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This is a companion note to [GriVas22]. The purpose of this note is to prove some
elementary properties of integer compositions that are used in [GriVas22]. All of
these proofs are elementary and generally quite easy, but they are hard to find

written down and often left to the reader to prove.

1. Notations

Welet N ={0,1,2,...}.
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A composition means a finite list (a1, ay, ..., ax) of positive integers. The set of all
compositions will be denoted by Comp.

The empty composition is defined to be the composition (), which is a O-tuple. It
is denoted by @.

The length ¢ () of a composition & = (a1, ap,...,ax) is defined to be the number
k.

If @ = (a1,a,...,a¢) is a composition, then the nonnegative integer a1 + ay +
-+« + oy is called the size of & and is denoted by |«|. For any n € IN, we define a
composition of n to be a composition that has size n. We let Comp, be the set of
all compositions of n (for given n € IN). The notation “a |= n” is short for “a €
Comp,,”. For example, (1,5,2,1) is a composition with size 9 (since |(1,5,2,1)| =
1+5+2+1=09),so that (1,5,2,1) € Compy, or, in other words, (1,5,2,1) = 9.
Note that the empty composition & is a composition of 0. In other words, & €
Comp,,.

For any n € Z, we let [n] denote the set {1,2,...,n}. This set is empty whenever
n < 0, and otherwise has size n.

If X is any set, then P (X) shall denote the powerset of X. This is the set of all
subsets of X.

2. The maps D and comp

It is well-known that any positive integer 7 has exactly 2"~ compositions. This has
a standard bijective proof (“stars and bars”) which relies on the following bijections:

Definition 2.1. Let n € IN.
(@) We define a map D : Comp, — P ([n —1]) by settinéﬂ
D (ay,a2,...,08) = {1 +ax+---+a; | i€k—1]}
={a1, w1 +ay, ar+ax+az, ..., aptay+-o-+Fagq}

for each (aq,a2,...,a;) € Comp,. (It is easy to see that this map D is
well-defined; see [Grinbel5, detailed version, Lemma 10.4] for a detailed
proof.)

(b) We define a map comp : P ([n —1]) — Comp,, as follows: For any I €
P ([n—1]), we set

comp(I):(il—io, iz—il, ey im_im—l)/

where iy, iy, ...,iy are the elements of the set I U {0,n} listed in increas-
ing order (so that ip < iy < --- < iy, therefore iy = 0 and i, = n and
{i1,ip,...,im—1} = I). (It is easy to see that this map comp is well-defined;
see [Grinbelb, detailed version, Lemma 10.15 (d)] for a detailed proof.)

The maps D and comp are mutually inverse bijections. (See [Grinbelb, de-
tailed version, Proposition 10.17] for a detailed proof of this.)
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We note that both of these maps D and comp depend on n. Thus, they should
be denoted by D, or comp, to avoid ambiguity. Otherwise, for example, the ex-
pression “comp ({2,3})” would have different meanings depending on whether
n is 4 or 5. However, we shall not use the map comp in what follows. As for
the map D, we need not be afraid of any ambiguity, since the value of D («) for a
given composition « is uniquely determined (indeed, the expression “D («)” makes
sense only for one value of 1, namely for n = |a|; no other value of n would sat-
isfy « € Comp,). Thus, we shall freely use the notation “D («)” without explicitly
specifying n.

The notation D we just introduced presumably originates in the word “descent”,
but the connection between D and actual descents is indirect and rather misleading.
I prefer to call D the “partial sum map” (as D («) consists of the partial sums of the
composition «) and its inverse comp the “interstitial map” (as comp (I) consists of
the lengths of the intervals into which the elements of I split the interval [n]).

Example 2.2. Let n = 10.
(@) The map D defined in Definition 2.1 (a) satisfies

D(1,4,2,3) = {1, 1+4, 1+4+2}={1,57};

D (3,5,2) = {3, 345} = {3,8};
D(1,1,1,1,1,1,1,1,1,1) = {1,2,3,4,5,6,7,8,9} = [9] = [n — 1] ;
D(10)={}=o

(b) The map comp defined in Definition [2.1] (b) satisfies
comp ({2,3,7}) = (2-0, 3-2, 7-3, 10-7) = (2,1,4,3)

(since 0,2,3,7,10 are the elements of the set {2,3,7} U {0, 10} listed in in-
creasing order).

Our first observation about the bijections D and comp concerns the relation be-
tween the size of D («) and the length ¢ («) of a. Namely, we shall show that every
composition & of size |a| > 0 satisfies |D (a)| = £ () —

Proposition 2.3. Let & be a composition such that || > 0. Then, |D ()| =
() —1.

Note that the “|a| > 0” assumption in Proposition [2.3|is necessary, since Propo-
sition 2.3 would fail if « was the empty composition & = () (because D (@) = &
and thus |[D (@)| =0 # ¢ (@) — 1).

IThe notation “D (@q,,...,0r)” means D ((ag,a,...,ax)) (that is, the image of the composition
(a1, a2, ..., ;) under the map D).
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Proof of Proposition [2.3] Write the composition & in the form a = (a1, a2,..., ).
Then, ¢ («) = k (by the definition of /¢ («)) and |a| = a3 +ap + - - - + a; (by the
definition of |«|). If we had k = 0, then we would have

| =1 +ar+ - Fag =01 +ar+---+ap (since k = 0)
= (empty sum) =0,

which would contradict || > 0. Thus, we cannot have k = 0. Hence, k # 0, so that
k > 1 (since k € IN).
From a = (aq,ap,...,&;), we obtain
D (a) =D (a1, a2, ...,a)
={ay, ay+ay ar+ar+az, ..., apFar+o a1} 1)

(by the definition of the map D). However, it is easy to see that the chain of
inequalities

< wp+oap <xp+apt+az <o << W +&F A

holdsﬂ Thus, the k — 1 numbers &y, a1 +ap, a1 +ar+az, ..., a1 +ar+---+ap_q
are distinct. Therefore, the set of these k — 1 numbers has size k — 1. In other words,
we have

{1, a9 +ay, a9 +ar+asz, ..., oq+ar+---+ap 1} =k—1

In view of (1), we can rewrite this as |D («)| = k — 1. In other words, |D ()| =
¢ (x) — 1 (since £ («) = k). This proves Proposition 2.3| O

The analogue of Proposition [2.3| for |a| = 0 is almost trivial:

Proposition 2.4. Let « be a composition such that |¢| = 0. Then, « = @ and
¢(x) =0and D (n) = @.

2Proof. Let i € [k]. Then, a; is an entry of & (since & = (&q, a2, . . ., ay)).
Recall that « is a composition, i.e., a finite list of positive integers. Hence, a; is a positive
integer (since «; is an entry of «). Therefore, «; > 0. Hence,

o tay+--ta = +apt+ - +a g+ o >aptap+c .
N~
>0

In other words, a1 +ap + -+ +a;_ 1 <ay;+ap+ - +a;.

Forget that we fixed i. We thus have proved the inequality a1 +ap + - + ;-1 < a7 +ap +
---+a; for each i € [k]. Hence, in particular, this inequality holds for each i € {2,3,...,k—1}.
In other words, we have the chain of inequalities

< optar <optaptag << awptaptcc A+ ap_q.
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Proof of Proposition 2.4, Write the composition & in the form a = (a1, a2,..., ).
Then, |¢| = a1 +ap + -+ - + a (by the definition of |a|) and ¢ (a) = k (by the
definition of ¢ (w)).

Assume (for the sake of contradiction) that k # 0. Thus, k > 1 (since k € IN).

However, a is a composition, i.e., a finite list of positive integers. In other words,
(1,2, ...,ax) is a finite list of positive integers (since & = (a1, ap,...,a¢)). Thus,
a1, &y, ..., 0 are positive integers. Therefore, in particular, ap, a3, ..., ax are positive
integers. Hence, ay + a3 + - - - + ax > 0 (since a sum of positive integers is always
> 0). However, from |a| = 0, we obtain

O=la|=a1+ar+ - +ag=a1+ (ap+az+ - +ag) (since k > 1)
>0
>n1 >0 (since a; is a positive integer),

which is absurd. This contradiction shows that our assumption (that k # 0) was
false. Hence, k = 0.
Now,

= (ag,ap,...,0r) = (1,42,...,00) (since k = 0)
=()=02 (recall that @ denotes the empty composition) .

Moreover, ¢ () = k = 0. Finally, from « = (), we obtain D (¢) = D() = @

(by the definition of the map D : Comp, — P ([0 — 1])). Thus, Proposition 2.4]is
proved. O

We can unite Proposition [2.3] with Proposition 2.4] by using the Iverson bracket
notation:

Convention 2.5. If A is a logical statement, then [A] shall denote the truth value
of A; this is the integer defined by

1, if Ais true;
A — 7 4
[A] {O, if A is false.

For example, [2+2 =4] = 1 (since the statement 2 +2 = 4 is true) and
[2 42 = 5] = 0 (since the statement 2 4+ 2 = 5 is false).

Now, Proposition 2.3 with Proposition 2.4 can be combined into the following:
| Corollary 2.6. Let n € N. Let &« € Comp,,. Then, ¢ (a) = |D (a)| + [n # 0].

Proof of Corollary 2.6 From « € Comp,, we see that a is a composition of n (since
Comp,, is the set of all compositions of 7). In other words, &« is a composition
having size n. Therefore, |x| = n (since || is the size of «, but we know that « has
size n).




Some basic properties of compositions page 6

We are in one of the following two cases:

Case 1: We have n = 0.

Case 2: We have n # 0.

Let us first consider Case 1. In this case, we have n = 0. Hence, we don’t have
n # 0. Thus, [n # 0] = 0.

However, |¢| = n = 0. Thus, Proposition yields « = @ and /() =
0 and D(a) = @. From D (a) = &, we obtain |D (a)|] = |&| = 0. Thus,
|D (a)| + [n # 0] = 0. Comparing this with ¢ () = 0, we obtain ¢ (¢) = |D (a)| +
N——— N —

[n # 0]. Hence, Corollary P.6/is proved in Case 1.
Let us now consider Case 2. In this case, we have n # 0. Hence, [n # 0] = 1.

Also, from n # 0, we obtain n > 0 (since n € IN). Thus, |a| = n > 0. Hence,

Proposition 2.3 yields |D («)| = £ (a) — 1. Hence, £ (a) = |D (a)| + 1. Comparing

this with |D («)| + [n # 0] = |D (a)| + 1, we obtain ¢ («) = |D («)| + [n # 0]. Thus,
——

-1

Corollary [2.6]is proved in Case 2.
We have now proved Corollary [2.6] in both Cases 1 and 2. Hence, Corollary
always holds. O

Corollary 2.7. Let n € IN. Let « € Comp,, and B € Comp,,. Then, £(B) — ¢ («) =
ID(B)| =D ()]

Proof of Corollary 2.7} Corollary 2.6] yields ¢ (a) = |D («)| + [n # 0]. Corollary
(applied to B instead of «) yields ¢ (8) = |D (B)| + [n # 0]. Hence,

tp) - ) =(DE)]+[n#0]) (D ()] +[n #0])
N ~—~—
=ID(B)|+[n#0]  =|D(w)|+[n#0]
=[D(B)] =D ()]
This proves Corollary 2.7 O

3. Reversals

We shall now discuss a certain operation on compositions:

Definition 3.1. If « = (aq,ap,...,a¢) is a composition, then the reversal of a is
defined to be the composition (ay, ax_1,...,a1). It is denoted by rev a.

Thus, we have defined a map rev : Comp — Comp that sends each composi-
tion a to the composition rev a.

Example 3.2. We have
rev (2,3,6) = (6,3,2);
rev(4,1,1,2) = (2,1,1,4);
revyd = J.
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| Proposition 3.3. Let « € Comp. Then, |reva| = |a|.

Proof of Proposition [3.3] Write the composition & in the form a = (ay,az,...,a).
Then, reva = (ay, dx_1,...,&1) (by Definition B.I) and |a| = aq +ap + - - - 4 a (by
the definition of |«|). Now,

lreva| = |(ag, ax_1,...,01)] (since reva = (&g, af_1,...,41))
= +a 1+ +a (by the definition of |(ay, ax_1,...,a1)|)
=a1+oap+ -+
= |a] (since |a| = a1 +ap+ - +ag).
This proves Proposition 3.3 O

| Proposition 3.4. Let « € Comp. Then, rev (reva) = a.

Proof of Proposition 3.4, Write the composition & in the form a = (ay,az,...,a).
Then, Definition 3.1] yields reva = (&g, ax_1,...,a1). However, Definition also
yields rev (ay, ax_1,...,a1) = (a1,a2,...,ax). Now,
rev (reva) =rev(agap_1,...,01) = (a1, a0,...,0r) = a.
——

= (“kt“k*lr-'-ral )

This proves Proposition O
Corollary 3.5. The map

Comp — Comp,
O r>revo

is a bijection.

Proof of Corollary[3.5] Let us denote this map by rev (since the image of any ¢ €
Comp under this map is already being called rev §). Thus, we must prove that this
map rev is a bijection.

But this is easy: Every a € Comp satisfies

(revorev) (a) =rev (reva) = (by Proposition
=id (a).
Thus, revorev = id. Hence, the map rev is inverse to itself. Thus, the map rev

is invertible, i.e., bijective. In other words, it is a bijection. This proves Corollary
3.5 O

We also define a related operation on subsets of [n — 1]:
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Definition 3.6. Let n € IN. For any subset X of [n — 1], we let rev,, X denote the
set {n—x | x € X}.

Example 3.7. If n = 7, then

rev, ({2,4}) ={7—-2, 7—4} = {5,3} = {3,5};
revn({1256})—{7—17 2,75 7—6} =1{6,521} = {1,2,56};
rev, (@) =
reur (6] — ]

Informally speaking, the set rev,, X defined in Definition is the reflection of
the set X across the midpoint of the interval [n — 1] (Where we regard numbers as
points on the number line). From this point of view, all claims of the following
theorem are visually obvious:

Theorem 3.8. Let n € IN. Then:

(@) We have rev, X C [n — 1] for each subset X of [n — 1].

(b) We have rev, (rev, X) = X for any subset X of [n —1].

(c) If two subsets X and Y of [n — 1] satisfy X C Y, then rev, X C rev,, Y.
(d) We have |rev, X| = | X| for any subset X of [n — 1].

(e) We haverev, X = {i € [n—1] | n—1i € X} for any subset X of [n — 1].

(f) We have rev, (X\Y) = (rev, X) \ (rev, Y) for any subsets X and Y of
n—1].

(g) We have rev, (XNY) = (rev, X) N (rev, Y) for any subsets X and Y of
n—1].

(h) We have rev,, ([n —1]) = [n —1].

(i) We have D (reva) = rev, (D (a)) for any composition « € Comp,,.

Proof of Theorem 3.8} (a) Let X be a subset of [n — 1]. Then, n — x € [n — 1] for each
xeX Pln other words,

{n—x | xeX}Cn-1].

3Proof. Let x € X. Then, x € X C [n—1] = {1,2,...,n—1},sothat n —x € {1,2,...,n—1} =
[n—1].
Forget that we fixed x. We thus have shown that n — x € [n — 1] for each x € X.
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This rewrites as rev, X C [n — 1] (since rev, X is defined to be {n —x | x € X}).
This proves Theorem [3.8] (a).

(b) Let X be a subset of [n —1]. Let Y = rev, X.
Let p € rev,, Y. We shall show that p € X.
We have

perev,Y={n—x | x€Y} (by the definition of rev, Y)
={n—-y | yey} (here, we have renamed the index x as y) .

In other words, p = n — y for some y € Y. Consider this y. Now,
yeY=rev,X={n—x | xe X} (by the definition of rev, X).

In other words, y = n — x for some x € X. Consider this x. Now,p=n—- y =
~~

=n—x
n—(n—x)=xeX

Forget that we fixed p. We thus have shown that p € X for each p € rev, Y. In
other words, rev, Y C X.

On the other hand, let g € X. Then, n — g has the form n — x for some x € X
(namely, for x = g). In other words, n —g € {n —x | x € X}. Since Y =rev,, X =
{n—x | x € X} (by the definition of rev, X), we can rewrite thisasn —q € Y.

Furthermore, ¢ = n — (n—¢q). Hence, g has the form n — x for some x € Y
(namely, for x = n —g). In other words, g € {n—x | x € Y}. Since rev,Y =
{n—x | x € Y} (by the definition of rev, Y), we can rewrite this as g € rev, Y.

Forget that we fixed q. We thus have shown that g € rev, Y for each g € X. In
other words, X C rev, Y.

Combining this with rev, Y C X, we obtain rev, Y = X. In other words,
revy, (rev, X) = X (since Y = rev, X). This proves Theorem (b).

(c) Let X and Y be two subsets of [n — 1] that satisfy X C Y. The definition of
rev, Y yieldsrev, Y = {n—x | x € Y}.

Let p € rev, X. Then, p € rev, X = {n—x | x € X} (by the definition of
rev, X). In other words, p = n — x for some x € X. Consider this x, and denote it
by z. Thus,z € Xand p =n — z.

Now, z € X C Y and p = n — z. Therefore, p = n — x for some x € Y (namely,
for x = z). In other words, p € {n —x | x € Y}. This rewrites as p € rev, Y (since
rev, Y ={n—x | x € Y}).

Forget that we fixed p. We thus have shown that p € rev, Y for each p € rev, X.
In other words, rev,, X C rev, Y. This proves Theorem (0).

(d) Let X be a subset of [n —1]. Let Y = rev, X.

The definition of rev, X yields rev, X = {n — x | x € X}. Thus, the elements of
rev, X are precisely the numbers n — x for x € X. Clearly, there are at most |X|
many such numbers (since there are |X| many elements x € X). Hence, the set
rev, X has at most |X| many elements. In other words, |rev, X| < |X|.
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The same argument (applied to Y instead of X) yields |rev, Y| < |Y|. However,
from Y = rev, X, we obtain rev, Y = rev, (rev, X) = X (by Theorem (b)). In
view of this, we can rewrite [rev, Y| < |Y| as |X| < |Y].

But from Y = rev, X, we also obtain |Y| = |rev, X| < |X]|. Combining this
inequality with | X| < |Y|, we find | X| = |Y| = |rev, X|. In other words, |rev, X| =
|X|. This proves Theorem [3.8](d).

(e) Let X be asubsetof [n —1]. LetY = {i € [n — 1] | n —i € X}. We shall show
thatrev, X =Y.

Note that rev, X = {n —x | x € X} (by the definition of rev, X).

Let p € rev, X. Then, p € rev, X = {n—x | x € X}. In other words, p =
n — x for some x € X. Consider this x. Thus, p = n —x, so that n = p + x.
Therefore, n —p = x € X. Also, p € rev, X C [n—1] (by Theorem (a)).
Hence, p is an element i of [n — 1] satisfying n —i € X (since n —p € X). In
other words, p € {i€ [n—1] | n—i€ X}. In other words, p € Y (since Y =
{ien—-1] | n—ieX}).

Forget that we fixed p. We thus have shown that p € Y for each p € rev, X. In
other words, rev, X C Y.

Now, let g € Y. Thus, g € Y = {ic€ [n—1] | n—ie X}. In other words, g
isan i € [n —1] satisfying n —i € X. In other words, g € [n—1] and n — g € X.
Furthermore, § = n — (n — q). Hence, g has the form n — x for some x € X (namely,
for x = n — g). In other words, g € {n —x | x € X}. This rewrites as q € rev, X
(sincerev, X = {n—x | x € X}).

Forget that we fixed q. We thus have shown that g € rev, X for each g € Y. In
other words, Y C rev, X.

Combining this withrev, X C Y, weobtainrev, X =Y ={ie [n—1] | n—ie X}.
This proves Theorem [3.8] (e).

(f) Let X and Y be two subsets of [n —1]. Then, X \ Y is a subset of [n — 1] as
well (since X \ Y C X C [n —1]). Thus, rev, (X \Y) C [n — 1] (by Theorem {3.8| (a),
applied to X \ Y instead of X). Also, (rev, X) \ (rev,Y) C rev, X C [n—1] (by
Theorem [3.8] (a)).

Theorem [3.8| (e) yields

rev,X={ien—-1] | n—ieX}.
Hence, for any i € [n — 1], we have the logical equivalence
(icrev, X) <= (n—ieX). ()

The same argument (applied to Y instead of X) shows that for any i € [n — 1], we
have the logical equivalence

(icrev,Y) <= (n—i€Y). 3)

The same argument (applied to X \ Y instead of Y) shows that for any i € [n — 1],
we have the logical equivalence

(icrev, (X\Y)) <= (n—ieX\Y). 4)
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Now, for each i € [n — 1], we have the following chain of logical equivalences:

(icrev, (X\Y)) «<— (n—ieX\Y) (by @))
— n—iecXandn—-i¢Y)

= n—i€X butnot n—ieY
—— S——
< (i€rev, X) < (i€rev, Y)
(by @) (by @)
<= (i €rev, X butnoti € rev,Y)
< (i€revy Xandi ¢ rev,Y)
— (i€ (revy X) \ (rev, Y)). (5)

Now, from rev,, (X \ Y) C [n — 1], we obtain

revy (X\Y) =[n—1]N(rev, (X\Y))

=qien—1] | i€rev,(X\Y)
= (ie(reV:rX)\(revn Y))
(by &)
={ien—-1] | i€ (revy X)\ (rev,Y)}. (6)

However, from (rev, X) \ (rev, Y) C [n — 1], we obtain

(revy, X) \ (rev, Y) = [n — 1] N ((rev, X) \ (rev, Y))
={ien—-1] | i€ (revy X)\ (rev,Y)}.

Comparing this with (6), we find rev,, (X \Y) = (rev, X) \ (rev, Y). This proves
Theorem [3.8] (f).
(g) Recall that
A\ (A\B)=ANB 7)

for any two sets A and B.

Let X and Y be two subsets of [n —1]. Then, X \ Y is a subset of [n — 1] as well
(since X\ Y C X C [n — 1]). Hence, Theorem [3.8| (f) (applied to X \ Y instead of Y)
yields

revy, (X \ (X\Y)) = (rev, X) \ (rev, (X\ Y)l

=(rev, X)\(rev, Y)
(by Theorem [3.8| (f))
= (revy, X) \ ((rev, X) \ (rev,Y))

= (revy, X) N (rev, Y) (8)
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(by (7), applied to A = rev, X and B = rev, Y). However, X \ (X\Y) = XNY
(by (7), applied to A = X and B = Y). Thus, we can rewrite (8) as rev, (XNY) =
(rev, X) N (rev, Y). This proves Theorem .8 (g).

(h) The definition of rev, ([n — 1]) yields

revy(n—1))={n—x | xe[n-1]}
={n—x | xe{l,2,...,n—1}} (since [n—1] ={1,2,...,n—1})
={n—-1,n-2, ..., n—(n—-1)}
={n-1,n-2,..., 1}
={1,2,...,.n—-1} =[n—-1].

This proves Theorem [3.8] (h).

(i) Let « € Comp, be a composition. Write this composition a in the form
« = (a1,a2,...,0r). Then, reva = (ay, ax_1,...,41) (by the definition of rev ).
Also, the definition of |«| yields |a| = a1 +ap + - - - + ay.

From a € Comp,,, we see that & is a composition of n (since Comp,, is the set of
all compositions of 7). In other words, « is a composition having size n. Therefore,
|a| = n (since |«| is the size of a, but we know that a has size n).

For eachi € {0,1,...,k}, we define two numbers

U := &1 +0&y + -+« and
U 1= Qi1 T &g+ g

Eachi € {0,1,...,k} satisfies

U + Ui
=aptagteta =gt a
= (m +ag+ - +ag) + (1 + @i+ -0+ o)
=w1+ap+ -+ ap = |af (since |a| = a1 +ap+ -+ ag)
=n
and therefore
Vi =N — Uj. 9)

From a = (aq,ap,...,&;), we obtain

D(a) =D (a1, a2,...,0r) = ap+ap+ -+ | i€ k—1]
(since ui:izideﬁned
to be aq+ar+---+a;) )

(by the definition of D (a1, &, ..., ax))
={u; | iek—=1]} ={u,uy ..., u_1}.
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The definition of rev, (D («)) yields

revy, (D(a)) ={n—x | x€D(a)}
={n—x | xe{u,uy ..., ux_1}} (since D () = {uq,up, ..., ux_1})
={n—u, n—uy ..., n—up 1}

= a1y = (o | ie o)
oy @)
={v1,v2,...,0k_1}.
Comparing this with

D (reva) = D (ay, af_1,...,41) (since reva = (&g, af_1,...,041))
(

=aptap 1+ Fag i | i€k—1]
=it 1 Rt 0
=0k—i

(since vy_; is defined
to be a1 +a—ip2++ag)

\ /

(by the definition of D (ay, ax_1,...,41))
={vki | i€k=1]} = {Uk—lka—Z/---rka(kfl)}
= {0k 1,0%_2,...,01} = {v1,02,...,0k_1},

we obtain D (reva) = revy, (D («)). This proves Theorem [3.8| (i). O
| Corollary 3.9. Let n € IN, and let « € Comp,,. Then, rev,, (D (reva)) = D ().

Proof of Corollary 3.9, We have « € Comp,,. In other words, « is a composition of
n. That is, « is a composition having size n. In other words, x € Comp and
|| = n. Hence, Proposition yields |[reva| = |a|] = n. In other words, the
composition reva has size n. In other words, reva is a composition of n. In
other words, reva € Comp,. Hence, D (reva) € P ([n—1]) (since D is a map
Comp, — P ([n—1])). In other words, D (reva) is a subset of [n —1]. Hence,
revy, (D (reva)) is well-defined.

Furthermore, D («) € P ([n —1]) (since D is a map Comp, — P ([n —1])). In
other words, D («) is a subset of [n —1].

Theorem [3.8) (i) yields D (reva) = rev, (D («)). Thus,

revy, &(w = revy, (rev, (D («))) = D (a)

=rev,(D(a))
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(by Theorem [3.8| (b), applied to X = D («)). This proves Corollary O
Corollary 3.10. Let n € IN. Then, the map

Comp,, — Comp,,,
0> 1evo

is a bijection.

Proof of Corollary|3.10, Each § € Comp,, satisfies revd € Comp, Iﬂ Hence, the
map

Comp, — Comp,,
O revo

is well-defined. It remains to prove that this map is a bijection.
Let us denote this map by rev (since the image of any § € Comp under this map
is already being called rev §). Thus, we must prove that this map rev is a bijection.
But this is easy: Every a € Comp,, satisfies

(revorev) (a) =rev (reva) = (by Proposition
=id (a).

Thus, revorev = id. Hence, the map rev is inverse to itself. Thus, the map rev
is invertible, i.e., bijective. In other words, it is a bijection. This proves Corollary
3.10] O

Proposition 3.11. Let n € IN. Let « € Comp, and B € Comp,, be arbitrary. Then,
we have the logical equivalence

(D(revB) C D (reva)) <= (D(B) € D (a)).

Proof of Proposition We have « € Comp, and thus D («) € P ([n —1]) (since
D : Comp, — P ([n —1]) is a map). In other words, D («) is a subset of [n —1].
Similarly, D (B) is a subset of [n —1].

Theorem 3.8/ (i) yields D (rev a) = rev, (D («)). Also, Theorem 3.8 (i) (applied to
B instead of «) yields D (rev ) = rev, (D (B)).

Now, if D () C D («), then rev, (D (B)) C rev, (D (x)) (by Theorem (o),
applied to X = D (B) and Y = D («)) and therefore

D (revB) =rev, (D (B)) Crevy, (D (a)) = D (reva)

4Proof. Let § € Comp,,. Thus, § is a composition of n. In other words, J is a composition that has
size n. In other words, ¢ is a composition and satisfies |§| = n. Now, Proposition [3.3| (applied
to « = ¢) yields |revd| = |4| = n. Hence, rev d is a composition that has size n (since it has size
|rev 5| = n). In other words, rev d is a composition of . In other words, revé € Comp,,. Qed.




Some basic properties of compositions page 15

(since D (reva) = revy, (D («))). In other words, the implication
(D(8) S D (&) — (D (revp) C D (reva)) (10)

holds.
Proposition [3.4] yields rev (rev a) = a. Similarly, rev (rev ) = B.
However, Corollary says that the map

Comp, — Comp,,
O revo

is a bijection. Thus, in particular, this map is well-defined. In other words, for
any 6 € Comp,, we have revd € Comp,. Applying this to § = «, we obtain
reva € Comp, (since « € Comp,). Similarly, rev B € Comp, . Thus, we can apply
the implication to reva and rev 8 instead of « and B. Hence, we obtain the
implication

(D (revpB) C D (reva)) = (D (rev(revp)) C D (rev (reva))).
In view of rev (reva) = a and rev (rev ) = B, we can rewrite this as
(D (rev ) C D (reva)) —> (D (B) S D (x)).
Combining this implication with (I0), we obtain the logical equivalence
(D (revB) € D (reva)) <= (D () C D (a)).

This proves Proposition .11} O

4. The omega operation

Proposition 4.1. Let n € IN. Let v € Comp,,. Then, there exists a unique compo-
sition J of n satisfying

D(6)=[n—1]\D (revy).

Proof of Proposition The set [n — 1]\ D (rev 7y) is clearly a subset of [n — 1], and
thus belongs to P ([n —1]). Hence, there exists a unique § € Comp,, satisfying
D (6) = [n—1]\ D (rev ) (since the map D : Comp, — P ([n — 1]) is a bijection).
In other words, there exists a unique composition § of n satisfying D (8) = [n — 1] \
D (rev ) (because a composition J of n is the same as an element 6 € Comp,)).
This proves Proposition [

We now define another operation on compositions:
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Definition 4.2. Let n € IN. For any composition v € Comp,,, we let w () denote
the unique composition ¢ of n satisfying

D) =[n—1]\D(revy).

(This w (7) is indeed well-defined, according to Proposition [4.1})
We observe the following simple properties of these compositions w (7):
Proposition 4.3. Let n € IN. Let v € Comp,,. Then:

(@) We have w (y) € Comp,,.

(
(b) We have D (w (y)) = [n — 1]\ D (rev ).
(c) We have D (w (7)) = [n — 1] \ rev, (D (7)).
(

(d) We have w (w (7)) =

Proof of Proposition We have defined w (y) to be the unique composition & of
n satisfying D (§) = [n—1]\ D (revy). Thus, w () is a composition of n and
satisfies D (w (y)) = [n — 1] \ D (rev 7y). This proves Proposition 4.3| (b). Moreover,
we have w (y) € Comp,, (since w (7y) is a composition of n); this proves Proposition
(a).

It remains to prove parts (c) and (d).

(c) Theorem 3.8/ (i) (applied to & = ) yields D (revy) = rev,, (D (y)). Now,

D(w (7)) =[n—=1\ D(revy) = [n—=1] \revy (D (7).
=revy(D(7))

This proves Proposition .3 (c).

(d) We observe that 7y is a composition of 1 (since y € Comp,). In other words,
7 is a composition having size n. In other words, y € Comp and |y| = n. However,
Proposition (applied to & = 7) yields |revy| = |y| = n. Hence, revy is a
composition having size |revy| = n. In other words, rev y is a composition of #.
Hence, revy € Comp,. Thus, D (revy) € P ([n —1]) (since D is a map Comp, —
P ([n —1])). In other words, D (rev 7y) is a subset of [n — 1]. Furthermore, D () €
P ([n —1]) (since v € Comp,, and since D is a map Comp, — P ([n — 1])). In other
words, D () is a subset of [n —1]. Also, [n — 1] is a subset of [n — 1] as well.
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Theorem [3.8] (i) (applied to a = w (7)) yields
D (rev (w (7)))

=rev, | D(w(v))
S——
=[n—1]\D(rev )
=revy ([n — 1]\ D (revvy))
= revy ([n—1]) \rev, (D (revy))

=[n-1 =D(7)
(by Theorem[3.8|(h))  (by Corollary
applied to a=7)

(by Theorem [3.§| (f), applied to X = [n — 1] and Y = D (rev 7))
=[n—=1\D (7).

We have w (w (7)) € Comp,, (by Proposition 4.3/ (a), applied to w () instead of
7). Moreover, Proposition (b) (applied to w () instead of vy) yields

D(w(w (7)) = [n=1\D(rev(w (7))

-~

=[n=1\D(7)
= [ =1\ ([n =1\ D (7))
=000 (T s xandy )
=D (7) (since D (vy) is a subset of [n —1]).

Recall that the map D : Comp, — P ([n —1]) is a bijection. Hence, this map
is bijective, therefore injective. Thus, any «, 8 € Comp,, satisfying D () = D (B)
must satisfy « = B. We can apply this to « = w (w (7)) and B = v (since ¢ €
Comp,, and w (w (7)) € Comp,, and D (w (w (7))) = D (y)), and thus we obtain
w (w (7)) = <. This proves Proposition 4.3 (d). O

Proposition 4.4. Let 1 be a positive integer. Let « € Comp, and v € Comp,,.
Then:

(a) We have
ID(w(7))ND(a)] =£(a) =1—[D(y)ND (reva)l.
(b) We have

ID(w (1) \D (&) =n—£(a) = |D(7)\ D (reva)|.

Proof of Proposition We have &« € Comp,,. In other words, & is a composition of
n. That is, « is a composition having size n. In other words, « € Comp and |a| = n.
The same argument (applied to <y instead of «) yields v € Comp and |y| = n.
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We have n > 1 (since n is a positive integer) and thus n —1 € IN. Hence,
[n—1]| =n—1.
Also, we have |a| =n >1 > 0. Hence, Proposition [2.3] yields

|ID (a)| =€ (a) — 1. (11)

Moreover, D («) € P ([n —1]) (since D is a map Comp, — P ([n — 1])); in other
words, D («) is a subset of [n — 1]. The same argument (applied to <y instead of )
shows that D (vy) is a subset of [n — 1]. That is, we have D () C [n — 1]. Hence,
rev, (D (7)) C [n —1] as well (by Theorem 3.8 (a), applied to X = D (7)).

Also, D (reva) is a subset of [n — 1] (this can be easily proved in the same way
as in the proof of Corollary [3.9|above).

Proposition [£.3] (c) yields D (w (7)) = [n — 1] \ revy, (D ()).

However, for any three sets X, Y and Z, we have (X\Y)NZ = (XNZ)\Y.
Applying thisto X = [n — 1] and Y =rev,, (D (7)) and Z = D («), we obtain

([n =1\ revy (D (7))) N D (&) = ([n = 1] N D («)) \ revy (D (7))

~/

-~

=D(«)
(since D(«) is a
subset of [n—1])

= D (@) \revy (D (7)) -

Thus,
D(w(y)) ND(a)=([n—1]\rev,(D(7)))ND (a)
=[n—1]\rev,,(D(7))
=D (a) \revy (D (7))
Therefore,

D (w (7)) N D («)| = |D (a) \ revy (D (7))]
= |D (a)] = |D (&) Nrevy (D (7)) (12)

(since any finite sets X and Y satisfy |X \ Y| = |X| — | X NY]).
However, Theorem [3.8[(g) (applied to X = D () and Y = D (reva)) yields

rev, (D (y)ND (reva)) =rev, (D (y))N revy, (D (reva)) =rev, (D (v))ND («)

—D(«)
(by Corollary [3.9)
=D (a) Nrevy, (D (7)). (13)

However, D () N D (rev a) is a subset of [n — 1] (since D (7) N D (reva) C D () C
[n — 1]). Hence, Theorem [3.8(d) (applied to X = D (y) N D (rev a)) yields

lrev, (D (y)ND (reva))| = |D (y) N D (reva)]|.
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In view of (13), we can rewrite this as
ID () Nrevy (D (1))] = |D (7) "D (reva)].
Therefore, becomes

[D{w () ND(a)] =D ()] - D («) Nreva (D (7))]

—0(0)—1 —|D(7)ND(reva)|
(by (1))
=/l(e)—1—|D(y)ND (reva)|.

This proves Proposition §.4] (a).

(b) From Proposition [4.3] (c), we obtain D (w (7)) = [n — 1] \ rev, (D (7)).
However, if two finite sets X and Y satisfy Y C X, then |X\Y| = |X]| — |Y|.
Applying this to X = [n — 1] and Y = rev,, (D (v)), we obtain

[[n =1 \revy (D (7))| = |[n =1]| = [revu (D (7))] (since revy (D (7)) € [n —1])
e ~I5()
(by Theorem [3.8](d),
applied to X=D(v))
=n—1-|D ()|

In view of D (w (7)) = [n — 1] \ revy, (D (7)), we can rewrite this as
ID(w () =n=1=|D ()] (14)

Next, recall that |X\ Y| = |X| — | X NY] for any two finite sets X and Y. From
this equality, we obtain

D (w (Y)\D (2)] = [D(w (7)) = [D (@ (7)) N D ()] (15)

and
ID(v)\D(reva)| = |D(7)| — [D(y) "D (reva)]. (16)

Adding these two equalities together, we find

ID(w (V) \D (@) +[D(7)\ D (reva)|
= D)= [D(w(7)ND ()| +[D(7)|=|D(y)ND (reva)|

:n—lYD =l(a)—1— [;r ND(reva
(by gv)| ((by) Prop‘C)si(‘c;Yczn(a)) )
=n—=1—=[D ()] = (f(a) =1=[D(y) N D (reva)|) +|D (7)| = |D (7v) N D (reva)|
=n—/{(a).

In other words,

[D(w (v)\D ()] =n—L(a) = [D(y)\D (reva)].
This proves Proposition 4.4| (b). O
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5. Concatenation

5.1. Definition and basic properties

The simplest binary operation on compositions is concatenation:

Definition 5.1. The concatenation of two compositions f = (,31, B2, .. .,ﬁp) and
v = (71,72,---,74) is defined to be the composition

(131/132/---1;317171/72/---lr)/q) .

It is denoted by B7.

It is clear that any composition a satisfies & = Ja = a (where & denotes the
empty composition, as before). The next fact is also evident:

Proposition 5.2. Let 8 and 7y be two compositions. Then:

(@) We have ¢ (By) = £(B) + £ (7).
(b) We have |By| = ||+ |7].

Proof of Proposition Write the compositions  and v in the forms = (B1, B2, .-, Bp)
and v = (71,72, --.,7q)- Thus, the definition of By yields

By = (Bu B2 Bp Y1 Y200 Yq) -

Hence, the definition of ¢ (B+y) yields ¢ (By) = p + q, whereas the definition of |5|
yields
BYl =B+ P2+t Bhptn+r2t 1y (17)
However, from B = (B1,B2,...,Bp), we obtain ¢ (B) = p and |B| = B1+ B2+
.-+ 4 Bp. Moreover, from v = (71,72,...,74), wWe obtain £(y) = g and |y| =
Y1+ 72+ -+ vg Thus,

LB +L)=pr+a=Lt(p) (since £(By) = p+4q).
=p =q

This proves Proposition [5.2] (a).

(b) Adding the equalities |B| = 1+ B2+ ---+Bpand |y =11+ 712+ + 4
together, we obtain

Bl + 7] =P1+pat -+ Bptritr2+- 47 =B
(by (17)). This proves Proposition [5.2] (b). O
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5.2. Concatenation and reversal

Concatenation and reversal interact in a nice way:

Proposition 5.3. Let § and 7 be two compositions. Then, rev(By) =
(rev ) (rev ).

Proof of Proposition Write the compositions  and v in the forms = (B1, B2, ..., Bp)
and v = (71,72, --.,7q)- Thus, the definition of By yields

5,)/ = (,311,32/' . -/,Bp/’Yl/’)/Z/' . v/’)’q) .
Hence, the definition of rev (B) yields

rev (ﬁ’)’) = (’)/q, ’)/q_l, v ,’Yl,ﬁp, ﬁp—ll v ,[31) . (18)

However, the definition of rev g yields rev f = (B, Bp—1,--.,B1) (since B = (B1,B2,---,Bp))-
Furthermore, the definition of rev <y yields revy = (’yq, Yg—1/- - .,’)/1) (since v =

(r)/ll Y2,y ')’q)) Thus,

(revy) (rev B)
~——— ——
:(r)/q/')/qflr"-/’)/l) :(‘Bpnﬁp—lr“'rﬁl)

= (vovg-1,-- 1) By Bp-1,---, 1)
= ('Yl]/ Yg-1s---771s ﬁp/ ﬁp—lr ceey [31)

(by the definition of concatenation). Comparing this with (I8), we obtain rev (By) =
(rev 7y) (rev B). This proves Proposition O

5.3. Concatenation and partial sums

We shall next show some less trivial properties of concatenations of compositions.
We will need the following notation:

Definition 5.4. If K is a set of integers, and if m is an integer, then we define two
sets K+ m and K — m by

K+m:={k+m | ke K},
K—m:={k—m | ke K}.

Clearly, both of these sets K + m and K — m are again sets of integers.

For example, {2,3,5} +10 = {12,13,15} and {2,3,5} — 1 = {1,2,4}. Visually,
you can think of K 4 m as being the set K, moved to the right by m units on the
number line. Similarly, K — m is the set K, moved to the left by m units on the
number line.
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Clearly, if K is any set of integers, and if m is an integer, then (K+m) —m = K
and (K —m)+m =K.

Now, if we know the sizes and the partial sum sets of two compositions  and 7,
then we can compute the partial sum set of their concatenation B+ as follows:

Proposition 5.5. Let § and 7 be two compositions such that § # @ and ¢y # @.
Let m = |B|. Then,

D(py)={myuD(B)U(D(y)+m).

Proof of Proposition Write the compositions  and v in the forms = (B1, B2, .-, Bp)
and v = (’)/1,72, e ,'yq). From B # @, we easily obtain p # 0 Similarly, from
Y # @, we obtain q # 0. Also, m = |B| = B1 + B2+ --- + Bp (by the definition of

|B|, since B = (B1,B2,--.,Bp))- Thus, 1+ Pa+---+ B, =m.
From B = (B1,B2, ..., Bp), we obtain

D(B)={p1, B1+P2 Br+Pa+Ps ..o, Pr+Pot - +Bp1} (19

(by the definition of D (B)).
From v = (71,72, .-.,74), we obtain

D(y)={rv, m+r2 n+r+tr ., mtrnt--+r1}

However, the definition of D () + m yields

D(y)+m

={k—|—nz | kED(fy)} ={m+k | keD(y)}

=m-+k

={m+k | ke{r, nm+r n+r+r -, i+r+t-+v-1}}
(SinCGD(’y):{’yl, Y1+rY Mmt+r2+r, ..., ’}’1+’)/2-|—---—|—’)/q_1})

={m+m, m+y+r, mEvitr+ty .., My tr2+o Y1)
(20)

Now, recall that B = (B1,B2,...,Bp) and v = (71,72, -..,74). Hence, the defini-
tion of By yields

By = (BuBo- -/ Bp 12,0 Yq) -

>Proof. If we had p = 0, then we would have

B= (BB By) = (B1. B2 -, Bo) (since p = 0)

=0=9

which would contradict § # @. Hence, we cannot have p = 0. Thus, we have p # 0.




Some basic properties of compositions page 23

Hence, the definition of D () yield#ﬂ

D (Bv)

=1{B1, B1+B2 B1+PB2+PBs ..., Pr+Bat+ By,
Bi+Bat- -+ By,
pr+p2+---+pBp+m,
Br+pB2+ -+ Bpt+r1+72
pr+pot+--+hpt+tri+12+t73

Prtpot-+Bptmtr2t -+ g}

=1{B1, B1+B2 P1+PB2+PB3 ..., Pr+Bat -+ By,
m, m+y, m+y1+y, m+y+r2+y3, .., mry+y2+oo+ v

(since B1 + o+ -+ Bp = m)
= {B1, Bi+P2 Bri+P2+B3 -, ,Bl+,32+"'+,8p71}4

=D(B)
(by (19))
U {m}
U{m+y, m+r+v, m+rn+rn+y .., m+y+rn+-+v-1)
:D(?)—l—m
(by 20))
=D (p)U{m}U(D(y)+{m}) ={mpuD(B)U (D (7)+m).
This proves Proposition 5.5 O

The following is a variant of Proposition that avoids the requirements that
B # @ and v # @:

Proposition 5.6. Let f and 7 be two compositions. Let m = |B| and n = |7v|.
Then,

D(py) = {m}pUD (B)U (D (7)+m))N[m+n-1].

Proof of Proposition We know that 7 is a composition having size n (since the
size of 7 is |y| = n). In other words, v is a composition of n. In other words,
v € Comp,, (since Comp,, is the set of all compositions of ).

We know that § is a composition having size m (since the size of B is |B| = m).
In other words, B is a composition of m. In other words, p € Comp,, (since Comp,,
is the set of all compositions of m).

We have 0 ¢ [n — 1] (since the set [n — 1] = {1,2,...,n — 1} does not contain 0)
and m ¢ [m — 1] (since the set [m — 1] = {1,2,...,m — 1} does not contain m).

®Note the tacit use of p # 0 and g # 0 in this computation.
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We are in one of the following three cases:

Case 1: We have = @.

Case 2: We have ¢y = @.

Case 3: We have neither p = @ nor v = @.

Let us first consider Case 1. In this case, we have p = @. Thus, D () = D (@) =
@ (by the definition of the map D : Comp, — P ([0 — 1])).

Moreover, m = |B|. In view of B = &, this rewrites as m = |&| = 0. Thus,
D (y) + Jn = D () + 0 = D () (because any set K of integers satisfies K+ 0 =

=0

K).
Recall that D is a map Comp, — P ([n — 1]). Hence, D (y) € P ([n — 1]) (since
v € Comp,). In other words, D (y) C [n —1].

Now,

~—

=2 =D() -0

{\n;} UD(BUD (1) +m) |

m —i—nl]

= | {0}usUD(y) | N
{0}
— ({0}uUD () N[ -1]. e

However, recall that any three sets X1, X5, Y satisty

O+n-—1
——

=n-1

(X1UX)NY=(X1NY)U(XaNY).
Applying this to X7 = {0}, Xo = D (7y) and Y = [n — 1], we obtain

{0yuD(y)nfn =1 = ({0}n[n-1)U (D (y)N[n —1])

[\ (. /
-~

- —D(
(since 0¢[n—1]) (since D(v()’yg) [n—1))
=oUD(y)=D(7).
Thus, rewrites as
({m}uD(B)U(D(y)+m))N[m+n—1]
=D (y) =D (By) (since v = By (because B =2y = ’y)) )
7

Hence, Proposition is proved in Case 1.
Let us now consider Case 2. In this case, we have v = @. Hence, D (y) =
D (@) = @. Hence, D (y) +m = @ +m = & (since @ + k = @ for any integer k).
——

=J




Some basic properties of compositions page 25

Moreover, n = |y|. In view of v = &, this rewrites as n = || = 0.

Recall that D is a map Comp,, — P ([m — 1]). Hence, D (B) € P ([m — 1]) (since
B € Comp,,). In other words, D (B) C [m — 1].

Now,

({m} uD (B)U (D ("y_)@+ m)) N [m +\r%/1]

= ({m}uD(B)UD)N

T o
= ({m}puD(p))N[m—1]. (22)
However, recall that any three sets X;, X, Y satisfy
(X1UXo)NY=(X3NY)U(XaNY).
Applying this to X3 = {m}, X, = D (B) and Y = [m — 1], we obtain

({myuD () Nim—1] = {m}nlm—-1))U(D ()N [m—1])

(& / . 7
-

. =0 :13,(/3)
(since m¢[m—1]) (since D(B)C[m—1])

—oUD(B)=D(p).

m+01}
N——

=m-—1

Thus, rewrites as
({mtuD(B)U (D (y)+m))N[m-+n—1]

=D (B) =D (By) (since B = By (because ,B\’y/ =po = /3)) :

=g

Hence, Proposition [5.6]is proved in Case 2.
Now, let us consider Case 3. In this case, we have neither f = @ nor v = &. In
other words, we have § # @ and ¢ # @. Thus, Proposition [5.5] yields

D(By) = {myuD(B)U(D(y)+m).
However, Proposition 5.2 (b) yields |8y| = |B| + |y| = m + n. Thus, the com-
—~ O~

=m =n
position By has size |By| = m + n. In other words, B is a composition of m + n.
In other words, By € Comp,,. . Hence, D (By) € P ([m+n—1]) (since D is a
map Comp,, ., — P ([m +n —1])). In other words, D (By) C [m +n — 1]. Hence,
D (By)N[m+n—1] = D(By), so that

D (Br) = D (By) Nm+n—1]

~——
={m}uD(B)U(D(7)+m)

= ({mtuD(B)U(D(y)+m))Nlm+n—1].
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Therefore, Proposition [5.6/is proved in Case 3.
We have now proved Proposition [5.6/in each of the three Cases 1, 2 and 3. This
completes the proof of Proposition O

Conversely, given two compositions § and -y, we can reconstruct the partial sum
sets D (B) and D (v) if we know the size || and the partial sum set D (B7) as
follows:

Proposition 5.7. Let f and -y be two compositions. Let m = |B|. Then:
(@) We have D (B) = D (By) N [m —1].
(b) We have D () = (D (By) \ [m]) — m.

Proof of Proposition Let n = |y|. Then, as in the above proof of Proposition
we can show that g € Comp, and y € Comp,,.

Recall that D is a map Comp,, — P ([n —1]). Hence, D () € P ([n —1]) (since
v € Comp,)). In other words, D (y) C [n—1]. The same argument (applied to
B and m instead of 7y and n) yields D () C [m —1]. Also, note that [m —1] C
[m+mn—1] (sincem —1<m+n—1 (because n > 0)).

(@) Let x € D (B). We shall show that x € D (By) N [m — 1].
Indeed, we observe that

xeD(p) S {myUD(B)U(D(7)+m).
Combining this with x € D () C [m — 1] C [m + n — 1], we obtain
xe ({myuD(B)U(D(y)+m))Nm+n—1]
=D (By) (by Proposition .

Combining this with x € [m — 1], we obtain x € D (By) N [m — 1].
Forget that we fixed x. We thus have shown that x € D (By) N [m — 1] for each
x € D (B). In other words,

D(p) € D(py)nlm—1]. (23)

On the other hand, let y € D (By) N [m —1]. Thus, y € D (By) and y € [m —1].
Fromy € [m—1] ={1,2,...,m — 1}, we obtain y < m —1 < m. Thus, we cannot
have y € {m} (because y € {m} would entail y = m, which would contradict
y < m). Furthermore, we cannot have y € D () + m (because y € D (y) +m
would entail that y > m ﬂ which would contradict y < m).

7Proof. Assume that y € D (y) + m. We must show that y > m.
We have y € D(y)+m = {k+m | k€ D(v)} (by the definition of D () + m). In other
words, y = k+ m for some k € D(y). Consider this k. From k € D(y) C [n—1] =
{1,2,...,n—1}, we obtain k > 1 > 0. Hence, y = \k/—}—m > m, thus y > m.

>0
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However,
y €D (B)
=({m}UD(B)U(D (y)+m))N[m+n—1] (by Proposition [5.6)

C{mpuD(B)U(D(7)+m).

In other words, we have y € {m} ory € D (B) or y € D (y) + m. Hence, we must
have y € D (B) (since we cannot have y € {m}, and we cannot have y € D () 4+ m).

Forget that we fixed y. We thus have shown that y € D (p) for eachy € D (By) N
[m — 1]. In other words,

D(py)n[m—=1< D(B).

Combining this with (23), we obtain D () = D (B7) N [m — 1]. This proves Propo-
sition 5.7] (a).

(b) The definition of D (y) 4+ m yields

D(y)+m={k+m | ke D(y)}. (24)
The definition of (D (B) \ [m]) — m yields
(D(BY)\[m]) —m={k—m | ke D(By)\[m]} (25)

Let x € D (y). We shall show that x € (D (By) \ [m]) — m.
Indeed, we have x € D () C [n —1] ={1,2,...,n — 1}, so that

x+me{m+1l,m+2,....m+n—-1} C{1,2,....m+n—-1} =[m+n—1].

Also, from x € {1,2,...,n— 1}, we obtain x > 1 > 0, and therefore \x/-i—m > m,
>0
so that x +m ¢ [m] []

Next, we recall that x € D (y). Thus, the number x 4+ m can be written in the
form k + m for some k € D () (namely, for k = x). In other words, x +m €
{k+m | ke D(y)}. Inview of (24), we can rewrite this as x +m € D (7y) + m.
Hence,

x+méeD(y)+mC {m}UD(B)U(D(y)+m).

Combining this with x +m € [m + n — 1], we obtain
x+me ({mpUD(B)U(D(y)+m))N[m+n—1]
=D (By) (by Proposition [5.6)) .

Combining this with x +m ¢ [m], we obtain x +m € D (B7) \ [m]. We also have
x = (x+m) —m. Therefore, x has the form k — m for some k € D (By) \ [m]

8Proof. 1f we had x + m € [m], then we would have x +m < m (since x +m € [m] = {1,2,...,m}),
but this would contradict x +m > m. Hence, we cannot have x + m € [m]. In other words, we
have x +m & [m].
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(namely, for k = x + m), because x +m € D (By) \ [m]. In other words, x €
{k—m | ke D(By)\ [m]}. Inview of (25), this rewrites as x € (D (By) \ [m]) —m.

Forget that we fixed x. We thus have shown that x € (D (B7) \ [m]) — m for each
x € D (). In other words,

D(7) < (D (Br) \ [m]) —m. (26)
On the other hand, let y € (D (B7y) \ [mn]) — m. Thus,

ye (DB \[m)—m={k—m | keD(py)\[m]}

(by (25)). In other words, y = k — m for some k € D (By) \ [m]. Consider this k, and
denote it by z. Thus, y =z —m and z € D () \ [m].
From z € D (B7) \ [m], we obtain z € D (By) and z ¢ [m]. In particular,

ze D(Br)
=({m}uDB)U(D(y)+m))N[m+n—1] (by Proposition [5.6)
Cm+n—-1={2,....m+n—1}.

Combining this with z ¢ [m] = {1,2,...,m}, we obtain
ze{l,2,....m+n—1}\{1,2,....m}={m+1,m+2,..., m+n—1}.

Hence,z > m+1 > m.
Furthermore,

z€ ({myuUD(B)U (D (y)+m))Nm+n—1]
c{myuD(B)U(D(y)+m).

In other words, we have z € {m} or z € D(B) or z € D () + m. However, we
cannot have z € {m} [} and we also cannot have z € D (8) [}/ Hence, we must
have z € D (7y) + m (since we have z € {m} orz € D (B) or z € D () + m). In view
of (24), this rewrites as

ze{k+m | ke D(y)}.

In other words, z = k+ m for some k € D (7). Consider this k. We have y =
z —m=k+m—m=keD/(y).
=k+m
Forget that we fixed y. We thus have shown that y € D () for each y €
(D (By) \ [m]) — m. In other words,

(D (By)\ [m]) —m C D (y).

Combining this with (26), we obtain (D (B7) \ [m]) —m = D (7). This proves
Proposition [5.7] (b). O

9Proof. Assume the contrary. Thus, z € {m}. Hence, z = m, which contradicts z > m. This
contradiction shows that our assumption was wrong. Thus, we cannot have z € {m}.

19Proof. Assume the contrary. Thus,z € D (B) C [m —1] = {1,2,...,m — 1}. Hence,z <m—1 < m,
which contradicts z > m. This contradiction shows that our assumption was wrong. Thus, we
cannot have z € D ().
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5.4. Further lemmas

The next few propositions and lemmas will be used in a later proof.

Proposition 5.8. Let 8, 7y, ' and 7/ be four compositions such that |f'| = || and
D(p") € D(B) and || = [y|and D (v') € D (7). Then, D (8'y") € D (B7).

Proof of Proposition[5.8] Let m = |B| and n = |y|. Thus, |B'| = |B| = m and |7/| =

7| =mn.

It is easy to see that if K and L are two sets of integers satisfying K C L, and if k
is any integer, then K+ k C L + k. Applying this to K = D (¢') and L = D (v) and
k = m, we obtain D (¢') +m C D (y) + m (since D (v") C D (7)).

Now, Proposition [5.6] yields

D(py) = ({m}uD(B)U(D(y)+m))O[m+n—1]. (27)

Also, we have m = |p/| (since || = m) and n = |9/| (since |y/| = n). Hence,
Proposition [5.6] (applied to ' and 7/ instead of B and 7) yields

D (p'y') = [ (myUD (B)U(D(¥) +m) | Afmtn—1]
—— N——

cD(p) CD(y)+m
C ({mpuD(B)U(D(y)+m))N[m+n—1]=D (B7)
(by (27)). This proves Proposition O

Proposition 5.9. Let « € Comp be any composition, and let m € IN. Then, there
exists at most one pair (B, y) of compositions such that |f| = m and By = «.

Proof of Proposition Let (B/,7) and (B”,7") be two pairs (B, y) of compositions
such that || = m and By = a. Thus, (f/,7') and (B”,7") are two pairs of composi-
tions and have the property that || = m and p’y' = a and || = m and """ = a.
Thus, « = p"+".

We have m = |B/| (since |B'| = m). Thus, Proposition[5.7) (a) (applied to g’ and '

instead of B and ) yields

D([S')D( )ﬂ[ml]D(zx)ﬂ[ml].

I~
&
=
The same argument (applied to B’ and 7" instead of ' and ) yields

D (B") =D (a)N[m—1].

Comparing these two equalities, we find D (p') = D ().
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Now, B’ is a composition having size | 8’| = m. In other words, ' is a composition
of m. In other words, ' € Comp,,. Similarly, g € Comp,,.

Recall that the map D : Comp, — P ([n — 1]) is a bijection. Similarly, the map
D : Comp,, — P ([m—1]) is a bijection. Hence, this map D is bijective, thus
injective. In other words, if ¢,¢ € Comp,, satisfy D (@) = D (¢), then ¢ = .
Applying this to ¢ = ' and ¢ = B”, we obtain p’ = p” (since p’ € Comp,, and
B" € Comp,, and D (') — D (").

Furthermore, Proposition {5.7) (b) (applied to p’ and 7/ instead of § and 7y) yields

D(v') = (D (&) \[M]> —m = (D (a)\ [m]) —m.

=

The same argument (applied to 8" and 7" instead of B’ and 7) yields

D (v") = (D («) \ [m]) —m.

Comparing these two equalities, we find D (7') = D (7).
Set n = |y'|. Then, from g’y = &, we obtain &« = p’/. Thus,

lplad| _ af / by Proposition 5.2] (b),
"""‘““@*‘Ji (appliedt05=/3’andv=v’
=m =n
=m+n.
Hence,

m—+n=|a|=|p"y"| (since & = B"9")
= 18" + |7 by Proposition [5.2] (b),
g U applied to g = " and v = "

=m

—m+ }’)’H‘ .

Subtracting m from this equality, we obtain n = |y"|.

Now, 7' is a composition having size |y'| = n (since n = |7/|). In other words, 7/
is a composition of n. In other words, 7/ € Comp, . Similarly, 7" € Comp,, (since
n=[y").

Recall that the map D : Comp, — P ([n — 1]) is a bijection. Hence, this map D
is bijective, thus injective. In other words, if ¢, € Comp,, satisfy D (¢) = D (¢),
then ¢ = . Applying this to ¢ = 7/ and ¢ = 7", we obtain o/ = 7" (since
9" € Comp,, and 7" € Comp,, and D (v') = D (v")).

Now, oA =(B"").
B (B".7")
=p ="

Forget that we fixed (B/,7') and (B”,7"). We thus have shown that if (8/,7')
and (B”,") are two pairs (B, y) of compositions such that || = m and By = «,
then (B,7') = (B”,7"). In other words, there exists at most one pair (B,7y) of
compositions such that || = m and By = a. This proves Proposition O
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Next, we shall show a nearly trivial lemma:
Lemma 5.10. Let m € IN. Let K be a subset of {1,2,3,...}. Then,

(KN [m=1]) U (K\ [m]) = K\ {m}.

Proof of Lemma Any element k € K is an element of {1,2,3,...} (since K is a
subset of {1,2,3,...}) and therefore is a positive integer. Hence, for any element
k € K, we have the following chain of logical equivalences:

(kem—1]) <= (k<m—-1) (since k is a positive integer)
— (k< m) (since k and m are integers) .

Thus,
{keK | kem—-1]} ={keK | k<m}.

Recall again that any element k € K is a positive integer. Hence, for any element
k € K, we have the following chain of logical equivalences:

(k ¢ [m]) <= (we don’t have k € [m])

since k is a positive integer,
<= (we don’t have k < m) and thus the statement “k € [m]”
is equivalent to “k < m”

— (k>m).

Hence,
{keK | k¢ [m]} ={keK | k>m}.
Now,
(Kn[m—1]) U (K\ [m])
N——— N——
={keK | ke[m—1]}  {keK | k¢[m]}
={keK | k<m} ={keK | k>m}
={keK | k<miU{keK | k>m}
={keK | k<mork>m}

since the statement “k < m or k > m”
={keK | k#m} < is equivalent to “k # m” )
= K\ {m}.
This proves Lemma O

Our next proposition characterizes of the concatenation ¢ of two compositions
@ and ¢ in terms of how its partial sum set D («) relates to D (¢) and D (¢):
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Proposition 5.11. Let n € N and m € N. Let « € Comp,,, be any composition
of m 4+ n such that m € D (a) U{0,m + n}.
Let ¢ € Comp,, be a composition that satisfies D (¢) = D (a) N [m — 1].
Let ¢y € Comp,, be a composition that satisfies D (1) = (D («) \ [m]) — m.
Then, ¢y = a.

Proof of Proposition We have ¢ € Comp,,. In other words, ¢ is a composition

of m. In other words, ¢ is a composition having size m. In other words, ¢ € Comp

and |@| = m. Similarly, from ¢ € Comp,,, we obtain ¢ € Comp and |¢| = n.
Now, Proposition[5.2|(b) (applied to B = ¢ and v = ) yields |py| = Lqi\/ + Ll/)/\/

=m =n
m + n. Thus, ¢y is a composition having size |¢y| = m + n. In other words, ¢ is
a composition of m + n. In other words, ¢y € Comp,,_ .

Recall that the map D : Comp,,., — P ([m +n —1]) is a bijection. Hence, this
map D is bijective, thus injective. Furthermore, from « € Comp,, ., we obtain
D (a) € P ([m+n—1]) (since D is a map from Comp,, ., to P ([m +n —1})). In
other words, D («) C [m +n — 1]. Hence,

D(a)Cm+n—-1]C{1,2,3,...}.

In other words, D («) is a subset of {1,2,3,...}. Hence, Lemma (applied to
K =D (a)) yields

(D (&) [m=1]) U (D (a) \ [m]) = D (a) \ {m}. (28)

If K is any set of integers, then (K — m) + m = K (indeed, this follows easily from
Definition [5.4). Applying this to K = D («) \ [m], we obtain

((D (@) \ [m]) —m) +m =D (a)\ [m].
In view of D () = (D () \ [m]) — m, we can rewrite this as

D () +m =D (a)\ [m]. 29)
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Proposition [5.6] (applied to B = ¢ and 7 = 1) yields

D(¢p)=|{m}U D(p) U(D(P)+m)]|N[m+n—1]
—— R e —

=D(a)N[m—1] =D(«a)\[m]
(by @)

= | {m} U (D (a) N [m—1])U(D (a)\ [m]) [ " [m+n—1]

-

—D(a)\{m}
(by @8))
= ({m}uU (D (a) \{m}))N[m+n—1]

. J/
-

={m}UD(a)
(since (XU(Y\X))=XUY
for any two sets X and Y)

= ({m}UD (a))N[m+n—1]. (30)

Now, we recall that m € D (a) U {0,m + n} (by assumption). Hence, {m} C
D («) U{0,m+n}. Thus,

{m} UD («) € (D (a) U{0,m+n})UD (a)
~—~—~

CD(a)U{0,m+n}

MUD((X)U{O,m—i—n}

=D(a)
=D (a)U{0,m+n}.

Hence,

{m}uD(a))N[m+n—1]
gD(uc)Lj{ro,ern}
C(D(a)u{0,m+n})Nm+n—1]
= (D (a)N [m~|—n—1])U({O,m+n}g[m+n—1])

. J/

(since neither 0 nor m-+n belongs
to the set [m+n—1])

(since (XUY)NZ=(XNZ)Ju(ynz) )
for any three sets X, Y and Z

=[D@)Nm+n—-1)U@ =D (a)N[m+n—1]

=D (a) (since D (a) C [m+n—1]).
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Combining this inclusion with
D (a) = a@ Nm+n—1] (since D (a) C [m+n—1])
C({m}uD(a))
C ({m}UD @) N [m+n—1],
we obtain
({m}uD(a))N[m+n—1] =D (a).

Hence, we can rewrite as D (¢y) = D (a).

Now, recall that the map D : Comp,, ., — P ([m +n —1]) is injective. Hence,
if ¢ and 7 are two elements of Comp,,  , satisfying D ({) = D (), then { = 7.
Applying this to { = ¢y and 7 = &, we obtain ¢y = a (since ¢y € Comp,, ., and
« € Comp,, . and D (¢yp) = D («)). This proves Proposition 5.11] O

5.5. Concatenation and coarsenings

We shall next study the interaction between concatenation and coarsenings. First,
we define coarsenings:

Definition 5.12. If <y is a composition, then C (vy) shall denote the set of all com-
positions € Comp),| satisfying D (8) € D ().
The compositions belonging to C (7y) are often called the coarsenings of .

Example 5.13. Let oy be the composition (4,1,2). Then, the set C () consists of
the compositions f € Comp,, satisfying D (8) C D () = {4,5}. Thus,

C =17, 52), (43), (412)}.

So the coarsenings of 7 are the four compositions (7), (5,2), (4,3) and (4,1,2).

An equivalent definition of the coarsenings of a composition 7 can be informally
given as follows: If y is a composition, then a coarsening of y means a composition
obtained by “combining” some groups of consecutive entries of vy (that is, replacing
them by their sums). For instance, one of the many coarsenings of a composition
(a1, o, a3, 04, 05, 06, &7) is (a1 + ap, a3, ag + a5+ ag, 7). We shall not formalize
this equivalent definition, as we will not use it.

The following lemma is a trivial consequence of the definition of a coarsening,
restated for convenience:

Lemma 5.14. Let y be a composition.
(@ Ifve C(y), thenv € Comp and |v| = |y| and D (v) € D (7).

(b) If v € Comp is a composition that satisfies |[v| = |y| and D (v) C D (vy),
thenv € C (7).
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Proof. (a) Assume that v € C (7). According to the definition of C (vy), this means
that v is a composition f € Comp),, satisfying D (f) € D (7). In other words,
v € Comp, and D(v) € D(y). From v € Comp), |, we obtain v € Comp and
lv| = |y|. Thus, we have v € Comp and |v| = |y| and D (v) € D (v). This proves
Lemma [5.14] (a).

(b) Assume that v € Comp is a composition that satisfies |v| = |y| and D (v) C
D (v). From v € Comp and [v| = ||, we obtain v € Comp,,. Thus, v is a
composition p € Comp),| satisfying D (f) € D () (since D (v) € D (7)). In other
words, v € C (y) (by the definition of C (v)). This proves Lemma (b). O

We can now restate Proposition 5.8/ in terms of coarsenings:

Proposition 5.15. Let B and -y be two compositions. Let y € C () and v € C (7).
Then, uv € C (B).

Proof of Proposition We have v € C (vy). Thus, Lemma (a) yields that v €
Comp and |v| = |y| and D (v) C D (7). The same argument (applied to u and B
instead of v and <) shows that y € Comp and |u| = |B| and D (u) C D (B). Hence,
Proposition 5.8 (applied to p’ = p and ' = v) yields D (uv) C D (B7).

However, Proposition 5.2) (b) yields |By| = |B| + | |-

Furthermore, Proposition 5.2/ (b) (applied to y and v instead of B and 7) yields

lwv| = Jul + v| =I[Bl+ 7| =Bl (since [By| = [B|+[7])-
—~—

=gl =l

Thus, we now know that yv € Comp and |puv| = |By| and D (uv) C D (7). Hence,
Lemma (b) (applied to By and pv instead of y and v) yields that uv € C (B).
This proves Proposition [5.15, O

The following proposition is a sort of converse to Proposition [5.15

Proposition 5.16. Let & be a composition. Let y and v be two compositions
satisfying uv € C (). Then, there exists a unique pair (B, y) € Comp x Comp of
compositions satisfying fy =a and y € C(B) and v € C (7).

Proof of Proposition[5.16, Let m = |u| and n = |v|. Then, y € Comp,, (since yu is
a composition that satisfies |y| = m) and v € Comp, (since v is a composition
that satisfies |v| = n). Also, from uv € C(a), we conclude (by the definition of
C (a)) that pv € Comp),; and D (pv) € D («). Now, from pv € Comp),|, we obtain
10| = [al. Thus, [a] = [uv].

On the other hand, Proposition 5.2 (b) (applied to f = y and y = v) yields

| = |pl + [v| =m+n.
—~

=m =n
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Hence, |a| = |uv| = m +n, so that « € Comp,,,,. Thus, D () € P ([m+n —1})
(since D : Comp,, ., — P ([m+n—1]) is a bijection). In other words, D (&) C
[m+n—1].

It is furthermore easy to see that

m e D (a) U{0,m+n}

[
We have D (o) N [m —1] C [m — 1], so that D (&) N [m — 1] € P ([m —1]).
Furthermore, it is easy to see that (D («) \ m]) —m € P ([n—1]) H
Recall that the map D : Comp,, — P ([m — 1]) is a bijection. Hence, it is bijective,
thus surjective. Therefore, there exists some composition ¢ € Comp,, that satisfies

D(¢) =D (@) Nm—1] 32

1 Proof. We are in one of the following three cases:

Case 1: We have m = 0.

Case 2: We have n = 0.

Case 3: We have neither m = 0 nor n = 0.

Let us first consider Case 1. In this case, we have m = 0. Hence, m = 0 € {0,m+n} C
D (a) U{0,m+n}. Thus, m € D (a) U{0,m + n} is proved in Case 1.

Let us next consider Case 2. In this case, we have n = 0. Hence, m + \ri-/ = m, so that

=0

m=m+ne{0,m+n} CD(a)U{0,m+n}. Thus, m € D (a) U{0,m + n} is proved in Case 2.

Now, let us consider Case 3. In this case, we have neither m = 0 nor n = 0. Hence, m # 0 and
n # 0. Therefore, 4 # @ (since |u| = m # 0 = |F]) and v # & (since |v| = n # 0 = |&|). Hence,
Proposition [5.5| (applied to y and v instead of  and 7) yields

D () = {m} UD () U (D (v) + m). 31

Now,

me {m} C{m}uUD (u)U(D(v)+m)

=D (uv) (by @1))
CD(w) CD(a)Uu{0,m+mn}.

Thus, m € D (a) U {0,m + n} is proved in Case 3.
Hence, we have proved m € D («) U{0,m+n} in all three Cases 1, 2 and 3. Thus, m €
D («) U{0,m + n} always holds.
12Proof. Let g € (D (a) \ [m]) — m. We shall show that ¢ € [n — 1].

Indeed,
€(D(w)\[m])—m={k—m | keD(a)\[m]}

(by the definition of ( («) \ [m]) —m). In other words, § = k —m for some k € D («a) \ [m].
Consider this k.

We have k € D (a) \ [m], so that k € D («) and k ¢ [m]. From k € D(a) C [m+n—1],
we obtain 1 < k < m+n—1. If we had k < m, then we would have k € [m] (since 1 <
k < m), which would contradict k ¢ [m]. Thus, we cannot have k < m. Hence, we must have
k > m. Thus, k > m+ 1 (since k and m are integers), so that k —m > 1. Furthermore, from
k <m+mn—1, we obtain k —m < n—1. Combining k —m > 1 with k —m < n —1, we find
k—me{l,2,...,n—=1} =[n—1]. Thus,g =k—m € [n—1].

Forget now that we fixed g. We thus have shown that g € [n — 1] for each g € (D («) \ [m]) —
m. In other words, (D («) \ [m]) —m C [n — 1]. In other words, (D () \ [m]) —m € P ([n —1]).
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(since D (a) N [m —1] € P ([m — 1])). Consider this ¢.
Recall that the map D : Comp, — P ([n — 1]) is a bijection. Hence, it is bijective,
thus surjective. Therefore, there exists some composition i € Comp,, that satisfies

D () = (D (a) \ [m]) —m (33)

(since (D («) \ [m]) —m € P ([n —1])). Consider this 1.
Proposition yields that
oY = a.
Also, ¢ € Comp, € Comp and |¢| = m (since ¢ € Comp,,). Furthermore,
¢ € Comp, C Comp and |¢p| = n (since p € Comp,). From ¢ € Comp and

¢ € Comp, we obtain (¢, ) € Comp x Comp.
Proposition [5.7] (a) (applied to B = p and 7y = v) yields

D(w)=D(w)nim-1]C D(a)N[m—1] = D(¢)
CD(a)

(by ). Also, we have [u| = m = |¢| (since || = m), so that y € Comp|,. Thus,
p is a composition p € Comp,, satisfying D (8) C D (¢) (since we have shown

that D (1) C D (¢)). In other words, u € C (¢) (by the definition of C (¢)).
Proposition [5.7] (b) (applied to p = y and v = v) yields

D (v) = (D (pv) \ [m]) —m. (34)

However, D (uv) \ [m] C D () \ [m]. But it is easy to see that if k is any integer,
~——

CD(w)
and if K and K’ are two sets of integers satisfying K C K’, then K —k C K — k.
Applying this to k = m and K = D (uv) \ [m] and K’ = D («) \ [m], we conclude
that (D (uv) \ [m]) —m C (D («) \ [m]) —m (since D (uv) \ [m] € D («) \ [m]). In
view of (34), we can rewrite this as

D(v) = (D (&) \ [m]) —m =D (¢)

(by ). Also, we have |v| = n = [y (since || = n), so that v € Comp|,. Thus, v
is a composition f € Comp,, satisfying D (B) C D (y) (since we have shown that
D (v) C D (¢)). In other words, v € C (¢) (by the definition of C (¢)).

We have now shown that (¢, ) € Comp x Comp is a pair of compositions sat-
isfying pip = a« and y € C(¢) and v € C(¢). Hence, there exists at least one
pair (B,v) € Comp x Comp of compositions satisfying fy = a« and p € C(B) and
v € C(7) (namely, the pair (¢, ¢)).

It remains to show that there exists only one such pair. So let us show this now.

Indeed, let (B/,7') and (B”,7") be two pairs (B,7) € Comp x Comp of com-
positions satisfying By = « and p € C(B) and v € C (). We must prove that

(B 7") = (B",7").
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We know that (B,7/) is a pair (B, 7) € Comp x Comp of compositions satisfying
By =aand y € C(B) and v € C (7). In other words, (B/,7") € Comp x Comp is
a pair of compositions satisfying p'y' = « and y € C(p’) and v € C (/). From
u € C(B'), we easily obtain || = m

We have now shown that |f’| = m and 'y’ = . In other words, (p/,7') is a pair
(B, v) of compositions such that || = m and By = a. The same argument (applied
to (B”,7") instead of (B’,')) shows that (B”,7") is such a pair as well.

However, Proposition 5.9 shows that there exists at most one pair (8, y) of com-
positions such that |f| = m and By = «. Hence, any two such pairs (B, ) must
be equal. Since (f’,7) and (B”, ") are two such pairs (as we have shown in the
previous paragraph), we thus can conclude that (8/,v') and (”,v") must be equal.
In other words, (B',7') = (B”,v").

Now, forget that we fixed (p/,7') and (B”,v"). We thus have shown that if (8, ')
and (B”,v") are two pairs (B,v) € Comp x Comp of compositions satisfying fy =
aand y € C(B) and v € C(7), then (B,7') = (B”,9”). In other words, any two
pairs (B, ) € Comp x Comp of compositions satisfying fy =« and p € C(f) and
v € C (y) must be equal. In other words, there exists at most one such pair (B, y).
Since we also know that there exists at least one such pair (B, ) (because we have
proved this further above), we thus conclude that there exists a unique such pair
(B, 7). This proves Proposition [5.16] O

We can combine Propositions and into a convenient package:

Proposition 5.17. Let (A, +,0) be an abelian group. Let u,,, be an element of A
for each pair (u,v) € Comp x Comp of two compositions. Let « € Comp. Then,

Y = D LY

(u,v)eComp x Comp; (By)eComp x Comp; ueC(B) veC(y)
nveC(n) Br—a

13Proof. We have u € C(B'). By the definition of C(B’), this means that y is a composition
B € Compy, satisfying D (B) € D (p). In other words, y € Compz and D (u) € D (p').
Hence, y1 € Compg, so that [u| = |B'|. Thus, || = [u| = m.
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Proof of Proposition We have

)3 )3 )3 Up,v

(B,y)eComp x Comp; neC(p) veC(y)
ﬁ')/:lx N~ N~
= X = X
neComp; veComp;
neC(p) veC(y)

(since C(B)CComp) (since C(y)CComp)

= )3 )3 Y. Uy

(B,y)eComp x Comp; pu€Comp; veComp;

. Br=a HEC(p)  veCly)
= Y v e x
peComp  veComp  (B,y)eComp x Comp;
Br=u;
neC(p);
veC(y)

- Z Z Z U,y

ueComp veComp (B,y)eComp x Comp;

~ Br=w;
= )3 HeC(p);
(u,v)eComp x Comp veC(y)

= Y. Y. Upy. (35)
(u,v)eComp x Comp (B,7)€Comp x Comp;
Br=a;
neC(p);
veC(y)

Now, we claim the following;:

Claim 1: Let (u,v) € Comp x Comp be such that uv € C (a). Then,

)3 Upy = Up,v-
(B,v)eComp x Comp;
Br=o;
neC(p);
veC(y)

[Proof of Claim 1: Proposition shows that there exists a unique pair (B,7) €
Comp x Comp of compositions satisfying By = w and y € C(B) and v € C (7).
In other words, the sum Yy uy,y has exactly one addend. Hence, this

(B,v)eComp x Comp;
Br=u;

neC(p);
veC(y)

sum equals u;,,. This proves Claim 1.]
Claim 2: Let (u,v) € Comp x Comp be such that yv ¢ C («). Then,

uﬂlv — O.
(B,v)eComp x Comp;
Br=w;
neC(p);
veC(y)
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[Proof of Claim 2: If (B,v) € Comp x Comp is a pair of compositions satisfying
By = aand p € C(B) and v € C(v), then Proposition shows that pv €

C| By | = C(a), which contradicts v ¢ C(a). Hence, there exists no pair
~—
=
(B,7) € Comp x Comp of compositions satisfying fy = a and u € C(B) and
v € C (). In other words, the sum Y uy,y is empty. Therefore, this
(B,v)eComp x Comp;
pr=u;
HeC(p);
veC(y)

sum equals 0. This proves Claim 2.]

Now, each pair (y,v) € Comp x Comp satisfies either yv € C («) or uv ¢ C («)
(but not both). Hence, we can split the outer sum on the right hand side of as
follows:

X )3 Up,v

(u,v)eComp x Comp (B,7)€Comp x Comp;

Br=u;
neC(p);
veC(y)
= )3 ) tyu + )y ) o
(u,v)eComp x Comp; (B, v)€Comp x Comp; (u,v)eComp x Comp; (B,7)€Comp x Comp;
uveC(a) Br=a; uv¢C(a) Bry=e«;
neC(p); nec(p);
veC(y) veC(y)
= ~;
(by Claim 1) (by Claim 2)
= )3 Upy + )3 0= )y Y-
(u,v)eComp x Comp; (u,v)eComp x Comp; (u,v)eComp x Comp;
uveC(a) uvgC(a) uveC(a)

=0
Hence, we can rewrite (35) as

) L) = Xt

(B,7)€Comp x Comp; ueC(B) veC(y) (u,v)eComp x Comp;
Br=a uveC(a)
This proves Proposition O
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