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Company Overview
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• Roots at  World  Bank (1976)

• w ent com m ercial in 1987

• Locat ions:
• GAMS Developm ent  Corp . (Fairfax, USA)
• GAMS Softw are Gm bH (Germ any)

• Product : The Ge n e ra l A lg e b ra ic Mod e lin g  Syste m

Com p a n y Histo ry

14.02.2019 Solving Large-Scale Energy System Models
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GAMS at  a Gla n ce

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
14.02.2019 Solving Large-Scale Energy System Models

• Hig h -le ve l a lg e b ra ic  m od e lin g  la n g u a g e

• Focu s lie s on  m od e le r

• All m a jo r so lve rs a va ila b le  (30 + in te g ra te d )

• Use d  in  m ore  th a n  120  cou n t rie s (re se a rch  a n d  p rod u c t ion )



BEAM-ME
Project Background
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W hat  exact ly is BEAM-ME about ?
Im p lem enta t ion of accelera t ion st ra tegies from  
m athem at ics and  com puta t iona l sciences for op t im izing 
energy system  m odels 

An In t erd iscip l inary App roach:

The                  Project

Energy System 
Modeling

High 
Performance 
Computing

Solver 
Development

Modeling 
Language

14.02.2019 Solving Large-Scale Energy System Models
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(Very-) La rg e -sca le LP
• Sca la b le (re so lu t ion t im e , sp a ce , a n d  t e ch n o log y)
• Block st ru c tu re

Mod e l Pa ra m e te rs t h a t
Drive  Com p le xity

Time
Planning Horizon

Discretization

Regional Aggregation Technology Parameters

coarse

fine

long term

short term

14.02.2019 Solving Large-Scale Energy System Models



BEAM-ME
High-Performance-Computing: An Example
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Convenient to use.

Capabilities of standard hardware 
should be exploited first.

Complex to use.

But huge speedup potential for certain
models/methods.

Availab le Com p u t in g  Re sou rce s

CHEAP

EXPENSIVE

Vorführender
Präsentationsnotizen
Well known situation:Optimization formulated in a large-scale monolithic model Too hard to solve with default approachThere are some out-of-the-box speedup methodsThey all involve parallelization to some extendBUT parallelization has it’s limitations (while )
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Also t e st e d on  o th e r t a rg e t p la t fo rm s a t  JSC Jü lich  a n d  HPC 
ce n te r Stu t tg a rt

JUWELS a t
Jü lich  Su p e rcom p u t in g Ce n t re

Copyright: Forschungszentrum Jülich

Hardware characteristics

• 2271 standard compute nodes
• 2x24 cores, 2.7 GHz
• 12x8 GB, 2666 MHz

• …

14.02.2019 Solving Large-Scale Energy System Models

Vorführender
Präsentationsnotizen
1 node: 48 cores, 96 GB memory
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• Parallel Interior-Point  Solver for LPs (and  QPs), designed for
h igh-perform ance com put ing p lat form s

• Originally developed for stochast ic prob lem s by Cosm in
Pet ra (Argonne Nat ional Lab)

• Had already been app lied to very-large-scale prob lem s

• extension to support  linking const raints im p lem ented by
ZIB

GAMS/PIPS-IPM Solver Link
Overview

14.02.2019 Solving Large-Scale Energy System Models

Vorführender
Präsentationsnotizen
Stochastic problems: contain linking variables but no linking constraintsZIB: major modifications and improvements
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GAMS/PIPS-IPM So lve r Lin k
How  it  Works

b
≤
= 
≥

cmin/max

x ≤ *

A

Original problem with “random” matrix structure

≤*

b'
≤
= 
≥

c’min/max

x'

A’

Permutation reveals block structure

≤* ≤ *

Model 
annotation

14.02.2019 Solving Large-Scale Energy System Models

Vorführender
Präsentationsnotizen
Key points are:How to get from LP formulation of ESM to block structure required by PIPS?  User knowledge required  model annotation (stage attribute)In permuted matrix, block structure becomes visibleMatrix decomposition is expensiveTrick/solution: separate factorization of n small matrices instead of one large matrix
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• How  to annotate Model depends on how  the m odel should  
be “decom posed” (by region, t im e,…)

• Blocks of equal size are beneficial

Model Annotat ion cont .

Plots show four different annotations of identical model

14.02.2019 Solving Large-Scale Energy System Models

Vorführender
Präsentationsnotizen
Bsp. Fuer Linking constraint:Global emission cap (Summe ueber alle Regionen und Zeitschritte beschraenkt)Bsp. Fuer linking variable:- Investment-Entscheidung, die einmal getroffen wird und dann Auswirkungen auf alle Folgeperioden hat
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Com putat ional Result (s)
So lu t io n  t im e  co m p a riso n  fo r a n  LP  w ith

5 ,10 9 ,9 59  ro w s, 5 ,6 31,49 4 co lu m n s, 20 ,30 3,8 16  n o n -ze ro e s
so lve d  o n  sin g le  n o d e  o f JUWELS @JSC w ith

Du a l In t e l Xe o n  P la t in u m  8 16

14.02.2019 Solving Large-Scale Energy System Models

Vorführender
Präsentationsnotizen
What should this slide NOT tell us.This or that is the best solver…PIPS is in general better than the shown solvers.We have seen models with different performance.What should this slide tell us.Scaling of state of the art MIP solvers behave similar (speedup of of barrier levels off around 16 threads)Proof of concept: Alternative approaches can be competitive and maybe even superior



Summary

Vorführender
Präsentationsnotizen
This is just a first glance
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• Increasing com plexity m akes solving ESM m ore d ifficult

• Convent ional solut ion st rategies at  their lim its, new  
approaches  needed

• Before th inking of HPC, m odel should  be brought  “in shape” 
and capab ilit ies of “standard” hardw are should  be exp loited

• Annotat ion Facilit ies to allow  users the defin it ion of b lock 
st ructures are availab le

• PIPS-IPM is open source, but  hardw are is expensive

• Current ly: user know ledge required  in order to fully exp loit  
HPC capab ilit ies

Sum m ary

14.02.2019 Solving Large-Scale Energy System Models
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• Energy system  m odels (ESM) have to increase in 
com plexity to p rovide valuab le quant itat ive insights for 
policy m akers and  indust ry:

• Uncertainty
• Large shares of renew ab le energies
• Com plex underlying elect ricit y system s

• Chal lenge:
• In c re a sin g  com p le xity m a ke s so lvin g  ESM m ore  a n d  m ore  

d ifficu lt
Ne e d  fo r n e w  so lu t ion  a p p roa ch e s
Exp lo it  t h e  p a ra lle l com p u t in g  o f m od e rn  HPC syste m s

Mot iva t ion

14.02.2019 Solving Large-Scale Energy System Models



Parallelization with 
GAMS
From simple sequential to highly parallel solve statements
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• loop  body code in sequence, often w ith  an 
expensive solve statem ent :

Sequent ial Solve Statem ents in Loops

Model generation

Solution process

…

Model generation

Solution process

Model generation

Solution process

time

14.02.2019 Solving Large-Scale Energy System Models
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• SolveLink opt ion specifies the solver linking 
convent ions

• Sp lit  loop  in subm ission & collect ion loop :

• Model generat ion and  loop  body code in sequence
• Either file based IO or lim ited  to shared  m em ory

Parallel Solves –GAMS Grid  Facilit y

MG

S
MG

S
MG

S
time

14.02.2019 Solving Large-Scale Energy System Models

Vorführender
Präsentationsnotizen
Usually GAMS generates a model, passes it to the solver and waits until the solver returns the solutionSolvelink allows asynchronous SolvesSubmission loopGenerate model, pass to solver, and continueStore handle of the (ID) of the solveCollection loopCheck if previously submitted solve is readyIf so, store results, delete handle and continue#parallel solves should be limited to #coresLimited to shared memory
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Excursus: Em bedded Code Facilit y

14.02.2019 Solving Large-Scale Energy System Models
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set scen 'scenario set' / scen1*scen100 /
s(scen) 'dynamic secenario subset'
k       'benders iterations' / k1*k1000 /;

... // preparatory work
loop(k$( NOT done ),

... // setup model for master-problem
solve master min obj_master use lp;
... // fix first stage variables
loop(scen,

... // setup model for sub-problem
option clear=s; s(scen) = yes;
solve sub min obj_sub use lp;
... // process results

);
... // compute cuts for next master
... // free fixed first stage variables
... // set done=1 if convergence criterion is met

);
... // reporting

Exam ple: Sequent ial Benders Decom posit ion

14.02.2019 Solving Large-Scale Energy System Models
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set scen 'scenario set' / scen1*scen100 /
s(scen) 'dynamic secenario subset'
k       'benders iterations' / k1*k1000 /;

...
embeddedCode Python:
from mpi4py import *
comm = MPI.COMM_WORLD
...

pauseEmbeddedCode
... // preparatory work
$ifthen.MPI 0==%sysenv.PMI_RANK%
loop(k$( NOT done ),
... // setup model for master-problem
solve master min obj_master use lp;
... // fix first stage variables
continueEmbeddedCode:
comm.bcast([[done]] + <data for sub>, root=0)
cut = comm.gather(None, root=0)[1:]
... // gathered data  GAMS data struct.

pauseEmbeddedCode <load GAMS data struct.>
... // compute cuts
... // free fixed first stage variables
... // set done=1 if convergence criterion is met

);
continueEmbeddedCode:
comm.bcast([[done],<empty>], root=0)

endEmbeddedCode
... // reporting
$else.MPI

Exam ple: Parallel Benders w ith  m p i4py

set scen 'scenario set' / scen1*scen100 /
s(scen) 'dynamic secenario subset'
k       'benders iterations' / k1*k1000 /;

...
embeddedCode Python:
from mpi4py import *
comm = MPI.COMM_WORLD
...

pauseEmbeddedCode
... // preparatory work
$else.MPI
s(scen) = ord(scen)=%sysenv.PMI_RANK%;
while(1,
continueEmbeddedCode:
primal_solution = comm.bcast(None, root=0)
// broadcasted data  GAMS data struct.

pauseEmbeddedCode <GAMS data struct.>
abort.noerror$done 'terminating subprocess';
solve sub min obj_sub use lp;
... // process results
continueEmbeddedCode:
comm.gather(<subproblem results>), root=0 )

pauseEmbeddedCode
);

$endif.MPI

PMI_RANK=0 PMI_RANK>=1

14.02.2019 Solving Large-Scale Energy System Models
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• Tw o-stage stochast ic p rob lem  em erged from  energy system  m odel
• 10 0  scenarios
• Determ inist ic Equivalent :

21,0 29,10 1 row s,  23,217,0 77 colum ns,  85,721,477 non-zeroes
• Benders:

• Master:  up  to 553 row s,  177 colum ns,  24,911 non-zeroes
• Sub: 210 ,282 row s  232,161 colum ns  696,461 non-zeroes
• 19 lines of Python Code + som e refactorizat ion of GAMS code for MPI version

All runs w ere m ade w ith  GAMS 25.1.2 on JURECA@JSC  w ith  24 cores per node,  2.5 GHz, (Intel Xeon E5-2680  v3 Hasw ell), 128 GB RAM

1: single node, 16 cores, CPLEX barrier, no crossover

2: single node, 4 cores per solve statem ent , CPLEX barrier, advind 0

3: 17 nodes, 40 4 cores in total, 4 cores per solve statem ent , CPLEX barrier, advind 0

Com putat ional Result (s)

TIME [sec]

Method
sub-

problems
master-
problem total

Deterministic Equivalent1 4059.00

Seq. Benders2 2394.92 0.18 2395.10

MPI Benders3 28.35 0.16 28.51

14.02.2019 Solving Large-Scale Energy System Models
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