
;e3ejvfjs$6TfLP0  PROCESS FOR AIDING THE DESIGN OF OPTIMIZATION ALGORITHMS
INCORPORATING A TIME LIMIT The present invention relates to a process for
aiding the design of optimization algorithms incorporating a time limit. It
is aimed at enhancing the framework of constraint programming through the
introduction of an explicit 5 temporal control into the search algorithms.
A constrained combinatorial optimization problem is defined by a set of
decision variables taking values from among finite sets of values, by a set
of constraints on the variables restricting the combinations of values
permitted, and finally by a function, which is, for example, in the case of
a 1o minimization problem, a cost function (it would be a profit function
in the case of a maximization problem). A solution to such a problem is an
assignment of all the variables which satisfies all the constraints. An
optimal solution corresponds to a solution having the smallest value of the
cost function among the set of existing solutions. The solving of a
combinatorial 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. 3o 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    2 



the algorithm depends mainly on the analysis of the problem and on the
subtle use of the results of this analysis. For example) the result of the
analysis may be a heuristic guiding the choice of values. In the case of
coloring in, a simple heuristic consists in choosing first the color used
most in 5 the solution during construction. Likewise, the order of
assignment of the vertices is important: to reduce the practical complexity
of the search, it is necessary to begin with the vertices that are most
connected to the vertices already assigned. From this observation it
emerges that the design of search algorithms is a tricky task which
requires dedicated tools. Constraint 1o programming (CP) offers a technical
framework for such tools. Numerous optimization applications, in particular
embedded realtime applications, have strict limits on the memory space and
the computation time consumed as operational constraints. In general, the
computation time limit pertains to all so-called on-line systems, that is
to say ~ 5 those capable of reacting continuously to outside events. Such
is the case for 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
(Ilog, 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   3 been published for exploring the tree
intelligently. Mention may be made for example of the "Limited Discrepancy
Search" algorithm [see reference No. 6 at the end of the description] which
repeats a more and more complex search, beginning by exploring the nodes of
the tree that are preferred by the 5 value choice heuristic and then moving
progressively away from these nodes. Another example is that of the
"Realtime Heuristic Search" algorithm [see reference No. 8] which uses the
time lirnit to adapt the depth of its forward search within an interleaved
scheduling and execution context. In the case of the local search, the
latter adapts fairly easily to a time limit. Numerous parameters are
involved in the adjustment of a local search. For example, the number of
variables modified at each transformation. These parameters influence the
performance of the algorithm as a function of time. Mention may be madE: of
the simulated annealing algorithm [see reference No.1], the convergence of
whose scheme for ~5 decreasing the temperature can be adjusted so as to
terminate as exactly as possible within the time allowed. 



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 2o 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 compui:ation
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
so 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. P/lore
recently, advances have been made with regard to the language aspect of the
solutions search phase. 35 The "Optimization Programming Language" (OPL)
language from Ilog [see   4 references No. 7 and No. 13) offers an advanced
language dedicated to global and partial search methods. OPL possesses
certain functionalities enabling a problem to be solved more efficiently in
limited time: (i) strategies specifying an order of exploration and (ii)
methods for limiting the complexity 5 of a search. Part of the research in
Artificial Intelligence (AI) is concerned with the more realistic
incorporation of time constraints into real-time systems [see reference No.
12]. The "anytime" algorithms form part of this thrust. An "anytime"
algorithm is an algorithm capable of returning a solution at any instant
(for example before the end of the search time allowed), and which improves
the quality of its solution over time. Typically, solutions search
algorithms are "anytime" by nature if the assumption is made that it is
possible to yield a first solution, possibly partial, at any instant. Work
in this field is concerned with the temporal control of the algorithms
employed in AI. 15 Three modes of temporal control of a search algorithm
are distinguished depending on the type of time constraint:  In the
contractual 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 2o requirement. The search algorithm must best
utilize the time allowed and must duly yield a solution.  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.  In the autonomous mode, the time limit
is unknown. It is the 3o 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 



5 limit among several components of a voice processing algorithm to
optimize quality on output. The present invention applies mainly to the
contractual mode. It is possible to switch from the contractual mode to the
interruptible mode [see 5 for example reference No. 14]. Each global (or
partial) search algorithm defines a decision tree exploration scheme. From
each scheme it is possible to extract a temporal control procedure which is
usually adapted to the interruptible mode (for example the "Limited
Discrepancy Search" algorithm [see reference No. 6]) and more rarely to the
contractual mode (for example the "Realtime Heuristic Search" algorithm
[see reference No. 8]). The same is the case for local or hybrid search
algorithms. However, the description of the temporal control is not based
on established primitives that are generic for a set of temporal control
procedures. The programmer is responsible for fully installing each ~ 5
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 2o 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: so - 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,   s 



- a library of primitives describing adjustable limits of exploration of
the tree and highlighting the relevant adjustments, these adjustments
advantageously being obtainable by learning, - 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. According to one aspect
of the invention, the adjustments of the limits consist in indicating the
branches to be explored preferentially in the search tree. According to
another aspect of the invention, the adjustments of the limits are made
according to one of the following three modes: frozen, progressive or
adaptive. Thus, according to the invention, the incorporation of the time
limit ~ 5 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:  A model 1. It contains the
definition of the problem to be solved 3o in the form of a set of variables
and of constraints.  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   7 the order of a heuristic or
the combining of two heuristics: in case of equality in the comparing of
two choices by the first heuristic then comparing according to the second
heuristic. The relationship between model and heuristics corresponds to 5
the examination by the heuristics of the state of the current domains of
the variables and of the structure of the constraint net so as to evaluate
a choice. 



A search scheme 3 (SS). It gives a structured representation of the search
space. In the case of global searches, it describes the way to construct
the decision tree, independently of any time constraint (complete a priori
tree). The heuristics are used to parameterize this construction. The
primitives associated with this component relate to the description of the
choice points (the nodes of the tree), the combination of choice points ~5
and the minimization/maximization function, for example a costlprofit
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.  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 so
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".   8  A temporal strategy 5 (TS). It describes the composition of
ESsas a means of expression of the temporal control. Acomposition is a
sequence of ESs, an interleaving of ESs or acombination of the two. This
composition makes it possible to5express most of the hybrid methods:
Shuffling  [seereference No. 2],  Hybridations par cooperation
(hybridizations by cooperation) [see references No.S andNo. 10],
Interleaved Depth-First Search  [see referenceNo. 11], etc. It should
however be noted that this last exampledoes not relate to a hybrid
algorithm. It utilizes an idea specificto local searches, namely of
diversifying the search byapportioning the computational burden over
severalsubsearches performed in a quasi-simultaneous manner by
aninterleaving procedure. Each ES contributes to improving the~5quality of
the solution. The solutions are shared among theESs through a "solution
log". A "temporal apportioning policy"enhances a composition by indicating
how to apportion a timelimit to the ESs of the composition [see reference
No. 5]. Forexample, an equitable apportioning of the time between the2oESs
of a sequence. Thus each ES will have its own time limitallowing it to
control its exploration. The TS also specifies themode of adjustment of the
parameters of each ES: frozen,progressive or adaptive adjustment [see
reference No. 4]. Requests 6. Coming from outside the system, the requests
ask25for the time-constrained solving of a combinatorial
problem.Specifically, the requests envisaged (associated with aprimitive)
are those of on-line systems:Initiate a search with or without a time
limit.D Suspend, continue or stop a search.30~ Widen or reduce the time
limit of a search.D Give information about the state of progress of the
search. A temporal control 7 (TC). The type of request imposes themode of
temporal control (contractual or interruptible). Theinterruptible mode is
simulated by a succession of activations35of the contractual mode with an
increasing time limit. As a   9 function of the time limit and of an
analysis of the model, the TC selects a TS from a list of available TSs.
The selection rules are determined by a prior learning phase. The TC has at
its disposal tools estimating the time to perform a search, the 5 quality
of a solution (distance to the optimum) and the change in the quality of
the solutions ("performance profiles"). These tools give state of progress
information for a user of the system. They are also used for the adaptive
adjustment of the parameters of an ES. They could also serve in the case of
the autonomous mode of the temporal control. It is also the temporal
control which receives and incorporates the requests during the search [see
reference No. 5]. It should be noted that each component possesses a set of
primitives facilitating the expression of a search algorithm incorporating
a ~ 5 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 2o
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
3o 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   10 following reasons: a single
class of problem is treated (classical problem of vehicle rounds), the type
of request is very limited (single time limit) and the temporal control of
the algorithm is independent of the instance in progress. Figure 4 shows
the architecture of the OPL language [see 5 references No. 7 and No. 13).
The component 15 "OPLScript" makes it possible to carry out a sequence of
searches pertaining to models 16 which may be different. The searches are
described by a search scheme 17 and an exploration strategy 18. OPL has no
tool or primitive at its disposal which incorporates a time limit
explicitly, with the exception of the primitive 19 ~o "IIcTimeLimit" which
has no effect on the adjustment of the search. This is why this component
is clearly differentiated from the TS component of the present invention.
The component 18 is different from the ES component of the present
invention since this component 18 additionally offers the possibility of
defining an order of traversal of the nodes of the tree. On the ~5 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 2o 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 tn) 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
(ESA 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 3o allotted (t;). 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  



11 time is insufficient or if the problem is insoluble. It will be noted
that the data of the elements 21, 22, 24, 26 and 28 are obtained by
learning, not described by the invention. In conclusion, the present
invention makes it possible to: 5  Offer a framework for expressing search
algorithms incorporating a time limit. This framework must facilitate the
reading and the maintenance of such algorithms.  Propose a modular
architecture for specifying such algorithms, with the possibility of
reusing parts of the algorithm that arise from the various components, thus
promoting monetary savings.  Incorporate the time limit dynamically to get
a good adequacy of the algorithm to the time allowed and to the instance
and possibly profit from advances in hardware platforms. 15  Extend the
field of application of constraint programming to on line problems.   12
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process for aiding the design of optimization algorithms incorporating a
time limit, which process implements the following functions: - a model
defining the problem to be solved (1, 29), - heuristics for guiding the
choices of construction of a search 5 tree (2, 28), - a library of search
primitives for describing how to construct a complete a priori search tree
(3, 27), - a library of primitives describing adjustable limits of
exploration of the tree and highlighting the relevant adjustments, - 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 ~5
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.   16 8. The process as claimed in one of claims 5 to 7,
wherein adjustment policies (28) associated with each exploration strategy
provide for the adjustment of the limits of the various exploration
strategies (25). 9. The process as claimed in claim 8, wherein, the various
5 exploration strategies being adjusted, the corresponding limits of
exploration each determine a partial traversal of a search strategy (27)
based on the heuristics (28) and the model (29). 10. The process as claimed
in claim 8 or 9, wherein the data of the selection rules (21 ), of the
temporal strategies (22), of the apportioning policy ~o (24), of the
adjustment policies (26) associated with each exploration strategy, and of
the heuristics (28) are obtained by learning and experimentation.
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