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ABSTRACT. Understanding the maximum size of a code with a given minimum distance is a
major question in computer science and discrete mathematics. The most fruitful approach for
finding asymptotic bounds on such codes is by using Delsarte’s theory of association schemes.
With this approach, Delsarte constructs a linear program such that its maximum value is an
upper bound on the maximum size of a code with a given minimum distance. Bounding this
value can be done by finding solutions to the corresponding dual linear program. Delsarte’s
theory is very general and goes way beyond binary codes.

In this work, we provide universal bounds in the framework of association schemes that
generalize the Hamming bound and the Elias-Bassalygo bound, which can be applied to any
association scheme constructed from a distance function. These bounds are obtained by con-
structing new solutions to Delsartes dual linear program. We instantiate these results and we
recover known bounds for g-ary codes and for constant-weight binary codes but which didn’t
come from the linear program method. Our other contribution is to recover, for essentially
any @-polynomial scheme, MRRW-type solutions to Delsarte’s dual linear program which are
inspired by the Laplacian approach of Friedman and Tillich instead of using the Christoffel-
Darboux formulas. We show in particular how the second linear programming bound can be
interpreted in this framework.

1. INTRODUCTION

Let 71 denote the Hamming distance. For a subset of the boolean cube, i.e., a binary code C ¢ F3,
its minimum distance is dil; (C) = min{ry (c—c’) : ¢,c’ € C with ¢ # ¢’}. We define A(n,d) as
being the maximum size of a binary code with some fixed minimum distance, i.e.,

A(n,d) def max{|C| : CcF3, di €)= d}.

min
We are interested in the maximum asymptotic rate of binary codes with a certain (relative)
minimum distance ¢ € [0,1], i.e.,

R(6) “ fim 1 logy A(n, |dn]).
n—>00 n

There are many reasons why one can be interested in this quantity. Constructing binary codes with
large minimum distance is studied since the seminal work of Shannon [Sha48]. Understanding R()
has important consequences for telecommunications, in particular to provide lower bounds on the
probability of undetected error and for finding optimal codes for error detection over the binary-
symmetric channel [SGB67]. Moreover, it is a fundamental question in discrete mathematics and
it is strongly related to sphere packings in R™ [KL78, CE03]. Finally, the fact that the best
bounds on R(§) were found in the late 1970’s, and are quite far from what we expect, makes it a
particularly interesting question for mathematicians and computer scientists.

Another important question is to provide bounds on the size of constant-weight codes with a

. .. . def
certain minimum distance. These codes are subsets of S™? = {x € F¥ : 75,(x,0) = a}. We are
1
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interested in the following quantity ‘*’,

A(n,d,a) € max{lc|: cc8™2, diL (C)=d}.

min
Again, we define the asymptotic rate of constant-weight codes of relative weight o with a certain
relative minimum distance 9,

R(5,a) = lim 1 logy A(n, [0n], [an]).
n—+oo

Studying this quantity is interesting for its own sake but it is of additional importance because it
can be used to obtain bounds on R(¢) thanks to the Elias-Bassalygo relation,

1
(1) Vae [0’5]’ R(8) < 1-h(a) + R(5,a)
where h(x) L log, x — (1 - x)logy (1 — x) denotes the binary entropy.

1.1. An Overview of Some Different Bounds and Linear Programming Bounds. The
best lower bound on R(4) is the so-called Gilbert-Varshamov bound [Gil52, Var57],

R(8) > Rev(8) “'1 - n(5).

It turns out that this bound corresponds to the minimum distance that is obtained by choosing a
random linear code of the appropriate size. We expect this bound to be tight even though in the
g-ary setting (when working in FZ), there are codes that have a better minimum distance than
random linear codes of the same size as soon as ¢ = p? with p > 7 [TVZ82] so the whole picture is
not entirely clear.

On the other hand, there are various upper bounds on R(d). The simplest known upper bound is
the combinatorial Hamming bound. This bound was improved independently by Elias (attributed
to Elias in [SGB67]) and Bassalygo [Bas65] also by using combinatorial arguments. These bounds
are the following,

R(6) < Ritamm(5) “* 1= h (g) ,

R(0) < Rgg(9) e h (% - %\/ 1- 25) .

The question of finding codes with minimum distance d can be generalized to the following ques-
tion: given a set X and some distance function 7 over X, what is the maximum size of a subset
C ¢ X such that each pair of distinct point of C have distance at least d? Delsarte introduced the
important notion of association schemes [Del73] that can in particular help solving this question.
More precisely, if (X, 7) satisfies certain conditions, then using the theory of association schemes,
Delsarte shows how to construct a linear program such that its maximum value will be a bound
on the maximum size of C with minimum distance at least d. An overview of Delsarte’s theory
can be found in [DL9S].

When instantiated in the boolean cube, this linear program involves Krawtchouk polynomials and
MacWilliams identities. Its maximum objective App(n,d) satisfies A(n,d) < App(n,d). Then, it
is possible to deduce upper bounds on Arp(n,d) by finding solutions to the associated dual linear
program. Again, as we are interested in asymptotic upper bounds, we write,

of — 1
Rup(8) ' Tim -~ logy Avp(n,[dn)).

(D The number of arguments of A(-) will make it clear whether we talk about bounds on general codes or on
constant-weight codes.
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Using Delsarte’s approach, McEliece, Rodemich, Rumsey and Welch [MRRW77] proved what is
now called the first linear programming bound,

R(0) < RLp(0) < Rurrwi(9) At p (% - %\/5(1 - 5)).

It turns out that Delsarte’s linear program approach can also be used to obtain bounds on the size
of constant-weight codes with a certain minimum distance. It yields a linear program involving
dual Hahn polynomials such that its optimum Ayp(n,d,a) satisfies'® A(n,d,a) < App (n, [%J,a).
We denote the asymptotic value of this linear program,

RLP((Sa Ol) = m l IOgQ ALP(na L(SRJ, LO&TLJ)
n—oo n,

Again, by finding solutions to the associated dual linear program, it was shown in [MRRW77]
that,

) R(a,8) < Rup (a, g) < Ratraw (@, 8) % % (1 - \/1 ~4(Vall-a)-s(1-9) - 5)2) .

This bound is of particular importance because it can be combined with the Elias-Bassalygo
relation (Equation (1)) to prove the so-called second linear programming bound,
R(5) < Rymiwe(6) % max {1-h(0) + Rumrw (0, 6))
=02

This bound is, for the last 47 years, the best known upper bound on R(§) for any d, but it is quite
far from the lower bound Rgv(0). Note that even if there were some improvements on R(4, )
for some parameters (see [Sam01] for example), these do not yield any improvements on R(§) by
using Equation (1). Surprisingly, Rodemich proved [Rod80] (see also [Del94, Sam01, AB06]) a
lifting theorem which shows how to construct solutions to Delsarte’s dual linear program on the
boolean cube from a solution to the dual linear program for constant-weight codes. In particular,
Rodemich has shown how to use Equation (2) to prove,

Rip(0) < Rmrrw2(0)

without using the Elias-Bassalygo relation. In other words, the best (current) solution of the linear
program in the boolean cube leads to the second linear programming bound. An overview of these
different bounds on R(0) is depicted in Figure 1.

While [MRRW77] restricts its bounds to the binary case, an interesting question is also to provide
bounds on the maximal size A(?) (n,d) of a code in [ of minimum distance d and on the asymptotic

rate R(9(§) = lim %logq A (n,|dn]) of codes in [y, with ¢ > 2 a prime power, as function of
n—+oo

their relative minimum distance 6. Unfortunately, Hamming spheres in F}'

q )
weight codes are embedded, do not yield association schemes and Delsarte’s approach fails to

provide a linear program. Therefore there is no equivalent to the second linear programming
bound and an equivalent to Rodemich’s lifting theorem does not exist. However, other bounds

in which constant-

such as the first linear programming bound can easily be extended to the g-ary case [DL98, §F.],
RD(8) < R (8) < R, powr (8) ' g (74(8)) where

def x def 1
he(z) = —(1-z)log,(1-z)-zlog, (ﬁ) o Yq(6) = a(q—1—(q—2)5_2\/(q—1)5(1—5))-
Furthermore, Hamming and Elias-Bassalygo bounds are also known in this setting by using the
same combinatorial arguments. For instance, the asymptotic Elias-Bassalygo bound in given in

(D The factor two in the distance comes from the fact that the corresponding association scheme uses as its
distance function 75/2.
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FiGURE 1. Known upper bounds and the Gilbert-Varshamov lower bound on
the asymptotic rate of binary codes R(§) as function of their relative minimum
distance 6.

the g-ary case by,

q (q) def wf Dofi- R
RD(8) < R <1~ hy (J,(8)) where J,(6) = (l—q) (1 /1 (q—l))'

1.2. Understanding the Limits of the Linear Programming Approach. Delsarte’s linear
program approach is currently the most efficient one to provide bounds on R(§). A natural
question is therefore whether the second linear programming bound is the best one that can be

achieved with this method. Also, there has recently been proposals for a hierarchy of linear
programs involving a generalized Delsarte’s linear program on the boolean cube that give the real
value R(4) when going far enough in the hierarchy [CJJ22, LL23, CJJ23]. Unfortunately, these
linear programs are currently too complicated to find new bounds and understanding solutions of
Delsarte’s linear program could be useful for finding new solutions to these more general linear
programs.

More concretely, what do we know about Ry p(d)? The best upper bound is Rrp() < Ryrrw2(0)
using the MRRW bound for constant-weight codes and Rodemich’s lifting theorem. On the other
hand, regarding lower bounds, the following bounds are known, which were proven respectively
by Samorodnitsky [Sam01] and by Navon and Samorodnitsky [NS05],

of 1
Rpp(6) > REPP e 3 (Rav(9) + Rvrrwi (9)),
Rpp(8) > REWP? dﬁf% (1-2v6(1-9)).

In the attempt to understand the tightness of RI]:YDVBl, Barg and Jaffe [BJ99] performed numerical
simulations for App(n,d) with n = 1000. Their numerical simulations have shown that Ryp(d) is
actually likely to be close to Ryrrw2(0). The above two lower bounds and this upper bound are

depicted in Figure 2.

In the case of constant-weight codes, the problem was less studied and the best bound is, to the
best of our knowledge, Rrp (4, ) < Ryrrw (6, ).
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FIGURE 2. Best upper bound Ryrrw2(0) on Delsarte’s linear program instanti-
ated in the boolean cube and known lower bounds on this program as function of
the relative minimum distance §.

1.3. The Laplacian Technique. The linear programming technique seems to have intrinsic lim-
itations so it is important to consider other approaches. In this attempt, an extensive line of
work started with the approach of Friedman and Tillich [FT05] which relied on graph theory and
Fourier analysis over the Hamming cube. Roughly speaking, [FT05] study the following: given
a linear code C, start from a random element of its dual and then walk on the Hamming cube
according to some distribution f. Then, it turns out than an upper bound over the size of C can
be found using a function satisfying

3) 1oy f2 A

for some real A, where 11, denotes the indicator function of words with Hamming weight 1 and x
is the canonical convolution product. The value A is related to the minimum distance of C while
the obtained upper bound on C can be expressed as a function of the range of f. In short, Friedman
and Tillich find a function f with small range such that Equation (3) is satisfied for a large A. They
recover the first linear programming bound with this approach seemingly orthogonal to Delsarte’s
linear program. Notice that the operation 11y * f consists in performing an extra random step
of Hamming distance 1 after applying f. Because the operation 1, * f is closely related to the
Laplacian of f, we call this approach the Laplacian technique.

Several other works [Sam01, NS05] have followed the Laplacian technique by using Equation (3) in
a crucial way. It has been shown among others that it can also be interpreted in terms of covering
radius of the dual graph and can even be extended to non-linear codes [NS07]. However, these
methods are all tailored for the first linear programming by using Fourier analysis in the boolean
cube. It is an open question (see [NS07] for instance) whether these methods can be adapted to
the second linear programming bound.

1.4. Contributions. Our first contribution is to give explicit solutions to Delsarte’s dual linear
programs that achieve a generalized Hamming bound which we also improve to a generalized Elias-
Bassalygo bound. This result is very general and can be applied to any P-polynomial association
scheme under mild conditions.
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In the case of the boolean cube, we find solutions to the dual linear program of Delsarte (explaining
our expression of “generalized” Elias-Bassalygo bound) that give,

Rrp(8) < Reg(9).

This shows a simple example of Delsarte’s linear program solutions on the Hamming cube which are
very different from the MRRW solutions. Furthermore, it achieves a better bound than Ryrrw1(6)
for small values of § without the use of Rodemich’s lifting theorem. These solutions also show how
to overcome some of the difficulties presented in [Sam23a] on beating the first linear programming
bound with this approach.

With out framework, we can actually extend this to the g-ary setting, i.e., when considering codes
in Fy. In this case, Delsarte’s framework still applies and we obtain,

R (5) < RY(5).
One can then show that for any ¢, there exists a §y such that,
Vo€ (0,00),  RyB(9) < Rylhgws (9)-

This gives, to the best of our knowledge, new solutions to the g-ary dual linear program which on
the first linear programming bound for small relative minimum distance 9.

In the case of constant-weight codes, we only have results for the binary case since this is the only
case where there is an associations scheme structure. We derive from our new solution to the dual
linear program the following bound,

Rir(5,0) < Bgn(6.0)  h(@)-ah () -(1-a)h (17— with xdﬁfa(l—a)(l_m).

Again, it can be verified that for any « € (0, %), Rpgp(d, ) < Ryrrw (0, @) for § small enough

which again gives simple and sometimes better alternative solutions to this linear program.

Our second contribution is to find explicit MRRW type solutions to Delsarte’s linear program for
essentially any @Q-polynomial scheme. We rely on functions f satisfying,

(4) 1{1} ®f>Af

where ® is not the canonical convolution of the association scheme derived from its underlying
adjacency matrices and P-polynomials, but the convolution product derived from @Q-polynomials.
This can be seen as a direct “dual” generalization of Friedman and Tillich’ approach. We then show
that the function g = 1;13& f& f~(A-1)(f& f) gives a solution to the dual linear program. This is a
generalization of the observation of Samorodnitsky [Sam23b]. We also give an explicit construction
for “good” functions f satisfying Equation (4), that depends only on the Q-polynomials of the
association scheme, generalizing [L122].

When correctly instantiated to Hamming spheres, we recover Ryrrw (9, @) so this technique can be
seen in some sense as a generalization of the Laplacian technique to the second linear programming
bound. One has to be careful though, because we work with the convolution product in the Q-
polynomial world. We somehow need to do the “in reverse” argument of the Laplace technique and
use a “dual” Laplacian technique. While this is very well defined in the framework of association
schemes, we don’t know how to interpret the operation 1(1, ® f in terms of random walks on the
associated inherited graph from spheres or in terms of a covering radius in the dual space. The
fact that we require the Q-polynomial convolution for this generalization rather illustrates the
difficulties in finding such interpretations.

Because our results are meant to be as general as possible, we rely on the full machinery of associ-
ation schemes. We therefore present an extensive introduction to Delsarte’s theory of association
schemes before proving our results.
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2. NOTATION AND PRELIMINARIES ON ASSOCIATION SCHEMES

Basic Notation. The notation = ' y means that x is being defined as equal to y. Given a set S,

its indicator function will be denoted 1s. For a finite set S, we will denote by |S| its cardinality.
Let [a,b] be the set of integers {a,a+1,...,b}. We use the Kronecker delta notation ¢/ =1 if ¢ = j
and 0] = 0 otherwise.

Matrices are denoted in bold capital letters such as A. For a finite set S, let C(S?) be the set of
square matrices of order |S| and whose coefficients belong to C. We will use the standard inner
product on C (82), i.e., for A,BeC (82),

(AIB) €'tr (ABT) A ¥ V/(A[A)
where BT denotes the conjugate transpose of B. For any fixed order over S and z,y € S, we

write A(z,y) to denote the coefficient of A at row x and column y.

Our aim now is to present needed pre-requisites about association schemes. Almost all proofs are
omitted. They can be found in the classical literature about association schemes like [Del73, BI84,
DL98]. For the sake of completeness, we prove in Appendix A all the claimed results.

2.1. Equipartition Property and Association Schemes. Let X be a finite set of “points”
with [X| > 2 and let 7: X? — [0,n] be a distance function. Given (X,7,n), we will consider the
following adjacency matrices D; € C(X?) for i € [0, n],

1if 7(z,y) =1

Vm,yeX, Dl‘(l',y d:ef
0 otherwise
Distance induced association schemes are triplets (X, 7,n) satisfying the following properties.

Definition 1 (Equipartition Property and Non-Degenerate Triplets). (X, 7,n) is said to satisfy
the equipartition property if for each i,j,k € [0,n], there exists a nonnegative integer pﬁj such that,

Va,z e X such that 7(x,2) =k, |{yeX: 7(x,y) =i and 7(y,2z) =3} :pf’j.
Furthermore, a triplet (X,7,n) satisfying the equipartition property is said to be non-degenerate
if Pt # 0 for all ke [0,n —1].

The equipartition property ensures that the complex vector space generated by the adjacency

matrices D; is closed under matrix multiplication, i.e., it forms an associative algebra.

Proposition 1. Let (X,7,n) satisfying the equipartition property and let (Di)ieﬂo,n]] denote the
associated adjacency matrices. We have,

Vi,je[0,n], D;-Dj= Y pf Dy
ke[0,n]

The above proposition is extremely powerful, it shows that the vector space generated by the D,
inherits a lot of structure. In particular, by the symmetry of the distance 7, the pﬁj verify,

Vi7j7k € [[Oanﬂ7 pi] :pﬁi'

Therefore, it is readily seen that the complex vector space generated by the adjacency matrices D;
is an associative algebra which is commutative. Furthermore, the fact that the pf) ; are defined via
the distance 7 implies another strong property that will be useful:

(5) pf"j:O if k>i+4, or |j—i|>k or assoon asi,j,k>n.

We are now ready to properly define distance induced association schemes.
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Definition 2. A distance induced association scheme is a triplet (X,7,n) where X is a finite
set, 7+ X2 — [0,n] is a distance and (X,T,n) satisfies the equipartition property and is non-
degenerate.

Remark 1. General association schemes are defined via a collection of some relations (R;)ie[o,n]
over X2. Our definition restricts (which is enough for our purpose) to the case where the R; are
defined via (x,y) € R; if and only if 7(x,y) = 1.

Remark 2. Association schemes that satisfy Equation (5) are called P-polynomial association
schemes. Any distance induced association scheme is P-polynomial. Conversely, for any P-
polynomial association scheme, one can construct a distance function T such that it is distance
induced with respect to T [Del73, §5.2]. Also, P-polynomial schemes satisfy the 3-term relation,

D\D; =p] /D, 1 +p] ,D; +p]{ Dy,
which is a key-equation.

The most common association schemes (and the ones that we will consider) are,

e The Hamming scheme: X is the hypercube Fy endowed with Hamming metric,

def | (.
VX,yE]FZ, TH(va) = |{7’ € [[17”]]: Z; ¢yz}|

e The Johnson scheme: given some a € [0,n], X = 8™? = {x € F} : 74(x,0) = a} is the

Hamming sphere of radius a in the Hamming cube. The association scheme (X, 73,a) is

then defined with® 7y <" 7/2.

2.2. Fundamental Parameters of Association Schemes. Let (X,7,n) be a distance induced
association scheme. The corresponding matrices D; are real and symmetric. Moreover, from
Proposition 1 one can show that each D; has n + 1 distinct eigenvalues and that they share the
same eigenspaces. Let Eq,...,E,, be the projectors on these eigenspaces.

One can prove that there exists an ordering on the matrices (E;);c[o,) such that,

1 1
Eg = M Z D;=—-J where J is the full-one matrix.

iefoon] X]

The fundamental parameters of an association scheme are defined with respect to an ordering of
the matrices Ey,...,E,. When we refer to an ordering Ey, ..., E,, we assume from now on that

it satisfies Eg = ﬁ -J.

Definition 3 (p-numbers). Let (X,7,n) be a distance induced association scheme with an order-
ing Eq,...,E,. Its underlying p-numbers p;(j) are defined as,

Vie[0,n], D;= > p;(j)E;.
jelon]

Let us now introduce the norms (with a normalization) of these matrices D, and E;.

Definition 4. Let (X, 7,n) be a distance induced association scheme with an ordering Eq, ..., E,,
we define,

, acf | Di?
Vie[o,n], v =
X

and m; < |E;|? = rank(E;).

) One can check that for any X,y € 82’2, Ta(X,y) is even hence 75(x,y) is an integer.
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The v; (resp. m;) are called the valencies (resp. multiplicities) of the association scheme. From
Definition (1), one can obtain the following relation,

(6) Vie[0,n], w; :p?,i.

Matrices (D )icfo,n] and (E;);efo,n] generate the same Hilbert space which enables to define the
g-numbers, an analogue of the p-numbers where the E; and D; are interchanged.

Definition 5 (g-numbers). Let (X,7,n) be a distance induced association scheme with an order-
ing Eo,...,E,. Its underlying qg-numbers ¢;(j) are defined from the expansion of the orthogonal
projectors E; in the basis of adjacency matrices (Dj)jefo,n], -,

) 1 )
Vie[0,n], E;= M Z ¢:(j)D;.
€l0,n]
Notice that the p and g-numbers are real by symmetry of the D;, E; and unicity of the decom-
position in theses bases. Furthermore, from the definition of Eq as 1/[X| ¥;cjo,,j Di and the fact
that Do = Id = ¥eq0,n] Ei, we deduce that,

(7) Vje[[O,n]], q0()=1 , po(j)=1

One can show that the matrices (D;)c[o,,) are pairwise orthogonal with respect to the inner
product on matrices. Similarly the matrices (E;);c[o,,) are pairwise orthogonal. This allows to
show a strong relation between the p and g-numbers.

Proposition 2. Let (X,7,n) be a distance induced association scheme with an order-
ing Eg,...,E,.

V27j € [[0771]], mjp’b(j) = UZQJ(Z)
The above relation is the key to prove many formulas involving p and g-numbers. In particular,

using that gg, pg are the constant functions equal to 1 by Equation (7), we get mg = [Eo||? = 1, vg =
IDo?/|X| = 1 and finally,

(8) Vie[0,n], pi(0)=v; , q(0)=m,.

2.3. Algebra Structure for Pointwise Multiplication and Q-Polynomial Schemes. We
have deduced from Proposition 1 that the vector space H generated by the D; is closed for the
standard matrix-product: it is an algebra. It is also closed under the pointwise multiplication
(M,N) ~» Mo N be defined as,

Mo N(z,y) < M(z,y)N(z.y).
Indeed the D; verify D; o D; = 5{ -D;. But H is also generated by the E; showing that we can
define an equivalent of the pﬁ j (regarding Proposition 1): the qz’f e
Definition 6. Let (X,7,n) be a distance induced association scheme with an ordering Eq, ..., E,.
The underlying Krein parameters qik,j are defined from the expansion of |X|-E; o E; in the ba-
518 (Bk) pe[o,n], 4-€.,

Vi,jel0,n], X|'EioE;= > ¢ E.
ke[0,n]

The Krein parameters enjoy many interesting properties. For instance, they verify the following
relations,
(9) Va € [0,n], qgw =mg >0,

(10) Va € [0,n], Z Q$,1 =q1(0),
ye[0,n]
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(11) Yo,y e[0,n], ma-qy, =my~qg’1.

But most importantly, Krein parameters are nonnegative.

Proposition 3. Vi, j k€ [0,n], qﬁj > 0.

Krein parameters also appear when considering the product of g-numbers.
Proposition 4. Vi, k,Le[0,n], qr(i)qe(i) = Xonefo,ng G edm (9)-

Krein parameters qf ; are the dual of the pf ;- However they are not in general integers. Further-
more, they don’t necessarily verify the “triangular inequality” relation as given in Equation (5).
However there is a non-trivial (and important) subset of distance induced association schemes for

which the Krein parameters verify this relation: @-polynomial schemes.

Definition 7. A distance induced association scheme with an ordering Eg, ..., E, is said to be
Q-polynomial if it satisfies the following two conditions,

(1) qﬁj:O ifk>i+j, or|j—i|>k or as soon as i,j,k >n.
(2) ¢t +0 for all k € [0,n].

This property implies in particular the 3-term order relation,
X| - B1oE; =q{ Bj 1 +q] jEj+q] By
which will be crucial in Subsection 3.4 to recover linear programming bounds from [MRRW77].

2.4. Fourier Transforms and Convolutions. We are now ready to introduce the Fourier trans-
form and its inverse (usually called P and Q-transforms). All the definitions of this subsection are
with respect to a fixed distance induced association scheme (X, 7,n) with an ordering Eg, ..., E,.

Definition 8. Given f : [0,n] — C, we define its Fourier transform T and its inverse Fourier
transform f as follows,
def def 1

F@) < Y fwpy(x) . fla) = > f(W)ay(x).
yelom] X[ yeforn]

Simple examples of Fourier transform and its inverse are given by,

1

(12) r::pu , ]T\uzzi(]u-
{u} {u} X|

When dealing with the Fourier transform and its inverse the following definition will be especially
useful.

Definition 9. Given f:[0,n] — C, we define its associated D-matriz and E-matriz as follows,

de de,
D/ “ S j@)D, . E'Y Y f2)E,.
ze[0,n] ze[0,n]

First notice that since D; oD, = 5fDi and E;E; = 53Ei, we have,
DfoDI=DY , E.EI=RESY.

Moreover, notice that by the decompositions given in Definitions 3 and 5, we have defined fand f
to ensure D/ = Ef and E/ = D/ which implies by unicity in the decomposition in bases (Di)ieo,n]
and (Ei)ie[[Om]] that,

(13) F=7-f

We can now define the convolution product and reverse convolution product between functions.
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Definition 10. Given f,g:[0,n] — C, we define their convolution » and their reverse convolu-
tion ® as follows,

@Y T feEm. . e Y T i)

y.z<[o.n] X[y E[0m]

The convolution and reverse convolution are defined to ensure D/*¢9 = D/ - DY and E/®9 = E/ o E¢
which enables to prove the following proposition.

Proposition 5. Let f,g:[0,n] — C, we have,
(1) Fxg9=T-3 . @ Feg=7-5 . @3 (J9=Feg . (4) (J9) =T+
Proof. We write,

(1) EN9 =D/ =D/ . DI =E/ . E7 =E/7
(2) D/®9 = Ef®9 - Ef o E9 = D7 0 D7 = DI7,

where in (1) and (2) we conclude by using the unicity in the decomposition in bases (D;)e[o,n]
and (Ei)ief[o,n]]- O

Finally, the fact that the Krein parameters are nonnegative implies the following.

Proposition 6. Given f,g:[0,n] — Ryo, we have f ® g > 0.

2.5. Codes and Dual Weight Distribution. Given a distance induced association scheme, our
aim is to provide upper bounds on the size of codes with a fixed minimum distance. These objects
are defined as follows.

Definition 11 (Code, distance distribution and minimum distance). Let (X,7,n) denote a dis-

tance induced association scheme. Any subset C € X is called a code.
Given a code C, we define its weight distribution as,
e ].
vte[0,n], a(t) d=f@ J{(eey ec?s r(ed) = t)].

The minimum distance of C is then defined as,
drmin (C) % min {r(c,"): ¢,c" €C and ¢+ '} =min{t € [1,n] : a(t) + 0}.
Remark 3. We have normalized the weight distribution of codes to ensure a(0) = 1.

In the remainder of this section, we will use Dirac’s bra-ket notation for linear algebra. Dirac’s
notation is borrowed from quantum computing [NC10] and even though our work is unrelated
with quantum computing, this notation is in our opinion an especially elegant way of presenting
the results of this section, particularly the generalization of MacWilliams identities.

More concretely, let X = {z1,...,zny}. From any z; € X we associate the column vector |z;)
whose i" entry is 1 while the others are 0. Then we write |v) for any vector of the complex-vector
space generated by the |z;) for i € [1, N]. We write for example,

U1 N
)= : [=2 vilzi).
=1

UN
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vy
For a column vector |[v) =| i |, we also define the line vector,

UN

(W€ @ ... ).

In particular, (z;] is the line vector whose i'" entry is 1 while the others are 0. With this notation,
the canonical inner product between vectors (v|w) is the multiplication (v|-|w). Notice also that
any rank one matrix of C(X?) can now be written as |v) - (w| which we write [v)}w|.

We now relate the weight distribution of a code C with the underlying D; matrices of the association
scheme.

Definition 12. Given a code C, let,

W 1oy
|wc> \/_ ceC

This vector relates the weight distribution of a given code and underlying adjacency matrices of
the association scheme. We have the following relation.

Proposition 7. Let (X,7,n) be a distance induced association scheme, we have,
(14) vte[0,n], a(t) = (ve|D:lve)

Proof. With our notation, we have Dy = ¥, 1r.r(5,27)=¢ [£)2'| , which gives,
1 1
WelDilveh = % (elakel )= BT Glae g P
ccEC 2’ eX | |cc€C zeX | | ¢,c'eC

7(z,2")=t 7(z,c’)=t 7(c,c’)=t

which concludes the proof by definition of a(t). O

The weight distribution of codes plays an important role in providing upper-bounds on their size
given their minimum distance, in particular their “dual” which is defined as follows.

Definition 13 (Dual weight distribution). Let (X,7,n) denote a distance induced association

scheme with an ordering Eq, ..., E,. Given a code C, we define its dual weight distribution as,
def 1 1
a'(t) = (ve|Eile) = o Y. (vela(@)Dalve) = o Y. a(x)a(z).
|X| ze[0,n] |X| ze[0,n]

Interestingly, the dual weight distribution turns out to be nonnegative, result which is known as
a MacWilliams identity.

Proposition 8. Let (X,7,n) denote a distance induced association scheme with an order-
ing Eo,...,E,. Let C ¢ X. Its dual weight distribution verifies,

vte[0,n], a'(t)>0.

Proof. By definition the E; are projectors. Therefore we can write each E; = Y, |vf)(vf | for some
rank 1 projectors |vf)<vf | . Plugging this expression into the definition of a’ leads to,

() = (vel Bulve) = Guel ot v hie) = 3 elet) 2 0

which concludes the proof. O
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2.6. Delsarte’s Linear Program of Association Schemes. Let (X, 7,n) be a distance induced
association scheme. In the attempt to provide bounds on the maximum size of a code C € X with
minimum distance at least d, Delsarte introduced [Del73] the following linear program

Delsarte’s Linear Program (DLP)

maximize Y. u(t)
te[0,n]

1

0 for te[l,d-1]
for t € [d,n]
for i € [0, n].

u(t
u(t
> u)ai(t

te[[0,n]

~— ~— ~— —

>0
>0

Definition 14. Let (X,7,n) be a distance induced association scheme with an ordering Ey, ..., E,
and d € [0,n]. We define Arp(n,d) to be the mazimum of the above linear program.

The following proposition justifies the introduction of Delsarte’s linear program to give upper
bounds on the size of a code given its minimum distance.

Proposition 9. Let C ¢ X be a code with minimum distance at least d. We have,

|C| < ALp(n, d)

Proof. Tt is a simple consequence of the fact that the weight distribution a(t) of C verifies the
condition of Delsarte’s linear program, in particular the positivity of its dual weight distribution
(see Definition 13) given by Proposition 8. O

The above proposition shows that solving Delsarte’s linear program gives upper bounds for code
sizes. Finding the value of this linear program is a hard problem. In order to find upper bounds
on this linear program one has to look at the dual linear program which is a linear program such
that its minimum will be larger than App(n,d).

A simpler but essentially equivalent way of formulating the dual linear program is via the following
proposition (see for instance [DL98, III. B]) which finds solutions to the dual linear program - and
hence upper bounds App(n,d) - via the choice of some function.

Proposition 10. Let d € [0,n] and f:[0,n] — R be a function such that,

—_

F>0 , F(0O)>0 , Vax>d, f(z)<0.
Then,

1O

Proof. Let u be a function that satisfies the constraints of the linear program and f that satisfies
the requirements of the proposition. Let,

Vie[0,n], o'()%E Y w(t)g(t) 0.
te[0,n]

First,

> oW (@) f(x)= Y ( > qz(y)f(:v))u(y)=lxl- Y Fwu@) =X Y fy)uly)

ze[0,n] ye[0,n] \ze[0,n] yel[0,n] ye[0,n]
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where in the last equality we used Equation (13). Therefore, we write

d(O)F(0) < Y w(@)f(@) =X Y ul@)f(2) < [X]-u(0)£(0) = ] (0).

ze[0,n] ze[0,n]

In order to conclude, we just have to compute u’(0) = ¥¢efo,,) (t)q0(t) = Liefo,n] u(t) (see Equa-
tion (7)). From there,

>ou(t) <IX]- @
te[O.n] f(0)
It ends the proof since this is true for any solution u of the linear program. O

Let us stress that finding functions f satisfying the above conditions corresponds to finding solu-
tions to Delsarte’s dual linear program.

3. PACKING BOUNDS FOR ASSOCIATION SCHEMES

The best asymptotic upper bounds on the size of g-ary and constant-weight codes for a fixed min-
imum distance, i.e., packing bounds, were obtained in [MRRW?77] via Delsarte’s Linear Program
(DLP), in particular using Proposition 10. The functions that achieve the first and second linear
programming bounds are rather involved and use the so-called Christoffel-Darboux formulas for
orthogonal polynomials.

Here, we present three different families of functions satisfying the conditions of Proposition 10.
The first function that we use is very simple as it is just a convolution of bounded indicator
functions but it recovers the well-known Hamming bound which holds in any distance induced
association scheme. We made the choice to present this function as our second family of functions
has been deduced from this quite simple choice. It takes a similar function to which we add
the coefficient (¢1(x) — ¢1(d)). This is actually similar to the MRRW construction but here,
it is f that has bounded support® while the MRRW functions have fwith bounded support.
With these functions, we obtain a generalized Elias-Bassalygo bound. We are speaking here of
a “generalized” Elias-Bassalygo bound as when instantiated to the Hamming association scheme
we are precisely getting the bound known as Elias-Bassalygo. Our generalized Elias-Bassalygo
bound is very general, it only requires a distance induced association scheme which is not the case
of [MRRW77]-like bounds (see also [DL98]). Indeed, best known packing bounds obtained via
DLP are also asking the association scheme to be @)-polynomial.

This situation is well illustrated by our third choice of function which recovers [MRRW77] bounds
when instantiated to the Hamming and Johnson association schemes (our function slightly differs
from the one in [MRRWT77]). Indeed, our third and ultimate function requires the underlying
association schemes to be @-polynomial to verify conditions of Proposition 10. These functions
are close to the MRRW functions but are related to the Laplacian approach and makes the link
between the linear programming approach and the (dual) Laplacian approach.

3.1. Generalised Hamming Bound for the Linear Program. In the following theorem we
show that the Hamming bound, which exists in any distance induced association scheme, turns
out to be an upper bound for the Delsarte’s Linear Program (DLP).

Theorem 1 (Generalized Hamming Bound for DLP). Let (X,7,n) be a distance induced associ-

ation scheme with an ordering Eo, ..., E,. For any d € [1,n], we have,
X]

ALP(’I’L7 d) < =y
Zz:o Vg

®1n the sense that the support is restricted in [0,r] with r significantly smaller than n
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Proof. Our proof strategy will be to construct a good function f which satisfies the requirements
of Proposition 10. We choose,

def def
f= 1<ld—1J*1S[112;1J where 15[%J = Z 1.

=L 2

We have,

f(x)= Z ls[%J(y)ls[% 2)py,. = Z Py,

y,2z€[0,n] y,2=0
Let h =141 Since f=h*h, we have 7 = (h)? which gives

2

> (152

:( Z 13[(151J(y)py(x)) = Z py(x)
ye[0,n] y=0

We clearly have f > 0 and f(0) > 0. Also, using Equation (5), we have f(z) = 0 when z >

d > 2[%] This means the conditions of Proposition 10 are satisfied. We now compute by

Equations (6) and (8),

Y
f(0) = Z Pg,z: Z Uy,
y,2=0 y=0
S (R N (C Y
Fo=1 > p,O)f = X v
y=0 y=0
We can now use Proposition 10,
£ X
fo) sl=t,

2
=0

ALp(n d) < |X|

which concludes the proof. O

3.2. Generalized Elias-Bassalygo Bound for the Linear Program. Here, we start again
from a function f =1, 1, >0 and we do the following changes: we will take v which is a little
bit larger than [QJ This seems problematic since the function will be nonnegative for values
above d. To circumvent this, we also multiply by the function by the term (q1(z) — ¢1(d)). This
will ensure that the function f has the good sign conditions and we show that it is possible to

choose u above | 42

5| while at the same time preserbing the positivity of J?

Theorem 2 (Generalized Elias-Bassalygo Bound for DLP). Let (X,7,n) be a distance induced
association scheme with an ordering Eq, ..., E, and d € [1,n]. Suppose that q; is decreasing. Let,

" - {uo ol 200 o @)+ 1}
@ (0)
Then,
Arp(n,d) < (¢1(0) - q1(d)) - L}ﬁ

u

Proof. Again, our strategy is to find a good function to use in Proposition 10. The function f
that we use is,

def
f(@) F (@(2) = q1(d) - (Lpuy * Lpy) (@)
As ¢y is decreasing and 1p,y * 1,3 > 0, we have that f(z) <0 for x > d.
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Let us compute f Let h=1, * 1,. We compute by using Proposition 5,
h= (1’{7})2 =po » @=X1py
We have f = qih - q1(d)h so using again Proposition 5, we obtain,
F=@eh-q(dh,
from which we deduce,
(16) F=X 1, ®p2 - q1(d) - pa.

Let us admit for now that,

(17) F>p2>0

which enables to apply Proposition 10.

We can now compute (with Equations (6) and (8)),

£(0) = (@1(0) = a1 (d)) - (Lguy * 1) (0) = (61(0) = 1 (d)) %, = (@1(0) = 41 () - v,
F(0) > pu(0)? =02 > 0.

Plugging this into Proposition 10, we obtain,

0 X
Avp(.d) <X 22 < (4,(0) - au(a))-
f(0) Uu
To conclude it remains to prove Equation (17). To this aim, according to Equation (16), let us
give a lower bound on 1{1} ® p2. We have the following computation,

1y @ps(z) = x > e,
| |ye[[0n]]

2
1 1 i

2 e Z pu(y)q;J (By convexity of x — x2)
X Zye[[o n] qy 1 \yel0,n]

_ X
71(0)

where in the last equality we used Equation (10). Now we write,

(18) (1) @ pu())’

E1{1}®pu _ E1 o EPu = E1 ° D T (])D u _ ql(u) Du _ QI(U) EPu

q1(u)

from which we obtain 11, ® p, = X

Py Plugging this into Equation (18) leads to,

ql( ) u( )_ (Q1(d)+1) 2( )

1, ®p, () >

71(0) [X] X
where in the inequality we used the assumption on u. Therefore, plugging this into Equation (16)
gives,
72 (a(d) + V)p;, - au (d)p}; = py
which concludes the proof. O

Remark 4. When instantiating the above theorem, we will choose u satisfying Condition (15) but
which maximizes v, in order to to get the best upper bound as possible.
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3.3. The Dual Laplacian Argument. Here, we give general statements showing how to use a
function f satisfying,

1{1} ® fZ )\f
and certain properties to find functions satisfying the requirements of Proposition 10. The proof
of the generalized Elias-Bassalygo bound is implicitly using this approach via the following claim.

Proposition 11. Let (X,7,n) be a distance induced association scheme with an order-
ing Eo,...,E,. Let de[0,n] and let f:[0,n] — R such that,

—

(19) X1y f2(a(@+1)f . F20 , F(0)>0 , f20
with q1 decreasing. Then we have,

1(0)

Avrp(n,d) < (q1(0) - qi(d)) - [X|- 70)

Proof. We take g(x) def (1(x) = q1(d)) - f. We have g(z) < 0 for & > d since ¢y is decreasing
and f > 0. Furthermore, by assumption on [,

g= X1y & 7- (J1(d)]?2 f>o.

This means g satisfies the constraints of Proposition 10. We also have, g(0) = (¢1(0)-¢1(d))- £(0)
and §(0) > f(0) > 0. Therefore we obtain,

Arp(nyd) <X AE §_<ql(o> a1 (d)) X! ;Eg;

which concludes the proof. O

Notice that in the previous proposition we asked the function f to be nonnegative which is quite
restrictive. Fortunately, we can apply the above strategy (in the choice of f) by enforcing its square
to appear in order to ensure the positivity. However, it is at the cost of an extra convolution on
the Fourier transform but it preserves the “eigenvalue property”, i.e., 11, & fz A f\, and more
importantly, it enables more functions.

Proposition 12. Let (X,7,n) be a distance induced association scheme with an order-
ing Eo,...,E, with ¢1 decreasing. Let d € [0,n] and let f:[0,n] — R such that,
(20) X1y efz(a@+Df . Fz0 . F(0)>0

Then we have,

WO
(0

Arp(n,d) < (q1(0) - 1 (d)) - [X]- )

(feP)(0)

Proof. The key point is to observe that,
X[ 1ay @ fe f> (qu(d)+ 1)(F® f).
Indeed, let h % |X| 1y ® - (q:(d) +1)F. Notice that by assumption h > 0. Therefore,
X1 efef-(ad+1)(fef)=hef>0
by Proposition 6 since both h and fare nonnegative. Recall now that by Proposition 5,
Fe F=0.
Also, (£2)(0) = (& F)(0) > F(0)2 > 0. This means that we have,

X1y @ () 2 (@@ +1)(2) , (F=Fef>0 , (fH0)>0 , f*>0.



18 ANDRE CHAILLOUX AND THOMAS DEBRIS-ALAZARD

We can therefore use the previous proposition with f2. We obtain,
f2(0)
(ff)0)
which concludes the proof. O

App(n,d) < (q1(0) = q:(d)) - |X|-

3.4. MRRW Bounds Using the Laplacian Method. The last proposition of the above sub-
section can be used to derive packing bounds which turn out to be known as MRRW bounds.

Indeed, when instantiated to the Hamming and Johnson association schemes we exactly recover
bounds from [MRRW77].

Theorem 3 (MRRW Bound for DLP). Let (X,7,n) be a distance induced association scheme
with an ordering Ey, ..., E, which is also Q-polynomial and let d € [0,n]. Furthermore, suppose
that qq is decreasing. Let r* be an integer in [0,n] such that,

q1(d) +1<qi(r").
We suppose that there exists z € [1,n] such that g,(r*) <0 and we define,

def

r = min{ze[l,n]: ¢ (r*) <0} =min{z € [1,n]: p.(x) <0}.

Then,

Ap(n,d) < (1 (0) —q(d)) - D, .
ze[0,r—1]

To prove this theorem we will rely on the following function.

Proposition 13. Let (X,7,n) be a distance induced association scheme with an ordering
Eo,...,E, which is also Q-polynomial. Let f be the function such that,

otherwise

Va € [0,n], f(x)dgf{qi%:) if xe0,r-1]

where r and r* are defined as in Theorem 3. Then,
(i) 20, (i) f(0)>0, and (iii) [X|- 1y @ F2 () F.

Proof. By assumption on r we have for all z € [0,7 - 1], ¢,(r*) > 0 showing that f is nonnegative.
Furthermore, f(0) = go(r*)/mo = 1. Let us now show that condition (44i) holds. First,

1 —~
i > i,
X ye[0,r-1]

1 TGy (1
=7 =y (1)
|X| yeﬂozﬂ;—l]] my !

1 i . .
= X - ¢y(r*)  (By Equation (11))
ye[0,r—1] "%

1 1
= Mm*lIl(Tl)Qr(Tl)

@ (r)f(z)

X

Ve e[0,r-2], (1 ® N(z) =

where we used Proposition 4 combined with the fact that the scheme is supposed to be Q-
polynomial (see Definition 7) and the qf’j are equal to 0 if one 4, j,k is greater than the sum
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of the other two. Furthermore, using once again this assumption,

(1{1}@9}\)(7"— = H(er 2f(7“—2)+(hr 1f(7“— )+Q1rf(7"))
1 qr—r{ qr—17
(B2 B )
1 (¢ ah
= — | =g a(rt) + Lo q,« 1(r*)] (By Equation (11))
|X| my—-1 my—
1 - . .
2 K (412 1ar2(r") + ql,rl—lqr—l (r) +di, ar (r))
1 1 1 Q1(Tl)f(r_1)
= — T r— T =
X mT_l(II( ar-1(r) X

where we used for the inequality q77,. 1q,(r+) <0 coming from the definition of 7 and the positivity
of the qi’j (see Proposition 3). Finally,

Qe = > Flyd,=Ffr-1)¢,,>0

ye[0,r+1]
and Vo >7, (171 ® ) (z) = 0. From there, we deduce that,

() &
X

Va € [r,n], (1{1}®f)(l‘) 20=

z)

which concludes the proof. O

Proof of Theorem 3. First, the equality when defining r* comes from Proposition 2. Let us now
take f as defined in the above proposition. Recall that by assumption,

a(d)+1<q(r).
We can therefore apply Proposition 12 (here is used the assumption that ¢; is a decreasing function)
with the above function f. We get,
- - 1 —~ 1 -
fef(0)= X Z f(l‘)qu,x =X Z fl@)*m,
| | ze[[0,n] | | ze[0,r—1]

where in the last equality we used Equation (9). Furthermore,

2
£2(0) = 7(0)* = x1|2 [[Z ﬂf(y)qy(O))
ye[0,n
) 2
:X7|2 Z f(y)my) (By Equation (8))
ye[0,r-1]
x1| > m)( > f<y)2my)
ye[0,r-1] ye[0,r-1]

where in the last inequality we used the Cauchy-Schwartz inequality. From there, we get by
applying Proposition 12,

2(0)
A n7d < 0)- = S 1 0) - 1 d)) - my
Lp(n,d) < (q1(0) - q1(d))[X I(f & 7)(0) <(q1(0) - 2 (d)) ye[[%;_l]]

which concludes the proof. O
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4. APPLICATIONS: PACKING BOUNDS FOR ¢-ARY AND CONSTANT-WEIGHT BINARY CODES

We are interested in this section to give upper bounds on the size of g-ary and constant-weight
binary codes, i.e., subsets of Fy and S™? (words of Hamming weight a in F}), for a fixed mini-
mum distance. Bounds will also be presented asymptotically in n and in order to describe them
compactly let us introduce some notation. We define A (n,d) (resp. A(n,d,a)) to be the largest
possible codes of Ty (resp. S™2) with minimum Hamming distance at least d. Next we define,
(9) def — 1 def +— 1
RYW(§) = lim —log, A(n,|dn]) |resp. R(d,a) = lim —logy A(n,|dn], |an])

n—+oo N n—+oo N
Upper bounds over R(q)(5 ) will involve the g-ary entropy,

x
hg:xe[0,1] — —(1-2)log,(1-2)-xlog, (qj) .

This function gives the asymptotic behaviour of the binomial coefficients as shown in the following
elementary lemma which will be at the core of all asymptotic results of this section.

Lemma 1. Let t % |mn|, we have,

%logq (?)(q D' = hy(r) +o(1).
4.1. Hypercube Case. We instantiate in this subsection packing-bounds from the previous sec-
tion in the Hamming scheme (I}, 7q,n) where 7 denotes the Hamming distance. This association
scheme comes with a canonical ordering Eg, ..., E,. We give in what follows all the fundamental
parameters of this association scheme with respect to this ordering as well as required properties
to apply Theorems 1, 2 and 3. We refer the reader to [DL9S].

First, (IF:IL,TH,’H,) is a distance induced association scheme which is also @-polynomial.

Its valencies and multiplicities are given by,
(21) Vi € [0,n], vi:mi:(ﬁ)(q—l)i.
i

The p and g-numbers of the Hamming scheme involve Krawtchouk polynomials K;? which are
defined as follows,

e - X -X

vkelo.nl, KOO Y (-0 () (3
jelok JINk=]

)f) cef X(X -1)-(X —i+1)/il. More precisely, p and g-numbers are the integers given by
the evaluation of the Krawtchouk polynomials over [0,n], i.e.,

Vi ke[0,n], qr(i) = pr(i) = K9(i).

where (

Then it is readily seen that,
VZ.E[[OJ’L]]’ ql(i):(q_l)(n_i)_i:(q_l)n_qi

which is a decreasing function as required in Theorems 2 and 3. We denote AIE‘IP) (n,d) the maximum
value of the associated linear program (as per Subsection 2.6) and we define,

— 1
Rﬁqp)((S) © fim - log, Aﬁqp) (n,|dn]).
n—+oo N,
We immediately deduce from Proposition 9 that,
AD(n, d) < AD(n,d) , RD(S)<R9Y(©).

Hamming Bound. By using the valencies of (I}, 7i,n) and Theorem 1 we easily recover the
Hamming bound.
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Theorem 4 (Hamming Bound for Aﬁqp) (n,d)). For anyg,n>2andd>1,
q q

st s o)

n n

AD (n,d) < A9 (n,d) <

which implies asymptotically,
R (5) < R (5) < 1-hy (5/2).
Elias-Bassalygo Bound. Let us now instantiate to the hypercube our generalized Elias-

Bassalygo bound of Theorem 2. As we show we indeed recover the bound classically known
as Elias-Bassalygo.

Theorem 5 (Elias-Bassalygo Bound for Aé?(n, d)). For any q,n>2 and d€[0,|n(qg-1)/q]], we
have,

" e -1 qd -1
AD(n,d < A9 n,d Sqd-qi, where ud:flnq-(l—\ /1- )J

u

It implies asymptotically for any 6 € [0,(¢—-1)/q],

o [
R(q)((;)SR(L‘113(5)31_hq(Jq(6)), where Jq(é)d:qul'(l— 1_((](]_1))'

Proof. Our strategy is to apply Theorem 2. First ¢; is indeed a decreasing function. Now, let us

compute,

ue {uo € [0,n] : q;fl(tgi >q(d) + 1} which maximizes (Z)(q -1)".

We have the following computation,

q1(0) (q1(d) +1) = (g-Dn((g-)n-qd+1) = ((¢-1)n)” (1 B <Z{_1>1n)

Since d < n(q-1)/q, the right hand side term is non negative and we therefore have

01(0)* 2 01(0) (a1(d) +1) = (¢~ 1)n - quo > (¢ - l)nW
g-1)n

showing that we have to choose u smaller than,

()]

We can choose u as above as y ~ (Z)(q —1)Y is an increasing function over [[0, [n %H]. Applying

Theorem 2, we obtain,

n

AR (,d) < (01(0) ~ar ()T = g ()(Zin

The asymptotic result easily follows from Lemma 1. O

MRRW1 Bound. We now instantiate the bound from Theorem 3 to the Hamming scheme. We
recover the bound from [MRRW77, Eq. (2.6)] but in the g-ary setting ((MRRW77] restricts to the
case ¢ = 2 but it was generalized for example in [DLIS]).

Theorem 6 (MRRW1-type Bound for AIEqID) (n,d)). Let integers g,n>2 and d € [1,|n(qg-1)/q]].
Let r = [Cq-1], where Cq_1 is the first zero of K9(X). Then,

r=1
AD(,d) < AR . d) < ad- 3 (- 17 (")
=0

n
x
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which implies asymptotically for any 6 € [0,(q—1)/q],
RD(8) < RE(6) < hy (4(5)) where 3,(6) 2 (4-1- (¢-2)5-2,/(g- 131 -9)).
q

Proof. Our goal is to apply Theorem 3. First, notice that ¢1(d) +1 < g1(d - 1) so we choose
rt=d-1. Let r = [(;+] where (,: denotes the first zero of K7?(X) in [0,n]. We know that the
zeros of this polynomial are all in this interval and are simple. Furthermore, there is always an
integer between any two consecutive zeros [CS90]. Therefore, as K v?(0) = v, > 0, we obtain by

continuity,
m m
¢ (rt) ==L pu(r)=— K (r) <0,
L Vpl
Va e [0,r - 1], qu(r*) = % ppu () = % KN(2) > 0.
VUpL Uyt

This shows that r* and r satisfy the conditions of Theorem 3, which gives,
r-1 r—1 n
Aiqp)(n, d) < (ql(O) - ql(d)) . Z;)mT =qd- Zg)(q _ 1)x(z)

We now prove the asymptotic part of the proposition for a fixed ¢ € (0,(¢—1)/q). The asymptotic

part of the proposition follows from the asymptotic expansion of ¢, (which denotes the first root

of K»9(X)). Indeed, given z € [0,n] such that z/n — « €[0,(q-1)/q], we have [DLI8, §IV.
n—+oo

Fl,
Se = vy.(a)+o(1).

n n—>+oo

In our case, r*/n = (d - 1)/n - 6 € [0,(¢g —1)/q] (where d = |[én]). Therefore r/n =
[Ge]/n —> ~4(8). We can conclude using Lemma 1 that Ri’g(& < hg(vq(9)). O
n—>+oo

Discussion. We now recap in Figure 3 the asymptotic upper bounds over R(q>(6) obtained in
Theorems 4, 5 and 6 in the binary case, i.e., ¢ = 2. We have also added the best known upper bound
on R(6): the second linear programming bound from [MRRW77, Eq. (1.4)]. As we mentioned in
the introduction, the latter was obtained in [MRRW77] via an upper bound over constant-weight
binary codes and not directly via the linear program derived from the Hamming scheme. More
precisely, [MRRW77] used first the following bound (which turns out to be the key inequality to
obtain the Elias-Bassalygo bound via combinatorial arguments),

2"1
Va e [[Oa l”/2ﬂ]7 A(2)(n7 d) < m A(Tl, da a)'
Therefore, providing upper bounds on A(Q)(n, d) can be reduced to finding upper bounds on
A(n,d,a) and then optimizing over the radius a. To obtain good bounds on A(n,d,a), [MRRWT77]
relied on the linear program derived from the Johnson sphere. We will proceed similarly in the
next subsection by instantiating Theorems 1, 2 and 3 in this context.

Though the second linear programming bound was obtained thanks to a solution of the linear
program derived from the Johnson scheme, Rodemich [Rod80] showed how to turn the latter into
a solution of the linear program derived this time from the Hamming scheme. In other words,
Rodemich’s result shows that there exists a better solution of the linear program in the Hamming
scheme than the one obtained in [MRRW77] and ours. However this result only holds in the binary
setting. Indeed, in the g-ary setting the Johnson scheme does not yield an association scheme,
and therefore Delsarte’s approach does not apply, i.e., there are no linear program to solve. But
it can be proved that the Elias-Bassalygo bound is better for any g than the bound derived from
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R(2>(6)
104

MRRW1
fffff Elias-Bassalygo
‘< —— Hamming
; MRRW2

0.8

0.6

0.4

0.2

FiGURE 3. Upper bounds over R(2)(5 ) via the linear program with the Hamming
(Theorem 4), Elias-Bassalygo (Theorem 5), MRWW1 (Theorem 6) bounds and
MRRW?2 being the second linear programming bound [MRRW77, Eq. (1.4)].

Theorem 6 (which corresponds to the first linear programming bound of [MRRW77] instantiated
in the g-ary case). In other words, as Rodemich’s idea does not apply when ¢ > 2, our work
has exhibited for this setting and small minimum distances, a solution which is better than all
previously known solutions of the linear program derived from the Hamming scheme. By way of
illustration we give in Figure 4 the asymptotic upper bounds over R(?(§) obtained in Theorems
4,5 and 6 for some ¢ > 2.

MRRW1
77777 Elias-Bassalygo
Hamming

0.8 A

0.6 -

0.21 NN

0.2 0.4 0.6 0.8 1.0

FIGURE 4. Upper bounds over R(%)(§) via the linear program with the Hamming
(Theorem 4), Elias-Bassalygo (Theorem 5) and MRWW1 (Theorem 6) for g = 121.

4.2. Johnson Sphere and Relation to the Hamming Cube. We consider now the Johnson
scheme (8™2 75 = 7i/2,a) where S™? denotes the set of words of Hamming weight a € [0,|n/2]]
in the Hamming cube F5. It is a distance induced scheme with a canonical ordering Eo, ..., E,
which is also Q-polynomial [DL98]. Its valencies and multiplicities are given by,

wetoa - ()077) me()-(7)
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The g-numbers of the Johnson schemes involve Hahn polynomials H; which are defined as,

k\(n+l-k
Vke[0,a], H"“(X) d:dmk Z (—1)37(])( E )( ‘),
je[0,k] Uj J
where the v; depend on a. More precisely, the g-numbers are then the integers given by the
evaluation of the Hahn polynomials over [0, a], i.e.,

. .\ def n.ay -
(22) Vi, ke[0,a], qr(i) = H."(i).
We have in particular,
(23) ()= (-1 (1-——
a(n-a)

which is a decreasing function as required in Theorems 2 and 3. We consider the linear pro-
gram associated to this association scheme and we denote App(n,d,a) (as per Subsection 2.6) its
maximum value. Let,

ae . 1
Rip(d,a) ol Jim = logy App(n, |nd], |nal)
n—soo 1,

be its asymptotic value. We have,

A(n,d,a) < App (n,ng,a) , R(6,a) < Rrp(6/2,a).

The factor two in the distance comes from the fact that in the association scheme (S™2, 7y, a),
the distance is half of the hamming distance while A(n,d,a) and R(J, o) are defined with respect
to the Hamming distance.

Hamming Bound. By using the valencies of (S™2,7;5,a) and Theorem 1 we easily recover the
Hamming bound.

Theorem 7 (Hamming Bound for App(n,d,a)). Fiz integers n,a,d, where a € [0,|n/2]] and d €
[1,n]. We have,

ALp(n, d,CL) < lS_al)J = [d_lj(a)
Lo e T ()0
which implies asymptotically for any o € (0,1/2) and 6 € (0,a(1 - ),

)

4]

R(26,a) < Rpp(6,a) < hao(a) - (ahz (%) +(1-a)hs (2(1_04)))

Elias-Bassalygo Bound. We now instantiate to the Hamming sphere S™2 our generalized Elias-
Bassalygo bound of Theorem 2. To the best of our knowledge the following upper bound on the
linear program was not known.

Theorem 8 (Elias-Bassalygo Bound for App(n,d,a)). Fiz integers n,a,d, where a € [0,|n/2]]
and d € [0,a(n—a)/n]. We have,

Arp(n,d,a) < (n- 1)@(:? 3 . (a)((an)a)7 where dﬁflw (1 - \/1 - a(:c—la) + nil)J

u

which implies asymptotically for any a € (0,1/2) and § € [0,a(1 - a)],

R(26, @) < Rup (6, ) < ho(a) - (ahQ (K(ZW“)) +(1-a)hsy (w))

1-a
where K(0,a) d:efoz(l -a) (1 —-4/1- ﬁ)
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Proof. Our strategy is to apply Theorem 2. First ¢; is indeed a decreasing function. Now, let us
compute,
2
weuge0,n]: @(uo0)” > ¢qi1(d) +1; which maximizes (a)( “ )
q1(0) u/\n—-a
We have,
9 nd 1
@ (0) ((d)+1) =(n-1)7|1- ——~<+—|.
a(n-a) n-1

Since d € [0,a(n — a)/n], the right hand side is nonnegative and

_nd 1
a(n-a) n-1

q1(ug)? >Q1(O)(‘11(d)+1)©1_a( = a) \/1_

showing that we have to choose u smaller than,

R ERE

We can choose u as above as y (Z)(";a) is an increasing function over [[O, {

a(n-a)

ﬂ] Applying
Theorem 2 ends the first part of the proof. The asymptotic result easily follows from Lemma 1. [

MRRW Bound. We end our instantiations by the bound from Theorem 3 to the Johnson scheme.
We recover the bound from [MRRW77, Eq. (2.16)].

Theorem 9 (MRRW1-type Bound for App(n,d,a)). Fiz integers n,a,d, where a € [0,|n/2]]
and d € [0,a(n —a)/n]. Let r be an integer such that,

(1) <(d-1)< C(l)

where ¢V is the first zero of H»*(X). We have

r—1

Arp(n,d,a) < (q:1(0) - q1(d)) Z%mm

which implies asymptotically for any a € [0,1/2] and § € [0,a(1 - a)],

R(26,0) < Rup(6,0) < ha(B(S,0) with B(5,a) ( \/1—4(\/a(1—a) —5(1-0) _5)2).

n(n-1)
a(n-a)

qi(d) +1<qi(d-1).

For each z € [0,a], let ¢ < ¢ <o < ¢l be the zeros of H»*(X) in [0,a]. We know that the
zeros of H»*(X) and H, a(X) are interlaced, i.e.,

z+1

Proof. Fix integers n,d,a. We write ¢1(d-1) —¢1(d) =

> 1 which implies,

(24) D < ¢ < ¢

Furthermore, we know that there exists an integer in the open interval (Cé 1 @ )) [MRRWT77, §B].

Therefore, by supposing that there exists x such that M

such that,

<d-1, we can choose the minimum r

(V< (d-1) < <@

where in the last inequality we used Equation (24). Let also r* = ef 1. Since, as shown above

rt< C( we have H»*(xz) <0 for x € [¢r M, r*] as H*(0) =m, >0 and the zeros of H»*(X) are
simple. In particular, ¢,(r*) = H»*(r*) < O Moreover, we know that ¢{" > ¢! for z € [0,r —1].
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Therefore as H*(0) = m, >0, we have that for all z € [0,r - 1]}, g (r*) = H»*(r*) > 0. One can
therefore use Theorem 3 to obtain,

r—1

Arp(n,d,a) < (q1(0) - q1(d)) Z%mx

However, we still need to ensure that there exists x € [0,a] such that gﬁ” <d-1. To this aim we

will use the asymptotic of ¢{" for n large enough. First, we choose d “<' [6n] and a def lan]. Let

us suppose that z/n — B €[0,a]. We know from [DL9S8, §F| that,
n—+oo
G
~ C(B) + 0(1)5
n n—+oo

where,

det (1 -a) - B(1-5)
¢(B) = 1+2/3-5)

Furthermore, we know that ¢ maps the interval [0,«] onto [0,a(l —a)]. We also know that ¢
admits an inverse ¢~ that maps [0,a(1-«)] to [0,a] and it is an increasing function. Recall that

we supposed § € [0, a(1 - «)] where a = |an|. Therefore, the minimum r for which we can ensure
(for n large enough) Cr(l) <d -1 is such that r/n — 3 where,
n—+00

2
B=B(8,a) S ¢ 1(6) = % (1—\/1—4(\/a(1 —a)-o(1-4)-4) )
Therefore, when § € [0, (1 — «)], we obtain as asymptotic bound,
RLP(aaa) < h2 (B(&O[))

which concludes the proof. O

Discussion. We depict in Figure 5 the asymptotic upper bounds over R(J,«) obtained in Theo-
rems 7, 8 and 9 for some relative radius a. As it can be noticed the generalized Elias-Bassalygo
bounds gives better result than the MRRW-like bound from Theorem 9. It turns out that this
result holds for § close to 0 for any relative radius a. Indeed, we can compute

~ 1+2\/a_a25+

B(4,a) 5o @ o o(6)

which gives,

(logy (1 — @) —logy @) (1 + 2V - oz2)6+0
1-2«

Ryrw (6.0) < ha(B(6.0)) = ha(a) - ().

On the other hand, we have K (4§, «) 5o g +0(0) and ho(6) 5o -dlogy § — 0(dlog, &) which gives

Rgp(d,a) def ha(a) — ahg (K(‘;W“)) —(1-a)hs (Km) o ha(a) + dlog,(8) + o(d1logs (8)).

One can see here, that Rgp(d,a) decreases faster for 6 — 0% than for the MRRW
bound Rygrrw (6, ), and this holds for any o € (0, 3).
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FIGURE 5. Upper bounds on Ry p(4, ) via the linear program with the Hamming
(Theorem 7), Elias-Bassalygo (Theorem 8) and MRRW (Theorem 9) for a relative
radius o = 0.15.
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APPENDIX A. PROOFS ON CLAIMED RESULTS ABOUT ASSOCIATION SCHEME

Our aim in this appendix is to provide a self-contain section proving all results from Subsections 2.1
to 2.3. We recall here definitions and propositions of these subsections instead of referring to
them for ease of reading. Furthermore, we will use Dirac’s bra-ket notation as introduced in
Subsection 2.5.

Recall that where are given (X,7,n), where X is a finite set and 7 : X> — [0,n] is a distance.
Furthermore, we consider the following adjacency matrices D; € C(X2) for i € [0, n],

Di(z.y def lif r(z,y) =1
' 0 otherwise

In other words,

(25) Di= ) lzXyl.

z,yeX
7(z,y)=i

We have defined distance induced association schemes as triplets (X, 7,n) satisfying the equipar-
tition and non-degenerate properties which are defined as follows.

Definition 1 (Equipartition Property and Non-Degenerate Triplets). (X, 7,n) is said to satisfy
the equipartition property if for each i, j, k € [0,n], there exists a nonnegative integer pﬁj such that,

Vax,z € X such that 7(z,2z) =k, |{yeX: 7(z,y) =1 and 7(y,2) =7} :pf,j.

Furthermore, a triplet (X,7,n) satisfying the equipartition property is said to be non-degenerate
ifp’fj}j 0 for all ke [0,n-1].

From the symmetry of 7 we easily get the following equation,
(26) vi,jke[0,nl,  pl;=pj;

The equipartition property ensures that the complex vector space generated by the adjacency
matrices D; is closed under matrix multiplication, i.e., it forms an associative algebra.

Proposition 1. Let (X,7,n) satisfying the equipartition property and let (Di)ie[[o,n]] denote the
associated adjacency matrices. We have,

Vi,je[0,n], D;-D;= Y pf Dy
ke[0,n]

Proof. According to Equation (25) we have the following computation,

D, D; = > [z Xyl - [z Xy'|

z,y,z’ Yy’ eX
7(z,y)=i and 7(z’,y")=j

> Xy

z,2,y eX
7(z,2)=i and 7(2,y")=j

> >, )y/|

ke[0,n]  x,y'eX - zeX o
(z,y' )=k 7(z,2)=1i and 7(z,y")=j

k
= Z Z pi,jlx)(y'l
ke[O,n]  x,y’eX
T(z,y")=k

where in the last equality we used the definition of the pf’ ; given in Definition 1. To conclude the
proof it remains to use Equation (25). O
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We are now ready to properly define distance induced association schemes.

Definition 2. A distance induced association scheme is a triplet (X,7,n) where X is a finite
set, 7 : X2 — [0,n] is a distance and (X,T,n) satisfies the equipartition property and is non-
degenerate.

A.1. Polynomial Relations. According to Proposition 1 and Equation (26), the associated ma-
trices D;’s from a given association scheme (X, 7,n) commute. Therefore these adjacency matrices
(over C) are diagonalizable in the same basis (they are all diagonalizable as DI =D, by symmetry
of the distance 7). We can actually prove that they also share the same eigenspaces.

Notice that 7 is ranging over [0,n] and it satisfies the triangular inequality (it is a distance) from
which we deduce the crucial equation,

(27) pfj:O if k>i+4, or |j—i|>k or assoon asi,j,k>n.

Notice that together with Proposition 1 it implies the fundamental relation,

(28) Vke[0,n], DiDy =piy Diy +pf Dy +piy Dy
But, as (X, 7,n) is non-degenerate, i.e., p]fjcl #0,

1 _
(29) Dyi1 = —— (D1Dg - pi ' Dyt - P, Die) -

1,k

In particular, Dy is some polynomial of degree 1 in D; (D is the identity matrix). We can then
extend this result to the other D;’s as shown in the following proposition.

Proposition 14. Let (X,7,n) be a distance induced association scheme with adjacency matri-
ces (Dy)icfo,n)- Then, for allie [0,n], there exists a polynomial P; e R[X] of degree i with leading
, i-1 j+1\~1
coefficient (szll pfjl) such that
D, =P, (Dy)

We call these polynomials the fundamental P-polynomials of the association scheme (X, T,n).

Proof. This proposition follows from a straightforward induction using Equation (29) and the fact
that (X, 7,n) is non-degenerate. O

A.2. Eigenstates and Eigenvalues of the D,’s: Introducing the E,’s. The polynomial
relation from Proposition 14 shows that the D;’s share common eigenspaces in addition to be
co-diagonalizable. Furthermore, combining this result with Proposition 1 (in particular Equa-
tion (27)) shows that the D,;’s can be decomposed as the sum of n + 1 orthogonal projectors.

Proposition 15. Let (X,7,n) be a distance induced association scheme with associated adjacency
matrices (Dy)ico,n). There exist orthogonal projectors (Eq)ico,n) and distinct (X;)iefo,n] € R+
such that,
Vie [[077’1]], Di = Z PZ()\j)E]
jefo,n]
where the P;’s are the fundamental P-polynomials of the association scheme (X,7,n).

Furthermore, one can choose
1
Eo = - =Xyl
X] 2

z,ye[0,n]
Proof. First, D; is diagonalizable because DJ{ = D, and its eigenvalues are real. Therefore there
exist real numbers Ag > A\; > --- > A\, and orthogonal projectors Eg, ..., E,, such that,

(30) D = Y \E;
jelo,m]
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From Proposition 14 we deduce that (notice that E? =E; and E;E; =0 for ¢ # j),
(31) Vi e [[O,?’l]], Dl = Pz(Dl) = Z PZ(AJ)E
je[0,m]
where the P;’s are the fundamental P-polynomials. They have degree ¢ and leading coeffi-

cient (H; 11 pjfjl) Let us show that m =n to conclude the proof.

First, m > n. Indeed, by the decomposition from Proposition 1 and using Equation (27) we get,
(32) DD, = p} ;' Dy1 +pf ., Dy
Let

)

Qdefplp plnPnfl_p?,nPnER[X]'

This polynomial has degree < n + 1. Furthermore, plugging D,, = P,(D;) and Dy = P;(Dy)
into Equation (32) shows that Q(D;) = 0. Therefore, from the fact that the E;’s are orthogonal
projectors and Equation (30),

Vie0,m], Q(\)=0.
But the degree of @ is < n + 1 showing that m < n. Let us show now that n < m. Assume by

contradiction that m < n. Let R(X) ' [T720(X - \;). By Equation (30),
R(D;) = 0.

By writing R(X) = X™ + X% Ya; X7, we obtain
m—1 X
R(D]_) = D71n + Z aJDJI
=0

a1
By definition, P, has leading coefficient (H}'L}l pjlj'jl) . Therefore, by using D,, = P,,,(D1) (see

Equation (31)) with the fact that the E;’s are orthogonal projectors, we obtain for some b;’s,

m-1 m~—1
R(Dl) = ( H pjlj—jl)Dm + Z bij.

j=1
It shows R(D;) # O which is a contradiction. Indeed, (X,7,n) is non-degenerate: by definition
the pfjl’s are non-zero.
To conclude the proof let us show (up to a re—ordering) that we have,
Eo=r >, loX
| z,yeX |X|
First, notice that J = ¥;c[o,,,j D:. Therefore, J belongs to the space generated by the D;’s which

is also generated by the E;’s. It shows that we can write J = ;[0 5;E; and we can suppose
that By # 0. As the E;’s are orthogonal projectors we get,

1
(33) E = B—JEO =EyJ.
In particular Eg and J commute. On the other hand, as J? = |X| J, we also have,
B
JE, = —J2E0 _ 1y (Egd) =27
X X X

where 3 is the sum of all the entries of Eg. We deduce by combining the above equation and
Equation (33) that Eg is a scalar multiple of J. Using now that EZ = Eg shows that Eq = 1/|X|J
which concludes the proof. O

The fundamental parameters of an association scheme are defined with respect to an ordering
of the matrices (E;)c[o,nj- In what follows we will only enforce an ordering such that, Eo =
1/IX| X4 yefo,n] [z Xyl which is possible as shown in the above proposition.
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Definition 3 (p-numbers). Let (X,7,n) be a distance induced association scheme with an order-

ing Eo,...,E,. Its underlying p-numbers p;(j) are defined as,
Vie[[O,n]], Di: Z pz(j)EJ
jefo,n]

Remark 5. The matrices E;’s are the orthogonal projectors over the (common) eigenspaces of the
adjacency matrices D;’s. Therefore they sum to the identity, i.e., Yie[o,n) Ei = 1d. But Do = 1d
which shows from the decomposition in Definition 3 that,

(34) Vjelo,n], po(y)=1.

The p-numbers are well defined as matrices (D;);efo,n] and (E;)c[o,n] generate the same Hilbert
space of dimension n + 1.

Proposition 16. We have,
pr()pi(F) = P i1 (§) +P1pi(5) + DL pina (5)
Proof. First, by using Definition 3,

D;-Di= Y pi()pi(DE:-Ec= ) pi(j)pi(H)E;
7,£€[0,n] jel0,n]
where we used in the last equality that E; - E; = 55 - E; as orthogonal projectors. Recall now that
from Equation (28),

Vjel[0,n], DiD;= plfilDzel +pi,D; +P§T¢1Di+1
= > (PP () + 01 i (G) + P i (4)) By
jelo,n]

It ends the proof by using the unicity of the decomposition given in the basis (E;)c[o,n]- O

The fact that the (D;)efo,n) and (E;)ic[o,n] generate the same Hilbert enables to define the g-
numbers, an equivalent of the p-numbers (according to Definition 3), where the E;’s and D,’s are
interchanged.

Definition 5 (g-numbers). Let (X,7,n) be a distance induced association scheme with an order-
ing Eo,...,E,. Its underlying g-numbers q;(j) are defined from the expansion of the orthogonal
projectors E; in the basis of adjacency matrices (Dj)jefo,n], -,

) 1 .
VZE[[O’H]], Ez:m Z qt(])DJ
jelo,n]
Notice that the g-numbers are uniquely defined as for p-numbers and they are real numbers
as B! = E; and D! = D,.

Remark 6. In Proposition 15 we chose an ordering such that

(35) Bo=— 3 [zkyl.

X z,ye[0,n]
Here the D;’s are adjacency matrices associated to a metric. In particular they sum to |X|-Eq.
Therefore it is necessary that,

vje[[()?n]]’ QO(j):l'

It may be tempting to conjecture that the g-numbers verify also a 3-term order recurrence as the
one given for the p-numbers in Proposition 16. It will turn out that such relation is crucial for
our purpose. However, we first need to define an equivalent of the pfvj’s: the ql{ ;'s. There will be
defined in Subsection A.4 and they are known as Krein parameters. To this aim let us study the
orthogonality relations of the D;’s and E;’s.
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A.3. Orthogonality Relations. It turns out (by symmetry of the underlying distance 7) that
the D;’s are orthogonal, i.e., (D;[D;) = 0, but also the E;’s, i.e., (E;|E;) = 0, as orthogonal
projectors.

Recall that we have defined their norms (with a normalization) as follows.

Definition 4. Let (X,7,n) be a distance induced association scheme with an ordering Eq, ..., E,,
we define,

der [ Di?

. def
Vie[o,n], w; i =
X

and m; F |E|? = rank(E;).

The p and g-numbers were derived from matrices D;’s and E;’s. They satisfy the following
“orthogonality” relations.

Proposition 17. For any i,j € [0,n],

> pilk)pi(k)ymy =67 v [X| and Y qi(k)g;(k)ok =6 -m; - X
ke[0,n] ke[0,n]

Proof. We just have to use Definitions 3, 5 and the orthogonality of the D;’s and E;’s. O

Furthermore, p and g-numbers are related as follows.

Proposition 2. Let (X,7,n) be a distance induced association scheme with an order-
ing Eq,...,E,.

Proof. First, by Definition 3 and orthogonality of the E;’s,

1

(36) Vjelo,n], (DiE;)=p;(j)|E;|*=pi(j)m; and <E;-\Di>=m

¢; (D)Di]* = g5 (i)vs.

To end the proof we just have to use the fact that (A|B) = (B|JA) and that the p;(j)’s and ¢;(j)’s
are real numbers. O

A.4. Algebra Structure for Pointwise Multiplication. In the above subsections we investi-
gated the structure of distance induced association schemes via the complex complex commutative
algebra H generated by its underlying adjacency matrices D;’s. As we have shown, it turns out
that H is also generated by matrices E;’s which are orthogonal as the D;’s. However, though H
forms a an algebra for the standard matrix-product, it is also (surprisingly) closed under the
pointwise multiplication (M, N) — M o N where,

Mo N(z,y) = M(z,y)N(z,y).
Indeed the D;’s verify the following relation
(37) D;oD; =6/ -D;
and we have the following proposition which in particular gives an equivalent of the pg ;S

Proposition 18. We have,

def 1
X|-E; o E; = Z qﬁjEk, where qﬁj :fY Z ¢i(m)q;(m)pm (k).
ke[0,n] | | me[0,n]
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Proof. First,

EioE;j= > (2[Eily) (z|E;ly) [«Xy|
z,ye[[0,n]

:# Z ( Z <x|ql(k)Dk|y>)( Z (x|‘Ij(€)Dz|y>)|$><y| (By Definition 5)

z,ye[0,n] \ke[0,n] Le0,n]

1
- F D > ai(m)gi(m) |z Xyl
me[[0,n] zéye[[()),n]]
T(z,y)=m

Therefore,

1 1
EioE; = — Y. ai(m)g;(m)Dy, = ~ Y. ai(m)g;(m)pm(£)E,
|X| me[0,n] |x| m,0e[0,n]

which concludes the proof. O
The numbers qﬁ ;s are analogous to the pf, ;'s but when decomposing in the basis given by the E;’s
and considering the pointwise multiplication. It turns out that the ql’f ;s are known as the Krein

parameters of the underlying association scheme and they indeed share the same kind of property.
It is readily verified that from Proposition 18 that the quj’s are symmetric, i.e.,

Vi, ke[0,nl, 4 =dqj

Furthermore, Krein parameters verify numerous relations. In the following proposition we give
some of them which are useful four our purpose.

Proposition 19. Let (X,7,n) be a distance induced association scheme with an order-
ing Eo,...,E,. We have, for all z,y € [0,n],

(D) ¢, =me>0 , (2) X qr=q(0) , (3) ma-qi,=my-q",.
ye[0,n]

Proof. Let us first prove (1). By Proposition 18,

qﬁz,x:% S a(m) s (m)pin (0)

me[0,n]
1 Um, .
=— > qu(m)gz(m)—"qo(m) (By Proposition 2)
|x| me[0,n] mo
1
= m Z qgc(m)Qw(m)Um (mo = rank(EO) =1 by Equation (35>)
me[0,n]

Mg
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where in the last equality we used Proposition 17. We prove now (2). First, according to Propo-
sition 18,

> = 2 a(m)gy(m)pm(x)

ye[o,n] y,me[0,n]
= ql(m)pm(ﬂc)( > mypm(y))
me[0,n] Um ye[0,n]

> ql(m)pm(x)( > mypm(y)po(y)) (By Equation (34))

me[0,n] Um ye[0,n]

= > a(m)pm (93) (By Proposition 17)
me[0,n]

=q1(0)

where in the last equality we used that pg is constant and equal to 1 as shown in Equation (34).

Let us now finish the proof by proving (3). According once again to Proposition 18,

@i= Y a(m)g(m)pm(y).
me[0,n]

Therefore, according to Proposition 2,

@i= > a(m) pm(l‘)i qy(m) qij,l
me[0,n] My

which ends the proof. O

More surprisingly, Krein parameters are also positive (which is crucial for our purpose, in particular
to prove Proposition 6) as shown in the following proposition.

Proposition 3. Vi, j, k€ [0,n], q” > 0.

Proof. Let 1) € C(X). Let us introduce the following linear operator,
def
AE Y (Ylr) |z )a]

zeX
We have the following computation,

|E;AE;|? = tr (ATE;AE;) = Y (y| ATE,AE; |y)

yeX
- 5% 001 018 5 (ol e B 0
= ZXme)Ei(yvx)Ej(x,y)
= ZXW(¢|I)Ei(I7y)Ej($7y) (El = E; and E; is real)

(38) = 22 4 (Wly) (V) Bz, y)

ke[0,n] y,zeX

Furthermore, we have,

|Ex |[¥) [* = (V| Ex i) = ( > Eu(z,y |x><y|)|w > a (Wly) (Ylx) Be (2, y)

2, yeX y,reX

Plugging this into Equation (38) shows that,

IEAE; 2= 30 g |Exle) |?
ke[0,n]
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Given ko € [0,n], we choose [¢0) such that E, [¢0) # 0 and Ey [¢)) = 0. It is possible since the E;’s
are orthogonal projectors. Plugging such [¢)) in the above equation shows that,

|BAE; |* = ¢/%Ex, [¢) > 20

where i, j, ko € [0,n] are arbitrary. It concludes the proof. O

Krein parameters also appear when considering the product of g-numbers.
PI‘OpOSitiOI‘l 4. Vi, kag € [[Oa TLH, Qk(l)qé(z) = Zme[[O,n]] QIT:ZQm(Z)

Proof. By Definition 5 Equation (37) and orthogonality of the D;’s whose square norm is v;,
1 1
qr(1)qe (i) = 75 (X Ei o [X|- E¢,D;) = ———(|X|- E; o [X| - E(, D;)
HDiHQ(l | X |><|,Ui(l | X
Now using Proposition 18,
@ (1) qe(i) = — Z qk,'g(Em,Dﬂ = Z Qi ¢ Vi qm (1)
Vi mef0,n] Vi ke0,n]

where in the last equality we used Equation (36). It concludes the proof. O
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