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Zimpl AbstratZimpl is a little language in order to translate the mathematial modelof a problem into a linear or (mixed-)integer mathematial program, ex-pressed in lp or mps �le format whih an be read and (hopefully) solvedby a lp or mip solver.1 Prefae May the soure be with you, Luke!Many of the things in Zimpl (and a lot more) an be found in the exellentbook about the modeling language ampl from Robert Fourer, David N. Gayand Brian W. Kernighan [FGK03℄. Those interested in an overview of theurrent state-of-the-art in (ommerial) modeling languages might have a lookat [Kal04b℄. On the other hand, having the soure ode of a program has itsadvantages. The possibility to run it regardless of arhiteture and operatingsystem, the ability to modify it to suite the needs, and not having to hassle withliense managers may make a muh less powerful program the better hoie. Andso Zimpl ame into being.By now Zimpl has grown up and matured. It has been used in several in-dustry projets and university letures, showing that it is able to ope with largesale models and also with students. This would have not been possible with-out my early adopters Armin Fügenshuh, Mar Pfetsh, Sasha Luka, DanielJunglas, Jörg Rambau and Tobias Ahterberg. Thanks for their omments andbug reports. Speial thanks to Tuomo Takkula for revising this manual.Zimpl is liensed under the GNU Lesser General Publi Liense Version3. For more information on free software see http://www.gnu.org. The latestversion of Zimpl an be found at http://zimpl.zib.de. If you �nd any bugs,then please send an email to mailto:koh�zib.de, and do not forget to inludean example that shows the problem. If somebody extends Zimpl, then I aminterested in getting pathes in order to inlude them into the main distribution.The best way to refer to Zimpl in a publiation is to ite my PhD thesis [Ko04℄�PHDTHESIS{Koh2004,author = "Thorsten Koh",title = "Rapid Mathematial Programming",shool = "Tehnishe {Universit\"at} Berlin",year = "2004",url = "http://www.zib.de/Publiations/abstrats/ZR-04-58/",note = "ZIB-Report 04-58"}
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Zimpl2 IntrodutionConsider the lp formulation of the shortest s, t-path problem, applied to some diretedgraph (V,A) with ost oe�ient cij for all (i, j) ∈ A:min ∑

(i,j)∈A

xijxij

∑

(iv)∈δ−(v)

xiv =
∑

(vi)∈δ+(v)xvi

for all v ∈ V \ {s, t}

∑

(si)∈δ+(s)xsi

xij ∈ {0, 1}, for all i,j in A (1)where δ+(v) := {(v, i) ∈ A}, δ−(v) := {(i, v) ∈ A} for v ∈ V . For a given graph theinstantiation is
s

a

17

b

47

19

t

53

23

min 17xsa + 47xsb + 19xab + 53xat + 23xbtsubjet to xsa = xab + xat

xsb + xab = xbt

xij ∈ {0, 1}, for all i,jThe standard format used to feed suh a problem into a solver is alled mpswhih was invented by ibm for the Mathematial Programming System/360 in thesixties [Kal04a, Spi04℄. Nearly all available lp and mip solvers an read this format.While mps is a nie format to punh into a punh ard and at least a reasonable formatto read for a omputer, it is quite unreadable for humans. For instane, the mps �leof the above linear program looks as follows:NAME sh o r t e s t p a t h . l pROWSN ObjE 0E 1E 2COLUMNSINTSTART 'MARKER' ' INTORG'x0 Obj 17 0 1x0 2 1x1 Obj 47 1 1x1 2 1x2 1 1 0 −1x2 Obj 19x3 Obj 53 0 −1x4 1 −1 Obj 23RHS RHS 2 1BOUNDSUP Bound x0 1UP Bound x1 1UP Bound x2 1UP Bound x3 1UP Bound x4 1ENDATA 3



ZimplAnother possibility is the lp format [ILO02℄ whih is more readable1, quite similar tothe instantiation, but only supported by a few solvers:MinimizeObj: +17 x0 +47 x1 +19 x2 +53 x3 +23 x4Subjet to0: -1 x3 -1 x2 +1 x0 = +01: -1 x4 +1 x2 +1 x1 = +02: +1 x1 +1 x0 = +1Bounds0 <= x0 <= 10 <= x1 <= 10 <= x2 <= 10 <= x3 <= 10 <= x4 <= 1Generalsx0 x1 x2 x3 x4EndSine eah oe�ient of the matrix A must be stated expliitly it is also not a desirablehoie for the development of a mathematial model.Abstrat formulationNow, with Zimpl it is possible to writeset V :={"a","b","s","t"};set A :={<"s","a">, <"s","b">, <"a","b">, <"a","t">, <"b","t">};param [A℄ := <"s","a"> 17, <"s","b"> 47, <"a","b"> 19, <"a","t"> 53,<"b","t"> 23;defset dminus(v) := {<i,v> in A};defset dplus(v) := {<v,j> in A};var x[A℄ binary;minimize ost: sum<i,j> in A: [i,j℄ * x[i,j℄;subto f:forall <v> in V - {"s","t"}:sum<i,v> in dminus(v): x[i,v℄ == sum<v,i> in dplus(v): x[v,i℄;subto uf:sum<s,i> in dplus("s"): x[s,i℄ == 1;� ompare this with (1). Feeding the sript into Zimpl will automatially generate mpsor lp �les.The value of modeling languages like Zimpl lies in their ability to work diretlyon the mathematial model in lieu of dealing merely with oe�ients. Furthermore,more often than not instantiations (read lp or mps-�les) of models are generated fromsome external data. In some sense, these are the result of the model applied to thisexternal data. In our example above, the external data is the graph together with theost oe�ients and the spei�ation of s and t, and the model is the formulation ofthe shortest st-path problem. Of ourse, Zimpl supports the initialization of modelsfrom �les. For instane, the �rst lines from the Zimpl sript above an be replaed by1 The lp format has also some idiosynrati restritions. For example variables should notbe named e12 or the like. and it is not possible to speify ranged onstraints.4



Zimplset V:= {read "nodes.txt" as "<1s>"};set A:= {read "ars.txt" as "<1s,2s>"};param [A℄ := read "ars.txt" as "<1s,2s>3n";and the Zimpl sript is ready produe instanes of any shortest path problemde�ned by the �les �nodes.txt� and �ars.txt�. The format of those �les will be desribedin Subsetion 4.4.3 InvoationIn order to run Zimpl on a model given in the �le ex1.zpl type the ommand:zimpl ex1.zplIn general terms the ommand is:zimpl [options℄ <input-files>It is possible to give more than one input �le. They are read one after the other asif they were all one big �le. If any error ours while proessing, Zimpl prints out anerror message and aborts. In ase everything goes well, the results are written into twoor more �les, depending on the spei�ed options.The �rst output �le is the problem generated from the model in either plexlp,mps, or a �human readable� format, with extensions .lp, .mps, or .hum, respetively.The next one is the table �le whih has the extension .tbl. The table �le lists all variableand onstraint names used in the model and their orresponding names in the problem�le. The reason for this name translation is the limitation of the length of names inthe mps format to eight haraters. Also the lp format restrits the length of names.The preise limit is depending on the version. plex 7.0 has a limit of 16 haraters,and ignores silently the rest of the name, while plex 9.0 has a limit of 255 haraters,but will for some ommands only show the �rst 20 haraters in the output.A omplete list of all options understood by Zimpl an be found in Table 1. Atypial invoation of Zimpl is for example:zimpl -o solveme -t mps data.zpl model.zplThis reads the �les data.zpl and model.zpl as input and produes as output the �lessolveme.mps and solveme.tbl. Note that in ase mps-output is spei�ed for a maxi-mization problem, the objetive funtion will be inverted, beause the mps format hasno provision for stating the sense of the objetive funtion. The default is to assumemaximization.4 FormatEah zpl-�le onsists of six types of statements:
◮ Sets
◮ Parameters
◮ Variables
◮ Objetive
◮ Constraints
◮ Funtion de�nitionsEah statement ends with a semiolon. Everything from a hash-sign #, provided it isnot part of a string, to the end of the line is treated as a omment and is ignored. Ifa line starts with the word inlude followed by a �lename in double quotation marks,then this �le is read and proessed instead of the line.5



Zimpl-t format Selets the output format. Can be either lp, whih is default, or mps,or hum, whih is only human readable, or rlp, whih is the same as lpbut with rows and olumns randomly permuted. The permutation isdepending on the seed. Also possible is pip m whih means PolynomialIP.-o name Sets the base-name for the output �les.Defaults to the name of the �rst input �le with its path and extensionstripped o�.-F �lter The output is piped through a �lter. A %s in the string is replaed by theoutput �lename. For example -F "gzip - >%s.gz" would ompressall the output �les.-n form Selet the format for the generation of onstraint names. Can be mwhih will number them 1 . . . n with a `' in front. n will use the namesupplied in the subto statement and number them 1 . . . n within thestatement. f will use the name given with the subto, then a 1 . . . nnumber like in m and then append all the loal variables from the forallstatements.-P �lter The input is piped through a �lter. A %s in the string is replaed bythe input �lename. For example -P "pp -DWITH_C1 %s" would passthe input �le through the C-preproessor.-s seed Positive seed number for the random number generator. For example-s `date +%N` will produe hanging random numbers.-v 0..5 Set the verbosity level. 0 is quiet, 1 is default, 2 is verbose, 3 and 4 arehatter, and 5 is debug.-D name=val Sets the parameter name to the spei�ed value. This is equivalent withhaving this line in the Zimpl program: param name:=val. If there isa delaration in the Zimpl �le and a -D setting for the same name, thelatter takes preedent.-b Enables bison debug output.-f Enables �ex debug output.-h Prints a help message.-m Writes a plexmst (Mip STart) �le.-O Tries to redue the generated LP by doing some presolve analysis.-r Writes a plexord branhing order �le.-V Prints the version number.Table 1: Zimpl options4.1 ExpressionsZimpl works on its lowest level with two types of data: Strings and numbers. Wherevera number or string is required it is also possible to use a parameter of the orrespondingvalue type. In most ases expressions are allowed instead of just a number or a string.The preedene of operators is the usual one, but parentheses an always be used tospeify the evaluation order expliitly.Numeri expressionsA number in Zimpl an be given in the usual format, e. g. as 2, -6.5 or 5.234e-12.Numeri expressions onsist of numbers, numeri valued parameters, and any of theoperators and funtions listed in Table 2. Additionally the funtions shown in Table 3an be used. Note that those funtions are only omputed with normal double preision6



Zimpl�oating-point arithmeti and therefore have limited auray. Examples on how to usethe min and max funtions an be found in Setion 4.3 on page 10.a∧b, a**b a to the power of b ab, b must be integera+b addition a + ba-b subtration a − ba*b multipliation a · ba/b division a/ba mod b modulo a mod babs(a) absolute value |a|sgn(a) sign x > 0 ⇒ 1, x < 0 ⇒ −1, else 0floor(a) round down ⌊a⌋eil(a) round up ⌈a⌉round(a) round towards zero ⌊a⌉a! fatorial a!, a must be nonnegative integermin(S) minimum of a set mins∈Smin(s in S) e(s) minimum over a set mins∈S e(s)max(S) maximum of a set maxs∈Smax(s in S) e(s) maximum over a set maxs∈S e(s)min(a,b,,...,n) minimum of a list min(a, b, c, . . . , n)max(a,b,,...,n) maximum of a list max(a, b, c, . . . , n)sum(s in S) e(s) sum over a set ∑

s∈S e(s)prod(s in S) e(s) produt over a set ∏

s∈S e(s)ard(S) ardinality of a set |S|random(m,n) pseudo random number ∈ [m,n], rationalord(A,n,) ordinal -th omponent of the n-thelement of set A.length(s) length of a string number of haraters in sif a then belse  end onditional {

b, if a = true
c, if a = falseTable 2: Rational arithmeti funtionssqrt(a) square root √

alog(a) logarithm to base 10 log10 aln(a) natural logarithm lnaexp(a) exponential funtion eaTable 3: Double preision funtionsString expressionsA string is delimited by double quotation marks ", e. g."Hallo Keiken". Two stringsan be onatenated using the + operator, i. e."Hallo " + "Keiken" gives "HalloKeiken". The funtion substr(string, begin, length) an be used to extrat partsof a string. begin is the �rst harater to be used, and ounting starts with zero at �rstharater. If begin is negative, then ounting starts at the end of the string. lengthis the number of haaters to extrat starting at begin. The length of a string an bedetermined using the length funtion. 7



ZimplBoolean expressionsThese evaluate either to true or to false. For numbers and strings the relational op-erators <, <=, ==, !=, >=, and > are de�ned. Combinations of Boolean expressionswith and, or, and xor2 and negation with not are possible. The expression tuple inset-expression (explained in the next setion) an be used to test set membership of atuple. Boolean expresseion an also be in the then or else part of an if expression.Variant expressionsThe following is either a numeri, string or boolean expression, depending on whetherexpression is a string, boolean, or numeri expression:if boolean-expression then expression else expression endThe same is true for the ord(set, tuple-number, omponent-number) funtion whihevaluates to a spei� element of a set (details about sets are overed below).4.2 Tuples and setsA tuple is an ordered vetor of �xed dimension where eah omponent is either anumber or a string. Sets onsist of (a �nite number of ) tuples. Eah tuple is uniquewithin a set. The sets in Zimpl are all ordered, but there is no partiular order ofthe tuples. Sets are delimited by braes, { and }, respetively. All tuples of a spei�set have the same number of omponents. The type of the n-th omponent for alltuples of a set must be the same, i. e. they have to be either all numbers or all strings.The de�nition of a tuple is enlosed in angle brakets < and >, e. g.<1,2,"x">. Theomponents are separated by ommas. If tuples are one-dimensional, it is possible toomit the tuple delimiters in a list of elements, but in this ase they must be omittedfrom all tuples in the de�nition, e. g.{1,2,3 } is valid while {1,2,<3> } is not.Sets an be de�ned with the set statement. It onsists of the keyword set, thename of the set, an assignment operator := and a valid set expression.Sets are referened by the use of a template tuple, onsisting of plaeholders whihare replaed by the values of the omponents of the respetive tuple. For example, aset S onsisting of two-dimensional tuples ould be referened by <a,b> in S. If anyof the plaeholders are atual values, only those tuples mathing these values will beextrated. For example, <1,b> in S will only get those tuples whose �rst omponentis 1. Please note that if one of the plaeholders is the name of an already de�nedparameter, set or variable, it will be substituted. This will result either in an error oran atual value.Examplesset A := { 1, 2, 3 };set B := { "hi", "ha", "ho" };set C := { <1,2,"x">, <6,5,"y">, <787,12.6,"oh"> };For set expressions the funtions and operators given in Table 4 are de�ned.An example for the use of the if boolean-expression then set-expression else set-expression end an be found on page 10 together with the examples for indexed sets.2a xor b := a ∧ ¬b ∨ ¬a ∧ b
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ZimplExamplesset D := A ross B;set E := { 6 to 9 } union A without { 2, 3 };set F := { 1 to 9 } * { 10 to 19 } * { "A", "B" };set G := proj(F, <3,1>);# will give: { <"A",1>, <"A",2"> ... <"B",9> }A*B,A ross B ross produt {(x, y) | x ∈ A ∧ y ∈ B}A+B,A union B union {x | x ∈ A ∨ x ∈ B}union <i>in I: S ditto, of indexed sets ⋃
i∈I SiA inter B intersetion {x | x ∈ A ∧ x ∈ B}inter <i>in I: S ditto, of indexed sets ⋂
i∈I SiA\B, A-B,A without B di�erene {x | x ∈ A ∧ x 6∈ B}A symdiff B symmetri di�erene {x | (x ∈ A ∧ x 6∈ B) ∨ (x ∈ B ∧ x 6∈ A)}{n.. m by s }, generate, {x | x = min(n,m) + i|s| 6 max(n,m),(default s = 1) i ∈ N0, x, n,m, s ∈ Z}{n to m by s } generate {x | x = n + is 6 m, i ∈ N0, x, n,m, s ∈ Z}proj(A, t) projetion The new set will onsist of n-tuples, with

t = (e1, . . . , en) the i-th omponent being the ei-th om-ponent of A.argmin <i>in I : e(i) minimum argument argmini∈I e(i)argmin(n) <i> n minimum The new set onsistsin I : e(i) arguments of those n elemens of i for whih e(i) wassmallest. The result an be ambiguous.argmax <i>in I : e(i) maximum argument argmaxi∈I e(i)argmax(n) <i> n maximum The new set onsistsin I : e(i) arguments of those n elemens of i for whih e(i) wasbiggest. The result an be ambiguous.if a then belse  end onditional {

b, if a = true
c, if a = falseTable 4: Set related funtionsConditional setsIt is possible to restrit a set to tuples that satisfy a Boolean expression. The expressiongiven by the with lause is evaluated for eah tuple in the set and only tuples for whihthe expression evaluates to true are inluded in the new set.9



ZimplExamplesset F := { <i,j> in Q with i > j and i < 5 };set A := { "a", "b", "" };set B := { 1, 2, 3 };set V := { <a,2> in A*B with a == "a" or a == "b" };# will give: { <"a",2>, <"b",2> }set W := argmin(3) <i,j> in B*B : i+j;# will give: { <1,1>, <1,2>, <2,1> }Indexed setsIt is possible to index one set with another set resulting in a set of sets. Indexed setsare aessed by adding the index of the set in brakets [ and ℄, like S[7℄. Table 5 liststhe available funtions. There are three possibilities how to assign to an indexed set:
◮ The assignment expression is a list of omma-separated pairs, onsisting of atuple from the index set and a set expression to assign.
◮ If an index tuple is given as part of the index, e. g. <i> in I, the assignment isevaluated for eah value of the index tuple.
◮ By use of a funtion that returns an indexed set.Examplesset I := { 1..3 };set A[I℄ := <1> {"a","b"}, <2> {"","e"}, <3> {"f"};set B[<i> in I℄ := { 3 * i };set P[℄ := powerset(I);set J := indexset(P);set S[℄ := subsets(I, 2);set T[℄ := subsets(I, 1, 2);set K[<i> in I℄ := if i mod 2 == 0 then { i } else { -i } end;set U := union <i> in I : A[i℄;set IN := inter <j> in J : P[j℄; # empty!powerset(A) generates all subsets of A {X | X ⊆ A}subsets(A,n) generates all subsets of Awith n elements {X | X ⊆ A ∧ |X| = n}subsets(A,n,m) generates all subsets of Awith between n and m elements {X | X ⊆ A ∧ n 6 |X| 6 m}indexset(A) the index set of A {1 . . . |A|}Table 5: Indexed set funtions4.3 ParametersParameters are the way to de�ne onstants within Zimpl. They an be delared withor without an index set. Without index a parameter is just a single value whih is eithera number or a string. For indexed parameters there is one value for eah member ofthe set. It is possible to delare a default value.10



ZimplParameters are delared in the following way: The keyword param is followed bythe name of the parameter optionally followed by the index set in square brakets.Then, after the assignment operator there is a list of pairs. The �rst element of eahpair is a tuple from the index set, while the seond element is the value of the parameterfor this index.Examplesset A := { 12 .. 30 };set C := { <1,2,"x">, <6,5,"y">, <3,7,"z"> };param q := 5;param u[A℄ := <13> 17, <17> 29, <23> 14 default 99;param amin := min A; # = 12param umin := min <a> in A : u[a℄; # = 14param mmax := max <i> in { 1 .. 10 } : i mod 5;param w[C℄ := <1,2,"x"> 1/2, <6,5,"y"> 2/3;param x[<i> in { 1 .. 8 } with i mod 2 == 0℄ := 3 * i;Assignments need not to be omplete. In the example, no value is given for index
<3,7,"z"> of parameter w. This is orret as long as it is never referened.Parameter tablesIt is possible to initialize multi-dimensional indexed parameters from tables. This isespeially useful for two-dimensional parameters. The data is put in a table struturewith | signs on eah margin. Then a headline with olumn indies has to be added,and one index for eah row of the table is needed. The olumn index has to be one-dimensional, but the row index an be multi-dimensional. The omplete index forthe entry is built by appending the olumn index to the row index. The entries areseparated by ommas. Any valid expression is allowed here. As an be seen in thethird example below, it is possible to add a list of entries after the table.Examplesset I := { 1 .. 10 };set J := { "a", "b", "", "x", "y", "z" };param h[I*J℄ := | "a", "", "x", "z" ||1| 12, 17, 99, 23 ||3| 4, 3,-17, 66*5.5 ||5| 2/3, -.4, 3, abs(-4)||9| 1, 2, 0, 3 | default -99;param g[I*I*I℄ := | 1, 2, 3 ||1,3| 0, 0, 1 ||2,1| 1, 0, 1 |;param k[I*I℄ := | 7, 8, 9 ||4| 89, 67, 55 ||5| 12, 13, 14 |, <1,2> 17, <3,4> 99;The last example is equivalent to:param k[I*I℄ := <4,7> 89, <4,8> 67, <4,9> 44, <5,7> 12,<5,8> 13, <5,9> 14, <1,2> 17, <3,4> 99;11



Zimpl4.4 Initializing sets and parameters from a �leIt is possible to load the values for a set or a parameter from a �le. The syntax is:read �lename as template [skip n℄ [use n℄ [fs s ℄ [math s ℄ [omment s ℄�lename is the name of the �le to read. template is a string with a template for thetuples to generate. Eah input line from the �le is split into �elds. The splitting is doneaording to the following rules: Whenever a spae, tab, omma, semiolon or olon isenountered a new �eld is started. Text that is enlosed in double quotes is not splitand the quotes are always removed. When a �eld is split all spae and tab haratersaround the splitting point are removed. If the split is due to a omma, semiolon orolon, eah ourrene of these haraters starts a new �eld.ExamplesAll these lines have three �elds:Hallo;12;3Moin 7 2"Hallo, Peter"; "Nie to meet you" 77,,2For eah omponent of the tuple, the number of the �eld to use for the value is given,followed by either n if the �eld should be interpreted as a number or s for a string.After the template some optional modi�ers an be given. The order does not matter.math s ompares the regular expression s against the line read from the �le. Onlyif the expression mathes the line it is proessed further. POSIX extended regularexpression syntax an be used. omment s sets a list of haraters that start ommentsin the �le. Eah line is ended when any of the omment haraters is found. skip ninstruts to skip the �rst n lines of the �le. use n limits the number of lines to use ton. When a �le is read, empty lines, omment lines, and unmathed lines are skippedand not ounted for the use and skip lauses.Examplesset P := { read "nodes.txt" as "<1s>" };nodes.txt:Hamburg → <"Hamburg">Münhen → <"Münhen">Berlin → <"Berlin">set Q := { read "blabla.txt" as "<1s,5n,2n>" skip 1 use 2 };blabla.txt:Name;Nr;X;Y;No → skipHamburg;12;x;y;7 → <"Hamburg",7,12>Bremen;4;x;y;5 → <"Bremen",5,4>Berlin;2;x;y;8 → skipparam ost[P℄ := read "ost.txt" as "<1s> 2n" omment "#";ost.txt:# Name Prie → skipHamburg 1000 → <"Hamburg"> 1000Münhen 1200 → <"Münhen"> 120012



ZimplBerlin 1400 → <"Berlin"> 1400param ost[Q℄ := read "haha.txt" as "<3s,1n,2n> 4s";haha.txt:1:2:ab:on1 → <"ab",1,2> "on1"2:3:b:on2 → <"b",2,3> "on2"4:5:de:on3 → <"de",4,5> "on3"As with table format input, it is possible to add a list of tuples or parameter entriesafter a read statement.Examplesset A := { read "test.txt" as "<2n>", <5>, <6> };param winniepoh[X℄ :=read "values.txt" as "<1n,2n> 3n", <1,2> 17, <3,4> 29;It is also possible to read a single value into a parameter. In this ase, either the�le should ontain only a single line, or the read statement should be instruted bymeans of a use 1 parameter only to read a single line.Examples# Read the fourth value in the fifth lineparam n := read "huhu.dat" as "4n" skip 4 use 1If all values in a �le should be read into a set, this is possible by use of the "<s+>"template for string values, and "<n+>" for numerial values. Note, that urrently atmost 65536 values are allowed in a single line.Examples# Read all values into a setset X := { read "stream.txt" as "<n+>" };\smallskipstream.txt:1 2 3 7 9 5 6 2363 37 88487 27# X := { 1, 2, 3, 7, 9, 5, 6, 23, 63, 37, 88, 4, 87, 27 };4.5 sum-expressionsSums are stated in the form:sum index do termIt is possible to nest several sum instrutions, but it is probably more onvenient tosimply merge the indies. The general form of index is:tuple in set with boolean-expression 13



ZimplIt is allowed to write a olon : instead of do and a vertial bar | instead of with.The number of omponents in the tuple and in the members of the set must math.The with part of an index is optional. The set an be any expression giving a set.Examples are given in the next setion.4.6 forall-statementsThe general forms are:forall index do termIt is possible to nest several forall instrutions. The general form of index equals thatof sum-expressions. Examples are given in the next setion.4.7 Funtion de�nitionsIt is possible to de�ne funtions within Zimpl. The value a funtion returns has tobe either a number, a string, a boolean, or a set. The arguments of a funtion anonly be numbers or strings, but within the funtion de�nition it is possible to aessall otherwise delared sets, parameters and variables.The de�nition of a funtion has to start with defnumb, defstrg, defbool, ordefset, depending on the return value. Next is the name of the funtion and a list ofargument names put in parentheses. An assignment operator := has to follow and avalid expression or set expression.Examplesdefnumb dist(a,b) := sqrt(a*a + b*b);defstrg huehott(a) := if a < 0 then "hue" else "hott" end;defbool wirklih(a,b) := a < b and a >= 10 or b < 5;defset bigger(i) := { <j> in K with j > i };4.8 The do print and do hek ommandsThe do ommand is speial. It has two possible inarnations: print and hek. printwill print to the standard output stream whatever numerial, string, Boolean or setexpression, or tuple follows it. This an be used for example to hek if a set has theexpeted members, or if some omputation has the antiipated result. hek alwayspreedes a Boolean expression. If this expression does not evaluate to true, the programis aborted with an appropriate error message. This an be used to assert that spei�onditions are met. It is possible to use a forall lause before a print or hekstatement. For string and numeri values it is possible to give a omma separated listto the print statement.Examplesset I := { 1..10 };do print I;do print "Cardinality of I:", ard(I);do forall <i> in I with i > 5 do print sqrt(i);do forall <p> in P do hek sum <p,i> in PI : 1 >= 1;
14



Zimpl5 ModelsIn this setion we use the mahinery developed up to now in order to formulate mathe-matial programs. Apart from the usual syntax to delare variables, objetive funtionsand onstraints there is speial syntax available that permits the easy formulation ofspeial onstraints, suh as speial ordered sets, onditional onstraints, and extendedfuntions.5.1 VariablesLike parameters, variables an be indexed. A variable has to be one out of threepossible types: Continuous (alled real), binary or integer. The default type is real.Variables may have lower and upper bounds. Defaults are zero as lower and in�nityas upper bound. Binary variables are always bounded between zero and one. It ispossible to ompute the value of the lower or upper bounds depending on the indexof the variable (see the last delaration in the example). Bounds an also be set toinfinity and -infinity. Binary and integer variables an be delared impliit, i. e.the variable an be assumed to have an integral value in any optimal solution to theinteger program, even if it is delared ontinuous. Use of impliit is only useful if usedtogether with a solver that take advantage of this information. As of this writing onlysip (http://sip.zib.de) with linked in Zimpl is able to do so. In all other asesthe variable is treated as a ontinous variable. It is possible to speify initial values forinteger variables by use of the startval keyword. Furthermore, the branhing priorityan be given using the priority keyword. Currently, these values are written to aplexord branhing order �le if the -r ommand line swith is given.Examplesvar x1;var x2 binary;var y[A℄ real >= 2 <= 18;var z[<a,b> in C℄ integer>= a * 10 <= if b <= 3 then p[b℄ else infinity end;var w impliit binary;var t[k in K℄ integer >= 1 <= 3 * k startval 2 * k priority 50;5.2 ObjetiveThere must be at most one objetive statement in a model. The objetive an be eitherminimize or maximize. Following the keyword is a name, a olon : and then a linearterm expressing the objetive funtion.If there is an objetive o�set, i. e., a onstant value in the objetive funtion, Zimplautomatially generates an internal variable ��ObjOffset set to one. This variable isput into the objetive funtion with the appropriate oe�ient.3Exampleminimize ost: 12 * x1 -4.4 * x2 + 5+ sum <a> in A : u[a℄ * y[a℄+ sum <a,b,> in C with a in E and b > 3 : -a/2 * z[a,b,℄;maximize profit: sum <i> in I : [i℄ * x[i℄;3The reason for this is that there is no portable way to put an o�set into the objetivefuntion in neither lp nor mps-format. 15
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Zimpl5.3 ConstraintsThe general format for a onstraint is:subto name: term sense termAlternatively it is also possible to de�ne ranged onstraints whih have the form:name: expr sense term sense exprname an be any name starting with a letter. term is de�ned as in the objetive. senseis one of <=, >= and ==. In ase of ranged onstraints both senses have to be equal andmay not be ==. expr is any valid expression that evaluates to a number.Additional to linear onstraints as in the objetive it is also possible to state termswith higher degree for onstraints.Many onstraints an be generated with one statement by the use of the forallinstrution, as shown below.Examplessubto time: 3 * x1 + 4 * x2 <= 7;subto spae: 50 >= sum <a> in A: 2 * u[a℄ * y[a℄ >= 5;subto weird: forall <a> in A: sum <a,b,> in C: z[a,b,℄==55;subto 21: 6*(sum <i> in A: x[i℄ + sum <j> in B : y[j℄) >= 2;subto 40: x[1℄ == a[1℄ + 2 * sum <i> in A do 2*a[i℄*x[i℄*3+4;subto frown: forall <i,j> in X ross { 1 to 5 } without { <2,3> }with i > 5 and j < 2 dosum <i,j,k> in X ross { 1 to 3 } ross Z dop[i℄ * q[j℄ * w[j,k℄ >= if i == 2 then 17 else 53;subto nonlin: 3 * x * y * z + 6 <= x^3 + z * y^2 + 3;Note that in the example i and j are set by the forall instrution. So they are �xedin all invoations of sum.if in onstraintsIt is possible to put two variants of a onstraint into an if-statement. The same appliesfor terms. A forall statement inside the result part of an if is also possible.Examplessubto 1: forall <i> in I doif (i mod 2 == 0) then 3 * x[i℄ >= 4else -2 * y[i℄ <= 3 end;subto 2: sum <i> in I :if (i mod 2 == 0) then 3 * x[i℄ else -2 * y[i℄ end <= 3;Constraint attributesIt is possible to speify speial attributes for a onstraint regarding how it should behandled later on.sale Before the onstraint is written to a �le, it is saled by 1/max |c| with c beingthe oe�ients of the onstraint. 16



Zimplseparate Do not inlude the onstraint in the initial LP, but separate it later on. Theonstraint need not to be heked for feasibility. When written to an lp �le itwill be written into a USER CUTS setion, in sip separate will be set to true.hekonly Do not inlude the onstraint in the initial LP, but separate only to hekfor feasibility. When written to an lp �le it will be written into a LAZY CUTSsetion, in sip hek will be set to true.indiator If vif is part of the onstraint then it is modelled as an indiator onstraintand not by a big-M formulation.The attributes are given after the onstraint, before the semi-olon and are separateby omma.Examplessubto 1: 1000 * x + 0.3 * y <= 5, sale;subto 2: x + y + z == 7, separate, hekonly;subto 3: vif x == 1 then y == 7 endif, indiator;Speial ordered setsZimpl an be used to speify speial ordered sets (sos) for an integer program. If amodel ontains any sos a sos �le will be written together with the lp or mps �le. Thegeneral format of a speial ordered set is:sos name: [type1|type2℄ priority expr : termname an be any name starting with a letter. sos use the same namespae as on-straints. term is de�ned as in the objetive. type1 or type2 indiate whether a type-1or type-2 speial ordered set is delared. The priority is optional and equal to thepriority setting for variables. Many sos an be generated with one statement by theuse of the forall instrution, as shown above.Examplessos s1: type1: 100 * x[1℄ + 200 * x[2℄ + 400 * x[3℄;sos s2: type2 priority 100 : sum <i> in I: a[i℄ * x[i℄;sos s3: forall <i> in I with i > 2:type1: (100 + i) * x[i℄ + i * x[i-1℄;Extended onstraintsZimpl has the possibility to generate systems of onstraints that mimi onditionalonstraints. The general syntax is as follows (note that the else part is optional):vif boolean-onstraint then onstraint [ else onstraint ℄ endwhere boolean-onstraint onsists of a linear expression involving variables. All thesevariables have to be bounded integer or binary variables. It is not possible to use anyontinuous variables or integer variables with in�nite bounds in a boolean-onstraint.All omparison operators (<, 6, ==, !=, >, >) are allowed. Also ombination ofseveral terms with and, or, and xor and negation with not is possible. The onditionalonstraints (those whih follow after then or else) may inlude bounded ontinuousvariables. Be aware that using this onstrut will lead to the generation of severaladditional onstraints and variables. 17



ZimplExamplesvar x[I℄ integer >= 0 <= 20;subto 1: vif 3 * x[1℄ + x[2℄ != 7then sum <i> in I : y[i℄ <= 17else sum <k> in K : z[k℄ >= 5 end;subto 2: vif x[1℄ == 1 and x[2℄ > 5 then x[3℄ == 7 end;subto 3: forall <i> in I with i < max(I) :vif x[i℄ >= 2 then x[i + 1℄ <= 4 end;Extended funtionsIt is possible to use speial funtions on terms with variables that will automatiallybe onverted into a system of inequalities. The arguments of these funtions have tobe linear terms onsisting of bounded integer or binary variables. At the moment onlythe funtion vabs(t) that omputes the absolute value of the term t is implemented,but funtions like the minimum or the maximum of two terms, or the sign of a terman be implemented in a similar manner. Again, using this onstrut will lead to thegeneration of several additional onstraints and variables.Examplesvar x[I℄ integer >= -5 <= 5;subto 1: vabs(sum <i> in I : x[i℄) <= 15;subto 2: vif vabs(x[1℄ + x[2℄) > 2 then x[3℄ == 2 end;

18



Zimpl6 Modeling examplesIn this setion we show some examples of well-known problems translated into Zimplformat.6.1 The diet problemThis is the �rst example in [Chv83, Chapter 1, page 3℄. It is a lassi so-alled dietproblem, see for example [Dan90℄ about its impliations in pratie.Given a set of foods F and a set of nutrients N, we have a table πfn of the amountof nutrient n in food f. Now Πn de�nes how muh intake of eah nutrient is needed.
∆f denotes for eah food the maximum number of servings aeptable. Given pries cffor eah food, we have to �nd a seletion of foods that obeys the restritions and hasminimal ost. An integer variable xf is introdued for eah f ∈ F indiating the numberof servings of food f. Integer variables are used, beause only omplete servings an beobtained, i. e. half an egg is not an option. The problem may be stated as:min∑

f∈F

cfxf subjet to
∑

f∈F

πfnxf > Πn for all n ∈ N

0 6 xf 6 ∆f for all f ∈ F

xf ∈ N0 for all f ∈ FThis translates into Zimpl as follows:s e t Food := { "Oatmeal " , " Ch iken" , "Eggs " ,"Mi lk" , " Pie " , "Pork" } ;s e t Nu t r i e n t s := { "Energy " , " P r o t e i n " , "Cal ium" } ;s e t At t r := Nu t r i e n t s + { " S e r v i n g s " , " P r i  e " } ;param needed [ Nu t r i e n t s ℄ :=<"Energy "> 2000 , <" P ro t e i n "> 55 , <"Cal ium"> 800 ;param data [ Food * Att r ℄ :=| " S e r v i n g s " , " Energy " , " P r o t e i n " , "Cal ium" , " P r i  e " || "Oatmeal " | 4 , 110 , 4 , 2 , 3 || " Ch iken" | 3 , 205 , 32 , 12 , 24 || "Eggs " | 2 , 160 , 13 , 54 , 13 || "Mi lk" | 8 , 160 , 8 , 284 , 9 || " P ie " | 2 , 420 , 4 , 22 , 20 || "Pork" | 2 , 260 , 14 , 80 , 19 | ;# ( k  a l ) ( g ) (mg) (  en t s )va r x[<f> i n Food ℄ i n t e g e r >= 0 <= data [ f , " S e r v i n g s " ℄ ;min imize  o s t : sum <f> in Food : data [ f , " P r i  e " ℄ * x [ f ℄ ;subto need : f o r a l l <n> in Nu t r i e n t s dosum <f> in Food : data [ f , n ℄ * x [ f ℄ >= needed [ n ℄ ;The heapest meal satisfying all requirements osts 97 ents and onsists of four servingsof oatmeal, �ve servings of milk and two servings of pie.19



Zimpl6.2 The traveling salesman problemIn this example we show how to generate an exponential desription of the symmetritraveling salesman problem (tsp) as given for example in [Sh03, Setion 58.5℄.Let G = (V, E) be a omplete graph, with V being the set of ities and E beingthe set of links between the ities. Introduing binary variables xij for eah (i, j) ∈ Eindiating if edge (i, j) is part of the tour, the tsp an be written as:min ∑

(i,j)∈E

dijxij subjet to
∑

(i,j)∈δv

xij = 2 for all v ∈ V

∑

(i,j)∈E(U)

xij 6 |U| − 1 for all U ⊆ V, ∅ 6= U 6= V

xij ∈ {0, 1} for all (i, j) ∈ EThe data is read in from a �le that gives the number of the ity and the x and yoordinates. Distanes between ities are assumed Eulidean. For example:# City X YBerlin 5251 1340Frankfurt 5011 864Leipzig 5133 1237Heidelberg 4941 867Karlsruhe 4901 840Hamburg 5356 998Bayreuth 4993 1159Trier 4974 668Hannover 5237 972
Stuttgart 4874 909Passau 4856 1344Augsburg 4833 1089Koblenz 5033 759Dortmund 5148 741Bohum 5145 728Duisburg 5142 679Wuppertal 5124 715Essen 5145 701Jena 5093 1158The formulation in Zimpl follows below. Please note that P[℄ holds all subsets ofthe ities. As a result 19 ities is about as far as one an get with this approah.Information on how to solve muh larger instanes an be found on the onordewebsite4.s e t V := { read " t sp . dat " as "<1s>" omment "#" } ;s e t E := { <i , j> i n V * V with i < j } ;s e t P [ ℄ := powe r s e t (V ) ;s e t K := i n d e x s e t (P ) ;param px [V ℄ := read " t sp . dat " as "<1s> 2n" omment "#" ;param py [V ℄ := read " t sp . dat " as "<1s> 3n" omment "#" ;defnumb d i s t ( a , b ) := s q r t ( ( px [ a℄−px [ b ℄ )^2 + ( py [ a℄−py [ b ℄ ) ^ 2 ) ;va r x [ E ℄ b i n a r y ;min imize  o s t : sum <i , j> i n E : d i s t ( i , j ) * x [ i , j ℄ ;subto two_onneted : f o r a l l <v> in V do( sum <v , j> i n E : x [ v , j ℄ ) + ( sum <i , v> i n E : x [ i , v ℄ ) == 2 ;subto no_subtour :f o r a l l <k> in K with4http://www.tsp.gateh.edu 20



Zimpl ard (P [ k ℄ ) > 2 and ard (P [ k ℄ ) < ard (V) − 2 dosum <i , j> i n E with <i> i n P [ k ℄ and <j> i n P [ k ℄ : x [ i , j ℄<= ard (P [ k ℄ ) − 1 ;The resulting lp has 171 variables, 239,925 onstraints, and 22,387,149 non-zero en-tries in the onstraint matrix, giving an mps-�le size of 936mb. plex solves this tooptimality without branhing in less than a minute.5An optimal tour for the data above is Berlin, Hamburg, Hannover, Dortmund, Bo-hum, Wuppertal, Essen, Duisburg, Trier, Koblenz, Frankfurt, Heidelberg, Karlsruhe,Stuttgart, Augsburg, Passau, Bayreuth, Jena, Leipzig, Berlin.6.3 The apaitated faility loation problemHere we give a formulation of the apaitated faility loation problem. It may also beonsidered as a kind of bin paking problem with paking osts and variable sized bins,or as a utting stok problem with utting osts.Given a set of possible plants P to build, and a set of stores S with a ertain demand
δs that has to be satis�ed, we have to deide whih plant should serve whih store. Wehave osts cp for building plant p and cps for transporting the goods from plant p tostore s. Eah plant has only a limited apaity κp. We insist that eah store is servedby exatly one plant. Of ourse we are looking for the heapest solution:min ∑

p∈P

cpzp +
∑

p∈P,s∈S

cpsxps subjet to
∑

p∈P

xps = 1 for all s ∈ S (2)
xps 6 zp for all s ∈ S, p ∈ P (3)

∑

s∈S

δsxps 6 κp for all p ∈ P (4)
xps, zp ∈ {0, 1} for all p ∈ P, s ∈ SWe use binary variables zp whih are set to one, if and only if plant p is to be built.Additionally we have binary variables xps whih are set to one if and only if plant pserves shop s. Equation (2) demands that eah store is assigned to exatly one plant.Inequality (3) makes sure that a plant that serves a shop is built. Inequality (4) assuresthat the shops are served by a plant whih does not exeed its apaity. Putting thisinto Zimpl yields the program shown on the next page. The optimal solution for theinstane desribed by the program is to build plants A and C. Stores 2, 3, and 4 areserved by plant A and the others by plant C. The total ost is 1457.

5Only 40 simplex iterations are needed to reah the optimal solution.21



Zimpls e t PLANTS := { "A" , "B" , "C" , "D" } ;s e t STORES := { 1 . . 9 } ;s e t PS := PLANTS * STORES;# How muh does i t  o s t to b u i l d a p l a n t and what  a p a  i t y# w i l l i t then have ?param b u i l d i n g [PLANTS℄ := <"A"> 500 , <"B"> 600 , <"C"> 700 , <"D"> 800 ;param  a p a  i t y [PLANTS℄ := <"A"> 40 , <"B"> 55 , <"C"> 73 , <"D"> 90 ;# The demand o f eah s t o r eparam demand [STORES℄ := <1> 10 , <2> 14 ,<3> 17 , <4> 8 ,<5> 9 , <6> 12 ,<7> 11 , <8> 15 ,<9> 16 ;# Tran spo r t a t i o n  o s t from eah p l a n t to eah s t o r eparam t r a n s p o r t [ PS ℄ :=| 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 || "A" | 55 , 4 , 17 , 33 , 47 , 98 , 19 , 10 , 6 || "B" | 42 , 12 , 4 , 23 , 16 , 78 , 47 , 9 , 82 || "C" | 17 , 34 , 65 , 25 , 7 , 67 , 45 , 13 , 54 || "D" | 60 , 8 , 79 , 24 , 28 , 19 , 62 , 18 , 45 | ;va r x [ PS ℄ b i n a r y ; # I s p l a n t p s u p p l y i n g s t o r e s ?va r z [PLANTS℄ b i n a r y ; # I s p l a n t p b u i l t ?# We want i t heapmin imize  o s t : sum <p> in PLANTS : b u i l d i n g [ p ℄ * z [ p ℄+ sum <p , s> i n PS : t r a n s p o r t [ p , s ℄ * x [ p , s ℄ ;# Eah s t o r e i s s u p p l i e d by e x a  t l y one p l a n tsubto a s s i g n :f o r a l l <s> i n STORES dosum <p> in PLANTS : x [ p , s ℄ == 1 ;# To be ab l e to s upp l y a s t o r e , a p l a n t must be b u i l tsubto b u i l d :f o r a l l <p , s> i n PS dox [ p , s ℄ <= z [ p ℄ ;# The p l a n t must be ab l e to meet the demands from a l l s t o r e s# tha t a r e a s s i g n ed to i tsubto l i m i t :f o r a l l <p> in PLANTS dosum <s> in S : demand [ s ℄ * x [ p , s ℄ <=  a p a  i t y [ p ℄ ;

22



Zimpl6.4 The n-queens problemThe problem is to plae n queens on a n × n hessboard so that no two queens are onthe same row, olumn or diagonal. The n-queens problem is a lassi ombinatorialsearh problem often used to test the performane of algorithms that solve satis�abilityproblems. Note though, that there are algorithms available whih need linear time inpratie, like, for example, those of [SG91℄. We will show four di�erent models for theproblem and ompare their performane.The integer modelThe �rst formulation uses one general integer variable for eah row of the board. Eahvariable an assume the value of a olumn, i. e. we have n variables with bounds 1 . . . n.Next we use the vabs extended funtion to model an all di�erent onstraint on thevariables (see onstraint 1). This makes sure that no queen is loated on the sameolumn than any other queen. The seond onstraint (2) is used to blok all thediagonals of a queen by demanding that the absolute value of the row distane and theolumn distane of eah pair of queens are di�erent. We model a 6= b by abs(a−b) > 1.Note that this formulation only works if a queen an be plaed in eah row, i. e. ifthe size of the board is at least 4 × 4.param queens := 8 ;s e t C := { 1 . . queens } ;s e t P := { <i , j> i n C * C with i < j } ;va r x [C ℄ i n t e g e r >= 1 <= queens ;subto 1 : f o r a l l <i , j> i n P do vabs ( x [ i ℄ − x [ j ℄ ) >= 1 ;subto 2 : f o r a l l <i , j> i n P dovabs ( vabs ( x [ i ℄ − x [ j ℄ ) − abs ( i − j ) ) >= 1 ;The following table shows the performane of the model. Sine the problem is modeledas a pure satis�ability problem, the solution time depends only on how long it takes to�nd a feasible solution.6 The olumns titled Vars, Cons, and NZ denote the numberof variables, onstraints and non-zero entries in the onstraint matrix of the generatedinteger program. Nodes lists the number of branh-and-bound nodes evaluated by thesolver, and time gives the solution time in pu seonds.Queens Vars Cons NZ Nodes Time [s℄8 344 392 951 1,324 <112 804 924 2,243 122,394 12016 1,456 1,680 4,079 >1 mill. >1,700As we an see, between 12 and 16 queens is the maximum instane size we an ex-pet to solve with this model. Neither hanging the plex parameters to aggressiveut generation nor setting emphasis on integer feasibility improves the performanesigni�antly.6Whih is, in fat, rather random.
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ZimplThe binary modelsAnother approah to model the problem is to have one binary variable for eah squareof the board. The variable is one if and only if a queen is on this square and wemaximize the number of queens on the board.For eah square we ompute in advane whih other squares are bloked if a queenis plaed on this partiular square. Then the extended vif onstraint is used to setthe variables of the bloked squares to zero if a queen is plaed.param olumns := 8 ;s e t C := { 1 . . o lumns } ;s e t CxC := C * C;s e t TABU[< i , j> i n CxC ℄ := { <m, n> in CxC with (m != i or n != j )and (m == i or n == j or abs (m − i ) == abs ( n − j ) ) } ;va r x [ CxC ℄ b i n a r y ;maximize queens : sum <i , j> i n CxC : x [ i , j ℄ ;subto 1 : f o r a l l <i , j> i n CxC do v i f x [ i , j ℄ == 1 thensum <m, n> in TABU[ i , j ℄ : x [m, n ℄ <= 0 end ;Using extended formulations an make the models more omprehensible. For example,replaing onstraint 1 in line 13 with an equivalent one that does not use vif as shownbelow, leads to a formulation that is muh harder to understand.subto 2 : f o r a l l <i , j> i n CxC doard (TABU[ i , j ℄ ) * x [ i , j ℄+ sum <m, n> in TABU[ i , j ℄ : x [m, n ℄ <= ard (TABU[ i , j ℄ ) ;After the appliation of the plex presolve proedure both formulations result inidential integer programs. The performane of the model is shown in the followingtable. S indiates the plex settings used: Either (D)efault, (C)uts7, or (F)easibility8 .Root Node indiates the objetive funtion value of the lp relaxation of the root node.Queens S Vars Cons NZ Root Node Nodes Time [s℄8 D 384 448 2,352 13.4301 241 <1C 8.0000 0 <112 D 864 1,008 7,208 23.4463 20,911 4C 12.0000 0 <116 D 1,536 1,792 16,224 35.1807 281,030 1,662C 16.0000 54 824 C 3,456 4,032 51,856 24.0000 38 4232 C 6,144 7,168 119,488 56.4756 >5,500 >2,000This approah solves instanes with more than 24 queens. The use of aggressive utgeneration improves the upper bound on the objetive funtion signi�antly, though itan be observed that for values of n larger than 24 plex is not able to dedue the7Cuts: mip uts all 2 and mip strategy probing 3.8Feasibility: mip uts all -1 and mip emph 124



Zimpltrivial upper bound of n.9 If we use the following formulation instead of onstraint 2,this hanges:subto 3 : f o r a l l <i , j> i n CxC dof o r a l l <m, n> in TABU[ i , j ℄ do x [ i , j ℄ + x [m, n ℄ <= 1 ;As shown in the table below, the optimal upper bound on the objetive funtion isalways found in the root node. This leads to a similar situation as in the integerformulation, i. e. the solution time depends mainly on the time it needs to �nd theoptimal solution. While reduing the number of branh-and-bound nodes evaluated,aggressive ut generation inreases the total solution time.With this approah instanes up to 96 queens an be solved. At this point theinteger program gets too large to be generated. Even though the plex presolveroutine is able to aggregate the onstraints again, Zimpl needs too muh memory togenerate the ip. The olumn labeled Pres. NZ lists the number of non-zero entriesafter the presolve proedure. Pres. Root TimeQueens S Vars Cons NZ NZ Node Nodes [s℄16 D 256 12,640 25,280 1,594 16.0 0 <132 D 1,024 105,152 210,304 6,060 32.0 58 564 D 4,096 857,472 1,714,944 23,970 64.0 110 6064 C 64.0 30 8996 D 9,216 2,912,320 5,824,640 53,829 96.0 70 19396 C 96.0 30 41096 F 96.0 69 66Finally, we will try the following set paking formulation:subto row : f o r a l l <i> i n C dosum <i , j> i n CxC : x [ i , j ℄ <= 1 ;subto  o l : f o r a l l <j> i n C dosum <i , j> i n CxC : x [ i , j ℄ <= 1 ;subto diag_row_do : f o r a l l <i> i n C dosum <m, n> in CxC with m − i == n − 1 : x [m, n ℄ <= 1 ;subto diag_row_up : f o r a l l <i> i n C dosum <m, n> in CxC with m − i == 1 − n : x [m, n ℄ <= 1 ;subto diag_ol_do : f o r a l l <j> i n C dosum <m, n> in CxC with m − 1 == n − j : x [m, n ℄ <= 1 ;subto diag_ol_up : f o r a l l <j> i n C dosum <m, n> in CxC with ard (C) − m == n − j : x [m, n ℄ <= 1 ;Here again, the upper bound on the objetive funtion is always optimal. The sizeof the generated ip is even smaller than that of the former model after presolve. Theresults for di�erent instanes size are shown in the following table:9For the 32 queens instane the optimal solution is found after 800 nodes, but the upperbound is still 56.1678. 25



ZimplQueens S Vars Cons NZ Root Node Nodes Time [s℄64 D 4,096 384 16,512 64.0 0 <196 D 9,216 576 37,056 96.0 1680 33196 C 96.0 1200 33896 F 96.0 121 15128 D 16,384 768 65,792 128.0 >7000 >3600128 F 128.0 309 90In ase of the 128 queens instane with default settings, a solution with 127 queensis found after 90 branh-and-bound nodes, but plex was not able to �nd the opti-mal solution within an hour. From the performane of the Feasible setting it an bepresumed that generating uts is not bene�ial for this model.
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Zimpl7 Error messagesHere is a (hopefully) omplete list of the inomprehensible error messages Zimpl anprodue:101 Bad �lenameThe name given with the -o option is either missing, a diretory name, or startswith a dot.102 File write errorSome error ourred when writing to an output �le. A desription of the errorfollows on the next line. For the meaning onsult your OS doumentation.103 Output format not supported, using LP formatYou tried to selet another format than lp, mps, hum, rlp, or pip.104 File open failedSome error ourred when trying to open a �le for writing. A desription of theerror follows on the next line. For the meaning onsult your OS doumentation.105 Dupliate onstraint name �xxx�Two subto statements have the same name.106 Empty LHS, onstraint trivially violatedOne side of your onstraint is empty and the other not equal to zero. Mostfrequently this happens, when a set to be summed up is empty.107 Range must be l 6 x 6 u, or u > x > lIf you speify a range you must have the same omparison operators on bothsides.108 Empty Term with nonempty LHS/RHS, onstraint trivially violatedThe middle of your onstraint is empty and either the left- or right-hand side ofthe range is not zero. This most frequently happens, when a set to be summedup is empty.109 LHS/RHS ontradition, onstraint trivially violatedThe lower side of your range is bigger than the upper side, e.g. 15 6 x 6 2.110 Division by zeroYou tried to divide by zero. This is not a good idea.111 Modulo by zeroYou tried to ompute a number modulo zero. This does not work well.112 Exponent value xxx is too big or not an integerIt is only allowed to raise a number to the power of integers. Also trying to raisea number to the power of more than two billion is prohibited.10113 Fatorial value xxx is too big or not an integerYou an only ompute the fatorial of integers. Also omputing the fatorial ofa number bigger then two billion is generally a bad idea. See also Error 115.114 Negative fatorial valueTo ompute the fatorial of a number it has to be positive. In ase you need itfor a negative number, remember that for all even numbers the outome will bepositive and for all odd number negative.10The behavior of this operation ould easily be implemented as for(;;) or in a moreelaborate way as void f(){f();}. 27



Zimpl115 Timeout!You tried to ompute a number bigger than 1000!. See also the footnote to Error112.116 Illegal value type in min: xxx only numbers are possibleYou tried to build the minimum of some strings.117 Illegal value type in max: xxx only numbers are possibleYou tried to build the maximum of some strings.118 Comparison of di�erent typesYou tried to ompare apples with oranges, i.e, numbers with strings. Note thatthe use of an unde�ned parameter an also lead to this message.119 xxx of sets with di�erent dimensionTo apply Operation xxx (union, minus, intersetion, symmetri di�erene) ontwo sets, both must have the same dimension tuples,i. e. the tuples must havethe same number of omponents.120 Minus of inompatible setsTo apply Operation xxx (union, minus, intersetion, symmetri di�erene) ontwo sets, both must have tuples of the same type,i. e. the omponents of thetuples must have the same type (number, string).121 Negative exponent on variableThe exponent to a variable was negative. This is not suported.123 �from� value xxx is too big or not an integerTo generate a set, the �from� number must be an integer with an absolute valueof less than two billion.124 �upto� value xxx is too big or not an integerTo generate a set, the �upto� number must be an integer with an absolute valueof less than two billion.125 �step� value xxx is too big or not an integerTo generate a set, the �step� number must be an integer with an absolute valueof less than two billion.126 Zero �step� value in rangeThe given �step� value for the generation of a set is zero. So the �upto� valuean never be reahed.127 Illegal value type in tuple: xxx only numbers are possibleThe seletion tuple in a all to the proj funtion an only ontain numbers.128 Index value xxx in proj too big or not an integerThe value given in a seletion tuple of a proj funtion is not an integer or biggerthan two billion.129 Illegal index xxx, set has only dimension yyyThe index value given in a seletion tuple is bigger than the dimension of thetuples in the set.131 Illegal element xxx for symbolThe index tuple used in the initialization list of a index set, is not member of theindex set of the set. E.g, set A[{ 1 to 5 }℄ := <1> { 1 }, <6> { 2 };132 Values in parameter list missing, probably wrong read templateProbably the template of a read statement looks like "<1n>" only having atuple, instead of "<1n> 2n". 28



Zimpl133 Unknown symbol xxxA name was used that is not de�ned anywhere in sope.134 Illegal element xxx for symbolThe index tuple given in the initialization is not member of the index set of theparameter.135 Index set for parameter xxx is emptyThe attempt was made to delare an indexed parameter with the empty set asindex set. Most likely the index set has a with lause whih has rejeted allelements.139 Lower bound for integral var xxx trunated to yyy (warning)An integral variable an only have an integral bound. So the given non integralbound was adjusted.140 Upper bound for integral var xxx trunated to yyy (warning)An integral variable an only have an integral bound. So the given non integralbound was adjusted.141 Infeasible due to on�iting bounds for var xxxThe upper bound given for a variable was smaller than the lower bound.142 Unknown index xxx for symbol yyyThe index tuple given is not member of the index set of the symbol.143 Size for subsets xxx is too big or not an integerThe ardinality for the subsets to generate must be given as an integer smallerthan two billion.144 Tried to build subsets of empty setThe set given to build the subsets of, was the empty set.145 Illegal size for subsets xxx, should be between 1 and yyyThe ardinality for the subsets to generate must be between 1 and the ardinalityof the base set.146 Tried to build powerset of empty setThe set given to build the powerset of, was the empty set.147 use value xxx is too big or not an integerThe use value must be given as an integer smaller than two billion.148 use value xxx is not positiveNegative or zero values for the use parameter are not allowed.149 skip value xxx is too big or not an integerThe skip value must be given as an integer smaller than two billion.150 skip value xxx is not positiveNegative or zero values for the skip parameter are not allowed.151 Not a valid read templateA read template must look something like "<1n,2n>". There have to be a <and a > in this order.152 Invalid read template syntaxApart from any delimiters like <, >, and ommas a template must onsists ofnumber harater pairs like 1n, 3s.153 Invalid �eld number xxxThe �eld numbers in a template have to be between 1 and 255.29



Zimpl154 Invalid �eld type xxxThe only possible �eld types are n and s.155 Invalid read template, not enough �eldsThere has to be at least one �eld inside the delimiters.156 Not enough �elds in dataThe template spei�ed a �eld number that is higher than the atual number of�eld found in the data.157 Not enough �elds in data (value)The template spei�ed a �eld number that is higher than the atual number of�eld found in the data. The error ourred after the index tuple in the value�eld.159 Type error, expeted xxx got yyyThe type found was not the expeted one, e.g. subtrating a string from anumber would result in this message.160 Comparison of elements with di�erent types xxx / yyyTwo elements from di�erent tuples were ompared and found to be of di�erenttypes.161 Line xxx: Unterminated stringThis line has an odd number of " haraters. A String was started, but notended.162 Line xxx: Trailing "yyy" ignored (warning)Something was found after the last semiolon in the �le.163 Line xxx: Syntax ErrorA new statement was not started with one of the keywords: set, param, var,minimize, maximize, subto, or do.164 Dupliate element xxx for set rejeted (warning)An element was added to a set that was already in it.165 Comparison of di�erent dimension sets (warning)Two sets were ompared, but have di�erent dimension tuples. (This means theynever had a hane to be equal, other than being empty sets.)166 Dupliate element xxx for symbol yyy rejeted (warning)An element that was already there was added to a symbol.167 Comparison of di�erent dimension tuples (warning)Two tuples with di�erent dimensions were ompared.168 No program statements to exeuteNo Zimpl statements were found in the �les loaded.169 Exeute must return void elementThis should not happen. If you enounter this error please email the .zpl �le tomailto:koh�zib.de.170 Uninitialized loal parameter xxx in all of de�ne yyyA de�ne was alled and one of the arguments was a �name� (of a variable) forwhih no value was de�ned.171 Wrong number of arguments (xxx instead of yyy) for all of de�ne zzzA de�ne was alled with a di�erent number of arguments than in its de�nition.30
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Zimpl172 Wrong number of entries (xxx) in table line, expeted yyy entriesEah line of a parameter initialization table must have exatly the same numberof entries as the index (�rst) line of the table.173 Illegal type in element xxx for symbolA parameter an only have a single value type. Either numbers or strings. Inthe initialization both types were present.174 Numeri �eld xxx read as "yyy". This is not a numberIt was tried to read a �eld with an 'n' designation in the template, but what wasread is not a valid number.175 Illegal syntax for ommand line de�ne "xxx" � ignored (warning)A parameter de�nition using the ommand line -D �ag, must have the formname=value. The name must be a legal identi�er, i. e. it has to start with aletter and may onsist only out of letters and numbers inluding the undersore.176 Empty LHS, in Boolean onstraint (warning)The left hand side, i. e. the term with the variables, is empty.177 Boolean onstraint not all integerNo ontinuous (real) variables are allowed in a Boolean onstraint.178 Conditional always true or false due to bounds (warning)All or part of a Boolean onstraint are always either true or false, due to thebounds of variables.179 Conditional only possible on bounded onstraintsA Boolean onstraint has at least one variable without �nite bounds.180 Conditional onstraint always true due to bounds (warning)The result part of a onditional onstraint is always true anyway. This is due tothe bounds of the variables involved.181 Empty LHS, not allowed in onditional onstraintThe result part of a onditional onstraint may not be empty.182 Empty LHS, in variable vabsThere are no variables in the argument to a vabs funtion. Either everything iszero, or just use abs.183 vabs term not all integerThere are non integer variables in the argument to a vabs funtion. Due tonumerial reasons ontinuous variables are not allowed as arguments to vabs.184 vabs term not boundedThe term inside a vabs has at least one unbounded variable.185 Term in Boolean onstraint not boundedThe term inside a vif has at least one unbounded variable.186 Minimizing over empty set � zero assumed (warning)The index expression for the minimization was empty. The result used for thisexpression was zero.187 Maximizing over empty set � zero assumed (warning)The index expression for the maximization was empty. The result used for thisexpression was zero.188 Index tuple has wrong dimensionThe number of elements in an index tuple is di�erent from the dimension of thetuples in the set that is indexed. 31



Zimpl189 Tuple number xxx is too big or not an integerThe tuple number must be given as an integer smaller than two billion.190 Component number xxx is too big or not an integerThe omponent number must be given as an integer smaller than two billion.191 Tuple number xxx is not a valid value between 1..yyyThe tuple number must be between one and the ardinality of the set.192 Component number xxx is not a valid value between 1..yyyThe omponent number must be between one and the dimension of the set.193 Di�erent dimension tuples in set initializationThe tuples that should be part of the list have di�erent dimension.194 Indexing tuple xxx has wrong dimension yyy, expeted zzzThe index tuple of an entry in a parameter initialization list must have the samedimension as the indexing set of the parameter. This is just another kind oferror 134.195 Genuine empty set as index setThe set of an index set is always the empty set.196 Indexing tuple xxx has wrong dimension yyy, expeted zzzThe index tuple of an entry in a set initialization list must have the same dimen-sion as the indexing set of the set. If you use a powerset or subset instrution,the index set has to be one dimension.197 Empty index set for setThe index set for a set is empty.198 Inompatible index tupleThe index tuple given had �xed omponents. The type of suh a omponent wasnot the same as the type of the same omponent of tuples from the set.199 Constants are not allowed in SOS delarationsWhen delaring an SOS, weights are only allowed together with variabled. Aweight alone does not make sense.200 Weights are not unique for SOS xxx (warning)All weights assigned to variables in an speial ordered set have to be unique.201 Invalid read template, only one �eld allowedWhen reading a single parameter value, the read template must onsist of asingle �eld spei�ation.202 Indexing over empty set (warning)The indexing set turns out to be empty.203 Indexing tuple is �xed (warning)The indexing tuple of an index expression is ompletely �xed. As a result onlythis one element will be searhed for.204 Randomfuntion parameter minimum= xxx >= maximum= yyyThe seond parameter to the funtion random has to be stritly greater than the�rst parameter.205 xxx exess entries for symbol yyy ignored (warning)When reading the data for symbol yyy there were xxx more entries in the �lethan indies for the symbol. The exess entries were ignored.32



Zimpl206 argmin/argmax over empty set (warning)The index expression for the argmin or argmax was empty. The result is theempty set.207 �size� value xxx is too big or not an integerThe size argument for an argmin or argmax funtion must be an integer with anabsolute value of less than two billion.208 �size� value xxx not >= 1The size argument for an argmin or argmax funtion must be at least one, sineit represents the maximum ardinality of the resulting set.209 MIN of set with more than one dimensionThe expressions min(A) is only allowed if the elements of set A onsist of 1-tuplesontaining numbers.210 MAX of set with more than one dimensionThe expressions max(A) is only allowed if the elements of set A onsist of 1-tuplesontaining numbers.211 MIN of set ontaining non number elementsThe expressions min(A) is only allowed if the elements of set A onsist of 1-tuplesontaining numbers.212 MAX of set ontaining non number elementsThe expressions max(A) is only allowed if the elements of set A onsist of 1-tuplesontaining numbers.213 More than 65535 input �elds in line xxx of yyy (warning)Input data beyond �eld number 65535 in line xxx of �le yyy are ignored. Insertsome newlines into your data!214 Wrong type of set elements � wrong read template?Most likely you have tried read in a set from a stream using "n+" instead of"<n+>" in the template.215 Startvals violate onstraint, . . . (warning)If the given startvals are summed up, they violate the onstraint. details aboutthe sum of the LHS and the RHS are given in the message.216 Rede�nition of parameter xxx ignoredA parameter was delared a seond time with the same name. The typial usewould be to delare default values for a parameter in the Zimpl �le and overridethem by ommand-line de�ned.217 begin value xxx in substr too big or not an integerThe begin argument for an substr funtion must be an integer with an absolutevalue of less than two billion.218 length value xxx in substr too big or not an integerThe length argument for an substr funtion must be an integer with an absolutevalue of less than two billion.219 length value xxx in substr is negativeThe length argument for an substr funtion must be greater or equal to zero.220 Illegal size for subsets xxx, should be between yyy and zzzThe ardinality for the subsets to generate must be between the given lowerbound and the ardinality of the base set.33



Zimpl221 The objetive funtion has to be linearOnly objetive funtions with linear onstraints are allowed.600 File format an only handle linear and quadrati onstraints (warning)The hosen �le format an urrently only handle linear and quadrati onstraints.Higher degree onstaints were ignored.700 log(): OS speifi domain or range error messageFuntion log was alled with a zero or negative argument, or the argument wastoo small to be represented as a double.701 sqrt(): OS speifi domain error messageFuntion sqrt was alled with a negative argument.702 ln(): OS speifi domain or range error messageFuntion ln was alled with a zero or negative argument, or the argument wastoo small to be represented as a double.800 parse error: expeting xxx (or yyy)Parsing error. What was found was not what was expeted. The statement youentered is not valid.801 Parser failedThe parsing routine failed. This should not happen. If you enounter this errorplease email the .zpl �le to mailto:koh�zib.de.802 Regular expression errorA regular expression given to the math parameter of a read statement, was notvalid. See error messages for details.803 String too long xxx > yyyThe program enountered a string whih is larger than 1 GB.900 Chek failed!A hek instrution did not evaluate to true.Referenes[Chv83℄ Va²ek Chvátal. Linear Programming. H.W. Freeman and Company, NewYork, 1983.[Dan90℄ Georg B. Dantzig. The diet problem. Interfaes, 20:43�47, 1990.[FGK03℄ R. Fourier, D. M. Gay, and B. W. Kernighan. AMPL: A Modelling Languagefor Mathematial Programming. Brooks/Cole�Thomson Learning, 2nd edi-tion, 2003.[GNU03℄ GNU multiple preision arithmeti library (GMP), version 4.1.2., 2003. Codeand doumentation available at http://gmplib.org.[IBM97℄ IBM optimization library guide and referene, 1997.[ILO02℄ ILOG CPLEX Division, 889 Alder Avenue, Suite 200, Inline Village, NV89451, USA. ILOG CPLEX 8.0 Referene Manual, 2002. Information avail-able at http://www.ilog.om/produts/plex.[Kal04a℄ Josef Kallrath. Mathematial optimization and the role of modeling lan-guages. In Josef Kallrath, editor, Modeling Languages in Mathematial Op-timization, pages 3�24. Kluwer, 2004.34
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Zimpl[Kal04b℄ Josef Kallrath, editor. Modeling Languages in Mathematial Optimization.Kluwer, 2004.[Ko04℄ Thorsten Koh. Rapid Mathematial Programming. PhD thesis, TehnisheUniversität Berlin, 2004.[Sh03℄ Alexander Shrijver. Combinatorial Optimization. Springer, 2003.[Sh04℄ Hermann Shihl. Models and the history of modeling. In Josef Kallrath, edi-tor,Modeling Languages in Mathematial Optimization, pages 25�36. Kluwer,2004.[SG91℄ Rok Sosi£ and Jun Gu. 3,000,000 million queens in less than a minute.SIGART Bulletin, 2(2):22�24, 1991.[Spi04℄ Kurt Spielberg. The optimization systems MPSX and OSL. In Josef Kallrath,editor, Modeling Languages in Mathematial Optimization, pages 267�278.Kluwer, 2004.[vH99℄ Pasal van Hentenryk. The OPL Optimization Programming Language. MITPress, Cambridge, Massahusetts, 1999.[XPR99℄ XPRESS-MP Release 11 Referene Manual. Dash Assoiates, 1999. Infor-mation available at http://www.dashoptimization.om.
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