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Abstract. This paper introduces a mathematical model for bound consistency of the con-
straint Al1Different. It allows us to compute the probability that the filtering algorithm
effectively removes at least one value in the variable domains. A complete study of the bound
consistency properties is then proposed. It identifies several behaviors depending on some
macroscopic quantities related to the variables and the domains. Finally, it is shown that
the probability for an Al11Different constraint to be bound consistent can be asymptotically
estimated in constant time. The experiments illustrate that the precision is good enough for
a practical use in constraint programming.

1 Introduction

Constraint Programming (CP) aims at solving hard combinatorial problems expressed as Con-
straint Satisfaction Problems (CSP): variables are the unknown of the problem, each variable has
a domain of possible values and the constraints are logical predicates that link the variables. The
CP operational nature is based on the propagation-search paradigm. The search part consists in
an exploration of the possible assignments of domains values to the variables, while the filter-
ing/propagation mechanism detects and suppresses inconsistent parts of the domains (i.e. values
that cannot appear in a solution of the constraints).

In particular, filtering algorithms for global constraints [2], which define logical relations on a
subset of the variables, have been intensively studied. They are usually more efficient than the
propagation of equivalent expressions as several binary or small arity constraints. One of the major
issues in studying propagation is the pursuit of a fair balance between efficiency (time complexity)
and effective performance, which can be expressed for instance as the number of inconsistent values
detected by the filtering algorithms. It may happen that propagation algorithms are useless (no
inconsistent values detected), and, even if they are often efficient, they are called each time a value
is assigned to a variable. In the worst case, this makes a number of calls exponential in the number
of variables.



This paper introduces a probabilistic model for bound consistency (BC) of the alldifferent
constraint, relying on the inner combinatorics of this constraint. In this model, it defines the prob-
ability that the BC algorithm removes at least one value in the variable domains. Then, a complete
study of this model is developed for two different probability distributions for the domains. The
interest of this study is twofold: first, the probability computation leads to the identification of
several distinct behaviors, depending on some macroscopic quantities of the problem. Secondly,
we show that the probability that a BC algorithm is effective can be estimated in constant time.
Experiments confirm that this asymptotical approximation is precise enough for a practical use.

This work strongly relies on the combinatorics embedded in many global constraints (e.g. at
least all the cardinality constraints). This link has also been exploited by [8] to count the number
of solutions of a constraint, in order to predict promising areas of the search space and guide
search heuristics. Although their goal is different from ours, they also exploit the mathematics and
combinatorics inside these constraints. In another way, triggering the filtering algorithm of a global
constraint has also been proposed in [4] for the global cardinality constraint. The author determines
a threshold, based on the possible variable-values assignments, to determine if the filtering algorithm
must be executed. Such an approach leads to a good tradeoff between calculation time and effective
filtering.

In the following, Section 2 introduces a probabilistic model of the bound consistency A11Different
constraint. Section 3 presents the mathematical results of the paper, for two distributions of the
variables domains. Section 4 criticizes these results, and provides a practical validation. Section 5
concludes this paper and discusses some further works.

2 Probabilistic Approach of Bound Consistency

After some preliminaries definitions and propositions on BC for alldifferent and on probabilities,
we introduce a probabilistic model for BC of alldifferent. Then we define the probability that
an alldifferent constraint remains BC after an instantiation and give a general formula for it.

Consider an alldifferent constraint on n variables V;...V,,, with domains D;...D,,. The size
of domain D; is d; = |D;|. Let E be the union of all the domains: E = Uy1<;<,D;, and m its size.
For an integer interval E and a set I, we write I € E as a shortcut for : I C E and [ is an integer
interval.

2.1 Bound consistency for alldifferent

The alldifferent constraint is a well known global constraint for which many consistency algo-
rithms have been proposed. The reader can be refered to Van Hoeve’s survey [7] for a state of the
art. We focus here on bound consistency, as proposed by [5], and thus assume that all the domains
D; are integer intervals. E' can be assumed to be an integer interval without loss of generality (if £
is not an interval, it can be cut into different pieces, with independent alldifferent constraints
for each of them).

Definition 1. Let I € E. Let K1 be the set of variables for which the domains are subintervals of
I, Ky ={i,D; € I'}. I is a Hall interval if and only if | K| = |I].

Hall intervals are the subintervals of E that contain just enough values to ensure that every
variable of K can be assigned a value. Consequently, the other variables (those not in K7) cannot
take their values in I.



Proposition 1. A alldifferent constraint on a set of variables V1...V,,, a set of domains D;...D,
is bound-consistent if and only if the two following conditions are true:

1 for T e B, |Ki| < |1},
2. and for I € E, |K| = |I| implies Vi ¢ Kr,I N D; =0.

In the following, we are interested in what happens during an instantiation. It can be assumed
without loss of generality that the instantiation is done for the variable V,, (rename the variables if
necessary). V,, is assigned a value x € D,,. We also assume that the binary constraints # have been
filtered (that is, only the x value has been removed from the other domains, which is equivalent to
a Forward Checking on the # clique).

The number of variables n is computed dynamically, that is, n is the number of free variables
before the instantiation. Let E° be the state of E before the instantiation (E° = D; U...U D,),
and E® be the state of E after the instantiation (E® = Dy U...U D,,_1). In the same way, for an
interval I € E, I° = I® U {z} if I® # I° and I® otherwise.

The following Proposition details in which case the constraint, being BC on V;...V,,, remains
BC after the instantiation of V,.

Proposition 2. Consider a alldifferent constraint on variables Vi...V,,, with domains Dy...D,,,
such that the constraint is BC. Assume that the variable V,, is set to a value x € D,,, and let v be
the position of x within E° (v = x — min(E®)). The constraint remains BC if and only if there
exists I® € E® such that I® # I° and the two following conditions hold:

(1) Dﬂ g Io;
(2) there are exactly |I°| — 1 domains included in I° and at least one other domain is neither
included in, nor outside I°.

Proof. The proof is based on the fact that an instantiation cannot create new intersections on the
domains. Suppose that the problem is BC, then VI° @ E°, |Ko| < |I°|. Let I® € E®, and | = |I®|
and o = min(I®) — min(E®).

If o +1 < v, that is, I® = I°, we have |Kjo| = |Kjo| < |I°|. Indeed, even a domain which
had z for right bound before the instantiation, has its right bound out of I® after. Then, item 2.
of Proposition 1 holds by the first remark. In that case, no inconsistency is created. If @ > v, the
argumentation is the same, interchanging left by right. If a4-1 > v and o < v, that is I® # I°, there
are 2 possibilities. If D,, € I°, we have [I®| = |I°| — 1 and |K;s| = |Kjo| — 1. If |Kjo| = |I°|, then
|K;e| = [I®], but by the BC of the problem before the instantiation, 2. (prop. 1) holds. Otherwise,
|Kro| < |I°], then |Kje| < |I®| and 1. (prop. 1) holds. If D,, & I°, we have [I®| = |I°| — 1 and
|K1e| = |Kjo|, and by BC, |Ko| < |[I°]. If |Ko| < |I°| — 1, then |Kje| < [I®| and 1. (prop. 1)
holds. Otherwise, |Kjo| = |I°| — 1, then |K;e| = |[I®], and an inconsistency can only come from an
intersection between I® and at least one domain which is not included in I®. ]

2.2 Some Probability Notions

Only the notions of discrete probability theory that are needed afterwards are presented here. For
a good and complete introduction to probability theory, the reader can refer to [3].

Definition 2. A sample space {2 is a non-empty set. An event on {2 is a subset of £2. The set of
all possible events is the set of parts of £2, denoted P(£2). Two events are said mutually exclusive
if and only if they have an empty intersection.
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Fig. 1. When a variable (here V,,, on the left) is assigned to a value x (here z = 2, on the right), new Hall
intervals may appear (here, the interval {0, 1,3} on the right). In this case, an alldifferent that was BC
before the instantiation becomes inconsistent (here, domain D; should be reduced to {4..7}). Such pre-Hall
intervals (here, on the left, interval {0, 1,2,3}) are described in Proposition 2.

For a given probabilistic phenomenon, the sample space is the set of all possible outcomes. For
instance, consider the process of flipping a coin, the sample space would be the possible results of
the coin flip, that is, the set {tails, heads}. In probability theory, events are what is observed and
measured. In the example, an event could be {tails}, meaning that we want to observe the fact that
the coin ended on tails. The events are defined as sets, but it is equivalent, and often more intuitive,
to see them as predicates: “the result is tails”. This event is for instance mutually exclusive with
the event “the result is heads”.

Definition 3. A probability distribution is a function P from P(£2) to [0,1], such that P[2] =1,
and for any two mutually exclusive events A, B C 2, PJAUB] = P[A]+P[B]. The triplet (2, P(12),P)
is called a probability space.

A probability distribution is a tool to measure events. In the previous example, we can define
a probability distribution by: P[{heads}] = p, P[{tails}] =1 —p for a p € [0,1]. If p = 0.5, we
have modeled the random process of flipping a perfectly fair coin. Other values of p model the same
process with a biased coin.

Definition 4. Two events A and B on a probability space (2, P(£2),P) are said independent if
and only if P[A N B] = P[A]|P[B]. Otherwise, the events are said correlated.

Intuitively, two events A and B are independent if A does not influence B, neither does B
influence A.

Definition 5. Let A and B be two events on a probability space (£2,P(2),P). The conditional
probability of B, knowing A, is P[B|A] = P[AN B]/P[A].

The question here is to quantify the probability of B, under the condition that A has happened,
that is, in the subspace of {2 where A happened. This subspace is simply A itself, measured by
P[A]. The probability of B within this subspace is P[A N B].

Definition 6. Let S be a countable set and (£2,P(12),P) a probability space. A discrete random
variable X is a function X : 2 — S. The distribution of X is Px : S — [0,1] such that Px[s] =
PX~(s)] forsC S.



Proposition 3. The distribution of a discrete random variable is a probability distribution.

We do not detail the proof for Proposition 3 which can be found for instance in [3]. A discrete
random variable is an event with a discrete or finite set of outcomes.

2.3 A probabilistic model for bound consistency

The constraint programmer’s vocabulary includes expressions such as “this constraint alldifferent
has little chance to filter here”. The goal of this subsection is to propose a rigorous probabilis-
tic model in which such expressions are well-defined. The key ingredients for consistency of an
alldifferent constraint are the domains. Depending on their size and their relative position, the
constraint may be consistent or not. However, sometimes it is not necessary to precisely know the
domains in order to state if the constraint is consistent or not. For instance, an alldifferent
constraint on three variables with domains of size 3 is always BC, whatever the exact positions of
the domains. If the domains are of size 2, then the constraint may be BC or not, depending on the
domains relative positions. But if E is also of size 2, the constraint is always inconsistent.

These basic remarks show that a partial knowledge on the domains and on E is sometimes
sufficient to determine consistency properties. This is the basis of our probabilistic model: the
domains become discrete random variables, with a given distribution (see in section 3). They are
not fully determined: their exact sizes and positions are unknown. Only some macroscopic quantities
are known.

Assume from now on that the domains D;...D,, are replaced by random variables with a known
probability distribution. The sample space is naturally the set of subintervals of £ = U;D;. In the
following we make the assumption that the D; variables are independent and that their distributions
are identical. Let D be this distribution, with D(J) = P[D; = J] for J € E and 1 < ¢ < n. This
hypothesis, as well as all the hypotheses that are made later, are summed up and discussed in
section 4.1.

We are interested in studying how this probability evolves during the search process. At each
node explored during the solving process, one could consider that a new problem is stated. This
new problem would be the initial CSP where all the instantiated variables become constants, and
the constraints are dealt with accordingly. From a probabilistic point of view, this is a loss of in-
formation, because the successive CSPs are very unlikely to be independent. In order to analyze
precisely the probability of being BC, we propose to study the probability that an alldifferent
constraint, already BC, remains BC after an instantiation. Such a reasoning could be called condi-
tional probability but for simplicity reasons we just call about “probability”. This probability can
be computed from Proposition 2.

Proposition 4. For an alldifferent constraint on variables V;...V,,, where the domains are ran-
dom variables with probability distribution D on an interval E of size m, the probability Py, . of
remaining BC after instantiating the variable V,, to a value x at position v is Py, po =

min(v,

n—2 m—1-1)
n—1 n—l— n—l—
H H <1 — (A =rmit1a0) < l >le,l+1 ((1 — Pm,i+1) 1o qm,ll+11,a)>

I=1 a = maz(0,
v —1)

where, for an interval I € E, of size l, at position o = min(I) — min(E),

Pm,i = ]P)[Dl C [L



dm,l,a = ]P)[Dz NnI= 0]7
Tm,l,a = ]P)[Dl C I|£U € Dl}

and these I € E are assumed to be independent.

Proof. The constraint remains BC iff VI® € E® such that I® # I°, at least one of the conditions
(1), (2) of Proposition 2 is false. Because the I® are assumed to be independent, “remaining BC”

happens with probability:
II a-pure)

1® € E®

I® 2 1°
The subintervals of E are represented by their size [ and position a. For a given size [, the
condition I® # I° restricts the range for a to {max(0,v —l)...min(v,m — | — 1)}. By definition,
P[(1)] =1 — 7 1+1,a,0- Consider now the probability for (2). For | given domains, the probability
that they are included in I° is p!, |, and there are ("} ") possibilities for choosing these domains
among the n — 1 domains. Consider now the n — [ — 1 other domains: they must not be totally
included in I®, which happens with probability (1 _pm_’l+1)nil71. In addition, one must forbid the
case where they would all be totally outside I®, which happens with probability q:{llgﬁa. Hence
the formula. a

The “atomic probabilities” Py, 1, @m, 1,0 and 74y 4.1, depend on the distribution D chosen for the
domains (and their parameters of course). If they can be computed for a given distribution, then
the formula gives the desired probability. Note that the formula relies on two products, each with
n terms. Without further knowledge on the expressions of py, i, ¢m,i,o and 7, 4 1,q, the complexity
of computing Py, has an order of magnitude of O(n?).

3 Computing the probabilities

In this section, we study two cases for the domains distribution D. For each of them, the atomic
probabilities can be computed and inserted in Proposition 4. We still have to deal with the complex-
ity of the formula, which has an order of magnitude at least n2. It is thus interesting to consider the
asymptotic expansion of the probability when m tends towards infinity. The asymptotic expansion
gives useful (and computationally cheap) numerical values for the probability of remaining BC.

3.1 Uniform domain distribution

In order to model the general case, that is, when the domains distribution is not biased toward
specific domains (of a given lower bound, upper bound, etc), we define a uniform distribution for
D;.

Definition 7. Given an interval E of size m, a random variable D; on {J,J € E}, D; has a
uniform distribution if and only if the probability P[D; = J] does not depend on J.

Remark 1. This implies:

— P[|D;| =d] = %, thus the distribution of the domains sizes is biased toward small sizes.



With this distribution, the atomic probabilities ps, i, Gm,i,o @0nd 74, 41,0 Of the formula in Propo-
sition 4 can be computed.

Lemma 1. With the notations of Proposition 4, assume that D is a uniform distribution on E.
Then for an interval I € E, of size l, at position «a:

1(1-1)

Pm, = m(m—1)
_ ala—1)+(m—Il—a)(m—Il—a—1) ,
dm,l,a = m(m—1) ;
r _ (I-D+(I-14a—v)(v—a)
m,la = (m—-1)+(m—1—-v)v *
Proof. From Proposition 4, we have p,,,; = P[D; € I]. Considering the domains D; according to

their size leads to:

PD; € Il = ) P[(D; € I) A (|Ds] = d)]

d:2
= d_QP[(D € D|(|Di| = d)]P[| D;i| = d]
= ;zp[(Di € D|(|Di] = d)) 22 from Remark 1
NN d—dt1 2(m—d+t1)
- dX::Z m—d+1 m(m—1)

1(1-1)
m(m—1)

For ¢ 1.« =P[D; NI = (], the property is equivalent to: D; C E\I. The formula is thus similar
to the computation for p,,;, by considering two subintervals of F, one strictly on the left of I and
one strictly on the right.

Finally, we have ry, 1. = P[D; € I|lz € D;] = % Thus,

5> B[(Di€IAweDy)|(|D: |[=d)JB[| D;|=d]
Tmwla = 52 . The events {x € D;|{|D;| = d}} and {{D; € I ANz €
Z Plze Di|(| Di|=d)]P[| D;|=d]
D;}Y{|D;| = d}} are respectively equivalent to {D; € ENx —d+ 1,2 +d — 1]} and {D; €
IN[z—d+1,z+d—1]}. From there, the computation is similar to the one of py, ;. 0

Assuming we know the quantities pp,.i1, Gm 1.0 and 7, 1., Proposition 4 gives the probability
of remaining BC. The following theorem gives an asymptotic expansion of this formula, when m
tends toward infinity while the ratios n/m and v/(m — 1) remain constant. Depending on the values
of these ratios, different behaviors appear.

Theorem 1. Consider an alldifferent constraint on variables V;...V,, with domains D1...D,,
such that the constraint is BC. Assume that the variable V,, is set to a value x € D,,, and let v be
the position of x within E (v =x — min(E)). Let p = n/m and v = v/(m — 1). Assume that the
domains D; are uniformly distributed on E. Let Pp, . be the probability that the alldifferent
constraint remains BC after the instantiation. Then, when m — oo with fixed p and v:

1—4P+O( z) f0<p<landO<v<l
b 1-20-<) L 0(L) if0<p<landv=0orl
= 4
m,pm,p(m=1) ] — 2d=e )45 +0 () ifp=1landv=0orl
1

m

1,m+o(m7) ifp=1land0<v<1



where S and S’ are two constants that can be numerically computed:

ok 2k pk _ R 2k RpR(ky1)
Z (k ! ~ 1.94264 and SI = klzz:l W ~ 11.9359.
The proof is detailed in Appendix A. It comes from using Lemma 1 in Proposition 4, and carefully
bounding each term of the sum. Note that all these asymptotic expansions depend on the values of p
and v. However, they are always very close to 1. The first order term is known, with a second-order
error term.

Corollary 1. The probability that an alld<fferent constraint, in the uniform model, remains BC
after an instantiation

— can be approximated, at the order O(#), in time O(1),
— depends on p = n/m, and v = v/(m — 1), that is, the number of available values for all the
variables and the position of the instantiated value.

This corollary can be used in two ways. Firstly, it gives an approximation, in the limit m — oo,
with fixed p and v, of the probability of remaining BC. This approximation can be computed
in constant time, thus being competitive with any consistency algorithm. The precision of this
approximation, of order #, is experimentally studied in Section 4.3. Secondly, it exhibits several
different behaviors depending on the values of p and v. Obviously, these quantities are meaningful
in determining the behavior of an alldifferent constraint. This will be discussed in Section4.2.

3.2 Fixed-size domain distribution

It can also happen that the domains of a CSP are biased. Most of the time, they are biased toward
a given size: for instance, many puzzle problems are stated on n variables with domains {1...n}
(magic squares, sudoku, latin squares, etc). In order to model this case, we define a so-called fixed-
size uniform distribution:

Definition 8. Given an interval E of size m, a fixed-size distribution of parameter d is an uniform
distribution on {J' € E,|J'| = d}.

Remark 2. This implies:

- PD;=J] = nf“’t'iil 0 is the Kronecker delta: for a, b integers, d,5 =1 if a = b, 0 otherwise.
- IP’[|D | = d'] = da,q’, thus only domains of size d are kept.

For this distribution, we add, in the notations, d as a parameter of the atomic probabilities:
Pm 1 (d), Gm1,0(d) and ry, »1.0(d). The atomic probabilities are given by the following lemma :

Lemma 2. With the notations of Proposition 4, assume that D is a fized-size distribution of pa-
rameter d on E. Then for an interval I € F, of size l, at position a:

_ l—d+1 ).
Pm, = Max (07 m_d+1>;
_ a—d+1 m—Il—a—d+1
Gm,l,a = MAxT (O, pre d+1> + mazx (0 R iy R ),

Tmwido = H(l— )mni%lgvantl Cg) WZZ?(E;XUU d‘ﬁl)ﬁl H is the Heaviside function: H(x) =1 if z >0

and 0 otherwise.



Proof. The proof is exactly the same as for the uniform distribution, replacing P[|D;| = k| by % 4-
O

Assuming we know the atomic probabilities, we can compute the probability of remaining BC
from Proposition 4. The following theorem gives an asymptotic expansion of this formula, when m
tends toward infinity while the ratios p = n/m, v = v/(m — 1) and p = d/m remain constant.

Theorem 2. Consider an alldifferent constraint on variables V;...V,,, with domains D1...D,,
such that the constraint is BC. Assume that the variable V,, is set to a value x € D,,, and let v be
the position of x within E (v =x —min(E)). Let p = n/m and v = v/(m — 1). Assume that the
domains D; have a fized-size distribution of parameter d on E, and let p = d/m. Let Py, ., »(d) be
the probability that the alldifferent constraint remains BC after the instantiation. Then, when
m — 00, and for fired p, v and p:

1 frv=0o0rv=1o0ru>p
1 .
P prw(m—1) (pm) = 1_07§W) ifp<landO<v<l1

1—%—1—0(#) ifp=1land0<v<l1
where ¢, = min(v,1 — ) — maz(0,v — p) and
f(w) ifv<pandv>1-—p
I (M_(l_)()) fv>pandv>1—
S 5 (L )9 ifv>pandv>1—p
(242 — (1= 1)g(1) ) Gus +v1) v = p and v <1~ p
@ +6v1-p (@ -1 —,u)g(u)) frv<pandv<1—pu

) 00 & k ,% o) k k 7%

Again, the proof is detailed in Appendix B. It is very similar to the that of Theorem1. In this model,
the asymptotic expansion depends on p and v and also on the parameter p. We can remark that
the asymptotic expansions are closer to 1 than in the uniform model in some cases.

Corollary 2. The probability that an alldifferent constraint, in the fived-size model, remains
BC after an instantiation

— can be approximated, at the order O(#), in time O(1),
— depends on p =n/m, v=v/(m —1) and u = d/m, that is, the number of available values for

all the variables, the position of the instantiated value, and the common size of the domains.

The same remarks as for Corollary 1 apply, and again this result will be discussed in Section4.

4 Analysis and Experiments

This section discusses the contributions of this paper, from several point of views: validity of the
model, analysis of the two theorems, and experimental evaluation.



4.1 Validity of the Hypothesis

We propose a probabilistic model for BC of an alldifferent constraint. Like all models, it relies on
a simplistic view of the reality, and this simplification is expressed by the mathematical hypotheses
that have been used.

The first hypothesis is on the domains, considered as random variables that are independent and
identically distributed. As long as we do not consider other constraints, the independence assump-
tion is reasonable, because the variables of the constraint do not interact outside the constraint
under study. Going one step further, one could also consider the interactions between the con-
straints, for instance several alldifferent constraints as studied in [1]. This is part of our further
work. For the identical distribution, this is clearly a loss of information on the domains. Actually,
loosing information on the domains is precisely the key point of the probabilistic model.

Another hypothesis holds on the subintervals of F used in Proposition 4. The I € E are
assumed to be independent; more precisely, conditions (1) and (2) of Proposition 2 are assumed to
be independent when I varies. These conditions express the “Hall status” of these intervals. The
main argument to justify their independence is that this Hall property is local, that is, it cannot be
transferred from an interval I to another. Given an interval I € F that is Hall for instance, there
is no particular reason why other intervals I’ € E should be Hall. The independence hypothesis
seems thus reasonable.

The important results within the probabilistic model are the two theorems of Section 3, and they
are valid in the limit m — oco. This asymptotical result, which is rigorous, yields an approximated
computation for P, , ,, known until the second order error term. In practice, these theorems are
valid for large values of m (at the beginning of the search process).

The last point is not a hypothesis, but also a limitation of the model: only two distributions for
the domains have been considered. These distributions correspond to extreme scenarios: the uniform
distribution implies that all the possible subintervals of E are equally weighted, that is, there is
no particular bias in the domains distribution. On the contrary, the fixed-size uniform distribution
restricts the domains to be of a fixed size, as it happens quite often, in problems coming from
Artificial Intelligence for instance. To our knowledge, this should be sufficient to model quite a lot
of real-life scenarios.

4.2 Technical Analysis

We propose the following terminology to discuss the Theorems 1 and 2. The number of variables
over the total number of available values for them, p = n/m, determines if the problem is sharp
(p = 1, exactly as many variables as values) or not (p < 1, some values will not be used in the end).
The position of the instantiation ¥ = v/m is another important parameter. For v = 0 or v = 1, the
instantiation is performed at a bound of E, which is possible, with a variable-value heuristics that
chooses first a variable with a domain at a bound of F, say the minimum, then the minimum value
of this domain. Note that there is a symmetry when v is replaced by 1 — v. Finally, if the domains
size are fixed at d, then u = d/m is the ratio of the domains size over the number of available
values. A small value for y mean that the domains are tight. If g = 1, then the problem is not tight,
and all the domains equal F.

Figure 2 shows the plots of the several limits given by Theorem 1. Problems that are not sharp
(p < 1) have few chances to actually filter. As soon as m > 50, the probability is higher than 0.9,
meaning that there are at most 10% chances to remove a value (or more) from the domains. Notice
that the curves are decreasing in p: sharper problems have better chances to filter. Instantiating
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Fig. 2. The asymptotic expansions of theorem 1, depending on the values of p and v. The plain curves are
for m = 50, the large dashed curves for m = 100 and the small dashed curves for m = 500. The plot range
is [0, 1] for the first line, and is restricted to [0.9, 1] for the second line (otherwise the curves are too close
to be identified).

at a bound (bottom left) yields a smaller probability to actually filter. For sharp problems, the
behavior strongly depends on the value of v.

The fixed-size model of Theorem 2 is quite different, as seen on Figure 3. For problems that
are not sharp, the asymptotic expansion is 1 (not plotted): the domains being very specific, Hall
intervals appear less frequently. For instance, the smallest possible Hall interval is of size d (2 in
the uniform model). For sharp problems, the asymptotic expansion is of order 1/m, and depends
on the tightness. First, note that the sizes of the problem, m, used to the left and right figures
are different. Indeed, both functions f(u) and g(u) do not converge when p — 0 and the validity
of the approximation is not reached at the same union size m. On both figures, there are clearly
3 different phases, as stated by Theorem 2 for sharp problems. The probability goes through the
3 conditions, depending on the relative positions of v, p and 1 — p. In addition, the behaviors
are different depending on the domains size. In general, in order to filter more, it is preferable to
instantiate at a bound.

4.3 Practical Evaluation

We have tested the validity of the asymptotic expansions of Theorems 1 and 2, with the BC al-
gorithm for alldifferent provided by Choco [6]. For the experiments on Theorem 1 (resp. 2),
given the parameters n and m (resp. n, m and d), we randomly generate n domains on the interval
{1...m} according to the uniform distribution (resp. fixed-size uniform distribution of parameter
d). If the generated domains do not cover E (which may happen for small values of n), then the
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Fig. 3. The asymptotic expansions of theorem 2, for p = 1. On the left, u = 0.4, and on the right, u = 0.6.
The plain curves are for m = 50 (resp 500), the large dashed curves for m = 100 (resp 1000) and the small
dashed curves for m = 500 (resp 5000).

experiment for these domains is removed.

An alldifferent constraint is then declared on n variables, with the randomly generated
domains. The BC algorithm is called a first time, then an instantiation at position v is performed,
v being a parameter of the test. Forward checking is applied on the binary difference constraints.
This removes the obvious inconsistent values. We apply again the BC algorithm and check if the
new filtering has removed at least one value (negative test), or no value at all (positive). Each test
is repeated 3000 times for each parameter values. The proportion of positive and negative tests on
these 3000 tests is represented as a dot on the plots (Figure 4). The theoretical curves are drawn
with plain line.

We see on the plots that the dotted graphics are very close to the theoretical curves (Fig-
ures 4(a) and 4(b)). Very quickly (for m > 20), the error is around 1% (Figure 4(c)). These results
experimentally validate the hypotheses of Section 4.1, and confirm the theoretical ones.

5 Conclusion

We have presented in this paper an accurate probabilistic indicator for the bound consistency
of an alldifferent constraint. Moreover, this indicator can be computed in constant time. Not
surprisingly, we still have to pay price; the intricate computations required to derived the easy-
to-use expressions of Theorems 1 and 2. In a few words, this paper shows that, considering an
alldifferent constraint alone, bound consistency has a limited efficiency. On real-life problems,
this leads us to think that its efficiency lies in its interactions with the other constraints.

However, our indicator allows us to tackle some challenges related to the practical uses of
global constraints, e.g., triggering the filtering algorithms and guiding the heuristics. The filtering
algorithms for global constraints are not effective all the time, and they may have a high complexity
in some cases. We can prevent this phenomenon by limiting the practical complexity of the filtering
by using the probabilistic indicator, one could inhibit most of the useless filtering. At another level,
the consistency behavior differs, depending on some heuristic choices (variable value selection).
The probabilistic model can thus help in designing heuristics on high level criteria (e.g., the v
parameter).
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(a) Uniform model with m = 100. On the left, p varies, and v = 0.4. On the right, v
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(b) Fixed size uniform model. On the left, m = 100, p varies, v = 0.4, and p = 0.5. On
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AP/P AP/P
0.04 025
0.20
0.03 -
015 ¢
0.02
010}
.
0.01r %e
005}
...0.
. . LAY
.. . -‘.'.‘..'.'.‘....."'..‘ .........‘...' . ‘. m ) ‘ AL X ..l‘....Q....".0.....00.‘. m
0 100 200 300 400 500 0 100 200 300 400 500

(c) AP/P represents the relative difference between theoretical and measured probabili-
ties. On the left, uniform model with p = 0.7 and v = 0.3. On the right, fixed-size model
with p=1, v =0.4 and p = 0.6.

Fig. 4. Theoretical (plain curves) and measured (dotted plots) probabilities

Finally, which global constraints are good candidates for such a probabilistic approach? The
global cardinality constraint and the NValue constraint have a combinatorial structure close to that
of alldifferent. We hope to present a similar study of these constraints in further works.
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A  Proof of theorem 1

The probability Py, ., that an alldifferent constraint on n variables(with union of size m) stays consistent
after the instanciation of a variable at the value = (at position v) is given by proposition 4. We set Ly, pv.1,0 =

(1- Tm,v,l—i-l,a)(nl_l)pfn,l+1 ((1 — Pma1)" T = qﬁ;f;l). Thus,

n—2min(v,m—1—1)

m n,w — H H (1 - Lm;ﬂ,v,l,a)

=1 a=maz(0,v—1)

n—2min(v,m—I—1)

= exp Z Z log (1 - Lm,n,v,l,a)

=1 a=max(0,v—1)

min(v,m—I—1) n—2
We also define X, 0,1 = > log (1 — Ly n,vi,0), such that P, , , = exp (Z Xm,n,v’l).
a=mazx(0,v—1) =1

Let’s set p=n/m and v = v/(m —1). We have 0 < p <1 and 0 < v < 1. We distinguish the 4 following cases :
p<land0<v<l;p<landv=0orl;p=1land0<v<1;p=1andv=0oul. In each case, we show that
most of the terms are negligibles.

Al Casep<landO<rvr<<l1
Let 0 < € < 1/2, we cut the sum on [ as follows : [ =1,2,3;3<I<(n—1)% (n—1)*<I1<n-2.

— 1=1,2,3. We have

min(v,m—2)

Xm,n,v,l = Z log (1 - Lm,n,vyl,&)

a=maz(0,v—1)

v

Z log (1 - Lm,n,v,l,a)

a=v—1

10g (1 - Lm,n,v,l,ufl) + log (1 - Lm,n,v,l,u) .

The asymptotics are given by Ly, pm.v(m—1),1,0(m—1)—1 = 240 () and Ly, pm v(m-1)1,0(m—-1) = 2+0 (:35).
Thus
4p 1
Koamotnna =30 +0(13z). )

In the same way, we can see that

1
Xm,pm,u(m—l),Q =0 <TTLZ) and Xm,pm,u(m—l),S =0 (Tng) : (2)



-3 <l< (TL - 1)6 As Tm,,l+1,a < 1 and qm, 41, < 1- Pm,i+1 < 17 we have Lm,n,v,l,a < Um,n,l =
n—1y (1041 \'
( l ) m(m—1) ) *

Unniv1  (n—1-1)(1+2) <z+z>l

Um,ml N m(m— 1) )
—1— (=19 ((n—1)+2
< (n (n = DY 1)+ )62 because 0 < € < 1/2
m(m — 1)
< n—1(Mn-1) 1+ 2 o2
m—1 m (n—1)¢
p1+e
<= (1 + 2176) e2 because n > 3
m —€
1+e€
§3€2PT
m €

It shows that at least Vim > mg = (3e2p'+€)1/(1=9) U decreases in the ”I” direction. Thus for I > 4, Ly p.vi0 <
Unmna = (nll)%' As Upna — 0 when m — oo, Im; such that Vm > mi, Ly nvie < 1/2, and so

log(l - Lm,n,v,l,a) > 72Lm,n,1},l,a- Then, VYm > mi,

(n—1)°—1 (n—=1)*—=1min(v,m—1-1)

Z Xm,n,v,l S 2 Z Z Um,n,4
=4 =4

a=mazx(0,v-1)
4454 p4+€
12 m3—«

which means that

(n—1)°—1

2 ren o) <o ()

—1
- (n_ 1)6 <l<n-2As Tm,v,l+1,a <1land qm,l+1,« <1 —DPm,i+1, W€ have Lm,n,v,l,a < va,n,l = (nl )pin,lﬂ(l—
pm,l—‘—l)nilil-

Vm,n+1,l _n <1 . l(l + 1) )

Vm,n,l B n—1 m(m — 1)

n _lI+1)
n—I (1 n(n — 1)>
I(n? —n(l+2))

n(n—1)(n—1)
>1 because [ <n — 2

Y



It shows that V increases in the ”n” direction, thus Vi, »,; < Vi m 1. Using v nkkke ™k < kI < v/ orkkke—ketr

and m > 3, we have :
m—1 1 m—1 (m_l)m—l N
< 2.
l - \/ﬁ l(mfl—l) ll(m—lfl)mfl—l
et 1 1 1

\/%\/m—l\/ml_lo_ml_l) (#)l<l—ﬁ>milil

Besides, we have

() = (o) (1) (-3)
l 21
fe(m—n)

and
m—l—1 2\ m—i-1 m—l—1
1 (l+1) (- l 4 1
m(m — 1) N m—1 m+1—1
2 m—Il—1
< <1 _ (l1> ) p(m—1-1)log (14 )
m—
2 m—1l—1
< <1 - (l1> ) e T
m—
m—Il—1
! 2
<el1-(——
Then

2

” _ed 1 1 ( ! )m"l<1+ l
m,m,l > /7277_ \/m—l\/l (1_#) m — 1 m—1

m—1

We can see that (ﬁ (1 — ﬁ)) is maximal when | = (n — 1)¢ (at least for n sufficiently large), that is

1 1

<

N N =
< 1 1
R

1 1

2 _ L
Vieyl=

<V6p~E(m—1)>"%

<(n-1)%



Moreover, 3z €]0, 1[ such that the function x — z%(1 4+ x)'~%, decreases on [0, o] and increases on |z, 1].

T I
Thus, <#> " (1 + #) " is maximal when [ = (n — 1)¢ or when I = (n — 2). We have :

m—1

((n - 1)6) s (1 e 1)6)1‘7;11” o ((n - 1)6)“‘” (1 e 1)6)“"”‘"”‘
m—1 m—1 m—1 m—1
) P (m—1)¢ . m—1
< (=) (1 )
< o~ (=1 (1=0)p* log(m—1)~1) (©)

and

(522) 7 (o 02) ) () et

1 _
ﬁp"(l +p)(L+p)" "

14 o
= pzp(PP(1+P)1 )

IN

< 1+ peM(plog p+(1—p)log(1+p)) (7)
=

Then for m sufficiently large, the case [ = (n — 1)¢ dominates. Equations 5, 6 and 7 lead to

\/6626i ¢ lepel 1
Vinmi < ~———(p(m — 1))*567(77171) (ep® log(m—1)—1)
T v 2w
Thus,
=2 V6e2ez . lept 1
> Xonwi| €2((n=2) = (n = 1)+ 1)(m — 1)T(ﬂ(m — 1)) 2 m ) (e loglm=1)=1)
T
I=(n—1)¢
2 L
< 2\/6\6/f24 pl—% (m _ 1)2—56—(711—1)5(51)E log(m—1)—1)
s
and finally

(n—2)

> Xonwa| =0 (%) (8)

I=(n—1)<+1

Pooling together equations 1, 2, 3 and 8 gives the following result : Vp < 1 and VO < v < 1, when m — oo,

4p 1
Pm,pm,,z/(m—l) =1- +0 (TTI?) . (9)

m



A2 Casep<landv=0o0rl

Firstly, we can potice that Py, nv = Pnnm—1-v, or equivalently P, sm v(m—1) = P, pm,(1=1v)(m—1), Dy symmetry
of the problem. Thus we only need to proove the theorem for v = 0. Taking v = 0 leads to

n—2

n—1 n—l— n—l—
Prno= H (1 —(1- 7“m,(),H—l,O)( I >plm,,l+1 ((1 *pm,l+1) =1 qm,llJrll,a>) .

=1

The sum over « is reduced to @ = 0, and we have X, .01 = 10g(1 — Ly n,0,,0)- We cut the sum over ! the same
way as in the previous case.

— 1=1,2,3. We have
20(1 — e~ 1
Lm,pm,O,l,O = p( 7) + O <>

m m2
that is ( i)
2p(1 —e™=F 1
Xm,pm,O,l = *T + O <,rn2> . (10)
Besides,
1
Xm,pm,O,Z =0 (777,2)
X B 1
m,pm,0,3 — 0 ﬁ (11)
— 3 <l < (n—1) Reducing the sum over a to a = 0, we can apply the result of previous section, that is :
(’I’L*l)eflx - 4454 p4+€
m,n,0,l| > 19 mi—e
1=4
and
(n—1)°—1 L
Xm,n,O,l =0 <W> (12)
1=4

— (n—1)¢ <1< n—2. The result of previous section can be used again here. Thus

(n—2)

9 L
S Kumod] € 25 (plm — 1)) 5 e s
I=(n—1)e | er

and
(n—2)

> Xpmous| =0 (é?) (13)

I=(n—1)¢

Pooling together equations 10, 11, 12 and 13 gives the following result : Vp < 1, when m — oo,

2p(1 — e=1°) 1
Pm,pm,O = Pm,pm,l =1- T + O ﬁ . (14)



A3 Casep=1landv=0o0rl

Here, we only need to poove the theorem for v = 0 too. But this time, we have to cut the sum over [ this way :
1=1,2,3;3<l<(m-1% (m=-1)¢<I<(m-1)—(m-1)(m—-1)—(m-1 <l <m-—2.

2(1l —e* 1
Lyymo1,0= 7( ) + 0 <2> )
m

m

2(1 —e* 1
Xm,m,O,l = *% +0 <’ITL2) . (15)

1
Xm7m,0,2 =0 (2)
m

Xm,m,0,3 =0 <1> (16)

m3

— 1=1,2,3. We have
Then

Besides,

— 3 <l < (m—1)°. Here, we can use the result of previous section, replacing p by 1, that is

(m—-1)°—1

)= 4r4
475 1
Xm,m,O,l < ?W
=4
Thus
(m—1)°—1

1
Z Xm,m,O,l =0 (’I’RZ) . (17)
=4

—(m—-1)<I<(m—1)—(m—1)c. We begin with the following equation (see section A.1) :

L

m—1
. _ el 1 1 ( I )m’1<1+ l )1
om0 = \/ﬂ\/m—l\/l (17 . ) m—1 m—1

m—1

m—1

—1/2
(L (1 - L)) is maximal when [ = (m — 1)¢ and when [ = (m — 1) — (m — 1)¢ (by symmetry). Thus,

Moreover, we have

(m—1)¢ (m—1)¢ 3 €
(m— 1)\ G = B 1 e L1 (m—1)~(m-1)
m—1 m—1  \(m— 1)l (m—1)l-¢

—(m—1)°((1—e)log(m—1)—1)

IA
o



and

(m—1)—(m—1)¢ 1 (m=D—(m-1)° m—1

((m—l)—(m—1)€>m-1<1+(m—1)—(m_1)e> =1

m—1 m—1

_ (1 B W)(mfl)*(mfl)e (2 B W)(mfl)e

(Lm0 (1 s v 1 (e )

—(m—1)¢(1-log2)+

1 _
2(m—1)1—2¢

e
eb e (m—1)(1-log2).

IAIA

Thus, at least for m sufficiently large,

2e2e3t31 PO
Lpym,0,,0 < W(m—l) 5o~ (m=1)°(1-log2)
and
(m—1)—(m-1)"~1 5 141
46 €2+24 e (m_1)¢(1—

liZ log(1 = Lim,m,0,0)| < — m — 1)1=8e=(m=1)(1-log2)

=(m—1)¢ \%
and finally

(m—1)—(m—-1)°—1 1
Z Xm,m,O,l =0 <m2) . (18)
l=(m—1)¢
— (m—1)—(m—1)° <l <m — 2. The substitution k =m — 1 — [ yields :
m—2 (m—1)°
Z Xm,m,(),l = Z Xm,m,O,l
k=1

I=(m—1)—(m—1)

Thus, we have k = o(y/m), and then

oke—2kpk /1 1
Lm,m,O,m—l—k,O = m (m + O <TTL2>>
N ok
Let’s set Sy = > AT .
k=1

S Kk —2kk
NCEY and Ry = k_%:_H % We have

oke—2kgh 1 2\"
CEN ﬁ()




Thus Sy converges, and we set S = Y % ~ 1.94264. Moreover,
k=1

res 3 ()
N < _ z
N1 V2T ¢
0o k
1 2
X
2 N \©
1T wa-2+y
VE (-
Therefore R,,_1)c =0 (i) Finally,
(mi)m (1-1L P Y (19)
2 m,m,0,m—1—k,0) = m m2
k=1
Pooling together equations 15, 16, 17, 18 and 19 gives the following result : VO < v < 1, when m — oo,
21—e 4+ S 1
Pm,m,O = Pm,m,m—l =1- Q +0 <2> (20)
m m

A4 Casep=landO0<r<<l1
The argumentation is the same as the previous one.
— 1=1,2,3. As in section A.1, replacing n by m, we have

Xm,m,v,l = 1Og<1 - me@,v,l,vfl) + 1Og(1 - Lm,m,ml,v)

with ) ) 5 )
Lm,mw(mfl),l,u(m—l)fl = E + 0 <m2> and Lm7m,l/(m71),l7y(m—1) = E +0 <Tn2>
Thus,
4 1
Xom,mv(m— =-——+0|— 21
;mp(m—1),1 m+ <m2> (21)
Besides, we have
1 1
Xm,m,u(mfl)ﬂ =0 (TTLQ> and Xm,m,u(mfl),Q =0 (TTLZ) (22)

— 3 <l < (m—1)°. We can use the results of previous section, with p = 1, that is

(m-1)°—1 ied
45 1
Xmm v S 1o
S K < L
1=4

Thus,
(m—1)°—1 1
Z Xm,m,v,l =0 <77’1,2> . (23)

=4



—(m-=-1)°<I<(m—1)—(m—1)°. We can use the results of previous section, with p = 1, that is
(m_l)_g_l)e_lX - 4e2es+tar
m,m,v,l| = \/%

l=(m—1)¢

m — 1)27567(m71)6(1710g 2)

thus
(m—1)—(m—-1)°—1

> X =0 (5) (24)

I=(m—1)¢
— (m—1)—(m—1)° <l <m — 2. The substitution k =m — [ — 1 yields

m—2 min(v,m—I—1) (m—1)° min(v,k)
Z Z IOg(l - Lm,m,v,l,a) = Z Z IOg(]. - Lm,m,v,mflfk,a)
I=(m—1)—(m—1)¢ a=maz(0,v—1) k=1 a=maz(0,v—m+k+1)

Askg(m—l)e,wehavevszmz1+V‘i,andv—m+k+1§OVmZ1+(1—V)_17L.Then

m—2 min(v,m—1—1) (m—-1)° &

Z Z IOg(]_ - Lm,m,v,l,a) = Z Z log(l - Lm,m,v,m—l—k,a)
k=1 a=0

I=(m—1)—(m—1)¢ a=maz(0,v-1)
Thus we have k = o(y/m) and o = o(y/m). Therefore

2ke= 2Rk (o + kv — 2aw) 1
Lm,m,u(m—l),m—l—k,a = @) -
mv(l —v)k!

and

2ke=2kkF (o + kv — 2av) 1
log(L _ 1 =— O|—
Og( m,m,v(m—1),m—1 k,a) ml/(]. — I/)k' ( 2)

Performing the sum over « gives

k ke 2k kR (o + kv — 200)  2FeRER R(K+1)
= my(l —v)k! Comv(l—v)k! 2
Let’ s N gk pk () R 2keZRpk(k)
etSSGtSN—ZWaHdRN— Z W.W@have
=1 k=N+1
e k(b +1) 1 2\*
< VE(k+1 <)
(k — 1)' T2 ( ) e

Thus S’ N conver d t S = io: e D) 11,9359, M
N ges, and we set S = G ~ 11. . Moreover,

k=1
) 0o 1 k
Ry < 2y TW\/E(k +1) (>
1 & 2\ "
< NG k;\];l k(k+1) <>
L (3"ew
v (-2



where Q(N) is a polynom of degree 2 in N. Then R'(,,_1)c =0 ( L ) To conclude,

m

m—2

z—: X S vo(L (25)
mmoy(m—1),L = 2v(1 —v)m m?2

I=(m—1)—(m—1)¢

Finally, pooling together equations 21, 22, 23, 24 and 25 gives the following result : VO < v < 1, when m — oo,

4+ 2v ?l—y 1
Pm,m,,u(m—l) =1- T() +0 <’I7’l2> (26)

B Proof of theorem 2

We set Dy novia(d) = (1 — T‘m’v’l+1,a(d))(nl_l)pin7l+1(d) ((1 — Pt (d) I — qzljlgl(d)) Notice that for I <
d— ]-7 pm,l+1(d) =0. Thusv

n—2 min(v,m—Il—1)
Pm,n,v(d) = H H (1 - Dm,n,v,l,a(d))
l=d—1 a=maz(0,v—1)
n—2 min(v,m—I[—1)

—ep [ T > log(l = Dmnwiald)

l=d—1 a=maz(0,v-1)

min(v,m—1—1) n—2

We also define X, 0 1(d) = > log (1 — Dy nwi,a(d)), such that Py, ., (d) = exp Z_: Xmnwi(d) |

a=mazx(0,0-1) l=d—1
Let’s set p =n/m, v =v/(m —1) and p = d/m. Wehave 0 < p < 1,0 < v <1 and 0 < p < 1. We distinguish
the3cases:v=0orv=1lorpu>p;0<p<land0<v<l;p=1and0<v <1l Wemay use some results
obtained in the proof of theorem 2.

Bl v=0orv=1loru>p

As Py no(d) = Ppynym—1—v(d), we only need to proove the result for v = 0, that is v = 0. We have

n—2

Pm,n,O(d) = H
—d—

l

n—1 n—l— n—l—
(1= 0= rmarna@) ("] Yoo @ (= pnrc)™ = ) )

1

with 7,,0441,0(d) = mﬂi?é?élll:d‘?:&ﬁgo’i}i%):11. We have d > 1, m > d and | + 1 > d, thus all the min and max

equal 0, that is 7., 0,141,0(d) = 1. Therefore, V0 < p < 1et VO < pp < 1,

Pm,pm,O(Mm) = Pm,pm,m—l(/f’fm) =1 (27)

The case p > p is trivial : the product over [ goes from d — 1 to n — 2. Then, if d > n, the product is reduced to 1.
Thus, Vi > p,

Pm,pm,u(mfl) (/’Lm) =1 (28)



B2 0<p<landO<v <1

As Tmoltla < 1 and Imi+1,0 <1 —pry1,m, we have

n—1 n—l—
D’m,n,’u,l,a(d) < Wm,n,l(d) = ( I )pin,l-i-l(d) (1 _pm,l-l-l(d)) 1 .

We have

Winsra(d)  n (| 1—d+2
Winn,i(d) T n—1 m—d+1

n m—1—1
T n—l\m—-d+1
W7n,n+1,l(d)

We can see that W@ decreases with [. Therefore,

Wm’nJrl,l(d) > Wm,n+1,d71(d) _ n m—d
Wmﬂhl(d) - Wm,n,d—l(d) n—d+1lm-—d+1
(d—1)(m-d+1)—(n—d+1)

(n—d+1)(m—d+1)

m-—n

>1 b d—1>1
> +(nfd+1)(m—d+1) ecause >
>1

Thus, W increases with n, and is bounded by W, 1,,.1(d). Then we have

m—1 m—l—
Dm’n,v,l,a(d) < Wm,n,l(‘i) = ( I >p£n,l+1(d) (1 _pm,lJrl(d)) -

One the one hand, we have

<m—1>S e 1 1 l 1 _
! m\/m1\/l(1_l)(z>(l_l)m

On the other hand,




and

Thus,

N

_ l m—1—1
(ml—l_dm2 1_'m,l—1
e 1 1 - -
Dm,n,v,l,a(d) <

I s (k) () ()

1
d—2
We can see that (1 — ) increases with {. Thus,

m—1




m—1

—-1/2
Moreover, (ﬁ (1 — L)) is maximal when [ =d —1 or [ = n — 2, with

1 V2

J (- ) S VR

1 V3

SR (am) VO

Let’s set C},,, = max (\/ iy (‘3 ) then,
p(l—p) " +/p(1-p)
. L nn(ores(2y) )
Dinnvital 2O —(m—1)(plog +log(1—p)
1,01, /7277 (p H) P /7m71
Thus,
n—2 n—2 min(v,m—1—1)
Z Xm,n,v,l S 2 Z Z Dm,n,v,l,a(d)
l=d—1 l=d—1 a=maz(0,0—1)

d
2+ 55 2
e“2d p ep"_“u C,up( _ 1)% —(m—l)(plog(ﬁ)-&-log(l—p))

<2

Vam p—
and finally, VO < p < p < 1
62+ﬁ p2 P1 3
P omvim m)>1-—2 er2i C 1) 3 e~ (m=1)(plog( 525 ) +Hog(1-p))
Jpmv(m—1) (Hm) = or p— 1t wp(m —1)

in particular

1
Pm,pm,u(m—l)(,um) =0 <m2>

B3 p=1land0<rv<1

Let 0 < € < 1/2. We cut the sum over [ as follows : d—1 <1 < (m—1)—(m—1)¢and (m—1)—(m—1)¢

—d—-1<l<(m—1)—(m— 1) From the previous section, we have

l
1 d—2 m—1
ez 1 1 _= 1
D m,v,a(d) < - 7= (>
mehe \/%\/m_l\/ l (1— l ) ml—l 1—p



d—2
m

1

m—1

1
) increases with {. Thus, I < (m — 1) — (m — 1)) implies

(1_

o \! 42 (m=1)=(m~1)¢
<1 - T) = <1 - <m—1)T(m—1>>
m—1 1
_ plm=1)=(m—1)") log(1- s )
_ ((m=1)=(m=1))log(1-u(1- %) s Tr=(o=me) )
_ (m=1)=m=-1))10g((1-p) (1- 125 (e — 32 (1- === ) ) ))

(m—1)¢
T—hn

< e((m—l)—(m—l)e) log(1—p))—

+2 (=)

< 252 ((m=1)=(m=1)°) log(1—p)~ 5=
Moreover, we have
1 1
<
l l m—1)—(m—1)¢ m—1)—(m—1)¢

o (k) it (1 et

_ 1
1 1
\/(1 - (m—l)l“) (m—1)1=¢

<A/24V2(m —1)3"
Thus,
V2 + \/ieﬁ 242
Dm,m,v,l,a(d) < Te s
Therefore
(m=1)—(m~-1)* 24/2 + \/56i 242
Z Xm,m,v,l(d) S Te s
l=d—1 ™
and finally

(m—1)—(m—1)°

>

l=d—1

Xm,m,v,l (d) =0

(m — 1)f§e*(m*1)€(10g(17u)+1%“)_

(m — 1)2756—(m_1)e(1og<1_u)+ﬁ)

1

m2

()

— (m—1)— (m—1)¢ <I<m— 2. The substitution k¥ = m — 1 — [ yields, for m sufficiently large,

m—2 min(v,m—1—1) (m—1
> S 10g(l - Dumpiad) = Y
I=(m—1)—(m—1)¢ a=maz(0,v—1) k=1
We have L
a—d+
Qm,m—k7a(d) = max (07 m—d T 1) + max

)¢k

Z IOg(l - Dm,m,v,m—l—k,a(d))

)

k—a—d-1
m—d+1



Asa<k<(m-1°and k—a <k < (m— 1), there exists m, such that Ym > m., ¢m.m—k,o(pm) = 0. In
addition, we have
min(v,m+a —k —d) —maz(a,v —d+1)+1

min(v,m —d) —maz(0,v —d+1)+1
The denominator is written in terms of v and p as min(v(m — 1), m — pm) — maz(0,v(m — 1) — pm + 1) + 1.
We can see that for m sufficiently large,

Tm,v,m—k,a (d) =

min(v(m — 1),m — pm) —maz(0,v(m — 1) — um + 1) + 1 = mP,, + xu,
where &, = min(v,1 — p) —maz(0,v — p), and
1 fr<pandv>1-—p
v ifv>pandv>1—p
Xvn =190 ifr>pandv<1-—p
l—vifv<pandr<1—pu

In the same way, as a < k < (m—1)¢ and k — o < k < (m — 1), there exists m sufficiently large suche that
min(v(m—1),m+a—k—pum) —maz(a,v(m—1) —pum+1)+1
= mq)uu + Xop — 5(1’7 My &,y k) - 5u,1—u1/)(v7 k— O‘) - 61/,u¢(1 -, Oz)

where
k fr<pandv>1-—p
_Jk—caifv>pandr>1—p
S p 0. k) = 0 ifv>pandrv <1-—p
e fr<pandv<1—p
and ¥ (z,y) = max(0,y — x), that is (v, k —a) = max(0,k —a —v) and (1 — v, a) = maz(0,a+v —1). Thus,

m@w‘ + Xu,u - f(Va M, &, k) - 5»,1—;##(% k— a) - 6u,,uw(]- -V, O‘)
m¢uu + Xvu

7ﬁ'm,u('m—l),m—k:,oz(H“Tn) -

then

1- Tm,y(mfl),mfk,a(:um) =

EWw o k) +0u1- b (v k — o) + 0,,,0(1 — v, ) (1 Lo (1)) .
m

mP,,

In addition, we have

m—k—1 k ko
m—1 m—k—d+1 1_m—k—d+1 _ k e 140 i .
k m—d+1 m—d+1 1—p k! m

It yields

Dm,mﬂ/(m—l),m—k—l,a(,um) =

¢(’4M70¢7k) +6u,1—,u¢(yak - O[) +5u,/ﬂ/)(1 - I/,Oé) < k >k e Tk <1 + O <1>> )
y2i m

mE (v, 1)

Let’s set Z(v, u, k) =

«

&(v, u, a, k). We have

k
=0

Ek+Difv<pandv>1-—p

=( k) = @ fvr>pandv>1—p
=W RE)=19 0 fr>pandv<1—p
k(k+1)

=5 ifv<pandv<1-p



k k
Let’s set ¥ (v, k) = > (v, k — o). We have ¥ (v, k) = @ — kv. We also have > ¢(1 —v,a) =¥(1 —v, k).
a=0 a=0

N k __k_ N k __k_
Then we set fy(p) = > (k+1) (%) % and gy(u) = > (1%) ‘Ek%; Thoses 2 series converge
k=1 a ‘ k=1 * '

V0 < p < 1, and their remainder term equal o ( L ) We denote the limits

m

- Feonity) -5

k=1

o0

k __k_
Finally, we set T, = 3 (E(V, 11, k) + Su1— (v, k) + 0y utp(1 — v, k) (ﬁ) ¢ T Then,
k=1

f(w) fr<pandv>1-p
%‘”Jréu,u(@—(l—wg(u)) ifv>pandv>1-p

Ov.pu (@ -(1- V)Q(M)) +0u1-p (@ - Vg(,u)) ifvr>pandv <1—p
@"‘5141*# (@_VQ(N)) ifr<pandv<1-—p
f(w) fr<pandv>1—p
@Jréw(@—(l—/«t)g(ﬂ)) ifv>pandv>1-p
(61/,;14 + 61/,17;1,) (@ - (1 - ,u)g(u)) if v > 12 and v < 1-— )
29 6, (142 = (1= pg(w)) v <pand v <1—p

and we have

m—2

§ X — _ﬁ O i 32
m,m,y(m—l),l(ﬂm) - b + 5 |- ( )

mPuy m

I=(m—1)—(m—1)¢

Therefore, equations 31 and 32 give : VO < v < 1 and Yu < p,

T, 1
Prmstmne (i) =1= 2 1.0 (). (33)

md,,



