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1 Introduction

The motivation to study forbidden configurations has its roots in graph theory. Mathe-
maticians such as Erdés himself, asked what is the maximum number of edges a simple
graph G on n vertices can have, before it no longer avoids a particular subgraph H as a
subgraph. This question of graphs can be extended to the study of hypergraphs, where a
simple hypergraph on m vertices is a family X of subsets of {1,2,...,m}. By convention
X has no repeating elements and hence, in the language of hypergraphs, there are no
“repeated” edges. The equivalent question in the theory of simple hypergraphs would
be to determine the maximum number of hyperedges a simple hypergraph can have
to ensure a certain subhypergraph is forbidden. Naturally, we can allow X C 2™ to
have repeated elements, thereby allowing for general hypergraphs with repeating edges;
the analogous question would be to maximize the number of edges of a hypergraph
while forbidding a family of subhypergraphs. Similarly, if we consider an m-rowed ma-
trix with entries in {0, 1}, we would want to determine what the maximum number of
columns it can have while avoiding a configuration, a term which will be defined shortly.
The premise in studying forbidden configurations is generalizing the extremal subgraph
problem to (0, 1)-matrices [1].

This task may seem quite daunting at first, especially when one lacks familiarity
with techniques used in approaching the study of forbidden configurations. This survey



gives a brief insight into proving results about forbidden configurations by using various
methods of induction, which many mathematicians have employed. We will begin with
a look at the basic induction in Section 2 that any student of mathematics has encoun-
tered. Next, we will consider the method known as standard induction in Section 3
which has been used ubiquitously throughout this subfield of extremal combinatorics.
Repeated induction, found in Section 4, is an extension of standard induction. We will
follow it up with a discussion about multiplicity induction in Section 5, which will con-
sider matrices (and configurations) with repeated columns. Last, we will end with, for
a lack of a better name, sporadic induction, in Section 6, a method of induction that
has shown its usefulness but is not as central.

Below, we provide some preliminary definitions and remarks on the notation, which
are most widely used in the study of forbidden configurations and will be used through-
out this survey.

Definition 1.1 Let m € N. We use the following notation:
m] ={1,2,...,m}
(") = ts:5 €l isi =1
oml = {5 . S C [m]}.
The latter is also known as the power set of [m].
Definition 1.2 We say that a (0,1)-matriz A is simple, if it has no repeated columns.
Definition 1.3 Given a (0,1)-matriz A, we denote the number of columns of A by || A]|.

Definition 1.4 Let A be an m x n (0, 1)-matriz. Let S C [m] We denote by Als, the
|S| x n submatriz of A of the rows i € S.

Now we can define our extremal problem.

Definition 1.5 Given a (0,1)-matriz A, we say that a (0, 1)-matriz F' is a configuration
of A, and denote it as F < A, if there exists a submatrix of A which is a row and column
permutation of F.

Definition 1.6 Let F be a collection of (0,1)-matrices. Define
Avoid(m, F) ={A ism — rowed : F £ AVF € F}.
We call F a forbidden family of configurations.
Definition 1.7 Let
forb(m, F) = max{||A| : A € Avoid(m,F)}.
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When possible, we seek exact values for forb(m, F'); of course this may not always be
the case and as such, one satisfies the query by seeking as accurate and sharp asymptotic
bounds as possible.

Remark 1.8 If F' and G are two configurations such that F' < G, then it follows that
forb(m, F) < forb(m, G).

Proof: If FF < G, then A € Avoid(m, F) implies that A € Avoid(m,G). So
Avoid(m, F') C Avoid(m, G), and hence, forb(m, F') < forb(m, G). N

Let us first see some examples of forb(m, F) for some specific (0, 1)-matrix F.

Example: Let’s determine forb(m,[1]). Note that if A € Avoid(m, [1]) with [|A| =
forb(m, [1]), then A cannot have 1 in any row or column. This leaves us with A = 0,,
since A has no repeating columns, and hence ||Al| = 1.

Example: Trying something a bit more challenging, suppose A € Avoid(m, [O 1})
with ||A|| = forb(m, [0 1]). We determine what [|A|| is. Note that on any row of A, we
must avoid [0 1}. Since A is simple, it cannot have any repeated columns. Suppose
after some permutation of rows, the first column of A is 1,0,,_; for some 0 < i < m.
Since this column cannot repeat, if A has another column, there exists arow 1 < j <m

where we have either [0 1} or [1 0}, contradicting the assumption on A. So in fact
|A]| = 1if A € Avoid(m, [0 1]).

For the next example, we introduce some notation:

Definition 1.9 Denote by I, the m x m identity matriz and denote by IS, the (0,1)-
complement.

Definition 1.10 Denote by T, the upper triangular (0, 1)-matriz where the upper tri-
angular entries are 1; that is, T;; =1 for 1 < j and T;; = 0 for i > j.

Definition 1.11 We denote with Ky, the k x 2% simple (0, 1)-matriz.

Example: We attempt one more example, which will be a bit more non-trivial than
the two above. Let A € Avoid(m, [5) with ||A|| = forb(m, I5), where I denotes the
2 x 2 identity matrix. We first note that I, < K5, and so forb(m, I5) < forb(m, K3). By
Theorem 3.2 that we will prove in a later section, we conclude that

1 < forbom, 16 = (7)) + () =m 1.

Next, we note that [0,,|T,,], the m x (m + 1) upper triangular (0, 1)-matrix, avoids I,
as a configuration; therefore, T,,, € Avoid(m, I5). Thus, [|A] > ||[0,|T5]]| > m + 1. We
conclude ||A|| = m.



Remark 1.12 Thus, K, s like the incidence matriz representation of the complete
graph, with every possible (0,1)-string of length k, arranged as columns.

Next, we introduce the matrix theoretic definition of what it means for a set S C [m]
to be shattered by a matrix A.

Definition 1.13 Let A be a (0,1)-matriz. We say that S C [m] is shattered by A, if
Kis < Als. We say 0 is shattered by A if and only if ||A|| > 1. Denote by Sh(A), the
sets S C [m] shattered by A.

The following product construction has proved useful.

Definition 1.14 Let A be an mq X ny simple matriz and B be an mo X ny simple matriz.
Denote by A x B the (my + ma) X (ning) simple matriz where each column consists of
a column of A placed on a column of B, done in every possible way.

2 Basic Induction

In the theory of forbidden configurations and extremal set theory, the term “basic in-
duction” will refer to the proof technique described as follows. Suppose A is a simple,
m-rowed matrix; we identify any row and/or column permutation of A, with itself. The
method of basic induction will require one to induct on the number of columns, n or
rows, m. As with any method of induction, one checks that the base case, n = 1 in the
case of inducting on the number of columns, holds and assumes the inductive hypothesis
for all 1 < k < n, and proving the claim for the case when k = n. To illustrate, suppose
A is a simple m-rowed (0, 1)-matrix with n columns; we claim that some statement P(n)
holds true for the matrix A, and would like to use the method of basic induction on the
number of columns of A. We recognize that any row and column permutation of A is
identified with A itself; as such, assuming that A has at least 2 columns, we have the
following decomposition after permuting the rows and columns of A, so that row r has
at least one 0 and one 1:
r—=10 -~ 01 - 1

A= Ao A |

noting that ||Ao|l, [|A1]| < n — 1. It is convenient to allow Ay or A; be empty matrices,
namely with 0 columns. In our first example, we will avoid this by assuming row r has
at least one 0 and one 1. Here, we can invoke the inductive hypothesis on the submatri-
ces Ap and A;, namely that the statement P(||Ap||) and P(||A1]|) holds true. We hope
that invoking the inductive hypothesis on ||Ap|| and || A;]| is sufficient to conclude the
claim for ||A]|. We note that we are not using any special properties of Ay and Ay, with
the exception that the two submatrices have fewer rows than A; this will be starkly
contrasted when studying the method of standard induction, which will use the power
of induction as well as certain special properties of submatrices in its decomposition to
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conclude claims about the matrix A.

This method of induction is the simplest method of induction and has been used in
proving numerous important theorems in extremal set theory. One such result is the
Shattered Set Lemma, which we shall state and prove in this section, giving both a
matrix-theoretic and set-theoretic proof.

We first prove the Shattered Set Lemma for the case of (0, 1)-matrices.

Lemma 2.1 (Shattered Set Lemma, Pajor [8]) Let A be a given m rowed matriz.
Then |Sh(A)| > ||A]l.

Proof:  First, let us consider the base case, when ||A|| = 1. Trivially, the empty
(0, 1)-matrix is shattered by A if ||A|| > 1 and so, |Sh(A)| > ||A|| = 1. Now assume
inductive hypothesis for all (0, 1)-matrices A, with ||A|| = n, with 1 < j < n. Suppose
that A is a (0, 1)-matrix, such that ||A|| = n, with n > 2. . We permute the rows of A
and find a row r so that row r contains at least one 0 and one 1. Such a row r exists,
since by assumption n > 2. Decompose A in the following way:

P00 001 - 1
A= Ay A

where || Apll, ||A1]| < n—1. Assuch, we can apply the inductive hypothesis and conclude
that

|Sh(Ao)
|Sh(Ay)

| = [|4ol],

| = [l A]]-

We first remark that ||A|| = ||Ao|| + ||A1]|, and by the inclusion—exclusion principle,
[Sh(Ag) U Sh(A1)| + [Sh(Ao) N Sh(A1)| = [Sh(Ao)| + [Sh(A1)] = [[Aol[ + [[As]l.

Next, we show that |Sh(A)| > |Sh(Ay)USh(A1)|+[Sh(Ao)NSh(A;)]. Suppose S C [m)]
with S € Sh(Ap) N Sh(A;). By definition, we have that K|g < Ag|s and K5 < A|s.
Remarking that r ¢ S, we observe that K|jsupy < Alsugry, and so S U {r} € Sh(A).
Also SU{r} & Sh(Ap) U Sh(A;). Hence, Sh(A) contains at least |Sh(Ay) N Sh(A;)]
more sets than Sh(Ag) U Sh(A;). Therefore, we conclude that |Sh(A)| > |Sh(Ag) U
Sh(Ay)|+ |Sh(Ap) N Sh(A1)], and hence

[Sh(A)] = [[Ao|| + [|As]] = [[A]].

This completes the proof of the matrix version of Shattered Set Lemma. |

Now we give a proof of the Shattered Set Lemma for the case of sets.
Here, we state the requisite definitions and the statement of the aforementioned lemma,
and use the method of basic induction to prove it.
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Definition 2.2 Let U C 2™, We say that U shatters a set S C [m] if
(TNS:Teu}y=2°

In other words, we hope to recover all subsets of S by intersecting S with all subsets
Telu.

Definition 2.3 For U C 2™ let Sh(U) be the collection of all T that are shattered by
Uu.

Now we state and prove the Shattered Set Lemma for sets.

Lemma 2.4 (Shattered Set Lemma, Pajor [8]) Let U C 2™ with U # 0. Then
|Shtd)| = |U].

Proof:  We prove this theorem, as aforementioned, by using the method of basic
induction. We know that () € Sh(U) for U # (). So |Sh(U)| > |U| holds for the base case.
Now we assume the inductive hypothesis for all 4 C 2™ such that U] € {1,2,...,n}
and prove the lemma for when |U| = n+1. Let ¢ € [m] such that ¢ is contained in at least
one, but not all S e . Welet Uy ={S el :t¢ StandUy ={S el :t e S}. Then
it is clear that U = Uy U U,, where L denotes a disjoint union. Now, we observe that
|Up|, |U1| < n+ 1 and hence, by the inductive hypothesis |Sh(Uy)| > Uy, |Sh(U)| > U;.
Applying a case of the inclusion-exclusion principle, we obtain that

|Sh(tho) U Sh(lh)] + [Sh(Uo) N Sh(Uh)| = |Sh(Uo)| + |Sh(Uy)|

Z |Z/[0| + |Z/{1|
= |U]
We want to show that
|Sh(Uy) U Sh(Uy)| + |Sh(Uy) N Sh(Uh)| < |Sh(U)). (1)

We note that since Sh(Uy)NSh(Uy) C Sh(Uy)USh(Uy), if S € Sh(Uy)USh(U;)—Sh(Uy)N
Sh(U,), the it contributes exactly one unit to the left in (1) and one unit to the right in
(1). It S € Sh(Uy) N Sh(U,), it contributes exactly 1 unit to the left in (1) but 2 units to
the right in (1), namely S and SU{t}. Since Sh(Uy)NSh(U), Sh(Uy)USh(Uy) C Sh(U)
we obtain the inequality in (1). N

If S € Sh(Uy) N Sh(U;), we note that ¢t & S; if it were the case that ¢ € S, then we
would obtain that {TNS : T € Uy} C S since t & T for any T' € Uy. Therefore, it
follows that S U {t} & Sh(Uy). Now, S, SU{t} € Sh(U). So we have contributions of
2 units to the right side of the inequality in (1) while there is only a contribution of 1
unit to the left side of the inequality in (1). This proves our claim.



Definition 2.5 For notational simplicity, we let

111

110
o= |y 1 ¢
0 01
[0 0 0]

and

110110
101111
Fo=101 01 0 1
001001
00 0O0T10

Theorem 2.6 [6] Suppose F' is a 6-rowed (0, 1)-matriz. Then F < Ggyxs if and only if
forb(m, F) = ©(m?). Otherwise, if F £ Gexs, then forb(m, F) is Q(m?).

Theorem 2.7 [6] For F; defined above, forb(m, F;) = ©(m?). For any (0,1)-column
a, forb(m, [Fr|al) is Q(m?).

We will discuss aspects of the proof that forb(m, Fy) is O(m?) later in the paper.
The following is a lemma which proves one direction of Theorem 2.6.

Lemma 2.8 [6] Suppose F' is a 6-rowed (0,1)-matriz such that F' A Gexs. Then
forb(m, F) is Q(m?).

Proof:  First, we remark that without loss of generality, we can assume that the
columns of F' have a column sum of exactly 3. Why so? Well first, suppose that F' has
a column « with column sum 2 or less. Then we note that o A I¢ x I x I, since the
3 — fold product has columns with column sum strictly bigger than 2. Likewise, if «
is a column of F' with column sum greater than 4; then o« £ I x I x I, and the 3 —
fold product has columns of column sum at most 3. In both of these cases, we have a
construction with ©(m?) columns and hence, forb(m, F) = Q(m?).

So let us assume that F' is a 6-rowed matrix so that it has columns only of column
sum 3. We consider the following two cases first:

=
I
_ = _ O O O

SO OO = ==

OO O = =
OO O R = =




We claim that F; £ I x I x I. This follows from the fact that the 3 — fold product
I x I x1I,is symmetric in I and hence, [ has to cover [1 1}, contradicting the fact that
I has no row with a row sum of 2 or more. Next, we claim that Fy, £ I x I xT. We

: . 10
argue this by first noting that [0 1
rows, or one or more of the bottom three rows, but no combination of rows from the
top three or bottom three. Suppose without loss generality that 7" covers i € {1,2,3}

of the first three rows. Then we note that I x I has to cover 6 — i of the rows and in

particular, I has to cover at least 2 of the bottom 3 rows. But notice that {8 1 A1

A T. So T can cover one or more of the first three

since I has no column with column sum 2 or more. So indeed we have a construction,
I x I xT on Q(m?) rows which does not contain the configuration F.

Anstee and Sali showed that what remains is to check the following six cases. First,
observe that

A1 x I°x I

OO O = ==
OO = O = =
SO = O O = =

Notice that the 3 — fold product is symmetric in €. Moreover, observe that no pair of
the last 4 rows of F' can be covered by a single I¢, since ¢ has no pair of rows with row
sum 1 or less. Hence, no triple or 4 — tuple of the last four rows of F' can be covered by
a single 1¢. As such, I¢ must cover one of the first two rows, combined with one of the
last four rows. Since there are only two rows of F' with column sum more than 2, and
four rows of F' with column sum 1, we run into a problem, as some pair of the last four
rows must be covered by /¢, contradicting our argument above.

Next, we argue that if

O = O = =

1
0
1
1
0

SO O = ==

0 0

then F' £ I x I x I. The case for this claim is in the same flavour as that of the above
matrix. We notice that this new F' has the first four rows with row sum equal to 4,
while the last two rows are of row sum equal to zero. Since I does not have any pair
of rows with row sum equal to 4, no pair, triple or 4 — tuple of the first four rows of F
can be covered by I. As such, any row from the top 4 rows, must be combined with
one of the bottom 2 rows to be covered by I; since there are 2 remaining rows of row



sum 4, we have that these remaining 2 rows must be covered by I, which contradicts
the argument we made above.

To shorten the arguments as for the above two cases, we list here the remainder of
the cases where F' is a 6-rowed, 3-columned simple matrix which has columns of sum
exactly 3:

1 1 1 110 110
1 10 110 1 01
1 0 0 . . . 1 01 1 00
Olo%]x[x[, 01174[><I><I, 01174[><[><T
0 01 0 01 010
[0 0 1] 10 0 0] [0 0 1]
and not to forget, i

1 1 1

110

1 01

0 1 0 _G6X3

0 01

0 0 0]

This shows that if F'is a 6-rowed matrix, 3-columned matrix that avoids Ggy3, then
forb(m, F') = Q(m?). As such, any F with 4 or more columns which avoids Ggx3 is
such that forb(m, F') = Q(m?®). Anstee and Sali showed that the only 6-rowed, 4-
columned matrix which contains, on every triple of columns, Ggy3 as a configuration, is
the following:

1111
1100
1 010
F= 010 1 AT xXT xT.
0011
0 0 0 0]

Since F' is 4-columned, F' £ Ggx3 and Anstee and Sali have a construction, namely the
3-fold product T' x T' x T', that avoids F'.

To sum up, we have shown that if F'is a 6-rowed matrix such that F' £ Ggx3, then
forb(m, F) = Q(m3). N

Lemma 2.9 below will be useful in proving the bound on Ggy3, from the bound on
Fr.



Lemma 2.9 [6] Suppose F is a (0,1)-simple matriz of the following form:

0 ... 0
F=1{1 ... 1
F/
Next, suppose that Fy and F| are defined as follows:

0 ... 0 1 ...1
wel o) Al a )
Then, we clatm that

forb(m, F') < forb(m — 1, Fy) + forb(m — 1, F}).

Proof: Suppose that A has 3 or more rows. Let A € Avoid(m, F') and without loss
of generality, we assume that ||A|| = forb(m, F). Find a row r, permute the rows and
columns of A so that we have a row r with at least one 0 and one 1, at the top, as in
the following decomposition:

r—10 ... 01 ... 1
A= |: A A" } .
Noting that ||A]| = ||A|| + ||A”||, we observe the following: F; £ A’, since otherwise:

0 ... 0 0 ... 0
F < { r } =< { P } < A,
contradicting the hypothesis that A € Avoid(m, F'). Therefore, we must have that A" €

Avoid(m — 1, F'). Using a similar argument, we can show that A” € Avoid(m — 1, Fp).
By the above, we conclude that

forb(m, F') = ||A|| = || Aol| + ||A1|| < forb(m — 1, Fp) + forb(m — 1, F}). (2)
]
Corollary 2.10 [6] We have that forb(m, Gex3) is O(m?).

Proof: Permute the rows of Ggy3 so that the row of 0’s and 1’s become the first two
rows, and define Gy and G as follows:

1 11
000
1 1 1
110 0 0 O 1 1 1
G6X3_ 1 O 1 = 0 COTY/ 07 GO:|: G/ 17 G1:|: G/ :|
010
0 0 1]

Now, from Lemma 2.9, we know that
forb(m, Ggxs) < forb(m — 1, Gy) + forb(m — 1,Gy) < 2 - forb(m — 1, F7),

where the last inequality follows from the fact that Gy < Fr and G; < F7. We use
Theorem 2.6 to conclude forb(m — 1, F;) to be O(m?) and thereby completing the proof.
]
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3 Standard Induction

Here, we give a description of what is known as “standard induction”, a proof technique
frequently used in showing numerous results about forbidden configurations. Let A €
Avoid(m, F). We recall that any row and column permutation of A will be considered
as the matrix A itself. Suppose we permute the columns of A such that we have the

following;:
0...0 1...1
RSN

We note that the matrix A’ need not be simple; for example, if
011
A= [1 1 0} ’
then removing the first row yields A" = [1 1 0} , which is not simple. That being said,
we observe that if A is a simple matrix, then any column of A’ repeats at most twice.

As such, we can permute rows and columns of A, an m-rowed matrix, and find a row r
of A so that we have the following;:

g0 0
- B, c. C, D, |’

where C,. consists of all the columns of A" which repeat. We will call [B,C,D,] and C,

the inductive children of A, and refer to A as the parent.

By construction, [B,C,D,| and C, are simple m — 1-rowed matrices, where the for-
mer is [B,C,.D,] € Avoid(m—1, F). Note that | 4| = |[B,C.D,]||+||C:||. Additionally,
we note that we could find an 7 so that ||C,|| is minimal, which is relevant in some proof
not discussed here. [1]

We now consider what the (m — 1)-rowed simple matrix C, must avoid.

Remark 3.1 /3] Suppose that F is some family of (0, 1)-matrices and A € Avoid(m, F).
Let F € F and find a row s so that after some row and column permutation of F', we
have the following:

p_s—=[ 0 0 1 1
N B(F)s C(F)s C(F)s D(F)s|"

We remark that if [B(F)sC(F)sD(F)s] < Cy, then F' < A, contradicting the hypothesis
that A € Avoid(m, F). Let

F' ={[B(F).C(F).D(F),]: F € F,s € row(F)|}

where row(F') is the number of rows of F. Then if A € Avoid(m,F), it follows that
C, € Avoid(m — 1, F"). [1].
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In fact, we can often reduce F' somewhat, as we will see in an example later.
We now prove a version of the Sauer bound, using the standard induction method,
as described above.

Theorem 3.2 (Sauer [9], Perles-Shelah [10], Vapnik-Chervonenkis [11]) Let k
be given. Then we have that

jMMmJQ)—(kT1)+”.+<?>

Proof: We first prove that forb(m, Kj) < (,:_11) + ...+ (’g) by inducting on m, the
number of rows. Let A be a simple m-rowed matrix, with A € Awvoid(m, K}), and
without loss of generality, suppose that ||A|| = forb(m, K}). Using the above method
described in remark 3.1 permute the columns and rows of the matrix A so that we have

a0 0 e
B B, C. G, D, |
Remark that ||A|| = ||[B,C.D.|| + ||C;|| Next, we observe that K;_; £ C,; otherwise,

if indeed Kj_; < C,, then we have that
0o --- 01 --- 1 0O --- 0 1 --- 1
K, = |: K, K, :| < |: Cr Cr :| < A

contradicting our original hypothesis that A € Avoid(m, K). Hence C, € Avoid(m —
1, K1) by remark 3.1. By inductive hypothesis, since C, is an (m — 1)-rowed simple

matrix,
m—1 m—1
<
\|CT|!_(]€_2>+ +< 0 )

and [B,C,D,| € forb(m — 1, K}), which gives

i.c.odi< (72 + (M)

Recall Pascal’s identity for binomial coefficients:

-G+ ()

for all 1 < k < mn— 1. Combining the above remark with the bounds on ||C,|| and
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|[B,C:-D,]||, we have that
s (F )+ (M)
+ (7;__21) b (mo_l)
() ()
_ (le) TR (73)

So we have shown an upper bound on forb(m, Kj). Now we show that forb(m, K}) >
( k’fl) +...+ (Tg), by constructing a matrix simple (0, 1)-matrix A which does not contain
K, as a subconfiguration. We observe that K}, contains the column 1y. So, to construct a
matrix which does not contain K}, as a subconfiguration, we ensure that the constructed
matrix avoids 1. We observe that for 0 < j < k, there are exactly (T]”) distinct columns

of length £ with column sum j, since there are exactly (T) ways of choosing where to

place j I’s and m — j 0’s. Let K7 denote the m x (Tj") sized simple matrix, consisting
of all possible (0,1)-columns of column sum j. Now, we let

A= (K K| [ K2 K.

We note that A has exactly (le) +...+ (73) columns and since there does not exist a

column in A with column sum k. Note that 1, £ A. Hence, we conclude that Ky £ A
and therefore, A € Avoid(m, K}). This yields the fact that

forb(m, K;,) > || Al| = (k”j 1) T (73)

thereby proving the other direction of the inequality. |

First, we make the following remark:

Remark 3.3 [1] If F' and G are configurations so that F' < G, then forb(m,F) <
forb(m,G).

Proof: If FF < G, then having A € Avoid(m, F') gives that A € Avoid(m,G), and we
obtain that Avoid(m, F') C Avoid(m,G). Hence, it follows that

forb(m, F') = maz{||A]| : A € Avoid(m, F)} < maz{||A|| : A € Avoid(m,G)} = forb(m,G)

yielding the desired inequality. ]

Now we state the following definition and theorems and show how to use the argu-
ment of standard induction to prove Theorem 2.6.
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Definition 3.4 Denote by F; the following matrix:

110110
101111

Fr=1{01010 1]. (3)
001001
0000710

First, we fix a notation.

Definition 3.5 Fori € {1,2,3,4,5}, let H; denote the simple matriz attained by delet-
ing row 1 of Fr and removing any repeated columns.

By Lemma 3.1, if A € Avoid(m, F7) then C, € Avoid(m, {Hy, Hs, H3, Hy, Hs}.
First, let’s look at H;. Deleting row 1 of F7, yields the following matrix:

101111
01
01
10

H| =

o O O
OO =
O O =
o = O

Observe that H] has no repeating columns, and hence C; has no columns. So in fact
[Blchl] — H{ - Hl-

Deleting row 2 in F yields:

1101 10
, (010101
Hy = 001001
000010
We note that the column [1 10 O]T, appears twice and hence, Cy = [1 10 O]T.

So we conclude that H, is the 4-rowed matrix with only one copy of the repeating
column from H/, namely Cs:

Hy = [ByCyDy) =

oo o -
o~ OO
e R o R
— o o
o~ KR, O

Next, we determine what Hs is. Removing the 3" row from Fy yields H} which has
two columns which repeat twice:

H; =

S O ==
o O O =
O~ = O
O O = =
— O =
O = = O
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We notice that the columns [1 10 O]T and [O 11 O]T repeat twice and therefore,
by our standard decomposition method described above,

03:

O O = =
O = = O

Hj is therefore the matrix attained by removing the third row of F; and Cj5, namely:

Hs =

OO O =
O O ==
O =

—_ O =

Note that HS is the same configuration as Hjz. Determining H, and Hj requires the
same procedure, and hence have just been stated below:

0

H4: 7H5:

oo = O
S O ==
O = O =
O~~~
— O~
o R R
O = O
— O = O
O == =
— = = O

1
1
0

We make a further few remarks which will aid in proving forb(m, F7) is O(m).

Remark 3.6 For any configuration F, forb(m, F') = forb(m, F©).
Remark 3.7 We note that HS = Hy, Hy = H{ and Hs; = H$.[0]

In fact, we observe that if we permute the second row with the first row in H; to obtain

011001
101111
H1_000101
0000T10

Then we notice columns 2, 3, 4 and 5 give us precisely H3. So in fact H3 < H;. Hence,
if A € Avoid(m, H3), then A € Avoid(m, H;). Next, we observe that columns 2, 3, 4,
and 6 of H, form Hj. Therefore, H3 < H, and so, Avoid(m, H3) C Avoid(m, Hy). From
these remarks we can conclude the following:

forb(m, {Hl, HQ, H3, H4, H5}) S forb(m, {HQ, H3, H5})

This is the reduction of F that we referred to in Remark 3.1.
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Theorem 3.8 [6] forb(m,{Hs, Hs, H5}) < Tm.
The proof is rather involved and tricky. We shall still use this result to show

forb(m, F7) < Tm?2.

Proof: [Theorem 2.6]
Suppose that A € Avoid(m, F;) with ||A]| = forb(m, F%), and find a row r to perform
standard induction, and find [B,C,. D, and C,, which are (m — 1)-simple matrices [6]:

1Al = [B.C,Di]|| + |||
< forb(m — 1, Fy) + forb(m — 1,{Hy, Hy, H3, H,, H5})
< 7(m —1)* + forb(m — 1, {Hy, H3, Hs})
<7(m—1)°+7(m—1)
< Tm?2. [ |

4 Repeated Induction

Repeated induction is a special case of standard induction for forbidden configuration.
We began in section 3 with a simple m-rowed matrix, performed the standard decompo-
sition and observed certain properties of the inductive children. In the case of repeated
induction however, the forbidden configurations of the inductive children retain some
property related to the original family of forbidden configurations, or in other words,
the parent.

For example, consider the case where A € Avoid(m, K}), and assume that || Al =
forb(m, K}). After performing the standard decomposition on A, we obtain

gm0 01
B Brl O”'l OTl ‘Drl’

where [B,,C,, D,,] is a simple (m—1)-rowed matrix which avoids Kj; that is, [B,,C,, D,,] €
Avoid(m — 1, Kj), while C,, is a simple (m — 1)-owed matrix which avoids Kj;_;: ie.
C,, € Avoid(m — 1, K;_1). The justification for the latter is that if Ky < C,., then it
follows that

o --- 01 --- 1 0O --- 01 --- 1
Kk B { kal kal :| = [ Cn Orl :| = A7
contradicting our initial hypothesis that A € Avoid(m, K;). Thus Ky £ C,,. We
observe that C,,, an inductive child of A, retains a very similar property to that of A,
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namely that if A € Avoid(m, K}), then C,, € Avoid(m — 1, K;_1). Inductively, if we
find a row 75 of C,, and perform standard decomposition, we obtain

o T 0O - 0 1 - 1
LS B/ Cv/ Cl D/ )
r2 T2 T2 T2
where C}, € Avoid(m — 2, Kj_5) [5]. This procedure can be repeated.

To summarize, we observe that A, avoided K} as a configuration and after per-
forming the standard decomposition, the inductive child C,, necessarily avoided Kj_.
Consequently, performing standard decomposition on C,,, we find C}, where C], €
Avoid(m—2, Kj_»); notice that Kj,_5 is the complete (0, 1)-matrix on k—2 rows. Repeat-
ing this procedure, for 1 <t < k, we can find C’,gf_l) so that C’,gf_l) € Avoid(m—t, Kj_y).
Repeated induction is characterized by invoking this fact that the inductive children have
properties very similar to forbidden configurations of the parent.

We now provide examples of where such an induction proves to be of terrific use,
where the inductive children preserve some sort of property of the parent. Let us begin
by proving useful lemmas which use repeated induction.

Lemma 4.1 (Anstee and Meehan [5]) For m > 3,
forb(m, Fy) = forb(m, K3) = m + 1
where FQ = {[KQ‘]_Q], [K2|02], [Kgyllol]}

Proof: We first make remark that for m = 2, our claim does not hold. By the Sauer

bound,
2 2
forb(2, Ky) = (1) + (0) =2+1=3.

We note that K, is a simple, 2-rowed matrix which avoids every F' € F, and hence,
forb(2, ) > 4. Therefore, for m = 2, we have a strict inequality:

forb(2, F3) > forb(2, Ks).

Next we make the following observation: since for all F' € Fy, Ky < I, we have that
if A € Avoid(m, K3), then A € Avoid(m, F3), and hence forb(m, K3) < forb(m, F3).
Now, assume for contradiction, that we have strict inequality; that is, forb(m, K3) <
forb(m, F3). Let G € Avoid(m, F2) and without loss of generality, assume that |G| =
forb(m, F3). By our assumption, ||G|| > m + 1 and since m > 3, we have that |G| > 5.
Now, we observe that Ky < (G; otherwise, we have that G is a simple m-rowed matrix
that avoids the configuration K» and hence |G|| = forb(m, K3), a contradiction to our
initial assumption. So indeed K3 < G and on some pair of rows {i,j}, we have that
Ky < G|g,;3- Moreover, we observe that |G| 3] = [|G]| and so we have a column of
Glyijy, in addition to the four columns of K5. This column can only be one of 15,0, or
1,0, and so G ¢ Avoid(m, F3), a contradiction to our initial hypothesis. So we conclude
that indeed forb(m, Kj) = forb(m, F2) when m > 3. N

17



Lemma 4.2 [5] For m > 4,
forb(m, F3) = forb(m, K3)
where fg = {[K3\1201], [K3|1102]}

Proof: By the Sauer bound, we can conclude that forb(3, K3) = 7. But we note that
K3 is a 3-rowed matrix which avoids every F' € F3, and hence forb(3, F3) > 8. So we
deduce that our lemma does not hold for m = 3.

In general, we note that forb(m, F3) > forb(m, K3). We use induction on m to prove
that forb(m, F3) < forb(m, K3). First consider the base case when m = 4. Note that
since K3 < F for every F' € Fj3, it follows that forb(4, K3) < forb(4, F3). Now for
contradiction, assume strict inequality: forb(4, K3) < forb(4, F3). Let G € Avoid(4, F3)
and |G| = forb(4, F3). As before, we must have that K3 < G and G has at least
forb(4, K3) + 1 = 12 columns; therefore, on some triple of rows G contains the config-
uration K3 and since there are at least 12 columns, we have at least 4 columns in this
triple of rows in addition to the 8 columns of K3. Now we remark that if G is to avoid
all F' € F3, then only 13 and 03 can be placed in the remaining columns of the triple of
rows which contain K3. Since there are at least 4 remaining columns, at least one of 13
or 03 must appear at least twice in the 4 remaining columns; but observe that both 13
and 03 appear once in K3 and hence, at least one of 135 or 03 will appear at least three
times in the triple of rows containing K3. But this will be impossible if G is simple.
Given this contradiction, we conclude forb(4, K3) = forb(4, F3).

Now we assume the inductive hypothesis; that is for all 4 < £ < m — 1, we have that

forb(k, K3) = forb(k, F3).

Let A € Avoid(m, F3) with ||A]| = forb(m, F3). Then K3 < A. We find a row r and
perform the standard decomposition to obtain [B,C,D,| and C,, where the former is
an (m — 1)-rowed simple matrix which avoids F3 and the latter is a simple (m — 1)-
rowed matrix avoiding Fj, since Fy is the family of inductive children of F5. This
argument follows from our explanation of the repeated induction above, where we saw
that the inductive children retain some special property of the parent. Now by inductive
hypothesis, we have that

|[B.CD]|| < forb(m — 1, F) = forb(m — 1, K).
From the above lemma, we have that
|Cy|| < forb(m — 1, F2) = forb(m — 1, Ks).
Putting these inequalities together, we obtain the desired bound:
forb(m, F5) = [|A]| = |[B.C, D] +]Co | < forb(m—1, Ky)-+forb(m—1, Ky) = forb(m, Ky).

We already have that forb(m, F3) > forb(m, K3) and so we have the conclusion. N
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Theorem 4.3 [5] Let k >4, and 2 < p < k —2. Then, form > k+ 1, we have that
forb(m, [Kj|1,0,_,]) = forb(m, Kj).

Proof: We induct on both k and m. First, consider the base case when k£ = 4 and
m = 5. Then p = 2 and so we have to show that

fOI'b(5, [K4|]_202]) = fOI'b(S, K4)

We note that since Ky < [K4|1504]), forb(5, K4) < forb(5, [K4|1205]). Assume strict
inequality for the sake of contradiction; that is:

fOI'b(E), K4) < fOI‘b(5, [K4|1202])

Let A € Avoid(5, [K4]|1209]) and ||A|| = forb(5, [K4|1205]). Then ||A]| > 26 and hence,
on a quadruple of rows S of A, we have 16 columns, containing K4 as a configuration and
we still have at least 11 columns on this quadruple of rows which need to be decided. It
is clear that no permutation of 1,05 can be placed in any of these remaining rows, since
any row and column permutation would yield [K4|1205]. So the only (0, 1)-columns of
length four which can be placed in the remaining columns of the quadruple of rows are
either 14 and 04, as well as any permutation of 130, and 1;03. We observe that there
are 8 ways of choosing a permutation of 130; and 1,03 which gives a total of 10 possible
distinct columns on rows of S;. We note that since A is simple and already has Kjy,
we cannot have any of these columns appear three times or more on the quadruple of
rows. But this yields a contradiction since we have at least 11 columns to populate with
distinct (0, 1)-columns, and there are only 10 possible choices. So we have that

fOI'b(5, K4) = fOI‘b(5, [K4|1202])

Next, assume that for all 5 < n < m — 1 and k = 4, we have that forb(n, K,) =
forb(n, [K4]1204]). Let ||A]| = forb(m, [K4]|1505]). Next, we find a row r and perform
the standard decomposition on A and obtain (m — 1)-rowed [B,C,.D,] which avoids
[K4|1505], and (m — 1)-rowed C,, which avoids [K3|120,] and [K3]/1,02]. We provide a
justification for this claim as follows. If [K3]|15,0;] < C,, then we have that

01 01 --- 1

1 0 ...
[K4’1202] < [K3|1201] :| < |: Cr CT =< A,

[K5]1204]
contradicting our initial hypothesis. A similar argument holds for [K3|1;05] and thus,
C, € Avoid(m, {[K3|1204], [K3|1105]}). We notice how the inductive child C, of A
preserved a property very similar to that of A after the standard decomposition was
employed. Now since C, € Avoid(m, {[K3]|1204], [K3|1102]}), we have by the above
lemma that

I < orbon — 1, (0 iuoah = (" )+ () (70
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Moreover, by inductive hypothesis, it follows that

I[B,C,D,]|| < forb(m — 1, [K4|150,]) = forb(m — 1, K})
() ) ) )
|All = I[B-C.D,]|| + ||C: ||
) () ()
) ) ()
zf) () (1) +(7)

(m K4)

Last, we conclude that

IN

where the second last equality follows by Pascal’s identity.

Next, we let m = k + 1 and prove that forb(k + 1, [K;|1,05_,]) = forb(k + 1, Kj).
First, we remark that

1 1
forb(k + 1, K) = (Zi_l)+—l—(k—(i)_ ):2k+1—(k+1)—1,

where the last equality comes from the combinatorial fact that 281 = EkH (kjl) Now

we assume for contradiction that forb(k + 1, [K|1,05_,]) > forb(k + 1, K}). Then, on
some k — tuple of rows of the k 4+ 1 rows, we have that there is a configuration K. This
means that 2* of the columns are determined but it still leaves us

F _(kr1)—1-2"=2F—(k+1)

columns to determine. Now we want to avoid [K}|1,0x_,] and hence none of the re-
maining columns can be any permutation of 1,0,_,. There are exactly ( ) distinct

permutations of 1,0;_, and hence, we have 2% — (';) distinct columns to place on the k
tuple of rows containing K. But we observe that since £ > 2, then k + 1 < (1’2) and

therefore, 28 — (];) < 28 — (k4 1); so in fact we must have a column appearing three
times in the k£ tuple of rows containing K}, violating the simplicity assumption.

Last, we take m > k+1 > 5 and k > 4, and show that forb(m, [K}|1,05_,]) =

forb(m, K}). Without loss of generality, we may assume the inequality
forb(m, [Ky|1,05—p]) > forb(m, Kj) is clear since K}, < [Kj|1,0x_,]. Assume next that
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A € Avoid(m, [Ki|1,0_,]) with ||A]| = forb(m, [Kx|1,0k—,]), and take for contradiction,
that forb(m, K}) < forb(m, [Kj|1,0,—,]). Find a row r and perform standard decompo-
sition on the matrix A to obtain (m — 1)-rowed simple matrices [B,C,.D,] and C,. Since
[B,C,D,| € Avoid(m — 1, [K}|1,0;_,]) by the inductive hypothesis, we conclude that

el (o )+ (M)

Also C, € Avoid(m — 1, [Kj_1|1,-10k — p] and so by induction on k we have that

e (7 2,)+ (")

Now [|A|| = ||[B,C\D,]||+||C;|| and so by Theorem 3.2, we have that ||A|| < forb(m, K}).
]

Above, we observed the power of repeated induction, and invoking the inductive
hypothesis when the inductive children preserve some property similar to that of the
parent. We provide another example in the study of forbidden configuration, where
repeated induction makes an appearance. We begin with some notation.

Definition 4.4 We fiz the following notation for the next example:

e[l a-f

The theorem that we would like to prove, with the help of repeated induction is the
following;:

Theorem 4.5 (Anstee and Fleming [2]) Let F be a k-rowed matriz which has the
following property:

1. there exist rows i1 and j; so that Fy X F’{Z‘h]‘l}.
2. there exist rows iy and jo so that Ey £ F|g, i) -
3. there exist rows iz and j3 so that F3 X F|{¢3,j3}-

Then, it follows that forb(m,F) = O(m*2). If, on the contrary, there exists a k €
{1,2,3} for which E, < Fl|gjy for every pair of rows i and j, then we have that
forb(m, F) = ©(m*1).

In proving the above theorem, we require the result of the following lemma, which will
use repeated induction; that is, we will observe that in invoking the inductive hypothesis,
we will make use of the fact that the inductive children have a specific property related
to that of the parent.
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Lemma 4.6 [2] Let k > 2 be given and let Fy, Fy, and F3 be k-rowed simple matrices,
which are not necessarily distinct, such that

1. there exist rows iy and j; so that all the columns of Fi|y, ;3 are configurations of
[1 0 1]
0 1 1

2. there exist rows iy and jy so that all the columns of F|g, j,y are configurations of
[0 1 0]
1 0 0
3. there exist rows iz and js so that all the columns of F3|g, j,) are configurations of
011
00 1

Noting that the F; need not to be distinct, if A is a simple m-rowed matriz with the
property that F; A A for any i € {1,2,3}, then it follows that

14]| Q{(/ﬁz) T @ﬂ

Proof: We prove the lemma by inducting on m and k. For the first base case, let k = 2.
By assumption, each F; is 2-rowed and moreover, since F; A F; for any i € {1,2,3}. If

we want to avoid [8] in F1 and Fj is 2-rowed, the columns of F; can be [(1)] , [(1)}, or

1
L}; moreover, since F) is simple, the maximal 2-rowed simple matrix avoiding F is
0 1 1]
F1= 10 1]
Using a symmetric argument, we can, without loss of any generality, assume that

0 1 0]

F22_1 0 0]

Last, to avoid the 2 x 2 identity matrix in F3, we can have the columns of Fj consisting
of {8}, {ﬂ and exactly one of [(1)] or [(1)}, but not both; hence, the maximal 2-rowed
0

1
simple matrix avoiding 01 is

Now, we consider the base case m = 2, when k£ = 2. We want to show that if A €
Avoid(m, {Fy, F», F3}) and ||Al| = forb(m, {Fy, Fy, F3}), then ||A]| < 2. Since A is a

22



simple 2-rowed (0, 1)-matrix and it avoids Fy, Fy and F3, we can have that the distinct

columns of A can be at most two of [(1)] , [ﬂ , {8} and E] , and so we have our conclusion

that [|Al| <2 = 2(3). Assume that, when k& = 2, for all 2 <n < m — 1, we have that

forb(n, {Fy, Fy, F3}) < 2 Kgﬂ —9

Now assume that A € Avoid(m, {Fy, Fy, F3}) with ||A|| = forb(m, {F1, Fy, F3}). We first
eliminate a few simple cases. If A has a row of 0’s, after row permutations, we have the
following decomposition:
0 ... 0
=]

where A’ is an (m — 1)-rowed simple matrix and hence by our inductive hypothesis, we

conclude that .
1A = 4] < sz‘ )] :2[(”‘)} _o
0 0

By a symmetrical argument, if we have a row of 1’s, we have that ||A|| < 2. Now assume
that there exist rows ¢ and j of A so that one row is the (0, 1)-complement of the other.
Permute the rows and columns of A to obtain the following decomposition:

1...1
0...0
A/

0...0
1...1

Noting that ||A]| = ||A’||, we remark that

1...1 0...0
—

is (m — 1)-rowed and simple. We justify why indeed it is simple; suppose we have that
a column in the above (m — 1)-rowed matrix repeats. Then it must be of the form

11 0 0 0 0 1 1
L a] or {a a] and indeed we have that either |1 1| or |0 0] are columns of
a a «@

A, violating the simplicity of A. Therefore,

1...1 0...0
Al

is indeed simple. Now, applying our inductive hypothesis, we obtain that

ja) =g <2(" ) =2
0
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Assume now that the rows of A have none of the above three properties, namely no rows
of 0’s, no rows of 1’s, and no two complementary rows. For any pair of rows i and j, we

observe that to avoid F; for ¢ € {1,2,3} in A, we can have at most two of Ll)} , [(1]] , [8]

and E] occur in Al ;1. But for any choice of two columns, one of the three eliminated

cases arise. For example, if we have that the columns of Al ;3 consist of {8} and ﬂ
, then we have either a row of 0’s or row of 1’s to delete. If we have that the columns
1 P

and

of A|¢i,j} consist of { } 1] , then we have that the rows are (0, 1)-complements of

0
each other and hence, we can delete one of the two rows to obtain one of the eliminated
cases. This contradicts our hypothesis that A did not have the property observe in the
climinated cases. So, we conclude that ||A[] < 2(7) = 2. We remark for the reader that

we have yet to employ repeated induction, which shall be used in the case of a general
k> 2.

Now we assume that &k > 2, where F}, F5, and Fj3 are k-rowed simple matrices,
avoiding Fi, Fy and Ej respectively. If m < k, then we remark that A will have fewer
rows than F}, F5 and F3 and hence can never have those as a configuration. So we
assume k < m. Let A € Avoid(m, {F1, Iy, F5}), with ||A|| = forb(m, {Fy, F», F3}). Find
a row r, permute the rows and columns of A and perform the standard decomposition
as described before:

A_r%[0-~ o 1 -- ﬂ
B, C. C, D, |’

where [B,.C,.D,] and C, are simple, (m — 1)-rowed matrices. Note that [B,C,D,| avoids
{F}, F5, F3}, and therefore,

I1B,C,D,]|| < 2{(7;:;) + .o+ <m0— 1)}

Now, for each n € {1,2, 3}, we select a row from [k] \ {i,, j,}, denoting it ¢,,, and letting
F} = Fu|j)~t.- Then we observe that E, A F), for all n € {1,2,3}; indeed, we see that
the inductive child C, of A has a property similar to that of A, which is that it avoids
structures which contain Ej, Es and Ej5 as configurations. So C, is an (m — 1)-rowed
simple matrix, avoiding the (k — 1)-rowed {F/}?_;. By our inductive hypothesis, we

have that . 1
m — m —
<2 )

Noting that || A|| = ||[B.C.D,]|| + ||C;|| and using the above results, along with Pascal’s
identity, we obtain the desired:

14] < 2{(72__21) - <m0— 1)] .
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Now we prove the main theorem.
Proof: [Theorem 4.5, Anstee and Fleming]. Let F' be such that:

1. there exist rows 4, and j; so that E; 4 F‘{il,jl}
2. there exist rows iy and j, so that Ey A Fly, j,)
3. there exist rows i3 and js so that Es £ F|g, i1,

Here we note that F' has the properties described in the hypothesis of Lemma 4.6 that
we have just proven, where FF = F; = Fy, = F3. Hence, if A € Avoid(m, F') such
that ||A|| = forb(m, F), then ||A|| = O(m*™'). What remains to be shown is that
[A]l = Q(m*~1).

Now assume that there exists n € {1,2,3} for which FE, < F|,j} for all {7,j}.
We need to find a construction with Q(m*~!) columns avoiding F. First, we note the
following. F is not contained in the identity complement, I¢, since no column of /¢
has two rows contained 0’s. Likewise, Fy A I since no column of I has two rows with

“ < T where
c d

a = d =1 and ¢ = 0, then necessarily we have that b = 1. Now suppose that for
some n € {1,2,3}, we have that E, < F| 3, for every pair of rows ¢ and j, and let
G™ € {I,1°,T} such that E, £ G". In fact, without loss of generality, we can take
G} = I{,G? = I, and G} = T,. We want to construct a matrix that is m-rowed and

¢ - m*~1-columned, for some ¢ > 0, not containing F' as a configuration.

I’s. Last, F3 £ T, where T is any upper triangular (0, 1)-matrix; if [

Recall that | ;™| is the number of copies of k — 1 in m, and we let
r =m—(k—1)-|;7;]. The notation G} represents the £x ¢ identity, identity complement
or upper triangular matrix, depending on what G is. Now let

(k~2)

which is a (k — 1)-fold product with m rows. We note that if F' < H, then on some
pair of rows i and j of H, we have to have that £, < H| ;;, leading to a contradiction.
This is because H is constructed as (k — 1)-fold product of G™, and hence at least 2
of the k rows containing F' must come from one of the product terms, which does not
contain F,, as a configuration. So, we have constructed the matrix H with m rows and
Q(m*~1) columns which does not contain F' as a configuration. Now we can conclude
that if F' has the properties:

1. there exist rows 4; and j; so that By A Flg, j)

2. there exist rows iy and ja so that Ey A F|(, .
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3. there exist rows i3 and js so that Es A F|g, 5,1,
then forb(m, F) = ©(mF1). |

Next, we generalize the above theorem, but first we state a few definitions and a
result proven by Balogh and Bollobas.

Definition 4.7 For k > 2, define

Ei(k) = [Lx|1;],
Ey(k) = [Ok|1x],
E3(k) = [0x|T}]

Theorem 4.8 (Balogh-Bollobas [7]) For k > 2, forb(m,{E\(k), Ex2(k), E5(k)}) =
¢k, for some constant ¢, > 0; that is forb(m,{E1(k), E5(k), Es(k)}) is O(1).

With the aid of the Balogh-Bollobés result above, we prove a generalization of The-
orem 4.5.

Theorem 4.9 [2] Let k > 2 and p > k be given. Suppose that Fy, Fy and F3 are simple
p-rowed matrices with the following property:

1. there exist k rows Sy C [p] so that all the columns of F1|Sy are contained in E; (k)

2. there exist k rows Sy C [p] so that all the columns of F5|Sa are contained in Eq(k)

3. there exist k rows S3 C [p] so that all the columns of Fs|Ss are contained in E5(k)
Then forb(m, {Fy, Fy, F3}) = O(mP~F).

Proof: We prove this by inducting on p and m, and use the Balogh-Bollobas result
from above. Suppose first for our base case, that p = k. Without loss of generality,
we may take F} = Ey(k), Fy = Ey(k), and F3 = E3(k). Why can we do that? Fix an
i € {1,2,3}. Next, we observe that since p = k, any k sized subset S; of [k] is indeed
[k] and if we assume the hypothesis, then all the columns of F;|s, = F; are contained as
columns in F;(k). Since the maximal k-rowed simple F; with distinct columns contained
in F;(k) is indeed E;(k), we assume that Fj(k) = E;(k). Then, by the Balogh-Bollobés
result above, we conclude that

forb(m, {F1, Fy, F3}) = O(m*™*) = O(1).

Now we assume inductive hypothesis for p > kK and m > n > p: if F}, F, and F3 are
simple p-rowed matrices so that they satisfy the hypothesis in the theorem, then

forb(n, {Fy, Fy, F3}) < cp(n?™")

26



for some ¢, > 0. Assume that A € Avoid(m, {F1, Fy, F3}) so that | A|| = forb(m, {F1, Fy, F3}).
Find a row r and perform the standard decomposition on A and obtain the following:

r-+|0 -~ 0 1 - 1
S PR
where [BACADA] is a simple (m — 1)-rowed matrix avoiding Fy, Fy and Fs. What
requires more work is to determine what the (m — 1)-rowed simple matrix C4 avoids,
since it avoids more than Fy, Fy and F3. Fix an ¢ € {1,2,3} and fix a row ¢; € [p] \ S;.
We perform the standard decomposition on F; choosing row t; as the row to remove and

obtain:
ot O -+ 0 1 - 1
=l e o)

Let I} = [BC{*D;"]. Then by standard induction, we have that C* € Avoid(m—1, F)
for alli € {1,2,3}. Now we appeal to the inductive hypothesis in the case of [BACADA]
and C#. First, note that ||A|| = |[BACADA]|| + ||C#||. Second, we remark that by the
Balogh-Bollobds result, forb(m,{E1(p), E2(p), F3(p)}) < ¢, for some constant ¢, > 0.
Next, note that since I}, F5 and F3 are simple p-rowed matrices, there are 2P distinct
columns and hence, forb(p, {F1, Fy, F3}) < 2P. We let C, = max{c,, 2°}. Then, by the
inductive hypothesis on (m — 1), we obtain that

IBACADA]| < forb(m — 1, {Fy, Fy, Fy}) < Cylm — 1)°*.

Last, we use inductive hypothesis on the (m — 1)-rowed simple matrix C4 and the
(p—1)-rowed simple matrices F|, F;y and F;. We notice that for each ¢ € {1,2,3}, t; was
chosen from rows not contained in S; and therefore, F; are simple (p—1)-rowed matrices
which satisfy the hypotheses in the theorem; that is, F|g, has all the columns contained
as columns in F;(k). Invoking our inductive hypothesis, we can find a constant C;,_; so
that

I < forb(m — 1,{F}, F, F5}) < C)_y(m — 1)P 77",

Putting it with our above remark, we conclude that:
1Al = I[BCADA + 1C]
< forb(m — 1,{F1, Fs, F3}) + forb(m — 1, {F}, F3, F3})
<Clm—1P"+C)_(m—1)p "

< C//mp—k
— P

for some constant C}) > 0. We remark that the constant may be extremely large with
respect to p, but is independent of m. So we have shown that

forb(m, {Fl,FQ,Fg}) = O(mpfk). [ |

Observe that in the above proof, the inductive child C# of A avoided structures very
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similar to the structures avoided by A; as a result, we were able to invoke the power
of repeated induction and conclude our theorem. We state a corollary of the above
theorem, where the proof is essentially the same.

Corollary 4.10 /2] Let k > 2 and p > k be given. Suppose that F is a simple, p-rowed
matriz with the following property: there exist k-sized subsets S1, Sy and S so that every
i € {1,2,3}, every column of F|g, is contained as a column of E;(k). Then

forb(m, F) = O(m*™*).

Proof: The proof of the theorem comes as a direct consequence of the above theorem.
In particular, we note that in the previous theorem, there were no assumptions made
about the distinctness of the simple p-rowed matrices, Fi, F5, and F3 and therefore, by
assuming that ' = F} = Iy, = F3, we obtain the result quite easily. |

An additional part of the theorem that we have not mentioned is the following fact:
If the k — sized sets S1, .93, and S3 have the following property:

1. 51 N 52 - @
2. Sl N Sg Q min 83
3. 52 N Sg C max Sg

where max S3 is the largest element of S3, then F' has the property of being a boundary
case. In particular, if « is a p-rowed column such that « is not a column in F', then

forb(m, [F|a]) = Q(mP~+1).

We will not provide the proof of this part of the theorem, as it involves constructions
and does not provide insight into the use of repeated induction. The proof can be found
in [2].

5 Multiplicity Induction

The previous three sections have been describing inductive methods to use when one
is attempting to prove results about forbidding configurations in simple (0, 1)-matrices.
The natural progression is to investigate how the asymptotics change when forbidding
configurations in (0, 1)-matrices which are not simple. We begin the discussion of what
we call multiplicity induction, with a few definitions and remarks.

Definition 5.1 Let a be a column of a (0,1)-matriz, A. We denote by u(a, A), the
number of times a appears as a column in A. We call p(a, A), the multiplicity of o in

A.
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Remark 5.2 We note that a matriz A is simple if p(a, A) < 1 for all (0, 1)-columns
a.

Definition 5.3 If A is a k x ¢ (0,1)-matriz that is not necessarily simple, we define
supp(A) to be the k-rowed simple matriz consisting of all columns a of A, such that

p(ev, supp(A)) =1 & p(a, A) = 1.

Remark 5.4 Observe that if A is a (0,1)-matriz so that for every column « of A,
wula, A) <t, then A <t - supp(A) and so | A|| < t-||supp(A)].

Definition 5.5 Let A be a (0,1)-matriz. We say that A is t-simple if for every column
a of A, we have that p(a, A) < t.

Definition 5.6 We denote with Avoid(m, F,t — 1) the following:
Avoid(m, F,t — 1) = {A: A is m-rowed (t — 1) simple ,F' £ A};
as before, we define
forb(m, F,t — 1) = max{||A|| : A € Avoid(m, F,t —1)}.
Remark 5.7 [4] For any family of configurations F,
forb(m, F) < forb(m,F,s) < s- forb(m,F).

We make some important remarks which will be very useful in some theorems that
we want to prove to show the usefulness of multiplicity induction.

Lemma 5.8 [4] Let A € Avoid(m, F,t — 1), with ||A|| = forb(m, F,t — 1). Find a row
r, permute the columns and rows of A and obtain the following decomposition:

r=fo ... 01 ... 1
A= [G H}'

Proof: By assumption, we note that A is (¢ — 1) — simple. Then p(a,G) <t —1 and
wu(a, H) <t — 1. We prove this lemma by contradiction. Assume there is some column
a of G with multiplicity greater than or equal to ¢t. Hence, it follows that

0 ... 0 0 ... 0
o e e
—_——

>t

showing that u( {0} A) > t, thereby contradicting the initial supposition that A is

a ?
(t — 1) — simple. Hence, for o columns of G, we have p(a,G) <t — 1. The exact same
argument is used to show that for all columns «a of H, pu(a, H) <t — 1.
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5.1 Standard Decomposition for Multiplicity Induction

Recall that in standard induction and repeated induction, we took a simple, m-rowed
(0, 1)-matrix A, which avoided some family of configurations F, performed standard de-
composition on it, and determined what the inductive children on (m — 1)-rows, [BC D]
and C', avoided. This allowed us to use simplicity of the inductive children as well as
the inductive hypothesis, to conclude results about the assumed matrix A.

Here, we give a similar method of decomposition a (¢t — 1)-simple matrix on m rows,
so that we can use the inductive hypothesis on the inductive children to conclude results
about the initial matrix.

Let A € Avoid(m, F,t — 1) with ||A|| = forb(m, F,t — 1). Find a row r and obtain
the following decomposition:

r—10 ... 01 ... 1
A= a J ) (4)

Define
R={a:p(a,[GH]) > t}

which is the collection of all columns « of [GH] which have a multiplicity greater than
or equal to t in [GH|. We form C,, an (m — 1)-rowed matrix, that is (¢ — 1)-simple, in
the following way. Let C, be formed by taking o € R and so that

Va € R, p(a,C,) = min{u(a, G), u(a, H)}.
Then we obtain the following decomposition:

r—(0 ... 0 1 ... 1
A=\ o oo bl (5)

where [B,C,D,| and C, are (t — 1)-simple (m — 1)-rowed matrices. The following is a
justification as to why the former is (¢t — 1)-simple, as it is not very clear. We note that
for every a column of [B,C,D,],

u(, [B,C,D,)) = plev, [GH)) — (e, C,)

where the last inequality comes from Lemma 5.8.
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Also,
pla, Cp) = min{pu(a, G), pla, H)} < max{p(a, G), pla, H)} < (t—1).

Next, we give an example to illustrate this method of standard decomposition. Take A
to be the following:

0000O0OT1TI1
11001111
A=11 11 0 0 0 0 0
0010O0O0O0®O
0010O0O0O0®O

We note that the above A is 3-simple, since for every column a of A, we have that
p(a, A) < 3. Also A is not 2-simple since the last column has multiplicity 3. Then using
(4) and r = 1, we obtain

e R R
O O = =
_ == O
o O OO
o O O -
S O O
S O O -

and we remark that p([1 0 0 O]T ,[GH]) = 4 > 3. Observing that for no other «

column of G or H, pu(e, [GH]) > 4, we conclude that R = {[1 0 0 O}T}. From the
above description of forming the inductive child C', we have that

p([1 0 0 0]",0)=min{u([t 0 0 0]",G),u([t 0 0 0]",H)}=min{1,3} =1.

Then we have the following decomposition of A:

1100 1 11

2=ly 010" “= o] 2= oo

0010 0 00
with 0 01 .
. 5 o D

Last, we notice that [B;C D] is 3 — simple, as is C4.
We will use this standard decomposition for (¢t — 1)-simple matrices in lemmas and

theorems that follow, which will require the use of multiplicity induction. But first, we
need to state some facts that arise from this method of decomposing a matrix. [4]
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Suppose that A € Avoid(m, F,t — 1), with ||A|| = forb(m, F,t — 1). Perform the
standard decomposition for (¢ —1)-simple matrices, as described above, and remark that

1Al = [I[BC,Di] || + 1 Co |-

As in the section of standard decomposition, we have that [B.C,.D,| € Avoid(m —
1,F,t —1). What remains to be determined is what C, avoids. We first begin by
claiming that for any F' € F, supp(F) £ C. Notice that for every column « of C,,
by construction, we have it so that u(«, [GH]) > t. If supp(F') < C,, every column of
supp(F') has multiplicity at least ¢ in [GH] and hence,

F <t-supp(F) < [GH] < A

contradicting our hypothesis that A € Avoid(m, F,t — 1). Therefore, we can conclude
that supp(F') 4 C,.

We remark next that for any configuration F” < C., we would have [0 1} x F' < A.
So we define the following and justify why C,. avoids this family:

G={F:3F e F,F < [0 1| xF FA[0 1] x F"VF" < F'.F" # F'}.

To describe in words, G consists of all configurations F” so that there exists some F' € F
which is a configuration of [0 1} x F" and F’ is minimal such configuration; that is, if
F" < F'and F < [0 1] x F”, then it necessarily follows that F”" = F’. By defining G
in such a way, we ensure that C' is avoiding a minimal such family. Now, we conclude
that

C, € Avoid(m — 1,{supp(F),G},t —1).

Finally, using the Remark 5.7, we conclude that:

IA]l = I[B.C.D || + (|G|
< forb(m, F,t — 1) + forb(m — 1, {supp(F),G},t — 1)
< forb(m,F,t —1)+ (t — 1) - forb(m — 1, {supp(F'), G})[4]

5.2 Examples of Multiplicity Induction

We want to illustrate the usefulness of multiplicity induction and how it has been used
to prove some significant results in the study of forbidden configurations.

Definition 5.9 Let e, f,g and h be non-negative integers. We define F, ;45 as the
(e + f + g+ h) X 2 matriz consisting of e rows of [1 1], f rows of [1 O], g rows of
[0 1} and h rows of [O 0}.
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Remark 5.10 We remark that
Fefgh = [1e+fog+h’160f190h]-
Recall that for a matrix F', we defined the following notation:

t-F=[F|...|F.
N——

t

We begin by stating a lemma and presenting a proof, which does not use multiplicity
induction but is presented because it is quite interesting and clever.

Lemma 5.11 [{] There exists a ¢ > 0 such that forb(m,{Fy220,2 Fo120}) < c-m.

Proof: Let A € Avoid(m,2 - Fya20) and without loss of generality, let [|A] =
forb(m, {F0220,2 - Fo120}). Note that A is simple by hypothesis, and hence, we dis-
regard the columns of A that are all 0’s and all 1’s. Let us consider the columns with
column sum k, where 1 < k < m — 1. Let X, denote the submatrix formed by the
columns of A, which have column sum 4. Fix i, and suppose that || X;|| > 3. We will
argue that X; has to be one of the following two types.

We begin by noting that X; avoids Fp220, or otherwise, Fyo20 < X; < A and
we obtain a contradiction to our original hypothesis. Moreover, we note that by the
simplicity of A, as X; is formed by a subset of columns of A, X; is also simple. Let x;
be the number of columns of X;. We denote by 1,s, the a-rowed, b-columned matrix
of all 1’s. Likewise, by 0,yp, the a-rowed, b-columned matrix of all 0’'s. Anstee and
Lu [4] have shown that after permutations of rows and columns, X; has one of the two
following structures:

I, I;l_
X; = 1(i—1)><xi or X;= ]-(i—xi—l-l)xmi
O(m—xi—i—i-l)x;t,- O(m—i—l)xxi

We remark that in either case, every column of X; has column sum ¢. In the first case,
which we shall call Type 1 as done by Anstee and Sali, each column has exactly one 1
contributed from 7,, and (i — 1) 1’s contributed from 1(i—z,41)x1- In the second case, re-
ferred to as Type 2, I contributes (i—1) 1’s while, 1(;_4,41)x1 contributes (i —z;+1) 1’s.

Denote by A;, the first z; rows in the above representations of X;. Denote by B;
and Cj, the rows of 1’s and 0’s in the above representations of X;, respectively. We will

show some preliminary claims before proving the result.

We begin by claiming the following: if ¢ < j, then we have that B, C B;. What does
this statement mean? It means that, assuming we have ¢ < j, the rows of X; that form
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B, are necessarily contained in the rows that form B; in Xj.

We show the above claim for Type 1 structures however, the argument works simi-
larly for Type 2 structures as well. First, define the following set:

T(1) = {i: X, is of Type 1 and || .X;|| > 2}.

Let 7,7 € T'(1), and suppose for contradiction that there exists a row p € B; \ B;. Now
we know that | B;| > |B;|, and moreover, by our assumption, B; \ B; has at least 2 rows,
and we justify it as follows. Every column of X; has column sum ¢, which is strictly
less than the column sums of columns of X, which is 7. Now if B; = B;, since i < j
and a row from I, contributes 1 to the column sum i, there are two rows from I, that

contribute 1 to the sum j. But this is a contradiction since } A I;. So we must have

1
that B; # B;. Now suppose |B; \ B;| = 1. We observe that the row p contributes 1
to the column sum ¢ but not to column sum j, and the row in B; \ B; contributes 1 to
column sum j but not column sum ¢. Then it follows that all the remaining columns
contribute either 0 to both column sums ¢ and j, or contribute 1 to both column sums ¢
and j. This yields that ¢ = j, contradicting our hypothesis that ¢« < 7. Then we conclude
that |B; \ B;| > 2. Let r,s € B; \ B;. We claim that the rows p,r and s contain a
configuration that, by hypothesis, should be avoided by A. Consider the matrix [X;|X}],
formed by concatenating X; and X;. By hypothesis, since 4, j € T(1), ||[X;|X,]|| > 4.
Since p € B; \ Bj, the row p of [X;|X;] has at least four 1’s; where there are 1’s in row
p, row 1 and s strictly contribute 0’s. Now, row r,s € B; \ B;, so each contributes at
least four 1’s and here, row p strictly has 0’s. To demonstrate, we have the following
structure:

1 10 0 10 ...10
X X, sy = |0 0 1 =001 ..01].
0 0 1 1 01 0 1

~
>2 copies of Fp2,1,0

We see that 2 - Fyo10 < [Xi|X;] < A, and so we have a contradiction. This leads us to
conclude that in fact, if ¢, 7 € T'(1) with ¢ < j, then B; C B,.

Now, let us form a matrix, Y; by concatenating all X;, where ¢ € T'(1). A simple

observation is that
YiI= > Xl =) zi= > A

ieT(1) i€T(1) ieT(1)

For contradiction, assume that [|Y'|| = > ;cp,) |Ail > 3m. Since A; is the set of rows
of X; which contain the identity matrix, if ||Y|| > 3m, we have that in total we have

more than 4m 1’s in the matrix Y|(a,}, - In particular since each row and column in
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A; has exactly one 1. Since Y < A, Y has at most m rows and so, it follows that there
exists a row p and a size 4 set, say {ix,, ik, , lks, ik, } With so that iy, < g, < ig, < ig,
so that p € A;, for all j € {1,2,3,4}. We claim then that the configuration 2 - Fy ;20
occurs in Y, leading us to a contradiction. First, we note that [B;, \ B, | > 2 as
By, C By, C B, and so we can choose rows 7,s € B;, \ B, . Let’s consider the
columns p, r, and s; notice that we can have a column from each of Aikl and Aikz, which
contain the lone 1, and it will have 0’s in the rows r and s. Moreover, since p ¢ B;,, \B%,
it will have 0’s the columns where r and s have 1’s. So we have found four columns, a
column each from Aikl and A% which contain 1’s in row p and 0’s in rows r and s, and
columns from Xi,, which contain 1’s in rows r and s and 0’s in row p. This is precisely
the structure 2 - Fy120. Since 2- Fy120 <Y < A, we get a contradiction to our original
hypothesis. We conclude that indeed ||Y]| < 3m.

Through a similar procedure, we would define T'(2) = {7 : i is of Type 1 and ||.X;|| >
2} and form a matrix Z by concatenating all X; where i € T'(2). By the same argument
as above, we obtain that || Z|| < 3m.

Finally, we observe that
|Al] = forb(m, {Fo2,20,2 - Foi20}) < [V + || Z]] +3(m — 1) + 2,

where the last term comes from a possible column of all 1’s and a possible column of all
0’s, while the second last term represents all i € [m]|\{0, m} such thati ¢ T'(1),i & T'(2).
We observe then that

|A] <3m+3m+3(m—1)+2<9m,

proving our claim. |

A very similar proof gives us the more general lemma below:
Lemma 5.12 forb(m,{Fy220,t- Fo120}) is O(m).

Now we prove the theorem that requires Lemma 5.11 above.
Theorem 5.13 [}/ We have that forb(m,2 - Fy220) = O(m?).

Proof: We perform induction on the rows, m. Assume our inductive hypothesis: for
1 <k <m —1, there exists a ¢ > 0 such that we have

fOI'b(k, 2- F0’2,270)C : kQ.

Additionally, remark that Fyo20 = supp(t - Fyo20) and the maximum column multi-
plicity in ¢ - Fya90 is t. With ¢t = 2, we can apply the result we obtained using Remark
6.7 and conclude:

forb(m, 2 F072,270) < forb(m — 1, 2- F0,272’0> + forb(m — 1, {F0’2’270, 2 F071,270}).
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We have shown that the inductive children of A € forb(m,t - Fy22,0) avoid {Fp220,t -
Foi120} in the result that follows. As such, we have omitted the reasoning that if
A € Avoid(m, 2 - Fy22,0) then the inductive children avoid {Fj220,2 - Fo120}-

From Lemma 5.11, we know there exists a ¢ > 0 so that

forb(m — 1, {F07272,(), 2 - F0717270}) S C/ . (m — 1)
By induction on m, and our calculation above, we have that

forb(m,2 - Fyaso) <c-(m—17°+c - (m—1)<d-m?

where d = max{c, c'}. N

Theorem 5.14 Fort > 2, forb(m,t - Fya20) = O(m?). [4]

Proof: By Lemma 5.13, there exists a ¢ > 0 such that forb(m—1, {Fy220,t-Fo120}) <
¢ - m. We perform induction on the rows, m. Assume that for all 1 < k < m — 1, we
have

fOI'b(k?, t- F072’270, t— ]_) = O(]CQ)

So, we can find a ¢ > ¢ such that forb(k,t-{Fya20,t —1) < c-k?. Additionally, remark
that Fya20 = supp(t - Fp22,0) and the maximum column multiplicity in ¢ - Foo20 is t.
Moreover, we make the following observation:

t- FO,272,0 = [F0,2,2,0| s |F0,272,0]

N J

ks
1 ... 1 1 ... 1
1 ... 1 1 ... 1 T T
=10 0 00 :P[ll@@]tﬁ)Olq]
0 ... 0 0 ... 0
L7 M

Then deleting the first row gives us [t- [1 0 O}T ‘t- [0 1 1]11. We observe the
following:

0 ... 0]1 17 To 0] T1 1
T T 1 ... 1] 1 1] |0 ol lo 0
muxP[1OQ}rm1,q]: ool L o i X
o ...ollo ... ol ... 1]t ... 1

L 1 e M M

and we remark that

Fozao <10 1]x [t-[L 0 0] Jt-[0 1 1]"]
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since the second and third blocks of ¢ columns are precisely Fp220. Now, let A €
Avoid(m, t- Fya20,t—1) with ||A]| = forb(m,t- Fy220,t—1). Find a row r and perform
the standard decomposition as described for (¢ — 1) — simple (0, 1)-matrices. Then by
our remark, we have the following result:

[A[l = I[BCD]|| + |[C]
S forb(m — 1,t . F0’2’270,t — 1) + fOI'b(’ITL — ]_, {F0’272?0, t- F0’1’2,0}>

<c-(m—174+c-(m-1)

< c-m?.

So we conclude that forb(k,t - Fya20,t — 1) < ¢ - m?, which gives us
forb(k,t . F0727270) S fOI'b(k,t : F[)yg,gyo,t — 1) S t- fOYb(k,t : F0727270) S (O th. [ |

In fact, the above results can be generalized. We looked at the asymptotics of
forbidding ¢ - Fp2,2,0; naturally, we would try and extend this to find the asymptotics
of forbidding ¢ - Fp 0. Anstee and Lu[4] have found the following results, generalizing
the above lemma and theorem for a general k.

Lemma 5.15 Fort > 2, forb(m,{Fyr0,t " For—1k0) = O(mF71).
Theorem 5.16 Fort > 2, forb(m,t - Fyro) = O(m"). [4]
The following is another application of multiplicity induction.

Theorem 5.17 [{] Suppose that F is a simple (0,1)-matriz and forb(m, F) = O(m").
Then it follows that for any t € N, t > 2 we have forb(m,t- F) = O(m**1).

Proof: We assume the inductive hypothesis for all 1 < k < m —1, that forb(k,t- F) =
O(m*1). As before, define

G={F':F=<[0 1] xFand F £[0 1] x F" for all F" < F',F" # F'}.

As in the above subsection, where we explained the process of standard decomposition
for t — simple matrices, we observe that £’ < F. In particular, G < F.

Then, from our discussion above and induction on m, we have that:

forb(m,t- F) < forb(m,t- F,t — 1)
<forb(m —1,t- F,t — 1)+ (t — 1) - forb(m — 1,{G U F'})

We would like to show that forb(m,t - F) < c¢-m**! for some constant ¢ > 0. We know
from our inductive hypothesis that there exists a constant ¢’ such that

forb(m —1,{GUF}) < ¢ - (m—1)".
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By induction on m, we know that for some ¢ > 0,
forb(m — 1,t- F) < ¢+ (m — 1),
Putting it all together, we obtain that
forb(m,t- F) <c - (m—1)" +c-(m—1)" <ec-m't
and that completes the proof of our claim. |

Recall the Sauer-Perles-Shelah bound for Kj, which is forb(m, Kj) = O(mF™1).
Using this bound and the above theorem we have proved, we get a natural result as our
last example of how multiplicity induction can be useful.

Theorem 5.18 [}/ If F is any k-rowed matriz, then forb(m, F) = O(mF).

Proof: First, we remark that K, is the maximal simple (0, 1)-matrix on k rows. Hence,
for any k-rowed matrix F', we know that supp(F') < K} and hence, if F' has maximum
column multiplicity ¢, F' < ¢ - supp(F') < t - Kj. Therefore,

forb(m, F') < forb(m,t - supp(F)) < forb(m,t - Kj).

Since forb(m, Kj) is O(m*~1) then by Theorem 5.17, forb(m, ¢ - Kj) is O(m*). n

6 Sporadic Induction

There are other methods of induction that have proven useful in the study of forbidden
configurations. Below we state another induction idea as a theorem and give examples.
We begin by stating a general remark.

Remark 6.1 Suppose f : N — R is an arithmetic function, with f(m) = O(m®) for
some o > 0. Then, it is necessarily true that

> 1) = Om™+).

Using the above remark, we state and prove the theorem below:

Theorem 6.2 [1] Suppose that G is a k-rowed, (-columned (0, 1)-matriz, with forb(m,G) =
O(m®), for some o« > 0. Suppose F' is of the following form:

0 ... 0
1

F= 1

G
Then, forb(m, F) = O(m®*).
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Proof: The proof is due to Anstee and Sali. We begin by taking A € Avoid(m, F') with
|Al| = forb(m, F'). Assume the following inductive hypothesis: for all 3 <n < m — 1,
we have that forb(n, F) = O(n®*!). Next, let us denote by Z; the set of columns of
A with the first ¢ + 1 rows of the form 1,0;, and with J;, denote the set of columns of
A with the first 7 + 1 rows of the form 0;1;. This has potentially not considered the
columns of 1’s and the columns of 0’s if they are present in A.

Now we appeal to the inductive hypothesis: note that if G < Z; or G < J; for
any 7, we have that F' < A, violating the assumption on A. Therefore, for all ¢, Z; €
Avoid(m —i — 1,G) and J; € Avoid(m —i — 1,G). Hence, ||Z;|| < forb(m —i —1,G)
and ||.J;|| < forb(m —i —1,G). Since for all i, forb(m —i —1,G) = O((m — i — 1)%),
summing over all 1 <7 < m — 1 gives us:

m—1
Al <2 Z forb(m —i — 1,G) + 2 = O(m*™),
i=1

where O(m®*1) is obtained from Remark 6.1 that we stated and did not prove. |

Now we present an example where this sporadic induction, one which appears rarely,
but can be useful. Let

1 1
0o, G=1|0
G 0

T

I
coo R~

I
===

We will show that forb(m, F) = O(m?), once using the sporadic induction above, and
using counting methods to prove it a second way, in order to confirm that the sporadic
induction does actually work.

We first show that forb(m, G) = O(m). Let A € Avoid(m, G), with ||A|| = forb(m, G).
We will count the maximum number of columns A can have before the configuration G
shows up. A can have a column of 0’s and 1’s. Next, any other column of A must have
at least one 1, and one 0. But observe that none of these columns can have two copies
of 0, or otherwise we have the existence of some row permutation of configuration G.
So we count how many distinct ways we can place exactly one 0 in m different rows,
which is precisely (Tln) = m different ways. So we have that A can have at most m + 2
columns to avoid G. Therefore, forb(m,G) = O(m).

By the sporadic induction theorem above, we conclude that forb(m, F) = O(m?).
Now let us show another way that forb(m, F') = O(m?), so that we can see that the
two answers coincide. If A € Avoid(m, F') with ||A]| = forb(m, F'), we count what the
maximum number of distinct columns A can have. Disregarding the columns with all
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1’s and 0’s, we look at how many other columns A can have. Every additional column
has to have at least one 1 and one 0. To avoid GG, we must make sure that there are at
most two 0’s or at most one 1. There are (m) + ("f) distinct columns with either one 0

2
or two 0’s. There are (T) distinct columns with exactly one 1. So in total we have that

m m
All = 2. 2.
1Al (2)+ (1)+
And so || A| is O(m?).

We have remarked above that this sporadic induction may not be useful in all situ-
ations. The following example is one where we show that sporadic induction will give
an asymptotic bound that is correct, yet not sharp enough. Recall the matrix Ggys:

111 00 0
110 111
101 110

G6X3_010_101'
00 1 01 0
0 0 0] 0 0 1

Y

Deleting the first two rows of 0’s and 1’s, we yield a matrix G:

O = =
O = O =
_ o~ O

0

We note that the last two columns of G is F{ 220, a configuration explored in the section
on multiplicity induction. Anstee and Sali have shown that if F' is a configuration
such that Fys00 < F, then forb(m, F') = ©(m?). Therefore, we can conclude that
forb(m,G) = ©(m?). By the sporadic induction above, since forb(m,G) = ©(m?),
and in particular, forb(m,G) = O(m?), we conclude that forb(m,Ggx3) = O(m?).
Recall that we have already noted that forb(m, Ggx3) is O(m?). We observe that the
sporadic induction above, yielded O(m?); this is a correct but not a sharp bound.
This demonstrates the limitations of using induction in the study of certain forbidden
configurations.

7 Conclusion

We observed how useful and multi-faceted induction can be, when facing problems in
forbidden configurations. An important result in extremal theory, the Shattered Set
Lemma, was proven using the simplest of induction which we called basic induction.
The Sauer bound was cleverly proven using the method of standard induction. This re-
sult can itself be used inductively, such as in the section on repeated induction. Lastly,
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we saw how the results applied to non-simple (¢ — 1)-simple matrices were useful in
determining bounds of matrices which were simple.

At the same time, we saw that induction may fall short at times, yielding bounds
which may be correct but not sharp. This was observed in particular, in Section 6.
This emphasizes the fact that induction, although ubiquitous throughout the study
of forbidden configurations, has its drawbacks. It is undoubtedly in the interest to
the curious mathematician to develop other clever induction methods (or indeed other
methods) which may be of use, if the first attempt with induction fails.
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