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Abstract

The Word-RAM 1s a model of computation that takes into
account the capacity of a computer to manipulate a word of
bits w with a single instruction. Many modern constraint
solvers use a bitset data structure to encode the values
contained 1n the variable domains. Using the algorithmic
techniques developed for the Word-RAM, we propose new
filtering algorithms that can prune O(w) values from a
domain 1n a single instruction. Experiments show that on a
64-bit processor, the new filtering algorithms that enforce
domain consistency on the constraints A+B=C, |4A-B|=C, and
All-Different can offer a speed up of a factor 10.

Computational Models
The running time efficiency of an algorithm 1s analyzed on
a theoretical machine.

RAM (Random Access Machine): Manipulating one bit of
memory requires one unit of time.

Example: Adding two w-bit integers require O(w) time.

Word-RAM: Manipulating a word of w bits requires one
unit of time.

* [f each bit represents a piece of data, then a Word-RAM
can manipulate w pieces of data in constant time.

* One can hope to solve problems w times faster with a
Word-RAM than with RAM.

Word-RAM Operators
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Word-RAM in Constraint Solvers

A bitset can represent a set of integers and therefore a domain.

7 6 5 4 3 2 1 0
dom(x)=1{0,2.3,6 o100 [1]|1]0]T1

This representation 1s more compact and allows to manipulate
multiple values in a domain with a single operation.

Set Operators

T - Equivalence

ANB

I e - X T . - & < Py b =L I e - X T &
> - N 2 $ - . N d a8
4> - ™ - . - - , ) I - ™ - -
s - 4 ~ - o s - 4 ~
. w - - - v P " ’ . o~ - - . -
. - , ,a . . . - . - , ’a ' -
\ - - e 1% S - - \ - - e IN 3
nd g - > / e 4 o T > /
I o - ¥ ¥ . - * - ¥ . -
. i . ¥ - - : - - 7,
y - 4 ) e :
3 - a 3 - -
. B . » " » "
AP 3 . 3 . « PRSP 3 . 3
ke . - . h o T .
| - v A S L B ' S -y - . . - v A S L B ' S -y
- J Dl ¥ -
4 - - - L - - . ™ 4 . 4 - - - L

AUB

{a+k|la€Aa+k <w}

{a—Fk|laecAa>k}

min(A)

max(A)
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Constraint A+ B =C

Enforcing domain consistency on A + B = C removes the
value 3 from the domains of B and C.

dom(A) = {1, 5}

dom(B) = {1, 3, 5}

dom(C) = {2, 3, 6}
Best algorithm on a RAM: O(n?).

The operations to filter the domain of C can be encoded as
follows.

dom(C) < dom(C)N{a+b|a & dom(A),bec dom(B)}
dom(C) < dom(C)N U {a+0b|bedom(B)}
a€Edom(A)

(C)n | ) dom(B)

acdom(A)
+— dom(C) &
(dom(B) L ay|...|dom(B) K a‘dom(A)‘)

dom(C')

dom(C')

Using the Word-RAM operators, the constraint 1s filtered 1n
time O(n’/w).

Constraint |[A-B|=C
C and be updated

This constraint can be rewritten as A = B
by the following rule.

dom(A) < dom(A) N

U {b TV | b € dom(B)}

vedom(C)

dom(A) + U

vedom(C)

dom(B) < v |dom(B) > v

Time complexity: O(n?/w).

Increasing and Bijective Functions

We consider the constraint B = f(4) where f 1s an 1ncreasing
function. For instance: B = 24.

7 6 5
dom(A) olololo|1]|1]1]1

dom(B) O 170|110} 1]0]|1

Each bit in dom(A4) 1s paired to a bit in dom(B) to form a
solution. These bits preserve their relative positions.

An operation of compression moves to the right the bits 1n a
bitset B that are flagged 1n a mask m.

7 6 5 4 3 2 1 0
B b7 | bs | bs|ba|bs|b]|bi| bo

m 110 (1 (1{0 1 (1]O0

Compression(B,m) | O | O | O | b7 | bs| bs | b2 | by

The compression of one word 1s computed in O(log w) Word-
RAM operators. The domain of 4 1s the compression of the
domain of B. For domains of size n, one can filter the constraint
in O( (n log n) / w). A similar result applies for any bijective
function /.

All-Different

Régin's filtering algorithm for the All-Different constraint
proceeds 1n two steps:

It computes a matching in a bipartite graph;

o It computes the strongly connected components in the
residual graph.

(Cheriyan & Mehlhorn 1996) show how to compute a matching
and how to find strongly connected components 1n time
O(n?’>/w) and O(n?/w). These algorithms rely on a Depth-First-
Search 1n a graph.

Filtering Algorithms Based on the Word-RAM Model

. ..L.. - ||
3 TreTh -

] i

Depth-First-Search
DFS designed for a RAM.

Visit(Graph, s)

Mark the node s as visited
For all v in Neighbors(s) do
If v has not been visited then
Visit(Graph, v)

V=V | «s)
While Neighbors(s) & ~V =0 do

DFS designed for a Word-RAM
VisitWordRAM(Graph, s)

Experiments

Visit(Graph, LSB(Neighbors(s) & ~V))
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The bitset encoding of the variable domains offers an
opportunity to design new filtering algorithms adapted to a

Conclusion

Word-RAM leading to substantial gains in performance.
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