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2 INTRODUCTION 

Microsoft has a long history with offering optimization tools. Inside Excel is Solver which can solve linear 

programming problems, mixed-integer programming problems and non-linear problems (Fylstra, Lasdon, Watson, 

& Warren, 1998). Arguably this makes Microsoft the most successful vendor of optimization software with over 

500 million copies distributed
1
. 

The Excel solver is using cells and cell-references to formulate and implement optimization models. This has an 

obvious advantage: Excel users are directly familiar with this structure and can build optimization models without a 

steep learning curve. The direct implementation of a model in Excel has of course numerous benefits such as 

availability of data manipulation tools and report writing facilities including the availability of numerous built-in 

functions, dynamic graphs, and pivot tables. There are also some serious disadvantages:  spreadsheet modeling is 

error prone
2
, the model lacks structure and dimensionality and we are missing out on a short, compact 

representation of the model that allows us to think and talk about it and to share it with colleagues. 

Modeling is difficult. Practical optimization models are often messy with ad-hoc and ǳƴǎǘǊǳŎǘǳǊŜŘ άōǳǎƛƴŜǎǎ ǊǳƭŜǎέ 

(to use a buzzword). This means that any help in adding structure to the model is very welcome. Opposed to usual 

computer programming where we can often break down a complicated part into smaller more manageable pieces 

(Wirth, 1971) we deal essentially with systems of simultaneous equations. In this situation stepwise refinement 

into smaller entities is often not a viable strategy: we need to look at the model as a whole. A high-level modeling 

language can help here: it can provide a compact representation of the model that allows the modeler to view and 

comprehend a complete model. This in turn will allow the modeler to adapt and maintain the model with much 

more ease than otherwise possible. Compared to using a modeling language, the use of a solver API (Application 

Programming Interface) is really a step backward: it will create a more cluttered, wieldy expression of a model that 

makes maintenance and experimentation more difficult, time-consuming and expensive. For very structured or 

very small models this may be not prohibitive, but for large, complex models a good modeling language is an 

invaluable tool that can make a modeler more efficient by orders of magnitude. 

The new Microsoft Solver Foundation product is what we focus on in this document. MSF consists of a number of 

modules: 

¶ Solvers (LP, MIP, CSP) 

¶ OML: an equation based modeling language 

¶ !tLΩǎΥ ǇǊƻƎǊŀƳƳƛƴƎ ƛƴǘŜǊŦŀŎŜǎ ŀƭƭƻǿƛƴƎ ǇǊƻƎǊŀƳƳŜǊǎ ǘƻ ǘŀƭƪ ǘƻ {ƻƭǾŜǊ Foundation services 

¶ Solver plug-in capabilities: external solvers can be hooked up. With version 1.1 the state-of-the-art Gurobi 

MIP solver has become the default MIP solver. It is accessed through this mechanism. 

¶ An Excel based framework to develop and solve OML models 



 

We will concentrate on the modeling language OML and the Excel application framework. 

2.1 MODELING LANGUAGE VS. API 

A model can be built using a modeling language or using a traditional programming language such as C. In the 

latter case one can use a solver API (Application Programming Interface) to assemble the model.  We see that 

many beginners in modeling are attracted to using the API, especially if they have a background and experience in 

computer programming. In my opinion this API-appetite is often unwarranted: if the model is not either very small 

or large but very structured, expressing the model in a specialized modeling language is by far preferable in terms 

of productivity, performance, quality and maintainability of the model.   

Developing a model in a modeling language is often much more efficient.  First of all, a model expressed in a 

modeling language is much more compact. The same model in a programming language will require many more 

lines of code.  Further we often see modelers struggling with low level issues like memory allocation, pointer 

problems and obscure linker messages that simply do not occur when using a modeling language. The gain in 

productivity can be used spend more time to improve the model formulation. 

Large, difficult models require many revisions and experiments to achieve best performance (speed and reliability). 

Different formulations can lead to large differences in performance, so it is beneficial if it is easy to try out 

different formulations quickly.  Here a modeling language shines compared to a traditional programming language. 

The most well-known modeling languages are GAMS and AMPL. They are both fairly complex systems, and there is 

a learning curve before you are comfortable with these languages. But once you mastered them, you can build 

large, complex, maintainable models in a controlled fashion. OML is a much simpler language. Much of the 

complexity (such as any data manipulation) is moved away from the modeling language to the environment where 

OML is called from. This can be a C# program, or in the case of this paper Excel. This approach comes with some 

advantages (a simpler, cleaner modeling language) and disadvantages (more complex and precise data preparation 

is needed before we can pass data on to the OML model to form a complete model instance). In this paper we will 

explore some of these issues.  

We will focus on OML as used in the Excel plug-in. The tight integration between Excel and OML gives a rich but 

unstructured environment for data handling and reporting, a small, limited modeling language, a build-in scripting 

language (VBA) and enough widgets such as buttons to create mini-applications.  

2.2 A TRANSPORTATION MODEL 

The transportation model is among the simplest Linear Programming models we can present. 

We want to minimize shipping cost while obeying demand and supply restrictions. The mathematical model can be 

stated as: 

minВ ὧὭ,Ὦ ὼὭ,ὮὭ,Ὦ

ВὼὭ,Ὦ ὨὮ  ᶅ ὮὭ

ВὼὭ,Ὦ ίὭὮ  Ὥᶅ

ὼὭ,Ὦ 0

  

 



 

Here x is the decision variable and c, d, and s are parameters. The difference between a parameter and a decision 

variable is an important one. A parameter is a constant during the solution of the model: it will not be changed by 

the solver. A variable will be changed by the solver: hopefully it will return the best possible values for the decision 

variables.  

In this section we will compare the OML representation of this model to two alternatives: a GAMS formulation and 

an implementation in Excel Solver. 

2.2.1 A GAMS REPRESENTATION 

The first model in the Model Library from GAMS is a simple example of this problem, based on the famous text 

book (Dantzig, 1963)
3
. The complete model looks like: 

$Title  A Transportation Problem (TRNSPORT,SEQ=1)  
$Ontext  
 
This problem finds a least cost shipping schedule that meets 
requirements at markets and supplies at factories.  
 
 
Dantzig, G B, Chapter 3.3. In Linear Programming and Extensions.  
Princeton University Press, Princeton, New Jersey, 1963.  
 
This formulation is described in detail in:  
Rosenthal, R E, Chapter 2: A GAMS Tutorial. In GAMS: A User's Guide.  
The Scientific Press, Redwood City, California, 1988.  
 
The line numbers will not match those in the book because of these  
comments. 
 
$Offtext  
 
  Sets  
       i   ' canning plants '    / seattle, san - diego /  
       j   ' markets '           / new - york, chicago, topeka / ;  
 
  Parameters  
 
       a(i)  ' capacity of plant i in cases '  
         /    seattle     350  
              san- diego   600  /  
 
       b(j)  ' demand at market j in cases '  
         /    new - york    325  
              chicago     300  
              topeka      275  / ;  
 
  Table d(i,j)  ' distance in thousands of miles '  
                    new- york       chicago      topeka  
      seattle          2.5           1.7          1.8  
      san- diego        2.5           1.8          1.4  ;  
 
  Scalar f  ' freight in dollars per case per thousand miles '   /90/ ;  



 

 
  Parameter c(i,j)  ' transport cost in thousands of dollars per case '  ;  
 
            c(i,j) = f * d(i,j) / 1000 ;  
 
  Variables  
       x(i,j)  ' shipment quantiti es in cases '  
       z       ' total transportation costs in thousands of dollars '  ;  
 
  Positive Variable x ;  
 
  Equations  
       cost        ' define objective function '  
       supply(i)   ' observe supply limit at plant i '  
       demand(j)   ' satisfy demand at market j '  ;  
 
  cost ..        z  =e=  sum((i,j), c(i,j)*x(i,j)) ;  
 
  supply(i) ..   sum(j, x(i,j))  =l=  a(i) ;  
 
  demand(j) ..   sum(i, x(i,j))  =g=  b(j) ;  
 
  Model transport /all/ ;  
 
  Solve transport using lp minimizing z ;  
 
  Display x.l, x.m ;  
 

The sets indicate collections of strings that we use for indexing. GAMS uses string as vehicle for indexing vectors 

ŀƴŘ ƳŀǘǊƛŎŜǎΦ ¢Ƙƛǎ Ƙŀǎ ǎƻƳŜ ŀŘǾŀƴǘŀƎŜǎΥ ƛǘ ƳŀƪŜǎ ǘƘŜ ƳƻŘŜƭ ŜŀǎƛŜǊ ǘƻ ǊŜŀŘ όǇƭŀƴǘ Ψ{ŜŀǘǘƭŜΩ ƛǎ ƳƻǊŜ ŘŜǎŎǊƛǇǘƛǾŜ ǘƘŀƴ 

plant 1), and it makes it unattractive to use index arithmetic in cases where this may not be needed. The latter is 

also a negative as the obvious disadvantage is that it makes index arithmetic more complicated where we can 

legitimately use it. 

Parameter, scalar and table statements are used to specify parameters. Parameters can be changed inside the 

GAMS model (using assignment statements) but not by the solver. During the SOLVE statements parameters are 

constants. GAMS allows for convenient data entry: only the nonzero elements need to be provided in parameter 

and table statements.  Data manipulation is done by assignment statements, like c(i,j) = f * d(i,j) / 

1000 which can be interpreted as an implicit loop.   

The optimization model itself starts with variable and equation declarations.  By default variables are free, i.e. they 

are allowed to assume positive and negative values. With Positive Variable x  we impose a lower bound of 

zero. The equations are declared with a somewhat peculiar syntax. Equality is denoted by =e= while =l=  and =g= 

are less-than-or-equal and greater-than-or-equal constraints. Note that each constraint is actually a block of 

constraints. E.g. constraint demand(j)  implements three constraints  because set j has three elements.  

It is important to understand the difference between assignment statements and equations. Assignments are 

executed by GAMS itself in order as they appear, while equations are passed on the solver and must hold 

simultaneously. In programming language parlor we say that data manipulation (i.e. assignments) is procedural 

while model equations are declarative. 



 

Finally we have a model and solve statement and the results are displayed. GAMS has the notion of an objective 

variable opposed to an objective function. In practice this is not a problem: just place your objective in an equality 

constraint, and optimize the corresponding variable. Note that x.l, x.m  indicates we want to see the optimal 

level values and the optimal marginal values (or reduced cost) of x.  

The results of a GAMS job are written to a listing file.  The listing file will contain: 

¶ A source listing of the model. This can be useful to find the location of syntax errors or run-time errors. 

¶ A listing of individual rows and columns generated by the model, i.e. the expanded model. This is useful 

for debugging.  

¶ A section with messages from the solver. Hopefully it will say OPTIMAL. 

¶ The solution: rows and columns. Both level values and marginals are printed. Marginals are reduced costs 

for variables and duals for equations. 

¶ The output of display statements. 

GAMS has built-in facilities for report-writing: we can use data-manipulation on solution vectors, and display the 

final results. 

For large models, GAMS has a number of facilities: 

¶ !ƭƭ Řŀǘŀ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ǎǇŀǊǎŜΥ ƴƻ ǎǘƻǊŀƎŜ ŦƻǊ ȊŜǊƻΩǎ 

¶ Ϸ ŎƻƴŘƛǘƛƻƴǎ ŀƭƭƻǿ ƛƳǇƭŜƳŜƴǘƛƴƎ ΨǎǳŎƘ ǘƘŀǘΩ ƻǇŜǊŀǘƛƻƴǎ ƻƴ ǎŜǘǎ 

¶ Abort statement for error checking 

¶ Loop statement to handle multiple solve statements, e.g. to implement heuristics 

¶ GAMS comes with an IDE (under Windows) 

The integration with Excel is limited. There is an external program (gdxxrw.exe) that allows for exchanging data 

between GAMS and Excel, but to use this from an active Excel spreadsheet is difficult. It requires a fairly large 

amount of VBA code to run GAMS from Excel. See http://www.amsterdamoptimization.com/packaging.html. 

2.2.2 AN EXCEL SOLVER APPROACH 

The traditional way to model this problem in Excel is to use Solver. First we setup the data. This includes unit cost 

coefficients c, supply capacity s and demand data d. In our case we calculate the cost coefficients from unit 

transportation cost and a distance table. 

http://www.amsterdamoptimization.com/packaging.html


 

 

Figure 1. Data for the TRNSPORT model 

The cost data are calculated by the formula: 

ὧὭ,Ὦ=
ὪẗὨὭ,Ὦ

1000
 

E.g. cell E10 has formula =E6*Freight/1000 . Now we setup a table where the shipments will be placed. 

 

Figure 2. Derived data 

The cells E16:G17 correspond to ὼὭ,Ὦ. In addition we calculate the row and column sums. E.g. cell H16 has formula 

=SUM(E16:G16). The total cost are calculated by: =SUMPRODUCT(E10:G11,E16:G17) which represents the 

expression 

ὧὭ,ὮὼὭ,Ὦ
Ὥ,Ὦ

 

A complete view of the formulas is: 



 

 

Figure 3. Excel Solver model formulation 

The model can now be specified in the solver  

 

Figure 4. Setup Solver 

Here we specify: 

¶ The objective is total cost at cell J16 

¶ The variables ὼὭ,Ὦ are located in the table E16:G17 

¶ The constraints are formed by calculating the sums ВὼὭ,ὮὮ  and ВὼὭ,ὮὭ  and comparing those quantities 

with the available supply and required demand. 

¶ The conditions ὼὭ,Ὦ 0 ŀǊŜ ǎǇŜŎƛŦƛŜŘ ƛƴ ǘƘŜ ƻǇǘƛƻƴǎ ŘƛŀƭƻƎ ǿƘŜǊŜ ǿŜ ŎƘŜŎƪ ǘƘŜ άŀǎǎǳƳŜ ƴƻƴ-ƴŜƎŀǘƛǾŜέ 

option. 

¶ Lƴ ŀŘŘƛǘƛƻƴ ǿŜ ǎǇŜŎƛŦȅ ǘƘŜ ƳƻŘŜƭ ǘƻ ōŜ ƭƛƴŜŀǊ ōȅ ŎƘŜŎƪƛƴƎ άŀǎǎǳƳŜ ƭƛƴŜŀǊ ƳƻŘŜƭέΦ 

The disadvantage of this approach is visible here: it is difficult to recognize the model 

minВ ὧὭ,Ὦ ὼὭ,ὮὭ,Ὦ

ВὼὭ,Ὦ ὨὮ  ᶅ ὮὭ

ВὼὭ,Ὦ ίὭὮ  Ὥᶅ

ὼὭ,Ὦ 0

  

 



 

in this spreadsheet. For a small or well-structured model this may not be a problem, but for more complex models, 

the lack of structure will be a major obstacle to build and maintain models efficiently. Indeed I have converted a 

number of Excel Solver models, and the majority of them contained errors such that I could not reproduce the 

results when using a GAMS model (in different words: the Excel solution was wrong). 

 

 

Figure 5. Excel Solver Options 

The formulation can be improved by using named ranges. 

The optimal values are updated in the spreadsheet. In addition the solver can generate a solution report as 

follows: 



 

 

Figure 6. Excel Solver Report 

2.2.3 THE OML IMPLEMENTATION 

The OML model to represent this mathematical model could look like: 

Model[  
 
  Parameters[Sets,Plants,Markets],  
  Parameters[Reals,Capacity[Plants],Demand[Markets],Cost[Plants,Markets]],  
 
  Decisions[Reals[0,Infinity],x[Plants,Markets],TotalCost],  
 
  Constraints[  
      TotalCost == Sum[{i,Plants},{j,Markets},Cost[i,j]*x[i,j]],  
      Foreach[{i,Plants}, Sum[{j,Markets},x[i,j]]<=Capacity[i]],  
      Foreach[{j,Markets}, Sum[{i,Plants},x[i,j] ]>=Demand[j]]  
  ],  
 
  Goals[Minimize[TotalCost]]  
]  
 

Figure 7. TRNSPORT model in OML 

This model only has the declarative part of the corresponding GAMS model:  declaration statements and equation 

definitions.  



 

The sets are declared as part of parameter statement: they are parameter of a special type. The variables are 

called Decisions, and we can specify bounds on them in the declaration. By default OML assumes variables are 

free, just like GAMS (and unlike many other mathematical programming languages). Finally we specify the 

equations. 

The data and the data manipulation need to be handled somewhere else. In this case we choose the spreadsheet 

interface. The screen-shot below shows how the data can be organized and entered in Excel: 

 

Figure 8. Data Binding for the TRNSPORT model 

The data is organized in a table format in this example. The data binding is slightly different for table formatted 

data or block formatted data. 

The results are written to a separate sheet, formatted by Solver Foundation. 



 

 

Figure 9. Solver Foundation Solution Report 

This modeling approach is a little bit between GAMS and the old Solver based structure: the model is specified in 

an equation-based modeling language OML, while all data manipulation and reporting is done in Excel. 

2.2.4 MICROSOFT SOLVER FOUNDATION 

The Solver Foundation comes standard with a number of solvers: 

¶ LP solvers: there are several linear programming solvers: an interior point solver and a simplex based 

primal and dual solvers 

¶ MIP solver: the Mixed Integer solver allows discrete variables. From version 1.1 the default MIP solver is 

Gurobi. 

¶ QP solver: the interior point solver can also solve QP problems, i.e. models with a quadratic objective 

¶ CSP solver: a solver for constraint programming problems is available 

Compared to GAMS and AMPL we miss a general non-linear programming functionality ς MSF contains an 

unconstrained NLP solver but this is not supported by OML. On the flip-side MSF offers a CSP solver. GAMS has no 

facilities to support CSP models, and in the case of AMPL some work has been done in this direction (Fourer, 1998), 

but to my knowledge this is not available in the official distribution. An example of a general purpose modeling 

language with support for constraint programming is OPL (van Hentenryck, 1999). 

Now we have seen how the trnsport  model can be implemented in three different ways, we will continue with 

the OML/Excel combination. We will explain the language briefly, and then provide a number of annotated 

examples. 

3 OML THE LANGUAGE 

OML (Optimization Modeling Language) is the modeling language of the Microsoft Solver Foundation. 

The basic structure of an OML model is: 

-ÏÄÅÌǁ0ÁÒÁÍÅÔÅÒÓǁƛǂƗ$ÅÃÉÓÉÏÎÓǁƛǂƗ#ÏÎÓÔÒÁÉÎÔÓǁƛǂƗ'ÏÁÌÓǁƛǂǂ 

Note that OML is case-ǎŜƴǎƛǘƛǾŜ ǘƘǊƻǳƎƘƻǳǘΣ ƛΦŜΦ άaƻŘŜƭέ ƛǎ ƴƻǘ ǘƘŜ ǎŀƳŜ ŀǎ άƳƻŘŜƭέΦ 



 

   

3.1 PARAMETERS 

The Parameters section declares sets and parameters. We will discuss here only the declarations. The 

corresponding data typically is read from a spreadsheet, which we will discuss in section Data Binding. 

3.1.1 SETS 

Sets are declared in OML but they cannot be populated in OML: all content comes from data binding. 

A set is declared as: 

Parameters[Sets,Plants,Markets]  

We now have can use two sets for indexing. The actual elements for these sets will need to come from Excel 

through data binding (this is explained later). 

We can split a declaration in pieces. I.e. the statements 

Parameters[Sets,I],Parameters[Sets,J]  

and 

Parameters[Sets,I,J]  

are identical. 

In some cases we want to be able to perform arithmetic on set elements. We can force set elements to be integers 

using the syntax: 

 Parameters[Sets[Integers],I,J]  

3.1.2 SCALARS 

A scalar can be declared as follows: 

Parameters[Reals,a=10]  

It is possible to add bounds to the domain. E.g. 

Parameters[Reals[0,100],a=110]    // illegal: domain violation  

will give an error. The same is true for 

Parameters[Integer s,a= 0.5 ]    // illegal: domain violation  

The following statements are identical: 

Parameters[Real s,a= 0.5 ]    // fraction  



 

and 

Parameters[Real s,a= 1/2 ]    // alternative notation for fraction  

3.1.2.1 RESTRICTIONS 

Scalars cannot be read from a spreadsheet using the syntax above. If you need to read a scalar from a spreadsheet 

you need to declare 

Parameters[Integer , N[] ]    // read scalar from spreadsheet  

Unfortunately, scalars cannot be assigned a constant expression: 

 Parameters[Integers,N=10],  

 Parameters[Integers,N1=N+1]  // Illegal, no expressions allowed  

 Parameters[Integers[0,N],M ]  // Illegal, bounds need to be literal numbers  

You will need to use (N+1) in the model or import N1[] from the spreadsheet. 

3.1.3 INDEXED PARAMETERS 

Indexed parameters (e.g. vectors and matrices) need to be imported from the spreadsheet. The values cannot be 

specified directly in OML. For more information see the section on Data Binding. 

Parameters[Sets,I,J],  
Parameters[Reals,v[I],A[I,J]],  

 

The domain can be tightened if needed: 

Parameters[Integers[1,5],w[I]]  

This will check if the data for w[i] is integer values and between 1 and 5. If the data violates this, an error will be 

issued and the model will not be solved.  

Note: we can use ƵInfinity  and Infinity  in the bound specification.  

3.1.3.1 RESTRICTIONS 

It is not possible to use a parameter as bound on a domain: 

Parameters[Integers,N=10],  
Parameters[Reals[0,N],v[I],A[I,J]],  // Illegal  use of N  
 

3.2 DECISIONS 

The Decisions section declares the variables. It also specifies bounds on the variables and their type (continuous, 

discrete). 



 

Here are some examples: 

Decisions[Reals,x],  // a free scalar variable  

 Decisions[Reals[0,Infinity],y[I,J]], // a non - negative set indexed variable  

 Decisions[Integers,Foreach[{i,N},d[i]]],  

                                  ƳƳ ÆÒÅÅ ÉÎÔÅÇÅÒ ÖÁÒÉÁÂÌÅÓ ÄǁʣǂƗƛƗÄǁ.- 1]  

If ȅƻǳ ŘƻƴΩǘ ǎǇŜŎƛŦȅ ōƻǳƴŘǎ ha[ ǿƛƭƭ ŀǎǎǳƳŜ ȅƻǳ ŘŜŀƭ ǿƛǘƘ ŦǊŜŜ ǾŀǊƛŀōƭŜǎΦ This is like GAMS but unlike many other 

modeling systems that have non-negative variables as the default.  

3.2.1 DOMAINS 

There are the following types (domains): 

¶ Reals: for continuous variables 

¶ Integers: for integer and binary variables. If you need to use binary variables or zero-one variables use a 

lower bound of zero and an upper bound of one: Decisions[Integers[0,1],x[I,J]]
4
. 

¶ Boolean. These are variables indicating true or false. Note, that these are not the same as binary 

variables. In many cases one would prefer to use a binary variable as they allow numerical expressions in 

equations. 

3.2.2 FOREACH 

The Foreach construct has a number of forms: 

¶ &ÏÒÅÁÃÈǁǅÉƗ.ǆƗƛǂ  loops i=0,1,..N-1. Note that the loop is zero-based. 

¶ &ÏÒÅÁÃÈǁǅÊƗËƗ.ǆƗƛǂ which loops j=k,k+1,..,N-1. Note that the loop does not include N. 

¶ &ÏÒÅÁÃÈǁǅÉƗ)ǆƗƛǂ  loops over set I. 

Note that &ÏÒÅÁÃÈǁǅÉƗ.ǆƗƛǂ is identical to &ÏÒÅÁÃÈǁǅÉƗʣƗ.ǆƗƛǂ. 

The Foreach construct can be used to declare indexed variables one by one: 

Parameters[Integers,N=10],  

Decisions[Reals, Foreach[{i,N},x[i]]]  

3.2.3 FILTEREDFOREACH 

The FilteredForeach construct is an extension of the Foreach expression: it adds a condition over which the loop is 

executed. I.e. FilteredForeach[{ƛΣbϒΣƛΗҐоΣΧϐ ƭƻƻǇǎ ƛҐлΣмΣнΣпΣрΣΧΣb-1.  

In some cases you may want to generate not a full x[i,j] but only a subset, e.g. only x[i,j] for i>j. This can be 

specified as: 

Parameters[Integers,N= 3],  

Decisions[Reals, Foreach[{i,N},{j,i},x[i,j]] ],  

    // strictly  lower - triangular matrix  

If N=3, this will generate the variables x[1,0],x[2,0],x[2,1]. 



 

LŦ ȅƻǳ ǿƻǳƭŘ ƭƛƪŜ ǘƻ ƎŜƴŜǊŀǘŜ ȄώƛΣƧϐΣ ƛҐмΣΦΦΦΣbΣ ƧҖƛΣ (lower triangular including diagonal, one-based indexing) then we 

have 

 Decisions[Reals, Foreach[{i,1,N+1},{j,1,i+1},x[i,j]]  

An alternative formulation would be: 

 Decisions[Reals,Foreach[{i,1,N+1},FilteredForeach[{j,1,N+1},j< =i,x[i,j]]]],  

 // does not work in 1.1 (worked in 1.0)  

Note that you cannot write: 

Decisions[Reals, Filtered Foreach[{i,1, N+1},{j,1,N+1},j< =i,x[i,j]]],  // illegal  

In general OML models look better and are simpler if zero-based indexing is used. 

The Filtered Foreach []  construct does not allow a condition to depend on a variable. If a constraint is to be 

activated depending on a variable, the Implies []  construct can be used. 

3.3 CONSTRAINTS 

Constraints are equations (equalities or inequalities) that put extra conditions on the solution. I often will use the 

terms constraint, equation and row interchangeably, all indicating the same concept. 

The transportation model from section 1 has the following constraint section: 

Constraints[  
      TotalCost == Sum[{i,Plants},{j,Markets},Cost[i,j] *x[i,j]],  
      Foreach[{i,Plants}, Sum[{j,Markets},x[i,j]]<=Capacity[i]],  
      Foreach[{j,Markets}, Sum[{i,Plants},x[i,j]]>=Demand[j]]  
  ],  
 

Figure 10. Constraints from the TRNSPORT model 

This example directly corresponds to the underlying mathematical model: 
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Ὦ
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For a linear programming or mixed-integer programming model, all these constraints have to be linear. 

3.3.1 SUMMATIONS 

The Sum expression is an important tool in modeling optimization models. Summations over set indexed 

expressions are very straightforward: 3ÕÍǁǅÉƗ)ǆƗƛǂ. A double summation in this context is also obvious: 

Sum[{i,I},{ j , JǆƗƛǂ. 



 

The summation over integers is like the Foreach. 3ÕÍǁǅÉƗ.ǆƗƛǂ ƛǎ ǎǳƳƳƛƴƎ ƻǾŜǊ ƛҐлΣмΣΧΣb-1. The version with a 

lower limit 3ÕÍǁǅÊƗËƗ.ǆƗƛǂ ǿƛƭƭ ǎǳƳ ƻǾŜǊ ƧҐƪΣƪҌмΣΧΣb-1. This means that Sum[{k,1,3},1] = 2 .  

 In addition there is a FilteredSum []  variant, which adds a condition to the summation. E.g. 

FilteredSum[{k,1,4},k!=2,k] = 4 . The FilteredSum []  construct does not allow that a condition 

depends on a variable, even in case of a CSP model.  Typically in that case one would use an ordinary Sum with a 

factor AsInt[condition] . 

3.3.2 ALL-DIFFERENT CONSTRAINTS 

In some constraint programming problems, the following condition may appear: 

X[i] = k, where k is different for each i 

This is difficult to model efficiently in a MIP (Williams & Yan, 2001), but can be easily expressed using the Unequal  

construct. The above condition can be stated as: 

 Unequal[Foreach [{i,N},x[i]]]  

3.3.3 IMPLIES 

¢ƘŜ ŎƻƴǎǘǊǳŎǘ άƛŦ όŎƻƴŘƛǘƛƻƴύ ǘƘŜƴ ŎƻƴǎǘǊŀƛƴǘέ Ŏŀƴ ōŜ ŦƻǊƳǳƭŀǘŜŘ ǳǎƛƴƎ Implies : 

 Implies[x==1,y<=10]  

This is only available for CSP models. Example: 

Foreach[{i,Tiles},Implies[b[i],x[i] <=N- Side[i] & y[i]<=N - Side[i]]]  

3.3.4 AND, OR 

In CSP models we can use !ÎÄǁÅØÐʦƗÅØÐʧƗƛǂ and /ÒǁÅØÐʦƗÅØÐʧƗƛǂ. They can also be written using infix 

operators: exp1 & exp2  and exp1 | exp2 . The example in the previous paragraph shows an application. 

Another example is: 

Foreach[{i,T},{j,i+1,T},Implies[b[i]&b[j],  
             x[i]>=x[j]+Side[j]  |  
             x[i]+Side[i]<=x[j]  |  
             y[i]>=y[j]+Side[j]  |  
             y[i]+Side[i]<=y[j]  
         ]]  

 

3.4 DATA BINDING 

The OML language requires that all data is specified outside the model (except for an occasional scalar constant). 

The concept to move data from the spreadsheet to the model instance is called Data Binding. 



 

3.4.1 SCALARS 

To import a scalar we just need to know the address of the cell where it is located: 

 

Figure 11. A scalar parameter 

In this case this is Sheet1!C3.  

In the OML model we specify: 

Parameters[Reals,s[]],  

where it is important to use [] in the declaration. [] indicates: the symbol has zero dimensions. Then in the Data 

Binding dialog we can use: 

 

Figure 12. Data binding for a scalar 

Note: we did not check άaȅ Řŀǘŀ ƛǎ ŀ ǘŀōƭŜέΦ To test this we can use the minimal model: 



 

 

Figure 13. A test model 

Note that we have to use a constraint. My first attempt was to write this as a fixed variable: 

Model[  
 
   Parameters[Reals,s[]],  
 
   Decisions[Reals[s[],s[]],x]  // not allowed  
 
]  

This construct is not allowed: we cannot fix the variable by setting its lower and upper bound to s[].
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We can dynamically size a variable based on a bound parameter: 

Model[  
  
  Parameters[Integers,n[]],   // retrieve through data binding  
  Decisions[Reals,Foreach[{i,n[]},x[i]]]   // OK since 1.1  
  
]  
 

3.4.2 VECTORS 

A vector can be imported as follows. The range will become not a single cell but a range indicating the complete 

vector: 



 

 

In this case that will be Sheet1!F4:F7. A minimal model to read this is: 

 

The set I will automatically be populated with the index positions 0,1,2,3. This can be seen in the solution report: 

Solver Foundation Results 

Name Value 

  Solution Type Optimal 

  x[0] 1 

  x[1] 2 

  x[2] 3 

  x[3] 4 

  

3.4.3 EMPTY CELLS 



 

In Excel we often can work with empty cells. E.g. the =SUM formula will not be bothered by empty cells, they will 

just be skipped. In OML, empty cells cause an error. 

E.g. in Excel we can do: 

 

Excel is fine with the empty cell at C7 but if we try to emulate this in OML we see: 

 

As we will see in the examples this is can cause some headaches when dealing with larger models. 



 

3.4.4 MATRICES 

This approach extends to matrices. For the data: 

 

we can use the range Sheet1!F5:H6. The model needs to be changed to: 

Model[  
    
    Parameters[Sets,I,J],  
    Parameters[Reals,v[I,J] ],  
   
    Decisions[Reals,x[I,J]],  
    Constraints[Foreach[{i,I},{j,J},x[i,j]==v[i,j]]]  
 
]  
 

 Lƴ ǘƘŜ Řŀǘŀ ōƛƴŘƛƴƎ ŘƛŀƭƻƎ ōƻȄ ŀƎŀƛƴ ƳŀƪŜ ǎǳǊŜ ǘƘŀǘ άaȅ Řŀǘŀ ƛǎ ŀ ǘŀōƭŜέ ƛǎ ƴƻǘ ŎƘŜŎƪŜŘΦ  The solution will now look 

like: 

Solver Foundation Results 

Name Value 

 Solution Type Optimal 

 x[0,0] 0.661085096 

 x[0,1] 0.712827648 

 x[0,2] 0.719861886 

 x[1,0] 0.092979643 

 x[1,1] 0.332064994 

 x[1,2] 0.793925364 

 
 

bƻǘŜ ŀƎŀƛƴ ǘƘŀǘ ŜƳǇǘȅ ŎŜƭƭǎ ŀǊŜ ƴƻǘ ŀƭƭƻǿŜŘ ƛƴ ha[Υ ȅƻǳ ƴŜŜŘ ǘƻ ǎǇŜŎƛŦȅ ȊŜǊƻΩǎ ŜȄǇƭƛŎƛǘƭȅ ƛƴ ŀƭƭ ŜƳǇǘȅ cells. 

3.4.5 DATA TABLES  

5ŀǘŀ ŦƻǊƳŀǘǘŜŘ ŀǎ ŀ ŘŀǘŀōŀǎŜ ǘŀōƭŜ Ŏŀƴ ōŜ ǊŜŀŘ ǳǎƛƴƎ ǘƘŜ άaȅ Řŀǘŀ ƛǎ ŀ ǘŀōƭŜέ ƻǇǘƛƻƴΦ ¢Ƙƛǎ ǿƛƭƭ ŀƭƭƻǿ ȅƻǳ ǘƻ ǎǇŜŎƛŦȅ 

keys (they will becomes index sets in OML) and values. For an example we go back to our transportation model 

from section 2.2.3. We see there: 



 

 

!ƭƭ Řŀǘŀ ƛǎ ƻǊƎŀƴƛȊŜŘ ƛƴ ǘŀōƭŜǎ ǿƘŜǊŜ ŜŀŎƘ ŎƻƭǳƳƴ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ŀ άŘŀǘŀōŀǎŜ ŦƛŜƭŘέ ŀƴŘ ŜŀŎƘ Ǌƻǿ ƛǎ ŀ ǊŜŎƻǊŘΦ Lƴ 

this case the Data Binding dialog will look like: 

 

I.e. in the Demand table, the values are in column Demand (that will also become the name of the parameter) and 

the keys (set elements) are in column Markets. 

From a larger table we can select a Value column. E.g. in the table with Distance and Cost data we want to extract 

the parameter Cost[Plants,Markets]. This can be achieved by: 



 

 

Note that in the dialog we specified the whole range B12:E18. The system will ignore unused parts (like the column 

Distance), and it will show the actual used range as: 

 

Indeed column D is not used in the data binding for Cost[Plants,Markets]. 

From this example you can also see that we used the sets Plants and Markets several times. So who determines 

what these sets will contain. The answer is that they will contain the union of all elements used.  

Note that sets imported this way need to be strings. If the cell has a number OML will complain about a conversion 

error. 

3.4.6 SPARSE TABLES 

OML does not support sparse table. That means that records with a zero value need to be explicitly part of the 

table. 

3.4.7 DATA LAYOUT 

It is important to think carefully about the layout of your data. Below is an example: 

Sparse table 
        

          

          




















































































































































