is
significant and thus permuting the maps defines a different n-magma. For example, the two
(n1,n1)-magmas (M, f1, fo) and (M, f1, f3) are equal if and only if M’ = M, f{ = f1 and
f4 = f2. This distinction is important later when we prove that the Cartesian (1, 1)-magma
is free.

We are interested in when an m-magma is free. To this end we start with the universal
mapping definition of free, but will later give a theorem — Theorem [I] - enabling us to give a
combinatorial, rather than a universal mapping, proof of when an n-magma is free.

Definition 2 (Free n-magma Universal Mapping Principle). Let n = (nq,...,ng) and let
(M, f1, ..., fr) be an n-magma. Then (M, fi, ..., fi) is free if the following is true: There
exists a set Y and a map i : Y — M such that for all n-magmas (N, fi, ..., fi.) and for all

maps ¢ : Y — N, there exists a unique (up to isomorphism) n-magma morphism 6 : M — N
such that ¢ = 0 o i, that is, the diagram

M N
2

commutes. The image of the set Y in M, X = Img(Y'), will be called the set of generators
of M.

We now define a size function on the base set of the n-magma. We will call the function
a norm as we will require it to be “super-additive” (defined below) with respect to each of
the n-magma maps. The norm is used in two essential ways. Firstly, it partitions the base
set M into sets of elements which have the same size. The size of the sets in this partition
defines the counting sequence. Secondly, the super-additivity of the norm map is used, along
with unique factorisation, to give a combinatorial characterisation of free m-magmas. Let
N ={1,2,3,...} denote the set of positive integers.

Definition 3 (Norm). Let (M, fi, ..., fr) be an m-magma, where n = (ny,...,n). A
norm is a map ||-|| : M — N that satisfies the super-additive conditions:

1. All unary maps f; : M — M must satisfy
[fi(m)l| > [Iml]] .

2. All maps f; : M™ — M, n; > 1, must satisfy

ng
=1

If (M, f1, ..., fr) has a norm, then it will be called a normed n-magma.



Note, it is important that there are no elements in M of size zero, ie. we use the set N in
the norm definition and not the set Ng = {0} U N. Furthermore, any norm defined on an
n-magma is not necessarily unique. The non-uniqueness is significant as for example there
exist Motzkin and Schréder families given by the same (1,2)-magma. Both families have the
same base set, as well as the same unary and binary maps, however they have different norm
maps.

We now consider the problem of factorisation in n-magmas and discuss how it is related to
the existence of a norm. We show that the existence of a norm guarantees that recursive
factorisation of any m-magma element will terminate. We begin by defining reducible and
irreducible elements.

Definition 4 (Reducible, irreducible elements). Let (M, fi, ..., fr) be an n-magma, where
n = (ni,...,ng). The image of the maps f; in M, is called the set of reducible elements.
Letting M;" = Img(f;) for each i = 1,...,k, we can define the set of reducible elements as
MT = Ule M. The elements of the set M° = M\MT are called irreducible elements
and the set MY is called the set of irreducibles.

A unique factorisation n-magma describes when every element of the base set can be written
uniquely in terms of the irreducible elements and the n-magma maps.

Definition 5 (Unique factorisation). Let (M, fi, ..., fix) be an n-magma, where n = (nq,...,ng).

If
(i) every map f; : M™ — M is injective, and
(ii) Mjﬂ/\/lj' =0 for alli,j € {1,...,k} such that i # j,

then we will call (M, f1, ..., fr) a unique factorisation n-magma.

Note that (ii) requires that the images of the maps forms a partition of the set of reducible
elements M.

We will be interested only in unique factorisation n-magmas since this property holds for all
combinatorial structures we consider.

Thus in the remainder of this paper we assume all n-magma are unique factorisation n-magmas.

1.2 General n-magma theorems

In this section we present a number of general results about n-magmas. These results will
prove useful in later sections and allow us to describe certain properties which n-magmas may
possess. Propositions [, @l and Bl along with Theorem [I] are generalisations of results stated
and proven in [g].

Proposition 1. Let (M, fi, ..., fr) be a normed (nq,...,ng)-magma with non-empty base
set M, and let the set of elements with minimal norm be M C M. Then My, 18 non-
empty and all elements of My, are irreducible.



Proof. Clearly we have that M,;, is non-empty since M is non-empty and M, is taken to
be the subset of M whose elements have minimal norm.

To prove that all elements of My, are irreducible, proceed by contradiction. Assume that
there exists some m € My, such that m is reducible. Therefore m € Img(f;) for some
i € {1,...,k}, so there exists mq,...,m,, such that m = fi;(my,...,my,). If n; = 1 (that
is, fi is a unary map) then m = f;(m1), and so ||m/|| > ||m||. This contradicts the fact that
m € Mpin. If n; > 1, then [|m|| > 37U, [[m;]|, and since Img(||-||) € N, we must have that
||lm|| > |[m;|| for each j € {1,...,n;}. This again contradicts the fact that m € Mup,. Thus
we conclude that every element of M, is irreducible. O

Now let m = (ny,...,ng) and consider an arbitrary unique factorisation mn-magma
(M, f1, ..., fr). We have that for all reducible elements m € M™, there exists a unique
i €{l,...,k} and unique my,...,my, € M such that

m = fi(my,...,mpy,).

We can recursively define a function 7 as

[T(mq),...,7(my,)], ifmeM? with m= fi(my,...,my,),

m(m) = : 0 (2)
m, if me M°.

The bracketed expression [m(my),...,m(my,)] is considered an n;-tuple. The square paren-
theses are used to avoid possible ambiguity arising from the use of round parentheses later.

We are interested in when the recursion (2)) terminates. This motivates the following definition.

Definition 6 (Finite decomposition n-magma). Let (M, fi, ..., fi) be an n-magma. If, for
all elements m € M, the recursive function ([2)) terminates then (M, fi, ..., fix) will be called
a finite decomposition n-magma. If (M, fi1, ..., fx) is a finite decomposition n-magma,
then w(m) will be called the decomposition of m.

If the unique factorisation m-magma has a norm, then the recursive function (2)) will always
terminate, as given by the following proposition.

Proposition 2. Let (M, fi, ..., fi) be a unique factorisation n-magma. Then it is a normed
n-magma if and only if it is a finite decomposition n-magma.

Proof. Forward: Since (M, fi, ..., fr) is normed, there exists a function [-|| : M — N
which satisfies Definition Bl Now taking any m € M, either m € M? and so the recursion
terminates immediately or there exists a unique i € {1,...,k} and unique my,...,my,, € M
such that m = fi(m1,...,my,). In this case, |[m|| > 377, [m;|, and so [|m|| > [|m,]| for each
Jj €{1,...,n;} because ||| takes values in N. This recursive procedure continues until a factor
is in M at which point it terminates from (Z)), or until a factor has minimal norm. In this
case Proposition [ states that this factor must be in M? and thus the recursion terminates.
This must occur in a finite number of steps since Img(]|-]|) € N and, since N is a well ordered
set, any subset of N has a least element. Thus (M, fi, ..., fi) is a finite decomposition
n-magma.



Reverse: Since (M, fi1, ..., fr) is a finite decomposition n-magma, the recursion (2]) must
terminate for all m € M. We can define a norm ||-|| : M — N on (M, fi, ..., fx) as follows.
For each m € MO, define ||m| = 1. For each m € M*, we know that m = f;(m1,...,m,,) for
unique 7 € {1,...,k} and unique my,...,my,, € M. Defining ||m| = > 72, |[m;]| for such m,
we have that ||-|| is well-defined since 7(m) terminates and thus contains a finite number of
occurrences of elements of MY (for which we have already defined the value of ||-||). Further,
we have that ||-|| is a norm since it satisfies the conditions of Definition Bl O

Note that the above proposition holds even if an m-magma is not a unique factorisation
n-magma. We chose to prove it only for the case of a unique factorisation n-magma as this
is the only result we require. Making this assumption also simplifies the proof considerably.

We now prove the following result, which gives us a combinatorial way to characterise when
an n-magma is free.

Theorem 1. Let n = (ny,...,ng). If (M, f1, ..., fi) is a unique factorisation normed
n-magma with non-empty finite set of irreducibles, then (M, f1, ..., fi) is a free n-magma
generated by the irreducible elements.

Proof. Let (M, fi, ..., fr) be a unique factorisation normed n-magma with non-empty finite
set of irreducibles, M°. Take any set Y such that [Y| = |[M°|. Let (N, f{, ..., fi) be an
arbitrary n-magma and let ¢ : Y — N be any map. We are required to show that there exists
amap i:Y — MO such that there exists a unique n-magma morphism 6 : M — A with the
property that ¢ = § oi. We take i : Y — MO to be any bijection from Y to M® C M (such
a bijection exists since ¢ was chosen so that |Y| = |M°|). We define 6 : M — N as follows:

(i) For all m € M, we have m = i(y) for some y € Y. For such m, define

0(m) = ¢(y). (3)

(ii) For all m € M™, where MT = M\M?, we recursively define the image under 6 as
follows: if m = fi(mu,...,my,), then define

0(m) = f;(O(m1),...,0(mn,)). (4)

From (), we have that 6 is an n-magma morphism, while (B]) ensures that ¢ = 0 oi. We have
that 6 is unique (given the choice of the maps i and ). This is because the value of 6 on
the set of irreducibles MY along with the recursive definition of 6 for all other elements of M
uniquely specifies the value of 6 for all elements of M. This also ensures that 6 is the only
map which satisfies both () and ¢ =6 0. O

Theorem [I] shows that the following is sufficient to show that a set M along with & maps
fi,.-., fx, where f; : M™ — M for each i € {1,...,k}, is a free (nq,...,n;)-magma:

(i) Show that all maps f; are injective.

(ii) Show that the images of the maps are disjoint, that is, for all 4,5 € {1,...,k} such that
i # j, we have Img(f;) N Img(f;) = 0.



(iii) Show that there exists a map ||-|| : M — N which satisfies Definition [3

(iv) Determine the set of generators (usually by first determining the range of the maps
M+ = UE | M and then taking its complement, M = M\ M™).

Note, any norm will suffice to prove a particular n-magma is free (using Theorem [).

The next result is well-known for free structures. It states that there exists an isomorphism
between any pair of n-magmas for the same n. Moreover, it states that this isomorphism is
unique up to the choice of bijection between the generators. We will use this result later to
define universal bijections between our combinatorial families.

Proposition 3. LetY be a set and let (M, fi, ..., fr) and (N, f1, ..., f}.) be free n-magmas
satisfying free n-magma universal mapping diagrams as follows:

ML MmN N
l/ l/ (5)

Then there exists a unique m-magma isomorphism T' : M — N such that T oi = j and
I'loj=i.

We repeat the standard proof since it is a constructive proof and hence provides the basis for
the universal bijection algorithm stated later.

Proof. Since (M, fi, ..., fr) is a free n-magma, the left diagram of (Bl commutes for all
i:Y - Mandall f:Y — M. Taking M’ =N and f = j gives

j=0oi. (6)
Similarly, since (N, f1, ..., f}) is a free n-magma, the right diagram of (&) commutes for all
j:Y > Nandall g: Y — N'. Taking N/ = M and j =i gives

i=¢oj. (7)
Together, (@) and (7)) give j = fo¢poj and i = ¢pofhoi. Therefore fop =idys and ¢pof = idy,
and thus I' = # and I'"! = ¢ are isomorphisms. O

Suppose that (M, fi, ..., fr) and (N, fi, ..., f}) are free n-magmas with one generator, for
the same n. Since |Y| = 1, we have that i and j are unique. From this it follows that the
n-magma isomorphism I' : M — A from Proposition [3] is unique.

Proposition Bl proves to be very useful since all of the the combinatorial families considered in
the appendix are free n-magmas generated by a single element for some n. Suppose that we
have two combinatorial families which are both free n-magmas generated by a single element
for the same . Then this unique isomorphism gives us a one-to-one map between the objects
of the two families. This map preserves the recursive structure of the objects. We will also
show that this unique isomorphism preserves the norm of the objects it maps. Thus we have
a size-preserving recursive bijection between the two combinatorial families. This will be used
to define the universal bijections.
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2 Combinatorial structures

We apply the above results to several well known combinatorial structures counted by Fi-
bonacci, Motzkin, Schroder and Fuss-Catalan numbers.

We begin by defining these combinatorial families which we will generalise to those counted by
the “p-analogue” of the sequences. This was done in |§] for the Catalan numbers by defining
the p-Catalan numbers, where p € N={1,2,3,...}, by Cy(p) = p and

1 2n
G = (W) s )

A natural interpretation of these p-analogue sequences (in most instances) is as a variation of
the combinatorial family where we allow some part of the object to be coloured in any of p
colours. In particular, we will see that it is the part which corresponds to the generator of the
family. The p-analogue sequences arise naturally when using certain set constructions which
give the original sequences. The well known cases correspond to p = 1.

Definition 7. Let p € N, and define the following sequences:

(i) Define the p-Fibonacci numbers F,(p) by the recurrence relation
Fo(p) = Foo1(p) + Foa(p), n =2, (9)
with Fy(p) =0 and Fi(p) = p.

(i) Define the p-Motzkin numbers M, (p) by the recurrence relation

n—2
My (p) = Mo_1(p) + Y My(p) My_ip—2(p),  n>2, (10)
k=0

with Mo(p) = Mi(p) = p.

(i1i) Define the (little) p-Schréder numbers S, (p) by the recurrence relation

n—1
Sn(p) = Sn—l(p) + Z Sk(p) Sn—k—l(p)a n Z 17 (11)
k=0

with So(p) = p.

(iv) Define the order 3 p-Fuss-Catalan numbers (from here onwards, p-Fuss-Catalan
numbers) T, (p) by the recurrence relation

with Ty(p) = p.

11



We will refer to the order 3 Fuss-Catalan numbers simply as the Fuss-Catalan numbers. We
do not consider any other order of Fuss-Catalan number, although one could easily extend
these ideas to higher orders in an obvious way. See |2] for further discussion of the general
Fuss-Catalan numbers.

For each of these four p-sequences we state propositions giving the algebraic equation satisfied
by their generating functions and an expression for the counting sequences. The former is
derived in the standard way from the above defining recurrence relations and the latter are
derived using the Lagrange inversion formula. Since these are standard computations we do
not provide any details.

Proposition 4. The generating function F(x) =", <, Fn(p) x™ for the p-Fibonacci numbers
satisfies the algebraic equation

F(z) = px + zF(z) + 2*F(z).
and =
N
n—k—1
Fup)=p 3 ( ; )
k=0
Proposition 5. The generating function M(z) = 3_, o Mn(p) ™ for the p-Motzkin numbers
satisfies the algebraic equation
M(z) = p+ aM(x) 4+ 2> M (z)>.

and

where Cy(p) is the k™ p-Catalan number (8).

Proposition 6. The generating function S(x) = 3, ~o Sn(p) 2™ for the p-Schrider numbers
satisfies the algebraic equation

S(x) =p+xS(x) + xS(x)2

and

50 =3 (™ )t

k=0
where Cy(p) is the k™ p-Catalan number (8).

Proposition 7. The generating function T'(z) = 3, <o Tn(p) 2™ for the p-Fuss-Catalan num-
bers satisfies the algebraic equation

T(z) = p+aT(x)>.

1 (3n+1\ 900y
Tn(p) = nl
9 3n+1< n >p

and
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3 Fibonacci normed (1,1)-magmas

In this section, we discuss (1,1)-magmas and show if an appropriate norm is defined they are
related to combinatorial families which are enumerated by the Fibonacci numbers. We first
define the Cartesian (1,1)-magma and show its relationship with the p-Fibonacci numbers.
We then define a universal bijection between any two Fibonacci normed (1,1)-magmas.

3.1 Cartesian (1,1)-magma

We define arguably the simplest (1,1)-magma, which we call the Cartesian (1,1)-magma.

Definition 8 (Cartesian (1,1)-magma). Let X be a non-empty finite set. Define the sequence
Wh(X) of sets of words in the alphabet {uj,us} U X as follows:

Wi(X) = X, (13)
Wa(X) ={uww: we Wy (X)}, (13b)
Wi(X) ={uw : w € Wy—1(X)} U{ugw : w € W,,_o(X)}, n >3, (13c)

where u;w is the concatenation of the symbol u; with the word w, fori=1,2.

Let Wx = ;> Wi(X) and define two unary maps,

p1 s Wx — Wk,
w2t Wx — Wk,

as follows:
,Ul(u)) = uw,
pa(w) = ugw.
The triple Wx, 1, pie) will be called the Cartesian (1,1)-magma generated by X.

If X = {e}, the sequence of sets W), (X) defining the base set Wx of the Cartesian (1,1)-magma
begins as follows:

(X) =A{
(X) =A{

3(X) = {ujuie, uge},
(X) = {waurure, uruge, uguse},
(X) =H{

= ULUIUIULE, UIUIU2E, UTU2ULE, UUIU]E, u2u2€}7

Having defined the Cartesian (1,1)-magma, it is possible to prove that it is free directly from
Definition 2l without introducing any norm. However we will take the shorter route by showing
there exists a norm, hence along with the other conditions required by Theorem [ we will
prove it is free.

13



Theorem 2. The Cartesian (1,1)-magma of Definition[8 is a free (1,1)-magma.

We will show that (Wx, p1, p2) is a unique factorisation normed (1,1)-magma with set of
irreducibles equal to X. Then, by Theorem [II we will have that (Wx, p1, u2) is a free
(1,1)-magma generated by X.

Proof. Suppose that wy, ws € Wx are such that pq(wy) = p1(we). We have py(wy) = ujwn
and p1(wg) = ujwe and hence ujw; = wjws thus have wy = we. Similarly we have that ueo
is injective since pa(wr) = pa(we) for wi, we € Wx implies ugw; = ugwy and hence w; = wa.
Thus we have that both p; and pg are injective. To show Img(uq) NImg(ug) = (), proceed by
contradiction. Suppose that

Img (1) N Tmg(pz) # 0

and take w € Img(ug) N Img(pe). Since w € Img(pi), we have w = py(w1) = wjw; for
some wy € Wx. Similarly, since w € Img(usz), we must have w = pg(wz) = usws for some
wy € Wy . Therefore uyw; = uswy and hence uy = us, thus giving a contradiction.

Thus the maps p; and po are injective and Img(u1) N Img(ug) = 0, so Wx, u1, p2) is a
unique factorisation (1,1)-magma.

The set of irreducibles is X since this is the complement of Img(p;) U Img(u2).

Take w € Wx, supposing that w € W, (X) and hence that ||w| = n. We have from (I3d) that
(1) € Wi 1 (X) and jiz(w) € Wos(X). Therefore ()] = n+ 1 and [[o(w)]| = 7 +2.
Thus ||p1(w)|| > ||w|| and ||ue(w)| > ||w|| and so by Definition B ||-|| is & norm. Therefore
(Wx, t1, p2) is a normed (1,1)-magma. O

Proposition 8. Let Wx, pi1, puz) be the Cartesian (1,1)-magma generated by the set X,
where | X| = p, and define the map ||-||p : Wx — N by ||m| p = n when m € Wy (X). If

Ny ={meWx: |[m|p=n}, n>1,

then

where Fy,(p) is the nth p-Fibonacci number of Definition [T

Proof. First, note that N,, = W, (X) since ||m|p = n if and only if m € W,(X). Now, we
have Wi (X) = X so [Ni| = Wi (X)| = | X| = p, and Wa(X) = {rqw : w e Wi(X)} so

[Na| = Wa(X)| = {urw = w € Wi(X)}] = [Wi(X)] = p.
For n > 3, (I3d) gives

INp| = {uiw : w € Wy (X))} 4 {uew : w € Wy—o(X)}]
= [Wi—1(X)| + [Wh-2(X))|
= ‘Nn—l‘ + ‘Nn—2’

This is exactly the p-Fibonacci recurrence (3. O

14



Corollary 1. Let (W, u1, pe) be the Cartesian (1,1)-magma generated by the single element
€. If Ny, and ||-||p : We = N are as defined in Proposition [8, then

[Np| = Fa, n =1,

where F,, is the nth Fibonacci number.

Take the Cartesian (1,1)-magma generated by {e}, (W, u1, p2) and note that the norm
I/l = : We = N from above could equivalently be defined by requiring that

el =1, (14a)
[ (w)llp = llwllp + 1, (14b)
2wl p = llwllp + 2, (14c)

for all w € W..

This motivates the following definition. We seek to characterise when a (1,1)-magma is
associated with the Fibonacci numbers. As we have noted, we can define many norms on
the same (1,1)-magma. Defining a norm |||, which satisfies (I4) gives us the Fibonacci
numbers. Thus we define a Fibonacci normed (1,1)-magma to be a free (1,1)-magma with
a single generator along with a particular norm function which satisfies (I4]) for the relevant
(1,1)-magma generator and unary maps.

Definition 9 (Fibonacci normed (1,1)-magma). Let (M, fi, f2) be a unique factorisation
normed (1,1)-magma with only one irreducible element, €. Let ||| : M — N be a norm
satisfying

lellr =1, (15a)
[f1(m)llp = [Iml g +1, (15b)
[f2(m)]lp = [Imll g + 2, (15¢)

for all m € M. Then (M, fi, f2) with the norm |-||p is called a Fibonacci normed
(1,1)-magma.

In the remainder of this section, we reference a number of combinatorial structures which are
counted by the Fibonacci numbers. Further details of these are provided in Appendix [Tl
We take the convention that the two unary maps are called f and g. We make it clear that
we are using the maps specific to a certain family by placing a subscript on each of the maps.
This subscript contains the number assigned to that family in the appendix. We choose to call
the unique generator in each family €, and make it clear which family it comes from via the
subscript. We name the maps in such a way that our (1,1)-magma is (M, f, g), and hence

[f )l = llml+ 1, llgtm)|| = [[m] +2, (16)

for all m € M.

We have seen that any Fibonacci normed (1,1)-magma is such that the number of elements
of the base set with norm n is given by the nth Fibonacci number. We now present a simple
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example of a Fibonacci normed (1,1)-magma, taking the family of Fibonacci tilings F. This
family arises by considering the number of ways to tile a 1 x n board using 1 x 1 squares and
1 x 2 dominoes. The number of ways to tile such a board is given by F;,. We can define the
Fibonacci tiling (1,1)-magma (AT, fif, qq) as follows:

e Take the base set /) to be the set of all tilings of a 1 x n board using 1 x 1 squares and
1 x 2 dominoes, for all n € Ny. Note that we consider the trivial empty tiling to be the
only way to tile a 1 x 0 board (i.e. an empty board).

e Define one unary map to take a tiling of a 1 x n board and add a single 1 x 1 square to
the right to give a tiling of a 1 x (n + 1) board. Call this map Jo Schematically:

o () — ]

e Define the other unary map to take a tiling of a 1 x n board and add a 1 x 2 domino to
the right to give a tiling of a 1 x (n + 2) board. Call this map qr Schematically:

o () - P [ ]

e The only generator is the trivial empty tiling of an empty board: qq = (). This is the
only element in the base set which is not in the image of one of the two maps.

It is simple to see that (g, fy}, qq) is a unique factorisation (1,1)-magma. This is because we
can form any tiling of a 1 x n board by applying a unique sequence of compositions of the
two maps to the generator. Take for example the following tiling:

i

We see that this can be constructed as follows:
fn(am () = fntam (n®)) = i (am (1)) = o (CL]) =TT

We define the norm |||/ of a tiling of a 1 x n board to be n + 1. Thus we see that the norm
satisfies ([I5) of Definition [@ That is,

HqIIHF =1,
IO =tz +1,
gl = lltllF + 2,
for all ¢ € A

Therefore the (1,1)-magma (g, 1), g7) along with the norm just defined is indeed a Fibonacci
normed (1,1)-magma.

Some Fibonacci families are such that there is no natural interpretation of the generator e.
This is usually the case when there are F, 12 objects with traditional size parameter n. This
is because the generator then corresponds to an object with traditional size parameter equal
to -1. In such cases, we define the (1,1)-magma (M, f, g) by the following procedure. We
simply take € to be an arbitrary symbol denoting the generator and define the two maps f
and g as follows:
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(i) Define f(e).
(i) Define g(e).
(iii) For all m € M\{e}, define f(m).
(iv) For all m € M\{e}, define g(m).

This process completely specifies the two maps and the base set, so we have a well-defined free
(1,1)-magma. For examples of when this procedure is required, see the following Fibonacci
families in Appendix [T.Tk

e [jg: Binary sequences with no consecutive 1’s,

e [i17; Subsets with no consecutive integers.

3.2 Free (1,1)-magma isomorphisms and a universal bijection

We have seen that any Fibonacci normed (1,1)-magma is such that the number of elements
of the base set with norm n is given by the nth Fibonacci number. Using the result of
Proposition [ there exists a unique (1,1)-magma isomorphism between any two Fibonacci
normed (1,1)-magmas. As we will see, this isomorphism preserves the norms of the objects
in the case that both (1,1)-magmas are Fibonacci normed (1,1)-magmas. Thus this gives a
size-preserving bijection between the two Fibonacci families. We therefore make explicit just
how this isomorphism is defined so that we are able to make use of it for specific families.

Definition 10 (Universal bijection). Let (M, f, g) and (N, f', ¢') be free (1,1)-magmas
with generating sets X g and X respectively, with | X | = | Xar|. Let o : X — X be any
bijection, and define the map Y : M — N as follows: for all m € M\ X,

(i) Decompose m into an expression in terms of generators €; € Xpaq and the unary maps
f and g.

(ii) In the decomposition of m, replace every occurrence of €; with o(e;), every occurence of
f with f' and every occurrence of g with g'. Call this expression v(m).

(111) Define Y(m) to be v(m), that is, evaluate all maps in v(m) to give an element of N.
This leads to the following proposition. The proposition follows immediately from the fact
that Y is equal to the map I' from Proposition Bl
Proposition 9. Let T : M — N be the map of Definition[I. Then Y is a free (1,1)-magma
isomorphism.

Schematically, we can write T as follows:

decompose ) evaluate
m _ substitute _ n. (17)
Ei_>0'(6i)7 f_>f,7 g_>g,

17



Since T is an isomorphism between the free (1,1)-magmas (M, f, g) and (N, f’, ¢'), we have
that Y defines a bijection between the base sets M and A. Further to this, it gives us that
this bijection is recursive: if m = f(my), then

and if m = g(myg), then
Y(m) = ¢'(Y(mo)).

It is also important to note that if the free (1,1)-magmas have norms satisfying certain condi-
tions, then the norm is preserved under the map Y. Suppose that (M, f, g) and (N, f/, ¢)
have norms ||-|| , : M = Nand |||\, : N = N respectively. If:

(1) [lm|[pg = llo(m)|| 5 for all m € X,

(ii) [If(m)|[ g = [l o+ &1 for all m € M and || f'(n)||\r = [|n|[\r+ 51 for all n € N, where
k1 € N, and

(iii) [|g(m)|| v = M|\ + K2 for all m € M and ||¢g'(n)|| s = ||n|[r + &2 for all n € N, where
ko € N,

then we have
[mlly = 1Tm)[ly,  meM.

This result follows immediately by considering the decomposed expressions for m and Y(m).

Combinatorially we are primarily interested in bijections between structures of the same “size”
and thus we are interested in bijections which preserve the norm. This is the case for Fibonacci
normed (1,1)-magmas which are invariant under the map Y.

We now present a number of examples illustrating the universal bijection of Definition [T0l
We will consider the following Fibonacci normed (1,1)-magmas:

e Fibonacci tilings (A, /i1, 91>
e Reflections through two plates of glass (A, 10 910D
e Binary sequences with no consecutive 1's (g, fg}, g9,
e Compositions with no 1’s (Fg, fig, 921)-
See Appendix [l for the definitions and details of each of these (1,1)-magmas.

We begin by demonstrating the bijection from the family of Fibonacci tilings to the family of
reflections through two plates of glass. First, take a Fibonacci tiling, and decompose it down
into its factorised form:

(T =1 ])=m(w([])) = fwlamtn®) = o tn@)

Next, we replace every occurrence of the generator q) with the generator of the reflections
through two plates of glass, qrg. We also replace each map jijj with fgand each map gy with
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. After making these substitutions, evaluate the resulting expression to obtain an element
of the second family:

o (9o (o (qm) = 1 | 9100 X ~ g _

Thus the universal bijection maps

EREE e~

If instead we were seeking a bijection between Fibonacci tilings and binary sequences with
no consecutive 1’s, then we would simply replace all parts of the factorised expression for the
Fibonacci tiling with the parts corresponding to binary sequences with no consecutive 1’s, as

follows:
o (g9 (g (q)) = A (g () = figi(01) = 010.

Similarly for the Fibonacci family of compositions containing no 1’s:
fa(a(fa(@)) = fala(@2) = @) =mG+2)=3+3.

So we see that the universal bijection gives each of the following bijections:

T —— S

Ry

010 +~— 343

This demonstrates how useful this universal bijection is. Rather than simply obtaining bi-
jections between families one by one, we see that each time we determine the (1,1)-magma
structure of a Fibonacci family, it immediately gives us a bijection to each other Fibonacci
family whose (1,1)-magma structure is known. As a result of this, we are able to very quickly
build up a large number of bijections.

4 Motzkin and Schréder normed (1,2)-magmas

In this section we consider (1,2)-magmas and show how these relate to Motzkin numbers and
Schréder numbers. We adopt the convention that the binary map is always written as an
in-fix operator. We begin by constructing an example of a free (1,2)-magma, which we call
the Cartesian (1,2)-magma.
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4.1 Cartesian (1,2)-magma

First, we introduce and discuss some notation that will be used throughout this section. We
will use square parentheses when writing n-tuples to avoid possible ambiguity arising from the
use of round parentheses later. Thus we take the n-ary Cartesian product to be the following:

Xy x - x Xy ={[z1,...,2pn) s € X5, i €{1,...,n}}.
and the notation [X] to mean the set
[(X] =A{[z] : z € X}.
This gives us a set notation for unary maps which we will use to define an explicit (1,2)-magma.

Definition 11 (Cartesian (1,2)-magma). Let X be a non-empty finite set. Define the sequence
Wh(X) of sets of nested 1- and 2-tuples by

Wi(X) = X, (18a)

Wa(X) = Wi(X)], (18b)
n—2

Wa(X) = Waa(X)] U | WVe(X) x Wpma (X)), n>3. (18¢)
k=1

Let Wx = Un21 Wh(X) and W;E = Wx\X. Define the unary map p: Wx — Wx by
plw) = w],  weWx, (19)
and the binary map o : Wx x Wx — Wx by
wy © wy = [wy, we], wi, we € Wx. (20)

The triple Wx, u, ©) is called the Cartesian (1,2)-magma generated by X.

If X = {e}, the sequence of sets W), (X) defining the base set Wx of the Cartesian (1,2)-magma
begins as follows:

Wi(X) = {e},

Wa(X) = {[e]},

Ws(X) = {[[e]l, [e; €},

Wa(X) = {[llell],  lle,€ll, [e[e]],  [lel, €},

We now prove that the Cartesian (1,2)-magma is free.
Theorem 3. The Cartesian (1,2)-magma (Wx, p, ©) is a free (1,2)-magma.
We will show that (Wx, i, ©) is a unique factorisation normed (1,2)-magma with set of irre-

ducibles equal to X. Then, by Theorem [I we will have that (Wx, p, ©) is a free (1,2)-magma
generated by X.
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Proof. Suppose that w,w’ € Wx are such that pu(w) = p(w’). Then [w] = [w'] and hence
w = w'. Thus u is injective. Now suppose wy, wa, w}, w)h € Wy are such that wyowy = wjow).
Then [wy,ws] = [w],w})] and hence wy = w), ws = w} and so ¢ is injective. Clearly we have
Img () N Img(e) = () since Img(u) contains only 1-tuples and Img(¢) contains only 2-tuples.
Thus (Wx, i, ©) is a unique factorisation (1,2)-magma.

The set of irreducibles is X since this is the complement of Img(u) U Img(o).

For each w € Wy, define ||w| = n if w € W, (X). Now take w € W, (X). Since p(w) = [w] €
Wy, (X)], we have p(w) € Wy41(X) from (I8). Therefore

(W)l = n +1 > [jw]].

Now consider w; € Wy, (X) and wy € W,,(X). We have w; ¢ wa = [w;,ws] and hence
w1 © wo2 € Wh,4ny+1(X) from (I8). Therefore

lwy 0 wall = n1+nz+ 1> [lwi]l + [Jwall-

Therefore ||-|| : Wx — N is a norm. O

4.2 Motzkin normed (1,2)-magmas

For the purpose of proving Theorem [B] we were required to demonstrate that there exists a
norm on the (1,2)-magma (Wx, p, ¢). While we could have chosen any function which satisfies
Definition Bl this particular norm was chosen since it gives rise to the Motzkin numbers. In
Section [£.3] we will define a different norm on the same base set which will give rise to the
Schréder numbers.

Proposition 10. Let (Wx, u, ©) be the Cartesian (1,2)-magma generated by the set X, where
| X| = p. Define the map ||-||,; : Wx — N by ||m||,; = n when m € W, (X), where Wy (X) is
as defined in Definition 11 for n € N. If

Ny, ={m € Wx : |m||,; = n}, n>1,

then
|N7’L| = Mn—l(p)7 n > 17

where M, (p) are the p-Motzkin numbers from Definition [7

Proof. Since ||ml|,; = n if and only if m € W,(X), we have N, = W,(X). We have
N =Wi(X) = X so |[Ni| = |X| = p, and Ny = Wh(X) = [X] so |Nz2| = |[X]| = p. Now, for
n > 3, (I8d) gives

n—2
INo| = [Waa ()] U [ V(X)) x Wh—g1(X))
k=1

n—2
= [N + D [Ng[ - [N
k=1
This is equivalent to the p-Motzkin recurrence (I0). O
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Corollary 2. Let (W,, u, ©) be the Cartesian (1,2)-magma generated by the single element,
€. If Ny, and ||-||,; : We = N are as defined in Proposition [10, then

’Nn‘ = Mn—la n > 17

where M, is the Motzkin number from Definition [7

The norm function [-||,, : We — N from the above corollary could equivalently be defined
recursively as follows: Let [-||,, : We — N be such that

lellyy =1, (21a)
(W)l pr = llwllp + 1, (21b)
Hwow’HM: ||w||M—|—Hw'HM—|—1, (21c)

for all w,w’ € W,.

We see that a free (1,2)-magma generated by a single element is partitioned by the norm
function into sets given by the Motzkin numbers only when the norm satisfies (2I)). Thus we
define a Motzkin normed (1,2)-magma to be a free (1,2)-magma with a single generator along
with a norm function which satisfies (2I) for the relevant (1,2)-magma.

Definition 12 (Motzkin normed (1,2)-magma). Let (M, f, %) be a unique factorisation
normed (1,2)-magma with one irreducible element, €. Let ||-||,; : M = N be a norm satis-

fying

lellyy =1 (220)
[f(m)lla = llmllp + 1, (22b)
Hm*m/HM: HmHM—i-Hm/HM—i—l (22¢)

for all m,m' € M. Then (M, f, x) with the norm |-||,; : M — N is called a Motzkin
normed (1,2)-magma.

If (M, f, %) is a Motzkin normed (1,2)-magma with unique generator €, then the base set M
begins (sorting by norm) by evaluating the following expressions:

Norm 1: e

Norm 2:  f(e).

Norm 3:  f(f(e)), exe.

Norm 4 f(F(f(€), flexe), exf(e) fle)xe

Norm 5: f(f(f(f(€)))), [(f(exe)), [flex[f(e)), [(f(e)xe),
*f(f(€), exlexe), [fle)x[fle), [(f(e))xe,

We see that the Motzkin norm ||-|[,, : M — N can be informally stated as follows, where
m € M:

|lm||,; = (number of €’s) + (number of f’s) + (number of +’s).
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For each Motzkin family the norm is usually a simple function of the conventional size pa-
rameter for that family. This can be seen in Appendix [7.2] where the details of a number of
Motzkin normed (1,2)-magmas can be found.

We will consider a number of combinatorial families which are listed in Appendix We
adopt the following convention for any Motzkin normed (1,2)-magma: (i) the unary map is
denoted f and (ii) the binary map is denoted x and written using in-fix notation. We make it
clear that we are using the maps specific to a certain family by referencing that family in the
subscript of the map which is done via the number assigned to that family in the appendix.

We now discuss another example of a Motzkin normed (1,2)-magma, the Motzkin paths Mg
A Motzkin path of length n is a path from (0,0) to (n,0) using steps U = (1,1), D = (1,—1)
and H = (1,0) which remains above the line y = 0. The number of such paths of length n is
given by the nth Motzkin number M,,. For the corresponding Motzkin normed (1,2)-magma
(M, fimy HT)> the base set M is given by all Motzkin paths from (0,0) to (n,0), for all
n € Ng. The empty path, n = 0, is taken to be a single vertex.

The generator of this family is the empty path,

Q="

and the two maps are defined schematically as follows:

o M) -0 _

Yy W YN

Thus the unary map adds a single horizontal step after the path and the binary map con-
catenates the two paths while adding a pair of up and down steps as shown. These are the
usual right factorisations of a Motzkin path corresponding to the recursive structure of all
Motzkin paths, but now interpreted as maps. All Motzkin paths can be constructed using
sequences of compositions of these two maps applied to the generator. Therefore this is a
unique factorisation (1,2)-magma.

The norm ||m||,, of any Motzkin path m is defined as the length of the path + 1. We can
immediately see that this norm satisfies (22]):

llellas =1,
IOl = Pl + 1,
o1 xmpllyr = lIpillar + lIp2lla + 1,

for all Motzkin paths py,p2 € M.
Thus we see that (M, fi, §) is @ Motzkin normed (1,2)-magma.
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4.3 Schroéder normed (1,2)-magmas

In this section, we show how the Schréder numbers are related to free (1,2)-magmas which we
do by defining a different norm on the Cartesian (1,2)-magma. In order to clearly define the
norm in terms of the Cartesian base set, we provide an alternative method for constructing
the Cartesian (1,2)-magma. Note, the resulting set is the same set as that defined by (IS))
but constructed differently.

Let X be a non-empty finite set, and define the sequence Y, (X) of sets of nested 1- and
2-tuples by

Vi(X) =X, (23a)

Vu(X) = Do (X U X)x Vo x(X),  n>2 (23)

If X = {e}, then the sequence of sets },,(X) begins as follows:
Ni(X) = {e},
y2(X) = {[6]7 [67 6]}7
Va(X) = {llell:  [leell, e [ell, [e[eell, [lelsel, e €l el},

Letting Yx = U,>; Yn(z), we have that (Vx, u, ©) is equal to the Cartesian (1,2)-magma
(Wx, u, ©) of Definition [[Tl This follows from the fact that Yx and Wx both contain all
nested 1- and 2-tuples containing elements of the set X. Thus we have the following propo-
sition.

Proposition 11. Let Yx = Un21 Yn(x). Define the unary map p: Wx — Wx by
plw) = [w],  weWx,
and the binary map o : Wx x Wx — Wx by
wy © wy = [wy, wa], wi, ws € Wx.
Then (Yx, p, ©) is the Cartesian (1,2)-magma of Definition [I1.
The link between the Cartesian (1,2)-magma and the Schréder numbers is given by the fol-
lowing proposition.

Proposition 12. Let (Wx, u, ©) be the Cartesian (1,2)-magma generated by the set X, where
| X| = p. Define the map ||-||g : Wx — N by |m||g =n when m € V,,(X), where V,,(X) is as
defined in 23)). If

N, ={m € Wx : |m| g = n}, n>1,

then
|NTL| :Sn—l(p)v n = 17

where Sy (p) are the p-Schréder numbers from Definition [7
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Proof. Since |m| g = n if and only if m € Y,(X), we have N,, = Y,(X). Thus we have
|N1| = [V1(X)| = | X| = p. Now, for n > 2, (23D]) gives

n—1
INal = [Yn1(X) U [ Ve(X) x Yo (X)
k=1

n—1

= |Nn—1| + Z |Nk| : |Nn—k|
k=1

This is equivalent to the p-Schroder recurrence (IIJ). O

Corollary 3. Let (W,, u, ©) be the Cartesian (1,2)-magma generated by the single element,
€. If Ny, and ||-||g : We = N are as defined in Proposition [12, then

’Nn’:Sn—la n > 17

where Sy, is the Schréder number from Definition [7

Note the norm function ||-||g : We — N from the above corollary could equivalently be defined
recursively as follows: Let [|-||g : W — N be such that

lells =1, (24a)
lu(w)lls = llwlls +1, (24b)
[wowlls = lTwlls + [[v']ls, (24¢)

for all w,w’ € W,.

This motivates the following definition.

Definition 13 (Schroder normed (1,2)-magma). Let (M, f, x) be a unique factorisation
normed (1,2)-magma with only one irreducible element, €. Let ||-||g : M — N be a norm
satisfying

lells = 1. (250)
1£m)lls = Imlls +1, (25b)
[mxm/|[g = Imlg+[|m|5 (25¢)

for all m,m’ € M. Then (M, f, ) with the norm |-||¢ : M — N is called a Schréder
normed (1,2)-magma.

If (M, f, %) is a Schroder normed (1,2)-magma with unique generator €, then the base set M
begins (sorting by norm) by evaluating the following expressions:

Norm 1: e
Norm 2:  f(e), exe.

Norm 3:  f(f(¢)), f(exe), exf(e), ex(exe),

fle)xe, (exe)*e.
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Informally, the Schroder norm ||-||g : M — N can be defined as follows, where m € M:

|m|| g = (number of f’s)+ (number of +’s) + 1.

For each Schroder family the norm is usually a simple function of the conventional size pa-
rameter for that family. The details of a number of Schréder normed (1,2)-magmas can be
found in Appendix [[.3]

In the remainder of this section, we will reference a number of Schroder families. Further
details of these families are provided in Appendix [[3l We call the unary map f and the
binary map = which will be written in in-fix form. We make it clear that we are using the
maps specific to a certain family by referencing that family in the subscript of the maps which
we do via the number assigned to that family in the appendix.

As an example of a Schroder normed (1,2)-magma, consider the Schroder family of semi-
standard Young Tableaux (SSYT) of shape n x 2, Sg) as defined in Appendix The nth
Schréder number S, is equal to the number of such tableaux.

We construct the Schréder normed (1,2)-magma of SSYT of shape n x 2, (§3, fg, %3), as
follows:

e Take the base set §g to be the set of all semi-standard Young Tableaux of shape n x 2,
for every n € Ny. We take the trivial empty tableau () to be the only SSYT of shape
0 x 2.

e Define the unary map jjg as follows:

ﬁm é é =| a b

b+1|b+1

with the convention that the empty tableau is considered to have all entries equal to 0.
Thus we have

a b
ol c d
a|b RET d+1 | t+d+1
Sl BT Lstd+l (vt+d+1
cld Tz |utd+l '
: z+d+1
y+d+1| z+d+2

Again, note that when applying this to the empty tableau, we consider any entries of
the empty tableau to be equal to 0.
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Note that the empty SSYT ¢ is the only element in the base set which is not in the image of
one of the two maps. Thus this is the only generator, so we can define qg = (). Then we can
see that the base set §g)is generated by qg via the two maps Jfgj and *3.

Any SSYT of shape n x 2 factorises uniquely in terms of the generator g3 and the two maps
Jg and %3 For example, consider the following SSY'T, which we can decompose as follows:

e =fBJ<§ §®@)=fa((*m@)*m@)=fm<<fm<@>*a@>*m@>

| = DN~
DD O W

We define the norm ||-||g of a tableau of shape n x 2 to be n + 1. With this definition we
obtain:

lells =1,
Ml = llths +1, € &g

[t1 *Elt2||s = |tillg + lIt2llg, ti,t2 € 3

Thus (83, f3, %g) is a unique factorisation normed (1,2)-magma with a finite non-empty set of
irreducibles (and hence a free (1,2)-magma). The norm |-||s : §3 — N satisfies ([25]). Therefore
this is a Schroder normed (1,2)-magma.

4.4 Free (1,2)-magma isomorphisms and a universal bijection

We now apply Proposition Bl which states that there exists a unique (1,2)-magma isomorphism
between any free (1,2)-magmas generated by sets of the same size. We demonstrate how this
defines a universal bijection between any pair of Motzkin families or any pair of Schroder
families.

Definition 14 (Universal bijection). Suppose that (M, f, x) and (N, g, x ) are free (1,2)-magmas
with generating sets X g and X respectively, with | X | = | Xar|. Let o : Xpg — X be any
bijection, and define the map Y : M — N as follows:

For allm € M\ X,

(i) Decompose m into an expression in terms of generators €; € X and the maps f and
*.

(ii) In the decomposition of m, replace every occurrence of €; with o(€;), every occurence of
f with g and every occurrence of x with x. Call this expression v(m).

(#1i) Define Y(m) to be v(m), that is, evaluate all maps in v(m) to give an element of N.

This leads to the following proposition, which follows from the fact that T is exactly the map
I' from Proposition [3l

Proposition 13. Let T : M — N be the map of Definition[I4. Then Y is a free (1,2)-magma
isomorphism.
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Schematically, we can write T as follows:

decompose evaluate

m _— substitute - n. (26)
e 0lei), g, 5

Since Y is an isomorphism between the free (1,2)-magmas (M, f, x) and (N, g, x), we have
that Y defines a bijection between the base sets M and AN. Furthermore, it gives us that this
bijection is recursive: if m = f(my), then

T(m) = g(Y(mo)),

and if m = mq x mog, then
T(m) =T (my) x T(ma).

Note, T preserves the norm when the two (1,2)-magmas are equipped with suitable norms.
Suppose that (M, f, x) and (N, g, x) are free (1,2)-magmas with the same number of gener-
ators and that they have respective norms ||-|| ., : M — Nand ||-|| ,- : N' = N. If the following
conditions are satisfied:

(1) [Imllpg = llo(m)]|  for all m € X4,

(ii) for k1 € N, [ f(m)||x = [Im| o + K1 for all m € M, and ||g(n)|[ = |||\ + 1 for all
n € N, and

(iii) for xg € No, ||m1 *mal| v = [[m1ll o + Im2|| o + K2 for all my,mo € M, and
||7”L1 X 7”L2HN = H’I’L1||N + H’I’LQHN + ko for all nq,n9 € ./\/,

then we have
[mlly = 1Tm)[l\,  meM.

This follows by considering the decomposed expressions for m and Y (m), assuming that
hold.

Both the Motzkin norm, (22]) and the Schréder norm (25) satisfy (i), (i) and (iii) above and
thus both norms are invariant under Y.

4.4.1 Universal bijections for Motzkin families

In this section we consider a number of examples illustrating this universal bijection between
free (1,2)-magmas.

Using a simple example, we demonstrate how the universal bijections work for Motzkin normed
(1,2)-magmas. We consider the following Motzkin normed (1,2)-magmas:

e Motzkin paths (M, /i, A7)
e Non-intersecting chords (M, fig, %),

e Unary-binary trees (Mg, f3}, 43)-
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See Appendix [7.3] for the definitions of these families, as well as details of the relevant (1,2)-
magmas and norms.

Take a Motzkin path and decompose it into its factorised form:
SN ) =) - menne) - oo

Now substitute generators and maps then evaluate to obtain an object from the Motzkin
family of non-intersecting chords:

f(eab@) =frz<©*{zfm<©)) =f[21<©*{z©) :fm<®> <

So the universal bijection maps

If we were instead seeking a bijection from Motzkin paths to Motzkin unary-binary trees,
then we would simply replace the maps and generators in the factorised expression for the
Motzkin path with the maps and generators from the (1,2)-magma corresponding to Motzkin
unary-binary trees as follows:

BlEaB@) - Beame) :ng(.*EI) s /\ _

Thus we see that the universal bijection gives
TN - )\
D~ A

4.4.2 Universal bijections for Schroder families

and also

Consider the following Schroder normed (1,2)-magmas:

e Rectangulations (§z, fiz, @),



e Semi-standard Young tableaux of shape n x 2 (83 /i3, %),

e Unary-binary trees (Sg, /5, 45)-

See Appendix [T.3] for the definitions of these families and details of the relevant (1,2)-magmas
and norms.

Take a rectangulation and factorise it:

[ ]

— -1t (D) e(0e0) - naa@as

Now to obtain the image in the family of semi-standard Young tableaux of shape 2 x n via
the universal bijection we replace the generators and the maps with the respective generators
and maps from the Schréder normed (1,2)-magma of SSYT of shape 2 x n:

1)1
B@g@ae=a0g0gd)=[111]g[1]2]= 214

Finally, to obtain a bijection to Schroder unary-binary trees, replace the maps and generators
in the factorised expression for the rectangulation as follows:

@ a@ae=n0aca) =] 8 ", = {>\

Thus we see that we have the following bijections:

[ ]

/A
d—1\

5 Fuss-Catalan normed (3)-magmas

In this section we consider (3)-magmas and discuss how these relate to the order 3 Fuss-
Catalan sequence. Recall that a (3)-magma (M, t) is a set M along with a ternary map
t: MxMxM — M. We begin this section by constructing an example of a free (3)-
magma, which we call the Cartesian (3)-magma.
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5.1 Cartesian (3)-magma

The Cartesian (3)-magma is one of the simplest (3)-magmas and is constructed using Cartesian
products. As in section [l we use square parentheses to represent a 3-tuple, so we denote the
ternary Cartesian product as follows:

X1 X Xo x Xz ={[x1,m2, 23] : 1 € X1, 22 € X9, x5 € X3}.

Definition 15 (Cartesian (3)-magma). Let X be a non-empty finite set. Define the sequence
Wh(X) of sets of nested 3-tuples by

Wi(X) = X, (27a)

Want1(X) = U U (Waig1(X) x Whj1(X) X Woimj_y41(X)),  n>1. (27h)

Let WX = UnZO W2n+1(X) and W} = Wx\X Deﬁne T: WX X WX X WX — WX by
T(wi, wa, w3) = [wy, w2, ws], wi, we, w3 € Wx.

The pair (Wx, 7) is called the Cartesian (3)-magma generated by X.

If X = {e}, the sets W,,(X) in the above definition begin:

Wi(X) = {e},

Ws(X) = {[e, e, ]},

Ws(X) ={le,e,[e,€,€l], [e[e,e,¢],el, e, €, €],¢, €]},

Wr(X) = {[e, 6, [e, ¢ e, €, €]]]l,  [e,6 e [e €€l €l]l, [e¢€, e € €€ €]
e, [€, €, €], [e, €, €], [e,]6 66 € €], €], e[ €, € €], €], €,
€, [[e, €, €], €€l €], [[e, € €l € [, €,€l]l,  [[€, € €], [€, €, €], €]
[e.€,[e.e,el], e, €], e [e,€.€l,el e €], [[le € €], €, €], €, €]

We now prove that the Cartesian (3)-magma is free.

Theorem 4. The Cartesian (3)-magma (Wx, 7) is a free (3)-magma.

We will show that (Wx, 7) is a unique factorisation normed (3)-magma with set of irreducibles
X. Then, by Theorem [I we will have that (Wx, 7) is a free (3)-magma generated by X.

Proof. Suppose that 7(wy, wa, w3) = 7(wh, wh,ws) for w;,w, € Wx, i = 1,2,3. Therefore
(w1, wa, ws] = [w)],wh,ws] and hence (wy, w2, ws) = (w),w), wy). Thus we have that 7 is
injective and so (Wx, 7) is a unique factorisation (3)-magma. The set of irreducibles is given
by X since this is the complement of Img(7). We have |7 (w1, wa, w3)|| = ||w1]| + [|wa]| + [Jws]|
as (w1, w2, ws] € Wh, 4ngtns(X) if w; € Wy, (X), for i € {1,2,3}. Thus Wx, 7) is a normed
(3)-magma. O
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Note, the norm we have defined in the above proof differs slightly to the traditional size
parameter for combinatorial families counted by this sequence as it is more natural for us to
have only objects with odd norm. This ensures that the norm is strictly additive with respect
to the ternary map. If we instead wanted our base set to be partitioned into ‘norms’ given
by the natural numbers, we would require our norm to be sub-additive with respect to the
ternary map ie. the map would then not be a norm.

We now show how the norm used in the proof of Theorem [ partitions the Cartesian (3)-
magma into sets whose size is equal to the p-Fuss-Catalan numbers.

Proposition 14. Let (Wx, 7) be the Cartesian (3)-magma generated by the set X, where
| X| = p, and define the map ||-||; : Wx — N by ||m||; = n when m € Wy (X). If

Ny ={m € Wx : [|m|; =n}, n>1,

then
|Nong1| = Tn(p), n > 0.

Proof. Begin by noting that |m|, = n if and only if m € W,(X), and hence we have
N, = W, (X). Therefore |N1| = Wy (X)| = |X| = p. For n > 1, (27h) gives

— n—i—1

|Nopt1| = U U (Wait1(X) x Waj1(X) X Wan—ij—1)+1(X))
—0 j=0

—1n—i—1

= Z Z | Naita] - [Noji1| - [ Nam—ij—1)41]
i=0

This is equivalent to the p-Fuss-Catalan recurrence (7). ]

Corollary 4. Let (W, 7) be the Cartesian (3)-magma generated by the single element e. If
Ny and |||,y : We = N are as defined in Proposition then

|N2n+1| =Ty, n >0,

with T,, as defined in Definition [12.

Note, the norm function ||-|| : We — N from the above corollary could equivalently be defined
as follows: Let |-, : We — N be such that

lellp =1,
|7 (w1, wa, w3) ||l p = llwillp + Jwallp + lwsllp,  wi,we, w3 € We.

We have seen that a free (3)-magma generated by a single element with a norm function
satisfying (28]) is partitioned into sets given by the Fuss-Catalan numbers. Thus we are now
ready to characterise when a (3)-magma is associated with the Fuss-Catalan numbers.
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Definition 16 (Fuss-Catalan normed (3)-magma). Let (M, t) be a unique factorisation
normed (3)-magma with one irreducible element, €. Let |||, : M — N be a norm which
satisfies ||e||l, =1 and

[t(m1, ma, m3)|lp = [|mallp + [Imallp + [|msl 7, (29)

for allmy, ma, ms € M. Then (M, t) with the norm ||-||; : M — N is called a Fuss-Catalan
normed (3)-magma.

Let (M, t) be a Fuss-Catalan normed (3)-magma. Then the base set M begins by evaluating
the following expressions:

Norm 1: e.
Norm 3:  t(e, ¢, €).
Norm 5:  t(e, ¢, t(e, €, €)), t(e

(

(€, €, t(e,
Norm 7: t(e, t(e, €, €), t(e, €,

(

(

(

€, €),€), t(te, €, €), €, €).
), t(t(e, €, €), € t(e, € €)), t(t(e, €, €), t(e, €, €), €)
), tle, € t(e, t(e, € €), €)), t(e, € t(t(e, €, €), € €)),
) t(e t(e t(e € €), €), €), e, ((6 €, €); € ) €),
)o Hte, e, € ©), ©), €, ©), Hiltle, €, €), €, €, € €.

Another example of a Fuss-Catalan normed (3)-magma is the Fuss-Catalan family of ternary
trees Ty The generator is the tree containing no edges which we represent by a single node:

fﬂ]:.

The base set is the set of all ternary trees and the ternary map is defined as follows:

t1 to t3 -
t1 to t3
) )

The norm of any ternary tree is defined to be the number of leaves in the tree. Notice that
this norm is additive as the number of leaves in a ternary tree is equal to the sum of the
number of leaves in each of its three factors.

) )

€)
t(e, € t(e, €, t(e, €, €))
t(e, t(e, €, t(e €, €)), €
t(t(e, €, t(e, €, €)), € €), t(t

Sorting by norm, the base set of the ternary tree Fuss-Catalan normed (3)-magma begins as
follows:

Norm 5: = t(t(e, €, €), €, €), = t(e, t(e, €, ¢€), €),

= t(e, €, t(e, €,¢€))
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Clearly, this is a unique factorisation (3)-magma with only one irreducible element. This is
immediate from the definition of the ternary map, as we see that any ternary tree has unique
left, middle and right subtrees. Noting that there exists a norm, we have from Theorem [I]
that this is a free (3)-magma. Since the norm satisfies (29), we have that this is indeed a
Fuss-Catalan normed (3)-magma.

5.2 Free (3)-magma isomorphisms and a universal bijection

Proposition [3] tells us that there is a unique (3)-magma ismorphism between any two free
(3)-magmas with the same number of generators. This allows us to define a universal bijection
between any two Fuss-Catalan normed (3)-magmas.

Definition 17 (Universal bijection). Let (M, t) and (N, t') be free (3)-magmas with gener-
ating sets Xpaq and Xy respectively, with | X | = |Xnr|. Let 0 : Xy — Xnr be any bijection,
and define the map T : M — N as follows. For all m € M\ X,

(i) Decompose m into an expression in terms of generators €; € X and the map t.

(ii) In the decomposition of m replace every occurrence of €; with o(€;) and every occurrence
of t with t'. Call this expression v(m).

(111) Define Y(m) to be v(m), that is, evaluate all maps in v(m) to give an element of N.

From the above definition, we immediately get the following proposition. As noted in previous
sections, this comes from the fact that the map YT of Definition [I7] is equal to the map I' of
Proposition Bl

Proposition 15. Let Y : M — N be the map of Definition[I7. Then Y is a free (3)-magma
isomorphism.

Schematically, we can write T as follows:
decompose evaluate
m e substitute —_— n. (30)
ei—o(e), t—t

T is an isomorphism between the free (3)-magmas (M, t) and (N, ¢'), and therefore defines
a bijection between the base sets M and N. It also gives us that this bijection is recursive:

T (t(ml, ma, mg)) = t/ (T(ml), T(mg), T(mg)) .

It is also important to note that T is a norm-preserving map, subject to some conditions
on the norms defined on the two (3)-magmas. Suppose that (M, t) and (N, t') are free (3)-

magmas with generating sets of the same cardinality which have norms ||-|| ., : M — N and
|-l or : N'— N. If the norms |[|-|| ., and ||-||,- are such that:

(i) Im|ly = llo(m)||\ for all m € X, and
3
(ii) for all my,ma,mz € M, [t(m1,m2,m3)|pg = > [mil o + &, and for
i=1

3
all ny,n2,n3 € N, |[t'(n1,n2,13) || oy = D |14 o + 5, for some x € N,
i=1
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then we have
[mlia =Ty,  meM.

This can be seen by considering the decomposed expressions for m and Y (m).

This tells us that if (M, t) and (N, t') are both Fuss-Catalan normed (3)-magmas, then the
norm is preserved under the universal bijection Y.

We now give some examples illustrating this universal bijection between free (3)-magmas
generated by a single element. As in previous sections, each map and appearance of a generator
references a family from Appendix [4] via the subscript. We consider the following Fuss-
Catalan normed (3)-magmas:

e Ternary trees (7, 1)
e Quadrillages (7, )
e Non-crossing partitions (7|3], 113])

Consider the following ternary tree, which we can factorise as shown:

:@(o,/%\, .) :tm<o, tm(o,o,A) ,o) :qﬂ(o,qﬂ(o,o,qﬂ(o,o,o)),o)

=t (qq, 11 (9 1 10 (9T 0 ) > )

We wish to obtain the image of this ternary tree under the universal bijection to the Fuss-
Catalan normed (3)-magma of quadrillages. Thus we replace the generators and the ternary
map in this factorised expression with the generators and the ternary map of the quadrillage
(3)-magma:

nan@aeswes) @=a(-a(--a(-""))")

~(-m(--=] =] =m(. V- =®

9 )

S

Bijecting the above ternary tree to a non-crossing partition with blocks of even size, we simply
replace all occurrences of the generator and the ternary map in the factorised expression for
the ternary tree with the generator and the ternary map from the Fuss-Catalan normed
(3)-magma of non-crossing partitions with blocks of even size:

nanaanaan) @=-0(0a(0. 0.m(0.0.0)).0)

So the universal bijection maps
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2 2 3

:®<O,@<O,O,1@2>,O>:q3] O,l@?’,O = 1@4

4

Thus we see that

under the universal bijection.

6 Embedded bijections

In order to use the universal bijection, we are first required to factorise an object. This
procedure is simple in some families, but for others this procedure can be difficult or slow to
do “by hand”. For families where the factorisation process is not straightforward, it may be
the case that there exists a simple bijection to a different family which is easy to factorise.

For families which can be represented geometrically (in contrast to say ‘pure’ sequence fam-
ilies) in certain cases we can give a geometric representation of the product structure. This
representation will then additionally provide the factorisation required to apply a universal
bijection. To this end we use an idea from category theory where the existence of a (binary)
product object is defined via a product diagram (and a universal mapping principle). Thus if
some categorical object A is a product of two other objects B and C, the diagram

B A C

is used as part of the categorical definitior]. This idea was used in [8] for Catalan objects
which resulted in the embedding of complete binary trees into other Catalan objects. Here
we consider Motzkin, Schréder and Fuss-Catalan structures which give rise to unary-binary
tree and ternary tree embeddings. The generalisation to other positive algebraic structures is
clear.

6.1 Embedded bijections for Motzkin and Schroder geometric structures

We can use the (1,2)-magma structure of any Motzkin (respectively Schréder) family to define
an embedding of some other Motzkin (Schréder) object inside any object in that family. This
occurs in such a way that the recursive structure of these families is respected.

In Section [4.4] we showed how unary-binary trees correspond to both Motzkin and Schroéder
normed (1,2)-magmas. Assuming that unary-binary trees correspond to the free (1,2)-magma

'We don’t provide the full categorical definition as this is not required here - only the diagram.
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(M, f, x) with the single generator €, we label each leaf and each internal node of a unary-
binary tree as follows:

e A s W
The labels given to an internal node are determined by whether that node has out-degree 1

or 2. After labelling in this way, counter-clockwise traversal of the tree gives its factorisation.
For example, consider the following unary-binary tree which has been labelled:

By traversing this tree counter-clockwise we find that its factorisation is

((ex f (€))% f((exe))).

Since we are able to determine the factorisation of a unary-binary tree by simple tree traversal,
we focus on embedding unary-binary trees into other geometric families (both Motzkin and
Schroder).

In this section we assume that all free (1,2)-magmas have a single generator and are geometric
(meaning they are defined pictorially in some way rather than as sequences). Given that a
family is geometric, the details of its (1,2)-magma structure give us the following:

(i) We know which part of the geometry is associated with the generator. We will call this
the generator geometry.

(ii) From the definition of the unary map, we know which part of the geometry is added
each time the unary map is applied. We will call this the unary map geometry.

(iii) From the defintion of the binary map, we know which part of the geometry is added
each time the binary map is applied. We will call this the binary map geometry.

For example, we know that for unary-binary trees, the generators correspond to leaves, and
thus the generator geometry is a leaf. From the definitions of the two maps,

a b
€ €1 €2
f = tl * t2 =
t1 t2

we can see that the unary map geometry is the new root node a and the edge e. The binary
map geometry is the new root node b and the two edges e; and es.
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For any geometric family, it is clear that there may be many different ways of drawing the
same objects, with each representation differing only slightly and these being trivially in
bijection. In order to make it clear exactly which parts of an object’s geometry correspond to
the generator and which arise from the two maps, we will choose a canonical way of drawing
an object in a given family. In particular, we choose a way of drawing our objects so that
the points of any object can be partitioned into disjoint subsets. Thus for a (1,2)-magma
we require the objects to be drawn such that there are three disjoint subsets: one subset
corresponding to the generator geometry, one to the unary map geometry and one to the
binary map geometry. We call this canonical form the (1,2)-magma form.

Let (M, f, x) be a free (1,2)-magma with a single generator. For m € M, define the following
sets:

e Let Goq(m) be the set of all elements of generator geometry.
e Let Upq(m) be the set of all elements of unary map geometry.

e Let Bo((m) be the set of all elements of binary map geometry.

For example, if we choose to draw unary-binary trees as follows, with generator e, unary map
geometry drawn in blue and binary map geometry drawn in orange, then it is clear that any
unary-binary tree can be partitioned into these sets, as shown in the following example:

This gives the partition
Gaalm) = {32, 5%, 7o} Unalm) = {17 O}, Bum) = { A AL

For each piece of generator geometry we mark a point, called the leaf. For some families,
the generator is the empty object. In these cases, we enforce that the generator is associated
with some geometry by trivially modifying how the object is drawn. This ensures that we are
able to mark this point. For each piece of unary map geometry and each piece of binary map
geometry, we also mark a point. In both cases, this marked point is called the root.

For example, for the family of Motzkin paths My the generator is the empty path so we choose
to represent it by a single node, which is also our marked leaf:

€E=e0

We mark the root in the definition of the unary map, noting that this root is part of the unary

map geometry:
7| ) -
root
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Similarly, we mark the root in the definition of the binary map, again noting that this root is
part of the binary map geometry:

root

Now, for any object m from a (1,2)-magma (M, f, x) such that m = f(my), let the subroot
of m be the root of my if it exists (that is, if my # €) and the leaf of mg if mg = €. If
m = mj x Ma, then define the following:

e Let the left subroot of m be the root of m if m; # € and the leaf of my if m; =e.
e Let the right subroot of m be the root of ms if mg # € and the leaf of ms if ms = .

For example, if we are considering the (1,2)-magma of unary-binary trees (considered as either
a Motzkin family or a Schroder family), then the tree

the left subroot is node 2 and the right subroot is node 6.

We now define our embedded bijections via the following recursive procedure of embedding

pairs (P, —) and triples (<£, P, i) into some Motzkin or Schroder object m. This is done as
follows:

e If m = f(myg), then attach P to the root of the unary map f. The arrow — in the pair
(P,—) points from P to the subroot of m.

e If m = mq xmeo, then attach P to the root of the binary map . The left arrow & of the

triple (<£, P, i) points from P to the left subroot and the right arrow il points from
P to the right subroot.

We can represent this embedding schematically by drawing the root (of either the unary or
binary map) and the subroots in the definition of the maps. For example, for unary-binary
trees we have the following:

g P
¢ \L subroot
f = s /A
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b

P
€1 €2 / %
left right
* = ~~ subroot subroot
t1 t2
t1 to t1 to

Repeating the embedding recursively gives, for example,
P
L R
. P{ \P
s / \P %)
[}

L R
\.L ./ \.

It is clear that this embedded representation is trivially an alternative way of drawing a

unary-binary tree. Thus by recursively embedding the pair (P,—) and triple (@,P, E)) we
have effectively embedded a unary-binary tree inside our object. Note that the unary-binary
tree which is embedded is precisely the unary-binary tree which the object maps to under
the universal bijection. Thus the object and the embedded unary-binary tree have the same
factorisation. This gives us a simple way of decomposing the object, since we can simply
traverse the embedded unary-binary tree as illustrated previously.

We now illustrate how these embedded bijections work with a number of examples, working
with both Motzkin normed (1,2)-magmas and Schréder normed (1,2)-magmas.

6.1.1 Motzkin embedded bijections

M Motzkin paths Consider the family of Motzkin paths. The generator is the empty
path which we represent by a single node: ¢ = e. The unary and binary maps are as follows,
and we have labelled these diagrams with the roots and details of the embedding:

subroot Proot

n right subroot

left subrooﬁ/]?oot

From this, we see that we can embed a unary-binary tree inside a Motzkin path as illustrated
in the following example:

~ .w .PPW ~
D e

40



This is an important example as it demonstrates why we must keep track of which is the left
subroot and which is the right. If we had have omitted the labels on the arrows, then it would
seem that we have embedded a different tree (namely the tree which is obtained by reflecting
the embedded tree across a vertical line travelling through the root).

Mp: Non-intersecting chords Consider the Motzkin family of non-intersecting chords
joining n points on a circle. Note that on each diagram, we place a mark at the top of the
circle to fix its orientation. The generator is represented by:

-0

We need to mark a point on this generator to be the leaf, so we take it to be the marked point

shown in blue below:

Note, the marked (in blue) point is not a node of the circle used for connecting chords but,
as seen below, is a point between such nodes. We take the convention that the n points on
the circle which we are connecting are drawn in black. The two maps are as follows, with the
roots, subroots and embedded arrows all labelled:

root

Ry

subroot

| | right subroot
* =

From these, we can see that we can embed a unary-binary tree inside a non-intersecting chord
diagram as follows:

A
RN
_—

41
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6.1.2 Schroder embedded bijections

Sgr Schroder paths To embed a Schroder unary-binary tree inside a Schroder path. The
generator for Schroder paths is taken to be a single vertex: ¢ = e. The embedding of the pairs

(P,—) and triples (é, P, —R>) is shown in the following diagram:

</ root

subroot

R
right subroot

‘ * ‘ = left subroot %~

Thus we see that we can embed a unary-binary tree inside a Schroder path as shown in the
following example:

Sgr Rectangulations Finally, we will show how to embed a unary-binary tree inside objects
from the Schroder family of rectangulations. The generator is the following, with the marked
point shown being the leaf:

-1

The unary and binary maps have the following geometry, where LS and RS are used to denote
the left subroot and the right subroot respectively:

subroot

root Pf\‘
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rootpf—}i,RS
L{ 7 2 if p1 =,
LS
R
root. — 4 RS
P—=
|
|
|
L b2
l jt
! if 1 =
1 )
Ls] T w
p1 * D2 = !
P1 }
1
N
R
rootp/\‘Rs
Ll f-—-——---- p2
. Y
1 pP1 =
&
LS i
Pr - - >

Thus we can embed a unary-binary tree inside a rectangulation as demonstrated in the fol-
lowing example:

I

6.2 Embedded bijections for Fuss-Catalan (3)-magmas

In this section we consider how to embed ternary trees inside objects from other Fuss-Catalan
families.

Assume the ternary map in the ternary tree (3)-magma is ¢ and the unique generator is e. If
we label each leaf and each internal node in a ternary tree as follows:

lHland/T\HW
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then a counter-clockwise traversal of the tree gives its factorisation, as shown in the following
example:

Traversing this tree, we can see that its factorisation is ¢ (€, (¢, €, (¢,€,€)) ,€) .
From the definition of any geometric (3)-magma, we have the following information:

(i) We know which part of the geometry is associated with the generator. We will call this
the generator geometry.

(ii) From the definition of the ternary map, we know which part of the geometry is added
each time the ternary map is applied. We will call this the ternary map geometry.

Take the family of ternary trees Ty for example. We can see that the generators correspond
to leaves of the tree, while from the ternary map definition,

€1 es €3
t =
t1 to t3
, , t1 to t3

we observe that the ternary map geometry is the new root r and the three added edges eq, e
and es.

For the Fuss-Catalan family of quadrillages Tz, the generators correspond to sides of the
polygon (with the exception of the single marked side for all polygons with more than one
edge). From the ternary map ,

e N e N e >
/ \ / \ Y \ | g2 ]
1 \ 1 \ { \ P PN
t | q1 1 | q2 1 [ qgs 1 _ 4 N
\ i \ i \ / - (’ e \
\ / \ / \ 4 )
N % N % < 4 1 q1 q3 |
9 3 Ne— \ 61 63 /
€1 €2 €3 \ )
g e o

we can see that the ternary map geometry is just the new marked side e.

As in Section [6.1] we wish to draw our objects in such a way that it is clear exactly which parts
of an object’s geometry correspond to the generator and which parts arise from the ternary
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map. We choose to draw our objects so that the points of the object can be partitioned into
two disjoint subsets, with one containing all pieces of generator geometry and the other all
pieces of ternary map geometry. We will say that families defined in such a way that their
objects can be partitioned into these subsets are in (3)-magma form.

For any free (3)-magma (M, t) with a single generator and every object m € M, define the
following sets:

e Let Goq(m) to be the set of all pieces of generator geometry.
e Let Trq(m) to be the set of all pieces of ternary map geometry.

For example, drawing ternary trees with generator e and ternary tree geometry in orange,
we can see how any ternary tree can be partitioned into these subsets. For example, for the
ternary tree

this partition is
Gaatm) = {20, 0, 5w o0, 7o}t = { N N D

Now, for each piece of generator geometry we shall mark a point and call this point the leaf.
In some cases, the generator is the empty object. In these instances, we enforce that the
generator is associated with some geometry so that we are able to mark this point. We also
mark a particular point in each piece of ternary map geometry, calling this point the root.
For example, for the Fuss-Catalan family of quadrillages, the generator is a single edge, so we
represent this by the following:

€ = ——
Notice that we have marked a point on this edge in blue. This point is the leaf. Similarly, we

can mark the root in our definition of the ternary map, noting that this root is part of the
ternary map geometry. This is shown in blue in the following figure:

el €2 €3 \ 4

Now, for any object m from a Fuss-Catalan family with (3)-magma (M, t) such that m = t(mq, ma, ms),
define the following;:

e Let the left subroot be the root of my if it exists (that is, if m; # €) and the leaf of
mi if myp = €.
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e Let the middle subroot be the root of my if msy # € and the leaf of mo if mo = €.
e Let the right subroot be the root of mg if m3 # € and the leaf of mg if mg = e.

For example, if we are considering the family of ternary trees and we have

8 9
then the left subroot is node 2, the middle subroot is node 3 and the right subroot is node 7.
We can now define our embedded bijections via the following recursive procedure of embedding
4-tuples (P, <£, + i) inside the Fuss-Catalan object m. If m = t(my, mo, m3), then attach P

to the root of the ternary map. The arrow L points from P to the left subroot, the arrow |

points from P to the middle subroot and the arrow it points from P to the right subroot.

We can represent this embedding process schematically by drawing the roots, subroots and
embedded arrows in the definition of the ternary map. For example, for ternary trees we have
the following:

root

AAA 124

Here, LS, MS and RS denote the left subroot, middle subroot and right subroot respectively.

Repeating this embedding recursively gives, for example,

/l\
/i\ /i\

This clearly defines another tree which trivially differs from a ternary tree. We see that by

recursively embedding 4-tuples (P, <£,¢, E>) inside an object we are effectively embedding
ternary trees. Moreover, we are embedding precisely the ternary tree which is in bijection
with that object via the universal bijection. As a result we are then able to easily factorise
the original object simply by factorising the embedded ternary tree.

We now demonstrate some explicit embedded bijections for different Fuss-Catalan families.

Tz Quadrillages The generator of this family is a single edge, drawn here with a marked
point for the leaf:



The ternary map is as follows, with details of the embedding drawn in:

We can see from this how we can embed a ternary tree inside a quadrillage. The following is
an example of this embedding:

Tg: Lattice paths We will show how to embed a ternary tree inside a lattice path of
the type enumerated by the Fuss-Catalan numbers. These are paths from (0,0) to (n,2n)
consisting of n East steps (1,0) and 2n North steps (0, 1) that lie weakly below the line y = 2x.
The generator for these paths is taken to be a single vertex: € = e. The ternary map is as
follows, with the root, subroots and embedded arrows all labelled:

The dotted line in the above schematic diagram is the line y = 2x.
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We see that we can embed a ternary tree inside a lattice path of this type as shown in the
following example:
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7 Appendix

In the following appendices, we list a number of families which are enumerated by each of the
Fibonacci numbers (Section [.1]), Motzkin numbers (Section [7.2)), Schréder numbers (Section
[73]) and order 3 Fuss-Catalan numbers (Section [7.4]). For each family, we provide a reference
and give a brief definition before detailing the following:

e The generator of the relevant n-magma.

e A definition of all of the relevant n-magma maps. These are in most cases schematic
diagrams.

e A definition of the norm, in terms of some natural parameter of the objects of that
family.

e A list of some elements of the corresponding n-magma. In each family, we list the
elements with the smallest norms alongside their decomposition in terms of the generator
and the n-magma maps. This information provides concrete examples of how to apply
the maps.

One can then use the information provided to obtain a bijection between any two families
which are enumerated by the same integer sequence. This can be done using the relevant
universal bijection (Definition [[0lfor Fibonacci families, Definition [I4] for Motzkin or Schréder
families and Definition [I7] for Fuss-Catalan families).
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7.1 Fibonacci Families

We present a number of Fibonacci normed (1,1)-magmas for well-known families of objects
enumerated by the Fibonacci numbers. We take the convention that each generator is called
€ and the two unary maps are called f and g. These are chosen in such a way that

1fm)ll = llmll+1, [lglm)]| = [[m] +2,

for all m € M, where M is the base set of the (1,1)-magma. Despite the same names
being used for each family presented, it is clear that these are all different maps and that the
generators are all different. The choice to use the same names was made for the sake of clarity
and simplicity. At any point in this paper where these maps or generators are referenced,
they appear with a subscript indicating which family they correspond to.

F, : Fibonacci tilings [4, 5]

The Fibonacci number F,,41 is the number of ways to tile a 1 x n board using 1 x 1 squares
and 1 X 2 dominoes. We will represent a 1 x 1 square and a 1 x 2 domino by

() ad [T

respectively.

Generator: The empty tiling:

Unary maps:

f (P -
o (Em) - e

Norm: If t is a tiling of a 1 x n board, then ||t|| =n + 1.

(1,1)-magma: The (1,1)-magma begins (sorting by norm) as follows:
Norm 1: () =e€
Norm 2: D = f(e)

Norm 3: Dj:f(f(e)), E:‘ZQ(E)
Norm [ [ 1 1=10G@). [ ]=e0@ [ ]=/@@)
Norm 5 [ 1L 1=/0GU@), [T 1=/,

F,: Path graph matchings [12]
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Fl,+1 is the number of matchings in a path graph on n vertices, P,. This is a tree with two
nodes of degree 1 and the other n — 2 nodes of degree 2.

Generator: The empty matching on zero vertices:

e=10.

Unary maps: Let g=e o o ... o be a matching on a path graph on n vertices. Define
two unary maps as follows:

G(o o @ e W) me e e e e

Norm: If g is a matching in a path graph on n vertices, then ||g|| = n + 1.

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: D =¢
Norm 2:

Norm 3: o o = f(f(€)), o— =g(e)
Norm 4: o o o = f(f(f(€))), o—s
g

Norm 5: e e o o =

F3: Perfect matchings in a ladder graph [22]
Fl,+1 is the number of perfect matchings in the ladder graph L, = P» x P,.

Generator: The empty matching in the ladder graph on zero vertices:

e =10.
Unary maps:
f ° ° = g ° ° = . .

Norm: If M is a perfect matching in L,,, then ||M| =n+ 1.

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:
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Norm 1: D =¢
Norm 2: *— = f(e)

Norm 3: : = f(f(e)), I IZQ(E)

Norm 42 o= = f((F@). b L= pe). 1 1=t
— I
Norm 5 1 = FUFF@)), s = F(F(g(e)).
EHI — I
SO LTINS

F,: Compositions with no 1’s [26]

F, is the number of compositions of n+1 with no part equal to 1. A composition of an integer
n is a way of writing n as the sum of a sequence of strictly positive integers. Two sequences
that differ in the order of their terms define different compositions of their sum.

Generator: The composition of 2 into one part:
€= 2.

Unary maps: Let aj+- - -+ay, be a composition of n, where o; € N\{1} for each 7 € {1,...,k}.
Then define two unary maps as follows:

floa++ag) =a1+ -+ (ar + 1),
glog + -+ o) =ar + - +ap+ 2.

Norm: If ¢ is a composition of the integer n, then ||c|| =n — 1.

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: 2=¢€

Norm 2: 3= f(e)

Norm 3: 4= f(f(e)), 2+2=g(e)

Norm 4 5= U G), 243 =), 3+2=g0)

Norm 5. 6= F(UTON), 2+i=fUGEO), 3+3=IGTEON,
4+2=g(f(f(), 2+2+2=yg(g(e)

F5 : Compositions with no part greater than 2 [16]

F, is the number of compositions of n — 1 with no part greater than 2.
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Generator: The empty composition:

e=10.
Unary maps: Let ¢ be a composition, and define two unary maps as follows:

fle)=c+1,
glc) =c+2.

Norm: If ¢ is a composition of the integer n, then ||c|| =n + 1.

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: (D =¢

Norm 2: 1= f(e)

Norm 3: 1+ 1= f(f(e)), 2=g(e)

Norm 4: 14+1+1= f(f(f(e))), 2+1=f(g(e)),
1+2=g(f(e)

Norm 5: 1+ 1+14+1=f(f(f(f(€)), 2+1+1=f(f(g(e))),

1+2+1=f(g9(f(e), 14+1+2=g(f(f(e))),
2+2=g(g(e)

Fs : Compositions using odd parts [26]
F,, is the number of compositions of n into odd parts.

Generator: The composition of 1 into one part:

e=1.

Unary maps: Let ay + ...+ ag be a composition, and define two unary maps as follows:

flam+...+ap)=a1+...+ax + 1,
g(al—l—...—i-ozk):a1+...+(ak+2).

Norm: If ¢ is a composition of the integer n, then ||c| = n.
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(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: 1=c¢€

Norm 2: 1+1= f(e)

Norm 3: 1+14+1= f(f(e)), 3=gle)
Norm 4: 1+1+1+1=f(f(f(e))), 3

+1=f(g(e), 1+3=g(f(e)
Norm 5: 14+1+14+1+1=f(f(f(f(e)), 3+14+1= f(f(9(e))),
143+ 1=f(g(f(e), 1+1+3=g(f(f(), 5=g(g(e)

F;: Binary words with odd run lengths [22]

F,, is the number of binary words (words in the alphabet {0,1}) of length n beginning with
0 and having all run lengths odd. A run is a subword containing only 0’s or only 1’s which
is maximal (meaning that we cannot extend the subword and still have the property that it
contains only 0’s or only 1’s).

Generator:
e=0.
Unary maps: Let w be a binary word. Define two unary maps as follows:
w0, if length of w is even,
fw) = . .
wl, if length of w is odd,

(w) wll, if length of w is even,
w) =
g w00, if length of w is odd.

Norm: If w is a binary word of length n, then ||w| = n.

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: 0O0=c¢

Norm 2: 01 = f(e)

Norm 3: 010 = f(f(e)), 000 = g(e)

Norm 4: 0101 = f(f(f(e))), 0001 = f(g(e)), 0111 = g(f(e))

(f(e
Norm 5: 01010 = f(f(f(f(€)))), 00010 = f(f(g(e))), 01110 = f(g(f(€))),
01000 = g(f(f(€))), 00000 = g(g(e))

Fg: Permutations with |pr — k| < 1 [21]

F, 41 is the number of permutations pips - - - p, of {1,...,n} such that

lpr — k| <1, k=1,...,n.

Generator: The empty permutation (n = 0):

e=10.
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Unary maps: Let p1pa - - - py, be a permutation of {1,...,n}. Define two unary maps as follows:

f(pip2---pn) =p1p2- - pn(n+1),
g(p1p2 -+ pn) = P12 Pa(n+2)(n +1).

Norm: If p is a permutation of {1,...,n}, then ||p]| =n + 1.
(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: (O =e

Norm 2: 1= f(e)

Norm 3: 12 = f(f(e)), 21 =g(e)

Norm 4: 123 = f(f(f(€)), 213 = f(g(e)), 132 =g(f(e))

Norm 5: 1234 = f(f(f(f(€)))), 2134 =f(f(g(e))), 1324 = f(g(f(e))),
1243 = g(f(f(€))), 2143 = g(g(e))

Fy : Binary sequences with no consecutive 1’s [19]

F,12 is equal to the number of binary sequences (words in the alphabet {0,1}) of length n
that have no consecutive 1’s.

Generator: For this family there does not exist a natural representation for the generator e.
This is due to the fact that norm n objects correspond to words of length n — 2 and thus there
is no natural way to describe a norm 1 object. For this reason, we describe the (1,1)-magma
corresponding to this Fibonacci family in the manner described at the end of Section Bl We
define the generator simply to be € (with no further meaning associated with it) and define
the following objects:

f(e) =0 (the empty word),

gle) = 1.
Having defined these objects along with the unary and binary maps which follow, we have
thus completely specified the relevant (1,1)-magma.

Unary maps: Let w be a binary sequence of length n containing no consecutive 1’s. Then
define two unary maps as follows:

w
w
Norm: If w is a binary sequence of length n, then |Jw| = n + 2.

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: €
Norm 2: 0 = f(e)
Norm 3: 0= f(f(e) 1=g(e)

)7
Norm 4: 00 = f(f(f(e))), 10= f(g(e))
Norm 5: 000 = f(f(f(f ()




Fip: Reflections across two glass plates [13, [17]

F, 42 is equal to the number of paths through two plates of glass with n reflections (where re-
flections can occur at plate/plate or plate/air interfaces). These are represented schematically
as in [13].

Generator: We represent the generator as follows:

€=—

Unary maps: For the generator e,

flo) = X g(e) = ~

For all elements of the base set other than ¢, the unary maps can be illustrated schematically

as follows:
T S ﬁ
f ~ = 7 ) f = )
N\

The map f simply adds one reflection by taking the exiting ray and reflecting it as it leaves
the bottom plate. The map g adds two reflections by taking the exiting ray and reflecting it
twice, with the second reflection occurring at the centre plate/plate interface. Thus f changes
the direction the ray exits the plates whilst g does not change the direction.

Norm: If p is a path with n reflections, then ||p|| =n + 2.

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:
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Norm 1:

Norm 2: X: f(e)

f(f(),

S0 =0
Norm 4: Ezf(f(f(e))% Kzﬂg(e», E

Norm 3:

= 4(f(9)
Norm 5: ﬁ = [N, % = 9(/(f())),
% = (o(F(e))), ﬁ = (F(9(e))),
iR
Fi1: Subsets with no consecutive integers [26]
F4 is equal to the number of subsets of {1,2,...,n} that contain no consecutive integers.

To distinguish between two equal subsets that arise as subsets of two different sized sets we
consider Fjj to be pairs (n, S) where S C {1,2,...,n}. Thus (n,S) and (m, S) are only equal
if n = m (even though both subsets are the same).

Generator: For this family there does not exist a natural representation for the generator e.
This is due simply to the nature of the family, since norm n objects correspond to subsets
of {1,2,...,n — 2} and thus there is no natural way to describe a norm 1 object. For this
reason, we describe the (1,1)-magma corresponding to this Fibonacci family in the manner
described at the end of Section Bl We define the generator simply to be e¢ (with no further
meaning associated with it) and define the following objects:

f(e) =(0,0),
g(e) = (1,{1}).

Having defined these objects along with the unary and binary maps which follow, we have
thus completely specified the relevant (1,1)-magma.

Unary maps: Let S be a subset of {1,2,...,n} containing no consecutive integers. Define
two unary maps as follows:

f(n,8)=(n+1,5)
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Norm: ||(n,S)|| =n + 2.

g(n,S)=(n+2,SU{n+2}).

(1,1)-magma: The (1,1) magma begins (sorting by norm) as follows:

Norm 1: €

Norm 2:  f(e) = (0,0)

Norm 3: f(f(e)) = (1,0), g(e)=(1,{1})

Norm 4: f(f(f(€))) = (2,0),  flg(e)) = (2,{1}),
9(f(e)) = (2,{2})

Norm 5: f(f(f(f(€))) = (3,0), [f(f(g(e))) = (3,{1}),
flg(f(e) = (3:{2}), g(f(f(e))) = (3,{3}),
9(g(e)) = (3,{1,3})
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7.2 Motzkin Families

We present a number of Motzkin normed (1,2)-magmas. For each (1,2)-magma, we take
the convention that the generator is €, the unary map is f and the binary map is * (and
this is always written as an in-fix operator). Despite the same names being used for each
(1,2)-magma presented, it is clear that these are all different maps and that the generators
are all different.

M; : Motzkin paths [11]

M, is the number of paths from (0,0) to (n,0) using steps U = (1,1), D = (1,—1) and
H = (1,0) which remain above the line y = 0.

Generator: The empty path which we represent by a single vertex:

€E=e

Unary map:

7| M) - _

FY Y YN

Norm: If p is a Motzkin path from (0,0) to (n,0), then ||p|| =n + 1.

Binary map:

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: e=¢

Norm 2: = f(e)

Norm 5: = f(f(e€)), /\:e*e
Norm, 4: =fUf(FE), /N =Slexe), N\ =Fflo)x
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My : Non-intersecting chords [18]

M,, counts the number of ways of drawing any number of non-intersecting chords joining up
to n distinct points on a circle. These n points are called chord points. Note that not all n
chord points must be incident with a chord. We mark, with a v , a unique point at the top
of each circle. This fixes the orientation of the circle and distinguishes non-intersecting chord
diagrams which only differ by a rotation.

Generator: The trivial way of joining zero chord points on a circle:

Unary map:

Binary map:

a
a sy O b b b
‘*‘

a b

Norm: If p contains n chord points, then ||p|| =n + 1.
(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: (D =e
Norm 2: C) — f(e)
Norm 3: @:f(f(e)), @:e*e

Norm 4: (:i)==f0%f&»% <§:>=:f&*€% (:Z}==f&)*a

= ex f(e)




Ms : Motzkin unary-binary trees [11]

M, is equal to the number of rooted trees with n edges in which every vertex has degree at
most 3, and in which the root has degree at most 2.

Generator: The generator is a single vertex, that is, the only tree containing no edges:

€E=e

Unary map:

Binary map:

t * to -
t1 to

Norm: If t is a tree with n edges, then ||t|| =n + 1.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: e=¢€

Norm 2: I = f(e)

Norm 3: {:f(f(e)), ./\.:e*e

Norm 4: 1 = f(f(f(e)), )\;f(e*e), /%ze*ﬂe),
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My : Bushes [11]

M,,_1 is the number of rooted planar trees with n edges and no degree two nodes, except
possibly for the root. Such a tree is called a bush.

=1

Generator:

Unary map:

Binary map:

ity =],

otherwise.

Norm: If b is a bush with n edges, then ||b]| = n.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: I =€

Norm 2: /\.:f(e)
Norm 3: ‘/I\.:f(f(e)), A:e*e

Norm 4: N = FF(F(), /<\:f<e*e>, /I\:ﬂe)*e,
/}\:e*f@

Mjs : UUU-avoiding Dyck paths [23]
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M, is the number of Dyck paths of length 2n with no sequence of three or more consecutive
up steps. A Dyck path is a path from (0,0) to (2n,0) using steps U = (1,1) and D = (1,—1)
which remain above the line y = 0.

Generator: The empty path which we represent by a single vertex:

Unary map:

Binary map:

Norm: If p is a Dyck path from (0,0) to (2n,0), then ||p|| = n + 1.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: e=c¢
Norm 2: /N = f(€)

Norm 3: N =) /\:e*e
Norm b A A=) /\/\ = flexe),
N0 AN

Mg : UDU-avoiding Dyck paths [23]

M, is the number of Dyck paths of length 2n with no sequence of UDU steps.

Generator:

Unary map:



Binary map:

Norm: Let p be a Dyck path from (0,0) to (2n,0). Then ||p| = n.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: /\:e

Norm, 2: /\ = f(e)
Norm. 3: /\ = £(£(e)), /\/\ = exe

Norm 4:

/\/\E*m /\/\f@*e

My : Recursive set of bracketings [23]

M,,—1 is the number of strings of length 2n from the following recursively defined set: L
contains the string [| and, for any strings a and b in L, we also find [a] and [ab] in L.

Generator:

e=1[]

Unary map: Let a be a bracketing. Then define the unary map as

Binary map: Let a and b be two bracketings. Then define the binary map as

a*xb=/[ab].

Norm: If a is a bracketing of length 2n, then ||a|| = n.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:
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Norm 1: [] =€

Norm 2: _[[]] = f(€)

Norm 3: [[[]]] = f(f(e), [[J[]]=exe

Norm 4: [[[[]]]] = f(f(f(e)), [[[][]]] = flexe),
[JI0]] =exfle), [[II]=f(e)xe

Mg : Dyck paths with even valleys [23]

M), is the number of length 2n Dyck paths whose valleys all have even z-coordinates. A valley
is a path vertex preceded by a down step and followed by an up step.

Generator: The empty path which we represent by a single vertex:

Unary map:

Binary map:

N

Norm: If p is a Dyck path from (0,0) to (2n,0), then ||p|| = n + 1.
(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: e=¢€

Norm 2: /\ = f(e)

Norm 3: /\/\:f(f(e)), /\:e*e

AN /\/\
/\E*f AN

My : RNA shapes [15]
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M, is the number of RNA shapes of size 2n+2. RNA shapes are Dyck words without “directly
nested” motifs of the form A[[B]]C for A, B and C Dyck words. A Dyck word is a word
in the alphabet {[, | } with an equal number of left and right parentheses with the property
that, reading from left to right, the number of right parentheses never exceeds the number of
left parentheses.

Generator:

e=1[]
Unary map: Let w be an RNA shape. Then define the unary map as

flw) = wl].

Binary map: Let wy and ws be RNA shapes. Then define the binary map as
w1 *x we = wj [ wa],

where w; = w] |.

Norm: If w is an RNA shape of length 2n, then |jw|| = n.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: []=¢

Norm 2: _[][] = f(€)

Norm 3: _[][][] = f(f(e), [[][]]=exe

Norm 4 [][][][] = f(f(f()), [[I[II[] = flexe),
(OO0 =exfle), [T = fle)*e
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7.3 Schroder Families

We present a number of Schroder normed (1,2)-magmas. For each (1,2)-magma, we take the
convention that the generator is e, the unary map is f and the binary map is x (and that
this is always written as an in-fix operator). Despite the same names being used for each
Schroder family presented, it is clear that these are all different maps and the generators are
all different.

S1: Schroder paths [6]

Sy, is the number of paths from (0,0) to (n,n) using only steps (1,0), (0,1) and (1,1) which
lie weakly below the line y = x. The diagonal y = x is shown as a dashed line in the schematic
diagram defining the binary map.

Generator: The empty path which we represent by a single vertex:

€E=e

Unary map:

Binary map:
’ ) ‘ )

Norm: If p is a Schroder path from (0,0) to (n,n), then ||p|| =n + 1.
(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: e—c¢

Norm 2: /= f(e), | =exe

Norm 3. / — F((e), f — flexe), J:e*ﬂe),
Jzeum), H:ﬂe)*e, JJ=<e*e>*e

Se : Dyck paths with coloured peaks [10]
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Sy, is the number of Dyck paths from (0,0) to (2n,0) with each peak coloured black or white.
A peak is a point preceded by an up step and followed by a down step.

Generator: The empty path which we represent by a single vertex which is coloured black:
€E—®©

Note that when applying the unary map to € or applying the binary map with € as the left
factor that this is simply the empty path since this will not correspond to a peak and thus
the node need not be coloured.

Unary map:

Binary map:

ifp2:€

X

if po #e€

Norm: If p is a Dyck path with coloured peaks from (0,0) to (2n,0), then ||p|| =n + 1.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: e =

Norm 2: = f(e), /\: €x€
Norm 5 p = HE) A A = Herd N = e 10,
/\:e*(e*e), /\/\:f(e)*e, /\/\:(e*e)*e

Ss : Semi-standard Young tableaux of shape n X 2 [25]

Sy, is the number of semi-standard Young tableaux (SSYT) of shape n x 2. Each tableau is
filled with entries from {1,...,r} for some r € N, and we require that each number in this set
appears in at least one cell. The rows must be weakly increasing from left to right and the
columns must be strictly increasing from top to bottom.

Generator: The empty SSYT:



When applying either of the two maps to the generator, every entry of the empty tableau is
taken to be 0. In the map definitions which follow, we explicitly state what happens when
applying the maps to the generator in order to make this clear.

Unary map:
f B _I 5
alb b+1|b+1
Note that we have
fle)=
Binary map:
a b
b s t @ d
a oo d+1 tEdt 1
Sl XL T8 td+] | v+d+1
cld 1= utd+1 :
: z+d+1
y+d+1l| z+d+2

If we apply the binary map with the generator, we have the following;:

5 1 t+1
a
PR . . Z Z s+1 | v+1
o ) . _ 5 5 _ 1 .
exe=[1]2] Ll re= p| € x Tk U+
@ || d d+1 | d+2 1= . Z+;
y+ zZ+

Norm: If t is a semi-standard Young tableau of size n x 2, then ||t =n + 1.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: (Q=¢e

Norm 2: :f(e), 1] 2] cxe
1

112 12

Norm 3: 75 =f(f(e), [313|=/[flexe), [23]=€*/f(e),

1
2

113 111 112
4 :E*(E*E), 2 3 :f(E)*E, 34 :(6*6)*6

S4 : Rectangulations [1]
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S, is the number of ways to divide a rectangle into n + 1 smaller rectangles using n cuts
through n points placed equidistant from each other inside the rectangle along the diagonal
joining the bottom left corner and the top right corner. Each cut intersects one of the points
and divides only a single rectangle in two.

Curiously, this combinatorial family appears on the Schroder numbers Wikipedia page with
no citation. After some investigation, it was discovered that these are equivalent to “point-
constrained rectangular guillotine partitions” as defined in [1].

Generator: The generator is taken to be the trivial way of dividing a rectangle into one
rectangle using zero cuts:
e=]

Unary map:

flre [=11 "

!
a

After applying the unary map, any vertical cuts in p are extended downwards until they reach
the lower boundary. This is represented by the dashed arrow.

Binary map:

g if| ;| =g,
)
|
! p2 /!
! .
! | ifl m = ; i ,
p1 * b2 = p1 : b1
|
l
77777 P2 17"
ifl ;=] Py
P13 P1

After joining the two rectangulations as shown in the binary map, we then extend all cuts
until they meet the boundary. This is represented by the dashed arrows.

Note that p} and p} above are not necessarily unique, however the product rule is well defined.
In any rectangulation, there will be either a cut which joins the left and right boundaries or
there will be a cut which joins the top and bottom boundaries. This follows from the constraint
that each cut may divide only a single rectangle in two. It is the unique orientation of any
longest cut which determines how we apply the product rule.

Norm: If p is a rectangle dissection using n internal lines (so the rectangle consists of n + 1
smaller rectangles), then ||p|| =n + 1.
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(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: [ ] =€

Norm 2: ¢ |= fle), — —€*e€

Norm 3: ! :f(f(e)); * = f(exe), ! :E*f(6)7

. =ex(exe), "= f(e) xe ! |=(exe)xe

S5 : Schroder unary-binary trees [25]

Sy is equal to the number of rooted trees with n non-leaf nodes in which every vertex has
degree at most 3, and in which the root has degree at most 2.

Generator: The generator is a single vertex:
€E=e

Unary map:

Binary map:

* =
t1 to
t1 to

Norm: If t is a tree with n non-leaf nodes, then ||¢|| = n + 1. Note that we consider the only
node in € to be a leaf node, and hence ||¢|| = 1.




(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: e=¢€

Norm 2: I = f(e), '/\.:e*e

Norm, 3: ?:f(f(e)), = f(exe), /\:e*f(e),
/>\:e*(e*e), K\:f(e)*e, /<\:(e*e)*e

S¢ : Polygon dissections [25]

Sy, is the number of dissections of a regular (n + 4)-gon by diagonals that do not touch the
base. A diagonal is a straight line joining two non-consecutive vertices and dissection means
that diagonals are non-crossing though they may share an endpoint. We draw all polygons
with a marked side which is denoted by a thick black line. This fixes the orientation of the
polygon and distinguishes polygons which only differ by a rotation.

Generator: The trivial dissection of a square obtained by placing no diagonals:
e=[]

Unary map:

Binary map:

where the edge fi coincides with the edges eses to form a single diagonal.
Norm: If p is a dissection of an n-gon, then ||p|| =n — 3.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:
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Norm 1: D =c

Nt (=10 e
Norm, 3: O:f o), ®_ cx o), @:e*f(e),
@=a*<e*e>, @zf(e)*e, ®=<e*e>*

S7: Perfect matchings in an Aztec triangle [9]

S, is the number of perfect matchings in an Aztec triangle, which is a triangular grid of n?
squares. This grid is formed by starting with one square, then placing a centred row of 3
squares beneath it, followed by a centred row of 5 squares beneath this and so on. We then
place a node at the corner of each square. We allow only perfect matchings in which no two
edges cross when all edges are drawn as straight lines connecting two nodes. This enforces
that any node is matched with a node placed on an adjacent corner of the same square ie. all
matching edges are either a horizontal or vertical and unit length.

Generator: The trivial empty matching in a triangular grid of zero squares:

e=1.
Unary map:
f ’_/”x‘ = mH
Binary map:

A

| QR

Norm: If m is a perfect matching in an Aztec triangle of n? squares, then ||m| =n + 1.
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(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:

Norm 1: (P =¢

Norm 2: ::f(e), I I:e*e

Norm 3: e— oe—e= f(f(e)), I I — = f(exe), I A I:e*f(e),
I E I—e*(e*e), : I I:f(e)*e, I I I I:(e*e)*e

Sg : Coloured parallelogram polyominoes (zebras) [20]

Sy is the number of parallelogram polyominoes of perimeter 2n + 2 with each column coloured
black or white. A parallelogram polyomino is a translation invariant array of unit squares
bounded by two lattice paths that use the steps (0,1) and (1,0) and that intersect only at
their first and last vertices.

Generator: The empty parallelogram polyomino, which we choose to represent as follows:
€=
We take this to have perimeter 2.

Unary map: Add a single white square to the top right of the coloured parallelogram poly-
omino:

Binary map:

if b2 = ¢,
otherwise.

The red section means that we join p; and p2 as shown and then add one cell at the bottom
of each column of po, with this cell being given the colour of the column it is being added to.

Norm: If p is a coloured parallelogram polyomino of perimeter 2n + 2, then ||p|| = n + 1.

(1,2)-magma: The (1,2)-magma begins (sorting by norm) as follows:
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Norm 1: (@ =¢

Norm 2: [ ]=f(e), [ =¢€xe

Norm 3 [T=f(f(€), W= flexe), H:e*f(e),
I:e*(e*e), [ =f(e)xe, I =(exe)xe
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7.4 Fuss-Catalan Families

We present a number of Fuss-Catalan normed (3)-magmas for combinatorial families enumer-
ated by the order 3 Fuss-Catalan numbers. We take the convention that each generator is
called € and that each ternary map is called t. Despite the same names being used for each
(3)-magma presented, it is clear that these are all different maps and the generators are all
different.

T, : Ternary trees [2]

T,, is the number of complete ternary trees with 2n + 1 leaves. A complete ternary tree is a
rooted tree such that every non-leaf node has three children.

Generator: The generator is a single vertex:

€E=e

Ternary map:

t =
t1 to ts3
t1 to t3
) M

Norm: If t is a ternary tree with n leaves, then ||t|| = n. Note that we consider the only node
in € to be a leaf node, and hence ||¢]| = 1.

(8)-magma: The (3)-magma begins (sorting by norm) as follows:

Norm 5: = t(t(e, €, €), €, €), = t(e, t(e, €, ¢€), €),

= t(e, €, t(€, €, €))
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Ty : Even trees [24]

T}, is the number of rooted plane trees with 2n edges, where every vertex has even out-degree.

Generator: The generator is a single vertex:

€E=e

Ternary map:

t/\/\/\
t1 to t3

Norm: If t is a tree with n edges, then ||t|| =n + 1.

(8)-magma: The (3)-magma begins (sorting by norm) as follows:

Norm 5: —tte 0,60, PN = et 60,0,

= t(e, €, t(e, €,€))

T3 : Non-crossing partitions with blocks of even size [24]

T, is the number of non-crossing partitions of {1,2,...,2n} with all blocks of even size.
We represent such a partition schematically by n marked points on a circle, with a chord
connecting points which are in the same block.

Generator: The generator is the trivially empty partition of the empty set:

e,

7



Ternary map:

ifpl = €,

2 2 2
2n1 9 2n2 9 2n3

if p1 #e.

2n1 + 2n9 + 2
2n1 +2ng +4 211+ 2n2+3

\

In the second case, the chord shown connecting node 1 with node 2n; + 1 means that we add
node 2nj + 1 to the block containing node 1. Note that this will not always result in the chord
shown.

Norm: If p is a partition of {1,2,...,2n}, then ||p|| = 2n + 1.

(3)-magma: The (3)-magma begins (sorting by norm) as follows:

Norm 1: O =€
Norm 3: 1@2 = t(e, €, €)

2 2

Norm 5: 1@3 = t(t(e, €, €), € €), 1@3 = t(e, t(e, €, €),€),

4 4
2

@ — Here bl 6,)

4

T, : Quadrillages [3]

T, is the number of quadrillages of a (2n + 2)-gon. A quadrillage is a dissection of a polygon
such that all sub-objects have four sides. We draw all polygons with a marked side which
is denoted by a thick black line. This fixes the orientation of the polygon and distinguishes
polygons which only differ by a rotation.

Generator: The generator is taken to be a single edge, i.e. a 2-gon:
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Ternary map:

// \\ // \\ // \\ | q2 )
1 \ / \ / \ PN / camun
t [ q1 1 q2 I q3 ) — < N
\ VA /N ’ — A () \
N 4 A 7 N 4 4 \
N —  — N — I q1 q3 1
€1 ) €2 ) €3 \ el €3 /
A 4
v

Norm: If q is a quadrillage of a (2n + 2)-gon, then ||¢|| = 2n + 1.

(8)-magma: The (3)-magma begins (sorting by norm) as follows:

Norm 1: —_=c

Norm 3: D = t(e, €, €)

Norm 5: @ = t(t(c, e,¢). . ), @ = t(e.t(e,c, ), €),
@ = t(e. e, t(e,e.¢))

Ts : Polygon dissection [24]

T,, is the number of dissections of some convex polygon by non-intersecting chords into poly-
gons with an odd number of sides and having a total number of 2n + 1 edges (sides and
diagonals). We draw all polygons with a marked side which is denoted by a thick black line.
This fixes the orientation of the polygon and distinguishes polygons which only differ by a

rotation.

Generator: The generator is taken to be a single edge:

€ = w—

Ternary map:

- . PN { D2
‘ \ « \ 4 N p
[ \ L \ L \ P, / coman
P ) P2 L P3 ) — < o N
t \ ;N ;7\ 4 = 4 . €2 \\
N \ N v "
—_— - — [ P1 = p3 )
€1 ) €2 ) es3 \ E €3 /
N * 4
\\‘_,’ el .

In the above figure, the dotted internal line for p; denotes the fact that we “open up” the
polygon p; by disconnecting it at the vertex on the right hand end of the marked thick edge.
We do this in such a way that any diagonals adjacent to this vertex remain connected to the
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endpoint of the non-thick edge. For example, we “open up” the following polygon dissection

as shown:

An example of this map is the following:

(O.a.@)+(C A0

Norm: If p is a polygon dissection with a total of n of edges (sides and diagonals), then
Ipll = 7.

(3)-magma: The (3)-magma begins (sorting by norm) as follows:

Norm 1: = =c¢

Norm 3: A = t(e, €, €)

Norm 5: Q = t(t(e, €, €), € €), = t(e, t(e, €, €),€),

= t(e, €, t(e, €,€))

Te : Lattice paths [14]

T, is the number of lattice paths from (0,0) to (n,2n) consisting of n East steps (1,0) and
2n North steps (0,1) that lie weakly below the line y = 2z. The line y = 2z is shown as a
dashed line in the schematic diagram defining the map.

Generator: The empty path which we represent by a single vertex:

€E—®©
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Ternary map:

Norm: If p is a path from (0,0) to (n,2n), then ||p|| = 2n + 1.

(8)-magma: The (3)-magma begins (sorting by norm) as follows:

Norm 1:

= t(e, e, t(e, €, €))

T7: 2-Dyck paths @]

T, is the number of paths from (0,0) to (3n,0) with steps (1,1) and (1,—2) which remain
above the line y = 0.

Generator: The empty path which we represent by a single vertex:

€E=e

Ternary map:

) )

Norm: If p is a 2-Dyck path from (0,0) to (3n,0), then ||p|| = 2n + 1.

(8)-magma: The (3)-magma begins (sorting by norm) as follows:
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Norm 1: e=c¢

Norm 3: /\ = t(e, €,€)

Norm 5: /\/\ = t(t(e, €, €), €, €), = t(e, t(e, €, €), €),

= t(e, €, t(e, €, €))
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