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Preface

LINGO is a comprehensive tool designed to make building and solving mathematical optimization
models easier and more efficient. LINGO provides a completely integrated package that includes a
powerful language for expressing optimization models, adallured environment for building and
editing problems, and a set of fast biiltsolvers capable of efficiently solving most classes of
optimization models. LINGQO's primary features include

C Algebraic Modeling Language

LINGO supports a powerful, seased modeling language that allows users to express math
programming models efficiently and compactly. Multiple models may be solved iteratively using
LINGO's internal scripting capabilities.

C Convenient Data Options

LINGO takes the time and hassle out of managing your data. It allows you to build models that
pull information directly from databases and spreadsheets. Similarly, LINGO can output solution
information right into a database or sgalsheet making it easier for you to generate reports in the
application of your choice. Complete separation of model and data enhance model maintenance
and scalability.

C Modellnteractively or Create Turnkey Applications

You can build and solve modelsthin LINGO, or you can call LINGO directly from an
application you have written. For developing models interactively, LINGO provides a complete
modeling environment to build, solve, and analyze your models. For buildingaursolutions,
LINGO comes with callable DLL and OLE interfaces that can be called from user written
applications. LINGO can also be called directly from an Excel macro or database application.
LINGO currently includes programming examples for C/C++, FORTRAN, Java, C#.NET,
VB.NET, ASPNET, Visual Basic, Delphi, and Excel.

C Extensive Documentation and Help

LINGO provides all of the tools you will need to get up and running quickly. You get the LINGO
Useis Manual (in printed form and available via the online Help), which fully dessiie

commang and features of the prografdso included with Super versions and larger is a copy of
Optimization Modeling with LINGO, a comprehensive modeling text discussing all major classes
of linear, integer and nonlinear optimization problems. LINGO also comes with dozens of real
world based examples for you to modify and expand.

C Powerful Solvers and Tools

LINGO is available with a comprehensive set of fast, bailolvers for linear, nonlinear (convex

& nonconvex), quadratic, quadratically constrained, and integer optimization. You never have to
specify or load a separate setybecause LINGO reads your formulation and automatically
selects the appropriate one. A general description of the solvers and tools available in LINGO
follows:
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General Nonlinear Solver
LINGO provides both general nonlinear and nonlinear/integer capabilities. The nonlinear license
option is required in order to use the nonlinear capabilities with LINDO API.

Global Solver

The global solver combines a series of range bounding (e.g., interval analysis and convex
analysis) and range reduction techniques (e.g., linear programming and constraint propagation)
within a branckandbound framework to find proven global solutions to nonconvex nonlinear
programs. Traditional nonlinear solvers can get stuck at suboptimal, local solutions. This is no
longer the case when using the global solver.

Multistart Solver

The multistart solver intelligently generates a sequence of candidate starting points in the solution
space of NLP and mixed integer NLPs. A traditional NLP solver is called with each starting point
to find a local optimum. For neconvex NLP models, the quality of the best solution found by the
multistart solver tends to be superior to that of a single solution from a traditional nonlinear solver.
A user adjustable parameter controls the maximum number of multistarts to be performed.

Barrier Solver

The barrier solver is an alternative way for solvimgér, quadratic and conicoblems. LINGO's
stateof-the-art implementation of the barrier method offers great speed advantages fackme
sparse models.

Simplex Solvers

LINGO offers two advanced implementations of the primal and dual simplex methods as the
primary means for solving linear programming problems. Its flexible design allows the users to
fine tune each method by altering several of the algorithmic parameters.

Mixed Integer Solver

The mixed integer solverds capabilities of LI N
nonlinear integer models. It contains several advanced solution techniques such as cut generation,

tree reordering to reduce tree growth dynamically, and advanced heuristic and presolve strategies.

Stochastic Solver

The stochastic programming solver supports decision making under uncertainty through
multistage stochastic models with recourse. The user describes the uncertainty by identifying the
distribution functions, either builh or userdefined, describing each random variable. The
stochastic solver will optimize the model to minimize the cost of the initial stage plus the expected
cost of future recourse actions over the planning horizon. Advanced sampling modes are also
available for approximating continuous distributions. LINGO's stochastic solver also supports
chanceconstrained models, where one or more sets of constraints are allowed to be violated
according to a specified probability.
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Model and Solution Analysis Tools

LINGO includes a comprehensive set of analysis tools for debugging infeasible linear, integer and
nonlinear programs, using advanced techniques to isolate the source of infeasibilities to the
smallest subset of the original constraints. It also has tools to perform sensitivity analysis to
determine the sensitivity of the optimal basis to changes in certain data components (e.g. objective
vector and rightandsize values).

Quadratic Recognition Tools

The QP recognition tool is a useful algebraic-precessor that automatically determines if an
arbitrary NLP is actually a convex, quadratic model. QP models may then be passed to the faster
quadratic solver, which is available as part of the barrier solver option. When the barrier solver
option is combined with the global option, LINGO will antatically recognize conimodels, in
addition to convex quadratic models.

Linearization Tools

Linearization is a comprehensive reformulation tool that automatically converts masynooith
functions and operators (e.g., max and absolute value) to a series of linear, mathematically
equivalent expressions. Many remooth models may be entirely linearized. This allows the
linear solver to quickly find a global solution to what would have otherwise been an intractable
nonlinear problem.







New Features
for LING@2.0

LINDO Systens is proud to introduce LING@2.0. The new features added to LING@Iude the
following:

8

Double Click Hints. Quickly access contesdnsitive information by doubldicking on sets,
attributes, or variables anywhere in your model. Tooltips will display definitions, parent sets,
or origin details depending on the element selected

Improved Random Number Generator. The "@RAND" and " @QRAND" functions now
utilize a composite of linear congruential generators with a long period for enhanced pseudo
random number generation in the range [0, 1]

Time to Best in Solution Report. The solution report now includes the Time to Best metric,
enabling better analysis of solver performance over time.

Improvements to the Excel Add:
0 Import models directly from Excel into the LINGO editor.
0 Push edits from LINGO back to Excel.
0 Experience faster solution report generation.
LINGO-LSP VS Code Addn:
o Edit and run LINGO models within Visual Studio Code.

o0 Includes syntax highlighting, auto complete, hover documentation, and a run button
with solutions summary.

LINGO Copilot VS Code Adédn:

0 Built on GitHub Copilot, this extension generates LINGO code from natural
language or LaTeX descriptions.

0 Can answer questions about LINGO documentation and generate contextual model
comments.
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We hope you enjoy this new release of LINGO. Many of the new features in this release are due to
suggestions from our users. In particular, we'd like to thank both Robert Coughlan and WacKkan

for their many useful suggestions for improving LINGO. If there are any features you'd like to see in
the next release of LINGO, please let us know. Feel free to reach us at

LINDO Systems Inc.
1415 N. Dayton St.
Chicago, lllinois 60642
(312) 9887422

info@lindo.com
http://www.lindo.com

June 205
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1 Getting Started witt
LINGO

LINGO is a simple tool for utilizing the power of linear and nonlinear optimization to formulate large
problems concisely, solve them, and analyze the solution. Optimization helps you find the answer that
yields the best result; attains the highest profit, output, or happiness; or the one that achieves the lowest
cost, waste, or discomfort. Often these problems involve making the most efficient use of your
resourcesncluding money, time, machinery, staff, inventory, and more. Optimization problems are

often classified as linear or nonlinear, depending on whether the relationships in the problem are linear
with respect to the variables.

If you are a new user, it is recommended you go through the first seven chapters of this document to
familiarize yourself with LINGO. Then you may want to $&e Mathematical Modelinfpr more

information on the difference between linear and nonlinear models and how to develop large models. It
may also be helpful to view some sample modeBdaneloping More Advanced ModelsAdditional
Examples of LINGO Modeling see if a particular template example is similar to a problem you have.
For users of previous versions of LINGO, the new features are summarizedPnefdieeat the

beginning of the manual.

Getting Started on Windows

Installing LINGO on Windows

Installing the LINGO software is straightforward. To setup LINGO for Windows, place your CD in the
appropriate drive and run the installation prog@ETUPcontained in the LINGO folder.

Alternatively, if you downloaded LINGO from the LINDO website, locate the download installation
program and doublelick it to run the installation. The LINGO installation program will open and
guide you through the steps required to install LINGO on your hard drive.

Note: If there is a previous version of LINGO installed on your machine, then you may need to
uninstall it before you can install the new copy of LINGO. To uninstall the existing copy of
LINGO, click on thewindows Starbutton, select th8ettingscommand, selectontrol
Panel then doubletlick on tre Add or Remove Progranison. You should then be able to
select LINGO and have the old version removed from your system.
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Starting LINGO on Windows

Once LINGO is installed, you will find a new Lingo icon on your desktop:

Lingo

You may doubleclick on the icon to start LINGO. Once LINGO is running, your screen will resemble
the following:

Neffle 3 ) %3 R+ ?7@

T
3

-

Eq

- d

Far Help, prets F1 Lm 1, Call &S50 pm

The outer window labeled LINGO is the main frame window. All other windows will be contained

within this window. The top of the frame window also contains all the command menus and the
command toolbar. Sedenu Command®r details on the toolbar and menu commands. The lower

edge of the main frame window contains a status bar that provides various pieces of information
regarding LINGO's current state. Both the toolbar and the status bar can be suppressed through the use
of theOptionscommand.

The smaller child window labelddNGO Model- LINGOL1is a new, blank model window. In the next
section, we will be entering a sample model directly into this window.

Many copies of LINGO come with their licenses-mstalled. However, some versions of LINGO
require you to input a license key. If your version of LINGO requires a license key, you will be
presented with the following dialog box when you start LINGO:
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LINGO License Key *

Pleaze enter your Lingo license key below:

[f wou don't have a licensze key you can press the "Demo’’ button to
automatically generate a temporan icense for a demonstration wversion
aof Lingo. Demo versiong function the same az standard versions with
the one exception that maximumn problem dimenzions are restricted.

IF pour icenze key iz available in the Windows chpboard you may pazte
it inka thig dialog box by prezzing Chely. Othenwize, carefully enter your
licenze key az one long string.

Y'ou can access thiz dailog box at any time uzing the FilglLicensze
command.

Help Cancel Demo ]9 l

e r

Your license key may have been included in an email sent to you when you ordered your software.
The license key is a string of letters, symbols and numbers, separated into groups of four by hyphens
(e.g.,r82m- XCW2dZu?- %72S fD?S - Wp@ Carefully enter the license into the edit field,
including hyphens. License keys are case sensitive, so you must be sure to preserve the case of the
individual letters when entering your key. Click ¥8& button and, assuming the key was entered
correctly, LINGO will then start. In the future, you will be able to run LINGO directly without

entering the key.

Note: If you received your license key by email, then you have the option of cattichgasting it
into the license key dialog box. Cut the key from the email that contains it with the Ctrl+C
key, then select the key field in LINGO dialog box and paste the key with the Ctrl+V key.

I f you donét have a key, you can choose to run L
demo mode, LINGO has all the functionality of a standard version of LINGO with the one exception
that the maximum problem size is restricted. Demo licenses expire after 180 days.
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Opening a Sample Model on Windows

LINGO is shipped with a directory containing many sample models. These models are drawn from a
wide array of application areas. For a complete listing of these modefsjdigienal Examples of

LINGO Modeling The sample model directory is titi€@mplesnd is stored directly off the many
LINGO directory.

To open a sample model in LINGO, follow these steps:

1. Pull down thd=ile menu and select tt@pencommand. You should see the following dialog

box:
E File Open... x
Windows (C:) » LINGOGE_21 , i o
Organize = Mew folder EE - N | ﬂ

HillserLisbermanText
Hotepad+ +
Programming Samples
Samples

User

™ Thiz PC - Shorteut

File name L:r.;u;\ Models (* Ig-1.|

Open Cancel
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2. Doubleclick on the folder titledsample<ontained in the main LINGO folder installed off your
root folder, at which point you should see:

r .|

B Fite Open... *
« 3 - T s LINGDB_Z1 » Samples o ; Search Sample 2
Organize = Hew folder - 0O 9

SampText B aaresigd B CHARTCITIES.Ig4 B CHARTS g4
B ALToPTg4 B EinFun_1.1g4 B CHARTDISTROUgS B CHARTSPACETIME.Igt
B suopTCaLC igd BFeLenpigs BF cHARTRAM g4 BF CHARTSTACKEDBAR Ig4
B amouTEsc2aige EPeLenpccrigs B CHARTGANTTIG ¥ cHARTSTAFF g4
B asieaLigs BPeoig: B CHARTMET g4 ¥ CHARTSURF.Ig4
B 5 TROCOSTRMDO. g4 P oariocig: B CHARTPSURF.Ig4 B cHESS. 4
File name || vl Lingo Models (".lgd)

. Open Cancel
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3. Toread in a small transportation model, typan in theFile Namefield in the above dialog
box and press th®penbutton. You should now have the model in an open window in LINGO as
follows:

Linga 29,0 - Li Metoadie] = TRAM — =] =
L' Lty

File Edit Sch Windew Help

Nafle < /R 95¢ A9 uHAEBF 2@

! A 3 Mazehouse, 4 Custcmec
Tranaporcacion FProbles:

FETS:
BREENOUSE ¢ WHL, WHI, WHI/
COSTOMER J Cci, Cc2, C3, C4f =
ROUTES | WAREHOUSE, CUSTOMER) s

! The chbjective;
[087] HIN = @SUM{ ROUTES: COST =

! The demand constrainte:

BFOR{ CUSTOMER( J): [DEM]

@50 (| WMAREMOUSE({ I): WVOLUME( I
DEMAND([ J1 )z

For Help, press F1 [ [ InLColl | 76pm

For details on developing a transportation model in LINGQAs8ample Transportation Model this
chapter
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You may now solve the model using the Solver|Solve command or by press '@:hbutton on the
toolbar. The optimal objective value for this model is 161. When solved, you should see the following
solver status window:

F k|

Lingo 21.0 Solver Status [TRAN] b4
Sobver Status ‘ariables
Model Class LP Totak 12
Morilrear: 0
Sthate: Global Opt Inkegers: 0
Olbjective: 161 S
Infeasibibty: 0 Totak g8
Morlinear: 0
Iberahons: b
MNonzeros
Extended Solver Status Totalk 36
MNonlrear: 0
Sokver Type: -
Best Oby L Geneiator Mermony Used [K)
Obj Bound o 28
Steps: Elapsed Runtine (hhcmecss)
Arckive: o o 0 00:00:00
Undits kervat: 2 ntemptSover [ Close
k

Note the objective field has a value of 161 as expected. For an interpretation of the other fields in this
window, seeSolver Status Windoim Getting Started with LINGO.
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Behind the solver status window, you will find the solution report for the model. This report contains

summary information about the model as well as v
reproduced below:
"S-:I..In:n Report - TRAM = | = | 0
Global optimal solution found.
Objective wvalue: 1€1.0000
Infeasibilities: 0.000000
Total solver iterations: 3
Elapssd runtims ssconds: 0.13
Hodel Class: LF
Total variablea: 12
Honlinear variables: 1]
Incteger variables: o
Total conscrainta: 8
Honlinear constraints: 1]
Toral monzeros: &
Honlinear nonzeros: 0
Variable Value Reduced Cost
CAFACITY( WH1) 30.00000 0. 000000
CAPACITY( WH2) 25.00000 0. 000000
CAPRCITY( WH3) 21 .00000 0. 000000
DEMAND( C1) 15.00000 0. 000000
DEMAND (| C2) 17.00000 0. 000000
DEMRHD([ C3) 22.00000 0. 000000
DEMAND (| C4) 12,00000 0. 000000
COST( WHL, Cl) €.000000 0. 000000
COST( WHL, C2) 2.000000 0. 000000
COST( WHL, C3) €.000000 0. 000000
COST{ WHL, C4) T.000000 0. 000000
COS5T( WHzZ, C1) 4.000000 0. 000000
(ot u U= L s B N AAAAAS A& ASMAARAN

For information on interpreting the fields in the solution report Sseaple Solution Repdrt Getting
Started with LINGO.
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Getting Started on a Mac

Installing LINGO on a Mac

LINGO for the Mac is distributed as a .DMG file, or disk image file,
titted LINGO-OSX64x8622.0.dmg.If you doubleclick on this file you should see a window similar

to the following:

[ NN _| Lingo

F

Applications

Lingo

...Drag the Lingo icon to the Applications
folder above to install Lingo. ..

LingoDocs

...It's also recommended that you drag the LingoDocs folder
above to your hard drive to install the Sample Models and
Documentation. You may want to drag this folder to your
Home folder...

To install LINGO onto your Mac, drag the LINGO icon in the window toApelicationsfolder icon.
This will place a copy of LINGO in thé\pplicationsfolder of you hard drive. The Mac version of
LINGO requires that you have installed OS X71@r later, on your system.
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We also recommend that you drag a copy olihgoDocsfolder in the above window to your hard
drive. TheLingoDocsfolder contains copies of LINGO's sample models and documentation. You may
want to place this folder in yodHOME folder (subsequent documentation will assume this is the
case).

Starting LINGO on a Mac

Once LINGO is installed, you will find a new LINGO icon in tigplicationsfolder on your Mac's
hard drive. The icont®uld appear as follows:

e 9 [#% Applications
£ = 00 ol 2=~ #% v >

Favaorites

Q: Dropbox
£ All My Files
¢’ iCloud Drive
@ AirDrop

72 Applications Lingo
] Desktop

@ Documents

€ Downloads
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You may doubleclick on the icon to start LINGO. Once LINGO is running, your screen will resemble
the following:

eo0e Lingo Mntllal- Lingo1.lng

Lingo Model - Lingol.Ing
BLinge Model - Lingel.Ing

The outer window is the main frame window, and all other windows will be contained within this main

frame window. The top of the main frame window also contains a toolbar for executing various
LINGO commands.

The smaller child window labelddngo Model- Lingol.Ingis a new, blank model window. In the
Developing a LINGO Modedection, we will be entering a sample model directly into this window.
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Unlike the Windows version of LINGO, the command menus do not appear at the top of the main
frame window, but appear in the Finder's menu bar whenever LINN@® active application. Below,
we see the six LINGO mends Lingo, File, Edit, Solver WindowandHelp d in the Finder's menu
bar at the top of the screen:

@ Lingo File Edit Solver Window Help
@

NAMe 9¢ « 5 R

@@ F¥Lingo Model

See thdlINGO Commandsection for details on the toolbar and menu commands. The lower edge of
the main frame window contains a status bar that provides various pieces of information regarding
LINGO's current state. Both the toolbar and the status bar can be suppressed through the
LINGO|Preferencesommand.
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Many copies of LINGO come with their licensesmstalled. However, some versions of LINGO
require you to input a license key. If your version of LINGO requires a license key, you will be
presented with the following dialog box when you start LINGO:

9 Lingo License Key

Please enter your Lingo license key below:

If you don't have a license key you can press the "Demo” button to
automatically generate a temporary license for a demonstration version
of Lingo. Demo versions function the same as standard versions with the
one exception that maximum prablem dimensions are restricted.

If your license key is available in the clipboard, you may paste it into this
dialog box by pressing 38-V. Otherwise, carefully enter your license key
as one long string.

¥ou can access this dailog box at any time using the File|License
command.

“ Cancel QK Help

Your license key may have been included in an email sent to you when you ordered your software.
The license key is a string of letters, symbols and numbers, separated into groups of four by hyphens
(e.g., r82mXCW2-dZu?%72SfD?SWp@). Carefully enter the license into the edit field, including
hyphens. License keys are case sensitive, so you must be sure to preserve the case of the individual
letters when entering your key. Click the OK button and, assuming the key was entered correctly,
LINGO will then start. In the future, you will be able to run LINGO directly without entering the key.

Note: If you received your license key by email, then you have the option of cepgithgasting it
into the license key dialog box. Copy the key from the email with the Command+C key, then
select the key field in LINGO dialog box and paste the key with the Command+V key.
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I f you donét have a key, you can choose to run
demo mode, LINGO has all the functionality of a standard version of LINGO with the one exception
that the maximum problem size is restricted. Demo licenses expire after 180 days.

Opening a Sample Model on a Mac

In thelnstalling LINGO on a Magection above, we suggested that you instalLthgoDocsfolder in

your $SHOME directory. ThelingoDocsfolder contains a folder calll Samplesvith numerous sample
model. These models are drawn from a wide array of application areas. For a complete listing of these
models, seédditional Examples of LINGO Modelingihe sample model directory is titi&&mples

and is stored directly off th@ainLINGO directory.

To open a sample model in LINGO, follow these steps:

1. Pull down theFile menu and select ti@pencommand. Migrate to where you installed your

copy of theLingoDocsfolder:
@ Open
< 2B m o =y | @ user z Q
Favorites Name ~  Date Modified
@ All My Files b [l Desktop Today, 9:11 AM
", iCloud Drive ¢ [ Documents Jun 27, 2014, 2:36 PM
= b & Downloads Jun 27, 2014, 2:36 PM
¥ Applications » BB LingoDocs Oct 10, 2014, 10:41 AM
El Desktop b Movies Jun 27, 2014, 2:36 PM
@ k7] Music Jun 27, 2014, 2:36 PM
Documents » [ Pictures Jun 27, 2014, 2:36 PM
) Downloads » [ Public Jun 27, 2014, 2:36 PM
Devices
[} use pIsk a
f;‘, Lingo =

All Lingo Files (*.Ing *.Idt *.Itf “.Igr... u

New Folder Cancel w

L
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2. Doubleclick on theLingoDocsfolder then doubkelick on theSamples foldecontained in
theLingoDocsfolder, at which point you should see:

® Open
P
< 22 B m o . pmsamples ° Q
Favorites Name ~  Date Modified
@ All My Files aroute2.lng Oct 1, 2014, 4:30 PM
~ aslbal.lng Oct 1, 2014, 4:30 PM
Y iCloud Drive
i bayes.Ing Oct 1, 2014, 4:30 PM
#3; Applications blend.Ing Oct 1, 2014, 4:30 PM
¥ blendcep.ing Oct 1, 2014, 4:30 PM
[ Desktop
box.Ing Oct 1, 2014, 4:30 PM
[ Documents caploc.ing Oct 1, 2014, 4:30 PM
0 Downloads chess.Ing Oct 1, 2014, 4:30 PM
_ chmbl1.Ing Oct 1, 2014, 4:30 PM
DE::E" compuguick.Ing Oct 1, 2014, 4:30 PM
L) USB DISK s conjnt.Ing Oct 1, 2014, 4:30 PM
[ Lingo a convex.Ing Oct 1, 2014, 4:30 PM
costing.Ing Oct 1, 2014, 4:30 PM
crashcpm.ing Oct 1, 2014, 4:30 PM
deamod.Ing Oct 1, 2014, 4:30 PM
demrnd.Ing Oct 1, 2014, 4:30 PM
dnrisk.Ing Oct 1, 2014, 4:30 PM
Aree 1+ Mt 1 2014 A-20 PAA
All Lingo Files (*.Ing *.Idt *.Itf *.Igr... B
New Folder Cancel m
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3. Toread in a small transportation model, selectrdn@ Ingmodel from theSamplefolder and
press thédpenbutton. You should now have the model in an open window in LINGO as
follows:
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Lingo Model - tran.Ing
F¥Lingo Model - tran.Ing

1 MODEL:

2! A 3 Warehouse, 4 Customer

3 Transportation Problem;

4 5ETS:

5 WAREHOUSE / WH1, WH2, WH3/
6  CUSTOMER / C1, C2, C3, C4/
7 ROUTES{ WAREHOUSE, CUSTOMER)
B ENDSETS

g

1@ ! The objective;

CAPACITY;
DEMAND ;
COST, VOLUME;

11 [0OBJ] MIN = @SUM{ ROUTES: COST = VOLUME};

12
13 ! The demand constraints;
14 @FOR({ CUSTOMER( J): [DEM]

15 @SUM{ WAREHOUSE( I): VOLUME( I, 1)) ==

16 DEMAND( J}};

17

18 ! The supply constraints;

19 @FOR( WAREHOUSE( I): [SUP]
28  @suUM{ CUSTOMER( J): VOLUME(
21 CAPACITY( I));

22

23 ! Here are the parameters;

24 DATA:

25 CAPACITY = 3@, 25, 21 ;
26 DEMAND = 15, 17, 22, 12;
27 COST = &g, 2, 6, 7,
28 4, 9, 5, 3,
29 g, 8, 1, 5;
3@ ENDDATA

31 END

3z
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For details on developing a transportation model in LINGQAs8ample Transportation Modiel this
chapter

You may now solve the model using tBelver|Solveommand, or by pressing the Solve button on the
toolbar:

The optimal objective value for this model is 161. When solved, you should de#diving solver
status window:

& o [tran.Ing] - Solver Status
Solver Status: = Variables:
Total: 12
Model Class: LP . ota
Naonlinear: e
State: Global Opt Integers: o
Objective: 161 f Constraints:
Infeasibility: e Total: 8
Iterations: 6 Nonlinear: g
Monzeros:
Extended Solver Status: [ ]
— Total: 36
Solver Type: e v Nenlinear: e
Best Obj: SRt ) Generator Memory Used (K): R
0Ohj Bound: ol ubive 28
Steps: MR : Elapsed Runtime [hh:mm:ss]:
Active: A

ee:ea: 20

Update Interval: |2 |

interrupt Solver | |

Note the objective field has a value of 161 as expected. For an interpretation of the other fields in this
window, seeSolver Status Windoim Getting Started with LINGO.
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Behind the solver status window, you will find the solution report for the model. This report contains
summary information about the model as well as v
reproduced below:

® @ v’Solution Report - tran.Ing
Global optimal solution found.
Objective value: 161. 6048
Infeasibilities: @.280804a
Total solwver iterations: 3]
Elapsed runtime seconds: 8.85
Model Class: LP
Total wvariables: 12
Nonlinear wvariables: a
Integer variables: @
Total constraints: 8
Nonlinear constraints: a
Total nonzeros: 36
Nonlinear nonzeros: a
Variable Value Reduced Cost
CAPACITY ( WH1) 3@.00008 G.0000080
CAPACITY ( WH2) 25.00008 G.0000080
CAPACITY( WH3) 21.00008 6.0000080
DEMAND( C1) 15. 06008 6.0000080
DEMAND( C2) 17.00008 6.0000080
DEMAND( C3) 22 .00008 6.0000080
DEMAND( C4) 12.00008 B.0000080

|
Ll

For information on interpreting the fields in the solution reportSssaple Solution Repart Getting
Started with LINGO
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Features Not Currently Supported on the Mac

The Mac version of LINGO is a new addition and currently doesn't support the entire feature set found
under Windows. The currently unsupported features are listed below:

8§ Excel interface

§ ODBC database connectivity
§ Callable LINGO API

§ @USERuser supplied function

We encourage you to check back at www.lindo.com frequently to see if any of these features have
become available on Mac LINGO.

Getting Started on Linux

Installing LINGSon Linux

Linux versions of LINGO are distributed aRanfile, titted LINGO-LINUX-64x8622.0.run, which is

an automated installation program that will do the work required to set up LINGO on your Linux
machine. Once you've copied this file onto your machine, you should first set the file's protections so
that it is executable. You may do this by opening a Linux terminal window, changing to the directory
with the Run file, and entering the command:

chmod 755 /LINGO - LINUX-64x86-22.0 .run -V

You may then start the install program by entering:
JLINGO - LINUX- 64x86 - 22.0 .run

If you are installing LINGO with normal user rights, the install program defaults to putting LINGO in
your SHOME/lingd2 folder. If your LINGO license permits multiple users, then you can install

LINGO as a super user, in which case, LINGO defaults to installing ifofivdéingo22 folder, where it

may be accessed by other users on the machine. In either case, the default location may be changed to
suit your needs.
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Starting LINGO on Linux

Once LINGO is installed, a new LINGO icavill appear on your desktofhe icon should appear as
follows:

Ubuntu Desktop

Lingo

You may doubleclick on the icon to start LINGO.
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Once LINGO is running, your screen will resemble the following:

Lingo Model - Lingo1.lng — Lingo

File Edit Solver Window Help

Naele S5¢«3 - o> B> 7

Lingo Model - Lingol.Ing

Lingo Mode| - Lingol.lng

| | | Ln 1, Col 1 |a:42 am

The outer window is the main frame window, and all other windows will be contained within this main
frame window. The top of the main frame window also contains a toolbar for executing various
LINGO commands.

The smaller child window labelddngo Model- Lingol.Ingis a new, blank model window. In the
Developing a LINGO Modedection, we will be entering a sample model directly into this window.

See theMlenu Commandsection for details on the toolbar and menu commands. The lower edge of
the main frame window contains a status bar that provides various pieces of information regarding
LINGO's current state. Both the toolbar and the status bar can be suppressed through the
Solver|Optiongommand.
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Many copies of LINGO come with their licenses-pmstalled. However, some versions of LINGO
require you to input a license key. If your version of LINGO requires a license key, you will be
presented with the following dialog box when you start LINGO:

o Lingo License Key — Lingo

Please enter your Lingo license key below:

If you don't have a license key you can press the "Demo” button to
automatically generate a temporary license for a demonstration version
of Lingo. Demo versions function the same as standard versions with the
one exception that maximum problem dimensions are restricted.

If your license key is available in the clipboard, you may paste it into this
dialog box by pressing Ctrl-V. Otherwise, carefully enter your license key
as one long string.

fou can access this dailog box at any time using the File|License
command.

Demo Cancel [o].4 Help

Your license key may have been included in an email sent to you when you ordered your software.
The license key is a string of letters, symbols and numbers, separated into groups of four by hyphens
(e.g.,r82m- XCW2dZu?- %72S fD?S - Wp@ Carefully enter the license into the edit field,
including hyphens. License keys are case sensitive, so you must be sure to preserve the case of the
individual letters when entering your key. Click & button and, assuming the key was entered
correctly, LINGO will then start. In the future, you will be able to run LINGO directly without

entering the key.

Note: If you received your license key by email, then you have the option of cepyigasting it
into the license key dialog box. Copy the key from the email with the Ctrl+C key, then select the key
field in LINGO dialog box and paste the key with the Ctrl+V key.
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I f you

donodt

have

a

key,

you

Opening a Sample Model on Linux

LINGO's installation program also copies a number of sample LINGO models onto your hard drive.
These models can be found in #ampledolder, immediately beneath the mdimyo22 folder. In
most cases, the folder containing the samples willHOME/lingd22/samplesThese models are
drawn from a wide array of application areas. For more discussion of these modetjiteral
Examples of LINGO Modeling

To open a sample model in LINGO, follow these steps:

can

¢ benwlisutton.ino
demo mode, LINGO has all the functionality of a standard version of LINGO with the one exception
that the maximum problem size is restricted. Demo licenses expire after 180 days.

1. Pull down thd=ile menu and select tt@pencommand. You will be presented with the
following file selection dialog, and it will be open to ts&mpledolder:

0 Open — Lingo

Look in:

ﬂ Computer

File name:

Mame

aroute2.lng

| aslbal.lng

| bayes.Ing

| blend.Ing

| blendeccp.Ing
| box.Ing

| caploc.ing

| chartcities.Ing
| chartdistro.Ing
| chartfan.Ing

| chartnet.Ing

| chartpsurf.ing
| charts.Ing

| chartstaff.Ing
| chartsurf.Ing
| chess.Ing

| chmbll.Ing

¥ /ho me/myacct/lingo/samples

- Size

944,

363..

937..

866..

568..

907..
764..
415..
913..

A

8 KB
1 KB
tes
2 KB
J KB
tes
tes
3 KB
tes
1 KB
1 KB
tes
5 KB
tes
tes
tes
tes

R

~ QO O @ [ |E

Date Modified

Type

Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File
Ing File

Files of type: | All Lingo Files (*.Ing *.1dt =.Itf *.Igr *.mps *.Iltx *.mpi *.Ip)

5/19/1...:
5/19/1...:
5/19/1...:
5/19/1...:
5/19/1....
5/19/1...:
5/19/1...:
5/19/1...:
5/19/1...:
5/19/1...:
5/19/1....
5/19/1...:
5/19/1...:
5/19/1...:
5/19/1...:
5/19/1...:
5/19/1...:

03 aM
03 aM
03 AM
03 AM
03 AM
03 aM
03 aM
03 aM
03 AM
03 AM
03 AM
03 aM
03 AM
03 aM
03 AM
03 AM
03 AM

Cancel

.

-

run

L
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2. Doubleclick on theLingoDocsfolder then doublelick on theSamples foldecontained in the
LingoDocsfolder, at which point you should see:

» Open — Lingo

Look in: E,.fhnme;myaccﬂlingolSJ’Samples. ~ Q0 QO QO & @ E]
B computer Name - Size Type Date Modified -
9 Kevin aroute2.lng 8 KB Ing File  5/19/1...:03 AM
aslbal.lng 1 KB Ing File  5/19/1...:03 AM
| bayes.Ing 944..tes Ing File  5/19/1...:03 AM
| blend.Ing 2KB Ing File  5/19/1...:.03 AM
| blendeccp.Ing 3 KB Ing File  5/19/1...:03 AM
| box.Ing 363...tes Ing File  5/19/1...:03 AM
| caploc.ng 937..tes Ing Fle  5/19/1...:03 AM
| chartcities.Ing 3 KB Ing File  5/19/1...:03 AM
| chartdistro.Ing 866...tes Ing File  5/19/1...:03 AM
| chartfan.Ing 1KE Ing File  5/19/1...:03 AM
| chartnet.Ing 1KE Ing File  5/19/1...:03 AM
| chartpsurf.ing 568...tes Ing File  5/19/1...:03 AM
| charts.Ing S KB Ing File  5/19/1...:03 AM
| chartstaff.Ing 907..tes Ing File  5/19/1...:03 AM
| chartsurf.Ing 764..tes Ing File  5/19/1...:03 AM
| chess.Ing 415..tes Ing File  5/19/1...:03 AM
| chmbll.Ing 913..tes Ing File  5/19/1....03 AM |_
File name:

Files of type: | All Lingo Files (*.Ing *.1dt =.Itf *.Igr *.mps *.Iltx *.mpi *.Ip) - Cancel
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3. To read in a small transportation model, selectrérelngmodel from thesampledolder and
press thé@penbutton. You should now have the model in an open window in LINGO as follows:

Lingo Model - tran.lng — Lingo
File Edit Solver Window Help

NeAefle 9 » o> B> ?

/ Lingo Model - tran.Ing X’\

1 MODEL:

2! A 3 Warehouse, 4 Customer

3 Transportation Problem;

4 SETS:

5 WAREHOUSE / WH1, WH2, WH3/ . CAPACITY;
5] CUSTOMER SC1, Cc2, C3, C47 © DEMAND,
7 ROUTES({ WAREHOUSE, CUSTOMER) @ COST, WOLUME,
8 ENDSETS

9

10 ! The objective;

11 [0BJ] MIN = @SUM{ ROUTES: COST * VOLUME);
12

13 ! The demand constraints;

14 @FOR({ CUSTOMER({ J): [DEM]

15 @5UM{ WAREHOUSE( I): WOLUME( I, J)) ==
16 DEMANDC 1373

17

18 | The supply constraints;

19 @FOR({ WAREHOUSE( I): [SUP]

20 @5UM({ CUSTOMER( J): VOLUME( I, J)) ==
21 CAPACITY( I3).

22

23 | Here are the parameters;

24 DATA:

25 CAPACITY = 30, 25, 21 ;

26 DEMAND = 15, 17, 22, 12;

27 COST = 6, 2, &, 7,

28 4, 9, 5, 3,

29 &8, 8, 1, 5;

30 ENDDATA

31 END =
4l >

| | | nlLColl  |6:10 pm




GETTING STARTER7

For details on developing a transportation model in LINGQAs8ample Transportation Modiel this
chapter.

You may now solve the model using tBelver|Solveommand, or by pressing tB®lvebutton on the

toolbar .@ . The optimal objective value for this model is 161. When solved, you should see the
following solver status window:

 [tran.lng] - Solver Status — Lingo

Solver Status: — Variables:
Total: 12
Model Class: LP ;
Monlinear:
State: Global Opt IntEgEIS:
Objective: a3 ) Constraints:
Infeasibility: 0 Total:
Iterations: 6 Nonlinear:
MNonzeros:
Extended Solver Status: Tkl 36
Solver Type: T Nonlinear: ]
Best Obj: T ___ Generator Memory Used (K): _
Cbj Bound: o 28
Steps: i __ Elapsed Runtime [hh:mm:ss]: _
Active: s 00:00:00
Update Interval: |2 Close

Note the objective field has a value of 161 as expected. For an interpretation of the other fields in this
window, seeSolver Status Windoim Getting Started with LINGO.
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Behind the solver status window, you will find the solution report for the model. This report contains
summary information about the model as well as v
reproduced below:

B Solution Report - tran.lng — Lingo

File Edit Solver Window Help
Dafme 9¢ « BRANE 9x » B> ?

/ Lingo Model - tran.lng X Vx:'? Solution Report - tran.Ing \

Global optimal solution found.

Objective value: 161.0000
Infeasibilities: 0.000000
Total solver iterations: B
Elapsed runtime seconds: 0.05
Model Class: LP
Total variables: 12
Nonlinear variables: 0
Integer wvariables: 0
Total constraints: 8
Nonlinear constraints: o
Total nonzeros: 36
Nonlinear nonzeros: 0
Variable Value Reduced Cost
CAPACITY( WH1) 30.00000 0. 000000
CAPACITY( WH2) 25.00000 0. 000000
CAPACITY( WH3) 21.00000 0. 000000
DEMAND({ C1) 15.00000 0. 000000
DEMAMD({ C2) 17.00000 0. 000000
DEMAND{ C3) 22.00000 0. 000000
DEMAMD({ C4) 12.00000 0.000000 |«
| | | Ln 1, Col 1 | 6:21 pm

For information on interpreting the fields in the solution reportSaaple Solution Repart Getting
Started with LINGO
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Features Not Currently Supported on Linux

The Linux version of LINGO is a new addition and currently doesn't support the entire feature set
found under Windows. The currently unsupported features are listed below:

§ Excel interface
§ ODBC database connectivity
8§ @USER user supplied function

We encourage you to check back at www.lindo.com frequently to see if any of these features have
become available on the Linux version of LINGO.

Commantine Prompt

On machines other than Windows, Mac and Linux, you may have to interface with LINGO through the
means of a commarthe prompt. All instructions are issued to LINGO in the form of text command
strings.

When you start a commadtide version of LINGO, you will see a colon command prompt as follows:

LINGO

Copyright (C) LINDO Systems Inc. Licensed material, all
rights reserved. Copying except as authorized in license
agreement is prohibited.

The col on character (:) at the bottom of the scr
colon prompt, LINGO is expecting a command. When you see the question mark prompt, you have

already initiated a command and LINGO is asking you to supply additional information related to this
command such as a number or a name. If you wish to "back out" of a command you have already

started, you may enter a blank line in response to the question mark prompt and LINGO will return

you to the command level colon prompt. All available commands are lis@ghimaneine

Commands

Entering thidodel from the Commlaine

When you enter a model in the commding interface, you must first specify to LINGO that you are
ready to begin entering the LINGO statements. This is done by enteriffB&L: command at the
colon prompt. LINGO will then give you a question mark prompt and you begin entering the model
line by line.
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As an example, we will use the CompuQuick model discussed in the previous section. After entering
the CompuQuick model, your screen should resemble the following (note that user input is in bold):

MODEL:

MAX =100 * STANDARD + 150 * TURBO;
STANDARD <= 100;

TURBO <= 120;

STANDARD + 2 * TURBO <= 160;

END

BEESEENEEN NV A

The END command tells LINGO you are finished inputting the model. Once you entEiNibe
command and return to the colon prompt, the model is in memory and ready to be solved.

Solvinghe Model from the Comnrhamel

To begin solving the model, type tl® command at the colon prompt and press the enter key.

LINGO will begin compiling the model. This means LINGO will determine whether the model
conforms to all syntax requirements. EBf the LI NC
informed by an error messader more information on error codes, &eor Messages.
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If there are no formulation errors during the compilation phase, LINGO will invoke the appropriate
internal solver to begin searching for the optimal solution to your model. When LINGO is done
solving the CompuQuick model, it will send the following solution report to your screen:

GO

Global optimal solution found.

Obijective value: 14500.00

Infeasibilities: 0.000000

Total solver iterations: 0

Elapsed runtime seconds: 0.03

Model Class: LP

Total variables: 2

Nonlinear variables: 0

Integer variables: 0

Total constraints: 4

Nonlinear constraints: 0

Total nonzeros: 6

Nonlinear nonzeros: 0

Variable Value Reduced Cost
STANDARD 100.0000 0.000000
TURBO 30.00000 0.000000
Row Slack or Surplus  Dual Price

1 14500.00 1.000000
2 0.000000 25.00000
3 90.00000 0.000000
4 0.000000 75.00000

This solution tells us that CompuQuick should build 100 Standards and 30 Turbos each day to give
them a total daily profit of $14,50Click here for additional details on the various fields in this report.

Printing and Savivigur Work from the Comrharel

For commandine versions of LINGO, th®IVERTfile command may be used to send all LINGO
reports to a file rather than to the screen. You may then route this file to a printer or load it into a word
processing program for printing.

For example, to create a text file for printing that contains a copy of your model and solution, issue the
commands:

DIVERT MYFILE I0pens an output file called MYFILE;
LOOK ALL 1Sends formulation to the file;
GO 1Sends solution to the file;

RVRT ICloses down output file;
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To save your model to disk, issue B&VEcommand followed by the name of a file to store your
model under. For example, the command

SAVE MYFILE.LNG

saves a copy of the current model to the file tiMGFILE.LNG The model may be retrieved for use
later with theTAKE command.

Please refer t€@ommandine Command$or more detailed information on these and other commands.

Creating and Solving a Model in LINGO

Devéoping a LINGO Model

For our sample model, we will create a small, product mix example. Let's imagine that the
CompuQuick Corporation produces two models of comput8tandard and Turbo. CompuQuick can
sell every Standard unit it produces for a profit contribution of $100, and each Turbo unit for a
contribution of $150. At the CompuQuick factory, the Standard computer production line can
produce, at most, 100 computers per day. At the same time, the Turbo computer production line can
turn out 120 computers per day. Furthermore, CompuQuick has a limited supply of daily labor. In

particular, there is a total of 160 hours of labor available each day. Standard computers require 1 hour

of labor, while Turbo computers are relatively more labor intense requiring 2 hours of labor. The
problem for CompuQuick is to determine the mix of Standard and Turbo computers to produce each
day to maximize total profit without exceeding line and labor capacity limits.
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In general, an optimization model will consist of the following three items:

§ Objective Function- The objective function is a formula that expresses exactly what it is you
want to optimize. In business oriented models, this will usually be a profit function you wish
to maximize, or a cost function you want to minimize. Models may have, at most, one
objective function. In the case of our CompuQuick example, the objective function will
compute the company's profit as a function of the output of Standards and Turbos.

8§ Variables-- Variables are the quantities you have under your control. You must decide what
the best values of the variables are. For this reason, variables are sometimes also called
decision variables. The goal of optimization is to find the values of a model's variables that
generate the best value for the objective function, subject to any limiting conditions placed on
the variables. We will have two variables in our examptee corresponding to the number
of Standards to produce and the other corresponding to the number of Turbos to produce.

§ Constraints- Almost without exception there will be some limit on the values the variables
in a model can assumat least one resource will be limited (e.g., time, raw materials, your
department's budget, etc.). These limits are expressed in terms of formulas that are a function
of the model's variables. These formulas are referred to as constraints because they constrain
the values the variables can take. In our CompuQuick example, we will have one constraint
for each of our production lines and one constraint on the total labor used.

We will now construct the objective function for our example. We will let the variables STANDARD
and TURBO denote the number of Standard and Turbo computers to produce, respectively.
CompuQuick's objective is to maximize total profiotal profit is calculated as the sum of the profit
contribution of the Standard computer ($100) multiplied by the total Standard computers produced
(STANDARD) and the profit contribution of the Turbo computer ($150) multiplied by the total Turbo
computers produced (TURBO). Finally, we tell LINGO we want to maximize an objective function
by preceding it with "MAX =". Therefore, our objective function is written on the first line of our
model window as:

MAX = 100 * STANDARD + 150 * TURBO;

Note: Each mathematical expression in LINGO is terminated with a semicolon. These semicolons
are required. Your model will not solve without them. For more information on the syntax of
LINGO, see below.

Next, we must input our constraints on line capacity and labor supply. The number of Standard and
Turbo computers produced must be constrained to the production line limits of 100 and 120,
respectively. Do this by entering the following two constraints just below the objective function:

STANDARD <= 100;
TURBO <= 120;

In words, the first constraint says the number of Standard computers produced daily (STANDARD)
must be lesshanor-equatto (<=) the production line capacity of 100. Likewise, $keond
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constraint says the number of Turbo computers produced daily (TURBO) must-tieatessequat
to (<=) its line capacity of 120.

Note: Since most computers do not havedgsmor-equait o keys ( O), LI NGO has
convention of wusing the two character symbol

simply enter < to signify lesthanor-equatto. In a similar manner, >= or > are used to
signify greatetthanor-equatt o ( O) .

The final constraint on the amount of labor used can besspd as:

STANDARD + 2 * TURBO <= 160;
Specifically, the total number of labor hours used (STANDARD + 2 * TURBO) must béhigiser-
equatto (<=) the amount of labor hours available of 160.

After entering the above and entering comments to improve the readability of the model, your model
window should look like the following:

B¥ Lingo Model - CompuCQuick |- B | [

1 3 g +ho + - - Fi o+ N DU

Ma¥X = 100 * STANDARD + 150 * TURBO:

STANDARD + 2 * TURBC <= 1le0;

L I o R o Y O P

An expression may be broken up into as many lines as you want, but the expression must be
terminated with a semicolon. As an example, we could have used two lines rather than just one to
contain the objective function:

MAX = 100 * STANDARD
+ 150 * TURBO;

We have also entered some comments to improve the readability of our model. Comments begin with

an exclamation point (!) and end with a semicolon (;). All text between an exclamation point and

terminating semicolon is ignored by LINGO. Comments can occupy more than one line and can share

lines with other LINGO expressions. For example:

X=15*Y +Z/2*Y;This is a comment;
X =1.5*1This is a comment in the middle
of aconstraint, Y +Z/2*Y;
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You may have noticed we used all uppercase letters for our variable names. This is not a requirement.
LINGO does not distinguish between uppercase and lowercase in variable names. Thus, the following
variable names would all be considered equivalent:

TURBO
Turbo
turbo

When constructing variable names in LINGO, all names must begin with an alphabetic character (A
Z). Subsequent characters may be either alphabetic, num&jcqOthe underscore (). Names may
be up to 64 characters in length.

A final feature you will notice is that LI NGO®Gs
encounters LINGO keywords it displays them in blue, comments are displayed in green, and all

remaining text is displayed in black. Matching parentheses are also highlighted in red when you place
the cursor immediately following a parenthesis. You should find this feature useful in trackimg dow

syntax errors in your models.

Solving the Model

Your model has now been entered and it is ready to be solved. To begin solving the model, select the

Solvecommand from th&INGO menu, or press thgolvebutton ,@) on the toolbar at the top of the

main frame window. LINGO will begin compiling the model. During this step, LINGO will determine

whet her the model conforms to all syntax require
you will be informed by an error message. In this model, for instance, if you forget to use the

multiplication sign, you will get an error like the following:

LINGO Error Message *

Eiror Code:

™ Copy Explain [ OK |

Eiror Text:
Invalid input. A syntax error has occurred.

2] Hai = 100 STANDARD + 150 = TURBO:

LINGO lets you know there is a syntax error in your model, lists the line of the model it is in, and
points to the place in the line where it occurred. For more information on error codeégosee
Messages
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Solver Status Window

If there are no formulation errors during the compilation phase, LINGO will invoke the appropriate
internal solver to begin searching for the optimal solution to your model. When the solver starts, it
displays asolver statusvindow on your screen resembling the following:

Salver Status Yariahles
Model Class: P [ 2
MHanlinear: 1]
State: Global Opt Integers: 1]
Objective: 14500 Constraints
Infeasibility: 0 Tatal: 4
MHanlinear: 1]
[terations: 0
Maonzeros
Extended Solver Statuz Total: &
MHanlinear; 1]
Solver Tyupe:
Best Obj: L Generatar bMemaorny Used (K]
Obj Bound: 23
el Elapzed Runtime [hh:mm: 2z
Active: S 00:00:00
Ilpdate Interval: 2 Intermpt Salver Claze

The solver status window is useful for monitoring the progress of the solver and the dimensions of
your model. The various fields are described in more detail below.

The solver status window also provides you with an Interrupt Solver button. Interrupting the solver
causes LINGO to halt the solver on the next iteration. In most cases, LINGO will be able to restore and
report the best solution found so far. The one exception is in the case of linear programming models
(i.e., linear models without integer variables). If a linear programming model is interrupted, the

solution returned will be meaningless and should be ignored. This should not be a problem because
linear programs generally solve quickly, thus minimizing the need to interrupt.
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Note: You must be careful how you interpret solutions after interrupting the solver. These solutions
1) will definitely not be optimal, 2) may not be feasible to all the constraints, and 3) are
worthless if the model is a linear program.

Next to the Interrupt Solver button is another button labeled Close. Hitting the Close button will close
the solver status window. This window can be reopened at any time by selecting the Window|Status
Window command.

At the bottom of the solver status window, you will find a field titled: Update Interval. LINGO will

update the solver status window every n seconds, where n is the value contained in the Update Interval
field. You may set this interval to any value you desire. However, setting it to O will result in longer
solution timed LINGO will spend more time updating the solver status window than solving your

model. On larger models, LINGO may not always be able to update the solver status window on a
regular interval. So, don't be concerned if you sometimes must wait longer than the indicated interval.

Variables Box

The Variablesbox shows the total number of variables in the model Vidr@ablesbox also displays
the number of the total variables that aomlinear A variable is considered to be nonlinear if it enters
into any nonlinear relationship in any constraint in the model. For instance, the constraint:

X +Y =100;

would be considered linear because the graph of this function would be a straight line. On the other
hand, the nonlinear function:

X*Y =100;

is quadratic and has a curved line as its graph. If we were to solve a model containing this particular
nonlinear constraint, the nonlinear variable count would be at least 2 to represent the fact that the two
variablesX andY appear nonlinearly in this constraint.

As another example, consider the constraint:
X*X+Y =100;

In this caseX appears nonlinearly whilé appears as a linear variable. This constraint would not cause
Y to be counted as one of the nonlinear variablesOPeldathematical Modelinépr more
information on the difference between linear and nonlinear equations.

TheVariablesbox in the solver status window also gives you a count of the total number of integer
variables in the model. In general, the more nonlinear and integer variables your model has, the more
difficult it will be to solve to optimality in a reasonable amount of time. Pure linear models without
integer variables will tend to solve the fastest. For more details on the use of integer variables, refer to
Using Variable Domain Functions
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The variable counts do not include any variables LINGO determines are fixed in value. For instance,
consider the following constraints:

From the first constraint, LINGO determin¥ss fixed at the value of 1. Using this information in
constraint 2, LINGO determinésis fixed at a value of 2{andY will then be substituted out of the
model and they will not contribute to the total variable count.

Constraints Box

The Constraintshox shows the total constraints in the expanded model and the number of these
constraints that angonlinear A constraint is considered nonlinear if one or more variables appear
nonlinearly in the constraint.

LINGO searches your model fikedconstraints. A constraint is considered fixed if all the variables
in the constraint are fixed. Fixed constraints are substituted out of the model and do not add to the total
constraint count.

Nonzeroes Box

TheNonzeroox shows the totalonzero coefficient® the model and the number of these that

appear on nonlinear variables. In a given constraint, only a small subset of the total variables typically
appears. The implied coefficient on all the rappearing variables is zero, while the coefficients on

the variables that do appear will be nonzero. Thus, you can view the total nonzero coefficient count as
a tally of the total number of times variables appear in all the constraints. The nonlinear nonzero
coefficient count can be viewed as the number of times variables appear nonlinearly in all the
constraints.

Generator Memory Used Box

TheGeneratorMemoryUseddo x | i sts the amount of memory LI NGC(
using from its memory all ot ment memor allotmantusingh an g e
the SolvefOptionscommand.

Elapsed Runtime Box
TheElapsed Runtimbox shows the total time used so far to generate and solve the model. This is an
elapsed time figure and may be affected by the number of other applications running on your system.
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Solver Status Box
The Solver Statubox shows the current status of the solver. A description of the fields appear in the
table below followed by a more in depth explanation:

Field Description

ModelClass | Di spl ays t he mg
classification. Possible classes 3
"LP", "QP", "CONE", "NLP",
"MILP", "MIQP", "MICONE",

"MINLP"
"PILP", "PIQP", "PICONE", and
"PINLP".

State Gives the Status of the curten

solution. Possible states are
"Global Optimum", "Local
Optimum", "Feasible",
"Infeasible", "Unbounded",
"Interrupted”, and
"Undetermined".

Objective | Current value of the objective
function.

Infeasibility | Amount constraints are violated
by.
Iterations Number of solver iterations.

Model Class Field
TheModel Clasdield summarizes the properties of your model. The various classes you will
encounter are listed below:

Abbreviation Class Description

LP Linear Program All expressions are linear and
the model contains no integer
restrictions on the variables.

QP Quadratic Program All expressions are linear or
guadraticand there are no intege
restrictions.

CONE Conic Program The model is a conic (second

order cone) program and all
variables are continuous.

NLP Nonlinear Program At least one of the relationships
in the model is nonlinear with
respect to the variables.
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MILP Mixed Integer Linear Program | All expressions are linear, and a
subset of the variables is
restricted to integer values.

MIQP Mixed Integer Quadratic All expressions are either linear
Program or quadraticand a subset of the
variables has integer
restrictions.
MICONE Mixed Integer Conic Program | The model is a conic (second

order cone) program, and a
subset of the variables is
restricted to integer values.

MINLP Integer Nonlinear Program At least one of the expressions
in the model is nonlinear, and a
subset of the variables has
integer restrictiondn general,
this class of model will be very
difficult to solve for all but the
smallest cases.

PILP Pure Integer Linear Program | All expressions are linear, and
all variables are restricted to
integer values.

PIQP Pure Integer Quadratic All expressions are linear or
Program quadraticand all variables are
restricted to integer values.
PICONE Pure Integer Conic (Second The model is a conic (second
Order Cone) Program order cone) program, and all the

variables are restricted to
integer values.

PINLP Pure Integer Nonlinear At least one of the expressions
Program in the model is nonlinear, and
all variables have integer
restrictionsIn general, this
class of model will be very
difficult to solve for all but the
smallest cases.

Note: Certain model classes may not be available on your installation of LINGO: nonlinear models
require the nonlinear option, quadratic models require the barrier option and conic models
require the barrier, global and conic options.
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State Field

When LINGO begins solving your model, the initial state of the current solution will be
"Undetermined". This is because the solver has not yet had a chancertdeggarsslution to your
model.

Once the solver begins iterating, the state will progress to "Infeasible". In the infeasible state, LINGO
has generated tentative solutions, but none that satisheatbnstraints in the model.

Assuming a feasible solution exists, the solver will then progress to the "Feasible" state. In the feasible
state, LINGO has found a solution that satisfies all the constraints in your model, but the solver is not
yet satisfied it has found étbest solution to your model.

Once the solver can no longer find better solutions to your model, it will terminate in either the
"Global Optimum" or "Local Optimum" state. If your model does not have any nonlinear constraints,
then any locally optimal solution will also be a global optimum. Thus, all optimized linear models will
terminate in the global optimum state. If, on the other hand, your model has one or more nonlinear
constraints, then any locally optimal solution may not be the best solution to your model. There may
be another "peak" that is better than the current one, but the solver's local search procedure is unable to
"see" the better peak. Thus, on nonlinear models, LINGO can terminate only in the local optimum
state. LINGO may, in fact, have a globally optimal solution, but, given the nature of nonlinear
problems, LINGO is unable to claim it as such. Given this fact, it is always preferred to formulate a
model using only linear constraints whenever possible. For more details on the concept of global vs.
local optimal points, refer to On Mathematical Modeling.

Note: LI NGO6és optional gl obal solver may be used t
models. For more information on the global solver, refer to the Nonlinear Solver Tab help
topic.

Note: If a model terminates in the "Unbounded" state, it means LINGO can improve the objective
function without bound. In real life, this would correspond to a situation where you can
generate infinite profits. Because such a situation is rare, if not impossible, you have most
likely omitted or misspecified some constraints in your model.

Finally, the "Interrupted"” state will occur when you prematurely interrupt LINGO's solver before it has
found the final solution to your model. The mechanics of interrupting the solver are discussed in more
detail above.

Objective Field
The Objective field gives the objective value for the current solution. If your model does not have an
objective function, then "N/A" will appear in this field.
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Infeasibility Field

The Infeasibility field lists the amount that all the constraints in the model are violated by. Keep in
mind that this figure does not track the amount of any violations on variable bounds. Thus, it is
possible for the Infeasibility field to be zero while the current solution is infeasible due to violated
variable bounds. The LINGO solver may also internally scale a model such that the units of the
Infeasibility field no longer correspond to the unscaled version of the model. To determine whether
LINGO has found a feasible solution, you should refer to the State field discussed above.

Iterations Field

The Iterations field displays a count of the number of iterations completed thus far by LINGO's solver.
The fundamental operation performed by LINGO's solver is called an iteration. An iteration involves
finding a variable, currently at a zero value, which would be attractive to introduce into the solution at

a nonzero value. This variable is then introduced into the solution at successively larger values until
either a constraint is about to be driven infeasible or another variable is driven to zero. At this point,

the iteration process begins anew. In general, as a model becomes larger, it will require more iterations
to solve and each iteration will require more time to complete.

Extended Solver Status Box
The Extended Solver Status box shows status information pertaining to several of the specialized
solvers ih LINGO. These solvers are:

8§ BNP Solver

&8 BranchandBound Solver
§ Global Solver, and

§ Multistart Solver.

The fields in this box will be updated only when one of these three specialized solvers is running. The
fields appearing in the Extended|®er Status box are:

Field Description

Solver Type The type of specialized solver in use, and will be either
andB", "Global", "Multistart", or "BNP".

Best Obj The objective value of the best solution found so far.
Obj Bound The theoretical bound on the objective.
Steps The number of steps taken by the extended solver.
Active The number of active subproblems remaining to be

analyzed.
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Solver Type Field
This field displays either "BNP", "BindB", "Global", or "Multistart", depending on the specialized
solver in use.

LINGO employs a strategy callénanchand-boundto solve models with integer restrictions. Branch
andbound is a systematic method for implicitly enumerating all possible combinations of the integer
variables. Refer to Hillier and Lieberman (1995) for more information on the beardhound

algorithm.

In addition to the branendbound solver, there are three other specialized solvers that may be
invoked, which are: thglobal solver themultistart solvey and theBNP Solver

Many nonlinear models are n@onvex and/or nosmooth. For more information see the Chapter 15,

On Mathematical Modeling Nonl i near sol vers that rely on | oce
default nonlinear solver) will tend to do poorly on these types of models. Typically, they will converge

to a local, sulbptimal point that may be quite distant from the true, globally optimal point. The

multistart solver and the global solver are specialized solvers that attempt to find the globally optimal
solution to norconvex models. You can read more about these solvers Nottimear Solver Tab

section in Chapter.5

The BNP solver is a mixed integer programming solver for solving linear models with block structure.
Based on the decomposition structure, the solver divides the original problem into several subproblems
and solves them (almost) independently, exploiting parallel processing if multiple cores are available.
You can read more about the BNP solver inBN® Solvesection in Chapter 5.

Best Obj and Obj Bound Fields

The Best Obj field displays the best feasible objective value found so far. Obj Bound displays the
bound on the objective. This bound is a limit on how far the solver will be able to improve the
objective. At some point, these two values may become very close. Given that the best objective value
can never exceed the bound, the fact that these two values are close indicates that LINGO's current
best solution is either the optimal solution, or very close to it. At such a point, the user may choose to
interrupt the solver and go with the current best solution in the interest of saving on additional
computation time.

Steps Field
The information displayed in the Steps field depends on the particular solver that is running. The table
below explains:



mk:@MSITStore:C:/Users/Stephane/Desktop/Lingo_15_Users_Manual.chm::/ch_13_-_on_mathematical_modeling.htm
mk:@MSITStore:C:/Users/Stephane/Desktop/Lingo_15_Users_Manual.chm::/nonlinear_solver_tab.htm
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Solver ‘ Steps Field Interpretation

BNP Number of branches in the brargahdbound tree.

Branch-and- | Number of branches in the brarahd-bound tree.

Bound
Global Number of subproblem boxes generated.
Multistart Number of solver restarts.

Active Field
This field pertains to the BNP, brafi@nd bound and global solvers. It lists the number of open
subproblems remaining to be evaluated. The solver must run until this valve goes to zero.

Sample Solution Report

When LINGO is done solving the CompuQuick model, there will be a new window created on your
screen titledSolution Reportontaining the details of the solution to your model. The solution report
should appear as follows:

-

Solution Report - CompuQuick [ — ] (=) ]@
Global optimal solution found.
Objective wvalue: 14500.00
Variable Reduced Cost
TAMDARD 0. 000000
TURBO 0. 000000
Row
2
3
-

This solution tells us that CompuQuick should build 100 Standards and 30 Turbos each day for a total
daily profit of $14,500. Refer to tHexamining the Solutiosection for additional details on the
various fields in this report.
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Printing Your Work

In Windows versions of LINGO, use the Print command in the File menu to print the active

(=)
(frontmost) window, or click on the Print buttc *—_* ). You may print any window, including both
model and report windows. If you wish to print just a portion of a window, use the Cut and Paste
commands in the Edit menu to put the desired text in a new window before printing. You can also

access the Cut command by clicking on the Cut bu,%f ). Likewise, the Paste command can be

3

accessed through the Paste bu "™ (). To create a hew window, use the File|]New command, or

At

click the New button = ).

Saving Your Work

To save your model to a disk file, use Hike|Savecommand, or press tlgavebutton H ) in the
toolbar. Unless you specify otherwise, LINGO will automatically appehd extension to your file
name on Windows. Thé& G4file format is a binary RTF file format. On Mac and Linux, LINGO
automatically saves model in tHeNGfile format, which is a plain text file format, generally readable
by any other programs that can read text files.

Examining the Solufkaport

First, thesolution reporus that LINGO took 0 iterations to solve the model (the preprocessor was able

to deduce the optimal solution without having to iterate). Second, the maximum profit attainable is

$14,500. Third, the quantities of each computer to prodiIEANDARCandTURBQ are 100 and 30,
respectively. Whatés interesting to note is we n
computer due to its more intensive use of our limited supply of ldabeRReduced CostSlack or

Surplus andDual Pricecolumns are explained in other sections.

Reduced Cost

I'n a LI NGO sol ut iredacedcesfigare for eactyvariatilel Theref arerwd vaiid,
equivalent interpretations of a reduced cost.

First, you may interpret a variabl ebsoftheduced cc
variable would have to improve before it would become profitable to give the variable in question a

positive value in the optimal solution. For example, if a variable had a reduced cost of 10, the objective
coefficient of that variable would have to increase by 10 units in a maximization problem and/or

decrease by 10 units in a minimization problem for the variable to become an attractive alternative to

enter into the solution. A variable in the optimal solution, as in the c&88ANDARDr TURBQ

automatically has a reduced cost of zero.
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Second, the reduced cost of a variable may be interpreted as the amount of penalty you would have to
pay to introduce one unit of that variable into the solution. Again, if you have a variable with a reduced
cost of 10, you would have to pay a penalty of 10 units to introduce the variable into the solution. In
other words, the objective value would fall by 10 units in a maximization model or increase by 10

units in a minimization model.

Reduced costs are valid only over a range of vdtuede variable in questionsor more information
on determining the valid range of a reduced cost, segdivefRangecommandn Chapter 5,
Windows Commands

Slack or Surplus

TheSlack or Surplusolumn in a LINGO solution report tells you how close you are to satisfying a
constraint asnequality This quantity, on lesthanor-equaito (¢) constraints, is generally referred to
asslack On greatethanor-equatto (2) constraints, this quantity is callegarplus

If a constraint is exactly satisfied asequality, the slack or surplus value will be zero. Ibagtraint

is violated, as in an infeasibéelution, the slack or surplus value will be negative. Knowing this can
help you find the violated constraints in an infeasible ntb@eimodel for which there doesn't exist a
set of variable values that simultaneously satisfies all constraints. Nonbinding constidlints/e
positive, nonzero values in this column.

In our CompuQuick example, note that rowTRIRBO <= 120 has a slack of 90. Because the optimal
value of TURBOQis 30, this row is 90 units from being satisfiecaagquality

Dual Price

The LINGO solution report also givesiaal pricefigure for each constraint. You can interpret the

dual price as the amount that the objective would improve as thenaghtside, or constant term, of

the constraint is increased by one unit. For example, in the CompuQuick solution, the dual price of 75
on row 4 means adding one more unit of labor would cause the objective to improve by 75, to a value
of 14,575.

Notice t hati siiampredvaet i ve ter m. I n a maximizati on
value would increase. However, in a minimization problem, the objective value deerdehsef you
were toincreasethe righthand side of a constraint withpasitivedual price.

Dual prices are sometimes callgthdow pricesbecause they tell you how much you should be
willing to pay for additional units of a resource. Based on our analysis, CompuQuick should be willing
to pay up to 75 dollars for each additional unit of labor.

As with reduced costs, dual prices are valid only over a range of values. RefeBtivitiRange
commandn Chapter 5Windows Commangd$or more information on determining the valid range of a
dual price.
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Intro to LIN@&Modeling Language

One of LI NGOG6s most powemfoule!l i@t braemguiagei t & | NG
language lets you express your problem in a natural manner that is very similar to standard

mathematical notation. Rather than entering each term of each constraint explicitly, you can express a
whole series of similar constraints in a single compact statement. This leads to models that are much

easier to maintain and scale up.

Anot her convenient featur e dathsediotnME&datasectmmodel i ng |
all ows you to isolate your model 6s data from t he
a separatspreadsheet, databasetedt file. With data independentf t he model , it 6s mi
make changes, and thereb6és |l ess chance of error v

The simple CompuQuick model discussed above stsar variablesEach variable is explicitly listed

by name (e.g STANDARDaNdTURBQ and each constraint is explicitly stated

(e.0.,TURBO<=120). Inlargermo del s, youdél |l encounter the need 't
very similar constraints and variables. Using the scalar modeling approach we have illustrated to this

point, you would need to undertake the repetitive task of typing in each term of each constraint.
Fortunately, L | N <& 6f sbjeatdallows youto performiswecmaopdrations much

more efficiently.

The section below is an example of how to use sets to sshipging problem. After reviewing this
example, it should become clear that coupling tF
allows you to build large models in a fraction of the time required in a scalar oriented approach to

modeling (See Chapter Bsing Setsfor a detailed description of sets).

Developing ee&Based Transportation Model

The Problem

For our example, suppose that Weeless Widget (WW) Compartyas six warehouses supplying

eight vendors with their widgets. Each warehouse has a sofplidgets that cannot be exceeded, and
each vendor has a demand for widgets that must be satisfied. WW wants to determine how many
widgets to ship from each warehouse to each vendor so as to minimize the total shipping cost. This is a
classic optimization problem referred to asttitamsportationproblem
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The following diagram illustrates the problem:

Wireless Widgetdés Shipping Network

Since each warehouse can ship to each vendor, there are a total of 48 possible shipping paths, or arcs.
We will need a variable for each arc to represent the amount shipped on the arc.

The following datds available:

Warehouse Widgets On Hand
60
55
51
43
41
52

OO [WIN(F-

Widget Capacity Data

Vendor Widget Demand
35

37
22
32
41
32
43
38
Vendor Widget Demand

X (N[O B[WIN|F-
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'Vl V2 V3 V4 V5 V6 V7 V8 |
whi | 6 | 2 6 7|1 4] 2|5 9
wh2 | 4 | 9| 5] 3 8 | 5] 8 2
whd | 5 | 2 1] 9 7 1 4] 3] 3
wha | 7 | 6 7 | 3 9 2 7 1
whs | 2 | 3] 9| 5 7 2 6 | 5
whe | 5 | 5 2] 2 8 1] 4] 3

Shipping Cost per Widget ($)

The Objective Function

Our first pass at formulating the model will be to construcotijective function. As mentioned, WW
wants to minimize total shipping costs. We will let WW@LUME_|_Jvariabledenote the number of
widgets shipped from warehouks® vendord. Then, if we were to explicitly write out our objective
function using scalar variables, we would have:

MIN =6 * VOLUME_1_1+2*VOLUME_1_2 +
6* VOLUME_1_3+7*VOLUME_1 4 +
4*VOLUME_1 5+

8* VOLUME_6_5 + VOLUME_6_6 + 4 * VOLUME_6_7 +
3* VOLUME_6_8;

For brevity, we included only 9 of the 48 terms in the objective. As one can see, entering such a
lengthy formula would be tedious and prone to errors. Extrapolate to the more realistic case where
vendors could number in the thousands, and it becomes apparent that scalar based modeling is
problematic at best.

If you are familiar with mathematical notation, you could express this long equation in a much more
compact manner as follows:

Minimizesij COS‘IUT 7/VOLUME”.

I n a similar manner, LI NGO6s modeling | anguage a
form that is short, easy to type, and easy to understand. The equivalent LINGO statement is:
MIN = @SUM(LINKS(I,J): COST(I,J) * VOLUME(I, J));

In words, this says to minimize the sum of the ship@@fsTper widget times the OLUME of
widgets shipped for allINKS between the warehouses and vendors. The following table compares the
mathematical notation to the LINGO syntax for our objective function:

Math Notation | LINGO Syntax
Minimize MIN =
S @SUM(LINKS(I, J):
COST COST(, J)
” *
VOLUME; VOLUME(I,9));
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The Constraints

With the objective function in place, the next step is to formulatedhstraints. There are two sets of
constraints in this model. The first set guarantees that each vendor receives the number of widgets
required. We will refer to this first set of constraints as being the demand constraints. The second set of
constraints, called the capacity constraints, ensures no warehouse ships out more widgets than it has on
hand.

Starting with the demand constraint for Vendor 1, we need to sum up the shipments from all the
warehouses to Vendor 1 and set them equal to Ver
using scalabased notation, we would need to construct the following:

VOLUME_1_1 + VOLUME_2_1 + VOLUME_3_1 +
VOLUME_4 1 +VOLUME_5_1 + VOLUME_6 435;

You would then need to type seven additional demand constraints, in a similar form, to cover all eight
vendors. Again, as one can see, this would be a tedious and error prone process. However, as with our
objective funct i ocsethasedmwdelnglanguage smplify NG s

Using mathematical notation, all eight demand constraints can be expressed in the single statement:
SVOLUME, = DEMAND, for all j in VENDORS

The corresponding LINGO modeling statement appears as follows:

@FOR(VENDORS(J):
@SUM(WARBWSES(l): VOLUME(I, J)) =
DEMAND(J));

This LINGO statement replaces all eight demand constraints. In words, this say¥EXBIORSthe

sum of theVOLUME shipped from each of thl AREHOUSE ® that vendor must equal the
correspondindEMAND of the vendor. Notice how closely this statement resembles the mathematical
notation above as the following table shows:

Math Notation \ LINGO Syntax |

For all j in VENDORS @FOR(VENDORS(J):
S @SUM(WAREHOUSES(I):
VOLUME; VOLUME(, J))
DEMAND DEMAND(J));

Now, we will move on to constructing the capacity constraints. In standard mathematical notation, the
six capacity constraints would be expressed as:

\S]‘VOLUME”. <= CAP,, for all i in WAREHOUSES

The equivalent LINGO statement for all capacity constraintddvoe:

@FOR(WAREHOUSES(l):
@SUM(VENDORS(J): VOLUME(l, J))<=
CAPACITY(I));
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In words, this says, for each member of the/SAREHOUSEShe sum of th& OLUME shipped to
each of the/ENDORSrom that warehouse must be lesanor-equatto theCAPACITYof the
warehouse.

Putting together everything webve done so far yi

MODEL:
MIN = @SUM(LINKS(, J):
COST(l, J) * VOLUME(], J));
@FOR(VENDORS(J):
@SUM(WAREHOUSES(l): VOLUME(l, J)) =

DEMAND(J));

@FOR(WAREHOUSES(l):
@SUM(VENDORS(J): VOLUME(l, J)) <=
CAPACITY(I));

END

Model: WIDGETS
However, we still need to define sets of objects used in the model (vendors, warehouses and shipping

arcs) as well as the data. We will do timiswo additional model sections called tets sectioand
thedata section

Defining the Sets

Whenever you are modeling some situation in real life, you will typically find there are one or more
sets of related objects. Examples would be such things as factories, customers, vehicles, and
employees. Usually, if a constraint applies to one member of a set, then it will apply equally to each
other member of the set. This simple concept is at the core of the LINGO modeling language. LINGO
allows you to define the sets of related objects irstite sectionThesets sectiobegins with the
keywordSETS:on a line by itself and ends wiENDSETSn a line by itself. Once your set members

are defined, LINGO has a group of set looping functions (e.5Q®, which apply operations to all
members of a set using a single statement. See Chajptsing,Set$or more information.

In the case of our Wireless Widget model, we have constructed the following three sets:

§ warehouses,
§ vendors, and
§ shipping arcs from each warehouse to customer.

The three sets are defined in the model's sets section as follows:

SETS:

WAREHOUSES: CAPACITY;

VENDORS: DEMAND;

LINKS( WAREHOUSES, VENDORS): COST, VOLUME;
ENDSETS

The second line says that the WAREHOUSE$as an attribute callddAPACITY The following
line declares the vendor set and that it has an attribute &BGAND.




52 CHAPTER 1

The final set, titled. INKS represents the links in the shipping network. Each link I@&3%&Tand a
VOLUME attribute associated with it. The syntax used to define this set differs from the previous two.

By specifying:
LINKS( WAREHOUSES, VENDORS)

we are telling LINGO that thelNKS set isderivedfrom theWAREHOUSE&ndVENDORSsets. In

this case, LINGO generates each ordered (warehouse, vendor) pair. Each of these 48 ordered pairs
becomes a member in thtNKSset. To help clarify this, we list selected members fromLtN&KS set

in the following table.

Member Index Shipping Arc

1 WH14 V1
2 WH14 V2
3 WH14 V3
é é

47 WHB4 V7

48 WHG64 V8

A nice feature of LINGO is that it will automatically generate the members &fii€S setbasecn
the members of th&/ AREHOUSE&ndVENDORSsets, thereby saving us considerable work.

Inputting the Data
LINGO allows the user to isolate data within the data section of the model. In our Wireless Widget
example, we have the following data section:

DATA:
Iset members;
WAREHOUSES = WH1 WH2 WH3 WH4 WH5 WHE6;
VENDORS =V1 V2 V3V4V5V6 V7 VS;

lattribute values;

CAPACITY =60 5551 43 41 52;

DEMAND = 35 37 22 32 41 32 43 38;

COST=62674259
49538582
52197433
76739271
23957265
55228143;

ENDDATA

Thedata sectiorbegins with the keywor®ATA: on a line by itself and ends wiENDDATAoON a line
by itself.

Next, we input the list of warehouses and vendors. Had we preferred, we could have also used the
following shorthand notation to the same end:

Iset members;
WAREHOUSES = WH1..WHS6;
VENDORS =V1..VS8;




GETTING STARTEB3

LINGO interprets the doubldots to mean that it should internally generate the six warehouses and
eight vendors.

Both theCAPACIT Yattribute of the saVAREHOUSE&ndDEMANDattribute of the S&dENDORS
are initialized in a straightforward manner. T®@STattribute of the twalimensional setINKSis a
little bit trickier, however. When LINGO is initializing a multidimensional array in a data section, it
increments the outer index the fastest. Thus, in this particular exa@@&I( WH1, V1iis initialized
first, followed byCOST( WH1, V2hroughCOST (WH1, V8)Then, the next one to be initialized with
be COST(WH2, V1)and so on.

In this particular example, we have isolated all
that the data is the most likely feature to change from one run of a model to the next, isolating data, as

we have done here, makes modifications considerably easier. Contrast this to how difficult it would be

to track down and change the data in a large, scalar model where data is spread throughout all the
constraints of the model.

In order to facilitate data management further, LINGO has the ability to import data from external
sources. More specifically, a LINGO model can import data featarnal text filesestablish reaime
OLE links to Exceland/or create ODBC links to databases
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Putting together the data section, the sets section, the objective, and the constraints, the completed
model is as follows:

MODEL:
I A 6 Warehouse 8 Vendor Transportation Problem;
SETS:
WAREHOUSES: CAPACITY;
VENDORS: DEMAND;
LINKS( WAREHOUSES, VENDORS): COST, VOLUME;
ENDSETS
I Here is the data;
DATA:
Iset members;
WAREHOUSES = WH1 WH2 WH3 WH4 WH5 WH6;
VENDORS =V1V2V3V4V5V6 V7 VS;

lattribute values;
CAPACITY =60 5551 43 41 52;
DEMAND = 35 37 22 32 41 32 43 38;
COST=62674259
49538582
52197433
76739271
23957265
55228143;
ENDDATA
I The objective;
MIN = @SUM( LINKS( 1, J):
COST( 1, J) * VOLUME( I, J));
! The demand constraints;
@FOR(VENDORS( J):
@SUM( WAREHOUSES( I): VOLUME( |, J)) =
DEMAND( J));
I The capacity constraints;
@FOR( WAREHOUSES( I):
@SUM( VENDORS( J): VOLUME( I, J)) <=
CAPACITY(1));
END

Model: WIDGETS

Note that we have again added comments to improve the readability of the model. The model
is namedVNIDGETS and can be found in tt@#AMPLESsubdirectory off the main LINGO
directory.
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Solving tHeansportatidvodel

Now, | etds solve the model to determine the opti
link. In LINGO for Windows, choos8olvefrom theLINGO menu or press th&olvebutton ‘ .On

other platforms, enter tf@O command at the commaitide prompt. LINGO will respond by solving

the model and returning a somewhat lengthy solution report containing the values for all the variables,
constraints, and data in the model. Most of this information is not of immediate interest. What we

would really like to know is the amount of widgets being shipped from the warehouses to the vendors.

Note: Anyti me you find the amount of LIOp@®d@s out pu
from the LINGO menu, select theterfacetab, and set the Output Level optioriTerse
LINGO will then display only the solutions status, objective value and number of iterations in
the solution window. In nehVindows versions of LINGO, enter tiEERSE command
before giving the&5O command.

Note: To obtain a report containing only the nonzero value¥ @tUME, we select th&olution
command from th€INGO menu. We are then presented with the following dialog box:

Solution Report or Chart X
Altribute(s) or Row Namel(s): Type of Output ' 0K |
O Text
Header Text: _ Cancel
(_) Chart
Help

() Nonzero Vars and Binding Rows Only

Chart Properties:
Chart Type: Values:

Bar Bubble _onbour

Prima Dua
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Press down on the arrow button in tigribute or Row Naméeld and selectY OLUME from the list

of names in the dredown box. To suppress the printing of variables with zero value, click on the
Nonzero Vars and Binding Rows Onheckbox. Once you have done this, the dialog box should
resemble:

F |
Solution Report or Chart X
Attribute(s) or Flow Name(s): Taoe of Duipuk
'VOLUME v]
Header Text: & Teud Baneel
' () Chart
Help

() Nonzero Vars and Binding Rows Only

Chart Properties:
Chart Type: Values:

B Bubbl Cont :
_ar ubble ontour Primal Dual

Now, click theOK button and you will be presented with the following report that contains the
nonzeroVOLUMEvariables:

r

P Soluton Report - WIDGETS =
Global cptimal solution found.
Objective valus: 664.0000
Infeasibilities: 0.000000
Total solver iterations: 17
Elapsed runtime seconds: 0.14
Variable Value Reduced Cost
VOLUME ( WH1, V1) 0.000000 5. 000000
VOLUME ( WH1, V2) 19.00000 Q. 000000
VOLUME ( WHL, V3) 0.000000 5.000000
VOLUME ( WH1, V4) Q.000000 T.000000
VOLUME ( WHL1, V3) 41.00000 0.000000
VOLUME { WHL1, V&) 0.000000 2.000000
VOLUME ({ WHL1, V7) 0.000000 2000000
VOLUME ( WHL, V8) 0.000000 10.00000
VOLUME ( WH2, V1) 1.000000 0,.000000
VOLUME { WH2, V2) 0.000000 4,000000
VOLUME (| WH2, V3) 0.000000 1.000000
VOLUME ({ WH2, V4) 32.00000 0.000000
VOLUME ({ WH2, V5) 0.000000 1.000000
VOLUME ( WH2, V&) 0.000000 2.000000
VOLUME (| WH2. VT) 0.000000 2.000000
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If you are running LINGO on a platform other than Windows, you can generate the same report by
issuing theNONZERO VOLUMEommand.

LINGO can also display various forms of charts depicting your solution. Suppose you would like to
display a pie chart 6fOLUME You may do this by first clicking on ti@&hart button in theType of
Outputbox, which will enable th€hart Propertiedox, where you select a chart typeRié:

Solution Report or Chart X
Attnbute(s) or Row Name(s]): Type of Output oK
YOLUME -
O Text Cancel

Header Text:
© Chart

Help

Monzero Vars and Binding Rows Only

Chart Properties:
Chart Type: T
;El Bar ;I Bubble I:; Contour e
() Curve (OHisto () Line
(O Netarc () Netnode © Pie Bounds:
(O Radar () Scatter () Surface Lower: None

Histo Bins: Upper: None
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Clicking OK will cause LINGO to open a new window with the requested pie chart:

C:\LINGO64_21\Samples\WIDGETS.Ig4

Summary

This section has begun t o sethasednodslingrlamguage.Byhe vi rt ue
moving to asetbasedapproach to modeling, you will find that your models become easier to build,

easier to understand, and easier to maingekbasednodeling takes a little more work to become

comfortable with, but the benefits should substantially outweigh the extra effort involved in the

learning process. We will delve further into the conceptebtibasednodeling in the following

chapterUsing Sets
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Additional Modeling Lang&agéures

Constraint Names

LINGO gives you the ability to name the constraints in your model. This is a good practice for two
reasons. First, theonstraint names are used in solution reports making them easier to interpret.
Secondly, many of LI NGOb&s error messages refer
your constraints, tracking down the source of these errors may, at best, be difficult.

Note: LINGO does not require you to name your constraints. However, if you do not name your
constraints, LINGO defaults to using a name that corresponds to the internabfitioex
constraint. This internal index may have little to do with the order in which you defined the
constraint, thus making the job of interpreting solution reports and error messages difficult.
Therefore, it is strongly recommendidityou always use constraint names in your models.

Naming a constraint is quite simple. All you need do is insert a name in square brackets at the very
start of the constraint. The nammist obey the standard requirements for a LINGO name. More
specifically, all names must begin with an alphabetic charact&).(8ubsequent characters may be
either alphabetic, numeric@), or the undescore (). Names may be up tod¥aracters in length.

Some examples of constraint names follow:

Example 1: [OBJECTIVE] MIN = X;

assigns the nam@BJECTIVEE 0 t he model 6s objective row,

Example 2: @FOR(CUSTOMERSI): [DEMAND_ROW]
@SUM(SOURCES): SHIP(l, J)) >=
DEMAND(J));
assigns the nanieEMAND_ROWo the demand constraints in a transportation model.

t
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To further illustrate the use of row names, we have updata/th&ETSmodel from the previous
section to include constraint names (shown in bold):

MODEL:
I A 6 Warehouse 8 Vendor Transportation Problem;
SETS:
WAREHOUSES: CAPACITY;
VENDORS: DEMAND;
LINKS( WAREHOUSES, VENDORS): COST, VOLUME;
ENDSETS
DATA:
Iset members;
WAREHOUSES = WH1 WH2 WH3 WH4 WH5 WH6;
VENDORS =V1V2V3V4V5V6 V7 VS;

lattribute values;
CAPACITY =60 5551 43 41 52;
DEMAND = 35 37 22 32 41 32 43 38;
COST=62674259
49538582
52197433
76739271
23957265
55228143;
ENDDATA
I The objective;
[OBJECTIVE] MIN = @SUM( LINKS( 1, J):
COST( 1, J) * VOLUME( |, J));
! The demand constraints;
@FOR(VENDORS(J): [DEMAND_ROW]
@SUM( WAREHOUSES( I): VOLUME( |, J)) =
DEMAND( J));
I The capacity constraints;
@FOR( WAREHOUSES( I): [CAPACITY_ROW]
@SUM( VENDORS( J): VOLUME(, J)) <=
CAPACITY(1));
END

WIDGETS with Constraint Names
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The row section of theolution report is now considerably easier to interpret:

Row Slack or Surplus  Dual Price

OBJECTIVE  664.0000 1.000000
DEMAND_ROW(V1)  0.0000000 - 4,000000
DEMAND_ROW(V2)  0.0000000 - 5.000000
DEMAND_ROW(V3)  0.0000000 - 4,000000
DEMAND_ROW(V4)  0.0000000 - 3.000000
DEMAND_ROW(V5)  0.0000000 - 7.000000
DEMAND_ROW(V6)  0.0000000 - 3.000000
DEMAND_ROW(V7)  0.0000000 - 6.000000
DEMAND_ROW(V8)  0.0000000 - 2.000000

CAPACITY_ROW(WH1)  0.0000000 3.000000
CAPACITY_ROW(WH2)  22.00000 0.000000
CAPACITY_ROW(WH3)  0.0000000 3.000000
CAPACITY_ROW(WH4)  0.0000000 1.000000
CAPACITY_ROW(WH5)  0.0000000 2.000000
CAPACITY_ROW(WH6)  0.0000000 2.000000

Row Report for WIDGETS with Constraint Names

Note that each row now has a name rather than a simple index number. Furthermore, if the constraint
is generated over a set using @&ORfunction, LINGO qualifies the constraint name by appending
the corresponding set member name in parentheses.
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Model Title

You can insert a title for a model anywhere you would normally enter a constraint. If a title is
included, it will be printed at the top of solution reports. The title is also used as a default argument in
the @ ODBCfunction (see Chapter 1terfacing with Databasés

The model 6s titl e mUBLEant endviitina semicolbn. All texd between wo r d
TITLE and the semicolon will be taken as the title of the model.

In the following, we have added a title to the beginning o#fBGETSmodel:

MODEL:
TITLE Widgets;
I A 6 Warehouse 8 Vendor Transportation Problem;
SETS:
WAREHOUSES: CAPACITY;

Excerpt from WIDGETS Model with a Title
Note that when we display the solution report, the title is now displayed along the top:
Model Title: Widgets

Variable Value Reduced Cost
CAPACITY( WH1) 60.00000 0.0000000
CAPACITY(WH2) 55.00000 0.0000000
CAPACITY( WH3) 51.00000 0.0000000

CAPACITY( WH4) 43.00000 0.0000000

Excerpt from Solution Report to WIDGETS Model with a Title
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Indicating Convexity and Concavity

LINGO's global solver can exploit the fact that a constraint is either convex or concave to improve
performance. In many cases, the global solver can automatically identify a constraint as either convex
or concave. In other cases, though, the global solver can't make this determination. If you know a
constraint is convex or concave then you can flag it as such. In order to do this, replace the standard
equality and inequality operators (=, <= and >=) with either: =C=, <C= and >C=. The interpretations
of these operators are:

Operator Interpretation

<C= The constrainE(X) <= b is convex.
>C= The constrainE(X) >= b is concave.
=C= The functionF(X) of the constrainE(X) = bis a convex function.

As an example, consider the nonlinear model:

MODEL:

MAX=5*W1 - 3*X1 - 4*Y1
+5*W2 - 3*X2 - 4*Y2
+5*W3 - 3*X3 - 4*Y3;

- Wl<=1,

W1<=1,

X1+Y1>=1,

[NLROW1]W1/r3 - X1*Y1<C=0;

- W2<=1;

W2 <=1,

X2+Y2>=1;

[NLROW2]W2/23 - X2*Y2<C=0;

- W3<=1,;

W3 <=1,

X3+Y3>=1;

INLROW3]W3723 - X3*Y3<C=0;
Model: CONVEX

The three nonlinear rows in this model: NLROW1, NLROW?2 and NLROWS3, are convex, and we have
marked them as such using the convexity inequality operator (<C=). This will allow the global solver
to exploit the convexity of these rows and solve the model almost instantly. The global solver would
run considerably longer on this model if we were to remove the convexity operators, reverting back to
the standard inequality operator <=.

Note: If you havea constrainfor which F(x) is only quastonvex or quastoncave, you may still
apply the convexity markers to the same advantage. A convex objective, Min = F(x), can be
identified by rewriting it: Min = zz>C = F(x);
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Maximum Probl&mmensions

Some versions of LINGO limit one or more of the following model propettita) variablesinteger
variables nonlinearvariables global variablesandconstraints The total variable limit is on the total
number of optimizable variables in your model (i.e., variables LINGO was unable to determine as
being fixed at a particular value). The integer variable limit applies to the total number of optimizable
variables restricted to being integers with eitherd@®IN or @GIN functions. The nonlinear variable
l'imit applies to the number of optimizable varie
As an example, in the expressioht Y,bothX andY appear linearly. However, in the expression:

X~ 2+Y, Xappears nonlinearly whilé appears linearly. ThuX would count against the nonlinear
variable limit. In some cases, nonlinear variables are allowed only if you have purchased the nonlinear
option for your LINGO softwareThe global variable limit applies to the total number of nonlinear
variables when using the global solvEnhe constraint limit refers to the number of formulas in the

model that contain one or more optimizable variables. Keep in mind that a@R@&function may
generate many constraints.

The maximum sized problem your LINGO can handle depends on the version you have. The current
limits for the various versions are:

Total Integer | Nonlinear Global
Version Variables Variables | Variables  Variables Constraints
Demo/Web 300 30 30 5 150
Solver Suite 500 50 50 5 250
Super 2,000 200 200 10 1,000
Hyper 8,000 800 800 20 4,000
Industrial 32,000 3,200 3,200 50 16,000
Extended Unlimited Unlimited | Unlimited | Unlimited Unlimited

You can also determine the limits of your version by selectingioeit LINGOcommandrom the
Help menu in Windows, or by typingELP at the commandtine prompt on other platforms. If you

determine you need a larger version of LINGO, upgrades are available from LINDO Systems. Please
feel free to contactaifor pricing and availability.

Note 1: The limits of different LINGO versions are subject to change. Check our website,
http://www.lindo.com, for the most current sizes.

Note 2: In some versions of LINGO, théonlinear Variabldimit will be 0 if you have not purchased

the nonlinear option for your copy of LINGSimilarly, the global variable limit will be o if
the global solver option is not enabled.
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Note 3: LINGO has two other implicit limits not given by the table abbvaemoryandtime. Large
models may require more memory to solve than is available on your system, or they may
require more time to solve than one would normally be willing to wait. So, when building
| arge model s, be aware that just because you
guarantee it will be solvable in a reasonable amount of time on a particular machine.

How to Contact LINDO Systems

LINDO Systems can be reached at the following address and telephone numbers:

LINDO Systems, Inc.
1415 North Dayton Street
Chicago, IL 6062

Tel: 3129887422
Fax: 3129889065

e-mail: info@lindo.com
web:  http://www.lindo.com

For sales and product information, please contact us at:

Tel: 1-800-441-2378 or 312988-7422
e-mail: sales@lindo.com

Fortechnical support, we prefer you send your model and questions by eteah@lindo.comYou

may also speak to our technical support staff at829421. Our technical support staff can help you
with questions regarding the installation and operation of LINGO. If you have simple modeling
guestions, we can generally help get you pointed in the right direction. If you have extensive modeling
guestions, we can recommend third party consultants well versed in the specifics of LINGO and
mathematical modeling in general, who can assist you in your modeling efforts.







2 Using Sets

As we mentioned in the previous chapter, whenever you are modeling situations in real life there will
typically be one or more groups of related objects. Examples of such objects might include factories,
customers, vehicles, or employees. LINGO allows you to group these related objects togetkés into
Once the objects in your model are grouped into sets, you can makesesbasiedunctions to

unleash the full power of the LING@odeling language.

Having given you a brief introduction into the use of sets in Chap@etting Started with LINGO

we will now go into greater depth as to how you construct sets and initialize set attributes with data.

This will then give us the ability to begin constructing some interesting and useful examples. Once
youdve read this chapter, you shoul d fIsethased a basi
modeling techniques to your own models.

Why Use Sets?

Sets are the foundat i o thefunddmermbadidisg blockaftheé i ng | ang

programds most power ful capabilities. Wi th an wur
constraints in a single statement and express long, complex formulas concisely. This allows you to

express your largest models very quickly and easillarermod el s, you 61 | encount e
express a group of several very similar calculationrsorn st r ai nt s . Fortunately,

handle sets of information allows you to perform such operations efficiently.

For example, preparing a warehowsgpping model for 100 warehouses would be tedious if you had

to write each constraint explicitly (e.g., A War e
Warehouse 2 must ship no more than its present inventory, Warehouse 3 must ship no more than its

present inventoryéo, and so on). LI NGO all ows yoc
read and understand (e.g., iEach warehouse must

What Are Sets?

Sets are simply groups of related objects. A set might be a list of products, trucks, or employees. Each
member in the set may have one or more characteristics associated with it. We call these
characteristicattributes Attribute values can be known in advance or unknowns that LINGO solves

for. For example, each product in a set of products might have a price attribute; each truck in a set of
trucks might have a hauling capacity attribute; and each employee in a set of employees might have a
salary attribute, as well as a birth date attribute.
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Types of Sets

LINGO recognizes two kinds of sefsimitive andderived

A primitivesett s a set composed only of ob\ielessWidgethat car

example (pagé?7), theWAREHOUSESet, which is composed of six warehouses, is a primitive set.
Likewise, the set composed of eight vendors is a primitive set.

A derived sets defined using one or more other sets. In other words, a derivéerisetsits members

from other preexisting sets. Again, using the Wireless Widgets example, the set composed of the links
between the six warehouses and eight venddiK(S) is a derived set. It derives its members from

the unique pairs of members of WAREHOUSESndVENDOR Ssets. Although theINKSset is

derived solely from primitive sets, it is also possible to build derived sets from other derived sets as
well. See the section belo®gfining Derived Setgor more information.

The Sets Section of a Model

Sets are defined in an optional section of a LINGO model callesttisesectiorBefore you use sets

in a LINGO model, you have to define them in the sets section of the model. The sets section begins
with the keywordSETS{(including the colon), and ends with the keywBMNDSETSA model may

have no sets section, a single sets section, or multiple sets sections. A sets section may appear
anywhere in a model. The only restriction is you must define a set and its attributes before they are
referenced in the model 6s constraints.

Defining Primitive Sets

To define a primitive set in a sets section, you specify:

8§ thenameof the set,
§ optionally, itsmembergobjects contained in the set), and
§ optionally, anyattributesthe members of the set may have.

A primitive set definition has the following syntax:

setnamd/ member _list] [ attribute_lisi;

Note: The use of square brackets indicates an item is optional. In this particular case, a primitive
s e utilute_listandmember_lisare both optional.

Thesetnames a name you choose to designate the set. It should be a descriptive name that is easy to
remember. The set name must conform to standard LINGO naming conventions. In other words, the
name must begin with an alphabetic character, which may be followed by up to 31 alphanumeric
characters or the underscore (). LINGO does not distinguish between upper and lowercase characters
in names.

A member _lists a list of the members that constitute the set. If the set members are included in the set
definition, they may be listed eithexplicitly or implicitly. If set members are not included in the set
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definition, then they may be defined subsequently in a data section of the model. For details on
defining set members in a data section, reféntroduction to the Data Section

When listing members explicitly, you enter a uniqgue name for each member, optionally separated by
commas. As with set names, member names must also conform to standard naming conventions. In the
Wireless Widgets model, weould have usedn explicit member list to define tiset WAREHOUSES

in the sets sectioas follows:

WAREHOUSES / WH1 WH2 WH3 WH4 WH5 WH6/: CAPACITY;

When using implicit set member lists, you do not have to list a name for each set member. Use the
following syntax when using an implicit set member list:

setnamé memberlmemberN [: attribute_lisi;

wherememberls the name of the first member in the set ammberNs the name of the last

member. LINGO automatically generates all the intermediate member names beewleeriand
memberNWhile this can be a very compact and convenient method for building a primitive set, there
is one catch in that only certain formats of names are accepted for the initial and terminal member
names. The following table details the available options:

Implicit Member List Example Set Members

Format

1.n 1.5 1,2,3,4,5

alpaM..alphaN a.g a,b,cdefg

stringM..stringN TRUCKSS3..TRUCKS204 [ TRUCKS3, TRUC
TRUCKS204

dayM..dayN MON..FRI MON, TUE, WED, THU,
FRI

monthM..monthN OCT..JAN OCT, NOV, DEC, JAN

monthYearM..monthYearN | OCT2001..JAN2002 OCT2001, NOV2001,
DEC2001, JAN2002

When using the In.format,n may be any positive integer value, and the initial member must always
be a 1.

ThestringM..stringNformat allows you to use any string to start both the initial and terminal member
names as long as the string conforms to standard LINGO naming convelitangN must be
nonnegative and integer, such tNaON. Also, you may pad the M value to the left with Os in order to
generate set member names of matching lengths. For exarREKS003TRUCKS204vould yield

set member§RUCKSO003TRUCKSO004..., TRUCKS204so that all set members will be padded with
Os in order to contain 8 characters.

ThedayM..dayNormat allows you to choose the initial and terminal member names for the names of
the days of the week. All names are abbreviated to three characters. Thus, the available options are:
Mon, Tue, Wed, Thu, Fri, Sat, and Sun.
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ThemonthM..monthMormat allows you to select from the months of the year, where all names are
abbreviated to three characters. The available options are: Jan, Feb, Mar, Apr, May, Jun, Jul, Aug, Sep,
Oct, Nov, and Dec.

ThemonthYearM..monthYeamption allows you to specify a month and a four digit year.

As further illustration, irthe Wireless Widgetexample we could have also defined the
WAREHOUSESet as:

WAREHOUSES / 1..6/: CAPACITY;

As an alternative, when using thisniform of implicit definition, you may also place the length of the
set in a data section, and then reference this length in a subsequent sets section as we do here:

DATA:
NUMBER_OF_WH = 6;
ENDDATA

SETS:
WAREHOUSES / 1.NUMBER_OF_WHY/: CAPACITY,;
ENDSETS

Set members may have one or mattebutesspecified in theattribute_listof the set definitionAn

attribute is simply some property each member of the set displays. For instanc&yYARBE$HOUSES

set above, there is a single attribute titBAPACITY which is used to represent the shipping capacity

of theWAREHOUSE Attribute names must follow standard naming conventions and be separated by
commas.

For illustration, suppose our warehouses had additional attributes related to their location and the
number of loading docks. These additional attributes could be added to the attribute list of the set
declaration as follows:

WAREHOUSES / 1..6/: CAPACITY, LOCATION, DOCKS;

In addition to listing a primitive set's members in a model's sets section, primitive set members may
also be listed in a model's data section. Some users may prefer this alternative approach in that a set's
members are actually input data for the model. Therefore, listing set members in a model's data
section, along with all other data, is a more natural approach that makes a model more readable. All
the various techniques listed above for enumerating a primitive set's members are also valid in a data
section. Some examples of defining primitive set members in a data section follow:

SETS:
WAREHOUSES: CAPACITY;
ENDSETS
DATA:
WAREHOUSES = WH1 WH2 WH3 WH4 WH5 WH6;
ENDDATA

Example 1: Listing a Primitive Set in a Data Section
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SETS:
WAREHOUSES: CAPACITY;
ENDSETS
DATA:
NUMBER_OF_WH = 6;
WAREHOUSES = 1.NUMBER_OF WH;
ENDDATA

Example 2: Listing a Primitive Set in a Data Section

Defining Derived Sets

To define a derived set, you specify:

§ thenameof the set,

§ its parentsets

§ optionally, itsmembersand

§ optionally, anyattributesthe set members may have.

A derived set definition has the following syntax:
setnam@arent_set_ligt[ / member _list] [ attribute_lisi;
Thesetnamas a standard LINGO name you choose to name the set.

Theparent_set lisis a list of previously defined sets, separated by commas. Without specifying a
member_liselement, LINGO constructs all combinations of members from each parent set to create
the members of the new derived set. As an example, consider the following sets section:

SETS:

PRODUCT / AB/;

MACHINE / M N/;

WEEK /1..2/,

ALLOWED(PRODUCT, MACHINE, WEEK);
ENDSETS

SetsPRODUCT MACHINE, andWEEKare primitive sets, whilALLOWEDis derived from parent
sets PRODUCT MACHINE, andWEEK Taking all the combinations of members from the three
parent sets, we come up with the following members iMthe®OWEDset:

Index Member

(A,M,1)
(AM,2)
(AN,1)
(AN,2)
(B,M,1)
(B,M,2)
(B,N,1)
8 (B,N,2)
ALLOWED Set Membership

N[OOI~ |WIN|F
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Thememberlistis optional, and is used when you want to limit the set to being some subset of the full
set of combinations derived from the parent sets.riiémber_listnay alternatively be specified in a
model 6s dat a s ect ildroducfiohtothe Dat Sectioh GhaptemdPdtahands s e e
Init Section}

If the member_lists omitted, the derived set will consist of all combinations of the members from the
parent sets. When a set does not havember_lisand, therefore, contains all possible combinations
of members, it is referred to as beindemseset. When a set includesreember _listhat limits it to

being a subset of its dense form, we say the spiise

A der i vwnerdberslisttaybe constructed using either:

§ anexplicit member listor
8 amembership filter

Whenusingthe x pl i cit member | i st meemteoldtyoumusts peci fy a
explicitly list all the members you want to include in the set. Each listed member must be a member of
the dense set formed from all possible combinations of the parent sets. Returning to our small example
above, if we had used an explicit member list in the definition of the deriveil46DWED as

follows:

ALLOWED(PRODUCT, MACHINE, WEEK)
/AM1,AN2,BN1/;

thenALLOWEDwould not have had the full complement of eight members. Instéad)WED
would have consisted of the three member sparsésht;1), (A,N,2) and(B,N,1) Note that the
commas in the list of set members are optional and were added only for readability purposes.

If you have a large, sparse set, explicitly listing all members can become cumbersome. Fortunately, in
many sparse sets, the members all satisfy some condition that differentiates them from the

nonmembers. If you could just specify this condition, you could save yourself a lot of effort. This is

exactly how themembership filter method works. Using the membership filter method of defining a

d er i v amgmbsrelistrivalves specifying a logical condition that each potential set member must

satisfy for inclusion in the final set. You can look at the logical conditiorfifterato keep out

potenti al members that dondt satisfy some criter

As an example of a membership filter, suppose you have already defined a sétRaI&dS and

each truck has an attribute cal@APACITY You would like to derive a subset frolRUCKSthat

contains only those trucks capable of hauling big loads. You could use an explicit member list, and
explicitly enter each truck that can carry heavy loads. However, why do all that work when you could
use a membership filter as follows:

HEAVY_DUTY(TRUCKS)|CAPACITY(&1) #GT# 50000:
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We have named the ddEAVY_DUTYand have derived it from the parent S&RUCKS The vertical

bar character (]) is used to mark the beginning of a membershipThiezmembership filter allows

only those trucks that have a hauling capac@#RACITY(&1) greater than{GT# 50,000 into the
HEAVY_DUTYset. The&1 symbol in the filter is known assetindex placeholdeWhen building a

derived set that uses a membership filter, LINGO generates all the combinations of parent set

member s. Each combination is then Apluggedo i ntoc
test. The first primiti vé&l,thesecendint& ant oson. Imthisnber i s
example, we have only one parent RJCKS, so&2 would not have made sense. The symbol

#GT#is alogical operatorand means figreater thano.

Thelogical operators recognized by LINGO are:

#EQ# equal

#NE# not equal

#GE# greaterthanor-equato

#GT# greater than

#LT# lessthan

#LE# lessthanor-equatto
In addition to listing a derived set's members in a model's sets section, derived set members may also
be listed in a model's data section. Some users may prefer this alternative approach in that a set's
members are actually input data for the model. Therefore, listing set members in a model's data
section, along with all other data, is a more natural approach that makes a model more readable. All
the various techniques listed above for enumerating a primitive set's members are also valid in a data
section, with the exception of the membership filter method. An example of defining derived set
members in a data section follow:

SETS:

PRODUCT;

MACHINE;

WEEK;

ALLOWED( PRODUCT, MACHINE, WEEK);
ENDSETS
DATA:

PRODUCT = P1..P3;

MACHINE = M1..M3;

WEEK = W1.W4;

ALLOWED =
P1 M1 W1
P2 M1 W3
P3 M1 W2
P3 M3 W4
ENDDATA

Input ting a Derived Set in a Data Section

For some models, it may be useful to create an empty, or null, derivethseis particularly true if
you wish to create the set dynamically through the use @tiNSERTunction. To do this, add a
statement such as the following to a data secitDERIVEDSET =; . In other words, simply omit
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the list of set members. For example, suppose in the previous example we waAldddkéE Dset
to be initialized to being null. We could do this with the following:

SETS:
PRODUCT;
MACHINE;
WEEK;
ALLOWED( PRODUCT, MACHINE, WEEK);
ENDSETS
DATA:
PRODUCT = P1..P3;
MACHINE = M1..M83;
WEEK = WI1.W4,
ALLOWED = ;
ENDDATA

Inputting a Null Derived Set in a Data Section

Summary
In summary, keep in mind that LINGO recognizes two types od sgtisnitive andderived

Primitive sets are the fundamental objects in a model and can't be broken down into smaller
components. Primitive sets can be defined using eithexglitit or implicit list. When using an

explicit list, you enter each member individually in the set member list. With an implicit list, you enter
the initial and terminal set members and LINGO generates all the intermediate members.

Derived sets, on the other hand, are created from other component sets. These component sets are
referred to as the parents of the derived set, and may be either primitive or derived. A derived set can
be eitheisparseor dense Dense sets contain all combinations of the parent set members (sometimes
this is also referred to as tlartesian producor crossof the parent sets). Sparse sets contain only a
subset of the cross of the parent sets, and may be defined by two itethesplicit listingor

membership filterThe explicit listing method involves listing the members of the sparse set. The
membership filter method allows you to specify the sparse set members compactly through the use of a
logical condition that all membenrsust satisfy. The relationships amongst the various set types are
illustrated in the graph belof@erived sets, on the other hand, are created from other component sets.
These component sedse referred to as the parents of the derived set, and may be either primitive or
derived. A derived set can be eitlsparseor dense Dense sets contain all combinations of the parent

set members (sometimes this is also referred to &dttesian producbr crossof the parent sets).

Sparse sets contain only a subset of the cross of the parent sets and may be defined by two

method&z explicit listingor membership filterThe explicit listing method involves listing the

members of the sparse set. The membership filter method allows you to specify the sparse set members
compactly through the use of a logical condition all members must satisfy. The relationships amongst
the various set types aitlustrated in the graph below:
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Membership Filter

LINGO Set Type

At this point, you are probably thinking that set definition is, at best, somewhat complicated. We will

be presenting you with plenty more examples in subsequent sections that should help to illustrate the
concepts introduced in this section, and demonstrate that set definition is nowhere near as difficult as it
may seem. For now, however, we will turn our attention to how data is input into a model. Then, we
will examine a group of functions that are designed to operate on set members. Once we have
accomplished this, we will be able to bring together all we have learned in order to begin building
some interesting and relevant examplesatbasednodeling.

The DATA Section

Typically, you will want to initialize the members of certain sets and assign values to certain set
attributes. For this purpose, LINGO uses a second optional section calttdatsmctionThedata
sectionallows you to isolate data from the equations of your model. This is a useful practice in that it
leads to easier model maintenance and facilitates scaling up a model to larger dimensions.

Similar to the sets section, the data section begins with the keydrd: (including the colon) and
ends with the keyworENDDATA In the data section, you can have statements to initialize the sets
and/or attributes you defined in a sets section. These expressions have the syntax:

object_list=value_list

Theobject_listcontains the names of a set and/or attributes you want to initialize, optionally separated
by commas. If there is more than one attribute name on in the object list, then all attributes must be
defined on the same set. Furthermore, if a set name appears in the object list, then it must be the parent
set of any attributes also in the object list. Vakie_listcontains the values to assign to the objects in

the object listoptionally separated by commas. For example, consider the following model:

MODEL:
SETS:
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SET1: X, Y;
ENDSETS
DATA:

SET1=ABC

X=123;

Y=456;
ENDDATA
END

We have two attributeX andY, defined on the s&ET1 The three values ofare setto 1, 2, and 3,
while Yis set to 4, 5, and 6. We could have also used the following compound data statement to the
same end:

MODEL:
SETS:
SET1: X, Y;
ENDSETS
DATA:
SET1XY=A1l4
B25
C36;

ENDDATA
END

An important fact to remember is that when LINGO reads a compound data statement's value list, it
assigns the firat values in the list to the first position of each of thabjects in the object list, the
secondh values to the second position of each ofrtledjects, and so on. In other words, LINGO is
expecting the input data in column format rather than row format, which mirrors the flat file approach
used in relational databases.

This section has served to give you a brief introduction into the use of the data se@iata. &md

Init Sectionsyou will learn more about the capabilities of the data section. You will learn data does

not have to actually reside in the data section as shown in examples here. In fact, your data section can
haveOLE links to Excel, ODBC links to databases, and connections to text based data files.

Set Looping Functions

We have mentioned the powersgftbasednodeling comes from the ability to apply an operation to

all members of a set using a single statement. The functions in LINGO that allow you to do this are
calledset looping functions | f your model s dondt make use of on
you are missing out on the powerseftbasednodel i ng and, even worse, you
hard!
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Set looping functions allow you to iterate through all the members of a set to perform some operation.
There are currently four set looping functions in LINGO. The names of the functions and their uses

are:

@FOR The most powerful of the set looping
functions,@FORis primarily used to
generate constraints over members of a se
@FORmMay also be used in calc sections t(
assign values to attributes across the
members of a set.

@SUM Probably the most frequently used set
looping function@SUMcomputes the sum
of an expression over all members of a set
@MIN Computes the minimum of an expression
over all members of a set.

@MAX Computes the maximum of an expression
over all members of a set.

@PROD | Computes the product of an expression ov,
all members of a set.

The syntax for a set looping function is:
@functior{setnamd (set_index_ligt[|conditional_qualifief] : expression_ligt

where@functioncorresponds to one of the four set looping functions listed in the table abtveme
is the name of the set you want to loop over.

set_index_lists optional. It is used to create a list of indices. Badexcorresponds to one of the
parent, primitive sets that form the set specifieddtpameAs LINGO loops through the members of
the sesetnameit will set the values of the indices in thet_index_listo correspond to the current
member of the sefethame

Theconditional_qualifieris optional, and may be used to limit the scope of the set looping function.
When LINGO is looping over each membersefnameit evaluates theonditional_qualifier If the
conditional_qualifierevaluates to true, then ti@functionis performed for the set member.
Otherwise, it is skipped.

Theexpression_lisis a list of expressions that are to be applied to each member of setnsehe

When using th@FORfunction, the expression list may contain multiple expressions, separated by
semicolons. These expressions will be added as constraints to the model. When using the remaining set
looping functions @ SUM @MAX @MIN and@PROD, the expression list must contain one

expression only. If theet_index_lists omitted, all attributes referenced in #wpression_listnust be

defined on the setetname

The following examples should help to illustrate the use of set looping functions.
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@SUM Set Looping Function

In this example, we will construct several summation expressions usi@3hdifunction in order
to illustrate the features of set looping functions in general, an@®ldMfunction in particular.

Consider the model:

MODEL:
SETS:
VENDORS: DEMAND;
ENDSETS
DATA:
VENDORS, DEMAND = V1,5V2,1V3,3 V4,4 V5,6;
ENDDATA
END

Each vendor of th#ENDORSset has a correspondiBdEMAND. We could sum up the values of the
DEMANDattribute by adding the following expression afterENMDDATAstatement:

TOTAL_DEMAND = @SUM(VENDORS(J): DEMAND(J));

LINGO evaluates thé&@ SUMfunction by first initializing an internal accumulator to zero. LINGO then
begins looping over the members in YHENDORSset. The set index variablg,is set to the first

member oVENDORSi.e., V1) andDEMAND (V1)is then added to the accumulator. This process
continues until aIDEMAND values have been added to the accumulator. The value of the sum is then
stored in thefOTAL_DEMANDvariable.

Since all the attributes in our expression list (in this case,DBEMAND appears in the expression
list) are defined on the index sstENDOR$, we could have alternatively written our sum as:

TOTAL_DEMAND = @SUM(VENDORS: DEMAND);

In this case, we have dropped the superfluous index set list and the indEXMAND. When an
expression uses this shorthand, we say the index implged Implied index lists are not allowed
when attributes in the expression list have different parent sets.

Next, suppose we want to sum the first three elements of the atbBMAND. We can use a
conditional qualifier on the set index to accomplish this as follows:

DEMAND_3 = @SUM(VENDORS(J)|J #LE# 3: DEMAND(J));

The#LE#symbol is called #ogical operator(see p449for more details). This operator compares the
operand on the left) with the one on the right (3), and retutnge if the left operand is
lessthanor-equatto the one on the right. Otherwise, it retufalse Therefore, when LINGO
computes the sum this time, it plugs the set index varidhileto the conditional qualifie} #LE# 3 If

the conditional qualifier evaluates to tri@zMAND(J)will be added to the sum. The end result is
LINGO sums up the first three termsEMAND, omitting the fourth and fifth terms, for a total sum
of 9.
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Note:

Before leaving this example, one subtle aspect to note in this last sum expression is the value
that the set indeXis returning. Note, we are comparing the set index variable to the quantity
3 in the conditional qualified #LE# 3 In order for this to be meaningfulmust represent a

numeric value. Because a set index is used to loop over set members, one might imagine a set

index is merely a placeholder for the current set member. In a sense, this is true, but what set
indicesreally return is thendexof the current set member in its parent primitive set. The
index returned isnebased In other words, the value 1 is returned when indexing the first set
member, 2 when indexing the second, and so on. Given that set indices return a numeric
value, they may be used in arithmetic expressions along with other variables in your model.

@MINand @MAZet Looping Functions

The @MIN and@MAXfunctions are used to find the minimum and maximum of an expression over
members of a set.

Again, consider the model:

MODEL:
SETS:
VENDORS: DEMAND;
ENDSETS
DATA:
VENDORS, DEMAND = V1,5V2,1V3,3 V4,4 V5,6;
ENDDATA
END

To find the minimum and maximuBEMAND, all one need do is add the two expressions:

MIN_DEMAND = @MIN( VENDORS( J): DEMAND( J));
MAX_DEMAND = @MAX( VENDORS( J): DEMAND( J));

The resulting model with the new statements in bold would then be as follows:

MODEL:
SETS:
VENDORS: DEMAND;
ENDSETS
DATA:
VENDORS, DEMAND = V1,5V2,1V3,3V4,4V5,6;
ENDDATA
MIN_DEMAND = @MIN( VENDORS( J): DEMAND( J));
MAX_DEMAND = @MAX( VENDORS( J): DEMAND( J));
END

As with the@SUMexample we can use an implied index list since the attributes are defined on the
index set. Using implied indexing, we can recast our expressions as:

MIN_DEMAND = @MIN( VENDORS: DEMAND);
MAX_DEMAND = @MAX( VENDORS: DEMAND);
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In either case, when we solve this model, LINGO returns the expected minimum and maximum
DEMANDof:

Variable Value
MIN_DEMAND 1.000000
MAX_DEMAND 6.000000

For illustration purposes, suppose we had just wanted to compute the minimum and maximum values
of the first three elements BEEMAND. As with the @ SUM example, all we need do is add the
conditional qualified #LE# 3 We then have:

MIN_DEMAND3 =
@MIN( VENDORS( J) | J #LE# 3: DEMAND( J));
MAX_DEMAND3 =
@MAX( VENDORS( J) | J #LE# 3: DEMAND( J));

with solution:

Variable Value
MIN_DEMAND3 1.000000
MAX_DEMAND3 5.000000

@FOR Set Looping Function

The @FORfunction is used to generate constraints across members of a set. Whereas scalar based
modeling languages require you to explicitly enter each constrair@® E@Rfunction allows you to

enter a constraint just once, and LINGO does the work of generating an occurrence of the constraint
for each set member. Thus, taE-ORstatement provides tleetbasednodeler with a very powerful

tool.

To illustrate the use @FOR consider the following set definition:

SETS:
TRUCKS / MAC, PETERBILT, FORD, DODGE/: HAUL;
ENDSETS

Specifically, we have a primitive set of four trucks with a sindfdJL attribute. IfHAUL is used to
denote the amount a truck hauls, then we can us@H@Rfunction to limit the amount hauled by
each truck to 2,500 pounds with the following expression:

@FOR(TRUCKS(T): HAUL(T) <= 2500);

In this case, it might be instructive to view the constraints LINGO generates from our expression. You
can do this by using thgolveiGenerat¢Display modetommand under Windows, or by using the
GENERATEcommand on other platforms. Running this command, we find LINGO generates the
following four constraints:

HAUL(MAC) <= 2500
HAUL(PETERBILT) <= 2500
HAUL(FORD) <= 2500
HAUL(DODGE) <= 2500

In other words, as we anticipated, LINGO generated one constraint for each truck in the set limiting it
to a load of 2,500 pounds.
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Here is a model that uses @+ORstatement (listed in bold) to compute the reciprocal of any five
numbers placed into théALUE attribute:

MODEL:
SETS:

NUMBERS /1..5/: VALUE, RECIPROCAL;
ENDSETS
DATA:

VALUE =3427 10;
ENDDATA

@FOR( NUMBERS( I):

RECIPROCAL( ) = 1/ VALUE( I)
);

END

Solving this model gives the following values for the reciprocals:

Variable Value
RECIPROCAL(1)  0.3333333
RECIPROCAL(2) 0.2500000
RECIPROCAL(3) 0.5000000
RECIPROCAL(4) 0.1428571
RECIPROCAL(5) 0.1000000

Since the reciprocal of zero is not defined, we could put a conditional qualifeur@FOR
statement that causes us to skip the reciprocal computation whenever a zero is encountered. The
following @FORstatement accomplishes this:

@FOR(NUMBERS(I)| VALUE(l) #NE# 0
RECIPROCAL(I) = 1 / VALUE(I)
);

The conditional qualifier (listed in bold) tests to determine if the value is not gtNia#(to zero. If
so, the computation proceeds.

This was just a brief introduction to the use of @EORSstatement. There will be many additional
examples in the sections to follow.

@PROD Set Looping Function

The @PROD function is used to find the product of an expression across members of a set. As an
example, consider the model:

MODEL:
SETS:
COMPONENTS: P;
ENDSETS
DATA:
P =.95 .99 .98;
ENDDATA
P FAIL=1 - @PROD(COMPONENTS(I): P(1));
END
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Here we have a system of three components arranged in a series. The probability that each component
functions successfully (.95, .99, and .98) is loaded into attrfbuten t he model 6s data s
then compute the probability that the entire system will RaiF-AIL, by taking the product of the

component probabilities and subtracting it from 1:

P FAL=1 - @PROD(COMPONENTS(I): P(1));

As an aside, an interesting feature to note about this model is that we never initialized the
COMPONENTSet. When LINGO sees that an attribute of an undefined primitive set being

initialized to n values in a data section, it automatically initializes the parent primitive set to contain

the members: 1, 2, é, n. So, in this exampl e, L
the COMPONENT Set.

Nested Set Looping Functions

The simple models shown in the last section@$8Rto loop over a single set. largermodels,
youdll encounter the need to |l oop over a set wit
function is used within the scope of another, we calégting

An example of a nested set looping function can be found in the Wireless Widgets shipping model
(p47) . I f you remember, WW6s vendors had a demand
statement that enforces this condition is:

I The demand constraints;
@FOR(VENDORS(J):
@SUM(WAREHOUSES(I): VOLUME(l, J)) =
DEMAND(J));

Specifically, for each vendor, we sum up the shipments going from all the warehouses to that vendor
and set the quantity equal to the@SUMfucciion s de mar
within an@FORfunction.

@SUM @MAX and@MIN can be nested within any set looping functi@fORfunctions, on the
other hand, may only be nested within ot@¥FfORfunctions.

Summary

This section demonstrated that set looping functions can be very powerful and can simplify the
modeler's task. If you aren't making use of sets and set looping functions, you will have a considerably
more difficult time building your models. Furthermore, the difficulty will grow dramatically as the

sizes of your models grow.

We now know how to create sets, how to initialize sets and attributes using the data section, and how
to work with sets using set looping functions. At this point, we now have the ability to start
constructing some meaningful example models.
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SetBased Modeling Examples

Recall from the earlier discussion in this chapter, there are four types of sets that can be created in
LINGO. These set types are:

1. primitive,

2. dense derived,

3. sparse derivedexplicit list, and
4. sparse derivedmembership filter.

If you would like to review the four set types, refer to the sechghat are Sets@&dThe Sets Section

of a Modelat the beginning of this chapter. The remainder of this section will help develop your
talents forsetbasednodeling by building and discussing four models, each introducing one of the set
types listed above.

Primitive S&xample

The following staffscheduling model illustrates the usfea primitive set. In a staficheduling model,
there is demand for staffing over a time horizon. The goal is to come up with a work schedule that
meets staffing demands at minimal cost.

The model used in this example may be found irSMPLESsubdirectory off the main LINGO
directory under the nan®&TAFFDEM

TheStaff Schedulifgoblem

Suppose you run the popuRliuto Dogs hot dog stand that is open seven days a week. You hire
employees to work a fivday workweek with two consecutive days off. Each employee receives the
same weekly salary. Some days of the week are busier than others and, based on past experience, you
know how many workers are required on a given day of the wegbarticular, your forecast calls for

these staffing requirements:

Sat | Sun
Staff Req'd 20 16 13 16 19 14 12

You need to determine how many employees to start on each day of the week in order to minimize the
total number of employees, while still meeting or exceeding staffing requirements each day of the
week.

The Formulation
The first question to consider when buildingetbasednodel is, "What are the relevant sets and their
attributes?". In this model, we have a single primitive set, the days of the week. If we call this set
DAYS we can begin by writing our sets section as:

SETS:

DAYS;
ENDSETS
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Next, we can add a data section to initialize the set members DAY Bset:

SETS:
DAYS,;
ENDSETS
DATA:
DAYS = MON TUE WED THU FRI SAT SUN;
ENDDATA

Al ternatively, we could use LI NGOO&s implicit set

SETS:
DAYS;
ENDSETS
DATA:
DAYS = MON..SUN;
ENDDATA

We will be concerned with two attributes of thAY Sset. The first is the number of staff required on
each day, and the second is the number of staff to start on each day. If we call these attributes
REQUIREDandSTARTthen we may add them to the sets section to get:

SETS:
DAYS: REQUIRED, START,
ENDSETS

After defining the sets and attributes, it is useful to determine which of the attributes are data, and
which are decision variables. In this model, REeEQUIREDattribute is given to us and is, therefore,
data. TheSTARTattribute is something we need to determine and constitutes the decision variables.
Once you've identified the data in the model, you may go ahead and initialize it. We can do this by
extending the data section as follows:

DATA:
DAYS = MON TUE WED THU FRI SAT SUN;
REQUIRED = 20 16 13 16 19 14 12,
ENDDATA

We are now at the point where we can begin entering the model's mathematical relations (i.e., the
objective and constraints). Let's begin by writing out the mathematical notation for the objective. Our
objective is to minimize the total number of employees we start during the week. Using standard
mathematical notation, this objective may be expressed as:

Minimize: 4; START
The equivalent LINGO statement is very similar. Substitute "MIN=" for "Minimize:" and "@SUM(
DAYS( I):" for &; and we have:

MIN = @SUM( DAYS( I): START( 1));

Now, all that is left is to come up with our constraints. There is only one set of constraints in this
model. Namely, we must have enough staff on duty each day to meet or exceed staffing requirements.
In words, what we want is:

Staff on duty today Staff required today, for each day of the week
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The righthand side of this expressiddtaff required todays easy to calculate. It is simply the
quantityREQUIRED( I) The lefthand sideStaff on duty todays a bit trickier to compute. Given that
all employees are on a "five day on, two day off"* schedule, the number of employees working today is:

Number working today = Number starting today +
Number starting 1 day ago + Number starting 2 days ago +
Number starting 3 days ago + Number starting 4 days ago.

In other words, to compute the number of employees working today, we sum up the number of people
starting today plus those starting over the previous four days. The number of employees starting five
and six days back don't count because they are on their days off. So, using mathematical notation, what
one might consider doing is adding the constraint:

dj =j-4,] START 2 REQUIRED; , for j/ DAYS

Translating into LINGO notation, we can write this as:

@FOR( DAYS( J):
@SUM( DAYS( 1) | | #LE# 5: START(J - 1+1))
>= REQUIRED( J)
)i
In words, the LINGO statement says, for each day of the week, the sum of the employees starting over
the five day period beginning four days ago and ending today must be gheatter-equatto the

required number of staff for the day. This sounds correct, but there is a slight problem. If we try to
solve our model with this constraint we get the error message:

Error Code:
= 20 Copy E splain oK

Emor Test
Subs=cript out of range on attribute:

START(-3)

The error occurred on or near the following line
14] @SUM{ DAYS( I) | I #LE# 5: START( J - I + 1))

To see why we get this error message, consider what happens on Thursday. Thursday has an index of 4
in our seDAYS As written, the staffing constraint for Thursday will be:

START(4 - 1+1)+START(4 - 2+1)+
START(4 - 3+1)+START(4 - 4+1)+
START(4 - 5+ 1)>= REQUIRED( 4);
Simplifying, we get:
START( 4) + START(3) +
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START( 2) + START( 1) +
START( 0) >= REQUIRED( 4);

TheSTART( Ojerm is the root of our probler8TARTis defined for days 1 through 3TART( Ofloes
not exist. An indexof 0o8TARTT s consi dered "out of range. o

We would like to have any indices ledmnror-equatto Owrap arouncto the end of the week.
Specifically, 0 would correspond to Sunday €I)to Saturday (6), and so on. LINGO has a function
that does just this@ WRAP

The @WRAPFunction takes two argumeftcall themINDEX andLIMIT.

Formally, J = @WRAP( INDEX, LIMITjeturns] such thatl = INDEX- K * LIMIT, whereK is
an integer such that4=J < LIMIT+ 1. Informally, @ WRAPwill subtract or add_.IMIT to
INDEX until it falls in the range 1 taIMIT + 0.99999 Therefore, this is just what we need to
"wrap around" an index in multiperiod planning models.

Incorporating the@ WRAFunction, we get the corrected, final version of our staffing constraint:

@FOR( DAYS( J):
@SUM(DAYS( 1) | | #LE# 5:
START( @WRAP(J - [+1,7))
>= REQUIRED( J)
);

The Solution
Below is our staffing model in its entirety:

MODEL:
SETS:

DAYS: REQUIRED, START,;
ENDSETS

DATA:
DAYS = MON TUE WED THU FRI SAT SUN;
REQUIRED = 20 16 13 16 19 14 12;
ENDDATA

MIN = @SUM( DAYS( I): START(1));

@FOR( DAYS( J):
@SUM(DAYS( 1) | | #LE# 5:
START( @WRAP(J - 1+1, 7))
>= REQUIRED( J)
);
END
Model: STAFFDEM
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Solving the model, we get the solution report:

Global optimal solution found.

Objective value: 22.00000
Infeasibilities: 0.000000
Total solver iterations: 5
Variable Value Reduced Cost
REQUIRED( MON) 20.00000 0.000000
REQUIRED( TUE) 16.00000 0.000000
REQUIRED( WED) 13.00000 0.000000
REQUIRED( THU) 16.00000 0.000000
REQUIRED( FRI) 19.00000 0.000000
REQUIRED( SAT) 14.00000 0.000000
REQUIRED( SUN) 12.00000 0.000000
START( MON) 8.000000 0.000000
START( TUE) 2.000000 0.000000
START( WED) 0.000000 0.000000
START( THU) 6.000000 0.000000
START( FRI) 3.000000 0.000000
START( SAT) 3.000000 0.000000
START( SUN) 0.000000 0.3333333
Row Slack or Surplus  Dual Price
1 22.00000 - 1.000000
2 0.000000 - 0.3333333
3 0.000000 0.000000
4 0.000000 - 0.3333333
5 0.000000 0.000000
6 0.000000 - 0.3333333
7 0.000000 - 0.3333333
8 0.000000 0.000000

Solution to STAFFDEM
The objective value of 22 means we need to hire 22 workers.
We start our workers according to the schedule:

Day " Mon | Tue Wed Thu Fri Sat Sun |
Start 8 2 0 6 3 3 0

If we look at the surpluses on our staffing requirement rows (row,2ve see that the slack values

are 0 on all of the days. This means there are no more workers than required and we just meet staffing
requirements on every day. Even though this is a small model, trying to come up with a solution this
efficient "by hand" would be a difficult task.
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Dense Derived Set Exaniplending

This following model illustrates, among other things, the use of a dense derived Bktridiag

model. In a blending model, one is blending raw materials into a finished product that must meet
minimal quality requirements on one or more dimensions. The goal is to come up with a blend of the
raw materials to satisfy the quality requirements at minimal cost.

This model may be found in tI®AMPLE Subdirectory off the main LINGO directory under the name
CHESS

The Problem

The Chess Snackfoods Co. markets four brands of mixed nuts. The four brands of nuts are called
Pawn, Knight, Bishop, and King. Each brand contains a specified ratio of peanuts and cashews. The
table below lists the number of ounces of the two nuts contained in each pound of each brand and the
price the company receives per pound of each brand.

' Pawn Knight = Bishop King |

Peanuts (0z.) 15 10 6 2
Cashews (0z.) 1 6 10 14
Selling Price ($) 2 3 4 5

Chess has contracts with suppliers to receive 750 pounds of peanuts/day and 250 pounds of
cashews/day. Our problem is to determine the number of pounds of each brand to produce each day to
maximize total revenue without exceeding the available supply of nuts.

The Formulation
The primitive sets in this model are the nut types and the brands of mixed nuts. We can declare them in
the sets section as follows:

SETS

NUTS: SUPPLY;

BRANDS: PRICE, PRODUCE;
ENDSETS

TheNUTSset has the single attribus®JPPLY which we will use to store the daily supply of nuts in
pounds. Th8RANDSset haPRICEandPRODUCEattributes, wher@®RICEstores the selling price

of the brands, anBRODUCErepresents the decision variables of how many pounds of each brand to
produce each day.

We need one more set, however, which is the dense derived set we have been promising. In order to
input the brand formulas, we will need a two dimensional table defined on the nut types and the
brands. To do this, we will generate a derived set na@RIOSSEBrom the cross of thBlUTSand
BRANDSsets. Adding this derived set, we get the completed sets section:
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SETS:
NUTS: SUPPLY;
BRANDS: PRICE, PRODUCE;
NCROSSB( NUTS, BRANDS): FORMULA;
ENDSETS

We have titled the derived SCROSSBIt has the single attribulEEORMULA which will be used to

store the ounces of nuts used per pound of each brand. Since we have not specified the members of this
derived set, LINGO assumes we want the complete, dense set that includes all pairs of nuts and brands,
for a total of eight (nut,brand) pairs.

Now that our sets are declared, we can move on to building the data section. We initialize our three
sets NUTS, BRAND&ndNCROSSBas well as the two data attribut®gPPLY and PRICES
follows:

DATA
NUTS, SUPPLY =
PEANUTS 750
CASHEWS 250;

BRANDS, PRICE =

PAWN 2
KNIGHT 3
BISHOP 4
KING 5;

FORMULA=1510 6 2
1 61014
ENDDATA

With the sets and data established, we can begin to enter our objective function and constraints. The
objective function of maximizing total revenue is straightforward. We can express this as:

MAX = @SUM( BRANDS( I): PRICE( I) * PRODUCE( I));
Our model has only one class of constraints: We can't use more nuts than we are supplied with on a
daily basis. In words, we would like to ensure:
For each nut i, the number of pounds of nut i used must be
lessthanror-equatto the supply of nuti.
We can express this in LINGO as:

@OR NUTS( I):

@SUM( BRANDS( J):

FORMULA( I, J) * PRODUCE( J) / 16) <= SUPPLY( I)
);

We divide the sum on the leffiand side by 16 to convert from ounces to pounds.
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The Solution
Our completed blending model is:

MODEL:
SETS:
NUTS: SUPPLY;
BRANDS: PRICE, PRODUCE;
NCROSSB( NUTS, BRANDS): FORMULA;
ENDSETS

DATA:
NUTS, SUPPLY =
PEANUTS 750
CASHEWS 250;

BRANDS, PRICE =

PAWN 2
KNIGHT 3
BISHOP 4
KING 5;

FORMULA=1510 6 2
1 61014
ENDDATA

MAX = @SUM( BRANDS( I): PRICE( I) * PRODUCE( I));
@FOR( NUTS( I):
@SUM( BRANDS( J):

FORMULA( 1, J) * PRODUCE( J) / 16) <= SUPPLY( I)

END

Model: CHESS

An abbreviated solution report for the model follows:

Global optimal solution found.

Objective value: 2692.308
Infeasibilities: 0.000000
Total solver iterations: 2
Variable Value Reduced Cost
PRODUCE( PAWN) 769.2308 0.0000000
PRODUCE( KNIGHT) 0.000000 0.1538461
PRODUCE( BISHOP) 0.000000 0.7692297E - 01
PRODUCE( KING) 230.7692 0.0000000
Row Slack or Surplus Dual Price
1 2692.308 1.000000
2 0.000000 1.769231
3 0.000000 5.461538

Solution to CHESS
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Sparse Derived Set Exanrtpiplicit List

In this example, we will introduce the use of a sparse derived set with an explicit listing. As you recall,

when we use this technique to define a sparse set, we must explicitly list all members belonging to the
set. This will usually be some small subset of the dense set resulting from the full Cartesian product of
the parent sets.

For our example, we will set up a PERT (Project Evaluation and Review Technique) model to
determine theritical path of tasks in a project involving the roll out of a new product. PERT is a

simple, but powerful, technique developed in the 1950s to assist managers in tracking the progress of
large projects. PERT is particularly useful in identifying the critical activities within a project, which,

if delayed, will delay the project as a whole. These time critical activities are referred to as the critical
path of a project. Having such insight into the dynamics of a project goes a long way in guaranteeing it
won't get sidetracked and become delayed. In fact, PERT proved so successful, the Polaris project that
it was first used on was completed 18 months ahead of schedule. PERT continues to be used
successfully on a wide range of projects. For more information on PERT, and a related technique
called CPM (Critical Path Method), please refer to Schrage (2005) or Winston (1995).

The formulation for this model is included in tBAMPLESubdirectory off the main LINGO
directory under the naniRERT.

A Project SchedulRrgblem

Wireless Widgets is about to launch a new product: The Solar Widget. In order to guarantee the launch
will occur on time, WW wants to perform a PERT analysis of the tasks leading up to the launch. Doing
so will allow them to identify the critical path of tasks that must be completed on time in order to
guarantee the Solar Widget's timely introduction. The tasks that must be accomplished before
introduction and their anticipated times for completion are listed in the table below:

Task  Weeks

Finalize Design 10
Forecast Demand 14
Survey Competition 3
Set Prices 3
Schedule Production Run 7
Cost Out 4
Train Salesmen 10
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Certainof thetasks must be completed before others can commence. These precedence relations are

shown in the following graph:
Forecast Schedule
Demand Production Ru

Cost Out

Finalize
Design

Train
Salesman

Survey
Competition

Product Launch Precedence Relations

For instance, the two arrows originating from the Forecast Demand node indicate the task must be
completed before the Schedule Production Run and the Set Prices tasks may be started.

Our goal is to construct a PERT model for the Solar Widget's introduction in order to identify the tasks
on the critical path.

The Formulation
We will need a primitive set to represent the tasks of the project. We can add such a set to the model
using the set definition:

SETS:
TASKS: TIME, ES, LS, SLACK;
ENDSETS

We have associated four attributes with TA&SKSset. The definitions of the attributes are:

TIME Time to complete the task
ES Earliest possible start time for the task
LS Latest possible start time for the task

SLACK Difference between LS and ES for the task

TheTIME attribute is given to us as data. We will compute the values of the remaining three attributes.
If a task has a 0 slack time, it means the task must start on time or the whole project will be delayed.
The collection of tasks with 0 slack time constitute the critical path for the project.

In order to compute the start times for the tasks, we will need the precedence relations. The precedence
relations can be viewed as a list of ordered pairs of tasks. For instance, the factiiES Bbltask

must be completed before tRORECASTask could be represented as the ordered P&S(GN
FORECAST)Creating a twalimensional derived set on thiASKSset will allow us to input the list

of precedence relations. Specifically, we add the derived set defiRRR&D

SETS:
TASKS: TIME, ES, LS, SLACK,;
PRED( TASKS, TASKS);
ENDSETS
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Next, we can input thEASKSset and task times in the data section by including:

DATA:

TASKS, TIME =
DESIGN 10
FORECAST 14
SURVEY 3
DUMMY O
PRICE 3
SCHEDULE 7
COSTOUT 4
TRAIN 10

ENDDATA

The setPREDis the sparse derived set with an explicit listing that we want to highlight in this

example. The set is a subset derived from the cross 08K Sset upon itself. The set is sparse

because it contains only 8 out of a possible 49 members found in the complete TRSKSHNn

TASKSThe set is said to be an "explicit list" set, because we will explicitly list the members we want
included in the set. Explicitly listing the members of a sparse set may not be convenient in cases where
there are thousands of members to select from, but it does make sense whenever set membership
conditions are not well defined and the sparse set size is small relative to the dense alternative. Adding
the initialization ofPREDto the data set give us:

DATA:

TASKS, TIME =
DESIGN 10
FORECAST 14
SURVEY 3
DUMMY O
PRICE 3
SCHEDULE 7
COSTOUT 4
TRAIN 10

PRED =
DESIGN, FORECAST,
DESIGN, SURVEY,
FORECAST, DUMMY
FORECAST, SCHEDULE,
SURVEY, PRICE,
SCHEDULE, COSTOUT,
PRICE, TRAIN,
COSTOUT, TRAIN,
DUMMY, PRICE

ENDDATA
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Keep in mind that the first member of this set is the ordered PEBIGN FORECASJ¥2 not just the
single taskDESIGN Therefore, this set has a totalfahembers that all correspond to a directed arc in
the precedence relations diagraie added a dummy task to accommodate the fact that both
FORECASTandSURVEYnust preced®RICE.For mae information on the use of dummy tasks,
refer to: http://people.brunel.ac.uk/~mastjjb/jeb/or/netaoca.html.

Now, with our sets and data established, we can turn our attention to building the formulas of the
model. We have three attributes to compute: earliest E3rtlatest startl(S), and slack time

(SLACR). The trick is computingeSandLS Once we have these tim&t,ACKis merely the

difference of the two.

Lets start by coming up with a formula to compl A task cannot begin until all its predecessor
tasks are completed. Thus, if we find the latest finishing time of all predecessors to a task, then we
have also found its earliest start time. Therefore, in words, the earliest start time fas tpkal to

the maximum over all predecessors of tagkthe sum of the earliest start time of the predecessor plus
its completion time. The corresponding LINGO notation is:

@FOR( TASKS(J)| J #GT# 1:
ES(J) = @MAX( PRED( I, J): ES( 1) + TIME( 1))
);

Note that we skip the computation for the first task by adding the conditional quhkfietT# 1 We
do this because the first task has no predecessors. We will give the first task an arbitrary start time as
shown below.

ComputingLSis slightly trickier, but very similar t&S In words, the latest time for tasto start is

the minimum over all successor tasks of the sum of the successor's earliest start minus the time to
perform task. If taskt starts any later than this, it will prohibit at least one successor from starting at
its earliest start time. Converting into LINGO syntax gives:

@FOR( TASKS(1)| I #LT# LTASK:
LS( 1) = @MIN( PRED( 1, J): ES(J) - TIME(1)

Here, we omit the computation for the last task since it has no successor tasks.
Computing slack time is just the difference betweSandES and may be written as:
@FOR( TASKS( 1): SLACK( 1) = LS( 1) - ES(D);

We can set the start time of the first task to some arbitrary value. For our purposes, we will setitto 0
with the statement:

ES(1)=0;

We have now input formulas for computing the values of all the variables with the exception of the
latest start time for the last task. It turns out, if the last project were started any later than its earliest
start time, the entire project would be delayed. So, by definition, the latest start time for the last project
is equal to its earliest start time. We can express this in LINGO using the equation:

LS( 8)=ES( 8);
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This would work, but it's probably not the best way to express the relation. Suppose you were to add
some tasks to your model. You'd have to chang® thehis equation to the new number of tasks was.
The whole idea behind LINGO's deised modeling language is the equations in the model should be

independent of the data. Expressing the equation in this form violates data independence. Here's a
better way to do it:

LTASK = @SIZE( TASKS);
LS(LTASK) = ES( LTASK);

The @SIZEfunction returns the size of a set. In this case, it will return the Balae desired.

However, if we changed the number of tag®S1ZEwould also return the new, correct value. Thus,
we preserve the data independence of our model's equations.
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The Solution
The entirePERTformulation and portions of its solution appear below.

MODEL:
SETS:
TASKS: TIME, ES, LS, SLACK;
PRED( TASKS, TASKS);
ENDSETS

DATA:

TASKS, TIME =
DESIGN 10
FORECAST 14
SURVEY 3
DUMMY O
PRICE 3
SCHEDULE 7
COSTOUT 4
TRAIN 10

PRED =
DESIGN, FORECAST,
DESIGN, SURVEY,
FORECAST, DUMMY
FORECAST, SCHEDULE,
SURVEY, PRICE,
SCHEDULE, COSTOUT,
PRICE, TRAIN,
COSTOUT, TRAIN,
DUMMY, PRICE

ENDDATA

@FOR( TASKS(J)| J #GT# 1:
ES(J) = @MAX( PRED( I, J): ES( 1) + TIME( 1))

@FOR( TASKS( I)| | #LT# LTASK:

LS(1) = @MIN( PRED( I, J): ES(J) - TIME(D);
@FOR( TASKS( 1): SLACK( 1) = LS(1) - ES(I));
ES(1)=0;

LTASK = @SIZE( TASKS);
LS(LTASK) = ES( LTASK);

END

Model: PERT
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Feasible solution found.

Total solver iterations: 0
Variable Value
LTASK 7.000000
ES( DESIGN) 0.0000000
ES( FORECAST) 10.00000
ES( SURVEY) 10.00000
ES( PRICE) 24.00000
ES( SCHEDULE) 24.00000
ES( COSTOUT) 31.00000
ES( TRAIN) 35.00000
LS( DESIGN) 0.0000000
LS( FORECAST) 10.00000
LS( SURVEY) 21.00000
LS( PRICE) 32.00000
LS( SCHEDULE) 24.00000
LS( COSTOUT) 31.00000
LS( TRAIN) 35.00000
SLACK( DESIGN) 0.0000000
SLACK( FORECAST) 0.0000000
SLACK( SURVEY) 11.00000
SLACK( PRICE) 8.000000
SLACK( SCHEDULE) 0.0000000
SLACK( COSTOUT) 0.0000000
SLACK( TRAIN) 0.0000000

Solution to PERT

The interesting values are the slacks for the tasks. BORVE YandPRICEhave slack in their start times

of 11 weeks and 8 weeks, respectively. Their start times may be delayed by as much as these slack values
without compromising the completion time of the entire project. The BEBKIGN FORECAST

SCHEDULE COSTOUT andTRAIN on the other hand, have 0 slack times. These tasks constitute the
critical path for the project and, if any of their start times are delayed, the entire project will be delayed.
Management will want to pay close attention to these critical path projects to be sure they start on time and
are completed within the allotted amount of time. Finally 8¢ TRAIN)Yalue of 35 tells us the estimated

time to the start of the roll out of the new Solar Widget will be 45 weksveeks to get to the start of

training, plus 10 weeks to complete training.

A Sparse Derived Set Using a Membership Filter

In this example, we introduce the use of a sparse derived set with a membership filter. Using a
membership filter is the third method for defining a derived set. When you define a set using this
method, you specify a logical condition each member of the set must satisfy. LINGO then filters out
potential set members that don't satisfy the membership condition.

For our example, we will formulateraatchingproblem. In a matching problem, there Brebjects
we want to match into pairs at minimum cost. The @alj is indistinguishable from the pdi, ).
Therefore, we arbitrarily requilebe less thad in the pair. Formally, we requitleandJ make a set of
ordered pairs. In other words, we do not wish to generate redundant ordered lpamdJobut only
those withl less thanl. This requirement thatbe less thad will form our membership filter.
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The file containing this model may be found in 8&MPLESsubdirectory off the main LINGO
directory under the namMATCHD.

A Matchingroblem

Suppose you manage your companyés strategic plar
in the department. Furthermore, your department is about to move into a new suite of offices. There

are a total of four offices in the new suite and you need to match up your analysts into 4 pairs, so each

pair can be assigned to one of the new offices. Based on past observations, you know some of the
analysts work better together than they do with others. In the interest of departmental peace, you would

like to come up with a pairing of analyst&t resuks in minimal potential conflicts. To this goal, you

have come up with a rating system for pairing your analysts. The scale runs from 1 to 10, witha 1

rating of a pair meaning the two get along fantastically. Whereas, a rating of 10 means all sharp objects
should be removed from the pairds office in anti
following table:

1 -19]13]4[2]1]5]|6
2 -]l -121217]13]|5(2]1
3 -l -1 -1414]12]19]|2
4 -l -]1-]1-]l1]5]5]2
5 -1l -1-1-1-1817]686
6 -l -1-1-1-1-121]3
7 -l -1 -1-1-1-1-124
Anal ystsd I ncompatibility Ratings

Since the pairing of analybtith analystl is indistinguishable from the pairing dfvith I, we have
only included the above diagonal elements in the table. Our problem is to find the pairings of analysts
that minimizes the sum of the incompatibility ratings of the paired analysts.

The Formulation
The first set of interest in this problem is the set of analysts. This is a primitive set that can be declared
simply as:

SETS:
ANALYSTS;
ENDSETS

The final set we want to construct is a set consisting of all the potential pairings. This will be a derived
set that we will build by taking the cross of thALYSTset on itself. As a first pass, we could build
the dense derived set:

PAIRS( ANALYSTS, ANALYST);
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This set, however, would include bd®AIRS( I, JandPAIRS( J, 1) Since only one of these pairs is
required, the second is wasteful. Furthermore, this set will include "pairs" of the same analyst of the
form PAIRS( |, I) As much as each of the analysts might like an office of their own, such a solution is
not feasible. The solution is to put a membership filter on our derived set requiring edtd)gair

the final set to obey the conditidrbe greater thah We do this with the set definition:

PAIRS( ANALYSTS, ANALYSTS) | &2 #GT# &1,

The start of the membership filter is denoted with the vertical bar character (1Tl &2

symbols in the filter are known ast index placeholderSet index placeholders are valid only in
membership filters. When LINGO constructs B®IRSset, it generates all combinations in the cross

of theANALYSTSet on itself. Each combination is then "plugged"” into the membership filter to see if
it passes the test. Specifically, for each fai) in the cross of thANALYSTset on itself] is

substituted into the placehold&t andJ into &2 and the filter is evaluated. If the filter evaluates to
true,(1,J) is added to the pairs set. Viewed in tabular form, this leaves us with just the diagonal
elements of thél,J) pairing table.

We will also be concerned with two attributes of BIRSset. First, we will need an attribute that
corresponds to the incompatibility rating of the pairings. Second, we will need an attribute to indicate
if analystl is paired with analyst. We will call these attributdRATINGandMATCH We append

them to thePAIRSset definition as follows:

PAIRS( ANALYSTS, ANALYSTS) | &2 #GT# &1.:
RATING, MATCH;

The completed sets section containing both set declarations is then:

SETS:
ANALYSTS;
PAIRS( ANALYSTS, ANALYSTS) | &2 #GT# &1.:
RATING, MATCH;
ENDSETS

Next, we initialize theANALYSTSet and th&@ATINGattribute to the incompatibility ratings in the
data section:

DATA:

ANALYSTS =1..8;

RATING =

9342156
173521
44292
1552
876
23
4

ENDDATA

We will use the convention of lettifdATCH( |, J)be 1 if we pair analystwith analyst], otherwise
0. Given this, thtMATCHattribute contains the decision variables for the model.
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Our objective is to minimize the sum of the incompatibility ratings of all the final pairings. This is just
the inner produabn theRATINGandMATCHattributes and is written as

MIN = @SUM( PAIRS( 1, J):
RATING( 1, J) * MATCH(1, J));

There is just one class of constraints in the model. In words, it is:
For each analyst, ensure that the analyst is paired with exactly one other analyst.
Putting the constraint into LINGO syntax, we get:

@FOR(ANALYSTS(I):
@SUM( PAIRS( J, K) | J #EQ# | #OR# K #EQ¥# I:
MATCH(J, K)) = 1

The feature of interest in this constraint is the conditional qualfigEQ# | #OR# K #EQ4# bn the
@SUMfunction. For each analyktwe sum up all th!/ATCH variables that contaihand set them
equal to 1. In so doing, we guarantee andlysti be paired up with exactly one other analyst. The
conditional qualifier guarantees we only sum upN#eT CHvariables that includkin its pairing.

One other feature is required in this model. We are leMAGCH( I, J)be 1 if we are pairingwith J.
Otherwise, it will be 0. Unless specified otherwise, LINGO variables can assume any value from 0 to
infinity. Because we waMIATCHto be restricted to being only 0 or 1, we need to applyaBéN

variable domain functioto theMATCHattribute. Variable domain functions are used to restrict the
values a variable can assume. Unlike constraints, variable domain functions do not add equations to a
model. The@BINfunction restricts a variable to beib@ary (i.e., 0 or 1). When you have a model

that contains binary variables, it is said to béndéeger programminglP) model. IP models are much

more difficult to solve than models that contain only continuous variables. Carelessly formulated large
IPs (with several hundred integer variables or more) can literallyfoadeerto solve! Thus, you

should limit the use of binary variables whenever possible. To @pl\Nto all the variables in the
MATCHattribute, add th&@ FORexpression:

@FOR( PAIRS( I, J): @BIN( MATCH( 1, J)));

The Solution
The entire formulation for our matching example and parts of its solution appear below.
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MODEL:

SETS:
ANALYSTS;
PAIRS( ANALYSTS, ANALYSTS) | &2 #GT# &1:
RATING, MATCH,;
ENDSETS

DATA:

ANALYSTS =1..8;

RATING =

9342156
173521
44292
1552
876
23
4

ENDDATA

MIN = @SUM( PAIRS( 1, J):
RATING( 1, J) * MATCH(1, J));

@FOR( ANALYSTS( I):
@SUM( PAIRS( J, K) | J #EQ# | #OR# K #EQ# I:
MATCH(J, K)) = 1
);

@FOR( PAIRS( I, J): @BIN( MATCH( 1, J)));

END
Model: MATCHD
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Global optimal solution found.

Objective value: 6.000000
Extended solver steps: 0
Total solver iterations: 0

Variable Value Reduced Cost
MATCH( 1, 2) 0.0000000 9.000000
MATCH( 1, 3) 0.0000000 3.000000
MATCH( 1, 4) 0.0000000 4.000000
MATCH(1,5) 0.0000000 2.000000
MATCH(1,6) 1.000000 1.000000
MATCH( 1, 7) 0.0000000 5.000000
MATCH( 1, 8) 0.0000000 6.000000
MATCH( 2, 3) 0.0000000 1.000000
MATCH( 2, 4) 0.0000000 7.000000
MATCH(2,5) 0.0000000 3.000000
MATCH( 2, 6) 0.0000000 5.000000
MATCH(2,7) 1.000000 2.000000
MATCH( 2, 8) 0.0000000 1.000000
MATCH( 3, 4) 0.0000000 4.000000
MATCH( 3,5) 0.0000000 4.000000
MATCH( 3, 6) 0.0000000 2.000000
MATCH( 3,7) 0.0000000 9.000000
MATCH( 3,8) 1.000000 2.000000
MATCH( 4,5) 1.000000 1.000000
MATCH( 4, 6) 0.0000000 5.000000
MATCH( 4,7) 0.0000000 5.000000
MATCH( 4, 8) 0.0000000 2.000000
MATCH( 5, 6) 0.0000000 8.000000
MATCH(5, 7) 0.0000000 7.000000
MATCH( 5, 8) 0.0000000 6.000000
MATCH( 6, 7) 0.0000000 2.000000
MATCH( 6, 8) 0.0000000 3.000000
MATCH( 7, 8) 0.0000000 4,000000

Solution to MATCHD

From the objective value, we know the total sum of the incompatibility ratings for the optimal pairings
is 6. Scanning th&aluecolumn for 1s, we find the optimal pairings: (1,6), (2,7), (3,8), and (4,5).

Summary

In this chapter, webdve discussed the concept
and flexibility of setbasedmnodeling. You should now have a foundation of knowledge in the

definition and use of both primitive and derived sets. The next chapter will discuss the use of variable
domain functions, which were briefly introduced in this chapter when we@&# in the previous
matching model.

of



3 Using Variablemain
Functions

Unless specified otherwise, variables in a LINGO model default to beingegative and continuous.
More specifically, variables can assume any real value from zero to positive infinity. In many cases,
this default domain for a variable may be inappropriate. For instance, you may want a variable to
assume negative values, or you might want a variable restricted to purely integer values. LINGO
provides ninevariable domain functionavhich allow you to override the default domain of a variable,
and, in the case @POSD the domain of a matrix of variables. The names of these functions and a
brief description of their usage are:

@GIN restricts avariable to being an integer va

@BIN makes a variablbinary (i.e., 0 or 1)

@FREE allows a variable tassume any real value, positivenegativi

@BND limits a variable to fall within a finiteange

@S0Ss defines a set of binamariables and places restrictions on their collective v

@CARD  defines a set of binary variablasd places an upper limit on their sum

@SEMIC restricts variables to being either zerayoeaterthan a specified const:
@PRIORITYused to assign branching prioritiesvariables.

@POSD restricts assquare matrix to being symmetric matrix and positive sigfinite

In the remainder of this section, we'll investigate the mechanics of using these functions, and present a
number of examples illustrating their usage.

Integer Variables

LINGO gives the user the ability to define two types of integer varigbieseralandbinary. A
general integer variable is required ®dwhole number. Binary integer variable is further required
to be either zero or one. Any model containing one or more integer variables is referred to as an
integerprogramming(IP) model.

In many modeling projects, you will be faced with Yes/No types of decisions. Some examples would
include Produce/ Dondt Produce, |fopPBlant)/PDoamdt/ Cl os e
Supply CustomerfromPlant, and | ncur a Fixed Cost/ Dondt I ncu
the standard method used for modeling these Yes/No decisions.
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General integer variables are useful wherending of fractional solutions is problematic. For

instance, suppose you have a model that dictates producing 5,121,787.5 blue crayons in your crayon
factory. Whether you round the solution to 5,121,787 or 5,121,788 is inconsequential. On the other
hand, suppose your planning model for NASA determines the optimal number of space stations to
deploy is 1.5. Because buildifigs space stations is impossible, you mugsty carefully consider how

to round the results. When whole numbers are required and rounding can make a significant
difference, general integer variables are appropriate.

LINGO does not simply round @runcate values to come up with an integer answer. Rounding of a
solution will typically lead to either infeasible or suboptimal solutions. To illustrate this point, consider
the small model:

MAX = X;

X+Y=255;

X<=Y;

By examining this model, one can deduce the optimal solutinYs12.75. Now, suppose we want

an optimal solution witkX being integer. Simply roundingto 13 would make the model infeasible,

because there would be no value Ydhat would satisfy both the constraints. Clearly, the optimal
solutionisXx=12andy=13. 5. Unfortunately, fieyeballingo the
many integer variables is virtually impossible.

To solve these problems, LINGO performs a complex algoritaiiedbranchand-boundthat

implicitly enumerates all combinations of the integer variables to determine the best feasible answer to
an IP model. Because of the extra computation time required by this algorithm, formulating your
problem to avoid the use of integer variables is advised whenever possible. Even so, although
computation times may grow dramatically when you add integer variables, it often makes sense to ask
LINGO for integer solutions when fractional values are of little or no use.

General Integer Variables

By default, LINGO assumes all variables in a model are continuous. In many applications, fractional
values may be undesi r ab lhirds of ¥ pessonywooselbhalfab e abl e t o
automobile. In these instances, you will want to make use of the general integer variable domain

function, @GIN.

The syntax of th@@ GINfunction is:
@GIN(variable_namg
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wherevariable_namas the name of the variable you wish to make general intege @i
function may be used in a model anywhere you would normally enter a constrai@.QIhNfunction
can be embedded in @FORstatement to allow you to easily set all, or selected, variables of an
attribute to be general integers. Some examplé@®fN are:

Example 1: @GIN(X);
makes the scalar variab¥egeneral integer,

Example 2: @GIN(PRODUCE(5));
makes the variablBRODUCE(5)general integer,

Example 3: @FOR(DAYS(l): @GIN(START()));
makes all the variables of tl8T ARTattribute general integer.

General Integ ExampleCompuQuick Produict

To illustrate the use @ GINin a full model, we will consider a variation on tBempuQuick

Corporation modeh Getting Started with LINGOCompuQuick has successfully rebalanced the
Standard computer's assembly line. In so doing, they are now able to build an additional 3 Standard
computers on the line each day, for a daily total of 103 computers. As a result, the constraint on the
Standard's assembly line will now be:

STANDARD <= 103;

Incorporating this constraint into the original CompuQuick model, we have:

I Here is the total profit objective function;
MAX =100 * STANDARD + 150 * TURBO;

I Constraints on the production line capacity;
STANDARD <= 103;
TURBO <= 120;

I Our labor supply is limited,;
STANDARD + 2 * TURBO <= 160;
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Solving this modified model, we get the solution:

Global optimal solution found.

Objective value: 14575.00
Infeasibilities: 0.000000
Total solver iterations: 0
Elapsed runtime seconds: 0.03
Model Class: LP
Total variables: 2
Nonlinear variables: 0
Integer variables: 0
Total constraints: 4
Nonlinear constraints: 0
Total nonzeros: 6
Nonlinear nonzeros: 0
Variable Value Reduced Cost
STANDARD 103.0000 0.000000
TURBO 28.50000 0.000000
Row Slack or Surplus Dual Price
1 14575.00 1.000000
2 0.000000 25.00000
3 91.50000 0.000000
4 0.000000 75.00000

Note that the new optimal number of Turbo computers, 28.5, is no longer an integer quantity.
CompuQuick must produce whole numbers of computers each day. To guarantee this@ iddd
statements to make both tB8 ANDARDaNndTURBOVvariables general integer. The revised model
follows:

I Here is the total profit objective function;
MAX = 100 * STANDARD + 150 * TURBO;

I Constraints on the production line capacity;
STANDARD <= 103;
TURBO <= 120;

I Our labor supply is limited,;
STANDARD + 2 * TURBO <= 160;

I Integer values only;
@GIN( STANDARD); @GIN( TURBO);
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Solving the modified model results in the integer solution we were hoping for:

Global optimal solution found.

Obijective value: 14550.00
Objective bound: 14550.00
Infeasibilities: 0.000000
Extended solver steps: 0
Total solver iterations: 0
Elapsed runtime seconds: 0.06
Model Class: PILP
Total variables: 2
Nonlinear variables: 0
Integer variables: 2
Total constraints: 4
Nonlinear constraints: 0
Total nonzeros: 6
Nonlinear nonzeros: 0
Variable Value Reduced Cost
STANDARD 102.0000 -100.0000
TURBO 29.00000 - 150.0000
Row Slack or Surplus Dual Price
1 14550.00 1.000000
2 1.000000 0.000000
3 91.00000 0.000000
4 0.000000 0.000000

Note that we now have a two new solution statisBissended solver steps and Objective bound

For models with integer variables, such as this one, the extended solver steps statistic is a tally of the
number of times integer variables had to be forced to an integer value during thedmabohnd

solution procedure. In general, this value is not of much practical use to the normal user, other than to
give you a notion of how hard LINGO is working at finding an integer solution. If the number of steps
gets quite large, LINGO is having a hard time finding good integer solutions to your nrotgk

case, given that the model is quite small, LINGO's preprocessor was able to find the optimal solution
without having to resort to the brarehdbound solver.

The objective bound statistic gives us a bound on the best possible solution for thelmothedr

words, there is no feasible solution to the model with an objective value better than the objective
bound statistic.Here we see that the bound and the objective value are both equal, which is further
evidence that we have a globally optimal soluti@n larger models that take a while to run, you may
decide to interrupt LINGO before a global solution is fouhdthis case, the objective bound and the
objective value will probably not agren this case, the bound will let you know how far you are
from the true optimal solutionYou may also find it useful to interrupt the solver once the bound and




108 CHAPTER 3

objective value get close to one another, with the idea being that any further potential gains in the best
objective aren't worth the additional solve time.

Also of interest is the Model Class, which has changed from LP (Linear Program) to PILP (Pure
Integer Linear Program).

General Integer Exam@@af#Scheduling

Recalling the stafcheduling example in ChapterlZsing Setsfor thePluto hot dog stand, you will

remember the solution told us how many employees to start on any given day of the week. You may

also remember the optimal solution had us starting whole numbers of employees on every day even

t hough we werendt wusing integer variabl es. It tu
to the staffing model to demonstrate this.

In the original staffing model, we required the following number of people on duty for the seven days
of the week: 20, 16, 13, 16, 19, 14, and 12. Let
the third dayés requirement from 13 to 18. Il ncor

MODEL:
SETS:

DAYS: REQUIRED, START,
ENDSETS

DATA:
DAYS = MON TUE WED THU FRI SAT SUN;
REQUIRED = 20 12 18 16 19 14 12,
ENDDATA

MIN = @SUM( DAYS( I): START(1));

@FOR( DAYS( J):
@SUM(DAYS( 1) | | #LE# 5:
START( @WRAP(J - 1+1,7)))
>= REQUIRED( J)
);
END

After making this modest change anesmving, we no longer have a pure integer solution. In fact, all
the STARTvariables are now fractional as the followjadpbreviatedolution report shows:

Global optimal solution found.

Objective value: 23.66667
Total solver iterations: 0
Variable Value Reduced Cost

START( MON) 9.666667 0.000000
START( TUE) 2.000000 0.000000
START(WED) 1.666667 0.000000
START( THU) 5.666667 0.000000
START( FRI) 0.000000 0.000000
START( SAT) 4.666667 0.000000

START( SUN) 0.000000 0.333333




VARIABLE DOMAIN FUNCTION®

In this particular model, we can always round the solution up and remain feasible. (In most models, we
wonot tend Roundirlyée ciinubug solkitpn in one direction or the other can lead to an
infeasible solution.) There may be some extra staff on some of the days, but, by rounding up, we will
never have a day without enough staff. Rounding the continuous solution up gives an objective of
10+2+2+6+525 employees.

Now, |l et s apply integer programming to the revi
@GIN function to make th&TARTvariables general integers. We could do this by adding the
following to our model:

@GIN( START( MON));
@GIN( START( TUE));
@GIN( START( WED));
@GIN( START( THU));
@GIN( START( FRI));

@GIN( START( SAT));
@GIN( START( SUN));

However, an easier approach would be to embe@@&N function inan @FORfunction, so we can
apply @GINto each member @TARTUsIng the single statement:
@FOR(DAYS( I): @GIN(  START( 1)));

This new statement says, for each day of the week, make the variable corresponding to the number of
people to start on that day a general integer variable.

After inserting this@ FORstatement at the end of our model and reoptimizing, we get the pure integer
solution:

Global optimal solution found.

Objective value: 24.00000

Extended solver steps: 0

Total solver iteration S: 6

Variable Value Reduced Cost

START( MON) 10.00000 1.000000
START( TUE) 2.000000 1.000000
START(WED) 1.000000 1.000000
START( THU) 6.000000 1.000000
START( FRI) 0.000000 1.000000
START( SAT) 5.000000 1.000000
START( SUN) 0.000000 1.000000

Note that the objective of 24 beats the objective of 25 obtained by rounding. Thus, had we gone with
the rounded solution, we would have hired one more employee than required.

Alldiff All Different General Integer Variables

A common situation in integer programming is to have a set of general integer variables that are all
required to take on different values. Examples would include the sequence of cities visited in a
traveling salesman problem, or the 9 values in a square of a Sudoku puzzle.
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The syntax of thé@ALLDIFF function is:
@ALLDIFF( 'set_nameVariable_namg

where 'set_name' is the name assigned to this set of general integer variahlasabled namas the
name of a variable belonging to the set. Note tha@dé¢ LDIFF function can be used inside an
@FORIooping function to place multiple variables into the same set. Some examesLoDIFF
are:

Example 1: @ALLDIFF('SET1", X); @ALLDIFF('SET1', Y);
makes the scalar variabl¥sandY members of the allifferent set called 'SET1',

Example 2: @FOR( CITIES(1): @ALLDIFF( 'SEQSET", Z( )));
assigns all variables of attribufeto the alldifferent set 'SEQSET".

By all-different we mean that the variables in the set will all take on different integer values ranging
from 1 toN, whenN is the number of variables in the set.

Note: All-different variables must be general integer variables. However, you do not have to
explicitly declare them as such, because LINGO will automatically mark them as general
integer.

For an interesting application @ALLDIFF, you can refer to thEUDOKUALLDIFF.LG4model in
the LINGOSamplegolder. This model solves the wddhow Sudoku puzzle, where one fills a 9x9
grid with the digits 1,2,...9, so that each digit appears once in:

a) each column,

b) each row,

c¢) each of the nine 3x3 subsquares,
d) the main diagonal,

e) the reflected diagonal.

Some versions of the puzzle do not require (d) and (e).
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Looking at the sample mod8IUDOKUALLDIFF,we find the following constraints that enforce
properties a) through c) above:

I Each entry is in the interval [1, 9];
@for( sxs(i,)):
@bnd(1, y(i.j), 9);

I For each row i, the entries must be all different integers;
@for( side( i):
@for( side()):
@alldiff( 'row'+side(i), y(i,)));
)i
)i

I For each col j, the entries must be all different;
@for( side( j):
@for( side(i):
@alldiff( 'col'+side()), y(i.)));
)i
)i

I For each subblock, the entries must be all different;
@for( sxs(i1,j1) | @mod(i1,3) #eqg# 1 #and# @mod(j1,3) #eg# 1:
@for( sxs(i,j) | i1 #le# i #and# i #le# i1+2
#and# |1 #le# | #and# | #le# j1+2:
@alldiff( 'blk'+side(il)+side(j1), y(i,j));
)i
)
Model: SUDUKOALLDIFF

Note thatY(i,j) represents the value stored in roand columrj of the puzzle.

An interesting feature of the calls to tl@pALLDIFF function in this model are the references to the set
SIDE,whereSIDEis used to represent the 9 rows and 9 columns of the plusileg set names allows
us to construct unique names for the different sets-aliffdrent variables. Generating the scalar
version of this model, we find find the followi@ALLDIFF references to enforce the-different
condition for row 1 of the puzzle:

@ALLDIFF('ROWL', Y_1_1); @ALLDIFF('ROWY', Y_1_2);
@ALLDIFF('ROWL', Y_1_3); @ALLDIFF('ROWY', Y_1_4);
@ALLDIFF('ROWL', Y_1_5); @ALLDIFF('ROWY', Y_1_6);
@ALLDIFF('ROWL', Y_1_7); @ALLDIFF('ROWY', Y_1_8);
@ALLDIFF('ROWL', Y_1_9);

In this case, we concatenated the set name of the first row (i.e., "1") to the word "ROW" to construct
the alkdifferent set name for the first row of the puzzle: "ROW1".




112 CHAPTER 3

Solving this models gives us the following solution to the puzzle:

Sudoku Puzzle Solution:

3 5 4 1 6 2 7 8 9
2 9 1 7 8 3 6 5 4
7 6 8 9 4 5 2 3 1
....... 6128 . 47 s
8 4 5 6 7 1 9 2 3
9 3 7 2 5 4 1 6 8
....... 1763 o & s 4 o
5 2 3 4 1 7 8 9 6
4 8 9 5 2 6 3 1 7

Specifying Bounds on Variables on an Alldiff Set

You will note from above that the default values of the variables in an Alldiff seNwvitembers will

be contained in the set of positive integersNL.with each variable having a unique value. For most
applications this should be sufficient. However, there may be times when you wish to override these
bounds of 1 tdN, so that the variables can take on a different set of values. In the model fragment
below, we create an Alldiff set callédYALLDIFFthat contains the three variablésYandZ.

IFirst call passed the lower and upper bounds on
the Alldiff variables;
@ALLDIFF('MYALLDIFF', 10, 20);

IAdd X, Y amd Z variables to the set;
@ALLDIFF('MYALLDIFF', X);
@ALLDIFF('MYALLDIFF', Y);
@\LLDIFF('MYALLDIFF', 2);

Note the additional @LLDIFF call at the top to explicitly specify the variable bound&l@DIFF(
'MYALLDIFF', 10, 20). In this case, instead of the variable values running from 1 to 3, they will now
values contained in the interval of 10 to 20. Subsequeéitl@IFF calls are as before, with two
arguments consisting of the set name and a new variable name to add to the set.
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Binary Integer Variables

A binary integer variabld also called a 0/1 variatdleis a special case of an integer variable that is
required to be either zero or one. |ltoés often

The syntax of thé@BIN function is:
@BIN( variable_namg

wherevariable_namas the name of the variable you wish to make binary. @&4N function may be
used in a model anywhere you would normally enter a constraint@BiBl function can be

embedded imn @ FORstatement to allow you to easily set all, or selected, variables of an attribute to
be binary integers. Some examplegBINare:

Example 1: @BIN( X);
makes the scalar variabbg, a binary integer,

Example 2: @BIN( INCLUDE( 4));
makes the variabINCLUDE(4) binary,

Example 3 @FOR(ITEMS: @BIN( INCLUDE));
makes all variables in tHBICLUDE attribute binary.

Binary Integer Examplae Knapsack Problem

Theknapsackmodel is a classic problem that uses binary variables. In this problem, you have a group
of items you want to pack into your knapsack. Unfortunately, the capacity of the knapsack is limited
such that it is impossible to include all items. Each item has a certain value, or utility, associated with
including it in the knapsack. The problem is to find the subset of items to include in the knapsack that
maximizes the total value of the load without exceeding the capacity of the knapsack.

Of course, the knapsack euphemism shoul dnodt

| e
problem. The Aknapsacko problem can be applied

loading,capitalbudgeting, and strategic planning.

U S

a o
t
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The Problem

As an example, suppose you are planning a picnic

carry with you on the picnic. Each item has a weight associated with it and your knapsack is limited to
carrying no more than 15 pounds. You have also come up with a 1 to 10 rating for each item, which
indicates how strongly you want to include the particular item in the knapsack for the picnic. This
information is listed below:

Item Weight = Rating
Ant Repellent 1 2
Beer 3 9
Blanket 4 3
Bratwurst 3 8
Brownies 3 10
Frisbee 1 6
Salad 5 4
Watermelon 10 10

The Formulation
We have only one set in this modehe set of items we are considering carrying in the knapsack. This
is a primitive setand we camlefineit in the sets section:

SETS:
ITEMS: INCLUDE, WEIGHT, RATING;
ENDSETS

We haveassociatethe three attributeNCLUDE, WEIGHT, andRATINGwith the setINCLUDE
will be the binary variables used to indicate if an item is to be included in the knap4akkHTis
used to store the weight of each item, RAMINGis used to store each item's rating.

Next, we will need to construct a data section to input the set memberdTE B and their
associated weights and ratings. Here is a data section that accomplishes the task:

DATA:

ITEMS WEIGHT RATING =
ANT_REPEL 1 2
BEER 3 9
BLANKET 4 3
BRATWURST 3 8
BROWNIES 3 10
FRISBEE 1 6
SALAD 5 4
WATERMELON 10 10;

KNAPSACK_CAPACITY = 15;
ENDDATA

Note that we have also included the knapsackos

that it isolates data from the constraints of the model.

C
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Given that all the sets and data have been defined, we can turn to building our objective function. We
want to maximize the sum of the ratings of the items included in our knapsack. NoMChatDE(I)

will be 1 if iteml is included. Otherwise, it will be 0. Therefore, if we take the inner product of
INCLUDE with theRATINGattribute, we will get the overall rating of a combination of included

items. Putting this into LINGO syntax, we have:

MAX = @SUM( ITEMS: RATING * INCLUDE);

Note that we did not specify a set index variable ind@@UMfunction. Since all the attributes in the
function RATINGandINCLUDE) are defined on the index séTEMS), we can drop the set index
variable and use implicit indexing.

Our next step is to input our constraints. There is only one constraint in this model. Specifically, we
must not exceed the capacity of the knapsack. In a similar manner as the objective, we compute the
weight of a given combination of items by taking the inner product diNGé& UDE attribute with the
WEIGHTattribute. This sum must be legmnor-equatto the capacity of the knapsack. In LINGO
syntax, we express this as:

@SUM(ITEMS: WEIGHT * INCLUDE) <= KNAPSACK_CAPACITY;

Finally, we must make thélCLUDE variable binary. We could do this by adding:

@BIN( INCLUDE( @INDEX( ANT_REPEL)));
@BIN( INCLUDE( @INDEX( BEER)));

@BIN( INCLUDE( @INDEX( BLANKET)));
@BIN( INCLUDE( @INDEX( BRATWURST)));
@BIN( INCLUDE( @INDEX( BROWNIES)));
@BIN( INCLUDE( @INDEX( FRISBEE)));
@BIN( INCLUDE( @INDEX( SALAD)));

@BIN( INCLUDE( @INDEX( WATERMELON)));

(Note that the@ INDEXfunction simply returns the index of a primitive set member in it9 set.
However, a more efficient and data independent way of doing this would be to en@&iMn
function in an@FORfunction as follows:

@FOR(ITEMS: @BIN(  INCLUDE));
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The Solution

The entire model for our knapsack example and excerpts from its solution are listed below. The model
formulation file may be found in yo8AMPLESubdirectory off the main LINGO directory under the
nameKNAPSACK

MODEL:

SETS:
ITEMS: INCLUDE, WEIGHT, RATING,;
ENDSETS

DATA:
ITEMS WEIGHT RATING =
ANT_REPEL 1
BEER 3
BLANKET 4
BRATWURST 3
BROWNIES 3 1
FRISBEE 1
SALAD 5
WATERMELON 10

OROO®W®ON

KNAPSACK_CAPACITY = 15;
ENDDATA

MAX = @SUM( ITEMS: RATING * INCLUDE);

@SUM(ITEMS: WEIGHT * INCLUDE) <=
KNAPSACK_CAPACITY;

@FOR( ITEMS: @BIN( INCLUDE));

END
Model: KNAPSACK




VARIABLE DOMAIN FUNCTIONE

Global optimal solution found.

Objective value: 38.00000
Objective bound: 38.00000
Infeasibilities: 0.000000
Extended solver steps: 0
Total solver iterations: 0
Elapsed runtime seconds: 0.03
Model Class: PILP
Variable Value Reduced Cost
INCLUDE( ANT_REPEL) 1.000000 - 2.000000
INCLUDE( BEER) 1.000000 - 9.000000
INCLUDE( BLANKET) 1.000000 - 3.000000
INCLUDE( BRATWURST) 1.000000 - 8.000000
INCLUDE( BROWNIES) 1.000000 - 10.00000
INCLUDE( FRISBEE) 1.000000 - 6.000000
INCLUDE( SALAD) 0.000000 - 4.000000
INCLUDE( WATERMELON) 0.000000 -10.00000

Solution to KNAPSACK

Your knapsack is fully packed at 15 pounds, and we take along everything but the salad and
watermelon. Your lunch of beer, bratwurst, and brownies may not be very healthy, but at least you will
be happy!

An ExtensiorModeling a Logical Or Condition
Binary variables are very useful for modeling logical conditions. For instance, suppose your physician
reviews your picnic plans and, fearing for your health, insists you must take either ther sa¢ad

watermelon along on your picnic. You could add this condition to your model by simply appending the
constraint:

INCLUDE( @INDEX( SALAD)) +
INCLUDE( @INDEX( WATERMELON)) >= 1;

In order to satisfy this constraint, either the salad, the watermelon, or both must be included in the
knapsack. Unfortunately, constraints of this form are not good practice in that they are not data
independent. Suppose that your list of picnic items changes. You may need to modify this new
constraint to reflect those changes. A well formulated model should require no changes to the
constraints as a result of changes to the data. The following model demonstrates a data independent
way of incorporating your physician's request (additions to the original model are listed in bold).
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MODEL:
SETS:

ITEMS: INCLUDE, WEIGHT, RATING;
MUST_EAT_ONE( ITEMS);
ENDSETS

DATA:
ITEMS WEIGHT RATING =
ANT_REPEL 12
BEER 39
BLANKET 4 3
BRATWURST 3 8
BROWNIES 3 10
FRISBEE 1 6
SALAD 54
WATERMELON 10 10;

MUST_EAT_ONE = SALAD WATERMELON;

KNAPSACK_CAPACITY = 15;
ENDDATA

MAX = @SUM( ITEMS: RATING * INCLUDE);

@SUM(ITEMS: WEIGHT * INCLUDE) <=
KNAPSACK_CAPACITY;

@FOR( ITEMS: @BIN( INCLUDE));

@SUM( MUST_EAT_ONE( I): INCLUDE( I)) >= 1;

END

We have derived a set callstlUST_EAT_ONEHrom the original picnic items, and used an explicit
list to include the items we must carry as members. Then, at the end of the model, we added a
constraint that forces at least one of the "must eat" items into the solution.
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For those interested, the solution to the modified model is:

Global optimal solution found.

Objective value:

Obijective bound:

Infeasibilities:

Extended solver steps:
Total solver iterations:
Elapsed runtime seconds:

Variable

INCLUDE( ANT_REPEL)

INCLUDE( BEE

INCLUDE( BLANKET)

R)

INCLUDE( BRATWURST)

INCLUDE( BROWNIES)
INCLUDE( FRISBEE)
INCLUDE( SALAD)

INCLUDE( WATERMELON)

37.00000
37.00000
0.000000
0
0
0.03
Value Reduced Cost
0.000000 - 2.000000
1.000000 - 9.000000
0.000000 - 3.000000
1.000000 - 8.000000
1.000000 - 10.00000
1.000000 - 6.000000
1.000000 - 4.000000
0.000000 - 10.00000

In short, we drop the ant repellent and blanket, and replace them with the salad.

Binary Integer ExanmpRrodueMix with Fixed Costs

In many situations, it is not unusual for a particular activity to incur a fixed Egatples where one

might incur a fixed cost include opening a plant, producing a product, paying a commission on an

order to buy stock, or retooling an assembly line.

In this next example, we will put together a produnix model much like the CompuQuick example
from Chapter 1Getting Started with LINGQn this case, however, there is a fixed setup charge

associated with the production of an item. In other words, whenever we produce any amount of a

product, we incur a fixed charge independent of the output level of the product.

The Problem
Youdre t he

manager

of

an

airplane

-pix ol your sixa n d

you

models to produce. The six models currently under production are the Rocket, Meteor, Streak, Comet,
Jet, and Biplane. Each plane has a known profit contribution. There is also a fixed cost associated with
the production of any plane in a period. The profit and fixed costs are given in the following table:

Plane | Profit | Setup

Rocket 30 35
Meteor 45 20
Streak 24 60
Comet 26 70
Jet 24 75
Biplane 30 30
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Each plane is produced using six raw matediateel, copper, plastic, rubber, glass, and paint. The

units of these raw materials required by the planes as well as the total availability of the raw materials

are:
' Rocket Meteor  Streak Comet Jet Biplane | Available

Steel 1 4 0 4 2 1 800

Copper 4 5 3 0 1 0 1160

Plastic 0 3 8 0 1 0 1780

Rubber 2 0 1 2 1 5 1050

Glass 2 4 2 2 2 4 1360

Paint 1 4 1 4 3 4 1240

The problem is to determine the final mix of products that maximizes net profit (gross pedfip
costs) without exceeding the availability of any raw material. Your brand new Meteor model has the
hi ghest profit per wunit

should build nothing but Meteors? Then again, maybe not.

The Formulation

of

anything

youbve

As you might guess, we will need two primitive sets in this mbdele to represent the airplane
models and one to represent the raw materials. We can construct these sets as follows:

PLANES:

PROFIT, SETUP, QUANTITY, BUILD;
RESOURCES: AVAILABLE;

We added the following four attributes to tAEANESset:

§ PROFIT

§ SETUP

§ QUANTITY
§ BUILD

stores profit contribution for the plane,

stores setup cost to begin producing the plane,

a variable for quantity of planes to produce, and

a binary variable, 1 if we produce the plane, else 0.

The AVAILABLEattribute on theRESOURCESet will be used to store the availability of each

resource.

We will also need to derive a dense set by taking the cross BEEB®URCESet with thePLANES

set. We need this set in order to definédAGEattribute to store the resource usage of each plane.

We will call this derived séRXP, which, after inclusion into the sets section, gives us:

SETS:
PLANES:

PROFIT, SETUP, QUANTITY, BUILD;
RESOURCES: AVAILABLE;
RXP( RESOURCES, PLANES): USAGE;

ENDSETS

ever
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In our data section, we will initialize the set memb&IsANESandRESOURCESalong with the data
attributesPROFIT, SETUR AVAILABLE andUSAGE Here is the data section we will use:

DATA:
PLANES PROFIT SETUP =
ROCKET 30 35
METEOR 45 20
STREAK 24 60
COMET 26 70
JET 24 75
BIPLANE 30 30;
RESOURCES AVAILABLE =
STEEL,800 COPPER,1160 PLASTIC,1780
RUBBER,1050 GLASS,1360 PAINT,1240;
USAGE=140420
453010
038010
201215
242224
141434

ENDDATA

With the sets and data sections complete, we can now turn our attention to the objective function. For
our objective, we want to maximize total net profit. Specifically, this is computed as the sum of profit
times quantity produced of each plane, minus its setup cost multiplied BYthB binary variable.

In LINGO syntax, we express the objective as:

MAX = @SUM( PLANES:
PROFIT * QUANTITY - SETUP * BUILD);

Since all attributes are defined on the index set, we can drop the set index variable and use implicit
indexing.

For our first set of constraints, we want to be sure raw material supplies are not exceeded. In words,
what we want is:

For each resource i, the sum over each plane j of the quantity of plane j built
multiplied by the resource usage of resource i by plane j must be
lessthanor-equatto the availability of resource i.
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Given the vagaries of the English language, it's highly likely one would find the equivalent LINGO
notation more concise and easier to understand:

@FOR( RESOURCES( I):
@SUM( PLANES( J):
USAGE( 1, J) * QUANTITY(J)) <=
AVAILABLE( 1)
);

Our next set of constraints is not quite as intuitive. We are using the binary vat#hle to

represent if a plane is being built, so we can incorporate a fixed cost for the plane in the objective
function. What we need is some constraint mechanism to Biy¢eD( |) to be 1 when we produce a
nonzero quantity of planie The following constraint will do just that:

@FOR( PLANES:
QUANTITY <= 400 * BUILD;
@BIN( BUILD)

Given thaBUILD is 0/1, as soon &UANTITYgoes nonzero the only feasible solution isBoHLD
to go to 1. Constraints of this form used to force a binary variable to an appropriate value are
sometimes referred to &wrcing constraints

The coefficient of 400 in our forcing constraints was chosen because we know from scanning our data
that no more than 400 of any plane can be built. Can you verify this? Coefficients used in this manner
are sometimes calléBigM coefficients. For solver efficiency reasons, it's best to try to Bégy

values as small as reasonably possible.

Because th8igM coefficient of 400 is dependent upon the model's data, it is actually bad modeling
practice to embed the coefficient in the model's constraints as we have done here. As we have
discussed, it is best to try to keep the constraints of your model independent of the data to facilitate
model maintenance. A more data independent formulation would actually involve calculations to come
up with a goodigM value. Can you think of how you might add such a feature to this model?

A reasonable question at this point would be: "We have the machinery t@&fdicB to 1 when we
build a plane. What forceBUILD to zero when welon'tbuild a plane?" The fact thBIUUILD appears
in the objective with a negative coefficient (we multiply it®ly TUPand then subtract it from the
objective) guarantees this. If a plane was not being built and the correspBhdiriy variable was 1,
we could get a better solution by simply settiBigILD to 0. Since the goal is to maximize the
objective,BUILD will always be driven to 0 when a plane is not built.

One final feature of our forcing constraints to note is that we have piggyback@®Bih&unction call
onto the@FORstatement for the forcing constraints. Asiyrecall from the discussion of set looping
functionsin Using Setsan@FORfunction may contain multiple expressions as long as they are
separated by a semicolon. We have capitalized on this feature by includi@@thexpression as
well.

As a final feature, we can make Q&JANTIT Yvariables general integers with the expression:
@FOR( PLANES: @GIN( QUANTITY));
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The Solution
The formulation in its entirety and a selected portion of the solution appear below. The formulation file
may be found in filPRODMIX

MODEL:
SETS:
PLANES:
PROFIT, SETUP, QUANTITY, BUILD;
RESOURCES: AVAILABLE;
RXP( RESOURCES, PLANES): USAGE;

ENDSETS
DATA:

PLANES PROFIT SETUP =
ROCKET 30 35
METEOR 45 20
STREAK 24 60
COMET 26 70
JET 24 75
BIPLANE 30 30;

RESOURCES AVAILABLE =
STEEL,800 COPPER,1160 PLASTIC,1780
RUBBER,1050 GLASS,1360 PAINT,1240;
USAGE= 140420
453010
038010
201215
242224
141434
ENDDATA

MAX = @SUM( PLANES:
PROFIT * QUANTITY - SETUP * BUILD);
@FOR( RESOURCES( I):
@SUM( PLANES( J):
USAGE( |, J) * QUANTITY(J)) <=
AVAILABLE( Iy;

@FOR( PLANES:
QUANTITY <= 400 * BUILD:
@BIN( BUILD);

);
@FOR( PLANES: @GIN( QUANTITY));

END
Model: PRODMIX

Global optimal solution found.

Objective value: 14764.00
Objective bound: 14764.00
Infeasibilities: 0.000000
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Extended solver steps: 18

Total solver iterations: 332

Elapsed runtime seconds: 0.11
Variable Value Reduced Cost
QUANTITY( ROCKET) 96.00000 - 30.00000
QUANTITY( METEOR) 0.000000 - 45.00000
QUANTITY( STREAK) 195.0000 - 24.00000
QUANTITY( COMET) 0.000000 - 26.00000
QUANTITY( JET) 191.0000 - 24.00000
QUANTITY( BIPLANE) 94.00000 - 30.00000
BUILD( ROCKET) 1.000000 35.00000
BUILD( METEOR) 0.000000 20.00000
BUILD( STREAK) 1.000000 60.00000
BUILD( COMET) 0.000000 70.00000
BUILD( JET) 1.000000 75.00000
BUILD( BIPLANE) 1.000000 30.00000

Solution to PRODMIX

Surprisingly, we see from the solution that we build none of the "profitable” Meteors. Can you
determine why this is so®@n the other hand, the Rocket, Streak, Jet and Biplane are produced, and,
as we anticipated, tHRUILD variable for each of these planes has been correctly set to 1.

Dual Values and IP

In Chapter 1Getting Started with LINGQwe introduced the concept of dual values. The dual values
of a solution are the reduced costs of the variables and dual prices on the constraints. We also
discussed the useful information that can be obtained from dual values. Unfortunately, in IP models
the interpretation of the dual values breaks down. Due to the discreet nature of IP models, the dual
values in the solution to an IP model are of no practical use to the average user. Given this, the dual
values should be ignored when your model contains integer variables created through ti@Bid¢ of

or @GIN.

Variable Priorities

The time required for branedndbound algorithm to converge is highly dependent on the order in
which the solver branches on the integer variables. Some integer variables impact the solution more
than others. An example would be a plant location model, where we are deciding a) which plants to
open, and b) which customers to assign to which plants. Clearly, the decision of opening a plant
influences the solution considerably more than the decision of which plant to assign a given customer
to. In general, performance will improve if the solver branches on the more critical integer variables
first, while branching on the less critical variables later. LINGO provide@tARIORIT Yfunction

for controlling the branching priority of the variables.

The syntax of théPRIORITYfunction is:

@PRIORITY/( variable_name, relative_priority);

wherevariable_namés the name of the variable arelative_priorityis a nonnegative integer
representing the relative priority of the variable. @PRIORITYfunction may be used in a model
anywhere you would normally enter a constraint. @RRIORITYfunction can be embedded in an
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@FORstatement to allow you to easily set the priority of all, or selected, variables of an attribute. If a
variable is not assigned a priority, it is assumed to have the lowest priority level of 0.
Some examples @PRIORITYare:

Example 1: @PRIORITY( X, 100);
assigns variablX a priority of 100,

Example 2: @PRIORITY( PRODUCE( 5), 10);
assigns variablPRODUCE( 5a priority of 10,

Example 3: @FOR( DAYS( 1): @PRIORITY( START( 1), 30));
assigns all the variables of tBF ARTa priority of 30.

Summary

You should now be familiar with the use of the variable domain func@BEN and@GIN, and how

they are used to introduce integer variables into a model. This section has shown how integer variables
bring a whole new dimension of power to the mathematical modeler. Given that we have only briefly
delved into the topic of modeling with integer variables, the user that would like to become more
familiar with the many practical applications of integer programming and their formulations can refer

to Schrage (208), or Winston (1995).

Free Variables

By default, a LINGO variable has a lower bound of zero and an upper bound of ifHEBEE
removes the lower bound of zero and lets a variable take negative values, rendering it unconstrained in
sign, orfree. The syntax is:

@FREE variable_namg
wherevariable_namés the name of the variable you wish to make free.

The @FREEfunction may be used in a model anywhere you would normally enter a constraint. The
@FREEfunction can be embeddedan @FORstatement to allow you to easily make all, or selected,
variables of an attribute to be free. Some examplé@ EREEare:

Example 1: @FREE(X);
makes the scalar variablg, free,

Example 2: @FREE(QUANTITY( 4));
makes the variabl@UANTITY (4) free,

Example 3: @FOR(ITEMS: @FREE( QUANTITY));
makes all variables in tHQUANTIT Yattribute free.

FREE Variable Examjplerecasting
You are the inventory controller for the successful Bhack4Shades retail chain. Your business

specializes exclusively in the retailing of sunglasses to the lover of the outdoors. You need to come up
with a model to forecast sales of sunglasses in the coming quarter in order to build up inventory levels.
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You have created the following chart of your sales for the last eight quarters:

ShackiShades Sales

30
23 7
20
13 A
10
5 -

Sunglas=es Sold (000

Quarter

Looking at this chart, you theorize that sales are growing according to a linear trend line, but with
rather sizable seasonal variations. Sales pick up in the summer months when people head to the
beaches and again in winter when they head for the ski slopes. Given this, you have come up with the
following theoretical function to forecast sales as a function of time:

Predicted_Sald$) = Seasonal_Factdt) * (Base+ Trend* t)

where,
Predicted_Sales(t) represents predicted sales for quatiter
Seasonal_Factor(t) is one of four multipliers (one for each quarter of the
year) to account for seasonal variations,
Base is they-intercept of the hypothesized linear function, and
Trend is the slope of the linear function.

You would like to come up with a LINGO model to estimate the six parameters of your function (i.e.,
the four seasonal factors, the trend line base, and the trersiblred. To do this, you will let LINGO
choose values for the parameters that minimize the sum of the squared differences between predicted
and observed sales for the historical data.
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The Formulation

We will need two primitive sets in our model. The first set will have eight members to represent the
quarters that we have historical data for. The second set will have four members corresponding to the
four quarters of the year. This second set is used for defining the four seasonal factors. Here is our sets
section that incorporates these two sets:

SETS:
PERIODS: OBSERVED, PREDICT, ERROR;
QUARTERS: SEASFAC;

ENDSETS

The three attributes on tRERIODSsety OBSERVEDPREDICT, andERROR correspond to the
observed sales values, predicted sales values, and the prediction error. The prediction error is simply
predicted sales minus observed sales. JBASFAGittribute on th6sEASONSet corresponds to the
seasonal sales factors and will be computed by LINGO.

We will also need to add a data section to initialize the set members 208 $feRVE Cattribute with
the historical sales data. We can do this with the following:

DATA:
PERIODS = P1..P8;
QUARTERS = Q1..Q4;
OBSERVED = 10 14 12 19 14 21 19 26;
ENDDATA

Next, we must add a formula to compute the error terms. As mentioned, the error term in a period is
the difference between the observed and predicted sales. We can express this in LINGO as:

@FOR(PERIODS: ERROR =
PREDICT - OBSERVED);

Our objective is to minimize the sum of the squared error terms, which may be written as:
MIN = @SUM( PERIODS: ERROR * 2);

We choose to use squared error terms as a measure to minimize because we want to weight large errors
relatively more heavily. Another option might be to minimize the sum of the absolute values of the
errors, which would weight large and small errors proportionally the same.

In order to compute the error terms, we will also need to compute predicted sales. Using our
theoretical formula, we compute predicted sales as follows:

@FOR(PERIODS( P): PREDICT( P)=
SEASFAC( @WRAPP, 4))
*( BASE + P * TREND));

The @WRAPfunction is used here to allow us to apply the four seasonal factors over a time horizon
exceeding four periods. Had we simply used the iftjénstead of@WRAP(P, 4)we would have
generated a subscript out of range error. For a more in depth explanation of the ug@\WRA®
function, please see the staftfheduling example on paga.

For esthetic reasons, we would like the seasonal factors to average out to a value of one. We can do
this by adding the constraint:

@SUM(QUARTERS: SEASFAC) = 4;
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Finally, it is possible for the error terms to be negative as well as positive. Given that variables in
LINGO default to a lower bound of zero, we will need to use@e€REEfunction to allow the error
terms to go negative. By embedding @&REEfunction inan @FORIoop, we can appl@FREEto

all theERRORvariables in the statement:

@FOR(PERIODS: @FREE( ERROR));

The Solution
The entire formulation and excerpts from the solution appear below.

MODEL:

SETS:
PERIODS: OBSERVED, PREDICT, ERROR;
QUARTERS: SEASFAC;

ENDSETS

DATA:
PERIODS = P1..P8;
QUARTERS = Q1..Q4;
OBSERVED = 10 14 12 19 14 21 19 26;
ENDDATA

MIN = @SUM( PERIODS: ERROR * 2);

@FOR( PERIODS: ERROR =
PREDICT - OBSERVED);

@FOR( PERIODS( P): PREDICT( P) =
SEASFAC( @WRAP( P, 4))
* (BASE + P * TREND));
@SUM( QUARTERS: SEASFAC) = 4;

@FOR( PERIODS: @FREE( ERROR);
@BND(- 1000, ERROR, 1000));

END
Model: SHADES
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Local optimal solution found.

Objective value: 1.822561
Total solver iterations: 32
Variable Value

BASE  9.718878
TREND  1.553017
OBSERVED(P1)  10.00000
OBSERVED(P2)  14.00000
OBSERVED(P3)  12.00000
OBSERVED(P4)  19.00000
OBSERVED(P5)  14.00000
OBSERVED(P6)  21.00000
OBSERVED(P7)  19.00000
OBSERVED(P8)  26.00000
PREDICT(P1)  9.311820
PREDICT(P2)  14.10136
PREDICT(P3)  12.85213
PREDICT(P4)  18.80620
PREDICT(P5)  14.44367
PREDICT(P6)  20.93171
PREDICT(P7)  18.40496
PREDICT(P8)  26.13943
ERROR( P1) -0.6881796
ERROR(P2)  0.1013638
ERROR(P3)  0.8521268

ERROR( P4) - 0.1938024
ERROR( P5) 0.4436688

ERROR( P6) -0.6828722E -01
ERROR( P7) - 0.5950374

ERROR(P8)  0.1394325
SEASFAC(Q1)  0.8261096
SEASFAC(Q2)  1.099529
SEASFAC(Q3)  0.8938789
SEASFAC(Q4)  1.180482

Solution to SHADES

The solution isTREND 1.55;BASE 9.72. The four seasonal factors are .826, 1.01, .894, and 1.18.
The spring quarter seasonal factor is .88@ther words, spring sales are 82.6% of the avefidye.
trend of 1.55 means, after the effects of season are taken into account, sales are increasing at an
average rate of 1,550 sunglasses per quatteone would expect, a good portion of the error terms
are negative, so it was crucial to use @EREEfunction to remove the default lower bound of zero
on ERROR
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Our computed function offers a very good fit to the historical data as the following graph illustrates:

ShackdShades Sales - Observed vs,

Predicted
a0
M - o Observed
mFredicted
10
1]
Ohserved

Using this function, we can compute the forecast for sales for the upcoming quarter (uBxéng
SO gives:

Predicted_Sald9) Seasonal_Factdt) * (Base+ Trend* 9)
0.826 * (9.72 + 1.55 * 9)

19.55

Given this, inventory levels should be brought to a level sufficient to support an anticipated sales level
of around 19,550 pairs of sunglasses.

Bounded Variables

Whereas®FREEsets the upper and lower bounds of the specified variable to plus and minus infinity
(effectively removing any bounds on the variable), @®@ND function lets you set specific upper and

lower bounds on a variable. In otherwor@BNDI i mi t s a variablebs range w
interval. The syntax fo@BNDis:

@BND(lower_boundvariable_nameupper_boun}

wherevariable_namaés the variable to be bounded below by the quahdgityer_boundand bounded
above by the quantitypper_boundBothlower_boundandupper_boundnust be either numeric
values or variables whose values have been set in a data sea#do section@BNDmay be used
wherever you would normally enter a constraint in a mbdetluding insidean @FORIlooping
function.

In mathematical terms, LINGO interprets t@BNDfunction as:

lower_boundt variable_namet upper_bound
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It is certainly possible to add constraints in lieu of @BNDfunction, but, from the standpoint of the
optimizer,@BNDis an extremely efficient way of representing simple bounds on variables.
Specifying variable bounds urgj @BNDrather than explicitly adding constraints can noticeably speed
up the solution times for larger models. Furtherm@&NDdoes not count against the limit on the

total number otonstraints LINGO imposes on some versions. So, in general, it is a good idea to use
@BNDiIn place of constraints whenever possible.

Some examples @@BNDare:
Example 1: @BND(- 1, X, 1);
constrains the variabléto lie in the interval {1,1],

Example 2: @BND(100, QUANTITY( 4), 200);
constrains the variabl@UANTITY4) to fall within 100 to 200,

Example 3: @FOR(ITEMS: @BND( 10, Q, 20));
sets the bounds on all variables in @attribute to 10 and 20,

Example 4: @FOR(ITEMS: @BND( QL, Q, QU));
sets the bounds on all variables in @attribute toQL andQU (QL and
QU must have been previously set to some values in a data section).

SOS Variables

LINGO supports SOS (Special Ordered Sets) variables of Type 1, 2 and 3@&®81@S0OSand
@S0S3unctions, respectively. The properties of the three SOS types are:

SOS Type Property

SOs1 At most, only one variable belonging to an
SOS1 set will be greater than 0.

SOS2 At most, only two variables in an SOS2 set
can be different from 0. If two variables are
nonzero, then the variables will be adjacent
one another. SOS2 sets are particularly us|
for implementing piecewisénear functions
in models.

SOSs3 Exactly one variable from a given SOS3 set
will be equal to 1. All remaining variables
will be equal to 0.
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Note: Any variables added to an SOS set will count against the integer variable limit dnpose
limited versions of LINGO.

The syntax for thé SOSleclarations is as follows:
@S0S{1]2|3}( 'set_name/ariable_referencg

Theset_namargument is a unique label, or name, for the particular set of SOS variables. You add
additional variables to an SOS set by making subsequent calls@S@&unction using the same set
name.

Some examples of SOS sets are:

Example 1: @S0OS3('SUM_TO_1', X);
@SO0S3('SUM_TO_1',Y); @SOS3('SUM_TO_1, 2);
In this example, an SOS Type 3 set forces ehéfor Zto be equal to 1. The remaining
variables will be equal to 0.
Example 2: @FOR( CUST(J): @FOR( PLANTS( I):
@SOS1('SNGSRC_' + CUST(J), SHIP( 1, ))):;
Here, multiple SOS Type 1 sets force each customer to receive shipments from only one plant.

There is one SOS1 set created for each customer, each bearing the name
SNGSRC customer_name.

An example of using Type 2 sets follows in the next section.

Piecewise Linear Exampigpe SOS2 Set

As we mentioned above, SOS2 sets are particularly useful for implementing pielieedse
functions. Many cost curves exhibit the piecewisear property. For example, suppose we want to
model the following cost function, where cost is a piecetiuar function of volumex:

60
50

. /
30

LS
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Piecewise -Linear Function Example
The breakpoints of the curve lie at the following points: (0,22), (5,10), (12,41) and (20,49).

The following sample mode§OSPIECE.LG4yses a Type 2 SOS set to model this piecelvisar
function using what is referred to as tambda method

MODEL:

I Demonstrates the lambda method for
representing arbitrary, piecewise - linear
curves using an SOS2 set;

I See "Optimization Modeling with Lingo",
Section 11.2.7;

SETS:
I 4 breakpoints in this example;
B/1.4/:W, U, YV,

ENDSETS

DATA:
I total cost at the breakpoints;
V =221041 49;

I the breakpoints;
U= 0 512 20;
ENDDATA

I set x to any value in interval -- the cost
variable will automatically be set to the
correct total cost;

X =8.5;

| calculate total cost;
COST = @SUM( B(i): V(i) * W(i));

I force the weights (w);
X = @SUM(B(1): U( ) * W(i));

Iweights must sum to 1;
@SUM(B(1): W(1))=1;

I the weights are SOS2: at most two adjacent
weights can be nonzero;
@FOR(B(1): @SOS2('SOS2_SET', W(1)));

END
Model: SOSPIECE
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We defined an attribut&V, whose members act as weights, placing us on an particular segment of the
curve. For example, W(2)=W(3)¥0.5, then we are exactly halfway between the second and third
breakpoints : (5,10) and (12,41), i.e., at point (8.5,25.5). In the case where we lie exactly on a
breakpoint, then only one of th&(i) will be nonzero and equal to 1.

For this strategy to work correctly, only two, at most, ofW@ may be nonzero, and they must be
adjacent. As you recall, this is the definition of an SOS2 set, which we create at the end of the model
with the expression:

I the weights are SOS2: at most two adjacent

weights can be nonzero;
@FOR(B(I): @S0S2('SOS2_SET', W( 1)));

In particular, each weigh/(i) is a member of the Type SOS2 set titRdS2 SET

For this particular example, we have chosen to pick-ealue and then let LINGO compute the
corresponding yalue, or cost. Running, the model, as predicted, we see thatXoradme of 8.5,
total cost is 25.5:

Variable Value
X 8.500000
COST 25.50000
W(1) 0.000000
W(2) 0.5000000
W( 3) 0.5000000
W( 4) 0.000000

Solution to SOSPIECE

In addition to allowing the solver to work more efficiently, SOS sets also help to reduce the number of
variables and constraints in your model. In this particular example, had we not had the SOS2
capability, we would have needed to add an additional 0/1 attribuaed the following expressions

to the model:

I Here's what we eliminated by using @sos2:

I Can be on only one line segment at a time;

w( 1) <=z(1); w( @size( b)) <= z( @size( b));

@for( b(i) | i #gt# 1 #and# i #lt# @size( b):
w( i) <=z(i)+z(i+1)

);
@sum( b(i): z(i)) =1;
@for( b(i): @bin( z(i))) ;

Note: It may seem that piecewise linearity could be implemented in a more straightforward manner
through the use of nesté@llF functions. Certainly, th@IF approach would be more natural
than the lambda method presented here. How@#t functions would add discontinuous
nonlinearities to this model. This is something to try and avoid, in that such functions are
notoriously difficult to solve to global optimality. In the approach used above, we have
maintained linearity, which allows LINGO to use its faster, linear solvers, and converge to a
globally optimal solution.
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Cardinality

Related to the SOS capability discussed above, LINGO also suppatisality setof variables via
the @CARDfunction. The cardinality feature allows you to specify a set of variables with a
cardinality ofN, meaning that, at mod\ of the variables in the set will be allowed to be nonzero.

As with SOS sets, cardinality sets help the integer solver branch more efficiently, and they reduce the
number of variables and constraints in your models. Also, as with SOS sets, each variable added to a
cardinality set will count against any integer variable limits imposed on your installation of LINGO.

The syntax for th&@ CARDdeclarations is as follows:
@CARD( 'set_name', variable_reference|set_cardinality);

Theset_nameargument is a unique label, or name, for the particular cardinality set. You add
additional variables to an SOS set by making subsequent calls@QA&Dfunction using the same

set name with a differentariable_reference In addition to calling®@ CARDonce for each variable in

a set, you will need to ca® CARDonce for each set passing an integer value as the second argument.
This integer argument is tlset_cardinalityand may be either an actual integer number or a variable
set to an integer value in either a data or calc section.

Some examples @ CARDsets are:

Example 1: @CARD('PICK2, 2);
@CARD( 'PICK2, X);
@CARD('PICK2, Y); @CARD( 'PICK2, 2);

In this example, at most, two out of the three variable X, Y, and Z will be nonzero.

Example 2:  @FOR( PLANT( l): @ CARD( 'OPENLIM’, OPEN( I)));
@CARD('OPENLIM', NCARD);

Here, we limit the maximum number of open plantBI@ARD whereNCARDmust be set
beforehand to an integer value in either a data or calc section.

Semicontinuous Variables

Many models require certain variables to either be 0 or lie within some nonnegative range, e.g., 10 to
20. Variables with this property are said toseenicontinuousModeling semicontinuity in LINGO in

the past meant having to add an additional 0/1 variable and two additional constraints. LINGO now
allows you to establish semicontinuous variables directly witt@S&MICstatement.

The syntax for thé@ SEMICdeclarations is as follows:
@SEMIC( lower_bound, variable_reference, upper_bound);

This will restrict the variableyariable_referenceto be either 0 or to lie within the range
[lower_boundupper_bounfl

Note: Each semtontinuous variable will be counted against any integer variable limit for your
installation.
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Some examples @ SEMICusage are:

Example 1: @SEMIC( 10, X, 20);

In this example, X will be restricted to being either 0, or to lie within the range [10,20].
Example 2: @FOR( PLANT( I): @SEMIC( MIN_HOURS, HOURS( 1),

MAX_HOURS));

Here, we restrict the operating hours of each plant to be either 0, or to line in the range
[MIN_HOURS,MAX_HOURS Note thatMIN_HOURSandMAX_HOURSnust have been
set to explicit values beforehand in either a data or calc section.

Below, we have taken our familiar transportation model and modified it, via the @8BMIC to
restrict shipments from each warehouse to each customer to be either O, or between 3 and 10.

MODEL:
I A 3 Warehouse, 4 Customer Transportation Problem
that uses the semi - continuous (@SEMIC) to restrict

nonzero shipments to be between 3 and 10 units.;

SETS:

WAREHOUSE: CAPACITY;

CUSTOMER: DEMAND,;

ROUTES( WAREHOUSE, CUSTOMER) : COST, VOLUME;
ENDSETS

DATA:
WAREHOUSE,CAPACITY = WH1,30 WH2,25 WH3,21;
CUSTOMER,DEMAND = C1,15 C2,17 C3,22 C4,12;
COST=6 267

4953

8815

)

9
8
ENDDATA

I The objective;
[R_OBJ] MIN = @SUM( ROUTES: COST * VOLUME);

! The demand constraints;
@FOR( CUSTOMER(J): [R_DEM]
@SUM( WAREHOUSE( I): VOLUME( |, J)) >=
DEMAND( J));

I The supply constraints;
@FOR( WAREHOUSE( I): [R_SUP]
@SUM( CUSTOMER( J): VOLUME(, J)) <=
CAPACITY(1)):

@FOR( ROUTES: @SEMIC( 3, VOLUME, 10));

END
Model: TRANSEMIC
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Solving this model yields the following optimal values for the semicontinuous attribotd JME:

Global optimal solution found.

Objective value: 264.0000
Objective bound: 264.0000
Infeasibilities: 0.000000
Extended solver steps: 1
Total solver iterations: 32
Variable Value Reduced Cost
VOLUME( WH1, C1) 5.000000 0.000000
VOLUME( WH1, C2) 10.00000 - 6.000000
VOLUME( WH1, C3) 6.000000 0.000000
VOLUME( WH1, C4) 0.000000 2.000000
VOLUME( WH2, C1) 10.00000 - 1.000000
VOLUME( WH2, C2) 0.000000 2.000000
VOLUME( WH2, C3) 6.000000 0.000000
VOLUME( WH2, C4) 9.000000 - 1.000000
VOLUME( WHS3, C1) 0.000000 2.000000
VOLUME( WHS3, C2) 7.000000 0.000000
VOLUME( WHS3, C3) 10.00000 - 5.000000
VOLUME( WH3, C4) 3.000000 0.000000

Positive Sefefinite Matrices

LINGO's @POSDfunction allows one to specify that a matrix of decision variables must be positive
semidefinite. The matrix may be either lower triangular, upper triangular or square. In the case of
square matriceg@ POSDwill force the matrix to be symmetric. Alternatively, one can think of this as
allowing the user to formulate in terms of decision variables that are matrices rather than just scalars,
and where the nenegativity of a scalar variable is replaced by the positive definiteness of the matrix
of decision variable It turns out that the barrier algorithms that are used for sematei cone

problems can be generalized to solving models with-siefimite matrix decision variables.

The syntax fo@POSDis:
@POSD(matrix);

wherematrix refers to a twalimensional matrix (i.e., attribute on a tdonensional set}hat is either
lower triangular, upper triangular or square. An example o@ROSDfunction follows.

Note: The@POSDfunction requires that your LINGO installation have both barrier and conic
solver licenses. Attempting to solve a model contai@mOSDwithout these license will
trigger anerror message.
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Positive Serefinite Matrix Example

To illustrate@POSD suppose we have a covariance matrix for three stocks, AAPL, AMZN and

GOOG. This covariance matrix was "computed" by making an educated guess of what the covariances
are amongst our three stocks. A requirement for covariance matrices is that they be postive semi
definite (POSD). It turns out that by estimating the covariance matrix, it's possible that the resulting
matrix is not truly POSD. @ resolve this problem, we will find a new matrix that is close to our

original matrix, but with the requirement that the new matrix be positive-defimite. The model

follows:
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MODEL:

SETS:

STOCK;

SXS(STOCK, STOCK):  XG, XP, ERROR;
ENDSETS

DATA:
STOCK=AAPL GOOG AMZN;
I We have some "guesstimates" of individual entries
of a covariance matrix, however, taken together,
the resulting matrix happens to not be Positive Definite
and thus not a valid covariance matrix;

XG =
011 -.013 .012
-.013 .061 .07
.012 .07 .06 ;
ENDDATA

I Find a symmetric matrix XP that is close to XG
but is positive definite;

I Minimize some measure of difference between XG and XP;
MIN = @SUM( SXS( I, J): ERROR( I, 1)"2);
I Measure the errors;
@FOR( SXS(I, J):
ERROR( I, J) = XP( I, J) - XG(I,J);
@FREE( ERROR);
);

I Off diagonal terms can be negative;
@FOR(SXS(1,J) | I #NE# J: @FREE( XP( 1, J)));

I The new matrix must be positive semi - definite;
@POSD( XP):

DATA:
@TEXT() = 'Our initial guess matrix:";
@TEXT() = @TABLE(XG);
@TEXT() ="
@TEXT() = 'A Positive Semi - Definite matrix close to our guess:";
@TEXT() = @ TABLE(XP);
@TEXT() ="
ENDDATA

END

ModelPOSDCOVMTX
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The basic idea behind the model is that the solver should find a new K&rthat is close to our
guess matrixXG, as measured by the sum of the squared differences of each of the matrix elements,
and that XP must be POSD. The following usé@d?OSDforces the POSD requirement XR:

I The new matrix must be positive semi - definite;
@POSD( XP);

Thedatasection of the model uses t@TABLEfunction to display both the original né?OSD
matrix and the new POSD matrix:

Our initial guess matrix:
AAPL GOOG AMZN
AAPL  0.1100000E -01 -0.1300000E -01 0.1200000E -01
GOOG -0.1300000E - 01 0.6100000E - 01 0.7000000E -01
AMZN  0.1200000E - 01 0.7000000E - 01 0.6000000E -01

A Positive Semi - Definite matrix close to our guess:
AAPL GOOG AMZN
AAPL  0.1590567E -01 -0.6982941E -02 0.5975522E - 02
GOOG -0.6982941E - 02 0.6838027E -01 0.6261064E -01
AMZN  0.5975522E - 02 0.6261064E - 01 0.6739848E -01




4 Data, Init and Calc
Sections

Typically, when dealing with a model 6s data, you
some set attributes before LINGO can solve your model. For this purpose, LINGO gives the user three
optional sectionghedata sectiorfor inputting set members and data valuesjriteectionfor setting

the starting values for decision variables, #relcalc sectiofior performing computations on raw

input data.

The DATA Section of a Model

The data section allows you to isolate data from the rest of your model. This is a useful practice in that
it facilitates model mai nt enance and scaling of

The data section begins with the keyw@#&TA.: (including the colon) and ends with the keyword
ENDDATA In the data section, you can have statements to initialize set members and/or the attributes
of the sets you declared in a previous sets section. These expressions have the syntax:

object_list=value_list

Theobject_listcontains the names of the attributes and/or a set whose members you want to initialize,
optionally separated by commas. There can be no more than one set oajeetirist while there

may be any number of attributes. If there is more than one attribute nafjedh list then the

attributes must be defined on the same set. If there is a set nabjedn list then all attributes in
object_listmust be defined on this set.

Thevalue_listcontains the values you want to assign to the membaeitgexdt_list,optionally
separated by commas. As an example, consider the following model:

SETS:

SET1/A,B,Cl: X, Y;
ENDSETS
DATA:

X=1,2,3;

Y=4, 5,6
ENDDATA
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We have two attributeX andY, defined on th&ET1set. The three values ¥fare setto 1, 2, and 3,

while Yis set to 4, 5, and 6. We could have also used the following compound data statement to the
same end:

SETS:
SET1/A,B,C/l: X, Y;
ENDSETS
DATA:
X, Y=
1, 4,
2,5,
3, 6;
ENDDATA

Looking at this example, you might imagiXevould be assigned the values 1, 4, and 2 because they
are first in the values list, rather than the true values of 1, 2, and 3. When LINGO reads a data
statement's value list, it assigns the firsalues to the first position of each of thattributes in the
attribute list, the secomuvalues to the second position of each ofrtlatributes, and so on. In other
words, LINGO is expecting the input data in column form rather than row form.

As mentioned, we can also initialize the set members in the data section. Modifying our sample model
to use this approach by moving the set members from the sets section to the data section we get:

SETS:

SET1: X,Y;
ENDSETS
DATA:

SET1, X, Y =

A

B

C
ENDDATA

wN P
oo sl

This method is, perhaps, the most elegant of the three methods presented above, in that all model data
(attribute values and set membeas} isolated within the data sectioBiven that a model's data is

subject to frequent change, having all data isolated to one area should make model maintenance
simpler. We also refer to this concept of isolating datal@s independence

One additional method for inputting tveimensional tables is through the use dbta frames.
Consider the following sets section fotransportation modebhere we are minimizing the cost of
shipping product from warehouses to customers:

A3 Warehouse , 4 Customer
Transportation Problem;
SETS:
WAREHOUSE : CAPACITY;
CUSTOMER : DEMAND;

ROUTES( WAREHOUSE, CUSTOMER) : COST, VOLUME;
ENDSETS
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We could enter the data for a fecustomer, thregvarehouse model with the data section:

DATA

CUSTOMER =C1 C2 C3 C4;

WAREHOUSE = WH1 WH2 WH3;

COST =
6 2

9
8

6 7

4 9 5 3
8 8 1 5
CAPACITY

DEMAND
ENDDATA

30, 25, 21,
1517 22 12,

On the other hand, the data frame style of input allows us to enter the first dimension-of a two
dimensional set along with an attribute of the samedingensional set, meaning we could use the
alternative data section:

DATA

CUSTOMER =C1 C2 C3 C4;
WAREHOUSE, COST =

VHL 6 2 6 7
W 4 9 5 3
VW 8 8 1 5

CAPACITY = 30, 25, 21:
DEMAND =15 17 22 12:
ENDDATA

Note that th&AVAREHOUSEet andCOSTattribute are now both entered in the same data statement.

The data frame method of input can be useful when reading in preexisting data sets from external files
(e.g., linear regression data setShe complete version of this model can be found in the LINGO

sample models set under the nahiRANFRAME

Parameters

You are not limited to putting attributes and sets on thehkafd side of data statemeri¥au may also
initialize scalar variablem the data sectioWvhen a scalar variable's value is fixed in a data section,
we refer to it as parameter

As an example, suppose your model uses an interest rate of 8.5% as a parametuld input the
interest rate as a parameter in the data section as follows:

DATA
INTEREST_RATE = .085;
ENDDATA
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As with set attributes, you can initialize multiple parameters in a single statSuppbse you also
add the inflation rate to your mod#&ou could initialize both the interest rate and inflation rate in the
same data statement as follows:

DATA:
INTEREST_RATE, INFLATION_RATE = .085, .03;
ENDDATA

What If Analysis

In some cases, you may not be sure what values to input for the data in yourqoodgample,

suppose your model uses the inflation rate as a pararfetemay be uncertain as to the exact rate of
inflation in the future, but you know it will most likely fall within a range of 2 to 6 perdafhiat you

would like to do is run your model for various values of the inflation rate within this range to see how
sensitive the model's results are to inflatddfe refer to this ashat if analysisand LINGO has a

feature to facilitate thisTo set up a parameter for what if analysis, input a question mark (?) as its
value in place of a number as in the following example:

DATA:
INFLATION_RATE = 7,
ENDDATA

LINGO will prompt you for a value for thiNFLATION_RATEparameter each time you solve the
model.Under Windows, you will receive a dialog box resembling:

Please input a value for:

INFLATION_RATE

Cancel OK

Simply input the desired value for the inflation rate and then pre3kthmitton.LINGO will then set
INFLATION_RATRBEO the value you input and proceed with solving the model.

On platforms other than Windows, LINGO will write a prompt to your screen asking you to input a
value forINFLATION_RATEType in the value and then press Hrgerkey.

In addition to parameters, you can perform what if analysis on individual members of attributes by
initializing them to question marks in the data section, as well.

For an example of a model that uses what if analysis to compute the value of a home mortgage, see the
Home Mortgage Calculatiomodel in Appendix AAdditional Examples of LINGO Modeling
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Initializing an Attribute to a Single Value

Suppose you want tix all the elements of an attribute to a single valmu can do this by entering a
single value on the rightand side of the data statemddlNGO will initialize all the elements of the
attribute to this value. To perform what if analysis on the attribute, initialize it to a single question
mark and LINGO will prompt you for the values of all the members of the attribute each time the
model is solved.

As an example, consider the following excerpt from a model:

SETS:
DAYS /MO, TU, WE, TH, FR, SA, SU/:
NEEDS;
ENDSETS

DATA:
NEEDS = 20;
ENDDATA

LINGO will initialize all the members of thEEDSattribute to the value 20.

If there are multiple attributes on the Hafind side of the data statement, you will need one value on
the righthand side for each attribute on the IEftr instance, let's extend the previous example, so we
have an additional attribute call@DST

SETS:
DAYS /MO, TU, WE, TH, FR, SA, SU/:
NEEDS, COST;
ENDSETS

DATA:
NEEDS, COST = 20, 100;
ENDDATA

All seven members dIEEDSwill be initialized to 20 and all seven member<C@dSTto 100.

Omitting Values in a Data Section

You can omit values in a data statement to indic
membersFor instance, suppose you have a manufacturing company and you need to do some capacity
planning for the next 5 yearSurthermore, suppose it takes some time to boost capacity. As such, it

would be impossible to increase capacity over the next two yaasch a case, you might do

something like the following:

SETS:

YEARS /1..5/: CAPACITY;
ENDSETS
DATA:

CAPACITY =34, 34, , ,;
ENDDATA
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We have se€CAPACIT Yfor the first two years to 34, but have omitted values for the last three years.
LINGO will assume, therefore, that it is free to determine the value€SABACITYin the last three
years.

Note: You must use commas when omitting valuégou do not use the commas, LINGO wiill
think you did not enter the correct number of values for the attribute, which will trigger an
error message.

The INIT Section of a Model

ThelNIT sectionis another optional section offered by LING@ the init section, you enter

initialization statements that look much like the data statements found in the data SEttiaalues

you input in the init section #nlikethevwradlesthat st art i
are initialized in the data section, the solver is free to alter the values of variables initialized in the init
section.

Note: Starting points specified in dNIT section areonly of useén nonlinearor integermodels.
Starting points currently offer no help in purely linear modéhgou are not sure whether
your model is linear or nonlinear, you can check the count of nonlinear constraints in the
solver status windowf there are any nonlinear constraints, then your model is nonliresar.
more information on the nature of nonlinear models and how good starting points can be of
assistance, please see ChapfelOh Mathematical Modeling

Note: As an example, in a set defining a group of stocks, you may have a known price of each
stock, but the amount to buy or sell of each stock is unknown. You would typically initialize
the price attribute in the data section. If approximate values of the buy and sell attributes are
known, you can tell LINGO this information by entering it in the init section. LINGO then
uses the values specified as a starting point in its search for the optimal solution. If your
starting point is relatively close to an optimal solution, you may save on the solution time
required to run your model

An init section begins with the keywolIT: and ends with the keywoENDINIT. The syntax rules

for init statements in the init section are identical to the rules for data section stat&foardan have
multiple attributes on the leftand side of a statement, you can initialize an entire attribute to a single
value, you can omit values in an attribute, and you can use the question mark to have LINGO prompt
you for an initialization value whenever you solve the model.

As an example of how a good starting point may help to reduce solution times, consider the small
model:

Y <= @LOG(X);
XN2 +YN2 <=1;
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The function@LOG(X)returns the natural logarithm ¥f This model has only one feasible point of
(X,Y) = (1,0).1f we solve this model without an init section, we get the solution:

Feasible solution found at step: 12
Variable Value
Y 0.5721349E -03
X 1.000419
Note that it required 12 iterationstosoleo w, | et 6 s add anXand¥Yiopome ct i on
close to the solution, so we have:
INIT:
X =.999;
Y =.002;
ENDINIT
Y <= @LOG(X);
X2 + Y2 <=1,

Solving this modified model, we get the solution:

Feasible  solution found at step: 3
Variable Value
X 0.9999995
Y  0.0000000

Noteour solution required only 3 iterations compared to the 12 iterations required without the init
section.

Note: Variables may also be initialized in a calc section as illustrated in the next sébtioGalc
Section of a Model.

The @AQLCSectio of a Model

I n many instances, your model és raw input data v
form. As an example, suppose your raw data cons
closing prices. Furthermor e, |l et ds suppose that

for the securities to be computed from the raw closing price data. You could certainly compute the
covariance matrix as part of the constraint section in your model. However, entering simple

computations as constraints will make your model artificially large. Another option, although

inconvenient, would be to compute the covariance matrix outside of LINGO and pass it to LINGO as
external data. Actually, what you would really like is a section in LINGO to perform data

mani pul ation in such a way that it doesnbt incre
through to the solver engine. This is the function of the calc section.

A CALC section begins with the keywo@ALC: and ends with the keywoEINDCALC You may

input any expression in a calc section that you would in the constraint section of a model. However,
each expression must be in the form of an assignment statement. In an assignment statement, a single
variable appears on the lfand side of an expression, followed by an equality sign, followed by an
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arbitrary mathematical expression on the rigaihd side. Furthermore, the rigtdnd side expression
may only contain references to variables that ar
previous data section or calc expression.)

As an example, heredéds a model with a calc sectioc

MODEL:

DATA:
X,Y,2=1,2,3;
ENDDATA

CALC:
AVG=(X+Y+2)/3;
ENDCALC

END
Example of a valid calc section

Now, suppose we did not know the valuevdfeforehand. The following model withdropped from
the data section would trigger an error in LINGO. The error occurs because the valsaof
unknown, which violates the requirement that all rlghhd side variables & calcexpression must
have already had their values established in a previous data or calc section:

MODEL:

DATA:
X,2=1,3;
ENDDATA

CALC:
AVG = (X +Y +2)/3;
ENDCALC

END
Example of an invalid calc section
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You may perfornrunning calculationsn a calc section, which means that you may break complex
calc expressions down into a series of smaller expressions. Here we break the computation from
above into two steps:

MODEL:

DATA:
X,Y,2=1,2,3;
ENDDATA

CALC:
AVG=X+Y +Z;
AVG = AVG/ 3;
ENDCALC

END
Example of a running calc expression
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There is no limit to the number of times that a variable may appear on thanefiside of a calc
expression. However, the final calc expression for the variable will determine its value in the final
solution report.

Calc expressions are computed sequentially in the order in which they appear in the model. So, if one
calc expression feeds its value into a subsequent expression, then it must appear before its dependent
expression. For example, the following calc section is valid:

CALC:
X=1;
Y=X+1;
ENDCALC

while this variation is not valid:

CALC:
Y=X+1;
X=1;

ENDCALC

In the second exampl¥,depends oiX, butX is not defined until aftey.

Of course set looping functiongnay also be used in calc expressions. For example, consider the
following portfolio optimization model. In this model, we take the annual returns for three stocks and
in a calc section compute the following three pieces of information for the stocks: average return, the
covariance matrix, and the correlation matrix. This information is then used in a stitzdikogvitz
modelto determinean optimal portfolio that meets a desired level of return while minimiziegall

risk.

MODEL:

SETS:
STOCKS: AVG_RET, WEIGHT,;
DAYS;
SXD( DAYS, STOCKS): RETURN;
SXS( STOCKS, STOCKS): COVR, CORR;

ENDSETS

DATA:
DAYS =1.12;
TARGET = .15;

STOCKS = ATT GMC USX;

RETURN =0.300 0.225 0.149
0.103 0.290 0.260
0.216 0.216 0.419

-0.046 -0.272 -0.078
-0.071 0.144 0.169
0.056 0.107 -0.035

0.038 0.321 0.133
0.089 0.305 0.732
0.090 0.195 0.021
0.083 0.390 0.131
0.085 -0.072 0.006
0.176 0.715 0.908;
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ENDDATA

CALC:
IAverage annual return for each stock;
@FOR( STOCKS( S):
AVG_RET(S) =
( @SUM( SXD( D, S): RETURN(D, S))/
@SIZE( DAYS))
);

ICovariance matrix;
@FOR( SXS(S1, S2):
COVR(S1, S2) =
@SUM( DAYS( D):( RETURN( D, S1) - AVG_RET(S1))*
(RETURN(D, S2) - AVG_RET(S2)))/ @SIZE( DAYS)
);

IAlthough not required, compute the correlation matrix;
@FOR( SXS(S1, S2):

CORR( S1, S2) = COVR(S1, S2)/

(COVR( S1, S1) * COVR( S2, S2))M.5;

);

ENDCALC
IMinimize the risk of the portfolio

(i.e., its variance);
[R_OBJ] MIN = @SUM( SXS( S1, S2):

WEIGHT( S1) * WEIGHT( S2) * COVR( S1, S2));
IMust be fully invested;
[R_BUDGET] @SUM( STOCKS: WEIGHT) = 1;
IMust exceed target return;
[R_TARGET] @SUM( STOCKS: AVG_RET * WEIGHT) >= TARGET;

END
Model: MARKOW

We demonstrated how to initialiaeariable values in the previous topic on geictionsVariables may
also be initialized in a calc sectiofmhe basic idea is to set the variable's value using one @ mor
statements in a calc sectidnce the variable's value has been set in a calc section, the variable will
be marked as fixed in value, and will not be allowed to be changed the next time you issue a solve
command.Obviously, we don't want an optiegable to be a fixed variabl€o correct this, we use the
@RELEASHunction to release the fixed variable so tihé& once again optimizabl@he following
example illustrates:




152 CHAPTER 4

MODEL:

SETS:
S1: X;
ENDSETS

DATA:
S1=1.5;
ENDDATA

CALC:
I Initialize the odd members of X to .5;
@FOR(S1(1) | @MOD( 1, 2) #NE# 0:
X()=.5;

I The previous statement fixed X(I) to .5.
We must now release it so that it remains
optimizable;

@RELEASE( X(1));

);
ENDCALC

END

Interrupting Calc Sections

If you are processing a lofrgnning calc section, say solving several large models in a loop, then at
some point you may decide to interrupt processing. When you press the Interrupt Solver button on the
Solver Status Window while processing a calc script, LINGO will display the dialog box:

Interrupt Calc Section X

Q) Interrupt both Solver and Calc script
_JInterrupt Salver but conbinue Cale script

_) Don't interrupt

Cancel | 0K _

The choices available here are:

8 Interrupt both Solver and Calc script This option interrupts both the solver and the calc
script, meaning all processing stops and the solver returns control to the LING®rfdont
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8 Interrupt solver but continue Calc scrpt This interrupts the solver, stopping optimization
on the current model. Control, however, is not returned to the-drahtrather it gets returned
to the calc script processor allowing the script to continue running and solving additional
models.

8§ Don'tinterruptd Here, the calc section picks up again where it left off before the interrupt
was requested and processing continues normally.

Summary

You should now be comfortable with adding basic data, init and calc sections to your models. Keep in
mind that initialization perford in a data sectidixes a variable's value. Initialization done in an init
section is used only as a temporary starting point, which may be of benefit in finding solutions to
nonlinear models. Initialization in a calc section holds until another calc expression redefining a

variableds value is encountered. The benefit of
placing them in the general constraint section is that calc expressions are treated as side computations
and arendt fed into the main solver, thereby i mg

We have only touched on some of the basic features of data and init sections in this chapter. In
subsequent sections, you will see how to add hooks in your data and init sections to external files,
spreadsheets, and databases.
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In this section, we will discuss the pull down menu commands available in the Windows, Mac and
Linux versions of LINGO. Th&€ommaneine Commandsection deals with the commands available
through LINGO's commantine interface. If you're not using a Windows, Mac or Linux version of
LINGO, then you will be primarily interested in the commdimg section. If you are using a
Windows, Mac or Linux version, then you will be primarily interested in this section. Windows Mac
and Linux users may also be interested in the com#iamadhterface if they plan to build command
scripts to automateINGO.

Accessing Menu Commands

Menu commands may be accessed by either selecting them from a pull down menu, pressing the
command's button ithe toolbar or, if applicable, entering the command's keyboard equivalent (also
referred to as its accelerator key).

Menus

LINGO groups commands under the following five menus:

File

Edit
Solver
Window
Help

w W W W W

TheFile menu contains commands that primarily deal with handling input and outpuEditiraenu
contains commands for editing the document in the current windowsdlkkermenu contains
commands to solve a model and generate solution reportyViflg®wmenu has commands that deal
with the mechanics of handling multiple windows. Help menu provides access to LINGO's online
help facility.

In addition, the Mac haslangomenu. This menu is referred to as the application menu, and is a
standard feature of Mac applications. The application menu typically contains commands to set
preferences/options, the application's about box, and the quit command.

The Toolbar

By default, the toolbar runs along the top of the screen and provides a shortcut for accessing the most
commonly used commands in the menus.
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LINGO's toolbar "floats."” Thus, you can reposition it by dragging it to any part of the screen. You can
also choose to suppress the toolbar by clearingdloébarbutton on thénterface tabof the
SolvetOptionscommand

Each button on the toolbar corresponds to a menu command. Not all menu commands have a toolbar
button, but, in general, the most frequently used commands have an equivalent button.

LINGO displays "tool tips" for each button. When you position the mouse over a button, a short
description of what the button does appears in a pop up window and in the status bar at the bottom of
the screen.

The WindowsToolbar

LINGO's toolbar for its Windows versians illustrated in the followingraphic:

Nafe« 3/ 5¢ A0 ol BBE 7@

Here is a list of the buttons and their equivalent commands:

File Menu:
L File|New File|Open
B File|Save File|Print
Edit Menu:
: EditjUndo I EditjRedo
.f
of !
Edit/Cut ~ EditCopy
E =~ Edit|Paste \

EditjFind
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>

Edit|Match
Parenthesis
Solver Menu:
E SolvelSolve
. SolvefOptions
Window Menu:
WindowSend
To Back
E WindowTile
Help Menu:
® Help[Topics

The Maand Linukoolbar

X2
(il
©

SolveiSolution

SolveiPicture

WindowClose All

° Help|Pointer

LINGO's toolbar for its Ma@nd Linuxversiorsis illustrated in the following graphic:

NAME® 9¢ « 3RO owvHHBER ?

Here is a list of the buttons and their equivalent commands:
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Help Menu:

File Menu:
D File[New d File|Open
E File|Save ['_ﬁ'a File|Print
Edit Menu:
5 EditjUndo ( EditjRedo
Og. Edit|Cut @ Edit|Copy
E EditPaste Q\ Edit|Find
@ EditjMatch Parenthesis
Solver Menu:
.@ SolvefSolve X=? Solve{Solution
i SolvetOptions E-El SolvefPicture
Window Menu:
@ WindowClose All E WindowTile
& WindowPrevious
?

Help|[Topics
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Accelerator Keys

Along with accessing commands via the menus and toolbar, most commands may also be accessed by
a single, unique keystroke known as an accelerator. The equivalent accelerator key is listed alongside
each command in the menus.

Menu Commands InfBrie

In this section, we give a brief listing of the menu commands available in LINGO. The commands are
categorized into the five main menus:

File

Edit
Solver
Window
Help

w W W W W

Note: Not all commands are available und#iroperating systemdhe following command tables
will indicate via check marks if a command is available in either Windows, Madénax.

File Menu Commands

Command P ; ﬂ Description
ey
New \% Vv Vv Opens a new model window.
Open \% Vv Vv Opens an existing model previously saved to disk.
Save \Y \Y \Y Saves the contents of the current window to disk.
Save As \Y \Y \Y Saves the contents of the current window to a new nan
Export File \Y \Y \Y Exports a model in MPS or MPI file format.
Close \Y \Y \Y Closes the current window.
Print \Y \Y \Y Prints the contents of the current window.
Print Setup \Y \Y \Y Configures your printer.
Print Preview V \Y \Y Displays the contents of the current window as it would

appear if printed.
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Log Output \%

Take \Y
Commands

License Vv
Excel \

Database User V
Info

Exit V

Opens a log file for logging output to the command
window.

Runs a command script contained in a file.

\ \% Prompts you for a new license password to upgrade ya
system.

Allows you to load a model from Excel into a LINGO
model window, or write a LINGO model to an Excel
workbook range. This is useful for users that maintain
embedded models in Excel workbooks.

Prompts you for a user id and password for database a
via the@ODBC()function.

Vv \Y Exits LINGO.

Edit Menu Commands

Command

Undo
Redo
Cut

Copy

Paste

<K < K< <K <K< KL

Paste Special

<

Select All
Find

<

Find Next
Replace
Go To Line

Match
Parenthesis

\%
\%
\%
\%

Paste Function V

- ;\ Description
-

Undoes the last change.
Redoes the last undo command.
Cuts the current selection from the document.

Copies the current selection to the clipboard.

<K < < < <
<K < < <K< K<

Pastes the contents of the clipboard into the documen

Pastes the contents of the clipboard into the documen
allowing choice as to how the object is pasted.

\Y \Y Selects the entire contents of the current window.

Y \Y Searches the document for the occurrence of a specif
text string.

Y \Y Repeats the find operation for the lasing specified.

Y \Y Replaces a specified text string with a new string.
Moves the cursor to a specified line number.

Y \Y Finds the parenthesis that closes a selected parenthe:

\% \Y Pastes a template of a selected LINGO function.
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Select Font

Insert New
Object

Links

Object
Properties

\ \% Specifies a font for a selected block of text.
Embeds an OLE object into the document.

Controls the links to external objects in your documen

Specifies the properties of a selected, embedded obje

SolveMenu Commands

Command

Solve

Solution

Range
Options

Generate

Picture

Debug

Model
Statistics

Look

L ;\ Description
-

i

\ \% Solves the model in the current window.

\ \% Generates a solution report window for the current
model.

\% \% Generges a range analysis report for the current winc

\% \% Sets system options.

\% \% Generates the algebraic representation for the currer
model.

\% \% Displays a graphical picture of the models matrix.

Y \% Tracks @wn formulation errors in infeasible and
unbounded linear programs.

\% \% Displays a brief report regarding the technical details

model.

Generates a formulation report for the current windov
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Window Menu Commands

Command 2 é ;\ Description
-y
Command \Y \Y Y Opens a command window for commédime operation
Window of LINGO.
Status \Y Y Y Opens the solver's status window.
Window
Close All \Y Y Y Closes all open windows.
Tile \Y Y Y Arranges all open windows into a tiled pattern.
Cascade \Y \Y \Y Arranges all open windows into a cascading pattern
Next \Y \Y Brings the next window tthe front.
Previous \Y \Y \Y Brings the previous window to the front.
Arrange Icons V Aligns all iconized windows at the bottom of the mai

frame window.

Help Menu Commands

Command 2 é Description
Ny
Help Topics V \% \% Accesses LINGO's online help facility.
Register \% Registers your version of LINGO online.
AutoUpdate V Checks to see if an updated copy of LING@vailable

for download on the LINDO Systems Web site

About LINGO V Vv \% Displays the version and size of your copy of LINGC
along Systems.with information on how to contact
LINDO
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Menu Commands bpih

In the remainder of this section, we will document alltiéGO commands specific to the Windows
Mac and Linuxversiors. The commands are categorized by the five main menus:

File

Edit
Solver
Window
Help

w W W W W

1.File Menu

LINGO's File menu contains commands that generally pertain to the movement of files in and out of
LINGO.

File|New
TheNewcommand opens a new, blank window. When you seledi¢iaecommand, you will be

presented with the following dialog box:
F |

File New X

Open a new file of type: ——
- 0K
1. LINGO Model [* Igd) | oK |

2. Lingo Model [T ext Unly] [*.Ing)

3. Lingo Data [ Idt) Cancel
4. Lingo Command Scrpt [*.Itf) et

5. Lindo Model [* Itx) elp

k 4

You may then select the type of file you want to create. The file must be one of the four types:

1. LINGO Model (*.Ig4)
The LG4 format was established with release 4.0 of LINGO. LG4 is the primary file format used by
LINGO to store models under Windows and is not used on other platforms. This format supports
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multiple fonts, custom formatting, and Object Linking and Embedding (OLE). LG4 files are saved to
disk using a custom binary format. Therefore, these files can't be read directly into other applications
or transported to platforms other than Windows. Use the LNG format (discussed next) to port a file to
other applications or platforms.

2. LINGO Model (Text Only) (*.Ing)

The LNG format is a portable format for storing your models. It is the standard file format used by
LINGO on nonWindows platforms. LNG files are saved to disk as ASCII text and may be read into
any application or word processor that supports text files. The LNG file format is supported by LINGO
on all platforms, and LNG files can be ported from one platform to another. LNG files do not support
multiple fonts, custom formatting, or OLE embedding of objects.

3. LINGO Data (*.Idt)

LDT files are data files that are typically imported into LINGO models usin@hé_E function.
@FILE can only read text files. Given this, all LDT files are stored as ASCII text. LDT files do not
support multiple fonts, custom formatting, or OLE embedding.

4. LINGO Command Script (*.Itf)

LTF files are LINGO command scripts. These are ASCII text files containing a series of LINGO
commands that can be executed withRhe| Take Commandsommand. For more information on
commands that can be used in a LINGO script, ref@otmmandine Commandd_TF files do not
support multiple fonts, custom formatting, or OLE.

5. LINDO Model (*.1tx)

LTX files are model files that use the LINDO syntax. Longtime LINDO users may prefer LINDO
syntax over LINGO syntax. LINDO syntax is convenient for quickly entering small to mesiagd
linear programs. As long as a file has an extension of .Itx, LINGO will assume that the model is
written using LINDO syntax. Readers interested in the details of LINDO syntaxomégct LINDO
Systenst 0 obtain a LI NDO userés manual

When you simply press either tNewtoolbar button or the F2 key, LINGO assumes you want a
model file. Thus, LINGO does not display the file type dialog box and immediately opens a model file
of type LGA.

If you have used th8olver|Optiongommand to change the default model file format from LG4 to
LNG, LINGO will automatically open a model of type LNG when you press eithédémeoutton or
the F2 key.

You may begin entering text directly into a new model window or paste in text from other applications
using the Windows clipboard and tEdit|Pastecommand in LINGO.

File|Open

The Opencommand reads a saved file from disk and places it in a LINGO Window. The file can be a
LINGO model file (*.LG4), or any other file. If the file is not in LG4 format, it must be in ASCII text
format.
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After issuing theDpencommand, you will be presented with a dialog box resembling the following:

F |
File Open._. b4
LINGOE2_21 » Samples » v nle o
Organize ~ New folder 2~ 0 9
SampText BFeavesige [P CHARTCITIES Igd [P CHARTS g4
B ALorTigs B einfun_1.ig4 B CHARTDISTROIg4 B CHARTSPACETIME.Ig4
B aLoRTCALC Igd BFeLennigs ¥ cHaRTRANIg B CHARTSTACKEDBAR Ig4
B AROUTESC 2414 B eLENDCCRIgY B CHARTGANTT.Igd P CHARTSTAFFIgd
B asieaLigs Feoiigs ¥ CHARTHET Mg [P CHARTSURF.Ig4
B £sTROCOSTRNDO.Igd B carLocigs [P CHARTPSURF.Ig4 P CHEss. 194
File namie: Lin go Madels |:'.Ig-'|:|
Open Cancel

[ 4

You can enter a file name in tRéle nameedit box, or select a file name from the list of existing files
by doubleclicking on a file. Press th®penbutton to open the file, theéancelbutton to exit without
opening a file, or thélelp button for assistance. You may select a different file type frorfitae of
typelist box causing LINGO to list only the files of that type. Once you have read in a LINGO model
file (a LG4 or LNG file), you may use ttgolvetSolvecommand to solve the model.

In addition to its native LG4 and LNG file formats, LINGO supports the following three additional file
formats :

8§ MPS- The MPS file format is an industry standard format developed by IBM, which is
useful for passing linear and quadratic models from one solver or platform to another.

8 MPI - The MPI format was developed by LINDO Systems as a portable format for
representing arbitrary math programming models.

8§ LP -The LP file format is another industry standard file format, as is MPS, for storing linear
and quadratic model. However, with LP format equations are stored using standard algebraic
format, making LP files much easier to read and interpret than MPS files. At present, LINGO
only supports linear models when reading LP format files.

If the file to be opened has an extension of .MPS, .MPI or .LP, then LINGO will invoke, respectively,
its MPS, MPI or LP reader to parse the file. When importing anative file, LINGO reads the file
from disk, converts it to an equivalent LINGO model, and places the model into a new model window.
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More details follow immediately below. LINGO can also write MPS and MPI format files (but not LP
files); this is discussed in tl@le|Export File section below.

Importing MPS, MPI or LP Files
When LINGO reads an MPS, MPI or LP file, it converts the formulation to an equivalent LINGO
model. As an example, consider the following, simple model:

ObjRow) Maximize 20X + 30Y
Subject To:

Row1) X <50

Row2) Y < 60

Row3) X + 2Y <120

The MPS file for this model is:

NAME SAMPLE
OBJSENSE
MAX
ROWS
N OBJROW
L ROW1
L ROW2
L ROW3
COLUMNS
X ROW3 1.0000000
X OBJROW 20.0000000
X ROW1 1.0000000
Y OBJROW 30.0000000
Y ROW2 1.0000000
Y ROW3 2.0000000
RHS
RHS ROW1 50.0000000
RHS ROW2 60.0000000
RHS ROW3 120.0000000

ENDATA
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The MPI version of the model is:

BEGINMODEL SAMPE

I Number of Objective Functions: 1
I Number of Constraints : 3

! Number of Variables : 2

VARIABLES

! Name Lower Bound Initia | Point Upper Bound Type
X 0 1.23457 1e+030 C
Y 0 1.23457 1e+030 C

OBJECTIVES

OBJROW MAXIMIZE
EP_USRCOD -101

EP_PUSH_NUM 20
EP_PUSH_VAR X
EP_MULTIPLY
EP_PUSH_NUM 30
EP_PUSH_VAR Y
EP_MULTIPLY
EP_PLUS

CONSTRAINTS

ROWL L
EP_USRCOD -101
EP_PUSH_VAR X
EP_PUSH_NUM 50
EP_MINUS
ROW2 L

EP_USRCOD -101
EP_PUSH_VAR Y
EP_PUSH_NUM 60
EP_MINUS

ROW3 L
EP_USRCOD -101
EP_PUSH_VAR X
EP_PUSH_NUM 2
EP_PUSH_VAR Y
EP_MULTIPLY
EP_PLUS
EP_PUSH_NUM 120
EP_MINUS

ENDMODEL
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And, the LP format version of the model is:

\ LP format example
Maximize

objrow: 20x + 30y
Subject To

rowl: x <= 50

row2: y <= 60

row3: x + 2y <= 120
END

One thing to notice at this point is that MPS and MPI formats are not very compact methods for
storing a model they are designed for portability, as opposed to efficiency.

Using theFile|Opencommand to read either of these three versions of the model into LINGO, we are
presented with the following window containing an equivalent LINGO model:

a

Lingo Model - SAMPLE (o ][ @ |3
1  MODEL

2 TITLE SAMPLE;

3 [OBJROW] MAX= 20 * X + 30 * ¥

4 [ROW1] X <= 50;

5 [ROW2] ¥ <= &0

6 [ROW3] X + 2 * Y <= 120;

7 END

Note how the model is automatically converted from MPS, MPI or LP format to native LINGO format.
Should you wish to save the file again using either MPS or MPI format rather than LINGO format, you
mustuseth&€ i | e| Export FromemdgnddPS For mat é

Note: The MPS, MPI and LP file formats are intended primarily for exporting (importing) models
to (from) other applications or platforms. These file formats are purely scalar inchatlire
setbased information is lost upon saving a LINGO model in either MPS or MPI format
(LINGO does not currently write LP format files). Thus, when saving copies of a model on
your own machine, you should always use the File|Save command in order to save models in
a native LINGO format (LG4 or LNG) in order to preserve your model in its entirety.

When it comes to acceptable constraint and variable names, the MPS, MPI and LP formats are less
restrictive than LINGO. To compensate for this fact, LINGO attempts to patch names when reading a
file, so that all the incoming names are compatible with its syntax. LINGO does this by substituting an
underscore for any character in a name that is not admissible. In most cases, this will work out OK.
However, there is a chance for name collisions where two or more names get mapped into one. For
instance, the variable nameésl andX%21would both get mapped into the single LINGO naxnéd.

Of course, situations such as this entirely alter the structure of the model, rendering it incorrect.
However, you will be warned whenever LINGO has to patch a name with the following error message:
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h ]

LINGO Error Message *

F

Eriod Coda: -
[ oK

1749 Copy E wplain

Enor Text
The model translator had to patch name==s to make them compatible:

var names patched:
rov names patched: 0
Hame collisions may have occurred

[ 4

This message displays the number of variable and row names that were patched to get them to conform
to LINGO syntax.

If name collisions are a problem, then LINGO has an option that will ensure that all names remain
unique. This option involves usiRC formatfor names encountered during MPS IR format
involves renaming each row (constraint) in a model tRiyavhereni s t he rowds i ndex.
each column (variable) is renamedla In addition, LINGO renames the objective row toR#eBJ
To switch toRC format for MPS namgrun theSolver|Optionscommand, select th@eneral Solver
tab, then click the checkbox titlddse R/C format names for MPS )/&¥ illustrated here:

@ Variables assumed non-negative
Use R/C format names for MPS 1/0

As an example, we will once again import the same MPS format model as above. However, this time
we will use RC naming conventions. Here is the model as it appears after importing it into LINGO:

B¥ Lingo Model - SAMPLE o[ & |3
1 MODEL:

2 TITLE SAMPLE;

3 [ ROBJ] MAX= 20 * C1 + 30 * C2;

4 [ R1] C1 <= 50;

L [ R2] C2 <= 60;

6 [ R3] C1 + 2 * C2 <= 120;

7 END

Notice how the variable names now use RC format, guaranteeing that name collisions will not occur.
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Another potential conflict is that MPS and MPI allow variable names to be duplicated as constraint
names and vice versa. LINGO does not allow for this. When you go to solve the model, you will
receive either error message 28 (Invalid use of a row name), or error message 37 (Name already in
use). Once again, you can switch to using RC name format to avoid this conflict.

As a final note, LINGO only supports free format MPS files, and does not support fixed format MPS
files. Therefore, variable and row names may not contain embedded blanks.

File|Save

The Savecommand saves the contents of the active window to disk using the existing file name for the
window. If the window has not been saved before, you will be prompted to provide a name for the file.

File|Save As

TheSave Agommand allows you to save the contents of the active window under a new file name.
When issuing th&ave Agommand, you will be presented with a dialog box that resembles the
following:

1 “ LINGO64_21 » Samples y 3 ; B
C-rqam:e - Mew folder S 0

SampText PP asLeaLigd BPeLENDCCP.Ig4 B CHARTDISTRO.Ig4

ALTOPT.Ig4 ¥ ASTROCOSTRNDO g4 BFeoxigs ¥ CHARTFAN.Ig4

B ALTOPTCALC.Ig4 BPeavesigd PP caPLOC. g4 ¥ CHARTGANTT.Ig4

B¥ AROUTESC24.1g4 B BLEND.Ig4 ¥ CHARTCITIES Ig4 B¥ CHARTNET.Ig4
File narne: | LINGO1

Save as type: Lingo Models (".1gd)
~ Hide Folders Save Cancel
L d

You can enter a new file name in thile nameedit box, or select a file name from the list of existing
files by doubleclicking on it. If you do not specify a file extension, LINGO will append the extension
of the default model format to the name. If you want to prevent LINGO from appending an extension
to the name, place the file name in double quotes.
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Press thé&avebutton to save the model, tancelbutton to exit without saving, or théelp button
for assistance.

You may select a different file type from tBave as typkst box. If your model has special fonts or
embedded objects, you must save it using the LG4 file format to preserve them. The LG4 format is a
special binary format readable only by LINGO. If you wish to create a text copy of your model, then
use the LNG file format. For further discussion of the available file formats under LINGO, refer to the
Newcommand.

File|Export File

TheF i | e | E x pcomntandRliowseyau to export either MPS or MPI files. The MPS file format

is an industry standard format developed by IBM, and is useful for passing models from one solver or
platform to another. MPI file format was developed by LINDO Systems as a way to store all math
programs, from linear models to, in particular, nonlinear models.

Exporting MPS Files

TheFile|Export File|]MPS formatommand generates the underlying algebraic formulation for the
current model and then writes it to a selected file in MPS format. MPS format is a common format for
representing linear programming models. MPS files can be ported to any solver that reads BIPS files
this includes most commercial linear programming packages.

As an example of exporting an MPS file, consider the model:

B¥ Lingo Model - ... | = || & ||I3h|
MAX = 20 * X + 30 ~ ¥;

X <= 50;

PV S
|
o
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After issuing therile|Export FilgMPS formatommand and opening the file containing the MPS
model, we will find:

NAME NO_TITLE

*kkk

* NOTICE: Generated by the MPS export utility for
* a maximization type problem.

*

* The objective coefficients have flipped signs.

* Interpret the objective value from the solution of
* this model accordingly

ROWS
N1
L2
L3
L4
COLUMNS
X 1 -20
X 2 1
X 4 1
Y 1 -30
Y 3 1
Y 4 2
RHS
RHS1 2 50
RHS1 3 60
RHS1 4 120
BOUNDS
ENDATA

Note A model must be linear or quadratic to successfully export it in MPS format.

Note The MPS file format is intended primarily for exporting models to other applications or
platforms. The MPS format is purely scalar in naduedl setbased information is lost upon
converting a LINGO model to MPS format. Thus, when saving copies of a model on your
own machine, you should always use the File|Save command in order to preserve your model
in its entirety.

Note  When exporting a stochastic program to MPS format, LINGO will write a total of three

SMPS format files, consisting of the core model, its stochastic declarations and its time
structure.
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Exporting MPI Files

The MPI (Math Programming Interface) file format was developed by LINDO Systems as a way to
store all math programs, from linear models to, in particular, nonlinear models. As with MPS files, the
MPI format is scalar based. Thus, you will lose any sets in your model when saving it in this format.
Most users will not have a need for MPI formatted files. However, LINDO API users can load these
files directly and may find this feature useful.

Note: When exporting a stochastic program to MPI format, LINGO will write a total of four SMPI
format files, consisting ad header filethe core model, its stochastic declarations and its time

structure.
File|Close
Use theClosecommand to close the active (frontmost) window. If the window has been modified
without being saved, youol |l be asked whether you

File|Print F7

Use thePrint command to send the contents of the active window to your printer. First, LINGO will
display thePrint dialog box:

Print *

Printer
Name Microsoft Print to PDF : Properties
Status Ready

Type Microsoft Prirt To PDF
Where PORTPROMPT

Comment | Print to file
Print range Copies
oA Number of copies 1 =
(OPages from: 1 to:
11 2]2i 3|3
Help | OK | Cancel

Select the printer to route the output to from@emelist box. Modify the printer's properties by
pressing théropertiesbutton. Select a range of pages to print inRHat Rangegroup box. If you
need multiple copies, input the number desired ililmnber of copieBeld and specify if you want
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the copies collated (assuming your printer is capable of collating). Finally, pre3K tha&ton to
begin printing. Press tH@éancelbutton to exit without printing.

File|Print Setup F8

Use thePrint Setupcommand to configure your printer. You should see a dialog box that resembles
the following:

r ]

Printer
MName: Microsoft Print to PDF - Properties
Status Ready

Type Microsoft Print To PDF
Where: PORTPROMPT:

Comment:
Paper Orientation
Size Letter O Portrait
_J Landscape
Harlpy Network OK Cancel

ke 4

Select the target printer from thé&amelist box. Press thEBropertiesbutton to set additional printer
properties. Select the type of paper and tray fronPapeergroup box. In thérientationgroup box,
select whether you want portrait or landscape output. Pre€atieelbutton to exit without changing
the printer configuration. Press t@& button to save your changes and exitRhat Setupcommand.
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File|Print Preview Shift+F8

Use thePrint Previewcommand to display each page of the active window as it will appear when
printed. After issuing th€rint Previewcommand, the contents of the active window will be placed in
a Preview window as follows:

B¥ Lingo Model - MEXICO RN ECH
Frint... ; e | One _E._ag_g_‘_] Zoom In ' Close

ThePrint button sends the file to the printer. Text Pagéutton brings the next page into the
viewer. ThePrev Pagebutton brings the previous page into the viewer. ©he Pagebutton puts the
viewer into single page mode, while the/o Pagebutton puts the viewer into double page mode. The
Zoom Inbutton is used to have the viewer zoom in on a region of the documertodimeOutbutton
undoes the effect of Zoom In Press th€losebutton to close the print viewer and return to the
normal command mode of LINGO.

If you would like to change some of the printer specifications, such as landscape outputPuise the
Setupcommand before issuing tigint Previewcommand.

o
: ]
File|Log OutpZ.
Normally, when you are using LINGO, it is operating in a menu driven mode, where you choose

commands from the pull down menus and reports are displayed in individual windows. LINGO can
also operate in command mode, where text commands or command script files drive the application
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and all output is routed to a window known as¢bmmand windowAll input and output passes
through the command window when LINGO is in command mode. You can open a command window
at anytime by issuing th&/indow|Command Windogommand.

In general, you will only be interested in running LINGO in command mode if you are planning to
embed LINGO in a larger application. If you do use LINGO in command mode, you will find the
command window can only hold a limited amount of output. Should you need to keep a disk based
copy of all that transpires in the command window, you will need to udeoth®utputcommand.

TheLog Outputcommand opens a standard Windows file dialog from which you can name the log
file. You can echo the output to the command window as well as the file by checkichthéo
screencheckbox. If you would like to append output to the end of an existing file, chedptesnd
outputcheckbox.

When you have selected a file for logging output, a check mark will appearkildmeenu before the
Log Outputcommand. To turn off og Output select the command again and the check mark will
disappear.

File|Take Commands

TheTake Commandsommand is used to submit a LINGO command script file for processing. For
more information on LINGO's script language, refe€twummaneine Commands

As an example, we will build a small script file that contains a small product mix model and process it
usingTake Commands.

To build a script file, issue tHeile|]Newcommand. LINGO will present you with the following dialog
box:

File New X
Open a new file of type: | 0K |
1. LINGO Model [*.la4 | —
2. Lingo Model [Text Only] [*.Ing) Cancel

3. Lingo Data [*Idt)
4. Lingo Command Scnpt [*.Itf] Hel
5. Lindo Model (= Itx) Oy

Select item 4L INGO Command Scripand press th©K button. LINGO will open a blank script file.
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Now, enter the following into the script file:

B Lingo Command Script - MyScript =N HCh =

bk bvouanbwwn e

!Command script to solwve small
Iproduct mix model:

SET ECHOIN 1 'Echo the input

SET TERSEO 1 'Put LINGO in terse output mode
MODEL: 'Here is the model

MAX = 20 * X + 30 * Y;

X <= 50;

Y <= g0;

X+ 2 *Y <= 120;

END

LOCK ALL 'Look at thk formulation

GO !Solve the model

DIVERT SOLU.LGR 'Open a file for the solution
SOLUTION !Sends solution to copen file
RVRT ICloses solution file

This is a command script that inputs a small product mix model, solves it, and puts the solution in a
text file. Save the command script to a file titMgScript.Itfusing theFile|Save A€ommand.

To run the script, issue tt@le|Take Commarglcommand. You should see the following:
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E Take Commands...

T « LINGOB4_ 21 » Samples

Organize « Mew folder

0 rganize this folder's contents
-JMIFFPFEK'I -

DOGS.Itf
MyScriptitf
Tran,Itf

File name: | MyScript.itf Lingo Script (*.1tf)

Open | Cancel

Doubleclick on the icon foMyScript.Itfto begin processing the command script. LINGO's command
window will now appear and you should be able to watch LINGO's progress at processing the script by
watching commands and output as they are logged in the command window. When LINGO finishes
the command script, the command window will resemble the following:
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: 'Command script to solwe small

: '"product mix model:

: 5ET ECHOIN 1 'Echo the input
Paramster 0ld Valus New Value
ECHOIN 1l 1

: S5ET TERSEOQC 1 'Put LINGO in terse output mode
Parameter 0ld Value New Value
TERSEO 1l 1

: MODEL: !Here is the model

? MARX = 20 * X + 30 * X;

? X <= 50;

? Y <= &0;

? X+ 2 *7%Y <= 120;

? END

: LOOK ALL !Look at the formulation

1]MODEL: !Here is the model

2] MAX = 20 * X + 30 * X;

3] X <= 50

4] Y <= 60;
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Also of interest is the solution fil§GOLU.LGR created as part of our command script. If you open this
file, you should find the following solution to the model:

Variable Value Reduced Cost
X 50.00000 0.000000
Y 35.00000 0.000000
Row Slack or Surplus Dual Price

1 2050.000 1.000000
2 0.000000 5.000000
3 25.00000 0.000000
4 0.000000 15.00000

The output that was routed to the command window can be routed to a file udiog Betput

command

File|License

Some versions of LINGO require the user to input a license key. Also, if you upgrade your copy of
LINGO, then you will need to enter a new password. HilegLicensecommand prompts you for a

new license key.

When you run th&ile|Licensecommand, you will be presented with the dialog box:
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LINGC License Key *

Pleaze enter your Lingo license key below:

[f you don't have a licensze key vou can press the "Demo’ button to
automatically generate a temporan icense for a demonstration wversion
of Lingo. Demo versiong function the same az standard verzions with
the one exception that magimumn problem dimenzions are restricted.

If pour icenze key iz available in the Windows clipboard you may pazte
it ik this dialog box by prezzing Chrl. Othenmize, carefully enter your
licenze key az one long string.

Y'ou can access thiz dailog box at any time uszing the FilelLicensze
commatd.

Help Cancel Demo ]9 l

Carefully enter the key into the edit field, including hyphens, making sure that each character is
correct. Click theéOK button and, assuming the password was entered correctly, LINGO will display
the About LINGOdialog box listing the features in the upgraded license. Verify that these features
correspond to the license you intended to install.

e

Note: If you were emailed your license key, then you have the option of cattidgasting it into
the dialog box.

File|Excel

On Windows, LINGO has some useful links to Excel, which are discussed in more detail in the
Interfacing With Spreadsheeatbapter. One of these features involves embedding a LINGO model in
an Excel workbook. LINGO may then be accessed directly from Excel via a VBA macro. The end
result is that the model appears to be seemlessly linked to Excel, which is helpful for users more
familiar with Excel than they are with LINGO.

File|] Excel has four commands Read Model from Ra
Write Model. Therile|Excel|Write Modeto Rangecommand sends models from LINGO to a range
within a specified Excel workbook. Whereas Hike|Excel|Read Moddiom Range loads a model
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from an Excel range into a LINGO model window. Examples of these first two commands may be
found in the section OLE Automation Links from Excel. Hike|Excel|Read Modekads LINGO
models stored in the first column of a LINGO_model tab into a LINGO model window. The
File|[Excel|Write Modetommand writes a model in a LINGO model window to the first column of
the LINGO_model tab in a selected Excel workbook. Examples of these last two command maybe
found in the section LINGO Excel Adah.

File|Database User Info

On Windows, LINGO allows models to link directly with databases through use @ @ieBC()

function. Many times, the database you link your model to will require a user id and password. To
avoid having to enter your user id and password each time your model is run, you can input them once
at the start of your session using this command.

When you run th&ile|User Database Infeommand, you will be presented with the following dialog
box:

Database User Info x
User 1D:
| ok |
Password: Ei)
Help

Enter any user id and/or password into the appropriate fields. For security reasons, LINGO does not
store this information from one session to the next. So, you will need to run this command at the start
of each session.

If security is not a concern, and you would like to store your database user information, then you can
create alMUTOLG.DATTile containing @DBUID command and BBPWDcommand. Commands in

the AUTOLG.DATTile are executed automatically each time LINGO starts. ThB$)ID and
DBPWDcommands contained in &JTOLG.DATTile will restore your database user information at

the start of each LINGO run.

File|Exit
Use theExit command to quit LINGO when running on Windows. If any unsaved files are open, you
will be prompted to save them before LINGO shuts down.
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2. Edit Menu

LINGO's Edit menu contains commands that generally pertain to editing and modifying the text within
a window.

EditjUndo

Use theUndoCommand to undo the last modification made to the contents of a Wikbholecan
undo all operations except dragd-drop text moves. LINGO stores a limited amount of undo
operations, so you wono6t be able to depend on LI

Edit|Redo

This command will redo the last undo operation. LINGO stores a limited amount of redo operations, so
you wondét be able to depend on LI NGO to redo ext

Edit|Cut

Use theCutcommand to clear the selected block of text and place it on the clipboard for pasting. To
select a block of text for cutting, place the cursor immediately before the block and press down on the
left mouse button. Now, drag the mouse until the cursor appears immediately after the block of text.
The text block should now be displayed in reverse video. Now, iss@utitemmand to remove the
selected text from the document, placing it in the Windows clipboard.

Edit |Copy

Use theCopycommand to copy the selected text to the clipboard for pasting. To select a block of text
for copying, place the cursor immediately before the block and press down on the left mouse button.
Now, drag the mouse until the cursor appears immediately after the block of text. The text block
should now be displayed in reverse video. Now, issu€tpycommand to place a copy of the

selected text in the Windows clipboard.

TheCopycommand is a convenient way to transfer small amounts of data from LINGO to other
applications.

Edit|Paste

Use thePastecommand to replace the current selection in the active window with the contents of the
Windows clipboard. Th@astecommand is a convenient way to import small amounts of data from
other applications into your LINGO models.

Edit|Paste Speci_.

Use thePaste Speciatommand to insert the contents from the Windows clipboard into the active
window at the cursor insertion point. This command can do much more than insert just plain text as
done by the standafhstecommandPaste Speciatan be used to insert other objects and links to
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other objects. This is particularly useful for adding links to supporting data for your model. By
inserting a link to your data sources, it is much easier to find and view them.

As an example, suppose we have the following transportation model:

I'A 3 Warehouse, 4 Customer
Transportation Problem;
SETS:
WAREHOUSE / WH1, WH2, WH3/: CAPACITY;
CUSTOMER/ C1, C2, C3, C4/: DEMAND;
ROUTES( WAREHOUSE, CUSTOMER): COST, VOLUME;
ENDSETS
I The objective;
MIN = @SUM( ROUTES: COST * VOLUME);

! The demand constraints;

@FOR( CUSTOMER( J):

@SUM( WAREHOUSE( I): VOLUME( I, J)) >=
DEMAND( J));

I The supply constraints;

@FOR( WAREHOUSE( I): [SUP]

@SUM( CUSTOMER( J): VOLUME( |, J)) <=
CAPACITY(1));

I Here are the parameters;

DATA:
CAPACITY = @OLE('D: \ LNG TRANLINKS.XLS');
DEMAND = @OLE('D: \ LNG TRANLINKS.XLS";
COST = @OLE('D: \ LNG TRANLINKS.XLS";
@OLE('D:\ LNG TRANLINKS.XLS") = VOLUME;

ENDDATA

As we can see from the data section, we are importing data from the EXC&ANLINKS.XL@nd
writing the solution back out to the same file.
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A nice feature would be to insert a link to the spreadsheet into our model file. This way, we could view
the data and the solution without having to start Excel and load the spreadsheet. To do this, open Excel
and load the spreadsheet as we have done here:

A B C D E F G
1
2 Capacity:
3 whil wh2 wh3
4 30 25 21
5
6 Demand:
7 cl c2 c3 cd
8 15 17 22 12
9
10 Cost: cl c2 c3 cd
11 wh1 6 2 6 7
12 wh2 4 9 5 3
13 wh3 8 8 1 b
14
15 Volume: cl c2 c3 cd
16 wh1 2 17 2 0
17 wh2 13 0 0 12
18 wh3 0 0 21 0
15
20 Shipping Cost: $161

For complete information on importing data from Excel, lséerfacing with Spreadsheets
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Now, select the range B2:F21 in the spreadsheet. Next, from Exdilaenu, choose thEopy
command. Now, click on LINGO, place the cursor right before the data section, and give the
Edit|Paste Speciatommand. Click on thBasteLink button in the dialog box, so you see the

following:

Paste Special %
Source: Sheet1!'R1C1:R21C6 OK
As: o=
O Paste
© Paste Link (") Display As lcon
Resuilt

Inserts the contents of the clipboard into your

@_ﬁ@ document as Microsoft Excel Worksheet. The
data is linked to the source file so that changes to
the file will be reflected in your document.
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Finally, click theOK button and you should be able to see the spreadsheet contents in the LINGO

model:

Lingo Model - TRANOLE

i |

e WM

Capacity:
whi wh2 wh3
30 25 21
Demand:
c1 c2 c3 cd
15 17 _22 12
Cost: cl c2 c3 cd
wh1 6 2 6 7
wh2 4 9 5 3
wh3 8 8 1 5
Volume: ci c2 c3 cd
whi1 2 17 2 0
wh2 13 0 0 12
wh3 0 0 21 0
ShippingCost: $161
Data:

CAPACITY, DEMAND, COST = @OLE ("\LINGO\SA}
@OLE ("\LINGO\SAMPLES\TRANOCLE .XL5", "VOLD
ENDDATA
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This link will be saved as part of your LINGO file. Therefore, whenever you open the model, the
spreadsheet will be visible. Note that whenever you reopen the LINGO model, you may want to open
the link, so the contents are updated automatically.

You can do this by selecting the spreadsheet in the LINGO model, givigglithieinkscommand,
and pressing th®pen Linkdutton in the dialog box.

As a final note, all embedded links and objects are ignored by LINGO's compiler. Thus, you are free to
insert links and objects wherever you choose in a model.

Edit|Select All

Use theSelect Alcommand to select the entire contents of the active window. This is useful when you
want to copy the entire contents of the window elsewhere, or if you want to delete the contents of the
window.

Edit|Find
Use theFind command to search for a desired string of text in the active window. When you issue the
Find command, you should see the following dialog box:

| Find % |

Find what: | |

B Cancel
|_IMatch whole word only Direction

[_IMatch case g O Down

k 4

Enter the text you wish to search for in fiad whatbox. Check thé/latch whole word onljox to

have LINGO find only whole words of text (i.e., don't search for occurrences of the text embedded in
other words). Check tHdatch casébox to have LINGO search only for instances of the text with the
same capitalization. Click tHeind Nextbutton to find the next instance of the text.

Edit|Fid Next

Use theFind Nextcommand to find the next instance of the text most recently searched for using the
Find command in the active window.
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Edit|Replace

Use theReplacecommand to replace one string of text with another in the active window. When you
issue thdReplacecommand, you will see the following dialog box:

F |

x

Find what: |

Replace with:

__|Match whole word only
| Match case

Cancel

Enter the name of the text you want to replace irFthd whatbox. Enter the text you want to replace
the old text with in thé&keplace wittbox. Clicking theFind Nextbutton will cause LINGO to find the
next occurrence of the old text. Clicking tReplacebutton will cause the next occurrence of the old
text to be replaced by the new text. Replace Albutton will replace all occurrences of the old text
with the new text throughout the entire document.

Check theMatch whole word onlpox to have LINGO replace only whole words of the text (i.e., don't
replace occurrences of the text embedded in other words). Chddhtitie caséoox to have LINGO
replace only instances of the text with the same capitalization.

[ |
. -
Edit|Go To Lit”
Use theGo To Linecommand to jump to a selected line in the active window. When you issG®the
To Linecommand, you will see the following dialog box:
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Go To Line .
| DK
Go to line number: Cancel
S Top
Bottom
Help

[ 4

Enter a line number in th&o to line numbebox. Then, press theK button and LINGO will jump to
the desired line number. Press Tap button to go to the top of the document, orBattombutton to
go to the bottom.

Edit|Match Parenthesis

Select a parenthesis in a document. Then, usgldiieh Parenthesisommand to find the closing
parenthesis for selected parenthesis.

This command is useful when using nested statements such as:
@FOR( FXA( 1, J):
JP(1,J) = MPF( 1) * CAGF(1, J);
JP(1,J) = MPA(J) * CFGA( 1, J));

where it may be difficult to find the close of a given parenthesis.

If no parenthesis is selected prior to issuingMagéch Parenthesisommand, LINGO will select the
parenthesis nearest to the current cursor position.

In addition to this command, there is one other way to find matching parentheses. LINGO wiill

highlight matching parentheses in red whenMaéch Pareroption is enabled under the
SolvejOptionscommand. By placing the cursor immediately after one of the parentheses of interest,
you will notice that the color of the parenthesis changes from black to red. LINGO will simultaneously
display the matching parenthesis in red. These parentheses will remain displayed in red until you move
the cursor to another position, at which point they will be returned to a black color.
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Edit|Aut&omplete

The Edit|Autocomplete command is used to toggle on and off the autocomplete feature artteselect t
terse or verbose mode. By default autocomplete is enabled with terse mode selected.

While the autocomplete feature is enabled a dropdown menu will recommend key words while typing.

B¥ Lingo Model - STAFFDEM =[]
1 MODEL:
2 SETS:
3 DAYS: REQUIRED, STRART:
4 EHMDSETS
5
G DATZ:
) DAYS = MON TUE WED THUO FRI SAT STUN;
8 REQUIRED = 20 le 13 1lg 1% 14 12;
5 ENDDATA
10
11
12
13
14
15
16
l'_l'r B S N
18 ):
19
20
21 END

To navigate the dropdown menu use the scroll bar, you mouse wheel, the arrow keys, or keep typing.
When the keyword you want is highlighted
hit the tab key, or left click to autocomplete.
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[

Lingo Model - STAFFDEM

1 MODEL:

2 SETS:

3 DAYS: REQUIRED, START;

4 EMDSETS

S

& DATR:

T DAYS = MON TUE WED THU FRI SALT SUN;
8 EEQUIRED = 20 l& 13 1l1le 1% 14 12;
8 EMDDATAE

10

11 sy

12 { Iz
13

14 @SU.I'].

15 5

16 1, 71}
1.? TR T =7

18

19

20

21 END
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-

B¥ Lingo Model - STAFFDEM | X

MODEL:
SET3S:

DAYS: BEQUIRED, START;
ENDSETS

DATA:
DAYS = MON TUE WED THU FRI SAT SUH;
REQUIRED = 20 1& 13 1l& 1% 14 12;
ENDCDATR

(= B R BT ST ek

11 submodel
12 MIN = @5UM({ DRYS({ I): STARI( I)):

14 @FCR{ DAYS({ J):

15 @SUM({ DAYS({ I) | I #LE# 5:

16 START({ @WRAB{ J - I + 1, 7)))
17 »>= REQUIRED{ J)

21 END

The @set key word used to alter LINGO parameters dynamically in you model's calc section has an
extra auto complete dropdown.
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B¥ Lingo Model - STAFFDEM =[S
4 ENDSETS

S

& DATA:

) DRYS = MON TUE WED THU FEI SAT SUN:
8 BEQUIERED = 20 1lg& 13 1lg¢ 19 14 12;
=) ENDDATR

10

11 submcdel staff:

12

13 MIN = @5UM{ DRYS({ I): STRRT{ I})):

14

15 @FCR{ DRYS{ J):

16 @sUM{ DRYS{ I) | I #LE# 5:

17 STRRT({ @WERP{ J - I + 1, 7))}

18 »= REQUIERED{ J)

15 I i

20 endsubmodel

21

22 calc:

23

24  @set

23

26 e

27

28 =

258

30 EN

31

When @set is auto completed it will open a new auto compete dropdown with all LINGO parameters
that @set can change.
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Ling::- Model - STAFFDEM — =l | (S
3 DAYS: REQUIRED, S5TART;

4 ENDSETS

5

[ DATA:

T DAYS = MON TUE WED THU FRI SAT SUN;
8 REQUIRED = 20 1l& 13 1le& 1% 14 12;
i) ENDDATR

10

11 submodel staff:

12

13 MIN = @5UM{ DRYS({ I): START( I)):

14

15 BFCOR{ DRYS( J):

1& @sUM{ DRYS({ I) | I #LE# 5:

17 STRRT{ @WERP({ J - I + 1, 7))

18

19 :

20 endsubmTIMZEL

21

22  calc:

23

24 Raec{'t]);

25 B3o0lve(3taff);

26

27 endcalc

28

29 END

30

When a parameter is selected it is inserted in the @set method along with its default value. A comment
explaining the parameter and its possible values is inserted to the right of @set.
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Lingo Madel - STAFFDEM

[= ] &)

DRYS: REQUIRED, START;
ENDSETS

3
4
5
3 DRTA:
=
8
)

DRYS = MON TUE WED THU FRI SAT SUN:
REQUIRED = 20 1l 13 18 19 14 12;
ENDDATR

10

11 submodel staff:

12

13 MIN = @SUM{ DRYS({ I): START( I)):

14

15 @FOR({ DRYS{ J):

16 @5UM({ DRYS( I) | I #LE# 5:

17 START({ GWRRP({ J - I + 1, T)))

18 »= REQUIRED({ J)

18 i

20 endsubmeodel

21

22 calc:

23

24 @sec {'TERSEOQ', 0); !Output lewvel (O:verbose, l:terse, 2:errors only, 3:n

25 [@solve (staff);

26

27 endcalc

28

25 END

30

To switch to verbose auttomplete go to Edit|/Auto Complete and select Verbose.
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Lingo 21.0.34 - Linge Model - STAFFDEM
File Edit Solver Window Help
Se @
J < N\
S
[ 1
2
3 Paste Ctrl+V
4 Pascte Special...
2 Select All Ctri+4&
7 . . 5AT 5UN;
a Find... Ctrl+F P14 12:
=)
1{ Replace... Ctrl+H
1: :
1: Go To Line... Ctrl+T
1 _
1t Match Parenthesis Ctrl+P 1)
14
1 Auto Complete ¥ Terse
1t ) ~  Verbose
14 Paste Functicn ¥

With the Verbose auto complete setting enabled the auto completdarwpoptions will appear the
same as before. However when a completion of a LINGO method is made the parameters will be filled
in with hints to assist you in editing.

18

15 CALC:
20
21
CE B @ CHARTBAR (

23 |
24 |@CHARTBUBBLE (

25 E@CHARTCONTOUR (
@CHARTCURVE (
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18

19 CALC:

20

21 @CHRRTBRR( 'title', '"x-axis', 'y-axis', "legendl', xl[, ..., "legendn', xn]):
22

23 ENDCALC

24

25 END

Edit|Paste Function

Use thePaste Functiot o mmand t o past e -irafungtions dt thdcuridi@i@sersionb ui | t
point. Choose the category of the LINGO function you want to paste from the secondary menu, and
then select the function from the cascading menu

In the following illustration, we have chosen tieternal Filescategory from the secondary menu.

I

Paste Function External Files r @FILEL 'File

Financial k @ODBC( 'datasource’, table’, 'call, ..., 'caln'T)

Mathematical k @OLEY "«lsFile', rangel, ..., 'rangen'])
Insert Mew Object... Probability 4 @POINTERS M)

Programming r @TEXTL File")

Repork ]

Set Handling k

Set Looping 4

Trigonarekric b

Variable Domain  *

Other 4

On the right are all the functions that deal with external files. By selecting one of these functions,

LINGO will paste a template for the selected function into your document, with a suggestive

pl acehol der for each of the functionds argument s
with actual arguments that are relevant to your model.

Edit|Select Font

Use theSelect Fontommand to select a new font, size, style, color, or effect in which to display the
selected text. You may find it easier to read models and solution reports if you select a monospaced
font such as Courier. Custom fonts are preserved only when saving in the LG4 file format. (Refer to
theFile|Newcommand for a description of LINGO's various file types.)
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Note: Under Windows you may also change the font color, however, you cannot change the display
color if syntax coloring is enabled. If you need to use specific display colors in your
document, you will need to disable syntax coloring.

Edit|/Insert New Ob,"!',t

Use thelnsert New Objectommand to insert an object or a link to an object into your model. As with
the Edit|Paste Speciaiommand, this command is helpful in that it allows you to insert links to your
model's data sources. Unlike thaste Speciatommand, which links to portions of an external object,
thelnsert New Objeatommand can add a link to an entire object.

As an example, suppose you have the following staff scheduling model:

[

B¥ Lingo Model - StaffODBC (o] @ |«

SETS:

DAY /@ODBC('STAFFING', 'STAFFING®
*DAY')/: NEED, START:

ENDSETIS

MIN = @50M( DAY: START):

— o . _ =

EFOR( DAY ( TODAY):
@5UM( DAY ( COUNT) | COUNT #LE# 5:
START( BWRAP (TODAY - COUNTI+1,
@SIZE( DAY)))) >= MEED( TODAY):
@GIN| START):

) ;

DATA:
NEED = @ODBC|( 'STAFFING',
'STAFFING', 'REQUIREMENTS'):
@ODBC( 'STAFFING',
'STAFFING', 'START') = START:
ENDDATA

B B B 2 e e e e e
NFOVYO-ObdWhRgP@IAURAEWNDE




200 CHAPTER 5

From the model's data section, we see that we are usi@@i@BCfunction to retrieve the values for
theNEEDattribute from an ODBC data source tit8#AFFING .We are also using ti@ ODBC

function to send the optimal values for B€ARTattribute back to the same data source. Because this
data source is an integral part of our model, it would be nice to place a link to it in our model, so we
can retrieve it easily each time we want to refer to it. We can do this witditjinsert New Object
command as follows:

1. Position the cursor in the model where you would like the icon for the link to
appear (Note, the LINGO parser ignores links to external objects, so you can
insert the link anywhere you like.)

2. Issue theEdit|insert New Objeatommand. You should see the following dialog

box:
Insert Object X
© Create New Microsoft Excel 97-2007 Work sheet

Microsoft Excel Binary Worksheet | Cancel
() Create from Fi Microsoft Excel Chart
\ oo imm e | Mcmadit Excel Macr-Enabled Work
Microsoft Excel Worksheet
Microsoft Graph Chart ==
Microsoft PowerPoint 97-2003 Preser () Display As Icon
| Microsoft PowerPoint 97-2003 Slide

Result
Insars a new Microsoft Excel 97-2003

Worksheat object into your document.

3. Select theCreate from Fileradio button.

4. Type in the name of the database file containing your data.
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5. Click theDisplay As Icorbutton, so the box now resembles:

Insert Object *

OK

File: Microsoft Access Cancel
© Create from File CALINGOE4_214Samples\Staffing aced|

() Create Mew

8 Display As kcon

Staffing.accdb

Insers a shoreut which represents the file. The
@*B shortcut will be inked to the file so that changes
to the file will be reflected in your document,

= - |

6. Finally, click on theOK button, and an icon representing the linked database
will appear in your LINGO model as pictured below:

17 DATA:
18 NEED = @ODBC( 'STAFFING',

19 'STAFFING', 'REQUIREMENTS'):
20 @ODBC( 'STAFFING',

21 *STAFFING', 'START') = START:
22 ENDDATA

24 ‘ﬁ

Staffing.accdb (Command Line)
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Now, whenever you want to edit or view the supporting database, all you need do isatiokilde
the icon. In this case, Microsoft Access will start and load the staffing database, so you will see the
following on the screen:

e Staffing X

D - Requiremen - Start -
Mon 12 0
TUE 14 5
WED 10 0
THU 19 T
FRI 1 2
SAT 14 0
SUN 16 7

As a final note, keep in mind that linked objects are preserved only when a model is saved in LG4
format (see th&ile|Newcommand for details on the LG4 file format.)

For complete information on exchanging data and solution values with data sourdeter&esng
with Databases
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Edit|Lin k*
Use theLinkscommand to modify the properties of the links to external objects in a LINGO
document. The dialog box appears as follows:

nks "

I.hhka.' | - Type Update ol
Update Now
Open Source

Change Source...
Break Link

Source: CALINGOB4_21\Samples‘translink xlsx

Type: Microsoft Excel Workshest

Update: 0 Automatic (_) Manual

Select theAutomaticradio button to have LINGO automatically update the object when the source file
is changed. Th#anualradio button allows you to update the object only when you seletiptiate
Now button.

TheOpen Sourcéutton is used to open the connection to an automatic link. Once the link has been
opened, any changes to the source document will be reflected in the view of the object in your LINGO
model.

The Change Sourcbutton is used to attach the link to a different source file.

Finally, theBreak Linkbutton is used to break the connection to the external object.
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Edit|Object Properties

Select a linked or embedded object in your model by sidigiking it, and then you can use the
Object Propertiesommand to modify the properties of the object. Properties you will be able to
modify include:

display of the objec

the object's source

type of update (automatic or mant
opening a link to the object,
updating the object, and

breaking the link to the obje

w W W W W W

3.Solver Menu

The Solvermenucontains commands that generally pertain to solving a model and generating reports.
This menu also contains t@ptionscommand for customizing LINGO's configuration

Solver|Solve

Use theSolvecommand to have LINGO solve the model in the active window.Skdeecommand is
available only for model windowsreport, script, and data windows cannot be solved.

When you solve a model, LINGO first examines the model's syntax to determine if it is valid. If
LINGO finds a mistake in the syntax, you will be presented with a dialog box similar to the following:

LINGO Errar Mescage X

Emoe Coer |

i Cope Esplan oK |

Ence Test
Invalid input. & syntax error has occurred

2] HMAX = 100 STANDARD + 150 = TURBO:

In theError Textbox, LINGO prints the line number where the syntax error occurred, the text of the
line, and points to where LINGO determines that the error occurred. In most cases, LINGO is good at
pointing to where the error occurred. Sometimes, however, the error may not be located exactly where
LINGO is pointing. Be sure to examine neighboring lines for possible flaws as well. In this particular
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example, the syntax error occurred in line 2, where we forgot to insert the multiplication signs (*)
between the two coefficients and variable names.

When you issue th8olvecommand (assuming your model has no further syntax errors), LINGO will
post thesolver status windowl his window contains information about the composition of your model
and keeps you posted as to the progress of the solvesoMez status windowesembles the

following:

Soheer Stalus Variablez
Model Class: 1P Tatal 2
Monlinear. 0
Shate; Global Opt Integers: 0
O bjechve: 14500 o
I asibdity: 1] Tatak 4
MNonlnear 0
Iteratioss: 0
Monzens
Extended Solver Stahus ‘{ntal. 6
et T Manlinear: 0
Best Obj: L Genetator Memory Used [K)
Obi Bound: 23
Stegs Elapsed Runtime (b mim:ss)
BN S 00:00:00
Update Inter-at 2 nbemupt Sohes Close

[ v

For more information on the various fields in the solver status window, refer to the Saltien
Status Window
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Once the solver has completed processing your model, it will create a new window containing the
solution report for your model. You can scroll through this window to examine its contents, save it to a
text file, or queue it to your printer. The following is a sample solution report window:

E® solution Report - BOX

=8 o

Local optimal solution found.

Objective valus:

Infeasibilities:

Extended solver steps:

Best multistart sclution found at =step:
Total solver iterations:

Elapsed runtime seconds:

Model Clasa:
Total variables: 3

Nonlinear variables:
Integer variables:

Total constraincs: &
Nonlinear constraincs: €
Total nonzerss: 15
Honlinear nmonzeros: 15

Variable
D

50.%9E507
0.1362291E-03

5

3

51

0.4%

HLE

Value Reduced Coat
23.03057
5.56215%45
&.BE5E55

Slack or Surplus [ual Price

50.96507 =1.000000
0.1745506E=-04 =0.2342550E-01
=0.1362291E-03 =0.1325533E-01

0.000000 2.298545

A mmmmEAEn A mmme e

3

Solver|Solution

Use theSolutioncommand to generate a solution report for the active window. After selecting the
model window that you want to generate a solution for, issuSdahefSolutioncommand and you

will be presented with this dialog box:
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Solution Report or Chart >
Atinbatels] o Rove Mame(s] Type of Dutput i —
O Teut
Header Tek LCancel
Chait
Help
Monzeto Vars and Binding Roves Onby
Chart Properties:
Chart Type: Walues:
Bounds
Histo Bins
Aoz Labeks Legend
Sets] o User Mame(s] Set or Uses N.ame(s]

[ d

By clicking on the appropriate radio button on Thyge of Outpubox, the solution report may be

viewed in eithetext or chartformat. If you selecText LINGO will create a new window containing

the solution in text format. If you sele€hart, LINGO will create a new window containing the

solution in one of several different graphical formats. Current supported chart formats are: bar, bubble,
contour, curve, histogram, line, pie, radar, scatter and surface.

Note: LINGO maintains only one solution in memory. This is the solution to the last window you
issued theSolver|Solveommand for. If you try to issue ti$®lutioncommand for a window
that LINGO does not currently have a solution, you will receive an error message. Thus, if
you plan to work with two or more models that take a long time to solve, be sure to save
copies of your solutions. This will allow you to refer to them later withawtrig to resolve

your models.
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Note: At presentthecharting featuresf the Solutioncommandare only supported in Windows
versions of LINGO However, Maand Linuxversions of LINGO can generate charts using
the @CHARTfunction set.

Text Solution Reports

In the Attribute(s) or Row Name(#ist box, select an attribute or row name for which you would like a
report. If you do not select a name in this box, LINGO will generate a full solution report that includes
all attributes and rows. You may also specify multiple objects in this box, in which case, each object
will be included in the report.

Both the multicharacter (*) and single character (%) wildcards are supported irttifiteute(s) or

Row Name(sfield. For example, inputting "X*" would cause all variables and rows beginning with
the letter X to be displayed, while "X%1" will display all variables and rows with itinaeacter
names that begin with letter X and end with the digit 1.

In theHeader Texbox, enter whatever text (e.g., "Values for X") you would like to appear at the head
of the report.

Check theNonzeros Vars and Binding Rows Obbtx to see a report that contains only the variables
with a nonzero value and constraints that are binding.

When you click OK, LINGO creates a new solution window containing the solution report. You can
use Cut and Paste commands to move the contents of the report to other applications. You may also
use the File|]Save command to save the report to a text file

Charting Solutic®~

If you choose to have the solution displayed as a chart, the boxGhkatl Propertieswill be
undimmed, which allows you to select options influencing the display of the chart.

In theChart Typebox, you have the option of selecting a bar, bubble, contour, curve, histogram, line,
netarc, netnode, pie, radar, scatter or surface chart.

One easy way to familiarize yourself with the various chart types is to open and run the sample model
CHARTS.LG4which displays a sample of each of the chart types.

If you've selected a histogram chart, then you will also have the option of specifying the number of
bins in the histogram in thdisto Binsbox. If the number of bins is set to 0, then LINGO will select a
reasonable number of bins for the given data set.

In theValuesbox, you can select to graph either primal or dual values.

The Attribute(s) or Row Name(figld works in the same way as mentioned in the previous section,
with the additional feature that a colon may be inserted in between object names to indicate that you
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wish to display multiple series on the same graph. Each series of data will be displayed using a
different color. The chart types that support multiple series are: bar, bubble, curve, line, radar, scatter.
Contour, histogram, pie and surface charts do not support multiple data series. As an example,
consider the following staff scheduling model, similar to the one discussed above in Aestadh
Scheduling Problem

MODEL:

SETS:
DAYS: REQUIRED, START, ONDUTY;
ENDSETS

DATA:
AYS = MON TUE WED THU FRI SAT SUN;
REQUIRED =20 16 13 16 19 14 12;
ENDDATA

MIN = @SUM( DAYS( I): START( 1))
@FOR( DAYS(J):
ONDUTY(J) =
@SUM( DAYS( 1) | | #LE# 5:
START(@WRAP(J - 1+1, 7));

ONDUTY( J) >= REQUIRED( J)
);

END
Model: STAFFDEM2
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The ONDUT Yattribute tells us how many employees are working on each day of the week. To display
a bar chart of this information, you would fill out tBelve{Solutiondialog box as below:

r

Solution Report or Chart X
Attribute(s] or Row Name(s): Type of Output: 0K
'DNDUTY v O Text

) Tex
Header Text: Cancel
© Chart
Help
Nonzero Vars and Binding Rows Only
Chart Properties:
Chart Type: WValues:

Q Bar () Bubble () Contour
() Curve (O Hista () Line

(O Netare () Netnode () Pie Lo

() Radar () Scatter () Surface Lower:  None

Histo Bins: Upper: MNone
0

O Fiimal () Dual
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After pressingOK, a new window will open with the desired chart:

| C:\LINGOG64_21\Samples\STAFFDEM2.1g4

B ONDUTY

Along with charting the number on duty, it would also be useful to include the number of staffers
required on each day. This would allow us in one glance to quickly see the days (if any) where we are
over staffed. To do this, change the contenttofbute(s) or Row Name(§igld from "ONDUTY" to
"ONDUTY : REQUIRED". This tells LINGO we want to view both on duty and required staffing

levels, with the colon inserted to indicate they should be displayed as separate series. Doing this yields
the multibar chart:
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B ONDUTY @ REQUIRED
30
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Here we see that we just meet our staffing needs Monday through Saturday and are over staffed
slightly on Sunday. Had we not inserted the colon separator between the attribute fields, then LINGO
would have displayed the two attributes as a sisgies:

C:\LINGOG64_21\Samples\STAFFDEM2.1g4
® ONDUTY REQUIRED
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TheBoundshox gives you the option of placing bounds on the values to be included in the graph. If a
number is entered in thewerbound field, LINGO will only display points in the graph that are
greaterthanor-equatto the value. Conversely, if a value is placed inWpperbound field, LINGO

will only graph points lesthanor-equatto the bound. For example, if we display a bar chart showing
the number of employees starting each day of the week we'd see the following:

== r=n <~

I C:\LINGO64_21\Samples\STAFFDEM2.1g4

B START
10
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Notice there are several "holes" in the chart due to no one starting on Tuesday, Wednesday and
Sunday. Entering a lower bound of .1 in Beundsbox removes the holes in our chart:

C:\LINGO64_21\Samples\STAFFDEM2.1g4
B START

101

For charts with onglimensional data (bar, histogram, line, pie and radar), the bounds will be applied

to all data points in the first data series. If a point is eliminated in the first series, then the
corresponding points in any additional series will also be eliminated, regardless of whether or not they
lie within the specified bounds.

Charts with twedimensional data points (curve and scatter) and-tiraensional data (bubble,

contour and surface) will have the bound applied only to-des data. If thec-axis value lies outside

the bounds, then the entire point will be eliminated from the chart. Of these higher dimension charts,
only curve scatter and bubble allow for multiple series. In this case, the bounds will be applied to the
x-axis value of each series, as opposed to just the first.

Note: Bounds are not currently applied to the two network chart typetarc and netnode.




216 CHAPTER 5

Next in the Chart Properties box are options for controlling how the axes and legends are labeled. In
both cases, the choices are:

§ Default- LINGO tries to make intelligent choices in choosing an appropriate labeling

scheme.

None- No labels are displayed.

Set- Use one of the model's sets for labeling. Multiple sets may be specified, if needed, to

supply sufficient labels.

8§ User Specified Labels are entered explicitly into the Set(s) or User Name(s) field, with
individual labels being separated with colons.

§
§

The final option in th&Chart Propertiesdox is theUse 3D and Shadincheckbox. This option is on
by default and will result in more modern looking charts that utilize shading-dmlehsional effects.
Disable this option to display simplerdimensional charts that may display better on certain printers.

Higher Dimension Charts

In addition to the standard charts with atimensional data, LINGO offers@mensional curve and

scatter charts, as well aslBnensional bubble, contour and surface charts. When a chart requires more
than one dimension of data, you can supply the data in either of two ways. The first method is to
supply one attribute for each dimension. So, for examplajim8nsional surface chart might be

specified using the three attribut€¥ALS YVALSandZVALS The first attribute always stores the

axis data, the second stores yraxisand, if needed, the third attribute storeszlais values. The

second option is to provide a data series imam table/attribute, whermis the number of data

points anch is the dimension of the chart type.

As an example, suppose we have the following model that generates points of thexsti$ais¢ Y)
+Y * SIN( X)

MODEL:

SETS:
POINTS /1..21/;
POINTS2( POINTS, POINTS): X, Y, Z;

ENDSETS
CALC:
XS = @FLOOR( - (@SIZE( POINTS) / 2) + .5);
YS = XS;
@FOR( POINTS2( 1, J):
X(1,3) = XS +1 -1
Y(1,3)=YS+J -1

Z(1,3) = X(1, ) * @SIN(Y(1, ) +
Y(1,3)* @SIN(X( 1, J));

)i
ENDCALC

END
Model: CHARTSURF
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A surface chart requiresdimensional data, which, in this case, is contained ixXfiveandZ

attributes. To request a surface chart after solving the model, we fill cBobetSolutiondialog box
as follows:

r

Solution Report or Chart X
Attribute(s) or Row Name|s): T : -
ype of Dutput:
“YZ g O Ten .
) Tex
Header Text: O Chat Cancel
ar
Help

Monzero Yars and Binding Rows Only
Chart Properties:
Chart Tupe: Walues:
() Bar () Bubble () Corbour
()Cuve (JHisto () Line
(O Metaic () Netrode () Pie Bounds:
( JRadar () Scatter @ Surface Lower. Mone

© Pimal () Dual
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Note that we've listed each of the three attributes idttroute(s) or Row Name(§ield. Given that
this is a 3dimensional graph, the three attributes will be used to create a single chart. ClickiKg on

then gives us the chart:

"‘.a......uxJL..m.q...._.M...:u..u.‘.l.f
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Below we list the dimensions of each of the various chart types and whether or not they allow for
multiple data series:

Chart Type Dimension Supports Multiple Series \
Bar 1 Yes
Histogram 1 No
Line 1 Yes
Pie 1 No
Radar 1 Yes
Curve 2 Yes
Netarc 2 Yes
Netnode 2 Yes
Scatter 2 Yes
Bubble 3 Yes
Contour 3 No
Surface 3 No

Network Charts

Network charts are specified slightly differently from other charts. Although network charts are
technically 2dimensional charts, they require 4 attributes of data.
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LINGO supports two different formats for specifying network chartetarcandnetnodeln netarc
format, each arc is specified by tw¢,Y) pairs, indicating the two end points of the arc. Whereas in
netnode format, each node in the network is specified withXoe §air, and each arc between the
nodes is specified by pair of arc indices from the arcs set. An example of both formats follows:

MODEL:
I lllustrates the two formats for network charts:
NETARC and NETNODE;

SETS:
NODES /N1..N4/: NODEX, NODEY;
NODESINNET /1..6/: N1, N2;
ARCS( NODES, NODES) /
N1,N2, N2,N3, N3,N4, N4,N1, N4,N2, N1, N3
/2 X1,Y1, X2,Y2;

ENDSETS

DATA:
IList locations of all the nodes;
NODEX, NODEY =

10, 10,
20, 10,
20, 40,
10, 40,

IAnd list the indices of the nodes
that have arcs between them;
N1, N2 =

PFARWONPE
WNPFPMWN

ENDDATA

CALC:
ILoad the arc coordinates into X1, Y1, X2, Y2;
@FOR( ARCS( 1, J):
X1(1, J) = NODEX( I);
Y1( 1, J) = NODEY( I);
X2( 1, J) = NODEX( J);
Y2(1, J) = NODEY( J);
);
ENDCALC

END
Model: CHARTNET
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The CHARTNETmModel above uses both network chart formats for specifying a rectangular network of
four nodes with each node pair being joined by an arc. After solving the model, you can display the
network using netarc format by running thelvefSolutioncommand and filling out the dialog box

using the netarc attributeX1, Y1, X2andY?2) and clicking on the "Netarc" radio button as follows:

f

-

Solution Report or Chart %
Attribute(s) or Row Name(s) Type of Output: |L;
XK1Y H2Y2 3
) Tt
Header Text: - Cancel
© Chart
Help
Monzero Vars and Binding Bows Only
Chart Properties:
LChart Type: \ aluss:
OB ") Bubble () Cont _
. -— S O Fiimal ) Dual
(U Cuve OHisto (Line
© Netarc () Netnode () Pie Bounds:
M
(O Radar () Scatter () Suface Lower: None
e llnmse  Meosas

To display the network using netnode format, you would fill out the dialog box as below, using the
netnode attributeNODEX NODEY, N1 andN2) along with checking off the "Netnode" radio button:
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Solution Report or Chart -
Attribute(s] or Row Mame(s): Type of Output: oK
|NODEX NODEY N1 N2 v) e

Cancel
Header T
o © Chart
Help
Monzero Yars and Binding Rows Only
Chart Properties:
Chait Type: Yalues:
() Bar () Bubble () Contour OFima O Dual
OcCuve OHisto O Line
O Netarc  © Netnode O Pie sl
Lower: None

()Radar () Scatter () Swiface

In both cases, you should then generate a network chart resembling:

CHARTMET

C:\LINGO64_21\Samples\CHARTNET.Ig4
+ MODEX NODEY N1 N2

Solver|Range

Use theRangecommand to generate a range report for the model in the active window. A range report
shows over what ranges you can: 1) change a coefficient in the objective without causing any of the
optimal values of the decision variables to change, or 2) change a row's constant term (also referred to
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as the righthand side coefficient) without causing any of the optimal values of the dual prices or
reduced costs to change.

Note: The solver computes range values when you solve a model. Range computations must be
enabled in order for the solver to compute range values. Range computations are not enabled
by default. To enableange computations, run tis®lvefOptionscommand, select the
General Solver Takand, in theDual Computationsist box, choose the Prices and Ranges
option. Range computations can take a fair amount of computation time, so, if speed is a
concern, you don6ét want to enable range comp

Note: The example model below, when solved, yields the range report that follows.

[OBJECTIVE] MAX =20*A + 30 *C;
[ALIM] A <=60;

[CLIM] C<=50;

[JOINT] A+2*C <=120;

Here is the range report:

Ranges in which the basis is unchanged:

Objective Coefficient Ranges
Current Allowable Allowable
Variable Coefficient Increase Decrease
A 20.00000 INFINITY 5.000000
C 30.00000 10.00000 30.00000

Righthand Side Ranges
Row  Current Allowable Allowable
RHS Increase Decrease
ALIM  60.00000 60.00000 40.00000
CLIM 50.00000 INFINITY 20.00000
JOINT 120.0000 40.00000 60.00000

The first section of the report is titl€bjective Coefficient Rangds. the first column, titled/ariable

all the optimizable variables are listed by name. The next column,@itieent Coefficientlists the

current coefficient of the variable in the objective row. The next colddtmyable Increasgtells us

the amount that we could increase the objective coefficient without changing the optimal values for the
variables. The final colummllowable Decreasdists the amount that the objective coefficient of the
variable could decrease before the optimal values of the variables would change. Information on the
allowable increases and decreases on objective coefficients can be useful when you need answers to
questions like, "How much more (less) profitable must this activity be before we should be willing to
do more (less) of it?".
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Referring to theébjective Coefficient Rangesport for our example, we can say, as long as the
objective coefficient oA is greateithanor-equalto 15, the optimal values of the variables will not
change. The same may be said for the objective coefficient of va@ahtelong as it falls within the
range of [0,40].

Note: Ranges are valid only if you are planning to alter a single objective oihagtat side
coefficient. The range information provided by LINGO cannot be applied in situations where
one is simultaneously varying two or more coefficients. Furthermore, ranges are only lower
bounds on the amount of change required in a coefficient to actually force a change in the
optimal solution. You can change a coefficient by any amount up to the amount that is
indicated in the range report without causing a change in the optimal solution. Whether the
optimal solution will actually change if you exceed the allowable limit is not certain.

The second section of the range report is titeghthand Side Range$he first columnRow lists

the names of all the optimizable rows, or constraints, in the model. The second c@lurent RHS

gives the constant term, or righ&nd side value, for the row. The next two columilgwable
IncreaseandAllowable Decreaseell us how far we can either increase or decrease thehaglat

side coefficient of the row without causing a change in the optimal values of the dual prices or reduced
costs. If you recall, the dual prices on rows are, effectively, shadow prices that tell us at what price we
should be willing to buy (or sell) our resources for. The dual prices do not, however, tell us what
guantity we should be willing to buy (or sell) at the dual price. This information is obtained from the
allowable increases and decreases on the-higihdl side coefficients for the row. So, for our example,

the dual prices and reduced costs will remain constant as long as thearighgide of rovALIM falls

within the range [20,120], the rightand side o€LIM is greateithanor-equatto 30, and the right

hand side 0o§OINTis in [60,160].

Note: We preceded all the constraints in our model with a name enclosed in square brackets. This is
an important practice if you wish to generate range reports. If you do not name your
constraints, LINGO assigns them a name that corresponds to the internal index of the
constraint. This internal index will not always correspond to the order of the constraint in the
text of the original model. So, to make the Righhd Side Ranges section of range reports
meaningful, be sure to name all your constraints. (See the s€diwmtraint Namefor
details on assigning constraint names.)

Note: If a variable is nonlinear in the objective, its value in the Current Coefficient column will be
displayed adlONLINEAR Similarly, if a row is nonlinear, the value in tBeirrent RHS
column will be displayed aSONLINEAR

Coefficients that can be increased or decreased indefinitely will display a raiNfelNfTY.




MENU COMMANDQ25

Fixed variables are substituted out of a model and will not appear in a range report. Rows that contain
only fixed variables are also substituted out of models and will also not appear in range reports. As an
example, suppose we changed the following inequality in our sample model from:

[ALIM] A <=60;

to the equality:
[ALIM] A =60;

LINGO can now solve directly for the value of A. The variable A is considered fixed, as is the row
ALIM (since it contains no optimizable variables.) Given this, the variable A will no longer appear in
the Objective Coefficient Ranges section of the range report and the row ALIM will not appear in the
Righthand Side Ranges section. We can verify this by examining the updated range report:

Ranges in which the basis is unchanged:

Obijective Coefficient Ranges
Current Allowable Allowable

Variable Coefficient Increase Decrease
C 30.00000 INFINITY 30.00000

Righthand Side Ranges

Row  Current Allowable Allowable
RHS Increase Decrease

CLIM 50.00000 INFINITY 20.00000

J OINT 60.00000 40.00000 60.00000

Note: LINGO maintains the range report for only one model in memory. This is the report for the
window that you last issued tt®olvetSolvecommand for. If you try to issue tiRange
command for a window that LINGO does not currently have range information for, you will
receive an error message. If you plan to work with two or more models that take a long time
to solve, be sure to save copies of your range reports to disk, so you can refer to them later
without having to resolve your models.

Note: The barrier crossover option must be enabled if you plan to do range analysis. Range
computations cannot be performed if the final solution is not a basic solution.
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Solver|Options

Use theSolver|Option€ommand to change a number of parameters that affect LINGO's user
interface, as well as the way LINGO solves your model. When issuir@ptienscommand, you will

be presented with the following dialog box:

F

Lingo Options
Nonlinear Solhver Integer Pre-Solver Integer Sohver
Global Sobver Model Generator 5P Sobver
Intesface General Soheer Linear Solver
General File Format
@ Evors in Diskogs (0 Status Bar O g4 fextended)
(JFOuRanges (@ Status Window = :r:;-.lnl:::‘w
8 Splash Screen (@) Tookar - ;
Output Lewel Syntax Caloring
Verbose Lirwe Lisrit
100000
Solution Display Deday
Show as 0 Precision 0
le09 7 = & Paren Match
Command Window:
[l Send Reports to Command Window "] Eche Inpadt
Line Count Limits: Page Size Limits
Maoimum: 800 = Length: None |5
Mirirmun: 400 . Widkh: 85 -

Help Canced Defaul

[

.|

4

4

Set these parameters to your personal preference and prégplybutton to set them for the extent

of the current LINGO session. The currently selected settings are also applied when you €€k the

button, with the one difference being that @i€ button closes the dialog box. Click tBavebutton if

you would like the current parameter settings to be maintained for use in subsequent LINGO sessions.

The original default settings can be restored at any time by clickirDetfaailtbutton.
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There are nine tabs on tptionsdialog box:

8

w W w W W W W

8

Interface
General Solve
Linear Solver
Nonlinear Solve
Integer PreSolve
Integer Solver
Global Solver
Model Generatc
SP Solve

The first time you run th®ptionscommand during a session, tinéerfacetab will be selected. The
InterfaceandGeneral Solvetabs contain options of interest to most users. The remaining.iabsai(
Solver, Nonlinear Solver, Integer RP8olver, Integer Solver, Global SohemdSP Solvercontain
advanced options that tend to be of interest primarily to the expert user. Follow the links above for
more details on the options available under each tab.

Note:

LINGO uses the LINDO API as its solver engine. The LINDO API has a wealth of advanced
parameter settings to control its various solvers. Most of the more relevant parameters may
be set through th8olvefOptionscommand. However, some of the more advanced
parameters must be set using AfRISETcommand.
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Interface Tab

Thelnterfacetab on theOptionsdialog box:

F -]

Lingo Options -
Monlinear Solhver Integer Pre-Solver ineger Solver
Global Sobver Model Generator 5P Sobver
Intesface Geaneral Scheer Linear Solver

Gerneral File Format
@ Erors in Dislogs (8 Status Bar O g4 fextended)

OROWRages [ Stzhs Window = = 13 i crly)

= —— 8 Toobar (O kx (LINDOY)
Outputt Lewel Syntax Coloring
Verbose v Lirse: Limat
100000
Solution Display: Delay:
Show as 0 Precision: 0
Te09 LA = [T
Command Window:
([ Send Reports to Command Window [ Echo Input
Line Count Limits: Page Size Limils
Mairmum: .EDEI o Length: None |5
Minimum: 400 1 Width: 85 |3

Help Cancel Defaul Save 4 oK

[ 4

can be used to control the appearance of LINGO, LINGO's output, and the default file format.

General Box

The Generalbox on thdnterfacetab:
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General

& Erors in Dialogs Status Bar
" |Fill Out Ranges [ Status Window
8 Splash Screen Toolbar

Output Level:
Verbose

allows you to set the following general options:

Errors In Dialogs

Status Barr,

Fill Out Ranges and Tablg
Status Window,

Splash Scree

Toolbar, and

Output Leve

w W W W W W W

Errors In Dialogs

If the Errors In Dialogsbox is checked, LINGO will display error messages issued by the solver in a
modal dialog box. This dialog box must be cleared before LINGO proceeds with any other operation.
In some instances, you may have LINGO embedded in other applications, where it may not be
desirable, or possible, to have users clearing error dialogs. By unchecking this option, LINGO wiill
route the solver's error messages to the command window, where they will be displayed, and no user
intervention will be required to clear the messages.

The default is for solver errors to be displayed in dialog boxes.

Note: This option allows you to route only those error messages generated by LINGO's solver to the
report window. Error messages displayed by LINGO's interactive-&nahiwill always be
posted in dialog boxes.

Status Bar

If the Status Babox is checked, LINGO displays a status bar along the bottom of the main frame
window. Among other things, the status bar displays the time of day, location of the cursor, menu tips,
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and the current status of the program. To remove the status bar from the screen, Stestudtizar
checkbox.

The default is for LINGO to display the status bar.

Fill Out Ranges

Wi ndows versions LINGO can e x @atabased&hemexpbréinigtfos s ol u
Excel, LINGO sends solutions to user defined ranges in a workbook. Solutions exported to a database

are sent to tables within the database. In either case, the target range or table may contain more space

for values than you are actually exporting. In other words, there may be cells at the end of ranges or
records at the end of tables that will not be receiving exported values from LINGGillTDat

Rangesoption determines how these extra cells and records are treated. Whéh@e Ranges

option is enabled, LINGO overwrites the extra values with null entries. Conversely, when the option is

not enabled, LINGO leaves any extra values untouched.

TheFill Out Rangeoption is disabled by default.
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Status Window

If the Status Window box is checked, LINGO displays a solver status window whenever you issue the
Solver|Solveommand. This window resembles the following:

Salver Status Yanables
Model Class: P B 2
Manlinear: 1]
State: Global Opt Integers: 1]
Objective: 14500 Constraints
Infeasibility: 0 Total 4
MHanlinear: 1]
[terations: 0
Monzeros
Extended Solver Statuz Total: &
MHanlinear; 1]
Solver Tyupe:
Best Obj: Generator Memary Uzed (K]
Obj Bound: 23
el Elapzed Runtime [hh:mm:zz)
Active: 00:00:00
Ipdate Interval: 2 [nkermupt Salver Cloze

The solver status window is useful for monitoring the progress of the solver and the dimensions of
your model. It is updated evemyseconds, wheneis the value in th&pdate intervafield in the lower
right corner of the window. For a detailed description of the various fields in the solver status window,

see the sectioBolver Status Window

The default is for the solver status window to be displayed.

Splash Screen

If the Splash Screehox is checked, LINGO will display its splash screen each time it starts up. The
splash screen lists the release number of LINGO and the software's copyright notice. If you disable this

option, LINGO will not display the splash screen.

The default is for the splash screen to be displayed.
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Output Level

You can use th®utput Leveketting to control the amount of output LINGO generates. There are four
settings available:

§ Verbos® Causes LINGO to display the maximum amount of output, including full
solution reports.

8 Tersed Less output thaWerbosewith full solution reports suppressed. This is a good
output level if you tend to solve large models. LINGO also suppresses Export Sumi
Reports generated when exporting data to spreadsheets or databases.

Errors Onlyd All output is suppressed, with the exception of error messages.
Nothingd LINGO suppresses all output. This level may be useful when taking adva
of theprogramming capabilitieisn LINGO, in which case, you will add statements to y
model to generate all required output. Keep in mind all output is suppressed in this
meaning that error messages are also not displayed. Therefdiettiregoutput level
should only be used once a model has been thoroughly debugged.

The default is for LINGO to be in verbose mode.

w W

Toolbar

If the Toolbarbox is checked, LINGO displays a toolbar containing buttons, which act as shortcuts to
various commands contained in the LINGO menu. For definitions of the buttons on the toolbar, please
see theThe Toolbarsection. If theToolbarcheckbox is unchecked, LINGO does not display its

toolbar.

The default is for LINGO to display its toolbar.

Solution Display Box
The Solution Displaypox on thenterfacetab:
Solution Display:

Show as 0: Precision:
1e-09 7 =

allows you to set the following options:

8 Show as Qanc
§ Precision
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Show as 0

On occasion, duetorowwif f error, some of the values returne
(less than 18.) In reality, the true values of these variables are either zero or so small as to be of no
consequence. These tiny values can be distracting when interpreting a solution refginow s 0

parameter can be used to suppress small solution values. Any solution vatharnessequatto

Show as vill be reported as being zero.

The default value foBhow as @s 1e9.

Precision

LINGO defaults to displaying seven significant digits for values in standard solution reports. In some
cases, you may desire more or less than seven digits of precision, in which case, you will need to
adjust thePrecisionparameter.

For example, suppose we have a very simple model consisting of the single expression:
X =1/3;

The default solution report for this model using seven digits of precision would contain:

Variable Value
X 0.3333333
Row Slack or Surplus
1 0.000000

Increasing thérecisionparameter to 16 and resolving yields the following solution report with 16
significant digits:

Variable Value
X 0.3333333333333333
Row Slack or Surplus
1 0.000000000000000

The default value foPrecisionis seven significant digits.
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File Format Box

TheFile Formatbox on thenterfacetab:

File Format:

© Ig4 (extended)
(O lng ttext only)
(O ix (LINDO)

is used to select the default file format that LINGO uses to save models to disk. There are three
different formats to choose frohG4, LNG, or LTX

ThelLG4 format is a binary format readable only by LINGO and is available only on Windows
versions of LINGO. This format enables you to have custom formatting, multiple fonts in your models,
and to use LINGO as an OLE server and container. Files savedliG#ffermat are readable only by
Windows versions of LINGO.

TheLNG format is a texbased format. Thus, models saved inlth& format can be read into other
applicationsLNG format models are transferable to other platforms running LINGO. Models saved in
LNG format cannot contain custom formatting or embedded objects.

LTXfiles are model files that use the LINDO syntax. Longtime LINDO users may prefer LINDO
syntax over LINGO syntax. LINDO syntax is convenient for quickly entering small to medium sized
linear programs. As long as a file has an extension of .Itx, LINGO will assume that the model is
written using LINDO syntax. Readers interested in the details of LINDO syntaxomégct LINDO
Systemg o obtain a LI NDO userés manual

The default file format i£G4 for Windows versions of LINGO. All other platforms defaultltdG
format.
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Syntax Coloring Box
The Syntax Colorindox on thenterfacetab:

Syntax Coloring
Line Limit:
1000

Delay:
E.

Paren Match

is used to control the syntax coloring capabilit
In other words, when it encounters LINGO keywords, it displays them in blue. Comments are

displayed in green, and all remaining text is displayed in black. Matching parentheses are also

highlighted in red when you place the cursor immediately following a parenthesis.

The controls available in this box aténe Limit, DelayandParen Match

Syntax coloring can take a long time if you have very large filesLirreeLimitfield sets the

maximum acceptable file size for syntax coloring. Files with line counts exceeding this parameter will
not be syntax colored. Setting this parameter to 0 will disable the syntax coloring feature. The default
is 1000 lines.

TheDelayfield sets the number of seconds LINGO waits after the last keystroke was typed before re
coloring modified text. Users on slower machines may want to set this higher to avoid having syntax
coloring interfere with typing. Users on faster machines may want to decrease this value, so-text is re
colored quickly. The default is 0 seconds.

If the Paren Matchbox is checked, LINGO will highlight matching parentheses in red when you place
the cursor immediately following a parenthesis. In other words, by placing the cursor immediately
after one of the parentheses of interest, you will notice that the color of the parenthesis changes from
black to red. LINGO will simultaneously display the matching parenthesis in red. These parentheses
will remain displayed in red until you move the cursor to another position, at which point they will be
returned to a black color. The default is for parenthesis matching to be enabled.
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Command Window Box

The Command Windowox on thdnterfacetab:

Command Window:

() Send Reports to Command Window | Echo Input
Line Count Limits: Page Size Limits
Maximum: 800 = Length: None 5

Width: 85 =

4k

Minimum: 400

is used to customize the configuration of LINGO's command window.

LINGO's command window can be opened usingttiedow|Command Windogommand. This

gives the user a commadide interface to LINGO. This interface is identical to ones used by LINGO
on platforms other than Windows. The command window is also useful for testing LINGO command
scripts. For more information on the commands available under LINGO's contimantterface,

refer toCommandine Commands

Send Reports to Command Window

If the Send Reports to Command Windmax is checked, LINGO will send any reports it generates to
the command window rather than to individual rer
or more LINGO generated reports contained in a single window.

The default is to not send reports to the command window.

Echo Input

When you run a LINGO command script wiie| Take Commandshe commands LINGO processes

are normally not displayed. If the Echo Input box is checked, processed commands will be displayed in
the command window. This can be a useful feature when you are trying to develop and debug a
LINGO command script.

The default is to not echo input.
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Line Count Limits

TheLine Count Limitdox on thenterfacetab:

Line Count Limits:
Maximum: 800
Minimum: 400 =

i

is used to control the total number of output lines that can be stored in the command window.
When LINGO sends output to the command window, it places it at the bottom of the window. Al
previous output is scrolled up to make way for the new outputMebémumfield sets the maximum
number of output lines allowed in the command window. When LINGO hits this limit, it starts
removing lines from the top of the command window until thereéirees left, wheren is the value of
the Minimumfield.

In general, output to the command window will become slower as the maximum and minimum line
counts are increased, or the difference between the maximum and minimum is decreased. If you have a
long session you need to save, you can usEitbag.og Outputcommand to log all command window

output to disk.

The default value fotine Count Limitss 800 lines maximum and 400 lines minimum.

Page Size Limits

ThePage Size Limibox on thenterfacetab:
Page Size Limits:

Length: None |5

Width: 85 v

is used to control the page length and width of the command window.
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If you would like LINGO to pause after a certain number of lines have been written to the command
window, you can do so by setting thengthfield in thePage Size Limitsox. When LINGO hits this
limit, it will display the following button on your screen:

Lingo

LINGO will wait until you press th&lore button to display any subsequent output in the command
window. The default iNone meaning no page length limit is imposed.

When LINGO generates reports, it limits output lines to a certain width. In some reports, lines will be
wrapped, so they fall within the line limit. In other reports, lines may be truncated. Because LINGO
concatenates variable names in performing set operations, a variable namediEHENTS(
WAREHOUSEL1, CUSTOMER®RYy result. This could be truncated in a solution report if too narrow
an output width is used. You can control this line width limit throughfgthfield of thePage Size
Limitsbox. You may set it anywhere between 64 and 200, with the default being 85.
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General Solver Tab

TheGeneral Solvetab on theOptionsdialog box, shown here:

r .

Lingo Options >
Monlinear Solver Integer Pre-Solver Integer Solver
Global Sohver Model Generator SP Sobver
Interface General Solver Linsar Sobver
Mudtithreading: Runtime Limits:
Theeads: I . =
Mode: :
Solver Decides - Tens faec): <
Mo =
ES0LVE Time Limi:
Outpat Lewvel: Time fsec):
5 e Mo =
Cold Stat Solver: v )
(] Kill scripts on limit
Solver Decides -
Warm Stadt Sohver: Scaling Waming Threshold
Solver Decides - le+12
Dual Computations; Default Starting Point:
Prices w 1.2345678
Solver Log Level: B Variables assumed non-negative
Mane =y [ Use RAC format names for MPS L0
B Favor mproducibility
Hep = Cancedl  Defak  Save renty [ OK

[ = - |

can be used to control several general parameters related to the functioning of LINGO's solver.
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Multithreading Box

TheMultithreadingbox on theGeneral Solvetab:

Muttithreading:
Threads: 1 =
Mode:

Solver Decides

gives you control over LINGO's use of multithreading. With multithreading, LINGO's model generator
and its solvers can utilize multiple processors to improve performance.

The Threadsoption controls the maximum number of threads, or processors, to utilize at any given
time. Interesting settings for the thread count are:

8§ Max Availabled LINGO determines the number of processors on the system and sets the
thread limit to this number.

10 Only one processor will be used, causing LINGO to run in sitigksaded mode.

N & Here,Nis some positive integer greater than 1 and LINGO will set the maximum
number of threads tu.

§
§

LINGO defaults to running in singilhreaded mode with a thread limit of 1.

The second option in thdultithreadingbox isModeg which controls the multithreading mode that

LINGO operates in. LINGO offers multicore extensions to its model generator and solvers. The

multicore extensions are of two typesncurrentandparallel. Concurrent algorithms run two or more

different serial algorithms on multiple copies of the same model, using a separate thread for each
algorithm, terminating as soon as the winner thr
be the same algorithm type, but using different strategies and/or parameters. Parallel algorithms, on the
other hand, parallelize computationally intensive portions of the serial algorithm to distribute the

workload across multiple threads.











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































