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1. Introduction

A Pélya urn scheme consists of a container that has t, balls present at the nth step, and each ball can be any of k > 0
possible colors. The color of an individual ball does not change. The dynamics of the system are attributed to the addition or
removal of balls, into or out of the system. An urn scheme consists of four (repeated) steps:

Drawing a ball out of the urn, uniformly at random;

Noting the color i of the ball, where i € {1, 2, ..., k};

Placing the ball back into the urn;

Utilizing a set of rules for changing the quantities of balls in the urn, according to a replacement matrix A, depending
on the color of the selected ball.

Lol o

This urn scheme has been well studied. The origins of the scheme can be traced back (at least) as far as 1977 in the works
of Johnson and Kotz (1977). If the steps can be repeated indefinitely - without running out of all colors simultaneously, and
without having insufficient numbers of balls for the required replacements - the urn scheme is called tenable. If at least
one path exists in which the urn scheme cannot satisfy the replacement matrix rules, or in which the total number of balls
reaches 0, then the urn scheme is untenable. A state in which the replacement matrix rules cannot successfully be applied is
known as an untenable state.

The scheme begins with a vector Xo = (Xo.1, . . . , Xo,k). The variable X, ; denotes the initial number of balls of color i in
the urn. We use 7o := )_,Xo,; to denote the total number of balls in the urn at the start. The replacement matrix A is of size
k x k. The entry A; j (on the ith row and jth column) denotes the number of balls of color j that are added to the urn, when a
ball of color i is drawn (Mahmoud, 2003). All Pélya urn schemes are composed of two elements: the initial conditions, Xo,
and the replacement matrix, A, written (Xp, A).

Itis of interest to characterize and identify the unique starting conditions and replacement matrix rule conditions that will
encompass all tenable urns. This paper characterizes such tenable urn schemes through mathematically necessary conditions
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for tenability. This characterization can quickly pinpoint if a model is tenable, where an untenable model is getting stuck, and
how untenable models can be adjusted to become tenable. Furthermore, these results can be extended to find the smallest
change to an untenable urn scheme that will result in a tenable urn, and lays the foundation for an if and only if statement
for all tenable urns.

The Pélya-Eggenberger urn (Johnson and Kotz, 1977) is an example of a tenable urn scheme involving two colors, whereas
the Pills Problem (Hwang et al., 2007) is an untenable urn scheme involving two colors. Mahmoud (1997) describes an urn
model representing binary trees using three colors, and Mahmoud and Smythe (1992) use four different colored balls to
represent the placement of a node inside a tree. Further, Yamato (1993), Holst (1979), Janson (2003), and Athreya and Karlin
(1968) describe urn models using multiple colors. It is therefore of interest when studying urn models to not restrict the urn
to two colors, but to generalize to an urn with up to k colors.

With the vast use of urn models in different disciplines, it is of interest to examine the structure of urn models. Using
characteristics such as the entries in the replacement matrix, growth or decay over time, and number of balls added on
each draw, many categories of urns have been studied. Balanced urns, in which the number of balls in the urn remains
constant, have been very well-studied; see, for instance, Bagchi and Pal (1985), Bai and Hu (1999), Flajolet et al. (2005),
Gouet (1989) and Mahmoud (2009). Many subcategories of urn models have been developed including: sacrificial urns
(and semi-sacrificial urns) (Flajolet et al., 2006), elliptic urns (Flajolet et al., 2005), and triangular urns (Janson, 2006)
(which also appears as part of Flajolet et al., 2005). Models have also been studied in which the number of balls in the urn is
diminishing (Kuba and Panholzer, 2010).

Each of these current categorizations are defined only using the replacement matrix A. There exists a much broader
category of urns known as tenable urn schemes, that requires knowledge of both the replacement matrix A and the initial
conditions X, (Janson, 2003; Johnson and Kotz, 1977; Mahmoud, 2003, 2009). This paper looks to characterize all tenable
urn schemes.

2. Tenable urns

We use X, ; to denote the number of balls of color i at the nth step. If (X, A) is an urn scheme, we need to have X,,; > 0
for all n and i to maintain tenability, i.e., we can never have a negative number of balls of color i in the urn. Additionally, a
tenable urn needs at least one ball present at all times. Therefore the number of balls 7, that are in the urn at the nth step
needs to satisfy 7, := ) Xp; > 1.

Suppose that an urn scheme (Xp, A) begins with at least one ball (i.e.,, 7, > 0), and all elements of the replacement
matrix are non-negative, i.e., A;; > 0V i, j. The urn scheme (Xo, A) is tenable, as the number of balls for all colors is always
non-decreasing, and therefore will never reach an untenable state. Therefore, tenability is only in question if at least one
element in A is negative. For this reason, all characterizations that follow focus on negative values in A and conditions
needed to maintain tenability in such instances. Specifically, there are three categorizations of negatives occurring in the
replacement matrix: negative entries occurring on the diagonal elements (i.e., A; ;), negative entries occurring in the same
column (i.e., A ;), and negative entries occurring in the same row (i.e., A; ).

2.1. All essentiality

For a given urn scheme (Xo, A), if color i never appears in the urn, i.e., if X, ; = 0V n, then row i of the replacement matrix
(i.e., Aj ), becomes irrelevant. The rules of A; . will only be enforced if a ball of color i is chosen from the urn. As no ball of
color i ever exists in the urn, then A; , does not affect the tenability of the urn scheme. In such a case, color i is referred to as
non-essential. Conversely, a color is referred to as essential if the probability is 0 that a stochastic path will require taking out
more balls of that color than are present in the urn, and the probability is 1 that it will appear in the urn at some point n.

All-essentiality of a tenable Pélya urn scheme (Xo, A) means that almost surely, any ball color will eventually appear
while drawing. One can naturally decompose a k-color tenable scheme into smaller all-essential schemes. For this reason, it
would be adequate to derive all following theorems only for all-essential schemes.

2.2. Negatives on the diagonal
The first instance of removing balls from the urn due to negative values in the replacement matrix that will be explored
is the removal of balls of the same color as the ball drawn. In other words, a negative value on a diagonal element of the

replacement matrix (i.e., A;; < 0).

Theorem 1 (Gouet, 1989 and Janson, 2003). Let (Xo, A) be an all-essential tenable urn and suppose there exists an i such that
Aii < 0. Then the starting value Xy ; is a non-negative integer multiple of |A; ;|, and each A, ; is an integer multiple of |A; ;.

2.3. Negatives in the same column

The next instance of removing balls from the urn due to negative values in the replacement matrix involves the draw of
a ball of color i requiring the removal of balls of color i from the urn, as well as the draw of a ball of color j requiring the
removal of balls of color i. In the replacement matrix (i.e., A;j < 0).
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Theorem 2. Let (Xo, A) be an all-essential tenable urn scheme such that A;; < 0 and A;; < 0, then

1. Aj,j < 0,
2. A,"i = Aj,i and Ai,j = Aj,jv and
3. det (*“?’j Ql) —o.

Xo 0.j

4. If, in addition, there exists an £ such that Ay ; > 0, then det (A;‘i 2;’1) =0.

5. If, in addition, there exists an £ such that A, ; < O, then Ay j = Ajj and A¢ ¢ = Aj .

Proof. Suppose that A; ; is nonnegative. As color j is essential, there exists an n such that X,, ; > 0. After | I)/:;l :I
draws of a ball of color j, the urn will reach an untenable state. Therefore, A;; < 0. ’
Suppose that A;; # A;; and without loss of generality, |A; ;| < |A;;l. It is possible to draw | I — 1 balls of color j, after

which there will be |A;;| < |A;;| balls of color i remaining in the urn. Upon drawing a ball of color i, the urn scheme will
reach a state of untenability, as the drawing of such a ball requires the removal of |A;;| > |A;;| balls of color i, while only
|A; i| remain. Therefore A; ; = A;;, and a similar argument can be used to also show that A;j = A; .

From Theorem 1, there exists m; such that X, ; = m;|A;;|, and similarly there exists m; such that X,,; = m;|A;;|. Since
Aij = A;j, then X,; = mj|A;;|. Suppose m; # m;, and without loss of generality, m; < m;. It is then possible to have
m; consecutive draws of balls of color i, after which all balls of color i would be depleted from the urn, however, not all
balls of color j would be depleted from the urn, which has already been shown cannot occur for a tenable urn. Therefore,

Xn,i _ Ax i Alj
Al = |Ax | = mj, or equivalently, det C Xoy) T =0.

If the draw of a ball of color £ adds balls of ellther color i or j, in other words either A, ; > 0 or Ay j > 0, the condition that
balls of color i occur in the urn if and only if balls of color j occur in the urn must continue to hold. A similar argument can

be used to show that det A‘ i 2‘” = 0as was used to show det (Q‘ i A” =0.

Suppose Ag; < 0 and (w1thout loss of generality) |Agj| < |A;jl. Then it 1s possible to draw balls of color £ consecutlvely
until all balls of color ¢ and i are depleted from the urn, however, not depleting all balls of color j, as has been shown is
not possible with a tenable urn scheme. Therefore, if A;; < 0, A;; = A;; and a similar argument can be used to show
A[,[ = Aj’@. O

m; =

2.4. Negatives in the same row
The last instance of negative values occurring in the replacement matrix include negative values that are in the same row.

Theorem 3. Let (Xo,A) be an all-essential tenable urn scheme where A;; < 0, Aj; < 0, and Aj; > 0. In such a case,
det (A“ Ai-f_) < 0 and det (A” A’}f:) <0.
Xnj Ajj

n,1

Proof. The urn must start with enough balls of colors i and j such that if balls of color i are drawn consecutively, the urn will
not be depleted of balls of colorj prior to bemg depleted of balls of color i.

IA | ‘|A,]| balls
of color j from the urn. If X;,; < %A,J, then the urn will reach a state of untenablllty. Therefore, X,; > %{’A,J which is

equivalent to det (A' i ;(‘"’j) <o.
n.l n,j

A similar argument can then be used to show A;; > 2~ A; ;, which is equivalent to det (A“ 2’}1') <0. O

IA il i

Theorem 4. Let (Xo, A) be an all-essential tenable urn scheme where A;; < 0,A;j < 0,and Aj; > 0.If A, > 0orif Ayy <O
but the product A; ¢A¢; # 0, then det (AZ ‘i A"J) <0.

Aej) —

Proof. A draw of a ball of color ¢ pr0v1des the possibility of an additiona

the urn, which in turn would remove ‘A T |A,]| balls of color j from the urn. Therefore Agj = IA 1 |A”| which is equivalent to

Aii Ay~
det(AU Al’j)_O. O

The conditions of Theorem 4 may at first seem extraneous; however, additional urn schemes are also tenable when
Ape < 0andA; /A ;i = 0, but where det (A' i 221] > 0 such as the following urn scheme:

Wo=1\ /=1 -1 0
(XO,A)=<(BO=3),<3 4 0)).
Ro=1 1 0 -1

Therefore, additional requirements must be specified to account for such urn schemes.
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Theorem 5. Let (Xo, A) be an all-essential tenable urn scheme where A;; < 0,A;j < 0, and A;; > 0.1If Ac¢ < 0, Aj¢Ari = 0,
A A Aii Aij Aig Aii Ay Aig

and det (A“_ A'*f,) > 0,thendet( A;i A Ay | >0anddet|Xni Xuj Xne) >0.
Gi B Aei Aej  Are Agi Auj At

Proof. As A;; < 0, drawing consecutive balls of color i will eventually deplete balls of color i from the urn. The same is true
for color ¢,as A¢¢ < 0.

Focusing only on balls of color i and ¢ for the moment, if A; ¢/A,; # 0O, (both quantities being positive), it would be possible
to draw balls of colors i and ¢ ad infimum, as a draw of one color would add at least one ball of the other color, preventing the
urn from being depleted of both colors simultaneously. If A; (A, ; = 0, there remains a finite number of consecutive draws
of colors i and £ possible before all balls of colors i and ¢ are removed from the urn.

Expanding the scope to look at balls of color j, a draw of a ball of color i requires the removal of balls of color j, and a draw
of a ball of color ¢ from the urn has the potential to add more balls of color i to the urn. The goal is to make sure that after all
balls of colors i and £ have been removed from the urn, starting at time n, the total number of balls of color j removed (call
this quantity R) does not exceed the total number of balls of color j remaining in the urn (call this quantity 7). The quantity
J consists of the initial number of balls of color j in the urn at time n, X, ;, in addition to the following two quantities.

1. The number of balls of color j added to the urn if

|§%\ balls of color £ are drawn consecutively from time n until all

balls of color £ are removed from the urn, %A”.
2. The number of balls of color j added to the urn after all balls of color i are removed from the urn by consecutively

drawing balls of color i from the urn, (which could add additional balls of color ¢ into the urn), and then all subsequent

balls of color ¢ are removed by consecutively drawing balls of color ¢, (I)f(\?:l I:\‘Zi |> Agj.

Xn.(’. Xn,i Ai,(

Thus, 7 = Xn; + (w,z\ T Tl el ) At
The quantity R is composed of two parts:

1. The number of balls of color j removed after all balls of color i are removed from the urn by consecutively drawing balls
of color i from the urn, I%II |Ai .

2. The number of balls of color j removed after all balls of color ¢ are removed from the urn by consecutively drawing
balls of color £ from the urn, (which could add additional balls of color i into the urn), and then all subsequent balls of

. . . . Xne A
color i are removed by consecutively drawing balls of color i, (lA;fl ﬁ) |Aijl.
, 1,1

Xn i Xne Agi
Thus, R = | 7 e BLi )iy
R= T T A ) il

Therefore the following equation must be satisfied:
Xn.i Xnoe Aci X Xni A
( n,i + n,t £, ) |Ai,j| an.j_i_( n, ¢ + n,i il )Az,j~
[Aiil  |Acel |Aiil [Acel  1Aiil |Acel
This is equivalent to
Aii  Aij Ay
det | Xn.i Xn,j Xne | = 0.

Api Agj A

The same argument follows for the values of the replacement matrix A; ;, A; j, Aj ¢, replacing X;, i, Xn j, Xn,¢, respectively. O

Suppose there exists an urn scheme for which the conditions of Theorem 5 are met, but a draw of a ball of color m adds
additional balls of color £ to the urn, Ay, ¢ > 0. The theorem that follows outlines characteristics of a tenable urn scheme
where it is possible for the urn to always have at least one ball of either color i, £, or m. In other words, there exists at least
one stochastic path for which the urn is never void of all three colors (i, £, and m) of balls simultaneously.

Theorem 6. Let (X, A) be an all-essential tenable urn scheme where A;; < 0, A;j < 0, and A;; > 0. In addition, let A;; < 0,
AieAr; = 0, and det (,’3;%",_ 2/]) > 0.1f Ang > 0,and Ay m > 0, 0F Ay m < 0 but A, m > 0,07 A m < 0but A m > 0, then

Aii  Aij A
det| Ai  Aej Ace ) <0O.

Am.i Am.j Am,l

Proof. In the scenario described, a draw of a ball of color i or £ has the same impact on the number of balls of color j in
the urn as seen in Theorem 5, with the added complexity of an additional ball color, m, that allows balls of color i or £ to be
drawn ad infimum. Either color m always exists in the urn, or a draw of color £ adds additional balls of color m into the urn,
or a draw of a ball of color i adds additional balls of color m to the urn. Therefore, each draw of a ball of color m, must add
enough balls of color j to counteract balls of color j that are removed from drawing balls of colors i and £.
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The total number of additional balls of color j that are removed from the urn by drawing balls of colors i or £ that have
been added to the urn by a draw of a ball of color m, id denoted by the quantity R = C‘Tl" + S{Z—’f‘ :‘f’:‘) |Aij1.

The total number of balls of color j that are added to the urn as a result of drawing a ball of color m, and then any additional
balls of color j that are added after consecutively drawing all balls of color £ that have been added as a result of drawing a
ball of color m, is denoted by the quantity J = Anj + %Al,j.

To be tenable, we need R < .7, which yields:
(Am,i Ame Aci
[Aiil  |Acel |Aiil

The inequality can be expressed as:

Anm,ifijAee — AmeArifij — AmjAiiAee + AmeAgjAii < 0

Am,[

|Ag,el

) |Aijl < Amj+ Agj.

and therefore

Aii  Aij Ay
det Az’,‘ Al’j Ag,g SO. O
Am,i Amﬁj Am,é

There exists a specific case that is not covered in Theorem 6, and which acts in the same way as the case specified in
Theorem 5. In the case referred to in Theorem 5, the urn was eventually void of colors i and ¢ simultaneously. In a similar
manner, the following example will eventually be depleted of colors i, £, and m simultaneously, providing a case not covered
by Theorem 6.

Wo=1\ /-1 -1 0 0
[Bo=3 3 4 0 0
XoA=1lp=1]"l1 0o =1 o
Yo =1 1 0 1 -1

Thus, Theorem 5 can be generalized to any sequence of colors S for which drawing balls of these colors (in any order)
will eventually add additional balls of color i into the urn, where the consecutive drawing of the sequence of colors will also
result in the simultaneous removal of all colors in said sequence.

Without loss of generality, the urn scheme (X, A) can be ordered in such a way thati = 1,j = 2,and S C {3, 4, ..., k},
where there are s colors included in the subset S. Additionally, let X({i, j, S}) be the elements X, ;, Xy j, Xy,s,, and so on. This
notation will be used to simplify the following determinant inequality:

Aii  Aij A
det | Xni Xnj Xne] >0 is equivalent to det(A({i, X({i, j, £}), £})) > 0.
Avi Agj Agg

Theorem 7. Let (Xo, A) be an all-essential tenable urn scheme where A;; < 0, Aj; < 0, and A;; > 0. If there exists s; € S such
that As;; > 0,and V's; € S, A;; 5, < 0, As,-,sj * Asj.s,- = 0, and A; 5; = 0 then the following inequalities hold:

o (—1y*t2det(A{i, ], S}) <0,
o (—1)y*2det(Afi, X({i, ], S}), S}) < 0.

The details of this proof are left to the reader, as they mirror earlier arguments.
3. Sufficient conditions and future research

The theorems outlined in this paper are the necessary conditions for tenability and assume an urn is tenable, therefore it
cannot reach an empty state. The sufficient conditions will therefore require not only the theorems outlined in this paper,
but also additional conditions that will prevent the urn from reaching an empty state.

An example illustrating this point is the urn scheme (Xq, A) = ((‘g’g :=02) (—22 8)). This urn scheme does not violate
Theorem 1, yet is not tenable as after the first draw of a ball and the conditions that follow, the urn scheme is rendered
empty.

For an urn to always have at least one ball, the urn scheme must have at least one essential color. One must therefore
determine the characteristics of (X, A) required for a color to be considered essential. In general, color i is essential if A; ; > 0
and either Xo; > 0 or 3j | A;; > 0 where X; , > 0 for some time n.If A;; < 0 color i is essential if 3j | A;; > 0 where color j
is an essential color.

Additionally, there are certain rows in A that need not follow the conditions laid out in this paper; namely, a color m
that never appears in the urn. If color m never appears in the urn, in order for the urn to be tenable, X, , = 0 for all n and
A, m = 0 for all i such that X;, > 0 for some time n. All values of A, . and A; n, for all j that also never appear in the urn,
need not follow the conditions laid out in this paper, as these conditions will never be invoked.

For brevity of this paper, additional details regarding specific sufficient conditions are left for future research.
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