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GAMS at a Glance



1976 - A World Bank Slides

IDEAL TECHNOLOGY

REAL WORLD
PROBLEM

ANALYST

GENERAL ALGEBRAIC
MODELING SYSTEM

DATA €—> MODEL <—3 SOLUTION

] T

Operating Systems
Computer Languages
Solution Packages

RESULT: =~ Limited drain of resources

~ Same representation of models
for humans and machines

- Model represe ion is also
GAMS Came into being! model :.og:manl;:?:onn ° °




The aim of this system is to provide one
representation of a model which is easily
understood by both humans and machines.

[J. Bischopp, A. Meeraus, On the Development of a General
Algebraic Modeling System in a Strategic Planning Environment.
Mathematical Programming Study 20 (1982) 1-29.]

Self-documenting model. A GAMS model is a
machine-executable documentation of an
optimization problem.

[M. Bussieck & A. Meeraus, Algebraic Modeling for IP and MIP
(GAMS), Annals of Operations Research 149(1): History of Integer
Programming: Distinguished Personal Notes and Reminiscences,
Guest Editors: Kurt Spielberg and Monique Guignard-Spielberg,
February, 2007, pp. 49-56 ]



Company

> Roots: World Bank, 1976
>»Went commercial in 1987

»Locations

»GAMS Development Corporation
(Washington)

»GAMS Software GmbH (Germany)

»Product
»The General Algebraic Modeling System



What did this give us?

Simplified model development &
maintenance

Increased productivity tremendously

Made mathematical optimization available
to a broader audience (domain experts)

» 2012 INFORMS Impact Prize




Broad User Community and Network

30+ Years
GAMS Development




Broad Range of Application Areas

Agricultural Economics Applied General Equilibrium
Chemical Engineering Economic Development
Econometrics Energy.

Environmental' Economics Engineering

Finance Forestry
International Trade Logistics

Macro Economics Military

Management Science/OR Mathematics

Micro Economics Physics



Declarative and Procedural Language Elements

Declarative elements

Similar to mathematical
notation

Easy to learn - few basic
language elements: sets,
parameters, variables,
equations, models

Model is executable
(algebraic) description of
the problem

Procedural elements

Control Flow Statements
(e.g. loops, for, if,...),

Build complex problem
algorithms within GAMS

Simplified interaction with
other systems

* Data exchange

* APIs




Cross Platform GUI - GAMS Studio

Tree view / Syntax-error navigation
Option Editor
Integrated Help

Open source Qt project
(Mac/Linux/Win)
» Published on GitHub under GPL

Released in beta status
Group Explorer
Editor / Syntax coloring / Spell checks

Model Debugging & Profiling
Solver selection & setup
Data viewer

GAMS Processes Control

2 GAMS Studio - m] x
File Edit GAMS View Help
8 x
‘Sn\vaL\nl{:ELP:xpress Q v| El ®
Key Value solvelink
g Solvelink 5 Option Synonym DefValue  Type Description @
» Xpress > Solvelink sL 0 Enumint  Solver link option
L] ThreadsAsync -1 Integer  Mumber of threads to be used for asynchronous solve (sol.
Explorer ® X Copy.gms 2]  unified - Copy.gms ] split-Copyst (]  unified-CopyJst ] tmsportgms B |4:¥ | Output & X
> bendersMPI 3 ~ 12 ( 0 spare) non-zero elements
> spexplicitde Scalar f 'freight in dollars per case per thousand miles' / 90 /; Global Statistics
0 entities 0 sets 0 set members
~ spBendersSeq i i
Parameter c(i,3) 'transport cost in thousands of dollars per case'; Minimizing LP transport
i spBendersSeq.gms cli,q) = £*d(i,d)/1000; Original problem has:
[8) spBendersSeq.lst 5 rows € cols 12 elements
> spBendersAsync Variable Fresolved problem has:
v spBendershP| %(i,3) 'shipment guantities in cases' 5 rows & cols 12 elements
ﬁ spBendersMPl.gms z total transportation costs in thousands of dollars': Tts b3 Value S Ninf Y¥neg Sum Dual Inf Time
[8) spBendersmPList o . . [ .000000 D 3 0 .000000 0
© spBendersMPLgc Positive Variable x; 3 153.€75000 D 0 0 .000000 0
i Uncrunching matrix
> simple 51 Equation Optimal solution found
> stochasticBenders cost 'define objective function' Dual solved problem
5 spbendersd supply (i) 'observe supply limit at plant i' 3 simplex iterations in Os
N test demand(3) 'sacisfy demand at markec 3';
Final cbjective : 1.5367500000000002+02
> test? cost.. z === sum((i,3), c(i,3)*x(i,3)); Max primal violation (abs / rel) : 0.0 / 0.0
> split Max dual viclation (abs / rel) = 0.0 7 0.0
> unified ¢ supply (i) .. sum(j, x(i,3)) =1= a(i): Max complementarity viel. (abs / rel) : 0.0 7 0.0
s plit - Copy o 211 values within tolerances
. . - . optimal LP solution found: objective value 153.675
0 di d .. . . =g= b(j):
> unified - Capy smand(3) .. sun(i, x(2,3)) =g~ B3 -—- Reading solution for model transport
v trnsport - Executing after solve: elapsed 0:00:00.048&
7 Model transport / all /;
ip trsport.gms 3 o --- trnsport.gms(66) 4 Mb
B . . . o %4 Status: Normal completion
trnsport.lst ¢ solve transport using lp minimizing z: --- Job trnsport.gms Stop 08/07/18 07:52:22 elapsed 0:00:00.047
B tmsport.gdx 5
display x.1, x.m: v
el ] [spit] £ [unified] [£]  [unifed-Copy] ] [split-Copyl £ [testl ) [tmsport] B3 |4 |0 4 1 2 »
o z 67 lines. 11 INS  UTF-8




Independence of Model and Operating System
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PIatforms supported by GAMS

=) Models can be moved between platforms with ease!

<4 13 p



Independence of Model and Solver

One environment for a wide range of model types and solvers

Also solver for NLP, MINLP,
Open Source Solver (COIN) global, and stochastic
optimization

All major commercial

LP/MIP solver
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= Switching between solvers with one line of code!

<4 14 p



Independence of Model and Data

Declarative Modeling
ASCII: Initial model development

GDX: Data layer (“contract”)

between GAMS and
applications
Platform independent
No license required
Direct GDX interfaces and
general API

4 15 p



Independence of Model and User Interface

API’s

Low Level
Object Oriented: .Net, Java,
Python, C++

No modeling capability:
Model is written in GAMS
Wrapper class that
encapsulates a GAMS model

<4 16 p



Free Model Libraries

iepor KNAPSACK Textbook of
POWER GENERATION, ek PROBLEMS Computable General

OPERATION, Equilibrium Modelling

AanD CONTROL in Mathematie SEVAND MARTELLO PADLO TOTH Programming and Simulations

Third Editlan o ? T N | Nobuhiro Hosoe,
B 7 | Kenji Gasawa and
Hideo Hashimoto

An Information
Theoretic
Approach to

PLANNING UNDER <3 1 !
UNCERTAINTY ',N ~1 . =2 ADJUSTMENT IN 5 B h
% calc Stochastic J = ay 2 o - OILIMPORTING BOOK OF
-~ DEVELORING COUNTRIES - MATHEMATICS

A COMPARATTEE BCONOMIC ANALYSES

Econometrics

i ’I .v‘ .. ‘ V . 4 II
. in Mmhrmj\ti 4
Programming | Model Libraries | Help

»‘ GAMS Model Library —
._;— . Nonlinear A
awnee e Applications
- GAMS Data Utilities Models Usinn the GAMS
GAMS EMP Library
st GAMS API Library
Introduction
to Stochastic Practical Financial Optimization Models
Programming PRACTICAL
oy Menlinear Optimization Applications (M. Andrei) FINANCIAL

OPTIMIZATION




L
Why GAMS?

« Experience of 30+ years

* Broad user community from different areas
* Lots of model templates

« Strong development interface

« Consistent implementation of design principles
« Simple, but powerful modeling language
* Independent layers

* Open architecture: Designed to interact with other
applications

* Open for new developments
* Protecting investments of users

<4 19 p



GAMS -
Hands On Examples



A Simple Transportation Problem

 What does this example show?

* |t gives a first glimpse of how a
> problem can be formulated in
GAMS

* |t shows some basics of data
> exchange with GAMS

* It shows how easy it is to change
> model type and, consequently,
solver technology

< 21 p



e Determine
minimum

transportation cost

® Result: city to city
shipment volumes

e Discrete
decisions

e E.g.: Ship at
least 100
cases

* Non-linearity

e E.g.: Decrease
in unit cost
with growing
volumes

e Uncertainty

oE.g.
Uncertain
demand

<4 22 p



A Simple Transportation Problem

A

shipments

(Number of cases)

<4 23 p

Freight: $90 case / thousand miles



A Simple Transportation Problem

Supply Distance Demand
(cases) (thousand miles) (cases)
- Topeka
Seattle
- Chicago
San Diego

- New York

Freight: $90 case / thousand miles

<4 24 P



Mathematical Model Formulation

Indices: [ (Canning plants)
j  (Markets)
Decision variables: x;; (Number of cases to ship)
Data: ¢;j (Transport cost per case)
a; (Capacity in cases)
b; (Demand in cases)

min ;Y ¢;j * X (Minimize total transportation cost)

subject to
Zj xi; <a; Vi (Shipmentsfrom each plant < supply capacity)
YiXij = b VY j (Shipments to each market > demand)

xij =0 Vi, j (Do not ship from market to plant)
[, EN

<4 25 p



GCAMS Syntax (LP Model)

BE GAMS Studio — O e
File Edit GAMS View Help

Explorer & X  Option g X
v 5_trnsport_LP_MIP_MINLP_SP "

ap 5_trsport_LP_MIP_MINLP_SP.gms

oene Pk BE| - [¥][®]

trnsport

dummy
d? o

5_trnsport_LP_MIP_MIMLP_SP.ams ﬂ

e .

o
>

47 WVariables
418 X(i,3) shipment gquantities in cases
z total transportation costs in thousands of dollars ;

I
L

o1 Pozitive Variable x ;

53 Equnations

54 cost define objective function

55 supply (i) observe supply limit at plant i
56 demand (3} zatisfy demand at market j ;

58 cost .. z == sum{(i,j), cl{i,d)*=x(i,3)) :
2 supply(i) .. sum(j, =®(i,3)) =1= al(i} :

2 demand (i) .. sumi{i, x(i,j)) =g= k(i) :

Model transportlLP fall/ :

fal

Solve transportlP using lp minimizing z ;

[ ST ST T T R M S

Hands-On
4 26 p




GCAMS Syntax (Data Input)

me GAMS Studio - O X
File Edit GAMS View Help
Option g X
-] mE | /|
2_trnsport_indude_data.gms E] data.gms E] 4_trnzport_gdxxrw.gms m
1| sets A
2 i canning plants
3 3 markecs H
5 Parameters
& afi) capacity of plant i in cases
7 E(j) demand at market j in cases
5 8 d{i,j) distance in thousands of miles
- f y | 5 c{i,j) transport cost in thousands of dollars per case ;
5 g 1 N
- 2 (5412
g 11 3 (5413 Sonecho > instructions.txt
g 12 — 14 par=d rng=5Sheetl!f]l rdim=1l cdim=1
10 13 §i 4_ 15 par=k rng=Sheetl!Bé rdim=0 cdim=1
11 14 5 leg par=a rng=S5heetl!G2 rdim=1 cdim=0
12 15 E._ 17 Soffecho
_—'5' :—5 - — 1% Scall gdxxrw data.xlsx o=data.gdx @instructions.txt
- - T_ 19 $if errorlevel 1 %$abort Error preparing data
16 |1 | 8] |
. : 9_ 22 Sgdxin data.ogdx
19 10 23 51load i<d.diml j<d.dim? d a b
E;. 11 :; Sgdxin
2z 26 Scalar £ freight in dollars per case per thousand miles /90/ ;
2 a7 i 3 = Ly i 3 -
- Readyr‘ c(i,J) il di{i,3j) / 1000 ; v
:: CAWC source, share/ Lutz/ Presentations/2018_0R_Brussels Workshop/examples/4_trnsport_gdicimw.gms 48 lines 1/1 INS  UTF-&
: ermswmmmWEWJanmmugumms B0 nes 171 e | UTF-8 |
P o
27 v
C-/WC/source/share/Lutz/Presentations/2018_OR_Brussels/Workshop/examples/datagms 42 lines 1/1 INS UTF-8 4 27 }




Solution to

LP model

shipments
>

(Number of cases)
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Freight: $90 case / thousand miles

Total cost: $153,675 4 28 »



e Determine
minimum

transportation cost

e Result: city to city
shipment volumes

e Discrete
decisions

e E.g.: Ship at
least 100
cases

* Non-linearity

e E.g.: Decrease
in unit cost
with growing
volumes

e Uncertainty

oE.g.
Uncertain
demand

<4 29 p



MIP Model:
Minimum Shipment of 100 cases

 Shipment volume: x (continuous variable)
« Discrete decision: ship (binary variable)

Cost (S)

-

ship=0 ship=1
Not possible |
X > x (Number of cases)

B
0 100

add constraints:
x;j =100 -ship;; Vi,j (if ship=1, then ship at least 100)

x;j < bigM - ship; ; Vi,j (if ship=0, then do not ship at all)

Shl.pi,j (S {0,1}
<4 30 p



MIP Model: GAMS Syntax

B GAMS Studio — O e
File Edit GAMS View Help

Explorer = XHDF-‘-hOf‘I & X
v 5_trnsport_LP_MIP_MINLP_SP -

i) 5_trnsport_LP_MIP_MINLP_SPgms

oene >l B | - [+ [®]

trnsport

durnmy
d? ¥

MW W W N

5_trnsport_LP_MIP_MIMLP_SP.gms m

T5 &« MIP
£ spcalar minS minimum shipment / 100 /
77 bigM big M;
T8 kbigM = min(smax(i,a(i)), smax(j,bB(i))):
=]
Z0 binary variable ship(i,j) "l if we ship from i to j, otherwise 0°';
22 equation minship(i,j) minimum shipment
H maxship(i,j) maximum shipment;

Zominship(i,j).. x(i,j) =g= min5 * ship(i,j):
e maxship(i,j).. x{i,j) =1= bigM * ship(i,j):

Z Model transportMIP / transportlLP, minship, maxship [/ :
Soption optcr = 0;

1 Solve transportMIP using MIP minimizing = ;

Zrepli,3,'MIB') = x.1(i,3):

4 display rep: L HandS‘on
<4 31 p
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MIP Model: Results

Be GAMS Studio
File Edit
Explorer

GAMS  View Help

& X  Option

v 5_trnsport_LP_MIP_MINLF_SP
@ 5_trnsport_LP_MIP_MINLP_SP.gdx
@ 5_trnsport_LP_MIP_MINLP_SEIst
i; 5_trnsport LP_MIP_MINLP_SP.gms
> blend

trnsnnrt

BF |

v

5_trnsport_LP_MIP_MIMLP_SP.gms D

5_trnspart_LP_MIP_MINLP_SP.Ist [£J

5_trnsport_LP_MIP_MIMLP_SP.gdx D

5_trnsport_LP_MIP_MINLP_SP.gdx m

Compilation seattle .chicago 1.0000 1.0000 EPS ~
Include File Summary seattle .topeka .
Equation Listing  SOLVE transportLP Usin... san-diego.new-york . 1.00] =W GAMS Studio
i —di -chi - . " .
> Equation san-dlego.cnlcago File Edit GAMS View Help
Column Listing ~ SOLVE transportLP Usi... an-diego.topeka - 1.09
> Column Explorer & X | Option
Model Statistics  SOLVE transportLP Usin... weer REPORT 3 - . NOHGET e 5_trnsport_LP_MIP_MINLP_SP 0
Selution Report  SOLVE transpertLP Usin.. - 0 INFEASTBLE E 5_trnsport_LP_MIP_MINLP_SP.gdx
> SolEQU o UNSOUNDED [8) 5_trnsport_LP_MIP_MINLP_SP.Ist
>
EolVﬁ:R Liting SOLVE® B GAMS 25.2.0 re7480 ALFA Released 2Augls WEXA i 5_tmsport_LP_MIP_MINLP_SP.gms
quahion Listing ranspal St A Transportation Problem (TRNSPORT,SEQ=1) > blend
)Eq”at”’"__ Execution trnsnort hd
Column Listing  SOLVE transportMIP Us..,
% Column 5_trnsport_LP_MIP_MINLP_SP.gms ]  5_trnsport_LP_MIP_MINLP_SP.Ist [
Model Statistics  SOLVE transportMIP Usi.., P 94 PARAMETER rep report Darameter Entry Mame Type Dim  Records Text i
Solution Report  SOLVE transportMIP Usi.. 3a Parameter 1 2 capacity of plantiin c.. ||seattle
> SolEQU LP MIP .
5 SolVAR 4'b Parameter 1 3 demand at market j in ... || seattle
Execution seattle .new-york 50.000 15 bigM Parameter 0 1 bigM san-diego
v Display seacc!.e -chicago 300.000 300.000 ¢ Parameter 2 6 transport costin thous... | | san-diego
rep san-diego.new-york 275.000 325.000
san-diego.topeka 275.000 275.000 10 cost Equation 0 1 define objective functi.. ||seattle
5d Parameter & 6 distance in thousands ... | |san-diego
12 demand Equation 1 3 satisfy demand at mar... | |san-diego
EXECUTICN TIME = 0.000 SECCNDS 6 f Parameter 0 1 freight in dollars per ca...
< 1i Set 1 2 canning plants
C/WC/sourcey/share/Lutz/ 2018_OR_Brussels/ 5_trnsport LP_MIP_MINLP._SPlst 2j Set 1 3 markets
18 maxship Equation 2 B maximurn shipment
14 minS Parameter 0 1 minimum shipment
17 minship Equation 2 & minimum shipment
[ e rr—
16 ship Variable 2 6 1if weshipfromito], ...
11 supply  Equation 1 2 ohserve supply limit at...
8 x Variable 2 & shipment quantities in ...
9(z Variable 0 1 total transportation co..

ymbol Search: l:l [ all Columns

(C/WC'source,/share/Lutz/

2018_OR_Brussels/ 5

® J
new-york
chicage
new-york
topeka
chicage
new-york

topeka

LP
LP
LP
LP
MIP
MIP
MIP

x

Value

275
275

325
275

Sgueeze Defaults _

5_trnsport_LP_MIP_MINLP_SP.gdx




MIP Model: Solution

shipments

>

(Number of cases)
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Freight: $90 case / thousand miles

Total cost: $153,675 4 33 p




e Determine
minimum

transportation cost

e Result: city to city
shipment volumes

e Discrete
decisions

e E.g.: Ship at
least 100
cases

* Non-linearity

e E.g.: Decrease
in unit cost
with growing
volumes

e Uncertainty

oE.g.
Uncertain
demand

< 34 P



MINLP: Cost Savings

Cost (S)
A i
| The cost per case
/ decreases with a
| increasing shipment
ship = 0 ' ship=1 volume
Not possible
i
N > X (Number of cases)
0 100
Replace:
min = X, 2 Cij * Xij (Minimize total transportation cost)
With

min = X i Cij - xijbet“ (Minimize total transportation cost)

<4 3 p




MINLP Model: CAMS Syntax

BE GAMS Studio — O e
File Edit GAMS View Help

Explorer & X  Option g X
v 5_trnsport_LP_MIP_MINLP_SP "

ap 5_trsport_LP_MIP_MINLP_SP.gms

oene Pk BE| - [¥][®]

trnsport

dummy
d? o

e .

5_trnsport_LP_MIP_MIMLP_SP.ams ﬂ

104 + MINLF

105 Scalar beta /S 0.85 /

106 Egquation costnlp define non-linear objective function;
107 costnlp.. 2 == sum((i,j), c(i,d)*=x(i,]j)**beta) :

109 Model transportMINLE / transportMIP - cost + costnlp /:

111 Solve transportMINLP using MINLP minimizing =z ;

113 rep({i,j, "MINLP') = =x.1({i,j):
ll4 display rep;

Hands-On
4 36




MINLP Model: Results

Be GAMS Studio
File Edit
Explorer

GAMS  View Help

& X  Option

v 5_trnsport_LP_MIP_MINLF_SP
@ 5_trnsport_LP_MIP_MINLP_SP.gdx
@ 5_trnsport_LP_MIP_MINLP_SEIst
i; 5_trnsport LP_MIP_MINLP_SP.gms
> blend

-~

P EE |

Muodel Statistics  SOLVE transportMIP ...

GAMS 25.2.0

re7480 ALFA

Released ZAugls WEX-V58 x86 32Q

Q ERRORS

f‘. 5_trnsport_LP_MIP_MINLP_SP.gms

trnsnort Y
5_trnsport_LP_MIP_MINLP_SP.gms [L]  5_trnsport_LP_MIP_MINLP_SP.Ist E]  5_trsport_LP_MIP_MINLP_SP.adx [
> Column A ||773 seattle .topeka . 1.0000 EPS ~
Model Statistics  SOLVE transportLP U... san-diego.new-york 1.0000 "
Solution Report  SOLVE transportLP ... an-diego.chicago . Be GAMS Studio
> SolEQU an-diego. topeka 1.0000 File Edit GAMS View Help
> SolVAR 5 x
Equation Listing  SOLVE transpertMIP... i~ Explorer Option
> Equation ##%% REPORT SUMMARY : Q HOHCOPT W 5_trnsport_LP_MIP_MINLP_SP A
. 780 0 INFEASIBLE
Column Listing  SOLVE transportMIP... - B 5_trnsport_LP_MIP_MINLP_SP.gdx
0 UHNBOUNDED
> Column . [®) 5_trnsport_LP_MIP_MINLP_SP.Ist

o |

, :"::t"&” Report  SOLVE transportMIP... |} |, Transportation Problem (TRNSPORT,SEQ=1) » [ blend
olEQ) 7TEEExecution trnsnort hd
> SolVAR
Execution 5_trnsport_LP_MIP_MINLP_SP.gms (L] 5_trnsport_LP_MIP_MINLP_SP.lst []  5_trmsport_LP_MIP_MINLP_SP.adx [EJ
> Displa.y o —— 113 PARAMETER rep repoIt Darameter Entry  Name Type  Dim Records Text " i * ] *®
Equat!on Listing  SOLVE transportMIN... 3a Parameter 1 2 capacity of plantii. seattle new-york LP
> Equation LP MIP MINLP ib » 1 34 d ket | hi p
Column Listing ~ SOLVE transportMl... arameter emand at market J... seattle chicago
> Column 92 seattle .new-york 50.000 19 beta Parameter 0 1 san-diegoe new-york LP
Model Statistics  SOLVE transportMIM... ?93 SEBEE!.E .chicago 300.000 300.000 3C|C|.CICICII 15 bight Parameter 0 1 bigM san-diego topeka LP
Solution Report  SOLVE transportMIN... san-diego.new-york 275.000 325.000 325.000 . ;
S SolEQU san-diego.topeka 275.000 275.000 275.000 Tc Parameter 2 G transport cost in th.. seattle chicago MINLP
> SolVAR 10 cost Equation 0 1 define ebjective fu... san-diego new-york MIMLP
Execution 20 costnlp  Equation 0 1 define non-linear o... san-diegoe topeka MIMLP
~ Display EXECUTION TIME 0.000 SECCNDS 3 M8 29 5 d Parameter 2 6 distance in thousan... seattle chicago MIP
rep
v« 12 demand Equation 1 3 satisfy demand at ... san-diego new-york MIP
WG/ source/share/Lutz/ 2018_OR_Brussels/ 5_tnspor LP_MIP_MINLP_SP.st 6 f Parameter 0 1 freight in dollars pe... san-diego topeka MIP
1i Set 1 2 canning plants
20) Set 1 3 markets
18 maxship Equation 2 & maximum shipment
14 min5 Parameter 0 1 minimum shipment
17 minship Equation 2 & minimum shipment
16 ship Variable 2 6 1if we ship fromit..
11 supply  Equation 1 2 observe supply limi...

® Value

275

275

325
275

325
275

ymbol Search: l:l [ All Columns

C/WC/source/share/Lutz/

2018_OR_Brussels/ p

Sgueeze Defaults

S_trnsport_LP_MIP_MINLP_SP.gdx

< 37 P



MINLP Model: Solution

TPMEN® . Markets (demand)
>

(Number of cases)

Wardis glon

Epokana
Portighd :'\u'n =TT
L
Salemn

Idaho

Oragun

=]

Wyoming

JE0lLake Ciy

Califomia

Phoenix
" Mew Mexico

wan Cly hoyenn
g B Rral
¢~ FHacrs
# rancisg Eva Boukdor |
Han Francsdy  Mevada Uish ] 4 g
Danvar™ ana [JHrcinnati CWashington O,
Calorada wicraresion -Ardinia

Minnezota

T
Yok Qenodnd,

Albainy

= Hccrubc'QT‘Q
b |
[~

g meylel
Ahode Island
= Cormecticut

Louisyita | Fransfert pler—p.
I . o Y i:'lu‘- chrmond % Hoefolk

ik

- v
" Kentucky . it
[r— - )
o 0 = fitaanshoros— " Raleigh 325
- Narih CArCifd

pashmale® N eharictd
Littke Ternesses = )
City sk Mamphis s :':'z.'n'm'l:m
Arkansas Birrmngham,
JDlas AI.':I:-.';mn [T
Loulslana 5 Lackson g ey
Texas Mg eippi o = '-.I.u:.. —
Burstin Z-lilzc::r Fouge, |- falahassess
San Anior ) RRET L, ,-ﬁ-u-.:_-
Tampa 5 \
- Fhaficla

Freight: $90 case / thousand miles

Total cost: $115,438 < 38 »




e Determine
minimum

transportation cost

e Result: city to city
shipment volumes

e Discrete
decisions

e E.g.: Ship at
least 100
cases

* Non-linearity

e E.g.: Decrease
in unit cost
with growing
volumes

e Uncertainty

eE.g.:
Uncertain
demand

< 39 b



Stochastic Programming in GAMS

EMP/SP

» Simple interface to add
uncertainty to existing
deterministic models

> (EMP) Keywords to describe
uncertainty include: discrete and
parametric random variables,
stages, chance constraints, Value
at Risk, ...

» Available solution methods:

» Automatic generation of
Deterministic Equivalent (can
be solved with any solver)

» Specialized commercial
algorithms (DECIS, LINDO)

EMP

Deterministic

Information Model

(uncertain Par.)

\ Translation )

|

Reformulated
Model

)

|

Solve with
established Algorithms

|

Solution

Mapping Solution

« 40 P
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Transport Example - Uncertain Demand

Val: 0.90

b(j): demand at market j in cases

Decisions to make

> First-stage decision: How many units should be shipped
“here and now” (without knowing the outcome)
» Second-stage (recourse) decision:

» How can the model react if we do not ship enough?

» Penalties for “bad” first-stage decisions, e.g. buy
additional cases u () at the demand location:

costsp .. z =e= sum((i,3j), c(i,d)*x(i,3))+ sum(3j,0.3*u(3));
demandsp () .. sum(i, x(i,3)) =g= Dbf*b(j) - u(j) ;

Prob: 0.3

Uncertain @ P
demand factor bf Val: 1.00
Prob: 0.2

Val: 1.10

<« 41 p




Uncertain Demand: CAMS Algebra

B GAMS Studio — O ®
File Edit GAMS View Help

Explorer & X  Option g X
v 5_trnsport_LP_MIP_MINLP_SP -

i) 5_trnsport_LP_MIP_MINLP_SPgms

oo k] S | “|[¥]

trnsport

durmmy
d2 hd

R L Y

5_trnsport_LP_MIP_MIMLP_SP.gms m

123 * Stochastic Program with uncertain demand ~
124 Positive variable u(j) unsatisfied demand;

12t Scalar bf demand factor / 1 /;

12¢ Bgmation costsp define okjective function for SP

12 demandsp (j) demand satisfaction in SE;

-- COSTSD.. z == sum( (i,3), c(i,j)*x(i,3)) + sum(j, O0.3%u(j)):
| demandsp(j).. sum({i, x{i,j)) =g= bE*b(j) - u{j):

Model transportSPE [/ costsp, demandsp, supply /)
' File emp / '%femp.infoi' /; put emp:
Sonput
randvar bf discrete 0.3
0.5
0.2

S =
=

stage 2 bf u demandsp
| Soffput
J Putclose enp;

142 Set scen scenarios /S sle=4 /;

147 Parameter

144 s_bf(scen) demand factor for realization by scenario

145 s_x(scen,i,j) shipment per scenario

146 5 _u(scen,j) unsatisfied demand per scenarico (bought cases);

© Set dict / scen . =cenario . '

SR Hands-On

u . level . 5 u/f;

Coption emp=lindo; 4 42 »

Solve transportSP min z use emp scenario dice;




Uncertain Demand: Results

B GAMS Studio
File Edit
Explorer

GAMS  View Help

& X Option

v 5_trnsport_LP_MIP_MINLF_SP
B 5 trnsport_ LP_MIP_MINLP_SP.gdx
@ 5_trnsport_LF_MIP_MINLP_SFPist
ﬁ 3_trnsport_LP_MIP_MIMLP_SP.gms
» blend

2 trnsnot

-~

B §F |

W

5_trnsport_LP_MIP_MINLP_SP.gms D

5_trnsport_LP_MIP_MINLP_SP.Ist [£]

5_trspart_LP_MIP_MINLP_SP.gdx [

v Column ~
x
z
ship
Muodel Statistics
Solution Report
> SolEQU
> SolVAR
Execution

SOLVE transportMIP ...
SOLVE transportMIP...

> Display
Equation Listing
> Equation
Column Listing
> Column
Mudel Statistics
Solution Report
» SolEQU
> SolVAR
Execution
> Display
Equation Listing
> Equation
Column Listing
» Column
Mudel Statistics
Solution Report
» SolEQU
> SolVAR
Execution
v Display
5_bf v

SOLVE transportMIN...
SOLVE transportML...

SOLVE transportMIM...
SOLVE transportMIN...

SOLVE transportSP ..,
SOLVE transportSP ...

SOLVE transportSP U...
SOLVE transpertSP ..,

156 PARRMETER s_bf

s2 1.000,

1031 -——-

sl 0.%00,

156 PRARAMETER s b

new-york chicago
292.500 270.000
325.000 300.000
357.500 330.000

156 PRRAMETER s X

new-york

.Seattle 50.000
.san—-diego 242,500
.seattle 50.000
.san—-diego 242,500
.Seattle 50.000
.san—-diego 242,500

156 PRRAMETER s u

new-york chicago
52 32.500
1062 s3 65.000 30.000

demand factor for realization by scenario

53 1.100

demand per scenario
topeka
247.500

Z275.000
302.500

shipment per scenario

chicago topeka
300.000

275.000
300.000

275.000
300.000

275.000

unsatisfied demand per scenarioc (bought cases)

topeka

27.500

/W source/share/Lutz/Presentations/2018_0OR_Brussels/Workshop/examples/S_trnsport_LP_MIP_MINLP_SP st

1086 lines | 1031 /17

RO UTF-E

4 43

>



Stochastic Program: Solution

shipments

>

(Number of cases)

Portighd :'\u'n =TT
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Danvar™ Washington DLC.
Calorado witmareston -rginia

Califomia

O Wept gy a¥

S o ol :r~o-lc242 5
— Kzntiscky ) s .
B 0 = Titaanshoros—Raleigh iy

— Nerth Caretieg '

Lo Angales, Masilid™ L _afSharkid
. Termessoe sl |
i Iﬂrfk L I y
— Phoenix o Cralamnbt
san Dagly ® e Mexico A WEmahi A South
Erhansas fil'rrg'lan‘ 1 Crarofa
Jilag AI.‘.I:-.;mn Georgia
Morigamaky
Loulslana 5 Lackson e
Texas Migadesipgpi i) kol
. | 5 Tafaha=aesw
.*-.lz-‘.r' Bafon Rouge, T
& et M orheans™ k
San Anton g HaTEioeT : ' oiando
Tarmpd 5 %\t Paln
- Fhaficla st Palm
%
M htiami
H

Freight: $90 case / thousand miles Total cost: $158,588 4 44 p



Stochastic Programming in GAMS

 The Extended Mathematical Programming (EMP)
framework is used to replace parameters in the model by
random variables

« Support for Multi-stage recourse problems and chance
constraint models

« Easy to add uncertainty to existing deterministic models, to
either use specialized algorithms or create Deterministic
Equivalent (new free solver DE)

« More information:
https://www.gams.com/latest/docs/UG EMP SP.html

< 45 P
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Outlook:

Deployment of GAMS
models

APIs — Application Programming Interfaces to GAMS

Using R/Shiny to deploy and visualize GAMS models in a Web
Interface

- Using GAMS Jupyter Notebooks to tell “optimization stories”



Calling GAMS from your Application

GD

Creating Input for GAMS Model
—> Data handling using GDX API

Callout to GAMS

-2 GAMS option settings using Option API
—>Starting GAMS using GAMS API

Reading Solution from GAMS Model

— Data handling using GDX API <« ¥ »



Low level APIs - Object Oriented API

* Low level APIs
« GDX, OPT, GAMSX, GMO, ...
» High performance and flexibility

« Automatically generated imperative APIs for
several languages (C, C++, C#, Delphi, Java,
Python, VBA, ..)

* Object Oriented GAMS API
« Additional layer on top of the low level APls
* Object Oriented

* Written by hand to meet the specific
requirements of different Object Oriented
languages

« 48 P



Transport Application CGUI Example

« Scenario solves of the transportation problem

B Transport - O X
Data

Load Bxtemal Data

Capacity and Demand  Distance

* Features:
* Preparation of input data
» Loading data from Access file
« Solving multiple scenarios of a model

. (]
« Displaying results ‘
y g 4_ |
$ (x1000]
(x ) 2l
4 T
015 025 035 045 055 65 075 0585 085 1,05
02 03 04 05 07 038 09 1

* Four implementation steps: e
Graphical User Interface = 5;;;;
Preparation of GAMS model o
Implementation of scenario solving using GAMSJob
GAMSModellnstance for performance improvements

Hands-On
4 49 »
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From GAMS Model to Visual \Web User Interface

S4Equation

55 deffit (date) 'fit to Dow Jones index'

56 defpick(symbol) 'can only use stock if picked'

57 defnumstock 'few stocks allowed'

58 defobj 'absolute vioclation (L1 norm) from index';

u
o ©

c0deffit(ds).. sum(s, price(ds,s)*w(s)) =e= index(ds) + slpos(ds) - slneg(ds);

61

c2defpick(s).. w(s) =1= p(s);

63

c4defnumstock.. sum(s, p(s)) =1= maxstock;

65

codefobj.. obj =e= sum(ds, slpos(ds) + slneg(ds)):

¢ |® 1270015308

pickstock_data®

Weights dow jones vs. index fund absolute error
show|15 v |entries search: Part of the portfolio
stockSymbol weight
AAPL 0.05
AXP 014
BA 0.08
GS 0.0%
HD 015
MMM 0.27
Al All
Showing 1 to 6 of 6 entries Previous Next

< 50 p



Setting the Data

v' Data exchange via local files or
database connection
v Visualization and modification of

input data with intuitive controls
v From a GAMS model to the first _
interface W|th|n minutes [ on date maximum number of stocks to select number of days for training
v Comprehensive configurability

maximum number of stocks to select

& Output
; Load data ! o
-
£¥ GAMS intera Solve model
= Advanced O
2016-01-04 CAT 67.99
2016-01-04 C8CO 26.41
2016-01-04 CVX 88.85
Import




v
v

Communication with

Input

Output

GAMS interaction

nced Options

Input

Output
- Run successfully terminated.

GAMS interaction

Log file Listing file

EXECUTION TIME = @.e8@ SECONDS 5 MB 25.1.2 r67455 WEX-WEI
GAMS 25.1.2 r&7455 Released Aug 1, 2818 WEX-WEI x86 64bit/M5 Windows

Stock Selection Optimization

Solution Report SOLVE pickStock Using MIP From line 75
SO0LVE SUMMARY
MODEL pickStock OBJECTIVE obj
TYPE MIP DIRECTION MINIMIZE
SOLVER CPLEX FROM LINE 75
***E* SOLVER STATUS 1 Normal Completion
FEEF MODEL STATUS 1 Optimal
**%% OBIECTIVE VALUE 79.6136
RESOURCE USAGE, LIMIT 1.641 6.888
ITERATION COUNT, LIMIT 14985 2pa0a00000

Sta rt and Stop mOdeI execution BM ILOG CPLEX 25.1.2 r67455 Released Aug 1, 2818 WEI x86 64bit/MS Windows

-- GAMS/Cplex licensed for continuous and discrete problems.

Access to GAMS Log fileand """

Listing file




Inspecting the

| @& OL @& Output
. =]

£ GAMS interaction

= Ing 2 Input

s I what part of the portfolio dow jones vs. index fund absolute error
Y| Advanced O
Absolute Error: Dow Jones vs. Index Figid
Load data | - ik
l M training
W test

v' Extensive visualization options of
the model output

v Interactive analysis of the results

v' On-the-fly switch between
different options to inspect the
results

Frequency

3

Absolute Error




Management

Input

pickstock_2

& Output
2018-09-03 15:42:13

2018-09-03 15:43:45

L GAN
Input
1 Compare Scenz

=
& Compare Scenarios
Compare mg
- A

pickstock_2

2018-09-03 15:42:13

what part of the portfolio

120
18
16
14
1z
10
108
106

104

Price

102

100

Scalars

dow jones vs. index fund absolute error data of stock on date

Dow Jones vs. Index Fund
— Dow Jones index — Index fund

98
9
@
B
94 &
=
£
92 §
5
90 =
&
Apr 2016 Jul 2016 Oct 2016
i 0
Date

2018-08-03 15:43:45

120

18

16

114

12

10

108

106

104

Price

102

100

98

96

94

92

90

=

Scalars

dow jones vs. index fund absolute error data of stock on date

Dow Jones vs. Index Fund
— Dow Jones index — Index fund

End df training phase

88

Apr 2016 Jul 2016 Qct 2016

=

Date

v' Solve multiple scenarios or load
saved data for comparison

Hands-On

< >



Enhanced Model Deployment in GAMS
using R/Shiny

Mo
- Application connects W Wedzelbep/Oym ith a GAMS
model (Sesy, €sag,, SopMin G ”
- User Interface allows 77 M/D~]6~/ptembe/']2MS
v Data exchange via local files or Ora 420

v Modification of the input data
v Extensive visualization options
v Comparison of different scenarios

v Multi-user support based on Docker technology
v User authentication

- Tool with intuitive interface for planners
(configuration vs. programming)

- This “product” is currently under development. If you are
interested in getting involved, please contact
support@gams.com

4 5 p
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Welcome to Jupyter @ CAMS!

_ Jupyter

Jupyter @ GAMS

Welcome to Jupyter @ GAMS!

Username: Enter your credentials in order to sign in or contact GAMS Support for further information.

Getting Started

o [ntroduction
« Millco Example
« PickStock Example

» A GAMS Tutorial by Richard E. Rosenthal
Further Help
- G A M S « Jupyter Notebook Users Manual {from Bryn Mawr College)

« GAMS World Forum
« Contact GAMS

Password:

4 56 p




CAMS Jupyter Example

C J u pyter WPYTER  FQ (> = &

nbviewer

In [17]: | %%gams
Parameter fund(date) 'Index fund report parameter'; fund(d) = sum(s, price(d, s)*w.l{(s)});
Parameter error(date) 'Absolute error'; error(d) = abs(index(d)-fund(d));

Plotting of the results

In [18]: #%gams pull -d fund error
fig, ax = plt.subplots()
index.plot (y="wvalue", ax=ax, xticks=[0, trainingDays, len{date)], wyticks=[], label="Dow Jones"}
fund.plot (y="value", ax—ax, xticks=[0, trainingDays, len(date)], yticks=[], label="Index Fund")

—— Dow Jones
—— Index Fund

T T
0 100 252

Hands-On
4 57 »




Using GAMS Jupyter Notebooks to tell
‘optimization stories”

« Runs in a browser/on a server
- No local installation needed

* Allows to use notebook technology in combination with
GAMS

* Notebooks allow to combine GAMS and Python
« GAMS works great with well structured data and optimization
models
* Python is very rich in features to retrieve, manipulate, and
visualize data that comes in all sort of ways

« = Combining GAMS and Python in a notebook it is relatively
easy to tell an optimization story with text, data, graphs,
math, and models

* This “product” is currently under development.
Give it a try at https://jupyterhub.gams.com/hub/login

4 58 p
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Outlook:
Solving Multiple Models
Efficiently

- Solvelink & the GAMS Grid Facility
- GUSS — The Gather-Update-Solve-Scatter



Motivation

» Solving challenging real-world problems often involves the
solution of many optimization problems

« Decomposition Methods
« Scenario Analysis
* Heuristics

« Such approaches are often chosen, if solving the problem
at hand does not work with a single monolithic model, e.g.

 Due to it's size and the required resources (e.g. memory)

« Due to time restrictions (Problem should be solved in
minutes but it takes days)

->GAMS Grid Facility
—->Gather-Update-Solve-Scatter

< 60 p



Solvelink Option

Controls GAMS function when linking to solve.
Model transport /all/ ;
Option solvelink = {0 %Solvelink.ChainScript$,

2 $Solvelink.CallModule%,
3 $Solvelink.AsyncGrid%,

5 $Solvelink.LoadLibrarys,
6 $solveliink.aSyncThreads5,

solve transport using lp minimizing z;

« 61 p



Solvelink Option - Sequential Solves

* ChainScript [O]: Solver process, GAMS vacates memory
+ Maximum memory available to solver
+ protection against solver failure (hostile link)
- swap to disk

 Call{Script [1]/Module [2]}: Solver process, GAMS stays live
+ protection against solver failure (hostile link)
+ no swap of GAMS database
- file based model communication

« LoadLibrary [5]: Solver DLL in GAMS process
+ fast memory based model communication
+ update of model object inside the solver (hot start)
- not supported by all solvers <4 62 p



Solvelink Option - Sequential Solves

6_trnsport_solvelink_seg.gms E 6_trnsport_solvelink_seq.lst @
Model transport fall/ ;

)]

)]

set = =scenarics / s19s100 f
8l scolvelink / ChainScript, CallModule, LoadLibrary /:
o parameter dd(=s,i,]j) distance by scenario
ffi=) freight cost by scenario
time (*) time for 100 scenarios
sl wval(=sl) solvelink value S ChainScript 0, CallModule 2, LoadLibrary 5 /:
=scalar tmE;

L T e T e T e
-] Nl L B

1 o
(=R =]

-]

-1
[ JRY =" I % B ]

]

dd({s,i,j) = uniform(0.9,1.1)*d(i,3):
ffi=) = uniform(0.9,1.1)*£;

option limrow=0, limcol=0, =solprint=off:

]l

TT # SERTAL SOLVE

loop (=1,
thp = Jjnow!
transport.solvelink=s1 wvali=sl):

oo

]

loop (=,
dii,j) = ddis,1i,3):
f = ffi=):

Solve transport using lp minimizing = ;
)i
time (2l) = (jnow-tmp) *24%&0%g0;

[ JRY =" T T O B Y |

[a}]

1

)
2 display time;

- 88 PARAMETER time time for 100 scenarios

ChainScript 17.042, CallModule 2.150, LoadLibrary 0.631 < 63 p



Solvelink Option - Asynchronous Solves

« aSyncGrid [3]: GAMS starts the solution and continues in a
Grid computing environment

« aSyncThreads [6]: The problem is passed to the solver in
core without use of temporary files, GAMS does not wait for
the solver to come back

4 64 P



Solvelink Option - Asynchronous Solves

7_trnsport_solvelink_async.gms m 7_trnsport_solvelink_async.Ist @
52  Model transport fall/ :

64 option 1p=cplexd4
£5 set 8 scenarios J/ sl*sl00 /

66 sl solwvelink / aSyncGrid, aSyncThreads /;

&7 parameter dd(s,1,j) distance by scenario

68 ff(=) freight cost by scenario

Bg time (%) time for 100 scenarios

70 51 _wval(sl) solwvelink value / aSyncGrid 3, aSyncThreads 6 /
T1 his) scenaric handle;

7Z scalar Tmp

T4dd{s,i,3) = aniform(0.9,1.1)*d(1i,]3):

75 £f (=) = uniform(0.9,1.1)*£;

coption limrow=0, limcol=0, solprint=silent:
I & Asvnc SOLVE

2 loop(sl,

S tmp = jnow;

B0 transport.sclvelink=s1 val(sl):

B2 loop (s,

83 d{i,j) = ddis,i,3):

54 £ = ffi=);

8BS Solve transport using lp minimizing z ;

BE h{s) = transport.handle; J/ save instance handle
87 );

G repeat

89 displayireadycollect (h) "Waiting for next instance to complete';
i loop (s2handlecollect (hi=)),
displayShandledelete(h(s)) 'trouble deleting handles';
hi=z) = 0: ff indicate that we have loaded the solution
)i
until card(h) = 0 or timeelapsed > 180; J/ wait until all models are loaded
time (31) = (jnow—-tmp) *24*60%60;

N b L B O

[ay]

r

)
' display time;

WO W e W W W e
1

———= 97 PARAMETER time time for 100 scenarios
aSyncGrid 2.991, aSyncThreads 0.144 4 65 p




Solvelink Option - Asynchronous Solves

« Helpful, if large ratio of solver time / CGAMS time

7_dicex_solvelink.gms m 7_dicex_salvelink.lst E]
S5 option mip=cplexd;
96 + SEQUENTIAL SOLVE

~ [pedgnind ———- 124 PARAMETER time
= fi mp = JnowW:

G949 diCEZ.SDlVElin]{:Sl_VEIl (=1); time for 4 Scenarios

100 loop (=,

101 golve dice2 using mip maximizing wnx;

):

X

107 time(sl) = (jnow-tmp)*24%E0%E0; ChainScript 21.523
104 ) :

105 CallModule 21.215
g | Fevne SOUVS LoadLibrary 20.814
10 oop (asvnc (=1),

-0 tmp = gnow; aSyncGrid 6.521
109 dice2.solwvelink==s1 wal(=l};:

110 loopls, aSyncThreads 5.316
111 golve dice2 using mip maximizing wnx;

112 hiz) = diceZ.handle: Ff save instance handle

113 ):

114 repeat

115 displavySreadycollect(h) 'Waiting for next instance to complete':

116 loop (2Shandlecollect (hiz)),

117 displayShandledelete (h(=2)) '"trouble deleting handles':

118 hiz) = 0; S indicate that we have loaded the solution

119 ):

120 nntil cardih) = 0 or timeelapsed > 180; S/ wait until a1l models are loaded
121 time (3l) = (jnow-tmp) *24%60%&0;

122 ) :

122 option time:3:0:1;

124 display time;

<4 66 p



GUSS - Gather-Update-Solve-Scatter

aka Scenario Solver

Simple Serial

Solve Loop Scenario Solver/GUSS

i 1

md Generation

Generates model once and updates the
algebraic model keeping the model “hot”
inside the solver.

4 67 p



GUSS - Gather-Update-Solve-Scatter

aka Scenario Solver

8_trnsport_GUSS_solvelink.gms® (£ 8_trnsport_GUSS_salvelink st ||

oo parameter ddi(s,i,7) distance by scenario

70 ffi=s) freight cost by scenario
71 Cime (*) time for 100 3cenariusﬂ
T7Z scalar T,

[ R %

(2%

dd(s,i,3) = aniform({(0.9,1.1)*d(i,3):
TS £fi=s) = uniform(0.5,1.1)*f;
Tooption limrow=0, limcol=0, solprint=off:

18 + GUSS

79 transport.solvelink = 0;

Jtmp = jnow;

1 Set mattrib / system.GUS5Modelittributes [/;

:
3

xxGUS5(=,1,3) collector for level of x
srep(s, mattrib) model attibutes like modelstat etc
of(*) US55 options / SkipBaseCase 1

[ VI 3 Y R W

1

. Scenario.''

. opt .Srep

. param Ldd

. param LET

. level CEXXGUSS /

7 5et dict f

L Ty e i o |

[Ta %]
% T I O I Y i
Mo O

(Xa]

3 Solve transport using lp minimizing z scenario dict;
4 time ("GUS5') = (jnow-tmp) *24*60*%60;

S5

Sodisplay time;

(Xa]

97

———— 137 PARAMETER time
time for 100 scenarios

ChainScript 4.65
CallModule 1.80
LoadLibrary 0.44

aSyncGrid 3.22
aSyncThreads 3.18
GUSS 0.36
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Grid & GUSS - Examples from the model library

 trnsgrid: https://www.gams.com/latest/gamslib_ml/libhtml/gamslib_trnsgrid.htmi

« Simple asynchronous solves in a loop, separate collection
loop

 tgridmix: https://www.gams.com/latest/gamslib_ml/libhtml/gamslib_tgridmix.html

« Asynchronous solves in combined submission & collection
loop. Keep number of submitted models <= #threads

e gussgrid: https://www.gams.com/latest/gamslib_ml/libhtml/gamslib_gussgrid.htm|

* Asynchronous GUSS-solves in combined submission &
collection loop. Keep number of submitted models <=
#threads

GAMS and High Performance Computing
Thursday, September 13, 9:00 am - 10:15 am
(Session TA-5)
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