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Abstract

Arc-consistency plays such a key role in constraint pro-
gramming for solving real life problems that it is almost
the only algorithm used for reducing domains. There
are a few specific problems for which a stronger form
of propagation, often called shaving, is more efficient.
Nevertheless, in many cases, shaving at each node of
the search tree is not worth doing: arc-consistency fil-
tering is much faster, and the additional domain reduc-
tions inferred by shaving do not pay off. In this paper,
we propose a new kind of shaving called QuickShav-
ing, which is guided by the search. As QuickShaving
may infer some additional domain reductions compared
with arc-consistency, it can improve the search for a so-
lution by an exponential ratio. Moreover, the advantage
of QuickShaving is that in practice, unlike a standard
form of shaving, the additional domain reductions de-
duced by QuickShaving come at a very low overhead
compared with arc-consistency.

Introduction

Arc-consistency plays a key role in constraint program-
ming for solving real life problems. The arc-consistency
filtering algorithms have been continuously improved for
twenty years (Mohr & Henderson 1986; Bess 1994;
Bessere & Regin 1997; Bessire & Régin 2001; Zhang &
Yap 2001) and are almost the only kind of filtering algo-
rithms used for reducing domains in practical applications.
There still remain a few specific application domaiesy.,
scheduling, for which a stronger form of propagation, often
called shaving, is more efficient. The principle of shaving
is quite simple: a value is tentatively assigned to a variable,
and an arc-consistency filtering algorithm is applied. If an
inconsistency is found, then the value can be safely removed
from the domain of the variable. Otherwise, the value is kept
in the domain of the variable.

There are basically two kinds of using shaving:

The optimistic usevhich assumes that inferences done by
shaving, although costly, will pay off. All the values of

all the variable domains can be tested for shaving. Fur-
thermore, when a value is removed from the domain, pre-

now they possibly can be detected as inconsistent. If this
process is repeated until a fixed point is reached, the con-
straint network is said to be Singleton Arc Consistent
(SAC) (Debruyne & Bessire 1997).

The pessimistic usghich tries only some values in order
not to spend too much CPU time. This approach is often
used in practice. For example, in scheduling, a common
strategy is to try only the values that are the bounds of the
domains of some selected variables. On numeric CSPs,
3B-consistency (Lhomme 1993), which often helps a lot
for solving difficult problems, is a kind of shaving only on
the bounds of the domains.

The optimistic approach has recently attracted the atten-
tion of several researchers (Bartak & Erben 2004; Bxesi
& Debruyne 2004). Their aim is to improve the SAC compu-
tations by making the algorithm incremental. Thus, if SAC
is achieved at each node of a search tree, the SAC computa-
tions are amortized along a branch of the search.

Nevertheless, in many cases, shaving on each value at
each node of the search tree is not worth doing: arc-
consistency filtering is much faster, and the additional do-
main reductions inferred by shaving do not pay off. We are
more on the pessimistic side, and think that good heuristics
for choosing the values to be tried for shaving also deserve
attention.

In this paper, we propose a new inference mechanism that
needs only a small overhead in time. It can be seen as a kind
of shaving, and we call it QuickShaving. The principle is to
test only some values for shaving that are selected by ana-
lyzing the failures that occur during the search.

Experiments show huge improvements for solving prob-
lems where the additional inferences do help, and very small
overhead when the additional inferences do not help.

The paper is organized as follows. First, we briefly give
the motivations for shaving. Then we present a new method
that is called QuickShaving. Some experimental results are
then given, and related work is discussed.

Motivations for Shaving

vious values found as consistent can be retested, becausé/Vhy doing shaving during search? Its interest is typically
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when the choice of a value, say= 1:
¢ leads to a problem that is arc-consistent,
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e but there is one variable, sgy deeper in the search tree, computations. We will see that we can avoid most of them.
which cannot be assigned without leading to a problem First of all, we need to define the term “shavable”:

being arc-|n_c0n5|_stent. _ _ _ _ Definition 1 A valuea of a variablex is said to be shavable
When the variable is assigned, inconsistency is detected, when AC is able to detect inconsistency on the prodRéns

but all parts of the tree betweanandy must be fully ex- PU{z =a}.
plored before undoing the culprit assignment 1. If shav- More generally, a decision or a constraiatis said to
ing is applied ory just after the assignment = 1, the in- be shavable when AC is able to detect inconsistency on the
consistency can be detected immediately. problemP’ = PUc
Consider the following example. Let, . .., z,, ben vari-

A perfect shaving algorithm would test for shaving the
shavable values only. Unfortunately, it is not possible to
know in advance which values are shavable. The strategy
we adopt for using shaving in the search is the following: at
depth k, test for shaving only the values that would be shav-
able at depth k+1. We need to have an oracle that predicts
at depth k what will happen at depth k+1. Backtracking can
be used as such an oracle; its advantage is that it does not
cost additional CPU time. All we need is to keep which val-
ues are shavable at depth k+1. Then, when a backtrack to
depth k occurs, we can test for shaving those values that are
shavable at depth k+1.

Thus, shaving is tried only at backtrack, and only on val-
ues that are shavable in the next deeper node of the search
tree. But where does the first shavable value come from?
The answer is very simple. It comes from branching, when
assigning a value leads to a direct failure. For example, let
us assume the search is at depth k. The search algorithm
branches o = 2, and immediately fails. Thus, we know
thatz = 2 is a shavable value at depkh without having
to testz = 2 for shaving. When a backtrack at depth- 1
will occur, the shavable values at degthlike x = 2, will
be tested for shaving.

ables of a constraint problem. Let us consider a subprob-
lem SP on variables, x1¢, x11, T12, With associated do-
mainSd(.’El) = {1, 2,3, 4}, d((El()) = {].7 2, 3}, d(l’ll) =
{1,2,3},d(z12) = {1, 2, 3}, and with difference constraints
between each pair of variables in SP; # zi9,21 #
T11,21 # T12,T10 7 T11,T10 7 T12, T11 7 T12.

Consider a backtracking algorithm that performs arc-
consistency at each node and that uses static ordering of vari-
ables fromz; to x,,, and a value ordering that takes first the
smallest value in the current domain.

As soon asr; is assigned with value 1, 2 or 3, the sub-
problem is a pigeon hole problémit has no solution but
arc-consistency is not able to see the inconsistency.

The search thus continues by assigningzs, ..., xg.
When assigning:;o, arc-consistency detects inconsistency.
The search now needs to explore the whole subtree between
o andxg before backtracking te; .

If shaving onz1yis applied after:; is assigned with value
1, 2 or 3, inconsistency is detected immediately and thus the
useless exploration of the whole subtree betweeandxzgy
is avoided.

Quick Shaving
The main drawback of shaving is CPU time consumption. Description of the algorithm

It tries to shave_a lot of \_/alues in a blind way. This requires Figure 1 shows an example of how to implement a search

many computations, which are often useless: algorithm with the QuickShaving principle. Procedure QS-

e ltis clearly a waste of CPU time when testing a value for Search receives as input parameters the constraint problem
shaving leads to an arc-consistent problem: the value still P and a constraint to add t& which is a branching de-
remains in the domain of the variable but the CPU time is cision. Procedure QS-Search also has an output parameter,
spent. shavableLiswhich is a list of values that are shavable after

adding the decision ct t@. Procedure QS-Search returns

true or false, to indicate that a solution has been found or
that there is no solution to the problefu ct.

The first call to QS-Search gives a constraint that is al-
ways true for parameter ct.

If the decision ct leads to a failure, then we know that this
decision is shavable. So, shavableList is initialized to the set
containing this decision.

If there are no more variables to assign, the search is fin-
) ] ) ) ished and a solution is found. Otherwise, a branching deci-

The time spent in all those useless shaving computations sjon is chosen, for example an assignment of a value to a
is in general much more than the time spent in useful shaving yariable, and a recursive call to QS-search is done.

If the recursive call succeeds, a solution has been found.

e Even when the shaving succeeds in removing a value, the
computations can be useless. For example, it is not effi-
cient to waste CPU time to reduce the domain:af we
branch one just after. (Of course the choice of the variable
to branch may depend on the size of the domain and thus
we may argue that sometimes a better informed heuristic
may save exponential time but this is a side effect, and
we will try to separate in our study the inferences and the
heuristics.)

LA pigeon hole problem is a problem where one must find a hole . . .
for each pigeon, such that each pigeon has its own hole, but there Otherwise, we must try the negation of the decision. For ex-

aren pigeons anch — 1 holes. Such pigeon hole problems led to ample, if the decision is an assignment of a value a vari-

the introduction of the allDifferent constraint that solves this kind ~aPle, its negation is the constraints# a. But, before this
of problem in polynomial time by using a matching algorithm. But ~ S€cond recursive call, we can benefit from the list of shav-

that is not the point here; we take this example only for illustration able decisions that have been found by the first recursive
purposes and consider that we do not have allDifferent constraint. call. The function shave tests all those shavable decisions
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for shaving. It adds constraints to the constraint problem and
cleans the list shavablel by side effects (see Figure 2).

Note that the function shave may also detect inconsis-
tency of the constraint network: in this case, we can back-
track without trying the other branch of the alternative. We
only have to report shavablel in shavableList.

When the function shave succeeds, the second branch of
the alternative is tried by a recursive call to QS-Search, and
either a solution is found, or the shavable decisions found in
both branches of the alternatives are merged in shavableList.

We chose to present an algorithm in a very simple form
for illustration. It can be optimized in different ways. For
example, in the real implementation a decision that has just
led to a failure is not retried by the function shave.

We now study the properties of QuickShaving.

Properties of Quick Shaving

We want to qualify the overhead QuickShaving may add to
the use of arc-consistency. The following properties show
that this overhead is small in theory.

Property 1 Letd be a branching decision that fails at depth
k and which is shavable at depth< k, but not shavable at
depthg — 1. QuickShaving will shave this decisién— g
times and will fail to shave it once (at depjh- 1).

proof: The proof is immediate: consider the branch of the

search that leads to this decision. On this branch, Quick-
Shaving only tests it for shaving on backtrack, and only
when it succeeds in shaving .

The above property is crucial: it means that QuickShaving
can be wrong in its prediction of which values to shave only
once per value on a branch of a search. This will explain
why, at worst, QuickShaving only leads to a small overhead
in time on our experiments.

Property 2 When QuickShaving does not infer additional
reductions compared with arc-consistency, the search does
at mostF’ additional AC-filtering calls compared with the
same search without QuickShaving, whérés the number

of leaves of the search tree encountered so far.

proof: QuickShaving does no additional domain reductions
compared with arc-consistency filtering. Thus, all the deci-
sions that fails at a depthare not shavable at depth— 1.
By Property 1, we thus have that there is at most one shaving
for such a decision. Those decisions are those that lead to a
fail, and thus are leaves of the search tree.

The property 2 leads to an even stronger practical result:

Corollary 1 In practice, when QuickShaving does not in-
fer additional reductions compared with arc-consistency, the
overhead is small compared with the same search without
QuickShaving

proof: When QuickShaving does not infer additional re-

procedure QS-Search(in P, in ct, out shavableList)
add ctto P
achieve arc-consistency
if failure

shavableList {ct}

return false

some variable is not assigned

choose a branching decision: dec

retl = QS-Search(P,dec, shavablel)

if retl =true
return true
else

if shave(P, shavablel)
ret2 = QS-Search(P, not(dec), shavable?2)

if ret2 =true
return true
else

shavableList = shavablel shavable2
return false
else
shavableList = shavablel
return false
else

return true // solution found

Figure 1: Example of use of QuickShaving in search

the top of the tree. Thus, at the top of the tree, the cost of the
arc-consistency filtering is greater than at the end of the tree.
©

We will see that this corollary is confirmed by our exper-
iments.

Now, we address the advantages of QuickShaving. Of
course, the advantaget AC-consistency is clear:

Property 3 The use of QuickShaving in a search algorithm
may avoid the exploration of an exponential number of
nodes compared with AC-filtering.

proof: Consider a static ordering on the branching deci-
sions. Let us consider the decision that is taken at depth
Assume:

e this decision fails at depth,

e itis shavable at depth,

e its negation also fails at depth

e its negation is also shavable at depth
e no other decision leads to a failure.

QuickShaving saves the exploration @f~9 nodes of the
search treed

The Section on experiments will help to give an idea of
the practical efficiency of QuickShaving.

Experiments

ductions compared with arc-consistency, it only more or less In the introduction, we have seen an example that shows that
doubles the CPU time spent in the leaves of the search tree. QuickShaving may lead to reduced computation time by an
In practice, the complexity of the arc-consistency filtering is exponential factor. As expected, our method leads to an ar-
increasing with the number of still unassigned variables and bitrarily large improvement in efficiency for such cases. But
with the size of the domains. At the bottom of the tree, do- this is due to the specific structure of this kind of cases.
mains are smaller and unassigned variables are fewer than at The experiments we performed have two objectives:
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procedure shave(inout P, inout shavableList)
foreach dec in shavableList
if arc-consistency (P dec) fails
P = PU not(dec)
if arc-consistency(P) fails
return false
else
remove dec from shavableList

return P

Figure 2: shave function

We want to show that, even for problems with no structure
atall, i.e. on random problems, QuickShaving may lead to
drastic reductions of CPU time.

We also want to show that, when the inferences of Quick-
Shaving do not help the search, or when QuickShaving
achieves only very few domain reductions the overhead is
very small. That is to say that we want to confirm experi-
mentally Property 2 and Corollary 1.

All the experiments have been made with ILOG Solver
6.1 (ILOG 2005)

Random set of tuples

First we consider a test that is an adaptation of a local search
benchmark on Boolean variables: the NK model (Kauffman
1993). The problems of the first test involve 30 variables.
All the constraints are given in extension by their allowed
set of tuples, and have the same arity. Each constraint

is defined over randomly chosen variables. The Cartesian
product size is26. We take randomhy2® tuples in each
table. Thus, the density of each constraint is around 0.5.
The advantage of this model is that, by varying only one
parameter, the number of constraints, we vary the difficulty
in solving the problem. The CPU time for finding the first
solution is reported in the following table.

QS
time
0.11
0.05
0.08
0.06
0.03
0.04

#et AC
time
0.04
0.06

1.492

1.342
0.03

0.03

~NO O WN

#ct is the number of constraints.
“AC”corresponds to arc-consistency.
“QS” represents QuickShaving.

Times are expressed in seconds.

We can see a phase transition for 4 or 5 constraints with-
out QuickShaving.

We then increase the number of variables to 50:

AAAI-05 /

#ct AC| QS
time | time

2| >600 | 0.23
3| >600 | 0.16
4| >600 | 0.13
5] >600 | 0.14
6 0.08 | 0.04
7 0.04 | 0.04

This time, we cannot get results without QuickShaving
in less than 10 minutes for problems with 2, 3, 4 or 5
constraints. We typically have an exponential behavior, and
QuickShaving gives an exponential improvement in time.

Testing the overhead

For some classic puzzles like N-queens problems or magic
squares, which are very dense, only a little additional prun-
ing is achieved by QuickShaving. Those problems allow us

to quantify the overhead of QuickShaving. For example, for

the N-queens problem, with minSizeDomain heuristic, we

get the following results.

#queens| AC | QS
time | time

50 | 2.55| 2.08

60 | 2.12 | 2.25

70| 142 1.14

80| 2.02| 2.13

90 | 5.15| 5.36

100 | 3.89 | 3.86

The CPU times are close. Some runs are better with
QuickShaving. This may be due to the fact that the heuristic
is a little bit better informed. So we test the same problem
with a static order for the variable, but with a smaller number
of queens.

#queens| AC | QS
time | time

10| 0.07 | 0.08
11| 0.04| 0.05
12| 0.11| 0.12
13| 0.04| 0.05
14| 0.6 0.74
15| 0.4 0.55
16| 35| 3.9
17| 21| 25
18| 149| 171
19| 1.12| 1.24
20| 78.0| 89.0

This test is one of the worst cases we found for Quick-
Shaving. We can see that the overhead compared with arc-
consistency is small.

Related Work

We already mentioned the different work done to make SAC
incremental (Bartak & Erben 2004; Beast & Debruyne
2004).

An original attempt to improve shaving has been proposed
in (Lebbah & Lhomme 1998). It has been developed for con-
tinuous CSPs. While testing a value for shaving (this is not
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exactly a value but a small interval near one of the bounds of
the domain), an extrapolation method is periodically called.
If the extrapolation method predicts that the network has

a good chance to be consistent, and, thus, that the shaving

will not be possible, the test for shaving is stopped. Unfortu-
nately, extrapolation cannot be applied on discrete domains.

Our method can thus be seen as a way to find another oracle

other than extrapolation which works for discrete domains.
QuickShaving takes its roots in the different look-back
techniquesDependency Directed Backtrackin@tallman
& Sussman 1977)Conflict-directed BackJumpin@rosser
1995),Dynamic Backtrackin@insberg 1993Rartial order
Dynamic BacktrackingGinsberg & McAllester 1994 Gen-
eralized Partial order BacktrackingBliek 1998), etc. Un-
like forward techniques like arc-consistency filtering, look-
back techniques infer domain reductions only when the val-

ues have been tried in the search. The method we propose

in this paper adopts an approach similar to that of look-back
techniques for choosing the value on which shaving is ap-
plied, that is, the use of the failures.

Conclusion

In this paper, we have proposed QuickShaving, a new
method for reducing domains.

QuickShaving can be seen as a shaving method,; it is able
to infer more domain reductions than arc-consistency and
thus allows exponential time to be saved in a search for a
solution. We observed such exponential gains in our experi-
ments.

The specificity of QuickShaving is that it is able to pre-
dict which values have a good chance of being shavable.
Only those values are tested for shaving. The good prop-
erty of QuickShaving is that it can be wrong in its prediction
only once per value on a branch of a search. This property is
its main advantage compared with other shaving techniques
like SAC: its overhead in time is quite small compared with
arc-consistency filtering. Thus, it may be used as a default
filtering algorithm.
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