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Algebraic Modeling System

What 0s t hat ?

A Formulation mathematical optimization problems
A Notation similar to algebraic notation
A Ready-for-use links to state-of-the-art algorithms

C Simplified model building
C Efficient solution process

GAMS z




General Algebraic Modeling System

A Roots: World Bank, 1976

A Went commercial in 1987

A GAMS Development Corporation (Washington, Houston)
A GAMS Software GmbH (KdIn, Braunschweig)

A Broad academic & commercial user community and network

N e
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Model Structure

£ LH. Dutay, R.D. Norton, CHAC

4 (c) Regional farmer employment Lecounting rows:

“RESr+3 2 D dFLg+ 1 L dFLi=0. eachr
dSr g dEr ¢

[Sum over districts |22

and quarters of

quarterly farmer

L emploviment

[Regional farmer |
- emplovment |+ 3
activity _J ‘
Sum over districts o
+ and months of =0
| monthly farmer employment

1 (d) Total employment accounting row in man-years: -
~12LMAN + 23 LMANt = ©
r
1 Fotal c:nploymcnﬂ [Su:lllci_wl:r months of -0
2 in man-ycars | | total employment
| in man-months
12 (e) Total monthly employment sccou nting rows in man-

months: :
220MANC+ DapLe+ B dFLg + D dFis =0,
| o d
each f and g such that 1€ ¢

( Total % [ Sum overdistricts of
-22 emp]oymcn[‘ + | day labor employment
J_ in menth ¢ | L in month ¢

|—Sum over districts nq .
quarterly farmer Sum over districts
+ | employment in the it iof monthly farmer | = 0
| quarter confaining | | employment i
L month ¢

¥ In irvipation districts the Quarterly contract device is used for farmers, but in
non-imigated districts farmers are assumed to be available on monthly basis, w0 that
seasonal migration 1o Urigated areas may occur.

3% The activities for hising farmers and day luburers are stated m units of fens of
man-days per month for quarter), and there e 27 wirking days per month; hence the
cenversion factor of 2.2 is required in the (st term of this equatic.
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Model Data

T5E

Lo Table 3
Sequence of standard operations for cotton cultivation (days of unskilled labor, machinery services,
and draft animal services required per hectare by month)

Cultlvation month and eperation Mechanized Partially mechanized . Non-mechanized
Dnskilled achinery Lrskilled  Machinery  Animals 3;:'"‘" Animals § .
=
1st Preparatory tasks ' 0.12 ' [ 8] 1.0 0 g
Fallow 05 0.5 3.0 6.0 -
Cross-plowing . ) 25 50 -
Harrowing 0.1 B 0.3 1.0 3
Land levelling 0.25 0.25 1.0 2.0 E—
Canal cleaning 1.0 1.0 1.0 o
: L
2nd Trrigation ditches 1.0 1 1.0 i I 2.0 1.0 8 -
Forming borders ® = or .l 2.0 -y
Linking borders b 1.0 - 1.0 . E'
Water application Lo .0 - 2.0 ]
Harrowing . 02 1 .0 4.0 E
Seeding and fertilization 0.2 0.2 0.2 0.2 4.0 "'h:l
Waintenance of Tield works : 0.2 0.2 2.0
3rd Thinning plants 4.0 4.0 ' 4.0
Cultivation . 0.2 0 ) . a0 2.0 4.0
Weeding 6.0 6.0 6.0

Applications of insecticides (2) ©




Matrix Generator

Y(aual'x(2us)

IF IXC24BY,LY 0,5,AND X(243),5T,,00)

Yl2a9)1'x(2u9)

IF (X(2453),. T 0,5,AND X(249),6T,,00)

Y(2501'x(250)

IF (XC250),LT ), S.AND,X(250),6T,,00)

Y(aS1tx(2s1)

IF (XC2S1)Y,LT 0,5,AND X[25|),67,.,00)

Y(ES52)1x£252)

IF (X(252),LT 0,S,AND, X [252),67,,00)

Y(eS3X1X(253)

IF (X(2S5),LT 0,5.AND, X(253),6T7,,00)

YtaSa)y'tx(asa)

IF (X(253),LT 0,5,AND X(254),G67,,00)
YE255) 'Y (2p6)+Y (267)

Y(255)'X(256)

IF (X{@58) (LT B,5.AND,X(256),67,,00]

YrasT)tx(asm

IF (X{257) LT 8,5.4ND X (257),C7,,00)

Yi258)1x(258)

IF (X({258) LT 0,5.,AND X{256),6T,,00)

Y(259)'x(259)

IF (XK259) LY 0,5,AND X(259),CT,,00)

Yi260)'x(280)

IF (X(260) LY 0.5,8ND XC2560),6T,,00)

Yi2er)tv(ed)
Yias2)'x(282)

IF (X(262) LT 0,5,AND X(2b62),GT,.02)

Y(ee3)'X(263)

IF (XU263) LT 0 5,4AND,X(263),6T, ,00)

YI26a)'x(284)

IF (X{260) LT C,5,AVD, K(254),6T, ,.00)

YI265)'x(265)

IF (XC2b65) 4L T C,5,AN0, ¢L265),GT,,00)

Yi2eg) ' x{268)

IF (X(266) LT C,5.,AND,K(20&),GT,,00)

Yi2er)'x(267)

Y(SUB) T Z(24B, ) wl1ex(248))
YI269) ' I(289,104(14X(249)]
Y{250)'2(250,1)«(1+X(250))
YIRSL)'Z(251, 1) % 014X (251))
Y(252) 1 2(252, 1)~ 01eX(252))
Y(2S3) ' 2(RS3, 1) 0N (RS3) )

YI254) V2254, 10001 eX(254))

YI256) T I(2%6, 4) (L eX(256))
YC2STY ' ZC2ST o LINCLrX(25T))
Y(258) ' 20258, LIwCIPX(258))
Y(259) ' Z( 289, Li=C14%(2591)

YC250) 1 2(2eba 0 nC1X(260))

r(23d) ' Z(262, 1) w(14X(262))
F(203) 1 Z(2a63,1)eC1eX(263")
f(2a8) ' Z(266,1)=t1 X (264%)
T(205) 'Z(265,1)=(1-X(265")

T(206) ' Z(266,1)n(1=X(266!)

CUMPPB
COMP1B
CUMNE]
CUMDNE
CUMTHD
CUMTER
CUMFOU

CUMF IV
CCMLCT

CLMLCG
CLMOLS
U b=
Cm

[ B -

EXPORT
NETDIT

NETDFY
MRKRMT
METTRN
OFFCUR

NFFrap



Matrix Generator Input

AL
FLU

AZU
JIT
PEP
PLU
ccc
CHE
ChY
FDR
30R
CEG
(TR
ALA
Gar
Mkl
FEC
FRI
4RO
PAP
GAR
GRA&
MaT
TRI
FRU
SAN
MEL
OLE
SaL
JON
CaAR
30v
END
AL &
Al w

ALG ALY ARD AZU CaR CEG CHY FRT Ga®

&

2

a a
D.0185

SaL SAN S0OR 50T S TRI

25 1

t.12

G,0288

9599
47U
JIT
BEP
PLU

1

[

[

2

2

d

=0,25
=0, 4
wl b
=1800,

-0,
0.1500
=3,3
f.0830
na2100
fe 040D
0,099n0
N, 088
=3,3
0, 1830
G,1220
A,0930
A, 0990
=041
n,0B80
o, 0800
=2,7
n,0TED
0,0880
1,2
f.0830
n,edl0
Ne1550
N, 1600

02

AAD

226,109
1?‘.”1“
17427
72,997

3g,0018
126,197
E;,]j&
L

132,804
343,979

1n, 850
b 9350

193,910
9224
7,490
Sv,220

oo

-

1

0,007
80,1150
8,0560
08,5770

el ™
- & = ® ®w &
L=~ = = =]

e e B
T
==

BGGREGAT

JIT JON MAT MAT MEL P

2e27020,
174752,
19,
85209,



MPS FileT Column Section

S
X, ASGHE2
X, A3GHL2
Xy ASGHLD
N MBGHCE
X A3GHC 3
X ASGHCI
X, h8GHAS
A ASGHAS
X ASGHAS
XK ASGHAS
A, A8GHS]1
¥, A8GHS]
A, ABGHS]
KyABGHSE]
X, ASGHCN
X ASGHCN
X, hSGHCN
P ETE T
M ABKRECL
LA E-1¢. 141
M ASKSCY
Myh3KECE
N, A5KSC2
X, A8K8C2
X, A8K3CE
X, ASKSC3
X, ASKSCE
X, ASKSCS
X, L5KSCE
P LT
K, ASKSAS
L, ASKHELS
LY E-LET Y
X,ASKES1
X, A3KE3]
X, AgK55]
X, ASK58]
X, ASKECN
X, ASKECN

CeRpwwE
Byas,;Cp
AL TRA

DyysbBHyN
RyqeGHET
ByAl, L3
A, TAA

DyoyGHyN
RyuyGHAS
BydS,,A8
Ay TRA

DyrpliM,p
RypyBHEY
B, h%,,3]
A TRA

By agFHCY
B,48,,Cuy
A, TRA

Do!.“&|”
RygoK8CY
BoAS,.C1
A, TRA

DyeykSyn
RyaaKSC2
B8,48,,C2
A TRA

SRR LETL
Ry egME8C3
B,48,,C3
A, TRA

nlilusim
R.'.Kﬂﬁs
BoAS, A8
A, TRE

Dy ysKS,p
Ryea®B5]
ByhSy 31
A, TRA

HyyaR8CN
Byh3,,Cn

PP .
-1,00000
b,98400
0, 33500
Ly 00000
e1,00000
b, 98400
0,20800
1100000
|, 00000
6, 98400
0,15000
100000
=], 00000
6, 98400
1,00000
.1,00000
6,98u00
0,26000
100000
.1,00000
758000
0y 51000
1,00000
i, 00000
Ty50000
0, 33%00
1,00000
=], 00000
T.50000
0, 20600
1,00000
=],00000
T.50000
0,15000
1,00000
=], 00000
T,58000
1,00000
.l,00000
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MPS Revision File

BHRAMEH L MaJERR
MEXT
REVISE REWS TAFELY

wawds CARD HELD SUMMARY awxd

HELADER, CARD mNO™

HEADE®, Camd NoY % ::;:EMNs REVE

HEADE&, C4RD WD 3 g MODIFY

HEADER, C4RD wO° & T

HEADER, CaRD wQ® 1 B MUDIFY

HE&DEH, CarD nAY 18 ZENDATA

HEADER, Camb wo' 19 ENHE

MEADER, Camp wDY 24 FCOLUM ren

HWEADER, CamD np° 21 T hEu??w

HEADER, CARD WO az ZENDATA

HEADER, CaRD NO© a3 TNAME

HEADER, CARD WO ba AE¥S

HEADER, CAaRD wO" 45 :E“:u;??

HESDER. CarD wo“ 51 EEND?T& '

WESDER, CARD N 52 EMAME

HE&DEH,; CARD wO" 54 gRHS e

HEADER, CARD woY Su € MUDIFY

HEADEH, CARD 8ot b8 EEMBATA

HEADER, Camp wn" &g EMAME

HE&OE®. CarD w0 10 ZRmE s

HEADER, CaeD wn* T1 H
Earb wpY 72 ; DE:;*
card Mo, L e+ CLé, v, 01 5,03328
CARG NO, 13 : pusr CLA,V, 02 5, 05328
Caro w0l 7 p Hnsz CLa,v,03 5,03328
caRD noJ = F hem CLb,v,0u 5,03328
Einh o 78 : nna[l CLb,v, 0% 5,0352a
CiRd WO m : e CLé,v, 08 5,03328
EaRb NV e : nugl CLa v, or 5,058328
Cann o i : . 1 ;Li.v.ﬂﬁ 5.03328
Cano wo o 5 ”nsi CLa,v, 08 5,05328
camp wos o d H:sq LAV, 10 5,03328
CaEo Mo, o2 : E_s: CLé,v,11 5,03328
camd NOJ aa ¢ Hui‘ CLé, W, 12 5,03328

HELDER, CARD uuf BE CENDATA ! LdovaTo *0. 3953
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MPS Output

DATE 07/30/T6 TIME 22,12,21 COLW®™mwHSHE AFEN=1T1 1,000 PAGE
PRINT DRETION @ CAMPLETE OUTPUT wsSRECTAL TIVE =2 28, 18449
NAME = CFNTRAL nAJ = DA RH3 3 RAHS] BND = LIMITS |1,0000 RPSAWS = 10000
DIR = vauIwTaF rNEd = CEHS =z BNG = 0,0000 HPCHEMS = Q. 0000
KUMBER LT1.13 TYPE STavTys COL acTIviTy 0ORJ COEF 2 UPRER HARGINAL
lot Cafiv,,” PL LOwER . =47 80000 [ +INF b, UaA5]
192 cae2e,," PL SCTIVE NTTTL =701,00008 ) «INF .
103 CRESC,, ) PL SCTIVE ' =10330, 80000 ) +INF .
laa Il:l!l-rllF..It PL LOsER » =2429 70000 +INF LA L TR ]
10S CHESC,. AL LiowE @ . =T408,00000 | «INF =2342, 18642
186 CHEeE,," Pl ACTIVE ' =SULE, 00000 | +INF '
107 cemErC,,’ PL ACTIVE 06087 -15,20000 | eqnF .
108 CSc,v,,) PL ACTIVE . =231,57a08 | +INF .
109 EBE.F..‘ PL ACTIVE w0228 =231,57000 +[NF N
1ia ceo,v,, PL ACTIVE N =139,67000 L «INF '
11} cPo,F,,° PL ACTIVE 00002 “139,87000 | =InF .
112 CPO.C,, FL ACTIVE FLLH =1 3%,67000 *[NF N
113 CEG.V,., PL ACTIVE . =T, Fl008 | +InF .
114 CEG,F,, PL MCTIVE « 00025 =Te, 71008 * +INF "
115 CEG4C.," eL ACTIVE 00128 =Te.Fl000 ' #INF '
lie I:Dhl:ar,: Pl LCTIVE OTEAS 12.%1000 +IWF .
47 COF,Cu, ¢ B LOWER . 180:Tu0an ; [ uF =BT, 19134
118 CDE.Cx, P LOKER ¥ a7 B5000 #ILF =256, 39951
119 Cus,Cx,} B ACTIVE NN 121,35000 b4 #InF '
120 [OLCx, PL AETIVF NTEFE 91 60000 +1NF .
121 Cws,cx,° PL WETIVE V00806 109,74000 | e1wF .
122 taL.tx,! Py, LETIVE J00TaA TT.us0en | sINF ]




WB Old Slide 1

PLANNTNG PROBLEM AND OBJECTIVES INITIALLY OFTEN

UNSTRUCTURED
1LL-DEFINED
CONFLICTING
UNCERTAIN
CHANGING

EMOTIONAL

MATHEMATICAL MODEL USED TO RECOGNIZE AND FORMULATE
PROBLEMS, DEFINE ISSUES AND EXPLORE SOLUTION SPACE



B L L B

WB Old Slide 2

PRESENT TECHNOLOGY

' | REAL WORLD
PROBLEM

SOLUTION ANALYST |
DATA

Operating Systems
Model Generators

Computer Languages

6__.

Report Generators
Data Base Systems

Solution Packages

RESULT: - Drain of resources (technical,
time, money)

- Essentially no documentation



MAJOR CONSTRAINTS :

COST

SKILLS

TIME

TOOLS
DOCUMENTATION

TRUST
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WB Old Slide 4

IDEAL TECHNOLOGY

REAL WORLD
PROBLEM

ANALYST

GENERAL ALGEBRAIC
MODELING SYSTEM

DATA €—> MODEL <—> SOLUTION

Operating Systems
Computer Languages
Solution Packages

RESULT: = Limited drain of resources

~ Same representation of models
for humans and machines

- Model representation is also
model documentation
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WB Old Slide 5

DEVELOPMENT OF GAMS

Phase 1 (1978)

- The system can be used to represent and
analyze any algebraic model (be it

linear or nonlinear)

- The system can perform algebraic manipu~-

lations on all data

- The system can generate and solve linear

programs automatically

- The system can generate reports on data
and solutions via simple 'display'

sStatements
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WB Old Slide 6

DEVELOPMENT OF GAMS

Phase 2 (1979)

- The system can generate and solve

nonlinear programs

~ The system will provide links to
special-purpose algorithms for econo-

metric problems, network problems, ete.

— Appropriate extensions to the language

will be made as the need arises
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WB Old Slide 7

DEVELOPMENT OF CAMS

Phase 3 (?)
- Automatic structure recognition

- Internal generation of emxget point-

derivatives

- Improved data-base design with e.g. unit
analysis, and links to existing data

bases

- Availability of GAMS on different machines

- World-wide availability of the system so
that it can be used as a market for

testing models and algorithms
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GAMSO Fundament al

A Platform independence

C On

10+ Supported Platforms

Olay;
S .
6""bit Solaris

AX
LS

Mac

Window
64bi

Linux 64bit

Linux

HP

Windows

[

o
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A Hassle-free switch of
solution methods

LINDOGLOBAL

Y

CONOPT

%

GUROBI

CPLEX




GAMSO Fundament al Con:

Gams Data eXchange (GDX)

APl 0s
- Gams Data eXchange (GDX)

_ - Options
A Open architecture and - Gams Modeling Object (GMO)

Interfaces to other - Gams Environment (GEV)
systems - é

Layers of separation

21



GAMSO Fundament al Con:

A Layers with separation of
I model and data
I model and solution methods
I model and operating system
I model and interface

>Interface> Data > Model > Solver > Interface>

A Models benefit from
I advancing hardware
I enhanced / new solver technology
I improved / upcoming interfaces to other systems

22



A Balanced mix of
declarative and procedural
elements

23

Declarative Elements
- Sets
- Parameters
- Variables
- Equations
- Models
- €

Procedural Elements
- loops
- if-then-else
- €




Problem 1

A Data transfer between different systems slow, error prone and
bulky.

A Application (real time) require the capture of data instances
that can be analyzed off-line in other environments.

A Management of name space mappings between different
problems and their transformations into other data
representations.

A Separate the model from its environment

A Search for a common low level high performance data

container
24



Problem 2

A Building and maintaining solver specific links in different

programming languages became a huge resource sink and
made the introduction of new features difficult.

A Simplify the building and maintaining of solver links
A Manage multiple interacting models

A Minimize the solver specific tailoring

A Maintain one source only

A Wrap automatically for different languages.

A Share libraries between the data management part of a
modeling system and the solver. Example: function
evaluations, first and second order derivatives, intervals,..

25 A Ease linking of experimental (meta-)solvers to GAMS



Problem 3

A Problems may contain
I Complementarity
i Hierarchy
I Interacting agents
I Risk measures
I Logic relationships

A Cannot be expressed with current modeling languages and
have no direct solution method.

A Example: General equilibrium models are a transformation
from multi agent optimization/variational problems into a
single mixed complementarity model.

A How to automate the transformations by annotations of
existing optimization models that convey model structure to
the solver.

26
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GAMS

Features you might not know

28



Problem 1

A Data transfer between different systems slow, error prone and
bulky.

A Application (real time) require the capture of data instances
that can be analyzed off-line in other environments.

A Management of name space mappings between different
problems and their transformations into other data
representations.

A Separate the model from its environment

A Search for a common low level high performance data

container
29



GDX

Gams Data eXchange

30
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Gams Data eXchange

Binary Data Exchange

Fast

Safes disk space

Tailored for large sparse matrices
Platform independent

Direct GDX interfaces

API support for high-level
programming languages

Utilities

To o To To Do Do Do

GDX Utilities

Invert |DE GDX Viewer

GDX
N '\X GDXrank
GDX2HAR /
GAMS+—— HAR2GDX
GDX2XLS < T GDXmerge

GDerWAA//'v \‘ "\\AA GDXdump

MDB2GMS  px(iff

GDXcopy




GAMS in Control

Direct GDX Direct GDX
Interface Interface

External Databas External Databas GUIs |

- Import Export
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Application in Control

GDX API

v

GDX API

GDX
Container

GAMS

|

(Executable / DLL)

Creating

Input

Call GAMS

GDX
Container

Reading
Solution
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Incorporating a model in a spreadsheet

T ZF il ™ Eadl
A B C D E F H | ] K LM N 0

1 Distance Mew-York Chicago Topeka Supply
? Seattle 2.5 1.7 1.3 350 350
5 San-Diego 2.5 1.8 1.4 800 300
i

250
5 Demand 325 300 275
5 200

M Seattle
7 Freight cost 90 150
M San-Diego

& 100 g
g 50
L0 SHIPMENT Mew-York Chicago Topeka
|1 |Seattle 0 - ' '
|2 | San-Diego Mew-York Chicago Topeka
L3
14
= Clear Solution
L&
L7
|5 GAMS Directory: |c:\program files\GAMS23.2Y
|9 Working Directory: |c:\tmp',
'} Solver: CPLEX
Al
P2
B SOLVE LP SOLVE MIP
P4




Problem 2

A Building and maintaining solver specific links in different

programming languages became a huge resource sink and
made the introduction of new features difficult.

A Simplify the building and maintaining of solver links
A Manage multiple interacting models

A Minimize the solver specific tailoring

A Maintain one source only

A Wrap automatically for different languages.

A Share libraries between the data management part of a
modeling system and the solver. Example: function
evaluations, first and second order derivatives, intervals,..

% A Ease linking of experimental (meta-)solvers to GAMS



GMO

Gams Modeling Object

36
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GAMS O -Gemerdtion Model API

A Why a new model API?

A What do we need it to do?

A What does it look like? How is it put together?
A How did we do it?

A When are we going to be finished?



Solver Links 1T Different Perspectives

GAMS User
AStandardi zed solver interface al
solvers: option nlp=conopt;

énot hing wi

Solver & Solver-link Developer
A 10 Library provides access to
I Matrix
I Function/Gradient/Hessian evaluations
i Solution file writer
i Output handling
I GAMS Options (e.g. resource limit)
I Problem attributes (SOS, semicont, semiint, priorities, scales)
i Ultility routines
I problem rewriting, matrix reordering
38 é o ufocus here
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CONOPT

MINOS

SNOPT

PATH

MILES

CPLEX

GUROBI

XPRESS

VLA

What 60s t hat ?!
—
\—//

Solver Links Fortran I/O
%’//

AlphaECP —» Delphi I/O

Baron ~__ Library

e e — C /0

Xa ~— Library
Xpress " MPEC 1/0

(~50 total)

SMAG Lib
G2D Lib

[
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Multiple I/O Libraries - Advantages

Advantages

MINOS

SNOPT

A proven over many years

PATH

MILES

A all platforms supported

CPLEX

A all GAMS-features available e

XPRESS

VLAY

A written by language experts, use all language features

A resulted in high-quality links across solvers and platforms

A has been one factor in our success

Solver Links

AlphaECP
Baron
e é
Xa
Xpress
(=50 total)

—
oo A

Fortran 1/O
Library
Delphi 1/O
~—Library —
Cl/O
e Library
MPEC I/O

SMAG Lib

G2D Lib
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4
<
e
J,-_-
|
o
\
)

Multiple I/O Libraries -

Disadvantages

A Not always intuitive to use
Linking your Solver to GAMS
- THE COMPLETE NOTES
(160 pages !!)

PATH

MILES

CPLEX
GUROBI

XPRESS

A Outdated design i 1/0, STOP

'aqﬂd y
el

UATAL

@
1

o
»7

Solver Links

AlphaECP
Baron
e é
Xa
Xpress
(=50 total)

Isadvantages

—
\—/
«—> Fortran 1/0
Library
<« Delphi I/0
~—Library —
<«—> Cl/o
~—Library ——1
MPEC 1/O
SMAG Lib
G2D Lib

A feature-poor (e.g. no automatic reformulation of objective func/var)

A inconvenient & expensive to maintain

(@)

Apainful to move

| ner t

masso f

A linking your solver (without buddy at GAMS) is very difficult

or



A Then

Computing environment: limited time and memory
Algorithm APIs not uniform or language-neutral

Expert users who understand optimization

Dondot use unnecessary spa
If the link gets in trouble, just abort, the user will fix
things up and re-run.

A Now

42

Most users wonot hit spac:
APIs look similar, are language-neutral

Users may be domain experts, not MP experts

Use of additional space & time to give the GMO and
GAMS user a better experience is justified.



Checklist for GMO

A Powerful & convenient APl i a few calls do the job

A In-core communication between GAMS and the solver,
making potentially large model scratch files unnecessary

A Implement once, run everywhere (multiple platforms &
multiple languages)
I Platform-i ndependent <code, | SO
I APl wrapper & multi-language interface

A Support meta-solvers (e.g. DICOPT, SBB, Examiner)

A Separate Model from Environment

A Comprehensive i one-stop shop for all linking needs

A Support shared-library implementation of solver links

A Support multiple models

43



Checklist for GMO

A Powerful & convenient APl i a few calls do the job

44



GMO: Powerful and Convenient API

AWhat 6s a powerful <call?
I Basic CS: information hiding, encapsulation, object
model, abstraction
I One call to do the job required, e.g. Hessian setup
I No preconditions, magic calls, or nasty side effects

A Convenience-mul t i pl e routines an
I Jacobian row- vs. column-wise, tuples
| Objective reformulation i function or variable
I Free rows - yes or no
I Column evals: dense or sparse, all or just NL
I Common/typical tasks done in GMO, not the link
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A In-core communication between GAMS and the solver,
making potentially large model scratch files unnecessary
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Solver Integration

solve mymodel minimizing z using Ip
mymodel.solvelink = {ChainScript, CallScript,
CallModule, AsyncGrid, AsyncSimulate, LoadLibrary};

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

A Call{Script/Module}: Solver process, GAMS stays live
+ protection against solver failure (hostile link)
+ no swap of GAMS database

- - file based model communication



Solver Integration i cont.

A LoadLibrary: Solver DLL in GAMS process
+ fast memory based model communication
- not (yet) supported by all solvers

A trnsport.gms (LP) solved 500 times with CPLEX:

set ss /s1*s500/; loop { SS,
solve transport minimizing z using Ip };

I ChainScript: 33.04 s (28.9s)*
I CallModule: 13.78 s (12.7s)
I LoadLibrary: 2.37s( 2.0s)

48 * without Virus Scanner



A Implement once, run everywhere (multiple platforms &
multiple languages)
I Platftorm-i ndependent code, 1| so
I APl wrapper & multi-language interface

49



Implement Once, Run Everywhere

A All GMO coding done in a single language and style
I Allows code sharing with other components
I Allows for shared development (GMO is a team effort)

A All GMO coding is platform-independent
I Makes writing code faster, more reliable
I Maintenance is simplified

A Platform-dependent code isolated in utility libraries
I Makes adding a new platform easier
I Maintenance is simplified
I Unit testing is easy and effective
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) GAMS Wr ap

- APl is defined using the
GAMS language
- A tool written in GAMS is used to
regenerate APIs for all languages
- Executed on request and nightly

pr - [C:\home\Jan\vsB_alphalsrclapiwrap\gmoaj

ﬁ File Edit Search Windows Utlities Model Libraries Help -8 x
B PR T - )
.

gmolodelType
ol

cuall
gmoFealelpt
GuoSense
GuoobiVar
GuoOpEFile
gmoPrioropt
GmoNLConst

GuoObIRow
gmoDictionary
emoHaveBasis

* Properties reading/weiting data that originally came

.int.( r.getModelType  ,w.modeltype
sint. r .GetRows

sint, r .GetCols

sint. {(r,v).FcaleOpt

.inc. { r.direction . 0. set0hisense
sint.( r -GetthiVar ,w.SetObiVar
.int. ((r,u).OptFile

.int. ((r,w).prioropt

.int. ((r,u).nleonst

sintl(E .GetNanzeras, w.NZ
sint, ¢ .GetHLNonZeros
sink, ¢ . GetNLRows

sint. ¢ .GetlLCols

sint. ¢ . GetobiRow

.int. ((r,u].Dictionary
.int. ((r,u)].havebasis

cuollamzOptFile oS5
guoliameSolFile oS5
GuoliameXLib 088

gmoloadDacalegacy . (0.result.int, i.msg.053)
guoInicDaca . (0.result.int,l.rovs.inc, 2.cals.int)
gmoCompleteData . (0.result.int, 1.instname.CSS)
omoQNaker . (0.result.int, 1.density.D)
oGEE0RIQ .(0.result.int,l.colldx.PLIL, 2. rowldx.PLIL, 3. 20af. PDL)
<
11 Insert

guollameNacFile o335,

HaweoOptFile ,w.SetHameoptiile
HeweSolFile ,v.SetHameSolFile
MemeDl1l 0. SecameDLL

MeweNatFile ,v.SecHameMacFile

GuoliameDict NEEN HemeDict LU SetiameDict
omoNameParans oSS, NemeParams |, w.SetHemeParsms
omoNemeInput 0SS, HNeme Input

set f(en,tp,ea,ta) function and prosedures /.

from control vectors

1

Hodel Type
Number of egquations

Nusber of varisbles

gcaling Flag

Direstion of optimization
Objective variable index

Optfile Number

Priority Flag

length of NL constant pool
Nusber of non zeros in contraints

Nusber on nonlinear non zeros in constrai

Number of nonlinear rovs
Huxber of nonlinear columns
Objective row index
Dictionary file written

Do we have basis

Option file name
Solution file name

External Funcvion Library Neme
Matrix file name

Dictionary file name

Parems file name

Input file name

Read GHO instance - Legacy Hode
Initializes GHO data

Complete GHO data instance needs lots of

Create QP Info
Get @ watrix for shisetive

A A change in the definition of the APl immediately makes it into all

language interfaces

A No manual and therefore error-prone efforts required



pr - [

Ahome\JantvsB_alphalsrclapiwrapigmoa
ws Fle Edit Search Windows Urities Modsl Lbraries Help

EERE

R

gmoDictionary . int

cuogUaker

. ({r,w).Dictionary

set f(en,tp,ea,ta) function and prosedures /.

. (0.result.int, 1.density.D)

* Properties reading/writing data that originally came from contrel vectors
gmollodelType  .int. | r.getModelType w.modeltype ) Hodel Type
e Jint. r  .GetRovs Hurber of equations
cmalt sint. r LGetCols Huber of varishles
gmeScaleCpt  .int. ((r,u).ScaleOpt ) Sealing Flag
guoSense .int. | r.direction ,u.set0hiSense ) birestion of optimizacion
uothiVar snt.{r .GetbiVar | w.SetChiver ) Cbiective variable index
GuooptFile .int. ((r,).0ptFile ) Optrile Number
GmoFriorOpt  .int. |(r,w).pricropt ) Friority Flag
moliLConst _int. ((r, ] .nleonst ) length of NL constant pool
ez Jint.(r  .GetNonZerss,w.NZ ) Huxber of mon zeros in contraints
- . ualiLNZ sint. r . GetNLNonZeros Hudber on monlinsar nmem zeres in constrad
GuoliLH sint. r  .GetNLRows Nuxber of nonlinear rows
- u I I GralLH sint. x .GetNLCols Murber of nonlinear coluwnns
oo Row Jint. r  .GetobjRow Objective rov index

Dictionary file written

gmoHaveBasis  .int. ((r,w).havebasis ) Do we have basis

cuoNaweOptFile L0855, ( r  NemeOptFile ,w.SetNameOptfile ) Option file name

guoliameSolFile .085. [ r  .NameSolFile ,w.SetNaneSolFile | Solution file name

GuoliameXLib 2085, ( r  .MaweDll 0. SecameDLL ) External Funcvion Library Neme
- guollameNacFile .035. [ r  .NemelMatFile ,w.SetNaneMatFile | Matrix file name

GuoliameDict L055.( r  .NeamweDict LU SetiameDict ) Dictionary file name

gmoNemeParsms  .oSS. [ r  .NemeParams |, w.SetNeameParams ) Parems file name

gmoNemeInput 0S5, r  .NemeInput Input file name

gmoloadDacalegacy . (0.result.int, i.msg.053) Read GHO instance - Legacy Hode
guoInicDaca . (0.result.int,l.rovs.inc, 2.cals.int) Initializes GO data
gmoCompleteData . (0.result.int, 1.instname.CSS) Complete GHO data instance needs lots of

Create QP Info

- Reusable for multiple GAMS R L e )’
component libraries |
- GMO
- GAMS
- GDX
- Option
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Distributed GAMS APIs

. . » 0 GAMSZZ9
A Component Libraries I
I GAMS @ caven:
T GDX -}l GAMS233
i Option vy
4 | apifiles
A Supported languages - camples
I C,C++,CH —
i Delphi o
i Fortran [rimiy
| Java | . Sictiunaries
| VBA, VBNet emplib_ml
" Python iy
. ghin
A Examples/Documentation sbinnen
J install
53 .

m

|| _gdxce.pyd
|| gdx.java

€] gdxce.c

] gdxec.h

=] gdxcc.i

L_| gdxcc.py

¢ gdxco.cpp

] gdxco.hpp

] gdxcs.cs

ﬁ gdxdcpdef.pas
=] gdxddec.inc
ﬁ gdxdocpdef.pas
ﬁ gdxdopdef.pas
ﬁ gdxdpdef.pas
gehdQdef £90
c] gdxfaglu.c

@ gdxicapi.chm
. gdxicapi.pdf
<] gdxjni.c

|*| gdxjni.dll

=] gebdfdef.def
gehxlfdef.f30
gelxlfdeflib.fa0

|| gdusetup.py




Checklist for GMO

A Support meta-solvers (e.g. DICOPT, SBB, Examiner)
A Separate Model from Environment

A Comprehensive i one-stop shop for all linking needs
A Support shared-library implementation of solver links
A Support multiple models
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Meta-Solvers with GMO

A Populated GMO object (e.g. by GAMS)

A GMO API to allow modification and alteration of bounds,
rhs, fAmodifiableo parameters

A GMO/GEV (GAMS Environment Object) based solver
links

ARunti me system (C, Python,

‘ - Alternative way to implement decomposition, and
other algorithmic ideas based on MP models
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OEffi ciento | mpl ement

GAMS Process

— T~

Model Files Solution Files

\Solver Process /
SBB Process \

Bound Revision File N RMINLP Solution Files
Node File Primal

+ Dual Solution
v
NLP Solver Process

SBB, 2001
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OEffi ciento | mpl ement

GAMS Process

Solver Process
SBB Process

|

NLP Solver Process




OEffi ciento | mpl ement

GAMS Process

Solver Process
SBB Process

|

NLP Solver Process




Dicopt (Outer Approximation)

Lower Bound +/IASTER (MIP%

If MASTER _ Add linearizations
infeasible STOP * l FIXy, from solution of
NLP (y;)

Upper Bound NLP(y;)
|

|

If Upper Bound is e
larger than Lower Bound

STOP

59
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GAMS) =% i
RNy J g X xw N -,

- \ abi
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rE ]

..!"‘-!\7 IS,
‘ Hing rrflﬁﬂﬁh‘

Series of NLP and MIP solves

-—— DICOPT: Log File:

Major Major Ohijective CPU time Itera- Ewvaluation Solwer
Step Iter Function [Seo) Lions Errors

MNLF 1 1.04923 0.02 35 ] conopt
MIFP 1 9.07274 o.o0%9 25 ] cphlex
NLE 2 *Infeas* o.oa0 10 o conopt
MIFP Z 13.02091 0.13 32 0 cplex
HNLF 3 1.26564< 0.03 Z7 0 conopt
MIFP 3 15.95760 0.11 z9 ] cplex
NLF 4 *Infeas* 0.0 i 0 conopt
MIFP 4 15.99255 0.11 19 ] cphlex
NLE 5 *Infeas* 0.0 13 o conopt
MIFP 5 Z21.035381z2 0.11 23 0 cplex
MNLF B 1.26564 0.0z 17 0 Conopt

-—— DICOPT: Terminating...

ALots of file writing and reading to communicate between Dicopt,
MIP, and NLP solver

ABasically start a whole new process over and over
60
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New Dicopt Implementation

Joined work with Ignacio Grossmann, Juan Pablo Ruiz
(Carnegie Mellon University)

A Object Oriented
A Use C++ Interface to GMO
A Two models: NLP and MIP

A Use standardized solver interface to call NLP/MIP solver

ncore (pass GMO ohandl ebo

A Algorithmic improvements

O I
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How We Did It: SVN

44" Log Messages - C:\repos\source\products\trunk\src\gmoxo

From:  8/13/2010 + To: 11/ 4/2010 ~ . Messages, authors and paths
Revision Actions Author Date Message
20991 o jhjagla 4:52:16 AM, Thursday, November 04, 2010 filter tiny marginals
20948 & jhjagla 8:45:31 AM, Wednesday, November 03, 2010 fix
20947 @ jhiagla 8:27:52 AM, Wednesday, November 03, 2010 deanup when to check for objfun and/or equ
20942 & jhjagla 6:03:16 AM, Wednesday, November 03, 2010 never reset objval for short solve statement
20938 & mbussieck 5:42:21 AM, Wednesday, November 03, 2010 treat objvar same as objrow (valnaint)
20934 & jhiagla 4:47:23 AM, Wednesday, November 03, 2010 gmoDirtyGetObjFNLInstr needs objequ/fun
20933 & jhjagla 4:43:12 AM, Wednesday, November 03, 2010 fix dumping of control file for mep,cns, add gmovalnaint prop
20913 &) jhjagla 9:29:01 AM, Tuesday, November 02, 2010 even if the model is all linear, we might have to update the skips
20912 &) jhiaala 9:14:28 AM, Tuesday, November 02, 2010 write FATAL error messages also to stdout so we can catch it in the tests
el L L Tt K\I S A MM AN AR T inedai. NMaiinadh e AN 4N allc.c. wll fow Seminlio o e o cecboslosccae asoales ssmw odce m salrcs wllcsds me o sate o cssw -
4 1 ,
filter tiny marginals

{

I
:Showing 100 revision(s), from revision 19311 to revision 20991 - 1 revision(s) selected.
Hide unrelated changed paths

|| Stop on copy/rename
["] Indude merged revisions

- A Everybody agrees: Version control is a game-changer
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How We Did It: Automation & Testing

. [GAMS

B L L L ) “‘

-

¥

-
Gaag

~
-

[ Home | Support | Sales | Solvers | Documentation | Model Library | Search | Con

Latest GAMS System Builds and Test Results

[ Latest Builds | Alpha Builds | Beta Builds | Nightly Builds | System Codes | History ]

nightly a System Libraries Build
Monday Inx Download 23.7.0
Monday Ix3 Download 23.7.0
Tuesday vs8 Download 23.7.0
Monday wel Download 23.7.0
nightly B System Libraries Build
Monday Inx Download 23.6.0

Rev Status and Time (UTC)

21065 Test
done

21065 Test
done

21075 Test
done

21072 Test
done

Rev Status and Time (UTC)

21070 Test
done

09Nov2010
06:52:24

09Nov2010
09:11:56

09Nov2010
14:32:06

09Nov2010
07:05:24

09Nov2010
07:22:45

Initial Tests

712 runs 0 failures
(g=0,s=0)

732 runs 0 failures
(9=0,5=0)

734 runs 0 failures
(9=0,5=0)

682 runs 1 failures
(9=1,5=0)

Initial Tests

712 runs 0 failures
(9=0,5=0)

Tuesday 09Nov10 15:

Report

Report

Report

Report

Report

Cor

Full Tests

8902 runs 2 failures
(g=1,5=1)

9385 runs 2 failures
(9=1,5=1)
9397 runs 2 failures
(q=1,5=1)

8364 runs 5 failures
(9=2,5=3)

Full Tests

8901 runs 2 failures
(g=1,5=1)



How We Did It: Automation & Testing

A SVN and other tools automate builds on all platforms

A Extensive, automated tests
I Test library (503 models), other libraries (hundreds)
I Runs over all solvers, some NLP/MIP combinations
I Recent beta: 17 test machines, each ~ 3Ki 10K
I Collecting, archiving, sharing of test results

A PAVER used to compare to previous versions
I Helps find outliers (bugs), problem cases
I http://www.gamsworld.org/performance/paver/
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When Will We Be Finished?

- GAMS 23.5.2 (current distribution)
- Coin-Solvers (Bonmin, Cbc, Couenne, Ipopt, OS)
- Gurobi
- Lindoglobal
- OSl-based links to Cplex, Gurobi, Glpk, Mosek, Xpress
- Scip
- e

- GAMS 23.6 (currently in beta)
- All previous Fortran links (e.g. Conopt, Minos, Snopt)
- All links using 2nd-order information (e.g. Knitro, Pathnlp, Mosek)
- Xpress

- GAMS 23.7 ?7?
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Summary

=
o

CONOPT

MINOS

SNOPT

PATH

MILES

CPLEX

GUROBI

XPRESS

Solver Links

AlphaECP
Baron
é e
Xa
Xpress
(~50 total)

— T
S

Fortran I/O

~_Library ———
Delphi I/O

~__ Library
C /O

———Library
MPEC I/O

SMAG Lib

G2D Lib




P it ",;—_:&"
GAMS| =N I

o

: » Ny
‘ 3 ' )“

Summary

CONOPT
Your solver !

MINOS Solver Links

SNOPT
AlphaECP /‘x
Baron \/

PATH A A

— Xa Modeling
Xpress

(~50 total)

CPLEX

GUROBI

XPRESS

ULAL
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Summary

A GMO is part of GAMS distribution
A GMO is used by a variety of / will be used by all GAMS Solver Links

A GMO eases maintenance and makes development process more
flexible, more agile

A GMO opens up new possibilities for moving GAMS forward

A GMO interfaces are not yet public but alpha version can be made
available on request
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Scenario Solver
Use GDX and GMO

69



70

GAMS Scenario Solver

Loop(s,
d(i) )= dd(s,) ),
f= ff (s);
solve mymodel min z using
rep(s) = mymodel.objval
);

Setting | Solvetime(secs)

Solvelink=0 (default)
Solvelink=%Solvelink.LoadLibrary%

Ip ;

40.297
03.625
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GAMS Scenario Solver
cost.. z=e=sum  ((i,] ), T*d(,))  /1000* x(i)) ),

set dict / s.scenario

d.param . dd
f.param ff
X.level XX/
solve mymodel min z using Ip scenario dict ;

A Update model data instead of matrix coefficients/rhs

A Hot start (keep the model hot inside the solver and use
solver 0s best update mechart

A Save model generation and solver setup time

A Model rim unchanged from scenario to scenario

A Apriori knowledge of all scenario data



Problem 3

A Problems may contain
I Complementarity
i Hierarchy
I Interacting agents
I Risk measures
I Logic relationships

A Cannot be expressed with current modeling languages and
have no direct solution method.

A Example: General equilibrium models are a transformation
from multi agent optimization/variational problems into a
single mixed complementarity model.

A How to automate the transformations by annotations of
existing optimization models that convey model structure to
the solver.
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EMP

Extended Math. Programming
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Current state: Model-Side

A Traditional problem format

minc(x) st. A(x) ¢y, A(X) =D,

A Support for complementarity constraints

A Interactions between models possible
A Series of models
A Scenario analyses / parallelized model runs
A lterative sequential feedback
74 A Decomposition
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New solution concepts

A Embedded Complementarity Systems
A Disjunctive Programs

A Bilevel Programs

A Extended Nonlinear Programs

A Variational Inequalities

Aé

Breakouts of traditional MP classes

No conventional syntax

Limited support with common model representation
Incomplete/experimental solution approaches

Lack of reliable/any software

cC. C- C:- C: .
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What now?

Do not:
A overload existing GAMS notation right away !

A attempt to build new solvers right away !

But:
A Use existing language features to specify additional

model features
A Distribute information as part of the production system
A Express extended model in symbolic form and apply
existing matured solution technology

A Extended Mathematical Programming (EMP)
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GAMS

nSol ver o
4 N\
EMP Original
Information Model
\_ J U
\ Translation )
. Reformulated
Viewable Model
T

Solving using

[ Solutior }

Mapping Solution

Into original space




Bilevel Programming

min  f(x.y)

s.t. g(x,y) <0,
y solves minv(x,s) s.t. h(x,s) <0

$onecho > %emp.info%
Bilevel x min v h
$offecho

A Additional Information:

A EMP Tool automatically creates an MPEC by expressing
the lower level optimization problem through its

. optimality conditions
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Bilevel Model

Conejo A J, Castillo E, Minguez R, and Garcia-Bertrand R; Decomposition
Techniques in Mathematical Programming, Springer,Berlin, 2006.

defobj.. =z =e= sgri(xl+xZ-2) + sgri{x3+x4d-2);

ald.. hl =e= hl 0;

al.. hi =e= hZ 0;

aZ.. xl-xz2 =e= 3; Quter Problem
defhl hl =e= agriul-xl) + sgriuZ-xZ) + sgr{u3-x3) + sgriud-x4);
el. 2*ul + uzZ + Z2*u3 + ud =e= g; Inner Problem 1
defhZ.. hi =e= sgri(vl-xl) + agri{vi—-x2) + sgri{v3-x3) + sgr(vd-x4);
eZ.. vl + v + w3 + Z%*vd =e= 7;

Inner Problem 2
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EMP Information File + EMP Summary Log

i

model emp / master, submodell, submodels 7

sonecho > "Semp.info%"™

— » | B — » | __d - - __-\u - .
Hii gVl Sl haE AL T
m = —' - = =1 = 1
...... - c— Fis F” e o ol — —
min Re ¥ deafhl ar
soffecho

gaolve emp us emp min =;

JAMS — Solver for Extended Mathematical Programs (EME)
———= EMP Summary (errors=0)
2djusted Constraint =
Flipped Constraimts =
Cuzl Variakle Mapa =
Cuzal Egquation Mapa =
VI Functions =

e e o R R e I

Equilibrium Zgent =

R

Bilevel Followers =

]

Disjunctions =

Tl ml | L LB el w b al s a1 1 . - | - I ¥ T o




|EMPUTIL
TRANSVI
TRAFFIC VI
BARD511 BP
BARD721 8P
BARD722 8P
BARD8S1 BP
BARD871 P
CCMG153  gp
CCMG71  gp
CCMG74  gp
MIRRLEES gp
TARGET  Ecs
TRANSECS ECS

ZEROFUNC v
TRAFFIC?

A Distributed with
GAMS

A Available on website

http://www.gams.com/emplib/emplib.htm

GOEMPGO GAms

9

0

1

2

3

4

5 MAKESPAN DISJ
6

87 EMPHTM GAMS Gewace:HlM empd kbrary fies
9

0

{
SEQUENCE pigy g,

- VWS YROu -
-

- —~
&g

W1 version of the transport model

Tralfic Assignment Model

Practical Bievel Optimization E xample 5.1.1

Practical Bievel Optimization E xample 7.2 1

Practical Bieve! Optimization Example 722

Practical Bieve! Optimization Example 85 1

Practical Bievel Optimization Example 871

Bilevel Programs in Engneening £ xample 1.5.3

Bievel Programs in Engneering £ xample 7.1

Bilevel Programs in E ngneenng E xample 7 4

Simple Nonconve Bieve| Programming Example

Stale Variable Targelting in £ P ECS Framework

J’;;’"::}’\‘:::";"::e‘:; éxibvfm Problem using embedded complementarity
asels - Minimize the makespan

EMP Qually Assuaance Tes:

Match umatched vars wah 2e10 functions in
Tralfic Assignment Mode!

Mog

Q=1)

COnLigurar 14
n/dOCu,men
L files a
re Witte
n

¢! Library ti'i'e’i"}'g}‘,;i,‘;{fg{ e ——
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Summary

EMP

I automates symbolic reformulations to avoid error-prone
and time-consuming manual algebra (re)writing

I offers solutions where sol
A Embedded Complementarity Systems
A Disjunctive Programs
A Bilevel Programs
A Extended Nonlinear Programs
A Variational Inequalities

I facilitates to compare concurrent strategies

I free

I But: non-exhaustive, yet!

ut



BETA 23.6
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GAMS 23.6 Beta

Released November, 6th www.gams.com/beta

A New Solver Libraries
I COINNOR(BONMI N 1. 4, CSDP 6. 1.
| CPLEX 12.2.0.1
| GUROBI 4.0
I KNITRO 7.0
I MOSEK 6.0.91
| SCIP 2.0

| XPRESS 21.01

A More solvers support in-core communication
I Conopt, Knitro, Lgo, Mosek, Xpress
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GAMS 23. 6 Beta contod

Released November 6th www.gams.com/beta

A Chk4Upd

A Python APIs to component libraries

A GAMSIDE updates

A XLSDump

A New library models (datalib, emplib, modlib, testlib)

A Internal Reorganization (non-linear instructions, hessian

85
evaluators)


http://www.gams.com/beta
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Contacting GAMS

USA

GAMS Development Corp.

1217 Potomac Street, NW
Washington, DC 20007
USA

Phone: +1 202 342 0180
Fax: +1 202 342 0181
http://www.gams.com

sales@gams.com
support@gams.com

Europe

GAMS Software GmbH
Eupener Str. 135-137
50933 Cologne

Germany

Phone: +49 221 949 9170
Fax: +49 221 949 9171
http://www.gams.de

iInNfo@gams.de
support@qgams-software.com
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