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The present invention relates to a process for aidi ng the ml f
optim zation algorithns incorporating a time [imt. I mmulm "m”m
“enhancing the framework of constraint 1progranmi ng through thelsblgbt,roductlon

of an explicit 5 tenporal control into the search algorithns.
constrai ned conbinatorial optimzation problemis defined by a set of
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15 optimization problem consists in searching for the low-cost, if possible
optimal solutions, or, as the case may be, in proving the absence of any
solution.

A conventional example of a constrained combinatorial
optimization problem is the problem of the coloring of a graph. A variable is

20 associated with each vertex of the graph. The domain of values of the
variables contains the available colors. A difference constraint connects each
pair of variables whose vertices are linked by an edge. The cost function
corresponds to the number of different colors used in the solution. The study
of graph coloring problems serves in particular within the telecommunications

25 sector, in respect of problems of allocating frequencies to radio links in an RF
network. An analogy is made between colors and frequencies.

The complexity of the solving of combinatorial problems is often
such that only the search for low-cost solutions is conceivable in a
reasonable computation time.

30 A first observation related to complexity theory is that no efficient
algorithm for searching for solutions exists which is generic, that is to say
capable of efficiently solving all combinatorial problems. It is necessary to
develop a specific algorithm for each class of problem. The performance of
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.reasonabl e conputation tinme. 30 A first observation related to conplexity
theory is that no efficient algorithmfor searching for solutions exists
which is generic, that is to say capable of efficiently solving al
conbinatorial problenms. It is necessary to develop a specific algorithm

- for each class of problem The perforn@nce of |
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example with systems for rescheduling tasks subsequent to new requests or
to events that modify the initial schedule.
A second observation is that the search algorithms existing in
commercial CP tools (llog, Cosytec, etc.) do not explicitly incorporate the
20 operational constraints cited above. It is up to the programmer of the
algorithm to implement means to guarantee the memory and time limits.
Moreover, he does not benefit from any aid for describing how his algorithm
utilizes the time limit.
) There are chiefly two classes of solution search algorithms: (i)
25 global search methods and (ii) local search methods. The former use
problem refinement mechanisms consisting in breaking a problem instance
down into several independent subinstances (producing a decision tree) and
in applying a filtering procedure that excludes partial assignments deemed to
be unsatisfiable or suboptimal (constraints propagation procedure). The latter
30 use mechanisms for transforming complete assignments (which do not
necessarily comply with all the constraints). These two approaches may be
combined: this gives the hybrid methods, consisting of several global and/or
local searches.
In limited time, the global search performs a partial exploration of

35 the tree. One then speaks of a partial search. Numerous algorithms have



.utilizes the tine limt. There are chiefly two classes of solution search
algorithns: (i) 25 global search nmethods and (ii) |ocal search nethods.
The former use problemrefinenment nmechani snms consisting in breaking a
probl eminstance down into several independent subinstances (producing a
- decision tree) and in applying a filte¥ing procedure that excludes partial
assi gnnents deened to be unsatisfiable or suboptiml (constraints
propagation procedure). The latter 30 use nechanisns for transform ng
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Finally the incorporation of time into a hybrid search involves
apportioning the computational burden between the various global and local
searches from which it is composed. The article "A Meta-Heuristic Factory for

20 Vehicle Routing Problems (Meta-Programming for Meta-Heuristics)" [see
reference No. 3] proposes the automatic construction of hybrid algorithms on
the basis of a set of elementary search operators dedicated to the problems
of vehicle rounds. Construction is done by a learning method based on a

) collection of instances and for a given computation time. The complexity of

25 the hybrid algorithm generated is estimated. This makes it possible to keep
only the combinations and the adjustments of operators which lead to an
algorithm whose computation time sticks almost to the time limit.

Constraint programming (CP) offers a computer language for
expressing constrained combinatorial optimization problems. It sharply

30 separates the problem modeling phase, that is to say the description thereof
in the form of variables and constraints, from the solutions search phase.
Initially the CP tools placed the stress on the modeling phase by proposing a
set of constraints having great expressibility. More recently, advances have
been made with regard to the language aspect of the solutions search phase.

35 The "Optimization Programming Language” (OPL) language from llog [see



_apportioning the conputational burden between the various gl obal and | ocal
searches fromwhich it is conposed. The article "A Meta-Heuristic Factory
for 20 Vehicle Routing Problens (Mta-Programrmng for Meta-Heuristics)"”
[see reference No. 3] proposes the automatic construction of hybrid

~algorithms on the basis of a set of elenentary search operators dedi cated
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Typical l'y, dsinguighe §@@émﬁng@hgﬁélty¢m&falm dansytaime” by nature if the
assunption is made th?n the l®ntractual mode, the time limit is known before
conducting the search. It is imposed either dynamically by a
request coming from outside, or statically by a system
20 requirement. The search algorithm must best utilize the time
allowed and must duly yield a solution.
o In the interruptible mode, the time limit is unknown. The search
will be interrupted while underway on request from outside.
; The search algorithm must produce solutions of increasing
25 quality over time. The performance of the algorithm is judged
as a function of its curve of change of quality of the solutions. It
is preferable for the quality to progress better at the start of a
search than after.
e In the autonomous mode, the time limit is unknown. It is the
30 temporal control which determines the best instant to stop the
search and yield a solution. This is the approach that is mainly
studied for “anytime” algorithms [see reference No. 16].
The temporal control generally uses prior learning on the basis of
experiments to carry out the selection and the adjustment of a search
35 algorithm. [See reference No. 15] studies the temporal apportioning of a time



.possible to yield a first solution, possibly partial, at any instant. Wrk

inthis field is concerned with the tenporal control of the algorithns
enpl oyed in Al. 15 Three nodes of tenporal control of a search algorithm
are distinguished depending on the type of tinme constraint: 1In the

-contractual node, the tine linmt is kndwn before conducting the search. It
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control procedures. The programmer is responsible for fully installing each
15 temporal control.
Neither does CP contain such primitives for describing a temporal
control procedure in contractual mode. There is no primitive in the existing
CP systems which facilitates the expression of the relationship between a
time limit and the selection and the adjustment of a search algorithm. Neither
20 does the general framework of “anytime” algorithms specify how to formalize
this relationship.
An object of the present invention is a process for aiding the
design of optimization algorithms incorporating a time limit which provides a
) framework for more easily expressing a search algorithm and its temporal
25 control, in particular in contractual mode, this process being able to extend
the framework of constraint programming, and making it possible to more
efficiently solve problems with a time limit.
The process according to the invention comprises the following
functions:
30 - a model defining the problem to be solved,
- heuristics for guiding the choices of construction of a search
tree,
- a library of search primitives for describing how to construct a
complete a priori search tree,




.control procedure which is usually adapted to the interruptible node (for
exanple the "Limted Discrepancy Search” algorithm[see reference No. 6])
10 and nore rarely to the contractual node (for exanple the "Realtine
Heuristic Search"” algorithm|[see reference No. 8]). The same is the case
- for local or hybrid search algorithnsﬁskbmever, t he description of the
tenporal control is not based on established primtives that are generic
for a set of tenporal control procedures. The programer is responsible
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Thus, according to the invention, the incorporation of the time limit
15 into an algorithm is done through the adjusting of parameters dimensioning
the complexity of its search.

The present invention will be better understood on reading the
detailed description of a mode of implementation, taken by way of nonlimiting
example and illustrated by the appended diagram in which:

20 - Figure 1 is a diagram illustrating the main functions
implemented by the invention and their mutual relations,

- Figures 2 to 4 are diagrams illustrating the main functions

implemented by prior art processes, and

- Figure 5 is a diagram illustrating the succession of steps

25 implemented by the process of the invention.

The various functions implemented by the procedure for aiding the
design of algorithms according to the invention will be described with
reference to Figure 1. These various functions are:

e A model 1. It contains the definition of the problem to be solved

30 in the form of a set of variables and of constraints.
e A set 2 of heuristics. This is an extendable set of predefined
functions for ordering the choices in the construction of a
solution. For example, heuristics for guiding the choice of
values. A set of primitives makes it possible to create new
35 heuristics from existing heuristics. For example, the reversal of



.a library of primtives describing various tenporal sequencings 5 of
partial searches such as figuring in the aforesaid library of search
primtives and describing the manner of adjusting the paraneters of each
search. According to one aspect of the invention, the adjustments of the
-limits consist in indicating the branches to be explored preferentially in
the 10 search tree. According to another aspect of the invention, the
adjustnments of the limts are made according to one of the follow ng three
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with this component relate to the description of the choice
points (the nodes of the tree), the combination of choice points
15 and the minimization/maximization function, for example a
cost/profit function. An example of a choice point is the
enumeration of the values for a variable. An example of
combining two choice points, A and B, is the sequencing: at
each leaf of A, the search continues on B. The OPL language
20 [see reference No. 7] possesses a set of such primitives. The
relationship between model and search scheme allows
dynamic construction of the tree, as a function of the current
state of the model.

) e An exploration strategy 4 (ES). It specifies parameters
25 controlling the complexity of the search. In the case of partial
searches, these parameters pinpoint which part of the tree is to
be explored. The ES therefore applies a certain number of
limits on an SS. For example, a limit on the branching factor,
applied to nodes of the tree. Certain references [see for
30 example references No.4 and No.9] propose a set of
primitives expressing these limits. A prior learning phase is
necessary for determining the values of the parameters which
are relevant. The list, sorted by increasing complexity, of the

relevant values is called the “parameter adjustment policy”.




values. A set of primtives makes it possible to create new 35 heuristics
fromexisting heuristics. For exanple, the reversal of 7 the order of a
heuristic or the conbining of two heuristics: in case of equality in the
conmparing of two choices by the first heuristic then conparing according
-to the second heuristic. The relation8hip between nodel and heuristics
corresponds to 5 the exam nation by the heuristics of the state of the
current domains of the variables and of the structure of the constraint
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subsearches performed in a quasi-simultaneous manner By an
interleaving procedure. Each ES contributes to improving the
15 quality of the solution. The solutions are shared among the
ESs through a “solution log”. A “temporal apportioning policy”
enhances a composition by indicating how to apportion a time
limit to the ESs of the composition [see reference No. 5]. For
example, an equitable apportioning of the time between the
20 - ESs of a sequence. Thus each ES will have its own time limit
allowing it to control its exploration. The TS also specifies the
mode of adjustment of the parameters of each ES: frozen,
progressive or adaptive adjustment [see reference No. 4].
) e Requests 6. Coming from outside the system, the requests ask
25 for the time-constrained solving of a combinatorial problem.
Specifically, the requests envisaged (associated with a
primitive) are those of on-line systems:
> Initiate a search with or without a time limit.
> Suspend, continue or stop a search.
30 > Widen or reduce the time limit of a search.
> Give information about the state of progress of the search.

e A temporal control 7 (TC). The type of request imposes the
mode of temporal control (contractual or interruptible). The
interruptible mode is simulated by a succession of activations

35 of the contractual mode with an increasing time limit. As a



.applied to nodes of the tree. Certain references [see for 30 exanple

references No. 4 and No. 9] propose a set of primtives expressing these
limts. A prior |earning phase is necessary for determning the val ues of
the paraneters which are relevant. The list, sorted by increasing

~conplexity, of the relevant values is9alled the "paraneter adjustnent

policy". 8 A tenporal strategy 5 (TS). It describes the conposition of
ESs as a neans of expression of the tenporal control. A conpositionis a
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primitives facilitating the expression of a search algorithm incorporating a
15 time limit. The TS and ES components make it possible to form the
relationship between a time limit and the adjustment of a search algorithm.
These characteristics are important characteristics of the invention (see
Figure 5, described hereinbelow).
Figure 2 shows the general architecture of an on-line optimization
20 system. It depicts two things essentially. On the one hand the search engine
8 which actually solves the current problem, on the other hand the decisional
module 9 which drives the search and which receives outside requests 10.
The decisional module instructs (instructions such as; invoke a search,
interrupt it, modify the parameters, interrogate the search engine), the search
25 engine provides results in return (solutions, current profile, statistics, etc.)
[see reference No. 5]. This architecture does not specify the way to control
the search, nor how to express this control.
Figure 3 shows the architecture used by reference No. 3. This
architecture comprises: a model 11, a hybridization scheme 12, a learning
30 procedure 13 and input data 14 which include a fixed time limit and a
collection of instances for solving just the classical problem of vehicle rounds
(delivery lorries for example), so-called VRPs. In this architecture, the
temporal control is static. It involves generating an algorithm which performs
averagely for a collection of instances representative of the problem to be

35 solved and for a fixed time limit. This architecture is very specific for the



.25 for the tinme-constrained solving of a conbinatorial problem
Specifically, the requests envisaged (associated with a primtive) are
those of on-line systens: Initiate a search with or without a tinme limt.

- Suspend, continue or stop a search. 30 - Wden or reduce the tine limt
-of a search. > Gve information about tthe state of progress of the search.
A tenmporal control 7 (TC). The type of request inposes the node of
tenporal control (contractual or interruptible). The interruptible node is
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gener al arﬁgl E)Pecste%rtemc\)/fen ngnngnlclen?hlsptclompo%tén? 18 additionally offers the

possibility of defining an order of traversal of the nodes of the tree. On the

15 other hand, it does not make the assumption of explicit parameterization of
the complexity of the search (absence of “parameter adjustment policy”).

Represented in Figure 5 is a time chart showing how the various

functions represented in Figure 1 cooperate with one another. The outside

environment fixes a time limit t for the search. As appropriate, this time limit

20 may be modified during the search. The search procedure having been

invoked, with this time limit, at 20, there is selection of a temporal strategy

TS, which, by calling upon selection rules 21, chooses a TS from among a

collection 22 of TSs. At 23, the time limit t is apportioned (t; to t,) to the

various exploration strategies ES of the TS selected as a function of its

25 associated “apportioning policy” 24. The mode of adjustment of the ESs and

the sequencing of the ESs are also imposed by the TS selected. There

follows, at 25, the adjustment of the limits of the n different ESs (ES;to ES,)

as a function of the “adjustment policies” associated with each particular ES

(ES;) 26, of the mode of adjustment imposed by the TS and of the time

30 allotted (). The various ESs having been adjusted, the corresponding

exploration limits each determine a partial traversal of SS (at 27), based on

the heuristics 28 and the model 29. The execution of the various partial

traversals is done in sequence (primitive “seq”) or interleaved (primitive "int").

This is controlled at 23, according to the TS selected. This results in (at 30)

35 the production of one or more solutions, or even of none if the computation
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deci si.onal nodule 9 which drives the search and which receives outside
requests 10. The decisional nodule instructs (instructions such as: invoke

-a search, interrupt it, nodify the pa?'hrreters, interrogate the search
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of the conplexity of the search (absence of "paraneter adjustnent
policy"). Represented in Figure 5 is a time chart show ng how the vari ous
functions represented in Figure 1 cooqﬁrate wi th one another. The outside
t'he search. As appropriate, this tine
limt 111 20 may be nodified during the search. The search procedure
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advances in hardware platfornms. 15 Extend the field of application of
-constraint programming to on- line prod ems. 12 References 1.-Aarts &
Korst 1989 E. Aarts, J. Korst. Sinmulated Annealing and Bol t zmann Machi nes:

5 a Stochastic Approach to Conbi natorial Optim zation and Neural NetworKk.

John W 6357“3"5@{% " 3‘2@%2 - Appl egate & Cook1991 D. Appl egate, W Cook. A

conput at i ob-shop 10 scheduling problem ORSA Journal On
Conputing, 3(2): 148-Vame, qugtemrycks -@Rkealhet aOpimgg@non Eegmmmmng

Laburt he, a{&"l’ﬁb% ph.d¥e Sthigsda for Vehicle Routing
Probl ens (L'I\;?eﬂ ogramﬂﬁng forb%bta |%UI‘IS'[IC : In 15 Proc. of CP-99,

pages 144-158, Alexandria, Virginia, 1999. 4.-G lvry eta!. 1999 Sinon de
Gvry, i eglkortaugant, Jean Jourdan. Optim sati on conbi natoire en tenps

limte : Depthflrt b ch a nd adaptati f of JFPLC- 99,
pages 161-178, Ly E‘&m%%'f@e e Céteaé‘Fh Qé@é 9”{?49@“\9?5/, Y.
Hamadi , J.421089-an, 1990Matt| oli, M Lemaitre, G Verfaillie, A Aggoun, I.
Gouachi, T. Benoist, E. Bourreau, F.X Josset, 25 F. Laburthe, B.

Rot t embourg, P. Boi zumault, P. David, R Debruyne, N Jussien, S. Loudni,
S. Bour gaf.iLaburthel®888 gne. Environnenent d' optimisation en |igne dedie

tel ecogy [Environneanebar 4elipensard! skhguagblibneari EighfthrAS) in

Techni cal report
Proc. of CP-98, pages 310-324, Plsa Italy, October 26-30 1998.

)
10.-Lobjois & Lemaitre1997
L. Lobjois, M. Lemaitre. Coopération entre méthodes completes et
15 incomplétes pour la résolution de (V)CSP: une tentative d'inventaire
[Cooperation between complete and incomplete methods for the resolution of
(V)CSP: an inventory approach]. In Proc. of JNPC-97, pages 67-73, Rennes,
France, 1997.

20 11.-Meseguer1997
Meseguer, P. (1997). Interleaved depth-first search. In Proc. of

IJCAI-97, Nagoya, Japan, pp. 1382-1387.

12.-Musliner et al. 1995

25 David J. Musliner, James A. Hendler, Ashok K. Agrawala,
Edmund H. Durfee, Jay K. Strosnider, C.J. Paul. The challenges of real-time
Al. IEEE Computer, 28(1):58-66, January 1995.

13.-Perron1999
30 L. Perron. Search Procedures and Parallelism in Constraint
Programming. In Proc. of CP-99, pages 346-360, Alexandria, Virginia, 1999.

14.-Russell & Zilberstein1991
S.J. Russell, S. Zilberstein. Composing real-time systems. In Proc.
35 of IUCAI-91, pages 212-217, Sidney, Australia, 1991.



Ecol e des M nes de Nantes and France Tel ecom Novenber 2000. Sub- 30
project report 1. 6.-Harvey & G nsbergl995 Wlliam D. Harvey, Matthew L.

G nsberg. Limted discrepancy search. In Proc. of I|JCAI-95, pages 607-613,
Montreal, Canada, 1995. 35 13 7.-Hentenryck1999 P. Van Hentenryck. OPL:
“The Optim zation Programm ng Languagel4The M T Press, Canbridge, Mss.,
1999. 5 8.-Korf1990 Richard E. Korf. Real -tine heuristic search. Artificial
Intelligence, 42:189-211, 1990. 9.-Laburthel998 10 Francoi s Laburt he.
SaLSA: a | an e for rch algorithms. In Proc. of CP-98, pages 310-324,
Pisa, Ital %-%@%&?'"ﬂ%ﬁggo 1998. 10.-Lobjois & Lemnitrel997 L. Lobjois, M
Lemal tre. Cooper at $nnenZileeistdinoOperatiomngl KRatonelity througic Coplmlationpdur | a

resol ution,de.(V)CSP.  une ative d'inventalr. i et ween
Conpl ot e IR AP TS SRS U ke RS R Fn S PO RIodn v ent ory
approach]. In Proc. of JNPC- 97, pages 67-73, Rennes, France, 1997. 20

11. - Mesgg 1. , P. (1997). Interleaved depth-first search. In
Proc. o? %éﬂﬁéﬁggg;a Japan, pp. 1382-1387. 12.-Musliner et al. 1995
25 David J. Muslinghloniaméibasteipndlsing AmEin&. Algerithisa, in Bataliaent.
Durfee, Jag,dfemat m%}?é&&z’meﬁ?}ﬂaa:?@éa, 16bg chal l enges of real-tine Al . |EEE
Conmput er, 2%( 1):58-66," January 1995. 13.-Perronl999 30 L. Perron. Search
Procedures and Parallelismin Constraint



Programm ng. In Proc. of CP-99, pages 346-360, Alexandria, Virginia, 1999.

14. -Russel | & Zilbersteinl991 S.J. Russell, S. Zilberstein. Conposing
real -time systens. In Proc. 35 of IJCAl 91, pages 212-217, Sidney,
Australia, 1991. 14 15.-Zil bersteinl 993 Shlono Zil berstein. Operational

“Rationality through Conpilation of Any®ine Al gorithns. PhD thesis,

University of California, Berkeley, 1993. 5 16.-Zi | be rste i n 1996
Shlonmo Zil berstein. Using Anytine Algorithns in Intelligent Systens. Al
Magazine, 17(3):73-83, 1996. 1 15 Q@KLANBSL. A process for aiding the
design of optimzation algorithnms incorporating atime |limt, which
process inplenents the follow,ng functjons; : a de)]. defining the problem
to be solved (1, 2&)A Progess; & @@J'rf‘%rth&uid&?f%‘ tHeOR f@é‘?”oﬁg%%m'?‘guct i on
gf a _sgar QH(rzlo@Jdrém 62im@8@imnit, which b!lmcms; iwhlerrantsithpriolowingeanétions:
escri bing how to construct .compl ete, a prigri_ se ree (3, 27), - a
library of primti vel ”&%@@H@PH@ %‘aﬁ ngﬁk%‘?go hgrﬁ%'\ze@wg?& oration of the
tree and hi ghli ghti ngetfistiosefcevguitingdihes theices, ofl Gorstaudtionr af p s¢arch
pri rritié/es descri bi nﬁﬁg? | oahs tenporal sequencings of partial searches

é ‘afo

such as figuring in ¢ r'ésaid library of search primtives and
describi ng the marmmea lisrardpiuseaneh prieitivearfameesedbipn kew foseastmwct g, 23,

24) . 2. The process asmpldt BsidMs€ardhtteb (AMgmei n the adjustments of 15
the limts consist in indicating the brancnes é_o be ex I_orefd preferential ly
in the search tree. adibraeo pﬁ”HgB%’?S SErRINGed Jiuﬁtaiﬂ%l“ﬁ?'tf %re’ﬁ?lc’Wﬁ'é’Pel n the
sear ches of the tree and highlighting the relevant adjustments,
)10 - a library of primitives describing various temporal sequencings
of partial searches such as figuring in the aforesaid library of
search primitives and describing the manner of adjusting the
parameters of each search (5, 23, 24).
2. The process as claimed in claim 1, wherein the adjustments of
15 the limits consist in indicating the branches to be explored preferentially in
the search tree.
3. The process as claimed in claim 1 or 2, wherein the searches
are made according to one of the following three modes: frozen, progressive
or adaptive.
20 4. The process as claimed in one of the preceding claims, wherein
the incorporation of the time limit into an algorithm is done through the
adjusting of parameters dimensioning the complexity of its search.
) 5. The process as claimed in one of the preceding claims, wherein
the selection of a temporal strategy (20) calls upon selection rules (21) and
25 chooses a strategy from a collection (22) of temporal strategies.
6. The process as claimed in claim 5, wherein an apportioning
policy (24) associated with a selected temporal strategy (23) apportions the
time limit to the various exploration strategies of the selected temporal
strategy.
30 7. The process as claimed in claim 5 or 6, wherein the selected
temporal strategy composes the mode of adjustment of the exploration
strategies and their sequencing.



.are made according to one of the follow ng three nodes: frozen, progressive
or .adaptive. 20 4. The process as clained in one of the preceding clains,
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