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tMathemati
al modeling and 
onstraint programming languages have orthogonal strengthsin stating 
ombinatorial optimization problems. Modeling languages typi
ally feature high-levelset and algebrai
 notations, while 
onstraint programming languages provide a ri
h 
onstraintlanguage and the ability to spe
ify sear
h pro
edures. This paper shows that many of thefun
tionalities typi
ally found in modeling languages 
an be integrated elegantly in 
onstraintprogramming libraries without de�ning a spe
i�
 language or prepro
essor. In parti
ular, itpresents the design of OPL++, a C++ modeling layer for 
onstraint programming that 
ombinesthe salient features of both approa
hes. Of parti
ular interest is the one-to-one 
orrespondan
ebetween high-level models and OPL++ statements and the negligible overhead indu
ed by theextensions.1 Introdu
tionCombinatorial optimization problems are ubiquitous in many pra
ti
al appli
ations, in
ludings
heduling, resour
e allo
ation, planning, and 
on�guration problems. These problems are 
om-putationally diÆ
ult (i.e., they are NP-hard) and require 
onsiderable expertise in optimization,software engineering, and the appli
ation domain.The last two de
ades have witnessed substantial development in optimization tools in orderto simplify the design and implementation of 
ombinatorial optimization problems. Their goal isto de
rease development time substantially while preserving most of the eÆ
ien
y of spe
ializedprograms. Most tools 
an be 
lassi�ed in two 
ategories: mathemati
al modeling languages and
onstraint programming languages. Modeling languages su
h as AMPL [9℄ and GAMS [2℄ providehigh-level algebrai
 and set notations to express, in 
on
ise ways, mathemati
al problems that
an then be solved using state-of-the-art solvers. These modeling languages do not require spe-
i�
 programming skills and 
an be used by a wide audien
e. Constraint programming languagessu
h as CHIP [6℄, Prolog III [4℄, E
lipse [7℄, Prolog IV [5℄, Oz [15, 16℄, Salsa [12℄, and IlogSolver [11℄ have orthogonal strengths. Their 
onstraint vo
abulary and their underlying solversgo beyond traditional linear and nonlinear 
onstraints and support logi
al, higher-order, and global
onstraints. They also make it possible to program sear
h pro
edures to spe
ify how to explore thesear
h spa
e. However, these languages are mostly aimed at 
omputer s
ientists and often haveweaker abstra
tions for algebrai
 and set manipulation.The orthogonal strengths of mathemati
al modeling and 
onstraint programming languageswere a primary motivation behind the optimization programming language OPL [17℄, a modelinglanguage whi
h uni�es modeling and 
onstraint programming languages. OPL shares with modeling1



languages their high-level algebrai
 and set notations. It also 
ontains some novel fun
tionalities toexploit sparsity in large-s
ale appli
ations, su
h as the ability to index arrays with arbitrary datastru
tures. OPL shares with 
onstraint programming languages their ri
h 
onstraint vo
abulary,their support for s
heduling and resour
e allo
ation problems, and the ability to spe
ify sear
hpro
edures and strategies. Note also that a language like Salsa [12℄ shares some of these motivationsand, on some aspe
ts, o�ers similar fun
tionalities.The purpose of this paper is to show that most of the fun
tionalities of modeling languages 
anbe supported elegantly in 
onstraint programming libraries. In parti
ular, it presents the designof OPL++, a C++ modeling layer for 
onstraint programming that 
ombines the salient featuresof both approa
hes. In addition to the traditional fun
tionalities of 
onstraint programming1,OPL++ supports a variety of novel features typi
ally found in modeling or domain-spe
i�
 languages,in
luding high-level set, algebrai
, logi
al, and array operators, multi-dimensional arrays, sparsedata stru
tures, and high-level 
onstru
ts for spe
ifying sear
h pro
edures. Of parti
ular interestis the one-to-one 
orrespondan
e between many high-level models (e.g., OPL models) and OPL++statements and the negligible overhead indu
ed by the extensions.OPL++ o�ers a number of signi�
ant bene�ts. First, it makes available, inside traditional obje
t-oriented languages, the advan
ed features typi
ally found in mathemati
al modeling languages andsigni�
antly advan
es the modeling fun
tionalities of existing libraries. As a 
onsequen
e, it leadsto higher-level programs that are easier to implement and to maintain. Se
ond, it simpli�es theimplementation of modeling languages, sin
e the distan
e between a model and the 
orrespondinglibrary 
ode is now substantially redu
ed. Third, OPL++ signi�
antly eases the integration of mod-eling languages in larger appli
ations. Indeed, re
ent modeling languages, su
h as XPRESS-MP andOPL, make it possible to integrate a model inside an appli
ation through 
ode generation or throughCOM or C++ 
omponents (e.g., [18℄). Sin
e the modeling language and the library now share thesame 
ontrol and data stru
tures, their integration is greatly simpli�ed. Note that OPL++ does notpre
lude the need for modeling languages whi
h target a di�erent audien
e and have more freedomwith respe
t to the syntax and the type system of the language. Finally, although only 
onstraintprogramming is 
onsidered in this paper, the fun
tionalities of OPL++ apply equally well to math-emati
al programming and lo
al sear
h libraries. Companion papers will dis
uss these aspe
ts ofOPL++ separately.The rest of this paper illustrates OPL++ through a number of traditional 
onstraint programmingappli
ations, starting with simple examples su
h as the magi
 series problem and 
on
luding withmore realisti
 appli
ations su
h as frequen
y allo
ation and sport s
heduling. The main fo
us ofthe paper is to show the similarity between OPL models and OPL++ statements and to give someexperimental results to show that these fun
tionalities do not prevent OPL++ to be 
ompetitive withstate-of-the-art 
onstraint programming systems [8℄.2 Magi
 SeriesThe magi
-series problem has be
ome a traditional 
onstraint-programming ben
hmark. The prob-lem 
onsists of �nding a magi
 series, i.e., a sequen
e of numbers S = (s0; s1; : : : ; sn) su
h that si1OPL++ is built on top of the novel open 
onstraint programming library Solver++.2



void magi
(int n)f OplCPManager mgr;OplIntRange Dom(mgr,0,n-1);OplIntVarArray s(mgr,Dom,Dom,"s");OplIntParameter i(mgr), j(mgr);mgr.post(OplForall(i,Dom,s[i℄ == OplSum(j,Dom,s[j℄==i)));mgr.post(OplSum(j,Dom,s[j℄*j)==n);if (mgr.newSear
h().sear
h(OplGenerate(s)))
out << s << endl;g Figure 1: Magi
 Series in OPL++.represents the number of o

urren
es of i in S. For instan
e, (1; 2; 1; 0) is a magi
 series of size 4,sin
e there is one o

urren
e of 0, two o

urren
es of 1, one o

urren
e of 1 and zero o

urren
esof 3. Figure 1 depi
ts a solution to the magi
 series problem. It introdu
es the use of parametersand aggregate operators in OPL++. The instru
tionOplIntParameter i(mgr), j(mgr);de
lares two integer parameters i and j to be used in aggregate operators. The instru
tionmgr.post(OplForall(i,Dom,s[i℄ == OplSum(j,Dom,s[j℄==i));states all 
ardinality 
onstraints using a OplForall operator. It states 
onstraints of the forms[i℄ == OplSum(j,Dom,s[j℄==i)where OplSum(j,Dom,s[j℄==i) 
ounts the o

urren
es of i in s. The instru
tionmgr.post(OplSum(j,Dom,s[j℄*j)==n);reuses parameter j to state the redundant 
onstraint typi
ally found in this problem. Finally, theinstru
tionmgr.newSear
h().sear
h(OplGenerate(s)) 3



void magi
(int n)f OplCPManager mgr;OplIntRange Dom(mgr,0,n-1);OplIntVarArray s(mgr,Dom,Dom,"s");OplIntParameter j(mgr);mgr.post(OplExa
tly(s,s,OplBasi
Propagation));mgr.post(OplSum(j,Dom,s[j℄*j)==n);if (mgr.newSear
h().sear
h(OplGenerate(s)))
out << s << endl;g Figure 2: Magi
 Series with a Global Constraint in OPL++.25 50 100 200 400 800 1600CPU Time (se
.) 0.01 0.01 0.03 0.10 0.37 1.45 6.20Table 1: Computation Results for the Magi
 Series Problemexplores the sear
h tree spe
i�ed by OplGenerate(s) whi
h assigns values to variables using the�rst-fail prin
iple. Observe the similarity between the OPL++ and OPL statements [17℄: the maindi�eren
e is the expli
it de
laration of the parameters needed in C++. Figure 2 depi
ts a similarstatement whi
h uses a global 
onstraint OplExa
tly to spe
ify the 
ardinality 
onstraint. Table 1depi
ts the eÆ
ien
y result of this last statement on a 300 Mhz PC running Linux. It shows that,on this standard ben
hmark [8℄, OPL++ is at least as eÆ
ient as the best (
ommer
ial and a
ademi
)systems, showing that its additional fun
tionalities do not introdu
e any signi�
ant overhead.3 Stable MarriagesThe stable marriage problem (e.g., [10℄) is a beautiful example to illustrate a number of features ofOPL++. In parti
ular, it shows that OPL++ supports multidimensional arrays whi
h 
an be indexedby expressions 
ontaining variables. The problem 
an be des
ribed as follows. Consider a group ofwomen and a group of men who must marry and assume that ea
h person has indi
ated a rankingfor her/his possible spouses. The problem is to �nd a mat
hing between the two groups su
h thatthe marriages are stable. The de�nition of stability is interesting: a marriage between m and w is4



void stableMarriage(OplCPManager mgr, OplIntRange Men,OplIntRange Women,OplIntMatrix<2> rankMen, OplIntMatrix<2> rankWomen)f OplIntVarArray wife(mgr,Men,Women,"wife");OplIntVarArray husband(mgr,Women,Men,"husband");OplIntParameter m(mgr), w(mgr);mgr.post(OplForall(m,Men,husband[wife[m℄℄==m));mgr.post(OplForall(w,Women,wife[husband[w℄℄==w));mgr.post(OplForall(m,Men,OplForall(w,Women,OplImply(rankMen[m℄[w℄ < rankMen[m℄[wife[m℄℄,rankWomen[w℄[husband[w℄℄ < rankWomen[w℄[m℄))));mgr.post(OplForall(w,Women,OplForall(m,Men,OplImply(rankWomen[w℄[m℄ < rankWomen[w℄[husband[w℄℄,rankMen[m℄[wife[m℄℄ < rankMen[m℄[w℄))));if (mgr.newSear
h().sear
h(OplGenerate(wife)))
out << wife << endl;g Figure 3: Stable Marriages in OPL++.stable provided that whenever m prefers another person o to w, o prefers her/his spouse to m and,vi
e-versa, whenever w prefers another person o to m, o prefers her/his spouse to w. Intuitively, mand w may be unhappy but they are bound to stay together.Figure 3 des
ribes the 
ore fun
tion of this appli
ation. It re
eives as parameters two rangesrepresenting the sets of men and women as well as two matri
es (of dimension 2) des
ribing therankings (of the women by the men and vi
e-versa). The model is expressed in terms of two arraysof variables: wife, whi
h spe
i�es the men's wives, and husband, whi
h spe
i�es the women'shusbands. Variables in array wife must take their values in set Women, while variables in arrayhusband take their values in set Men. The 
onstraints in this problem are of 
ourse the interestingand novel part. The �rst two sets of 
onstraintsOplForall(m,Men,husband[wife[m℄℄==m)OplForall(w,Women,wife[husband[w℄℄==w)guarantee that a solution is a set of marriages by stating the spouse of the spouse of a person isthe person herself. OPL++ enfor
es ar
 
onsisten
y on these 
onstraints whi
h feature expressions5



where arrays of variables are indexed by variables. More interesting are the stability rules. The setof 
onstraintsOplForall(m,Men,OplForall(w,Women,OplImply(rankMen[m℄[w℄ < rankMen[m℄[wife[m℄℄,rankWomen[w℄[husband[w℄℄ < rankWomen[w℄[m℄)))states that, if a man m prefers a woman w to his wife (i.e., the rank of w is less than the rank of hiswife), then w prefers her husband to m. These 
onstraints index the two-dimensional array rankMenwith variables wife[m℄. On
e again, there is a one-to-one mapping with the 
orresponding OPLstatement [17℄.4 The Queens ProblemThe traditional queens problem now illustrates how sear
h pro
edures 
an be spe
i�ed at a veryhigh level in OPL++. The solution des
ribed here uses redundant modeling (e.g., [3℄) and modelsthe problem using both a 
olumn and a row viewpoint as well as 
onstraints to link them together.More spe
i�
ally, the program uses a two-dimensional array of variables: queen[0℄[
℄ representsthe row of the queen in 
olumn 
, while queen[1℄[r℄ represents the 
olumn of the queen in row r.Figure 4 depi
ts the OPL++ program. It �rst de
lares a variety of parameters and the two-dimensional array of variables. The traditional 
onstraints are then stated, both for the 
olumnand the row viewpoints. The 
onstraintsOplForall(v,View,OplForall(OplOrdered(i,j),Dom,queen[v℄[i℄ != queen[v℄[j℄ &&queen[v℄[i℄ != queen[v℄[j℄+i-j &&queen[v℄[i℄ != queen[v℄[j℄+j-i))features the OplOrdered 
onstru
t in the OplForAll operator to ensure that i and j both takestheir values in Dom but satify the 
ondition i < j. The 
onstraintsOplForall(v,View,OplForall(i,Dom,OplEquivalen
e(queen[0℄[i℄ == v,queen[1℄[v℄== i)))link the viewpoints together by spe
ifying that, whenever the queen on 
olumn i is assigned rowv, the queen on row v must be assigned 
olumn i (and vi
e-versa). Most interesting is the sear
hpro
edureOplAtom labeling =OplForall(q,Dom,OplIn
reasing(queen[0℄[q℄->getSize(),OplAbs(q-mid)),OplTryall(val,Dom,OplIn
reasing(queen[1℄[val℄->getSize()),queen[0℄[q℄ == val));6



void queens(int n)f OplCPManager mgr;int mid = n/2;OplIntParameter i(mgr), j(mgr), v(mgr), q(mgr), val(mgr);OplIntRange View(mgr,0,1);OplIntRange Dom(mgr,1,n);OplIntVarMatrix<2> queen(mgr,View,Dom,Dom,"queen");mgr.post(OplForall(v,View,OplForall(OplOrdered(i,j),Dom,queen[v℄[i℄ != queen[v℄[j℄ &&queen[v℄[i℄ != queen[v℄[j℄+i-j &&queen[v℄[i℄ != queen[v℄[j℄+j-i))));mgr.post(OplForall(v,View,OplForall(i,Dom,OplEquivalen
e(queen[0℄[i℄ == v,queen[1℄[v℄== i));OplAtom labeling =OplForall(q,Dom,OplIn
reasing(queen[0℄[q℄->getSize(),OplAbs(q-mid)),OplTryall(val,Dom,OplIn
reasing(queen[1℄[val℄->getSize()),queen[0℄[q℄ == val));if (mgr.newSear
h().sear
h(labeling))
out << queen << endl;g Figure 4: A Queens Program using Redundant Modeling in OPL++.
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if (mgr.newSear
h().sear
h(labeling))
out << queen << endl;whi
h features both a dynami
 variable ordering and a dynami
 value ordering. Intuitively, theOplForall instru
tion 
onsiders the 
olumn viewpoint and sele
ts �rst the queen with the smallestdomain and, in 
ase of ties, the queen 
losest to the middle of the 
hessboard. Note the use of alexi
ographi
 
riterion to 
hoose the queen to be pla
ed. The OplTryall instru
tion 
hooses whi
hvalue to assign to the sele
ted queen. It sele
ts �rst the row that 
orresponds to the queen withthe smallest domain using the row viewpoint.Observe the 
on
iseness of the sear
h pro
edure and the one-to-one mapping between the OPL++and the OPL sear
h pro
edure. High-level spe
i�
ations of sear
h pro
edures have be
ome integralpart of modeling or domain-spe
i�
 languages for 
onstraint programming (e.g., [12, 17, 1℄): thenovelty here is that these fun
tionalities are now supported in OPL++ without extending the hostlanguage (using prepro
essors) or proposing a new language.5 Frequen
y Allo
ationThe frequen
y-allo
ation problem (e.g., [17℄) illustrates a number of interesting features of OPL++,in
luding the use of sparse arrays, a fundamental feature typi
ally found in modeling languages,and the use of tuple parameters. The problem 
onsists of allo
ating frequen
ies to a number oftransmitters so that there is no interferen
e between transmitters and the number of allo
atedfrequen
ies is minimized. The problem des
ribed here is an a
tual 
ellular phone problem wherethe network is divided into 
ells, ea
h 
ell 
ontaining a number of transmitters whose lo
ations arespe
i�ed. The interferen
e 
onstraints are spe
i�ed as follows:� The distan
e between two transmitter frequen
ies within a 
ell must not be smaller than 16.� The distan
es between two transmitter frequen
ies from di�erent 
ells vary a

ording to theirgeographi
al situation and are des
ribed in a matrix.The problem of 
ourse 
onsists of assigning frequen
ies to transmitters to avoid interferen
e and,if possible, to minimize the number of frequen
ies.Figure 5 shows the 
ore fun
tion of the OPL++ program for the frequen
y-allo
ation problemwhi
h is a dire
t translation of the OPL model. It re
eives as input two ranges spe
ifying the set of
ells and of frequen
ies, an array nbTrans spe
ifying the number of transmitters in ea
h 
ell, anda 2-dimensional matrix spe
ifying the distan
e between 
ells. The �rst interesting feature of thismodel is the 
omputation of the set of transmitters. The instru
tionOplTupleSet Transmitters(OplSetColle
t(
,Cells,i,OplRange(1,nbTrans[
℄),OplTuple(
,i)));spe
i�es that Transmitters is a set of tuples of the form <
,i> where 
 is a 
ell and i is thetransmitter number in that 
ell, i.e., a number between 1 and nbTrans[
℄. This set is 
omputedautomati
ally using the OplSetColle
t 
onstru
t. The se
ond interesting feature of the model ishow variables are de
lared. The instru
tion 8



void frequen
yAllo
ation(OplCPManager mgr,OplIntRange Cells,OplIntRange Freqs,OplIntArray nbTrans,OplIntMatrix<2> dist)f OplIntParameter 
(mgr), t1(mgr), t2(mgr), 
1(mgr), 
2(mgr), i(mgr), f(mgr);OplTupleParameter t(mgr);OplTupleSet Transmitters(OplSetColle
t(
,Cells,i,OplRange(1,nbTrans[
℄)),OplTuple(
,i)));OplIntVarSparseArray freq(mgr,Transmitters,Freqs,"freq");OplRevIntArray o

(mgr,Freqs,"o

");mgr.post(OplO

uren
e(freq,o

));mgr.post(OplForall(
,Cells,OplForall(OplOrdered(t1,t2),OplRange(1,nbTrans[
℄),OplAbs(freq[OplTuple(
,t1)℄-freq[OplTuple(
,t2)℄) >= 16)));mgr.post(OplForall(OplOrdered(
1,
2),Cells,OplForall(t1,OplRange(1,nbTrans[
1℄),OplForall(t2,OplRange(1,nbTrans[
2℄),OplAbs(freq[OplTuple(
1,t1)℄-freq[OplTuple(
2,t2)℄) >= dist[
1℄[
2℄))));OplAtom labeling =OplForall(t,Transmitters,OplIn
reasing(freq[t℄->getSize(),nbTrans[t->get(0)℄),OplTryall(f,Freqs,OplDe
reasing(o

[f℄),freq[t℄==f));if (mgr.newSear
h().sear
h(labeling))
out << freq << endl;g Figure 5: Frequen
y Allo
ation in OPL++.
9



OplIntVarSparseArray freq(mgr,Transmitters,Freqs,"freq");de
lares an array of variables indexed by elements of Transmitters, i.e., by tuples. These variablesrepresent the frequen
ies assigned to the transmitters. Observe that OPL++ allows arrays to beindexed by any OPL++ data stru
ture, a fun
tionality often instrumental in obtaining more naturaland eÆ
ient statements in modeling languages. Consider now the instru
tionOplForall(
,Cells,OplForall(OplOrdered(t1,t2),OplRange(mgr,1,nbTrans[
℄),OplAbs(freq[OplTuple(
,t1)℄-freq[OplTuple(
,t2)℄) >= 16))whi
h states the distan
e 
onstraints between two transmitters within a 
ell. Note how the arrayfreq is indexed by tuples 
omposed of a 
ell and a transmitter number. The �nal interesting partof this model is the sear
h strategy:OplForall(t,Transmitters,OplIn
reasing(freq[t℄->getSize(),nbTrans[t->get(0)℄),OplTryall(f,Freqs,OplDe
reasing(o

[f℄),freq[t℄==f))The basi
 stru
ture is not surprising: OPL++ 
onsiders ea
h transmitter and 
hooses a frequen
ynondeterministi
ally. The interesting feature of the model is the heuristi
. OPL++ 
hooses togenerate a value for the transmitter with the smallest domain and, in 
ase of ties, for the transmitterwhose 
ell size is as small as possible. On
e a transmitter has been sele
ted, OPL++ generates afrequen
y for it in a nondeterministi
 manner. On
e again, the model spe
i�es a heuristi
 forthe ordering in whi
h the frequen
ies must be tried. To redu
e the number of frequen
ies, themodel says to try �rst those values that were used most often in previous assignments. Thisheuristi
 is implemented using a tryall instru
tion with the order spe
i�ed using the o

 array,whi
h maintains the number of o

urren
es of ea
h frequen
y in the 
urrent instantiation. Ofparti
ular interest here is the OplForall instru
tion whi
h iterates over a set of tuples using thetuple parameter f as well the expressions freq[f℄ and o

[f℄ whi
h index arrays with the tupleparameter. On
e again, these new features make the model very 
lose to the 
orresponding OPLmodel.6 Sport S
hedulingThis se
tion des
ribes a 
onstraint programming solution to the sport-s
heduling problem, a well-known ben
hmark in mathemati
al programming submitted by Bob Daniel to the well-known MIPlibrary. It illustrates several interesting features of OPL++, resulting in a very 
on
ise model. Onlya simple solution whi
h solves the 14 teams qui
kly is 
onsidered here. More elaborate models existand a 
omprehensive dis
ussion of this problem 
an be found in [14, 19℄. The problem 
onsistsof s
heduling games between n teams over n � 1 weeks. In addition, ea
h week is divided inton=2 periods. The goal is to s
hedule a game for ea
h period of every week so that the following
onstraints are satis�ed: 10



Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7period 1 0 vs 1 0 vs 2 4 vs 7 3 vs 6 3 vs 7 1 vs 5 2 vs 4period 2 2 vs 3 1 vs 7 0 vs 3 5 vs 7 1 vs 4 0 vs 6 5 vs 6period 3 4 vs 5 3 vs 5 1 vs 6 0 vs 4 2 vs 6 2 vs 7 0 vs 7period 4 6 vs 7 4 vs 6 2 vs 5 1 vs 2 0 vs 5 3 vs 4 1 vs 3Figure 6: A Solution to the Sport-S
heduling Appli
ation with 8 Teams1. Every team plays against every other team;2. A team plays exa
tly on
e a week;3. A team plays at most twi
e in the same period over the 
ourse of the season.A solution to this problem for 8 teams is shown in Figure 6. In fa
t, the problem 
an be made moreuniform by adding a "dummy" �nal week and requesting that all teams play exa
tly twi
e in ea
hperiod. The rest of this se
tion 
onsiders this equivalent problem for simpli
ity. Note also that itis 
laimed in [13℄ that state-of-the-art MIP solvers 
annot �nd a solution for 14 teams. Some early
onstraint and lo
al sear
h models were also presented in [13℄.Figure 7 present a fun
tion to solve the sport-s
heduling problem using the basi
 ideas in [14, 19℄.Its input is the number of teams nbTeams. Several ranges are de�ned from the input: the teams,the weeks, the extended weeks, i.e., the weeks plus a dummy week, the periods, the slots whi
hidentify the home (0) and the away (1) teams, and the games.The main modeling idea in this model is to use two 
lasses of variables: team variables thatspe
ify the team playing on a given week, period, and slot, and the game variables spe
ifyingwhi
h game is played on a given week and period. The use of game variables makes it simpleto state the 
onstraint that every team must play against every other team. Games are uniquelyidenti�ed by their two teams and the set setGames establishes the link between two teams andtheir 
orresponding game. More pre
isely, the instru
tionOplTupleSet setGames(OplSetColle
t(OplOrdered(i,j),Teams,OplTuple(i,j,(i-1)*n+j-1)));
omputes a set of tuples of the form <i,j,nb> where i and j are respe
tively the home and awayteams of game nb. For 8 teams, this set 
onsists of tuples of the form<1,2,1><1,3,2>...<7,8,55>Note that this de�nition eliminates some symmetries in the problem statement sin
e the home teamis always smaller than the away team. The instru
tion11



void sport(int n)f int np = n/2;OplCPManager mgr;OplIntParameter i(mgr), j(mgr), p(mgr), w(mgr), s(mgr);OplIntRange Teams(mgr,1,n);OplIntRange Weeks(mgr,1,n-1);OplIntRange EWeeks(mgr,1,n);OplIntRange Periods(mgr,1,np);OplIntRange Slots(mgr,0,1);OplIntRange Games(mgr,1,(n-1)*n);OplTupleSet setGames(OplSetColle
t(OplOrdered(i,j),Teams,OplTuple(i,j,(i-1)*n+j-1)));OplIntVarMatrix<3> teams(mgr,Periods,EWeeks,Slots,Teams,"teams");OplIntVarMatrix<2> games(mgr,Periods,Weeks,Games,"games");mgr.post(OplForall(w,EWeeks,OplAlldifferent(OplColle
t(p,Periods,s,Slots,teams[p℄[w℄[s℄))));mgr.post(OplForall(p,Periods,OplExa
tly(2,Teams,OplColle
t(w,EWeeks,s,Slots,teams[p℄[w℄[s℄))));mgr.post(OplAlldifferent(games));mgr.post(OplForall(p,Periods,OplForall(w,Weeks,OplElementOf(teams[p℄[w℄[0℄,teams[p℄[w℄[1℄,games[p℄[w℄,setGames));mgr.post(OplForall(p,Periods,OplForall(w,EWeeks,teams[p℄[w℄[0℄ < teams[p℄[w℄[1℄);if (mgr.newSear
h().sear
h(OplAnd(OplGenerate(games),OplGenerate(teams))))
out << teams << endl;g Figure 7: A Simple Model for the Sport-S
heduling Model in OPL++.
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OplIntVarMatrix<3> teams(mgr,Periods,EWeeks,Slots,Teams,"teams");OplIntVarMatrix<2> games(mgr,Periods,Weeks,Games,"games");de
lares the two array of variables. Observe that teams is a 3-dimensional array. The 
onstraintde
larations follow almost dire
tly from the problem des
ription. The 
onstraintOplAlldifferent(OplColle
t(p,Periods,s,Slots,teams[p℄[w℄[s℄))spe
i�es that all the teams s
heduled to play on week w must be di�erent. It uses an aggregateoperator OplColle
t to 
olle
t the appropriate team variables by iterating over the periods andthe slots. The OplAlldifferent 
onstraint is probably the most well-known global 
onstraint andthe OPL++ implementation enfor
es ar
 
onsisten
y on this 
onstraint. The 
onstraintOplExa
tly(2,Teams,OplColle
t(w,EWeeks,s,Slots,teams[p℄[w℄[s℄))spe
i�es that a team plays exa
tly twi
e over the 
ourse of the "extended" season. It spe
i�esthat the values in Teams (se
ond argument) must o

ur twi
e (�rst argument) in teams playingin period p (third argument). OplExa
tly is a spe
ial 
ase of the 
ardinality 
onstraint, anotherwell-known global 
onstraint. On
e again, the OPL++ implementation a
hieves ar
 
onsisten
y onthis 
onstraint. The 
onstraintOplAlldifferent(games)spe
i�es that all games are di�erent, i.e., that all teams play against every other team. Finally, the
onstraintOplElementOf(teams[p℄[w℄[0℄,teams[p℄[w℄[1℄,games[p℄[w℄,setGames)is most interesting. It spe
i�es that the game game[p℄[w℄ 
onsists of the teams team[p℄[w℄[0℄and team[p℄[w℄[1℄. More pre
isely, it ensures that the tuple<teams[p℄[w℄[0℄,teams[p℄[w℄[1℄,games[p℄[w℄>belongs to the set setGames, e�e
tively linking the team and the game variables. The OPL++implementation enfor
es ar
 
onsisten
y on this symboli
 
onstraint as well. The sear
h pro
edurein this statement is extremely simple and 
onsists of generating �rst values for the games. Notealso that generating values for the games automati
ally assigns values to the teams by 
onstraintpropagation, ex
ept for the teams in the dummy week.This model �nds a solution for 14 teams in about 53 se
onds on a 300mhz PC running Linux.Note that this is about 20% faster than the same model in the best 
onstraint programmingsystems featured in [8℄. As mentioned, more sophisti
ated models [14, 19℄ 
an improve eÆ
ien
ysigni�
antly.
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7 Con
lusionThis paper presented the design of OPL++, a C++ modeling layer for 
onstraint programming that
ombines the strengths of mathemati
al modeling languages and 
onstraint programming libraries.In addition to the traditional features of 
onstraint programming, OPL++ supports a variety ofnovel features typi
ally found in modeling or domain-spe
i�
 languages, in
luding high-level set,algebrai
, logi
al, and array operators, multi-dimensional arrays, sparse data stru
tures, and high-level 
onstru
ts for spe
ifying sear
h pro
edures. This paper illustrated, on some representativeappli
ations, that there is a one-to-one mappings between OPL models and the 
orresponding OPL++statements. As a 
onsequen
e, OPL++ leads to higher-level 
onstraint programs that are easier toimplement and to maintain. It also simpli�es the implementation of modeling languages andsigni�
antly eases their integration in larger appli
ations (e.g., through 
ode generation or throughCOM or C++ 
omponents [18℄), sin
e the modeling language and the library now share the same
ontrol and data stru
tures. Experimental results indi
ate that the additional fun
tionalities donot introdu
e any signi�
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