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Resumo

Um conjunto de 6rgaos distribuidores de derivados de petréleo, incluindo refinarias e
terminais, possuem demandas locais e producoes de diferentes produtos ao longo de um
dado horizonte de tempo. No entanto, pode nao haver estoque local de algum produto para
satisfazer a demanda correspondente, ou pode nao haver espaco nos tanques para estocar
uma producao local. Isso leva a necessidade de transporte dos derivados de petroleo entre
0s 6rgaos.

Dentre os diversos modais, a rede de oleodutos é a melhor opcao considerando-se
custos e riscos ambientais. Em vista de sua grande complexidade operacional, um uso
adequado da rede necessita de um planejamento tatico composto mensalmente, e de um
agendamento detalhado das operacoes, cobrindo poucos dias, e que deve ser atualizado
diariamente. Tanto o plajemento mensal quanto o agendento diario devem respeitar um
grande conjunto de restricoes, envolvendo a capacidade dos tanques, taxas de vazoes nos
oleodutos, niveis de estoques, dentre outras.

Esta dissertacao apresenta uma formalizagao do problema, desenvolvida em dois estagios,
representado o planejamento mensal e o agendamento diario. O problema de planejamento
recebeu um tratamento inicial heuristico seguido de uma modelagem por fluxo em redes,
enquanto o agendamento diario utilizou programagao por restrigoes.

Os modelos foram testados sobre dados fornecidos pela companhia brasileira de petréleo
PETROBRAS. Essas instancias possuem uma das topologias mais complexas quando com-
paradas a outras redes encontrada na literatura aberta. Os resultados demonstram mel-
horias signicativas sobre a resolucao manual desses problemas.



Abstract

A set of oil derivative distribution depots, including refineries and terminals, have local
demands for and productions of different products in a given time horizon. However, there
may be not enough local stock of some product to satisfy the corresponding demand, or
there may not be enough tank capacity to stock the local production. This brings the
need for transportation of oil derivatives between the depots.

Among many transportation modes, the network of pipelines is one of the best options
when considerying cost and environment risks. In order to adequately operate the pipeline
network, a two phase planning strategy is developed. First, a tactical pumping plan is
composed monthly and, secondly, a more detailed operational schedule, spanning a few
days, is updated daily. Both the tactical and tghe operational plannings must satisfy a
large set of operation constraints, involving many restrictions, such as tanks capacities,
pipeline flow rates, and stock levels.

This dissertation provides a formalization for the problem along with a decomposition
of it in two stages, representing the monthly planning and operational schedule. The
tactical stage is solved by applying a heuristic and then with a network flow model, while
the operational schedule uses constraing programming.

Our model treats the oil pipeline network that is operated by the Brazilian oil company
PETROBRAS. This is one of the most complex and large topologies when compared to
other networks treated in the open literature. The model was tested with real-world
instances and showed significant improvements over human planning.
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Capitulo 1

Introducao

A industria de petrdleo brasileira possui bases, também chamadas de érgaos, distribuido-
ras de derivados de petrdleo, espalhadas por todo o pais. Essas bases devem atender
as demandas regionais. Entretanto, como grande parte da producao de petrodleo e seus
derivados ¢ localizada, hé necessidade de transporte dos produtos entre os 6rgaos. Dentre
os meios de transporte disponiveis, o menos custoso e mais aceitavel ambientalmente é
aquele realizado usando redes de oleodutos. Nos Estados Unidos, por exemplo, as entregas
por redes de oleodutos representam mais que 17% do volume total transportado, porém,
menos de 2% do custo logistico [51].

As redes de oleodutos, para serem realmente efetivas, necessitam de controle e plane-
jamento constante. Dois dos grandes problemas enfrentados, os quais sao tratados nesta
dissertacao, sao o planejamento mensal da operacao dos dutos e o detalhamento didrio
da movimentacao dos produtos pelos dutos. Na resolucao de ambos é necessario respeitar
restricoes operacionais sobre as atividades nos érgaos e nos dutos. Exemplos de restri¢oes
estdao nas capacidades dos tanques, taxas de vazoes diferenciadas por produto, duto e
sentido de fluxo, além de niveis de estoque.

Atualmente, o planejamento mensal e agendamento diario das operacoes sao feitos
manualmente. Inicialmente, em uma reuniao entre os érgaos distribuidores, refinarias e os
engenheiros de distribuigao sao discutidas as movimentagoes para atender as demandas
e planejar as produgoes de forma a atingir um consenso. Isso formara o planejamento
mensal das movimentacgoes que serda o alvo do agendamento diario. Assim, durante o
meés planejado cada orgao propoe as operacoes necessarias para escoar sua produgao e
atender sua prépria demanda. Em seguida, essas propostas sao reunidas, e verifica-se a
viabilidade de combina-las. Quase sempre aparecem muitos conflitos, forcando os érgaos
a se comunicar para resolver os conflitos e fechar uma solugao que seja adequada para
todos. Dada a extrema dificuldade e morosidade deste procedimento, tém-se aceitado
como adequada qualquer solugao que atenda a demanda, sem preocupagoes com a reducao
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de custos, entre outros aspectos.

Enquanto o problema de planejamento mensal mantém-se sem abordagens computa-
cionais, ja é conhecido que a dificuldade do problema de agendamento diario esta direta-
mente ligada ao fato dele ser classificado como NP-Dificil [33]. Neste ambito, ¢ comum a
utilizacao de ferramentas computacionais para fornecer solucoes melhores e mais rapida-
mente para o problema. Outros trabalhos ja trataram problemas semelhantes e a reali-
dade brasileira também j4 foi alvo de outras pesquisas, como sera abordado no capitulo 3.
No entanto, dados os inimeros detalhes a serem considerados, nenhuma dessas solugoes
poderia ser adotada para operar redes complexas.

Essa dissertacao apresentara uma formalizagao para o problema de planejamento men-
sal da operacao da rede de oleodutos e também uma nova abordagem para o agendamento
diario dessas operagoes. O objetivo é fornecer uma ferramenta 1til as empresas, tratando
o maximo de especificidades, sem abusar de simplificacoes.

1.1 Contextualizacao

O problema em questao foi apresentado pela PETROBRAS [42], que possui uma rede de
oleodutos com cerca de 11.300 km de extensao, contendo 15 refinarias e 54 terminais. A
PETROBRAS forneceu todos os dados necessarios para a definicao das instancias usadas
na realizacao de testes e validacao dos algoritmos. Ha também uma interface grafica,
desenvolvida pela PETROBRAS, para visualizacao e verificagao de viabilidade de solugoes.

O projeto rendeu duas dissertagoes, esta apresentada aqui e outra apresentada em
2008 por André Ciré [10]. Os trabalhos foram desenvolvidos em conjunto e totalizaram 3
artigos publicados e um submetido. O capitulo 6 comparara os artigos apresentados por
André Ciré com alguns dos resultados apresentados nesta dissertacao. Além disso, por ser
um problema comum em ambas as dissertacoes, os capitulos 2, 3 e 4 sao compartilhados
e apresentados aqui com revisoes e alteragoes pontuais.

1.2 Organizacao do Texto

O Problema de Planejamento e Agendamento de Operagoes em uma Rede de Oleodu-
tos (PPAORO) é explicado detalhadamente no capitulo 2. Uma revisao bibliogréfica do
problema é descrita no capitulo 3. No capitulo 4 é proposta a decomposicao do prob-
lema em duas partes, o planejamento mensal e o agendamento didrio. O capitulo 5 da
uma pequena introducao as notagoes e metodologias necessarias para as modelagems pro-
postas. Em seguida, o capitulo 6 contém o artigo publicado no periédico Constraints com
o modelo em programacao por restricoes para resolucao do problema de agendamento



1.2. Organizacao do Texto 3

diario. O artigo também discute uma abordagem heuristica inicial para o problema de
planejamento mensal. O capitulo 7 expoe o artigo submetido ao periédico Computer €
Chemical Engineering com o modelo em fluxo em redes para resolugao do problema de
planejamento mensal. Por fim, o Capitulo 8 apresenta uma conclusao e propoe possiveis

trabalhos futuros.



Capitulo 2

O Problema de Planejamento e
Agendamento de Operacoes em uma

Rede de Oleodutos

Empresas de petréleo dispoem usualmente de um conjunto de refinarias e terminais,
denominados drgaos, os quais sao dedicados a producao e distribuicao de derivados de
petréleo e bio-combustiveis aos seus mercados consumidores. As campanhas de producao
das refinarias e de entrega aos mercados sao traduzidas, respectivamente, em valores
estimados de produgao e demanda de produtos em cada érgao da rede [6, 9].

Contudo, os 6rgaos nao sao auto-suficientes no suprimento de seus mercados locais.
Torna-se necessario, portanto, o uso de algum meio de distribuicao para evitar a falta de
produto nos terminais e para escoar a produgao em excesso nas refinarias. Tal transporte
é predominantemente feito por meio de uma rede de dutos, a alternativa mais vantajosa
em termos econdmicos, operacionais e ambientais [43].

Os dutos devem ter respeitadas suas capacidades, seus sentidos permitidos de fluxo
e suas vazoes de bombeamento. Um duto pode ser usado para movimentar diferentes
tipos de produto consecutivamente. Note que alguns dutos permitem vazao em ambos os
sentidos, com inversoes de fluxo. Outra caracteristica operacional é que os dutos devem
estar sempre completamente preenchidos, ou seja, a extragao de um volume implica que
necessariamente outro volume deve ser bombeado simultaneamente.

Os produtos, por sua vez, estao associados a um conjunto de restricoes de interface,
isto é, apenas podem ser bombeados consecutivamente em um duto se forem compativeis
entre si, condicao essencial para a manutencao de um nivel de qualidade aceitédvel. Para
os produtos que circulam nos dutos, cada 6rgao também apresenta restrigoes locais de
bombeamento e recebimento de produtos, decorrentes das conexoes internas entre tanques
e dutos.
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O Problema de Planejamento e Agendamento de Operacoes em uma Rede de Oleodutos
(PPAORO), desta forma, consiste em determinar as operagoes a serem realizadas em
uma rede de dutos a fim de escoar a producao e atender um dado conjunto de demandas,
considerando um horizonte temporal pré-estabelecido. Esta programacao deve satisfazer
todas as restricoes operacionais especificas dos o6rgaos e dutos, além de buscar reduzir os
custos de transporte pelo sistema.

Este capitulo é compartilhado com a dissertagao de André Ciré [10] e apresentado aqui
com revisoes e alteragoes pontuais.

2.1 Caracterizacao do PPAORO

A seguir, sao descritos os dados e restrigoes que formalizam o PPAORQO, necessarios
para definir as instancias e suas solugoes validas. Tal caracterizacao pode ser dividida
em quatro classes: parametros e constantes gerais do problema, restricoes dos 0rgaos,
restricoes dos dutos e dados dinamicos da rede. As trés primeiras classes estao relacionadas
a topologia fisica e pouco mutavel da rede, enquanto a tltima varia conforme o horizonte
de planejamento.

2.2 Parametros e Constantes (erais
Ha quatro parametros fundamentais para o PPAORO, conforme relacao abaixo.

1. Unidade de Tempo (u.t.): designa a unidade de tempo real que serd utilizada para a
discretizacao da instancia e precisao dos modelos desenvolvidos. Nos cenarios reais,
é comum que seja utilizado minuto como a u.t. basica.

2. Unidade de Volume (u.v.): analogamente a u.t., designa a unidade de volume real
que sera utilizada para as vazoes e capacidades. Usualmente sao metros cibicos.

3. Horizonte (H): um numero inteiro que designa o horizonte de execugao em unidades
de tempo, isto é, o tamanho da janela de tempo da instancia na qual o planejamento
e agendamento devem ser aplicados. Considera-se também que o instante inicial de
planejamento é 1. Por exemplo, dados H = 14400 e u.t. em minutos, tém-se um
horizonte de 10 dias em tempo real.

4. Congunto de Produtos (P): o conjunto P = {p1,pa, ..., pnp} designa os produtos que
sao armazenados e transportados pela rede. Um grupo de produtos é um subconjunto
de P formado por produtos com certas caracteristicas quimicas semelhantes, tais
como os grupos de gasolinas, dieseis e dlcoois. Algumas restrigoes, tal como as
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de interface, podem ser definidas sobre grupos ao invés de produtos individuais,
facilitando a representagao do problema.

2.2.1 Restrigcoes nos ()rgéos

Uma rede de dutos possui um conjunto de 6rgaos Org = {01, 09, ..., 04}, responsaveis

pela producao, armazenamento e distribuicao de produtos. Um ntmero significativo das

restricoes de um determinado 6rgao o € Org esta relacionado com seu complexo de
tanques, dado pelo conjunto T'(0) = {t1,t2,...,taw}. Tais restricoes sao descritas a

seguir, com T'q = |J

Cl:

C2:

C3:

0€0rg T(O)
Para um dado tanque t € T'q, deve-se respeitar sua capacidade maxima de ar-
mazenamento cap(t) e nunca violar sua capacidade minima, que é zero.

Um tanque t € T'q pode armazenar apenas um tipo de produto prod(t) € P durante
todo o horizonte de planejamento, condicao imposta como um requisito de qualidade.
Além disso, usualmente ha mais de um tanque por produto em cada 6rgao, mas nao
necessariamente um orgao contém tanques para todos os produtos da rede. Se
T(0) = 0 para um dado o € Org, o 6rgao é denominado entroncamento, isto é,
utilizado apenas para a passagem de produtos.

No cenario real, ha casos em que certos tanques podem ser utilizados para o ar-
mazenamento de produtos diferentes dos originalmente atribuidos, o que envolve a
aplicagao de um custo fixo relativo a limpeza e a outros detalhes operacionais. Como
sao casos indesejaveis e muitas vezes provenientes da dificuldade do planejamento
manual, a restricao C2 é inclusive requisitada pelos operadores da PETROBRAS.

Um produto pode ser tanto bombeado para um tanque quanto retirado dele, desde
que essas operagoes nao sejam simultaneas. Isto significa que, ao iniciar uma insercao
ou retirada em um tanque, toda a operacao deve ser completada antes que qualquer
outra seja realizada neste tanque.

Uma excecao a este caso ocorre em 6rgaos que representam terminais portudrios.
Devido ao periodo restrito em que os navios podem ficar parados nos portos, muitas
vezes volumes de produtos devem ser enviados diretamente dos dutos para os navios
sem pré-estocagem. Para tanto, realiza-se uma operacao pulmao, onde o produto é
simultaneamente bombeado nos dutos para um tanque, e do tanque para o navio
com uma vazao menor. No entanto, a operagao pulmao é apenas possivel para alguns
orgaos que possuem esta capacidade hidraulica, definido pelo conjunto Pulm C Org.
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C4:

Ch:

Além disso, como hipétese, um tanque que esvaziou pode ser reabastecido sem que
seja necessario considerar um tempo para limpeza e preparo para o armazenamento
de volume adicional.

Se o produto a ser inserido em um tanque é produzido localmente, isto é, no
mesmo 6rgao, o tanque sé pode receber este produto se estiver completamente vazio,
condicao imposta também por questoes de qualidade.

Caso ocorra a mistura de dois volumes produzidos em o6rgaos distintos num certo
tanque, a qualidade do produto devera ser reverificada antes da entrega ao mercado
consumidor ou bombeamento para outros 6rgaos. Isto é representado aqui como um
tempo de certificacao, T,, considerado entre o instante final em que se der a mistura
e o instante inicial das demais operacoes no tanque.

Uma vez definidas as condigoes de armazenamento de produto nos érgaos, é possivel

listar as restrigoes referentes as necessidades de estocagem impostas pelos mercados, além

daquelas relacionadas aos limites de envio e recebimento.

Co:

CT:

C8:

O valor de estoque de um 6rgao o € Org, produto p € P e instante ¢ é dado somando-
se o volume em 7 de todos os tanques em 7'(0) que armazenam p. Em todos os érgaos
e instantes, tal estoque deve respeitar limitantes de estoque minimo, est_min(o,p),
e estoque mdzimo, est_maz(o,p). Esta restrigdo é proveniente da necessidade de se
manter estoques de seguranca para forcar o escoamento da producao através da rede
e para eventuais problemas na distribuicao, tal como manutengoes emergenciais de
dutos.

Devido as restri¢oes sobre o conjunto de bombas e valvulas hidraulicas em um certo
orgao o € Org, deve ser observado um numero mdzrimo de operagoes simultaneas de
envio, env_maxz(o). Como sao relativas aos bombeamentos, nao hd uma restrigao
analoga para recebimento de produtos em o.

Alinhamentos proibidos: o complexo de conexoes internas aos érgaos, principal-
mente refinarias, nao permite que determinadas operagoes em oleodutos ocorram
simultaneamente. Cada configuracao nao-passivel de uso para transporte de pro-
dutos é associada a um alinhamento proibido, um cédigo que agrupa as operacoes
proibidas de serem exercitadas simultaneamente no érgao.

Supondo que Align(o) sejam os alinhamentos proibidos de o € Org, cada alin-
hamento alin € Align(o) é formado por um conjunto de duplas (p,s), onde p € P
e s (sentido) indica se a operagdo é relativa ao envio ou recebimento. Por exem-
plo, o alinhamento alin = {(gasolina, envio), (diesel, recebimento)} significa que as
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operagoes de envio de gasolina e recebimento de diesel nao podem ser simultaneas.
Um certo alinhamento pode envolver diversos produtos e diferentes direcoes de fluxo.
Além disso, como estd relacionado as conexoes internas de um érgao, nao depende
dos dutos de entrada ou saida de produto.

Essa forma de representacao facilita a modelagem do PPAORQ, evitando a neces-
sidade de explicitar detalhes da topologia dos circuitos hidraulicos e dutos internos
ao 6rgao.

C9: Devido principalmente ao custo mais alto da energia elétrica em certos periodos
do dia, um orgao deve obededer a periodos de sazonalidade, momentos em que
nenhuma operagao pode ser iniciada. Para um dado érgao o € Org, periodos
de sazonalidades s@o dados como um conjunto de intervalos de tempo, saz(o) =

{(inicioy, fimy), ..., (inicionsaz (o), fiMnsaz(0)) }-

C10: Operagoes também nao podem ser nem iniciadas, nem terminadas, durante as trocas
de turno de trabalho nos varios 6rgaos. Estas trocas sao dadas de forma andloga
aos perfodos de sazonalidade, tt(0) = {(inicior, fimy), ..., (inicioye), fimuw))}, 0 €
Org.

2.2.2 Restrigoes dos Dutos

A rede estd associada a um conjunto Dt = {d;,ds, ..., d,q} de dutos, onde cada d € Dt
conecta um par de érgaos orgs(d) = (0;,04), com 0;,0; € Org. No caso, o; é denominado
orgao ou extremidade de origem e o;, 6rgao ou extremidade de destino do duto d. O sentido
de fluxo da extremidade de origem a de destino corresponde ao sentido principal do duto,
ou p(d). J& o sentido de fluxo contrario corresponde ao sentido reverso do duto, ou r(d).
Outra caracteristica é que dois érgaos podem estar conectados por mais de um duto, o
que ¢ usual nas instancias reais. Volumes também podem ser transmitidos diretamente
de um duto para outro, sem a necessidade de serem armazenados temporariamente em
orgaos intermediarios.

A partir dos érgaos e dutos, define-se também o conceito de rotas. Uma rota r é
composta por uma seqiiéncia de pares de érgaos separados por dutos, representando um
percurso valido através da rede. As rotas possiveis sao prefixadas e informadas como
parametro: se um certo volume de produto v for transmitido de um o6rgao o; da rede
até um 6rgao o;, passando por um ou mais 6rgaos e dutos intermedidrios na sequéncia
di,0i41,...,0j_1,dy, j = 1+ n, necessariamente a rota r = (0;,dy, 041, . .., 0j_1, dp, 0;)
deve existir. Note que os volumes sao transmitidos diretamente entre os dutos inter-
mediarios de uma rota, sem perdas ou armazenamento nas conexoes intermediarias.

As restrigoes referentes aos dutos sao listadas a seguir.
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C11:

C12:

C13:

C14:

Os dutos sao pressurizados e, portanto, devem sempre estar completamente preenchi-
dos com produtos. A capacidade volumétrica de um duto d € Dt é definida por
vol(d).

Também é considerada uma conservacao de massa ideal: para se retirar um determi-
nado volume v de uma extremidade do duto, deve-se inserir o0 mesmo volume v em
sua outra extremidade. Tal volume pode ser proveniente de um tanque ou mesmo de
um outro duto, interligado ao mesmo érgao através de uma de suas extremidades.

As vazoes de bombeamento em um duto sao limitadas por produto, devido as suas
viscosidades, e pelo sentido de fluxo, decorrente das diferencas na capacidade das
bombas entre os érgaos de origem e destino e inclinagao do terreno. Usualmente du-
tos em terrenos inclinados possuem uma vazao de descida maior que a de subida. Os
limites inferior e superior das vazoes para um duto d € Dt, produto p € P e sentido
s € {p(d),r(d)} sao dados, respectivamente, por vz_inf(d,p,s) e vz_sup(d,p, s).

Assim, para se bombear um certo volume em um duto, deve-se considerar todos os
produtos e sentidos dos dutos nas rotas que serao movimentadas como conseqiiéncia
do bombeamento. A vazao maxima de bombeamento serd, portanto, o minimo das
vazoes superiores destes produtos nos seus respectivos sentidos. Ja a vazao minima
de bombeamento serd dada pelo maximo das vazoes inferiores.

Os parametros vz_inf(d, p, s) e vz_sup(d, p, s) também indicam os sentidos possiveis
de fluxo para os produtos em um duto. Por exemplo, se um produto p sé puder
trafegar no sentido principal do duto, entao vz_inf(d, p,r(d)) = vz_sup(d,p,r(d)) =
0.

Devido a questoes operacionais das bombas de cada érgao, deve-se respeitar também
uma quantidade minima de bombeamento ao se injetar produtos nos dutos. O volume
bombeado em um duto também pode ser denominado de batelada, e esta restricao
também é comumente referenciada como tamanho minimo de batelada na literatura.
Tal quantidade é definida por duto d € Dt, produto p € P e sentido s € {p(d),r(d)},
dada por gtde_min(d, p, s).

Dois produtos em contato num certo duto devem ser compativeis. Pares incom-
pativeis sao dados pelo conjunto de duplas Incomp = {(¢i,, 9;1), - - -, (Gi,., 9;,) }, onde
gr C P é um grupo de produtos.

Esta restricao esta ligada a manutencao da qualidade dos produtos, de forma a
evitar a degradacao decorrente da mistura (ou interface) entre tipos quimicos difer-
enciados. Caso seja absolutamente necessario enviar dois produtos incompativeis
em sequéncia, deve-se interpor entre eles um terceiro produto, compativel com am-
bos, chamado de selo. O volume de selo depende do oleoduto, dos produtos em
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questao e do sentido do fluxo, e é dado por selo(d, p,q,s), para d € Dt, p,q € P e
s € {p(d),r(d)}.

C15: Os dutos possuem periodos de manuten¢ao especificos, momentos em que sao real-
izados reparos e limpeza. Os periodos de manuntencao sao dados por manut(d) =
{mnut,, mnuts, ..., mnut,yq }, d € Dt. Cada elemento mnut; = (inicio, fim) in-
dica que, durante os instantes inicio e fim, nao poderao ocorrer movimentagoes de
produtos em nenhum sentido do duto.

2.2.3 Dados Dinamicos da Rede

Os dados dinamicos sao parametros que nao se referem a topologia fisica da rede, mas sao
especificos da instancia a ser tratada pelo algoritmo. Podem ser divididos em trés grupos:
dados relativos ao estado inicial da rede, relativos a producao e relativos a demanda.

Os dados do estado inicial da rede sao dois:

1. Estoque inicial dos tanques, indicando o produto e o volume inicial nos tanques.

2. Contetdo inicial dos dutos, dado para todos os dutos por uma seqiiéncia da forma
DIni(d) = {(Pm, @msTm); - - Pn, @nsTn) }, d € Dt. A tripla (pj, qj,7;) representa,
respectivamente, um produto p; € P, sua quantidade g; e a rota que deve seguir, ;.
Desta forma, considera-se que os produtos inicialmente nos dutos ja possuem um
destino pré-estabelecido, que obrigatoriamente deve ser respeitado pelas solugoes
geradas. A ordem das tuplas na seqiiéncia DIni(d) refere-se ao sentido principal de
fluxo no duto.

As campanhas de producao para cada o6rgao o € Org sao definidas pelo conjunto
Pr(o) = {pri,pra,...,prap-}, onde cada elemento pr; € Pr(o) é formado pela tupla
(p,v,inicio_pr, fim_pr). No caso, p € P é o produto que serd refinado, v um inteiro
nao-negativo que representa o volume produzido e, por fim, [inicio_pr, fim_pr] representa
o intervalo de tempo em que a producao ocorrerd no érgao.

O volume v produzido é distribuido uniformemente entre as t = fim_pr —inicio_pr+1
unidades de tempo, isto é, a cada instante serdo produzidas [v/t] unidades de volume
(u.v.). A producao pode ser distribuida em diferentes tanques durante este intervalo,
contanto que estejam vazios imediatamente antes de a receberem (restricio C4).

J& as demandas sao dadas de forma simétrica as produgoes. Para o érgao o € Org, é
definido o conjunto Dem(o) = {dem;,dems, ..., demygem }, onde cada elemento dem; €
Dem(o) é formado pela tupla (p, v, inicio_dem, fim_dem). Tém-se que p € P é o produto
da demanda, v é um inteiro nao-negativo que representa o volume demandado e, por fim,
linicio_dem, fim_dem] representa o intervalo de tempo em que a demanda ocorrerda no
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orgao o. O volume v demandado ¢é distribuido uniformemente entre as t = fim_dem —
inicio_dem + 1 unidades de tempo, isto é, a cada instante serdao extraidas [v/t] unidades
de volume (u.v.). Tal como a produgao, demandas podem ser absorvidas de diferentes
tanques durante este intervalo.

2.3 Solucao e Objetivos

Uma solucao é formada por uma programacao de movimentos de entrada nos dutos.
Cada movimento é designado pela tupla m = (p, r, v, inicio-m, fim_m,t,,t.), isto é, por
um produto p € P, uma rota r cadastrada, o volume v positivo do produto, os instantes
de inicio, inicio_m, e fim, fim_m, de bombeamento do produto no primeiro duto da rota
e, por fim, pelos tanques de saida t, € T'q e de entrada t. € Tq, de onde o volume sera
extraido e onde serd armazenado, respectivamente. O conjunto de movimentos deve ser
tal que respeite todas as restricoes nos érgaos e dutos, além de satisfazer as campanhas
de producao e demandas em cada érgao.

No modelo proposto aqui, o foco serd dado a satisfagao de restrigoes ao invés da
otimizagao de uma certa funcao objetivo, devido a alta complexidade de se obter solucoes
viaveis para o PPAORQO. Assim, custos relativos a utilizacao dos dutos e tanques sao
desconsiderados. Isto é condizente com a pratica atual realizada pela PETROBRAS, na
qual o correto atendimento da demanda é prioritario frente aos demais custos.

2.4 Modelo da Rede de Dutos

A figura 2.1 apresenta um modelo esquematico simples de uma rede de dutos. Cada
orgao D; apresenta seu proprio conjunto de tanques, e note que mais de um duto pode
ser utilizado para conectar dois érgaos distintos, tal como ocorre entre Dy e Ds.

Para que dois produtos fiquem em contato no duto, como em P, ambos devem ser
compativeis entre si, obedecendo a restricao C14. Se o érgao Dy possuir um numero
méximo de envios simultaneos igual a 1 (restrigao C7), entdao produtos nao podem ser
injetados simultaneamente em F, e P; a partir de Dy. Além disso, caso existir um al-
inhamento proibido (restrigao C8) de recebimento de produtos Fj (cor cinza) e Fy (cor
escura) no 6rgao Ds, ele ndo podera receber produtos dos dutos P; e Py simultaneamente.

Por fim, um exemplo de rota seria r = (Dy, P, D, Py, D3). Se o destino do produto
F} (cor cinza) do duto P, for o 6rgao Ds pela rota r, a vazao aplicada para empurrar o
duto P», no caso a partir de Dy, deve ser consistente com as vazoes dos produtos tanto
de P, como do duto Py, que também sera empurrado.
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Figura 2.1: Modelo esquematico de uma rede de dutos.

2.5 Topologia Brasileira

A especificacao do PPAORQO aqui descrita agrega as principais restricoes abordadas na
literatura do problema, além de representar com certa fidelidade a realidade enfrentada
pelos planejadores e operadores de dutos. Ela foi concebida a partir da analise bibli-
ografica do PPAORQO e, principalmente, apés diversas reunides juntos aos gerentes da
PETROBRAS.

A dissertacao focard na rede de dutos da regiao Sudeste do Brasil, gerenciada pela
PETROBRAS e representada na figura 2.2. Esta rede é composta por 14 6rgaos, 29 dutos,

cerca de 240 tanques e mais de 30 produtos. O horizonte de planejamento é de cerca de
10 dias.
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Figura 2.2: Representagao do sistema de dutos da regido Sudeste de Sao Paulo (figura
fornecida pela PETROBRAS).



Capitulo 3
Revisao Bibliografica

O problema abordado nesta dissertacao engloba um conjunto de restricoes bastante com-
plexo e diversificado, relacionando fatores como capacidade de estocagem, sequenciamento
de produtos nos dutos e condicoes de balanceamento de massa em sua especificagao mais
geral. O trabalho de [33] demonstra que basta considerar a restricdo C14, de interfaces
entre produtos, para que o PPAORO seja classificado como NP-Dificil [40].

Na literatura, o problema é usualmente conhecido como Multiproduct Pipeline Schedul-
ing e diversos trabalhos se propuseram a apresentar abordagens heuristicas ou exatas para
sua resolucao. Contudo, em decorréncia da grande aplicabilidade pratica do problema,
os trabalhos existentes diferem bastante na forma como definem e adaptam restrigoes as
suas respectivas realidades. Desta forma, trés pontos sao essenciais para a compreensao
de cada proposta de modelagem: a topologia da rede, o método de resolucao aplicado e,
por fim, os resultados computacionais e a operacionalidade das solucoes.

H4 pesquisas dedicadas a revisao bibliografica do PPAORQO, tais como [17, 50|, que
apresentam uma analise bastante detalhada das abordagens existentes na area. Assim,
a revisao aqui descrita procurara destacar as propostas mais relevantes e que serviram
como base para o desenvolvimento da abordagem aqui discutida. A tabela 3.1 sintetiza
as caracteristicas de tais propostas e a compara com este trabalho.

Este capitulo é compartilhado com a dissertagao de André Ciré [10] e apresentado aqui
com revisoes e alteragoes pontuais.

Dentre tais trabalhos, o estudo mais completo da area é realizado por Camponogara
9], cujas caracteristicas mais se aproximam da realidade quando comparadas aos demais
trabalhos. Nele, define-se um Problema de Transporte de Derivados de Petréleo Sim-
plificado, ou PTDPS, no qual as vazoes sao fixas por duto, todas as bases sao capazes
de armazenar todos os produtos (eliminando-se, assim, a transmissao de produtos duto-
duto), e ndo ha trocas de turno ou manutengoes programadas. Também desconsideram-se
estoques minimos por base e quantidades minimas por operacao. Os tanques, por sua vez,

14
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| [ I3, 2] [[7, 20, 44, 45]] [8, 35, 6] [[16, 15, 23] [30] [[46, 48, 47] [ Proposto|
Orgaos 8 5 12 7 2 2 14
Dutos 8 4 28 7 1 1 29
Tanques 40 25 84 28 16 12 242
Produtos 5 4 7 4 8 6 32
Horizonte 14 dias 3 dias 5 dias 4 dias 5 dias 30 dias 10 dias
Tempo continuo Vv Vv Vv
Vazao varidavel VA VA VA Vi
Tanques individuais VA Vv
Rede Genérica Vi VA VA Vi
Incompatibilidades v Vi VA Vi Vi
Técnicas GA PLM,VNS, A-Teams, AE+PLM |PLM+PR PLM PLM+PR
PLM,PLI GRASP,PLM
Solugoes Vidvel Otimo Invidvel Vidvel Otimo Otimo Vidvel
Vidvel,Vidvel

Tabela 3.1: Comparacao entre abordagens anteriores.

sao agregados, isto é, ha um tanque por 6rgao com capacidade equivalente a soma de todos
os tanques que armazenam o produto em questao.

Para a resolu¢do do PTDPS, o trabalho de [9] propos duas técnicas distintas, uma
exata e outra heuristica. A primeira, modelada como uma Programacao Linear Inteira
(PLI) [52], buscava reduzir o PTDPS a um problema de Fluzo em Redes Multiperiodos
[5], com dutos e 6rgaos como vértices e transmissoes de quantidade como arestas. Apesar
da existéncia de algoritmos com bom desempenho para problemas deste tipo, verificou-
se que a resolucao do modelo PLI do PTDPS era impraticavel, como consequéncia do
tamanho e densidade do grafo resultante da topologia da rede. Para as ultimas versoes
dos resolvedores comerciais de PLI até a publicacao desta dissertagao, o tempo médio
para se obter uma solucao para a relazacdo linear do modelo foi de 50 horas *.

A segunda técnica proposta em [9] caracterizava-se pela aplicacao de Times Assincronos
ao PTDPS, heuristica na qual diversos agentes autonomos tratam de partes distintas do
problema, trocando de tempos em tempos informagoes relevantes para a sua resolucao.
Para viabilizar a aplicacao da heuristica, o problema foi modelado como um Job Shop
Scheduling [9], composto por dois agentes: um para a geracao de bombeamentos de quan-
tidades entre bases e dutos, os jobs, e outro para o agendamento e simulacao de tais
bombeamentos nos dutos, equivalente ao processamento dos jobs em méquinas (dutos).

Apesar de mais eficiente, a aplicagdo de Times Assincronos proposta por [9] nao foi
capaz de gerar solucoes vidveis para as instancias apresentadas, em decorréncia das es-
tratégias essencialmente gulosas atribuidas aos agentes. Com esta perspectiva, Laber [35]
utilizaram os Times Assincronos como a fase gulosa de uma metaheuristica GRASP [49]

1Usando a ferramenta CPLEX 11, em um computador Pentium D - 8.4Ghz com 2 GB RAM
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para o PTDPS, desenvolvendo uma busca local para o reparo das solucoes. Como con-
sequéncia, foram capazes de satisfazer todas as restrigoes consideradas no PTDPS, mas
o tempo necessario para a ressimulacao apds cada aplicacao da busca local inviabilizava
sua utilizacao.

Posteriormente, Braconi [6] relaxou o modelo PLI de Fluxo em Redes Multiperiodos
de [9], denominando a resolugao deste novo modelo Etapa de Planejamento. Esta solugao
parcial era entao utilizada como parte de uma segunda heuristica, a Etapa de Agenda-
mento, na qual atribuia-se tempos aos fluxos criados na primeira etapa. Esta técnica
permitiu obter solugoes rapidamente, mas as relaxagoes intrinsecas a definicao do PT-
DPS, tal como tanques para todos os produtos em todos os 6rgaos, tornavam as solugoes
encontradas pouco aplicaveis na pratica.

Outro trabalho fundamentado na aplicagao de heuristicas é de Crane [13], no qual um
Algoritmo Evolutivo [22] foi aplicado para uma versao bastante simplificada do PPAORO.
Nela, a rede de dutos ¢é tratada como uma arvore direcionada com 8 nds, e os estoques
dos tanques possuem apenas trés estados possiveis: alto, médio e baixo. Restrigoes de
interface e tamanho minimo de bateladas sao também desconsideradas. O algoritmo pro-
posto foi capaz de gerar solugoes para horizontes de até 3 dias mas, devido a forma como
as solugoes eram representadas, o algoritmo era capaz de lidar apenas com instancias
pequenas com poucos tanques e 6rgaos.

A técnica desenvolvida por De La Cruz [15] também aplica um Algoritmo Evolutivo
para uma versao simplificada do PPAORQO, sem restricoes de interface e com todos
os dutos possuindo um mesmo diametro e vazao. No entanto, sao considerados dutos
bidirecionais e uma fun¢ao multi-objetivo, buscando reduzir interfaces e prazo de entrega
dos produtos. Adicionalmente em [16], o autor também implementa um modelo PLI para
o problema, usado para gerar parte das solugdes que compoe a populacao do Algoritmo
Evolutivo. Em todos os casos, o algoritmo foi capaz de gerar solucoes para instancias
pequenas rapidamente, especialmente com o uso de resolvedores PLI e como decorréncia
das simplificacoes.

H4 ainda os trabalhos de Alves [3, 2], que também aplica um Algoritmo Evolutivo para
uma variacao do PPAORO. No entanto, o procedimento desenvolvido foca na utilizacao
de uma rede especifica da PETROBRAS denominada rede de escuros, utilizada para o
trafego de produtos de grande viscosidade. O problema é similar ao PTDPS de [9], com
tanques agregados e vazoes constantes, mas considerando também tamanho das bateladas
e uso de selos para separar produtos incompativeis. Além disso, a funcao objetivo buscava
minimizar o nao-atendimento da demanda. O algoritmo obteve bons resultados para um
horizontes de 7 e 14 dias, discretizados em periodos de algumas horas.

Uma abordagem alternativa é descrita em Sasikumar [28], onde uma técnica baseada
em Inteligéncia Artifical, denominada Beam Search, é agregada a heuristicas fortemente
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baseadas na experiéncia humana. A técnica é aplicada em uma rede indiana, com re-
stricoes de sequenciamento de produtos e estoques nos érgaos. Apesar das simplificacoes,
sao geradas boas programacoes mensais para as instancias em questao.

Ainda, os trabalho de Liporace [19] e Milidiu e Liporace [34] tratam o PPAORO como
um problema de Planejamento em Inteligéncia Artificial (PIA). Tal modelagem consiste
em formular o problema genericamente como um conjunto de proposigoes logicas, cuja
composicao de seus valores bindrios representam um estado. O planejador ird identificar
uma sequéncia de agoes validas que leve o sistema do estado inicial ao estado-objetivo.
Além de um planejador especifico para o problema, a especificagao do PPAORQO como
um PIA por Liporace foi incluida no benchmark oficial da International Planning Com-
petition [11], uma competicdo internacional de planejadores genéricos. Contudo, numa
perspectiva pratica, os planejadores existentes resolvem apenas instancias muito limitadas,
com horizontes curtos, poucos tanques e poucas restricoes.

Outro foco de pesquisa esta em topologias simples, compostas por apenas um duto
e um conjunto de 6rgaos conectados a ele. A motivacao é que ela ja representa diversos
casos praticos existentes no mundo, incluindo sub-redes da prépria PETROBRAS. Além
disso, esta topologia permite considerar restricoes mais complicadas referentes as vazoes,
inventario, perdas de volume decorrentes da criacao de interfaces e custos de energia.

Neste contexto, encontram-se os trabalhos de Rejowski e Pinto [26, 32]. Ambos apre-
sentam uma formulacao PLI de tempo discreto para o sistema OSBRA da PETROBRAS,
composto por 5 érgaos, 4 produtos e um duto que liga o estado de Sao Paulo a Brasilia.
Sao consideradas diversas restrigoes, tais como inventario nos érgaos e sequéncias permi-
tidas de bombeamento, além de uma funcao objetivo referente a minimizacao de custos de
estoque e de interface. Para um horizonte de 3 dias, os autores nao obtiveram a solugao
6tima nos testes realizados. Contudo, em [44], o modelo ¢ fortalecido pela introducao de
cortes e se consegue, em um tempo computacional razoavel, solugoes étimas para todas
as instancias anteriores.

Para a mesma especificacdo proposta por [44], Cafaro e Cerdd [7] apresentam uma
formulacao baseada em uma representacao continua do tempo e dos volumes. Con-
forme explicado pelos autores, esta representacao permite uma diminuicao significativa do
tamanho da formulagao e do ntimero de varidveis bindarias. Os resultados sao comparados
ao trabalho de [44], e mostram uma redugao de cerca de trés ordens de magnitude dos req-
uisitos computacionais necessarios para resolver o problema. A representacao por tempos
continuos também foi implementada por Rejowski e Pinto [45], considerando adicional-
mente vazoes variaveis de bombeamento e decisoes relativas ao controle de inventario.
Para tanto, o problema foi modelado como uma Programagao Nao-linear Inteira, baseado
na formulacao em [32]. O algoritmo resultante gerou boas solugdes para poucos dias.

Um outro direcionamento consiste em decompor o PPAORO em subproblemas mais



18

faceis de serem tratados, ao invés de resolvé-lo completamente com um modelo tnico. O
trabalho de Magatao [29] propde uma divisdo em que trés submodelos sdo processados
sequencialmente. O modelo lida com uma rede composta por um duto conectando uma
refinaria a um terminal portuario. A execugao inicia-se com um procedimento denominado
Tanque Bound, caracterizado como um modelo em PLI responséavel pela determinacao dos
recursos (i.e., tanques) a serem utilizados em todo o agendamento. Em seguida, a Rotina
Auziliar, basicamente heuristica, define alguns parametros de entrada para o préximo
submodelo, como limites temporais que devem ser respeitados pelas tarefas no oleoduto.
Por fim, o Modelo Principal, formulado como PLI e baseado nos parametros fornecidos
pelo Tanque Bound e pela Rotina Auxiliar, determina o sequenciamento e a temporizagao
das atividades de bombeamento no duto. A técnica foi testada com sucesso na topologia
em questao, considerando restri¢coes de tancagem e de interface, além de vazao constantes.
Os autores propoe também em [30] uma abordagem integrada entre PLI e Programacao
por Restrigoes para resolver as mesmas instancias, gerando boas solugoes.

Mais recentemente, um conjunto de trabalhos de Relvas apresenta um estudo sobre
uma rede de dutos em Portugal, formada por um duto e dois érgaos. Em [46, 48], os
autores apresentam uma formulacao PLI que considera diversas restricoes de controle de
inventario, baseada em [7]. J& em [47], o modelo anterior é melhorado de forma que sejam
consideradas paradas em dutos e vazoes variaveis, além do conceito de re-agendamento,
em que o modelo é resolvido apds perturbacgoes na solugao corrente.

Uma classificacao importante para as instancias encontradas na literatura é a topologia
da rede de oleodutos. A tabela 3.1, apresenta algumas simples, com somente um duto ou
com mais de um duto, porém, com somente uma rota. Esse segundo caso, é geralmente
formado por tnico duto segmentado onde ocorrem bases de entrega. Ha ainda alguns
trabalhos [36, 28] que permitem o tratamento de redes em forma de arvore. Um andlise
profunda desses trabalhos mostra que a topologia da rede é base das modelagens, o que
limita uma possivel extensao a outras instancias.

Pode-se notar também da tabela 3.1 que essa dissertacao tratard um nimero muito
maior de restricoes, além de uma rede completa, para fornecer uma solucao ttil aos
operadores da rede de oleodutos. Por outro lado, nao existe uma técnica padrao para
o problema de agendamento em dutos. Assim, fez-se necessario um estudo de diversas
técnicas de otimizacao para determinar, dada a realidade tratada, qual a mais promissora.

Nos capitulos 4 e 5 serao discutidas as técnicas de otimizacao escolhidas, os critérios
de escolha e a aplicacao delas ao problema. Essas discussoes sao compartilhadas com a
dissertacao de André Ciré [10].

A literatura estudada foca o problema de agendamento didrio. Em geral, as solugoes
especificam exatamente os horarios de movimentacao e tratam um conjunto grande de
restricoes. Como serd visto no capitulo 4, o planejamento mensal nao necessita desse
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detalhamento. Entretanto, o problema ainda precisa considerar toda a rede e um horizonte
de planejamento de um meés pelo menos. Como pode ser visto na tabela 3.1, as abordagens
balanceiam o uso de uma rede com grande nuimero de dutos contra um horizonte mais
extenso. Essa dissertacao mostrard duas técnicas para resolugao desse problema, uma
heuristica e outra utilizando modelagem por fluxo em redes, as quais tratarao o horizonte
mensal com um ntmero satisfatério de restrigoes.



Capitulo 4

Arquitetura do Modelo de Resolucao

O estudo dos artigos e teses apresentados no capitulo 3 evidencia que, como decorréncia
da grande dificuldade do PPAORO, as abordagens existentes se apéiam fortemente em
simplificagoes dos requisitos do problema. Por exemplo, sao tratadas topologias de rede
bastante simples na maioria dos casos, com apenas um duto de sentido tnico e terminais
dispostos de forma sequencial [7, 28, 45]. Ou, ainda, ndo sao consideradas incompatibil-
idade entre produtos [3, 16], ou os tanques sdo representados com capacidade agregada
6, 9].

Tais hipdteses permitem modelagens mais intuitivas e diretas do PPAORO, funda-
mentando seu tratamento pelas técnicas de otimizagao tradicionais, como mostradas no
capitulo anterior. Em contrapartida, impossibilitam a representacao de grande parte
das restricoes mais importantes para a viabilidade pratica das solucoes, o que torna
as abordagens existentes muito pouco aplicaveis para os cendarios reais. Um exemplo
é quando se considera um tanque unico de capacidade agregada. Apesar de simplificar
as decisoes relativas ao controle de inventario, inviabiliza a aplicacao de restricoes como
nao-simultaneidade (C3), essencial para um célculo mais realista dos tempos de bombea-
mento. Note também que a maioria dos trabalhos existentes considera cerca de 6 érgaos,
4 produtos e poucos tanques. Por outro lado, a instancia a ser tratada aqui agrega 14
orgaos com 242 tanques, além de 29 dutos, 32 produtos, u.t. em minutos e diversas outras
restricoes.

E clara, portanto, a necessidade de modelos mais abrangentes para a obtencao de
solugoes factiveis para apresentar aos operadores da rede de dutos. Contudo, constata-
se que a resolucao do PPAORO como um grande problema tnico e integrado é pouco
promissora. Além do alto nimero de restricoes complicadoras que devem ser satisfeitas
simultaneamente, muitos dos trabalhos baseados em resolugoes integradas nao obtiveram
resultados satisfatérios para uma topologia complexa, mesmo apds diversas relaxacoes do
modelo [9].

20
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Desta forma, propoe-se uma arquitetura de resolucao do problema composta por duas
fases, executadas sequencialmente: a fase de planejamento e a fase de agendamento.
Tal arquitetura é baseada nas decomposigoes recorrentes do PPAORO encontradas na
literatura, as quais refletem os procedimentos manuais atualmente adotados. Cada fase é
descrita em detalhes nas segoes seguintes.

Este capitulo é compartilhado com a dissertagao de André Ciré [10] e apresentado aqui
com revisoes e alteragoes pontuais.

4.1 Fase de Planejamento

O problema de planejamento trata da movimentagao geral na rede de dutos, onde sao pro-
gramados quais érgaos irao receber e enviar produtos para o atendimento das demandas
e escoamento das produgoes. Uma vez fixados os 6rgaos de destino e de origem, define-se
entao quais serao os dutos e as bases intermedidrias pelos quais os produtos irao trafegar,
determinando também os volumes que serao transmitidos nas rotas escolhidas.

As movimentagoes de produto geradas pela fase de planejamento sao representadas por
uma estrutura denominada plano de entrega, que representa uma transmissao de volume
de um orgao origem a um orgao destino, passando por uma determinada rota. Cada
plano contém um prazo, isto é, o instante maximo em que todo o volume ja deve estar
armazenado no érgao destino. Um plano de entrega é definido por uma tupla

pe = (tlv 0y, tda Od,P,V, T, pz)v

onde t; € T(0;) é o tanque no 6rgao de origem o; € Org, ty € T(04) é 0 tanque no érgao
de destino o4 € Org , v é o volume do produto p € P, r é a rota de transmissao do
plano e pz é o prazo do plano dentro do horizonte de programacao. Considera-se que
um plano de entrega é indivisivel, ou seja, seu volume nao pode ser fragmentado em dois
ou mais planos. Contudo, um plano pode parar no duto, isto é, ser injetado de forma
intermitente, o que acarreta também a parada de toda a rota envolvida no bombeamento.
Operacoes de parada sao essenciais, por exemplo, para satisfazer o numero maximo de
envios simultaneos (restri¢ao C7) e os alinhamentos proibidos (restricao C8). Além disso,
também sao necessarias quando se necessita aguardar esvaziamento de tanques para que
possam receber quantidades proveniente de dutos.

Assim, dadas as campanhas de producao e demanda em cada 6rgao, o objetivo da
fase de planejamento é gerar um conjunto de planos de entrega de tal forma que, se todos
forem satisfeitos, i.e., entregues no prazo, garante-se uma solucao que atenda todas as
demandas da rede e escoe os volumes em excesso das produgoes.
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Diferentes métodos heuristicos ou exatos podem ser aplicados para a criagao dos planos
para uma certa instancia, os quais considerariam critérios especificos para a determinagao
das rotas, volumes e tanques. As técnicas heuristicas aplicadas neste trabalho baseiam-se
em escolher os 6rgaos com as demandas mais criticas, isto é, com maior volume e mais
préximas do inicio do horizonte. Uma vez escolhidos, definem-se entao os érgaos que vao
prover volume para satisfazé-los, utilizando como critério aqueles mais proximos, isto é,
conectados por um menor nimero de dutos. Por fim, sao selecionadas as rotas de maior
vazao e os volumes para, entao, fixar os demais parametros dos planos.

Além disso, visto que planos sao também uma representagao intuitiva do planejamento
da rede, operadores dos dutos também sao capazes de inserir novos planos ou alterar
os existentes, muitas vezes para a representacao de preferéncias de movimentacao nao
previstos pelo algoritmo.

A fase de planejamento encapsula as decisoes de quais rotas e volumes utilizar para a
resolucao de uma instancia do PPAORO, mas nao detalha as operagoes de bombeamento
e seus respectivos tempos. O desafio da fase de planejamento é, portanto, criar conjuntos
de planos com uma grande probabilidade de serem vidveis, sem contudo aumentar a
complexidade do problema a ponto de torné-lo nao-resolvivel.

4.2 Fase de Agendamento

Uma vez definidos os érgaos que irao enviar e receber produtos e as respectivas rotas
por onde os volumes irao trafegar, deve-se resolver o problema de agendamento, ou seja,
determinar o ntmero de operagoes de envios por plano de entrega e, principalmente, a
ordem em que os bombeamentos serao realizados. Nesta fase, consideram-se as restri¢oes
de incompatibilidade e de capacidade dos tanques, além do cédlculo de limitantes de tempo
para envio e chegada dos volumes nos 6rgaos. Por fim, é necessario atribuir os exatos
momentos em que ocorrerao as operacoes de bombeamento, compondo a solugao final
do problema. Isso deve ser feito de modo a garantir que sejam satisfeitas as restrigoes
referentes as vazoes de bombeamento, a troca de turno, a manutencao de dutos, e também
outras restrigoes similares.

Dado um conjunto de planos de entrega PE = {pey, pea, ..., penpi }, 0 objetivo da fase
de agendamento é gerar movimentos mg, ..., My,,,, conforme definidos na secao 2.3, de
forma que todos os planos sejam cobertos no prazo. Isto equivale a sequenciar e agendar
os planos nas suas respectivas rotas e tanques, garantindo todos requisitos do problema
relacionadas no capitulo 2, como restricao de interface, capacidade de tanques e nao-
simultaneidade de operagoes. Note que nm > npl, ja que planos podem ser bombeados
por uma ou mais operacoes de envio.

Apesar do grande nimero de restricoes, a pré-atribuicao de rotas da fase de planeja-
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mento abre a possibilidade de modelagens mais intuitivas e compactas do problema de
agendamento, ja que as decisoes ficam concentradas em como ordenar e temporizar os
planos nos seus respectivos dutos.

Como consequéncia da dificuldade em garantir heuristicamente solugoes operacional-
mente viaveis, serd utilizado um modelo exato como mddulo resolvedor desta fase.
Esse modelo, por sua vez, serd implementado usando Programagdo por Restricoes (PR)
[31], sendo essa escolha motivada principalmente por duas razoes. A primeira motivagao
decorre de restrigoes nao-lineares inerentes ao sequenciamento e as vazoes variaveis, impos-
sibilitando a modelagem do problema usando Programacao Linear. J4 a segunda razao
vem do fato de focarmos, prioritariamente, a obtencao de solucoes vidaveis ao invés de
Otimas. As técnicas de PR tém obtido grande sucesso neste quesito. Mais detalhes sobre
Programacao por Restricao sao apresentados no capitulo 5.



Capitulo 5

Conceitos Basicos de Modelagem

Na area de pesquisa operacional, surgem, a cada dia, novas aplicacoes de otimizacao.
Muitas delas tratam de problemas NP-Dificeis, para os quais nao se conhecem algorit-
mos polinomiais para sua resolucao. Nesse ambito, é comum a modelagem através de
Programagao Linear Mista [52] e de Programagao por Restri¢oes [31]. Essas técnicas
possuem sélido embasamento tedrico e garantidamente encontram solugoes Otimas, se
essas existirem.

Cada uma das técnicas abordadas nesta dissertacao sera descrita nas respectivas
secoes, e no decorrer serao discutidas algumas formas de hibridizacao entre elas.

5.1 Programacao Loégica por Restrigcoes

A Programacao (Légica) por Restri¢oes(PR) [31, 4] é um ferramenta muito poderosa para
a modelagem de problemas combinatoérios, principalmente na resolucao de problemas de
planejamento e agendamento. Com ela é possivel criar um modelo usando varidveis e
relacoes restritivas entre as varidveis. Durante a execu¢ao do modelo sao atribuidos valores
as variaveis de forma a satisfazer as restricoes definidas. Também é possivel especificar
que os valores atribuidos sejam tais que minimizem uma funcao objetivo, possibilitando
a modelagem de problemas especificos de otimizacao.

Sendo a PR uma linguagem bem abrangente, podem ser usados diversos tipos de
restricoes e, para cada tipo, existem formas diferentes de tratamento. Nesse ponto, a
programacao por restricoes se divide em dois ramos, a satisfacdao de restrigoes e a resolugao
de restrigoes. Enquanto na satisfacao de restrigoes as variaveis do modelo tém dominios
finitos, a resolucao de restricoes trabalha sobre dominios infinitos ou complexos.

A satisfacao de restrigoes é a mais utilizada em aplicacoes industriais e de otimizacao.
Além disso, ja foi utilizada anteriormente para resolucao de problemas semelhantes ao
proposto [30], com sucesso. Por estes motivos, ela serd uma das técnicas principais usadas
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nesta dissertacao.

5.1.1 Definindo um modelo para satisfagcao de restricoes

Ao se modelar um problema nesse ramo da programacao por restricoes, sao necessarios
trés passos:

e Definir um conjunto de varidveis X = {xy,xq,..., 2%} e 0s respectivos dominios
D;,i=1,2,...,k, de cada variavel. Esses dominios nao sao necessariamente inter-
valos inteiros e, as vezes, nem mesmo sao NUMEricos.

e Definir o problema como restricoes na forma C; A Cy A --- A C,, onde cada Cj
refresenta uma restricao sobre as variaveis de X.

e Realizar a busca por solucoes. Cada solucao, por sua vez, é definida por uma val-
oragao V = (x; = vy, m9 = vg, ..., T = vg). A valoragao V serd vélida se respeitar
todo os dominios e as restricoes impostas sobre as variaveis.

Um objetivo G = (x1 = g1, = ¢a, ..., T = gr) é uma atribuicdo inicial de valores
as varidveis de X. A atribuicao pode ser irrelevante (“don’t care”) para algumas das
variaveis, deixando-as livres sobre seu dominios D;. Ou a atribuicao pode fixar o valor
de x; em g;. Para exemplificar, dada a restricao z — y = z, e os dominios de x,y, z
como [1...3], pode-se ter como objetivo G = (x = 1,y, z), sendo z fixado e y, z livres. A
possibilidade de se fixar varios objetivos é uma das grandes vantagens da programacao
por restrigoes. Em outros paradigmas de programacao, seriam necessarias implementagoes
especificas para cada objetivo.

5.1.2 Encontrando uma solucao

A maioria dos problemas NP-Dificeis é tratada na forma de satisfacdo de restrigoes,
e a busca pela solugao é feita de forma combinatéria. Mais especificamente com uma
estratégia de backtracking.

Sendo o backtracking sabidamente ineficiente, a PR fornece técnicas para reducao do
esforco de backtracking. Um exemplo disso é a diminuicao dos dominios das variaveis.
Um modo de diminuir os dominios, e conseqiientemente o espaco de solugoes, é refletir
as restricoes sobre eles, o que é chamado de propagacao de restrigoes. Para visualizar
isso, retoma-se o exemplo de restricao anterior, e vé-se que os dominios vidveis podem
ser reduzidos para: x € {2,3}, y € {1,2} e z € {1,2}. Apds a propagagao, caso um dos
dominios venha a se tornar vazio, o problema nao tera solucao. Nesse caso desfaz-se a
ultima atribui¢do de valor e tenta-se outro valor (backtracking). Por outro lado, se todos
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dominios possuirem um tnico valor, essa sera a solucao. Se nenhum dos dois ocorrer,
deve-se realizar a busca combinatéria pela solugao.

Existem diversas técnicas de busca que podem ser usadas na PR. Cada técnica é
escolhida para uma aplicacao levando em consideracao particularidades do problema. Em
uma forma bésica, porém, genérica, sao utilizadas duas politicas de selecao. Na primeira,
a selecao ¢ sobre a ordem de valoragao das variaveis. Pode-se, por exemplo, selecionar para
a proxima atribuicao de valores uma varidvel que seja referenciada por mais restrigoes ou
que possua um dominio menor. A segunda politica, vale a ordem de selecao dos valores
nos dominios, podendo ir do menor para o maior, ou no sentido contrario, ou até mesmo
dos valores do meio do dominio para as bordas. Outras técnicas, como a split-domain,
nao atribui valores diretamente, mas faz uma divisao e conquista por dominios menores
e validos.

5.1.3 Melhorias na modelagem

Assim como uma boa escolha de estratégia de busca pode influenciar drasticamente no
tempo de execucao, existem outras técnicas para tornar o modelo mais eficiente. Uma
delas é a inclusao no modelo de restrigcoes redundantes, e o uso de restrigoes complexas,
como all_distinct, element e cumulative [31]. Esta dltima é especialmente importante para
problemas de agendamento, como o problema em questao. Todas essas restricoes mais
complexas possuem um tratamento especial no ambiente de PR, sendo implementadas de
forma eficiente. Pode-se ainda utilizar-se de técnicas alternativas [18, 4] ao backtracking,
como o backjumping, que ao invés de retornar a variavel antecessora na arvore de busca
apos uma falha, retorna a varidavel que gerou a inviabilidade, mais acima.

Ainda sobre o modelo, pode-se adicionar restri¢oes para evitar a ocorréncia de sime-
trias, ou seja, a existéncia de solucoes equivalentes. Um exemplo de simetria estd em um
conjunto de variaveis que podem ter seus valores permutados. A identificacdo de sime-
trias pode ser dificil, mas é muito importante, e pode ser complementada por técnicas que
consigam identificar um grande nimero de simetrias durante a busca [21].

Para problemas de otimizagao, deve-se considerar todas as melhorias citadas, e ainda
levar em conta que a PR utiliza-se de estratégias como Branch-and-Bound [12] para
otimizar uma dada funcao objetivo. Nesse contexto, podem ser combinadas heuristicas
como a busca local, e até metaheuristicas [41] com o branch-and-bound, na tentativa de
se obter boas solugoes, e em menor tempo de execugao.

Além da hibridizacao com outras heuristicas, existem diversas possibilidades de inte-
grar PR com Programagao Linear Mista (PLM). A PLM serd descrita na se¢ao seguinte.



5.2. Programacao Linear Mista 27

5.2 Programacao Linear Mista

Problemas modelados usando Programagao Linear (PL) sao problemas de otimizagao,
onde a funcao objetivo e as restrigoes sao todas lineares. A importancia da PL estd na
existéncia de uma grande classe de problemas em pesquisa operacional que podem ser
formulados dessa forma. E mais, historicamente, muitas das idéias de PL inspiraram
conceitos de otimizacao como a dualidade, decomposicao e a convexidade.

A diferenca entre PL e Programagao Linear Mista (PLM) estd na existéncia de varidveis
no modelo que possuem o seu dominio no conjunto dos inteiros. Assim, definimos um
modelo de PLM na forma padrao como,

minimizar z = c1X + Cay
sujeito a: A1x+ Ay =Db
X, y>0,xeR" yezZ™

onde x e y sao os vetores de waridveis de decisao, A; e Ay formam as matrizes de
coeficientes das restrigoes, b é o vetor dos termos independentes e ¢, e €y Sa0 0s vetores
de custos da funcdo objetivo, representada pela expressao z = ¢;x+cay. Se nao existerem
os vetores y, ¢y e Ay, tem-se um problema de PL.

H& atualmente duas familias de técnicas para resolucao de modelos de PL. Ambas
caracterizam o problema como um poliedro delimitado pelos hiperplanos das equagoes
lineares das restricoes. Demonstra-se, dai, que a solucao 6tima estd em um ou mais
pontos extremos de tal poliedro. A primeira familia, que engloba os métodos denominados
Simplez, foi introduzida por Dantzig em 1949 [14] e esses métodos buscam a otimalidade
“caminhando” iterativamente pelas arestas do poliedro, verificando as solucdes bdsicas
(ou pontos extremos) até encontrar a dtima. E demonstrado que a complexidade de pior
caso para o algoritmo Simplex é exponencial, embora ele apresente um étimo desempenho
na pratica. Ja a segunda familia engloba os métodos de Pontos Interiores ou Barreiras,
estes sim, de complexidade polinomial. Eles exploram o poliedro a partir de pontos do
interior da regiao viavel, até encontrar um ponto extremo 6timo.

Apesar da pequena distancia na formulacao de problemas de PL para PLM, o problema
geral na formulacao PLM é NP-Dificil. E preciso, portanto, recorrer a algoritmos como
branch-and-bound [12], aliados a outras técnicas, para se encontrar limitantes superiores
e inferiores para as solugoes, enquanto realizando uma busca mais eficiente no espago de
solugoes.

Comparada com a PR, a modelagem PLM é geralmente mais complexa em con-
sequiéncia da dificuldade de se representar certas restricoes como equacoes lineares. Con-
tudo, alguns modelos PLM para problemas dificeis sao resolvidos de forma eficiente e
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exata, principalmente, quando utilizam técnicas como os planos de corte [52]. Ainda
existem diversas maneiras de integrar PR e PLM [39], aproveitando-se, por exemplo, da
capacidade de inferéncia fornecida pela PR e das relaxagoes na PL.

5.2.1 Fluxo em Redes

Os modelos de fluxo em redes [1] sdo uma subclasse muito importante dos problemas
de programagao linear. Existem intimeras aplicacoes desses modelos para sistemas de
distribuicao e de comunicagao. De uma forma abstrata, os modelos representam uma
rede formada por localidades, cada qual com uma demanda e estoques de um recurso,
e por ligacoes entre as localidades, cada qual com uma dire¢ao, capacidade e custo de
transporte desses recursos. Busca-se minimizar o custo total de transporte satisfazendo
as condigoes de viabilidade, as demandas e utilizando os estoques presentes.

H4& diversos problemas cldssicos modelados como fluxo em redes como, por exemplo,
o problema do caminho de custo minimo, o problema do fluxo maximo, o problema da
circulagao e o problema de alocacao. Nesse contexto, estamos focando no mais geral deles,
que € o problema do fluxo de custo minimo. Para formula-lo matematicamente precisamos
das seguintes definigoes:

e G = (N, A) é uma rede (grafo) direcionada, onde N = (1,...,n) é o conjunto dos
nos (vértices) e A é o conjunto de arcos (arestas) direcionados representados por
pares (i,7) € N x N e i # j, com sentido de i para j (ou seja i — j).

e ¢;; é o custo por unidade de fluxo que passa pelo arco (i, j) € A.

e [;; e u;; sao respectivamente o limite minimo e maximo de fluxo que pode passar
pelo arco (i,j) € A.

e b; ¢ um numero inteiro que representa demanda quando b; < 0, e fornecimento,
quando b; > 0, no né i.

e 1;; é o fluxo que passa pelo arco (i,j) € A.

Sendo assim, o problema do fluxo de custo minimo pode ser formulado como:
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minimizar z = Z CijTij
(i,7)EA
sujeito a:
Z Tij — Z ZL’JZ:bZ Vie N
j:(i,5)EA Jj:(4i)EA
lij < x5 < g v(i,j) € A

Essa formulacao é bastante abrangente. No entanto, para o PPAORQO é necessério

compreender uma outra variante, onde ha diferentes recursos (commodities) passando

pela rede e é necessario manter os fluxos de cada uma separadamente. Além disso, serd
necessario representar a rede em diferentes periodos, ou seja, o tempo sera discretizado
para demonstrar como o fluxo evolui durante o tempo.

Diferentemente do problema de fluxo de custo minimo que possui algoritmos espe-

cializados para sua resolucao, o problema de fluxo multicommodities, sendo mais geral, é
resolvido usando o modelo de programacao linear equivalente. Ja os multiperiodos podem
ser modelados com um fluxo de custo minimo e, portanto, com um fluxo multicommodities.

Para formular o problema de fluxo multicommodities definimos:

G = (N, A) é uma rede (grafo) direcionada, como definido anteriormente.

K =(1,2,...,k) é o conjunto de commodities.

cfj é o custo de transferir uma unidade de fluxo da commodity k pelo arco (i, j).
k2 . .o

x3; € o fluxo da commodity k passando pelo arco (i, j).

c¥ e x* sdo respectivamente os vetores de custos e fluxos da commodity k para todos

0S arcos.

lfj e ufj sao os limites minimos e maximos, respectivamente, para o fluxo da com-

modity k pelo arco (i, 7).

l;; e u;j sao os limites minimos e maximos, respectivamente, para o fluxo de todas
as commodities pelo arco (i, 7).

M uma é matriz N X A de incidéncia né-arco.

b* é um vetor de inteiros que d4 a demanda ou fornecimento da commodity k para
todos os nés.



5.2. Programacao Linear Mista 30

Tendo essa notacao, podemos formular o problema do fluxo multicommodities como:

minimizar z = Z chxFk
keK
sujeito a:
l,’j < ZI’Z < Usqj, V(Z,]) €A
keK
Mx* =b* VkeK

15 <ab <uf, V(i,j)e A and Vke K

Um outro resultado sobre fluxo em redes, importante para nosso trabalho, é a pos-
sibilidade de decompor um fluxo obtido em caminhos e ciclos. Para compreender isso,
definimos P e W como os conjuntos de todos os caminhos e ciclos na rede G. Assim,

podemos ter fluxos f(P):VP e Pe f(W): VW € W de forma que:

iy = Y 06(P)F(P)+ Y 65(W)f(W)

pPeP wew

Na equacao acima, 0,;(P) e d;;(W) dizem se o arco estd contido (d;; = 1) ou nao
(0;; = 0) no caminho ou ciclo em questao. Compreende-se, por essa equacdo, que o fluxo
em um arco é composto da contribuicao de fluxo de diversos caminhos e ciclos que contém
aquele arco.

A equacao acima conduz ao algoritmo de decomposicao mostrado no Algoritmo 1.
Esse algoritmo de decomposigao cldssico [1] serd a base para a criagdo dos planos de
entrega. Como o0s nés representarao demandas, produgoes, tanques e trechos de uma
rota, um caminho na rede contera todas as informagoes necessarias para criacao de tais
planos, apds a decomposicao do fluxo obtido. Como sera visto, o algoritmo podera ser
simplificado, pois nao havera ciclos em nossa rede.
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Algoritmo 1 Algoritimo de Decomposicao de Fluxo

Entrada: G = (N, A) com fluxo nos arcos
Saida: P com f(P),YP € P, W com f(W),YW € W

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

NOTAGAO:

y - cHpia do fluxo nos arcos

A(y) ={(4,j) € Aly;; > 0} (Arcos com fluxo positivo em y)

N(y) = {i|(i,7) € A(y) or (j,i) € A(y)} (N6s incidentes nos arcos em A(y))
G(y) = (N(y), Ay))

S ={i € N(y)|b; > 0} (nés fornecedores)

D = {i e N(y)|b; < 0} (nés de demanda)

s e t sao os nos de inicio e fim do caminho P.

A(P) = min{b(s), —b(t), min{y;;|(i, j) € P}} (Capacidade do caminho P)
A(W) = min{y;;|(i,j) € W} (Capacidade do ciclo W)

procedimento DECOMPOSICAODEFLUXO

y=z,P=0,W=0
enquanto A(y) # (0 faga
s = SELECIONAR(Y)
BUSCAR(s,y)
se Ciclo W encontrado entao
W =WIU{W}
FW) =fW)+AW)
Yij = vig — AW), V(i,j) e W
fim se
se Caminho P encontrado entao
P =P|{P}
f(P) = f(P)+A(P)
vi; = vij — A(P), V(i,j) € P
b(s) = b(s) — A(P)
b(t) = b(t) — A(P)
fim se
Atualizar A(y), N(y), S, D
fim enquanto

20: fim procedimento
21: fungao SELECIONAR(y)

22:
23:
24:
25:
26:

se S # () entao
retornar s € S
senao
retornar s € N(y)
fim se

27: fim funcao
28: fungao BUSCAR(s,y)

29:

30:

Fazer uma busca em profundidade iniciando com o né s
até achar um ciclo W em G(y)

ou um caminho P em G(y) terminando no né t € D
retornar W ou P, de acordo com o encontrado

31: fim funcao




Capitulo 6

Um modelo para o Problema de
Agendamento

Proélogo

O artigo deste capitulo foi publicado em um dos periédicos internacionais mais impor-
tantes na drea de Programacao por Restri¢oes, o Constraints em 2010 [27]. O artigo
pode ser visto como uma evolucao do artigo apresentado nos anais do congresso The 14"
Principles and Practice of Constraint Programming (CP’08), na série Lecture Notes in
Computer Science [38]. Este por sua vez é uma evolugao de outro artigo publicado nos
anais da conferéncia, Proceedings of the 11th IEEE International Conference on Compu-
tational Science and Engineering - CSE’08 [37], e eletronicamente, pela editora do IEEE.
Os dois artigos de 2008 compoe a dissertagao de André Ciré [10].

O artigo apresenta o Problema de Planejamento e Agendamento de Operagdes em uma
Rede de Oleodutos (Pipeline Planning and Scheduling Problem) com grande detalhamento
cobrindo as restrigoes ja apresentadas no capitulo 2. A se¢ao de trabalhos relacionados
(Related Work) do artigo foi atualizada no capitulo 3 dessa dissertagao e a arquitetura
utilizada é a mesma mostrada no capitulo 4.

A fase de planejamento é tratada por uma heuristica gulosa incremental que foi breve-
mente introduzida nos trabalhos anteriores [38, 37]. Esse procedimento cria os planos de
entrega um apos o outro, conforme funcoes de avaliacao que utilizam estimativas sobre a
rede até aquele momento. Por exemplo, o produto, 6rgao de destino e prazo sao escolhidos
analisando todas as combinacoes e escolhendo a base onde ha uma demanda mais urgende
para o produto.

O foco do artigo, no entanto, é a fase de agendamento (Scheduling Phase). FEssa
fase foi decomposta em dois problemas: o sub-problema de sequenciamento (Sequencing
Sub-problem) e o sub-problema de escalonamento (Scheduling Sub-problem).

32
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Primeiramente, o sequenciamento definira a ordem das operacoes dos planos nos tan-
ques de origem e destino e nos dutos trafegados que formam a rota. Apds isso, o escalon-
amento darda os tempos exatos de inicio e término dessas operagoes. Cada um desses
problemas ¢ tratado por meio de um modelo de programagao por restricoes préprio que
faz uso extenso de restricoes globais especificas para agendamento. Além disso, novos
métodos de busca de solugao, especializados para a estrutura da rede de dutos, também
Sa0 propostos.

Outra contribuicao estendendo os trabalhos anteriores [38, 37] é o grafo de empurra-
mento (Pushing Graph), equivalente a uma restrigdo global, aumentando a inferéncia de
precedéncias entre operagoes ocorrendo em diferentes dutos. Essa estrutura é especifica
para problemas de agendamentos em dutos, pois supoe que os dutos estao sempre preenchi-
dos completamente e a entrada de um volume em uma extremidade sé é possivel com a
saida de um mesmo volume na extremidade oposta. Ela pode ser vista como uma rep-
resentacao do problema, permitindo a aplicagao de mais restricoes globais tais como a
restrigao flow [24] .

Os procedimentos foram testados sobre 4 instancias reais, as quais utilizavam uma
mesma rede com 14 6rgaos, 29 dutos e 32 produtos diferentes armazenados em 242 tanques.
Um exemplo de execucao sobre uma instancia artifical ilustra o procedimento.
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A Hybrid Model for a Multiproduct
Pipeline Planning and Scheduling Problem

Tony M. T. Lopes, Andre A. Cire, Arnaldo V. Moura, Cid C. de Souza
Institute of Computing - University of Campinas
13081-970, Campinas, SP
{arnaldo, cid}@ic.unicamp.br, {andre.cire, tony.lopes}@gmail.com

Abstract

Brazilian PETROBRAS is one of the world largest oil companies. Recurrently,
it faces a very difficult planning and scheduling problem: how to operate a
large pipeline network in order to adequately transport oil derivatives and
biofuels from refineries to local markets. In spite of being more economi-
cal and environmentally safer, the use of a complex pipeline network poses
serious operational difficulties related to resource allocation and temporal
constraints. The current approaches known from the literature only con-
sider a few types of constraints and restricted topologies, hence they are
far from being applicable to real instances from PETROBRAS. We propose
a hybrid framework based on a two-phase problem decomposition strategy.
A novel Constraint Programming (CP) model plays a key role in modelling
operational constraints that are usually overlooked in literature, but that are
essential in order to guarantee viable solutions. The full strategy was im-
plemented and produced very adequate results when tested over large real
instances.

1 Introduction

Scheduling problems have been receiving increasing attention in the last years, mainly
due to the need to deal efficiently with very large real scenarios in order for companies to
persevere in highly competitive markets. A number of notable examples stems from the
oil industry, where oil prospection and refined product transportation are major sources
of costs. As such, PETROBRAS, the 14th largest oil company in the world!, faces a
very difficult transportation problem in which ethanol and several petroleum derivatives,
like gasoline, diesel, and naphtha must be transported from refineries to depots where
consumer markets are located. Such complex transportation problems usually must be
solved in the presence of very complicated facility operational restrictions.

1See www.energyintel.com.
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Pipeline networks are the preferred way for transporting oil refined products. In
contrast to tanks and waterborne alternatives, their costs do not escalate sharply with
distance. In an example cited in [1], assuming each truck holds 200 barrels (8,400 gallons)
and can travel 500 miles per day, it would take a fleet of 3000 trucks, with one truck
arriving and unloading every 2 minutes, to replace a 150,000-barrel per day, 1,000-mile
pipeline. In the United States of America, oil pipeline shipments account for more than
17% of the transported volume but less than 2% of the country freight cost [2]. As another
example, the Brazilian pipeline network owned and operated by PETROBRAS. It has an
extension of 7,000 kilometers, comprising 30 individual interconnecting pipelines, all with
very different physical characteristics, and through which more than 30 different types
of products circulate. There are 14 distribution depots that can store up to 10 millions
cubic meters of these products, stocked in more than 200 tanks located at such depots.
A partial illustration of the Brazilian southeastern network is shown in figure 1.

Pipelines must always be completely filled with products, meaning that a volume must
be pushed into a pipeline in order to pump out the same volume at the other extremity.
Flow directions can also change dynamically. Moreover, certain products are chemically
incompatible and can not make contact with each other in a pipeline, so as to ensure
their required quality level. Also, flow rates depend on product, flow direction and on the
particular pipeline being used. At the depots, not all departing and arriving operations
can be simultaneous, due to restrictions imposed both by the internal valve and duct
layouts, as well as by the number of local pumps. Tanks can store just one type of
product. Extraction or injection of volumes from or into a tank can not be simultaneous,
and must always obey the tank capacities. As can be inferred, the operation of such a
network is subjected to a complex set of physical and operational constraints.

Due to its size and complexity, as well as to its financial impact, the efficient operation
of this large oil pipeline network is one of the most strategic problems faced by logistics at
PETROBRAS today. Yet, nowadays, the problem is basically solved manually, by executing
a trial-and-error process with the aid of a proprietary simulator that checks whether some
simple physical constraints are being satisfied. This process is very time consuming and,
not rarely, the final results still violate some of the more complex restrictions. Clearly,
this manual process is far from optimal and limits the efficiency of the network operation,
as down-level operators must frequently apply corrections in delivery orders as a means
to make the system work appropriately. In fact, it is common for the company to use
trucks for transporting pending volumes, thus increasing the overall transportation costs,
a situation that could be avoided by a more intelligent use of the pipeline network.

Studies from the literature usually focus on more restrictive and smaller pipeline
topologies, each with a reduced set of operational constraints that, despite making the
problem more tractable, are far from representing real-world scenarios. This is a conse-
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Figure 1: PETROBRAS pipeline network.

quence of the high number of hard sequencing and timing constraints involved, compli-
cated when large and more generic topologies are considered.

We propose new algorithms for generating feasible solutions for a very large pipeline
planning and scheduling problem, where most of the hardest real-world constraints are
taken into account. Our approach has two phases: the planning phase is implemented
as a constructive heuristic that generates delivery orders, representing transfers between
two depots; and in the scheduling phase, a Constraint Programming (CP) model, is used
to establish an ordering among the delivery orders, at each pipeline and each tank. The
resulting algorithm, specially tailored to deal with large instances, generates more reliable
delivery orders and can also be used to validate production and demand trial scenarios.
This strategy proved to be very flexible, permitting easy addition or removal of operational
requirements, and also facilitating the test of new search heuristics. As will be discussed
later, CP was at the core of the computational model devised, being capable of finding
good operational solutions for real problem instances in an adequate amount of computer
time. Several reasons motivated the use of CP. Primarily, the scheduling problem is highly
over-constrained and has several non-linear constraints, which can be easily modelled in
the CP paradigm. Besides, the main goal was to search for a feasible solution, and so
the choice of variables for value assignment in the CP model benefits from special restart
strategies.

This project was a joint work with PETROBRAS, the Brazilian state-owned oil com-
pany, which provided both problem specifications and instances, as well as analyzed the
proposed solutions. The prototype developed is being considered for use as an auxiliary
tool to aid planners at PETROBRAS.

This article is an extension of our earlier works on this topic [3, 4]. It contains a
much more detailed description of the problem and of the new algorithms. The text is
organized as follows. Section 2 describes the problem. Section 3 presents some previous
works related to pipeline scheduling. Section 4 discusses in detail the heuristic and CP
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models that comprise the planning and scheduling phases. Finally, section 4 discusses our
computational results while section 6 presents our conclusions and points to further work.

2 Problem Definition

A pipeline network system is composed of three sets: tanks, depots, and pipelines. Tanks
are used for product storage. Depots are geographically dispersed. They represent re-
finery facilities and oil-derivative local markets. Each depot has its own subset of tanks.
Pipelines interconnect the depots and are used for product transportation. A pipeline
connects only two depots.

An illustration of a pipeline system is presented in figure 1, in which products (or
fluids) Fy, Fy, and Fy can circulate. The figure shows 4 depots, Dy, D1, Do, and Ds,
connected by pipelines Fy, P, P», P3, and P,. A label Tj;;, refers to the ¢—th tank in depot
D, for stocking product Fj,. Note that two pipelines connect depots D, and D3, which is
a common situation in practice.

Volumes must be extracted from tanks before pumped into a pipeline. On being
pumped out of a pipeline, volumes can either enter a tank or move directly into another
pipeline. The sequence of pipelines traversed by a volume when moving from its origin
to its destination comprises its route. More precisely, we define a route as an alternating
sequence of depots and non-repeating connecting pipelines. For example, the sequence
Dy Py D,y P3 D5 represents a valid route in figure 1. A pipeline in a route is called a segment.
All product volumes in circulation must have a pre-defined route assigned to it. Also, a
volume cannot be stocked at intermediate depots in any route; it can only be deposited
in a tank at its destination depot.

The problem consists of scheduling pumping operations in order to satisfy the depots’
inventory constraints. Individually, a pumping operation is taken as a continuous and
atomic product injection into a pipeline at its origin depot. KEach operation specifies
information about the pumped product, volume, route, origin, and destination tanks,
as well as about its start and end pumping times. The operations must also obey a
complex set of operational restrictions over a given planning time period, or horizon.
Restrictions regarding tanks, pipelines, and depots are described in the following three
sections, respectively. Inventory constraints are described in section 2.3.

All volumes are given in standardized metric units.

2.1 Tank Restrictions

(1) Tanks have a fixed maximum capacity which must always be respected. Minimum
capacities are all set to zero units.
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Figure 2: A pipeline network example.

A tank can only store one type of product during the whole planning horizon. This
constraint, required by field operators, ensures adequate product quality by avoiding
possible mixtures. A depot can contain more than one tank per product, but does
not necessarily contain tanks for all products. It is possible that a depot contains
no tanks at all, being used solely as an intermediate transmission facility between
two pipelines. In figure 1, depot Dy depicts such a situation.

All injection and extraction operations targeting a common tank must be time
disjoint. This is due to the internal connections of subsidiary pipes and valves inside
a depot. Therefore, a new operation at a tank can only begin when all previous
scheduled operations at that tank are already completed.

The initial product stock level at each tank must be respected.

Problem specifications in which constraint 3 is satisfied are said to have the individual

tank property. Some alternative models [5] relax this restriction by considering virtual
tanks for each product at each depot. Such virtual tanks aggregate the capacities of all

real tanks for a product in a given depot.

2.2
(5)

Pipeline Restrictions

Pipelines must be completely filled with products at all times, since they are pres-
surized. Hence, in order for a certain product to leave a pipeline, it is necessary to
push it out by injecting the same volume at the other pipe extremity. For example,
in figure 1 suppose that a certain volume of product F,, at the extremity of pipeline
P, connecting into Ds, is to be pumped out. If we had enough volume of another
product, say Fp, at the extremity of pipeline P, facing depot D, and if its route
suffix were P,DoPyD3, we could schedule a pumping operation with origin at D,
making active the route DiP,DyP,D3. Executing now this operation would push
F; into a tank at Dj, as desired. Note that it will be necessary to have enough
volume of some product to insert into P, at D;. Further, the pumping operation
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(6)

(7)

(8)

(9)

with origin at D, is just another operation to be scheduled in the network, among
many others. So it must have its product, volume, route, origin and destination
tanks already defined, as well as its start and end times.

Pipelines must be able to operate in an intermittent fashion, i.e., some time may
elapse between the end of a pumping operation and the beginning of the next one
in a certain pipeline. Even though longer continuous transfers are more economical
and thus preferred, a pipeline flow can be temporally suspended for several reasons.
For instance, as pipelines in a depot may share the same pumps, they might not be
able to function simultaneously (see also constraint 12). Another common scenario
is when three pipes form a “Y” connection. Suppose that the flow is now downward
from the right segment into the lower common segment. If in a route containing the
left segment there are products with a more pressing deadline, as soon as the volume
of the present operation that is now flowing from the right is completely inserted
into the common segment, the present operation on the right side may be stopped
thus allowing the flow from the left segment to start. If this situation repeats itself,
we will see the right branch operating in an intermittent fashion, giving way so that
more urgent products can circulate first into the common segment. Note however
that once a volume is inserted in a pipeline it can not be separated in two parts by
the insertion of other volumes in between.

All injection and extraction operations targeting a common pipeline must be time
disjoint. In other words, it is not possible to simultaneously inject products into a
pipeline from two different sources, for instance, to increase the resulting flow rate.
Similarly, a product leaving a pipeline can not be injected into different tanks or
pipelines.

Some pairs of products, so called incompatible pairs, can not make contact within
a pipeline, otherwise a quality loss will ensue. For example, both products inside
pipeline P, in figure 1 must be compatible. Such operational restriction is also
known as the interface constraint.

As there is a limited number of pumps per depot, and given that products have
different densities, a maximum flow rate must be observed per pipeline, per product
and per flow direction. Thus, the pumping operation flow rate can take any real
value between 0 and the minimum value of the maximum flow rates of all products
in the current route. We do not consider minimum flow rates due to the lack
of accurate data. However, operators accepted this as a valid simplification since
pressing deadlines naturally require products to be pumped as fast as possible.
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Figure 3: Example of a flow reversal.

Flows can change direction dynamically, an event called pipeline flow reversal. An
example of a reversal is illustrated in figure 3 for a network with a single pipeline
topology. During the time period from ¢t = 0 to ¢t = 2, product F5 is extracted from
tank Ty in depot Dy, and is used to push another product into tank Ty;o at depot
D;. As soon as the first product is completely injected into its destination tank at
t = 2, product F; must return to the first depot, since there is no tank for this kind
of product at depot D;. This is done by using product Fi from tank 741, at Dy, to
push F, back to its original tank, at Dy, thus forcing a change of flow direction in
the pipeline at ¢t = 3 and t = 4.

Although there is no restriction barring the creation of new routes, the most common
choices as dictated by previous human experience should be preferred. These routes
are given as input and will be denoted by a set R throughout the text. Note that we
are using a fixed set of routes, and we are not exploring all possible routes through
the network. In some cases, we might use a route from this set which was not used
before in manual solutions to transport specific products, thus deviating from the
usual routing that appear in manual solutions for those products.

Depot Restrictions

Each depot has an upper limit on the number of outgoing pumping operations,
which depends on the number of locally available pumps. Therefore, it may not be
possible for all the pipelines at a depot to be in operation simultaneously.

At each depot, tanks are connected to external pipes by a mesh of shared structures,
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like valves and auxiliary pipes. Depending on the internal arrangement at a depot,
certain sending and receiving operations can not be active simultaneously. Such
sets of operations are called forbidden alignment configurations, or simply forbidden
sequences. For instance, in a certain depot one may not be able to send gasoline
through any pipeline while diesel is being received by any other pipeline.

2.4 Inventory Constraints

The inventory constraints are related to tank capacities and the maintenance of desired
stock levels at each depot. The stock of a product at a certain depot at time ¢ is obtained
by summing the volumes of that product at time ¢ in all tanks that can stock the prod-
uct at the given depot. In this work, we only consider inventory constraints related to
the satisfaction of tank capacities. Nevertheless, the pipeline operators also provide the
desired maximum and minimum level of product stock levels per depot, which are being
used solely as a guide to the search procedures.

The stock levels in a depot change mainly due to production and demand operations.
Productions represent volume creation at refineries, while demands represent volume con-
sumption by local markets. Both are planned in advance, using market estimates and
other data such as raw products availability and refinery capabilities. Usually, a refinery
depot produces more than it can actually store within the given planning horizon, so as to
satisfy market demands at other locations. This, of course, requires products to circulate
throughout the pipeline network. In addition, an excess of inventory in each depot is
also preferred to prevent against emergency situations, such as the repair of a damaged
pipeline.

The consumption rate of each product may vary greatly according to monthly seasonal
markets. Moreover, it is difficult to foretell exactly the local market needs for a long time
horizon. As a result, pipeline operators are required to constantly update the network
schedule to accommodate new demands, guaranteeing they will be satisfied on time. Given
that, and in order to represent productions and demands in a reliable and computationally
feasible way, the following model was devised, and accepted by the pipeline operators as
an adequate simplification. Each production and demand, given as input, is composed
of a volume, a product, its corresponding depot, and a time frame that defines when
the production or demand must be serviced. The production (demand) volume can be
injected (extracted) instantly at any time within its time frame. Also, this volume must
be necessarily injected into (extracted from) one or more tanks, the selection of which
being responsibility of the algorithms. In this way, productions and demands are regarded
as common tank operations. Hence by constraint 3 they can not occur simultaneously
with other tank operations. Usually, the time frame given for a demand or production
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corresponds to one day, i.e., its volume can be injected or extracted at any time during
the day.

Although instantaneous volume injection and extraction is not physically realizable,
the operators believe this is a reasonable model to capture variations about local markets,
given the inherent uncertainties about the real data. Operators also have some flexibility
to adjust the timing when products are delivered to clients and, to a smaller degree, they
can also reschedule the production planning at refineries. Furthermore, this model gives
the operators flexibility to drive the algorithms under various scenarios, allowing them to
simulate different production and demand curves.

2.5 Definition of a Solution

The problem input comprises a static and a dynamic component. The static component is
described by the sets of tanks, pipelines, depots, and their operational parameters, such
as the maximum number of simultaneous outgoing pumping operations at each depot.
The dynamic component is given by a set of productions and demands (see section 2.3)
that must be satisfied. The dynamic component also contains the initial network state.
The initial state is defined by the sequence of product volumes inside each pipeline, the
assigned route for each of these volumes, and the stock level in each tank at the beginning
of the horizon. It also gives the set of ongoing pumping operations at the initial instant.

Given the problem input, a feasible solution is defined by a set of pumping opera-
tions which ensures that all demands and productions will be fulfilled in their given time
frames. That is, all product volumes from productions (demands) are to be correctly
stored (extracted) without violating tank capacities. In addition, the pumping opera-
tions must obey all operational constraints stated in sections 2.1, 2.2, and 2.3. Finally,
it is also necessary to make explicit the exact times and tanks allocated for each produc-
tion and demand. This is done by representing the associated injections and extractions,
respectively, as pumping operations that have a null route.

The program output is a table containing a list of all pumping operations. This list is
then submitted to a proprietary software that executes simple consistency checks. Passing
the consistency checks, the list is then handed to logistic engineers for use as a guide during
the actual operation of the pipeline network. An example of such list is shown in table 1.
Column headings are as follows: 7; and T are the start and end times, respectively; Vol
is the volume pumped; Pd is the product code; Tko, and T'kp, are origin and destination
tank codes, respectively; and Route is the route code. A full solution table would contain
several hundred similar lines.

In this work, no objective function are considered, as more accurate data about energy
and operational costs are still being gathered by PETROBRAS. However, as we will see in
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Table 1: Solution Example

T, T¢ | Vol | Pd | Tkor | Tkpt Route
2075 | 2362 | 858 | F1 | Top11 Tos1 D1 PyDyPyDyP3 D3
3456 | 4021 | 722 | F1 | Tops2 Too1 D3 P3 Dy Py Dy

4857 | 4869 | 30 | Fu | Toio Tooo | D1PaDyPyD3P3 Doy P Dy

Table 2: Comparison of the main approaches.

References 9] [10, 11, 12] (5, 13] [14, 15] (16, 17] [18, 19, 20] Our work,[3]
Depots 8 5 12 7 2 2 14
Pipelines 8 4 28 7 1 1 29
Tanks 40 25 84 28 16 12 242
Products 5 4 7 4 8 6 32
Horizon | 14 days 3 days 5 days 80 units 5 days 30 days 10 days
Continuous time V4 V4 V4
Variable Flow rate V4 V4 V4 V4
Individual Tanks VA v
General Topology V4 V4 Vv V4
Forbidden Sequences VA VA VA VA VA
Main Technique GA MILP,VNS A-Teams,MILP GAMILP MILP,CP MILP Heuristic+CP
Results | Feasible Optimum Infeasible Feasible Optimum Optimum Feasible

section 3, the apparently simpler task of finding a solution satisfying such a huge number
of intricate constraints is a great challenge in itself.

3 Related Work

The pipeline operation problem comprises a highly complex and diversified set of con-
straints. Examples of difficult operational restrictions include product sequencing inside
a pipeline, interface constraints, mass balance in tanks and various inventory manage-
ment conditions. Complexity analysis of some relaxed versions of the pipeline scheduling
problem can be found in [6, 7, §].

Due to the problem’s economical and practical importance, a number of methods have
been proposed in the literature to automate the planning of pipeline network operation.
The characteristics that distinguishes such approaches from each other are mainly related
to the network topology and the granularity of the scheduling unit of time. As real-world
scenarios require the satisfaction of a high number of constraints, the level of detail is
an indication of the effectiveness of their solutions in practice. Table 2 summarizes some
important previous approaches and their most important characteristics.

The most studied topology consists of one pipeline connecting a single origin to mul-
tiple destinations, which are distributed along the pipeline. Usually, the origin represents
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an oil refinery, the destinations are consumer markets, and the flow in the pipeline is
unidirectional. The study of simpler networks are motivated by the fact that many real
scenarios are composed of a single pipeline. In addition, it is easier to model some of the
problem restrictions, specially those involving variable flow rates, product storage, and
energy costs. An early work along this line appeared in [21], where an artificial intel-
ligence technique called Beam Search was applied to an Indian network. Although the
procedure strongly relies on human intervention, it is capable of handling tank capacities
and interface constraints.

Also, several Mixed-Integer Linear Programming (MILP) optimization models were
developed for this type of topology. The work in [22] deals with a network composed of
5 depots, where 4 products must be transported among them. The proposed model is
based on an uniform and discrete time representation and on disjunctive programming. It
handles a large number of hard constraints, such as mass balances and product demands,
besides minimizing storage and interface costs. However, the authors were not able to
obtain optimal solutions, even considering a simple 3-day planning horizon. For this
reason, in [23] the model was improved with the addition of integer cuts and redundant
constraints, which enhanced the MILP computational performance.

In [10], a new continuous time and volume MILP formulation was proposed for the
same problem presented in [23]. The continuous representation was effectively smaller in
terms of the number of binary variables and constraints. As a result, optimal solutions
were obtained in about three orders of magnitude faster than in [23]. The continuous
representation was also used in [11], where the authors additionally modelled variable
pumping flow rates and stock management decisions, formulating the problem also as a
Mixed-Integer Non-linear Programming (MINLP) model.

As described in [11], many studies focus on decomposition techniques for single topolo-
gies. The work in [16] presents a 3-stage decomposition strategy for a network composed
of a refinery, a pipeline, and a depot with a set of tanks. The first stage defines the tanks
for each pumping activity. The second stage heuristically creates temporal constraints
taking into account the demand requirements. Finally, the last stage is an MILP model
to decide upon the pumping times, while having fixed values for the previous parameters.
All the MILP models were based on an uniform time discretization. Later, the work in
[17] proposed an integrated approach, using both CLP and MILP models, in order to
solve the same instances, generating good solutions.

More recent works [18, 19] study a Portuguese pipeline network, with a topology
similar to that considered in [16]. The authors propose an MILP model with new inventory
constraints, based on [10]. In [20], the model is improved to consider intermittent pipelines
and variable flow rates. Moreover, a rescheduling strategy is implemented in order to deal
with possible perturbations on the instance data.
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There are also studies regarding multiple origins, multiple depots, and various pipelines
interconnecting them. They represent more realistic networks, since the production of
oil derivatives is usually distributed in several geographic locations. In these scenarios,
the problem complexity is much higher than with simpler topologies. In addition to
inventory management at each depot and product sequencing in the pipelines, it is also
necessary to take into account operational constraints that limit the simultaneous usage of
different pipelines. Also, the models must ensure the correct synchronization of direct flow
transmission between pipelines, which is common in such scenarios. In general, the current
approaches for more complex topologies neglect most of the operational constraints in
order to make the problem tractable.

Among such approaches, [13] proposed an MILP based on a network flow model to
solve a relaxed version of the problem. The specification included about 14 depots and 29
pipelines, but considered that all depots contained tanks for all products. Furthermore,
the pumping flow rate was fixed per pipeline and only simple inventory constraints were
considered. Despite these relaxation, it took more than 50 hours of computer time just
to find the LP initial basis. In [5], the authors propose the use of an heuristic method
known as A-Teams, adapting the pipeline scheduling to a job shop scheduling. However,
they were still unable to find feasible solutions.

The work from [24] implements a Genetic Algorithm for a directed tree network topol-
ogy with 8 depots and with only a few restrictions, focusing mostly on the basic pipeline
operations. The authors further improved the model in [15], hybridizing the evolutionary
algorithm with simple MILP models. A more recent application of meta-heuristics to
more general topologies, but with relaxed operational constraints, can be found in [9, 12].

Another research direction is discussed in [25], which addressed the pipeline scheduling
problem as a general-purpose planning problem. A new domain specification and a planner
were created in order to deal with general topologies and some tank constraints. Although
not effective for large instances, the work established a new benchmark at the International
Planning Competition [26].

The use of Constraint Programming for general topologies was first proposed in [4].
The work proposed a two-phase algorithm composed of an heuristic and a CP model. It
also considered individual tanks, intermittent pipelines, direct pipeline flow transmissions,
as well as flow reversal operations at any pipeline. This work yielded feasible solutions
for real instances and motivated a novel CP model for the same problem. In [3] the
heuristic was enhanced using a CP approach composed of two sub-models. In addition,
it considered further difficult constraints related to forbidden alignment sequences and
simultaneous pumping operations. This article is an extension of these previous works,
and also describes in full detail procedures considered therein.



4. Methodology 46

4 Methodology

The procedure currently applied by PETROBRAS to operate its pipeline system is based
on a trial-and-error process, in which manually constructed solutions are continuously
tested and adjusted with the help of a proprietary simulator. This method is not only
time and people demanding, but the lack of more detailed long-term foresight forces the
solution to be rebuilt everyday by the pipeline operators.

Manual procedures are still used due to the great difficulty in solving the problem
in its full setting, as mentioned in section 3. Consequently, decompositions methods are
almost mandatory in order to cope with the problem size, a topic more fully discussed in
[11]. We propose a novel decomposition method inspired on previous work [16] and on
the manual procedures. This new framework is capable of dealing with larger and more
complex topologies and can also accommodate additional constraints which are essential
to guarantee the operational feasibility of solutions.

The problem is divided into two parts, the planning phase and the scheduling phase.
The execution main cycle is schematically presented in figure 4. The planning phase
decides the necessary volume transfers among depots. Each of such transfers must be
scheduled in order to satisfy all demands, and distribute all volumes produced at refineries
and so ensure an adequate stock level at each depot. Furthermore, the planning phase
must also define the pipeline routes along which such transfers will occur, while minimizing
traffic and possible product interfaces in each pipeline. Each transfer between depots is
deemed a delivery order, a notion to be made precise shortly. The output of the planning
phase is a set of delivery orders.

The scheduling phase represents the core decision process in our framework. Once the
orders have been created, this phase must generate and sequence the necessary pumping
operations so as to make it possible to carry out the complete set of orders. The scheduling
phase must ensure that the orders are scheduled while observing all operational restric-
tions, such as tank capacities, forbidden sequences and interface constraints, as described
in section 2.

The output of the scheduling phase is a complete solution to the problem, as detailed
in section 2.4.

The planning phase takes a high level view of the pipeline network. The set of orders it
generates in order to to satisfy productions and demands involves relatively few scheduling
details. This phase is similar to the current initial procedures used by field operators
at PETROBRAS when constructing a manual solution. In this vein, heuristic techniques
proved quite suitable to this planning phase. First of all, only a small subset of pipeline
constraints are analyzed in this sub-problem, and previous works showed that heuristic
approaches have a good performance in these cases [9, 14]. Moreover, when putting
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such techniques to the test, one can take advantage of previous human expertise when
designing their search criteria, thus enhancing the chances of finding a feasible solution.
In this work we propose a randomized greedy heuristic to generate the set of delivery
orders. This heuristic is described in section 4.1.

The scheduling phase demands a much higher level of detail. Investigation shows that
modelling it as a simple MILP is not viable, since the number of variables and constraints
would grow at an unacceptable rate when considering more complex network topologies.
On the other hand, pure heuristic techniques were also greatly impaired when applied
to the scheduling phase. Slight modifications in a solution can create serious collateral
perturbations over the problem structure. For example, since products can flow directly
from one pipeline to another, changing a single pumping start time may delay the arrival
of a number of other products that pass through connected pipelines. Consequently, it
is difficult to define a representation in which it is possible to execute a computationally
affordable number of local modifications in order to find a viable solution.

On the other hand, the CP paradigm is well-suited to the scheduling phase. It provides
a powerful modelling language that permits the implementation of operationally crucial
constraints, besides providing enough flexibility to extend the model if new restrictions
were deemed necessary by pipeline field operators. Most importantly, it allows the ex-
ploitation of special problem patterns explicitly. This is done, for instance, by modelling
multiple sub-problem representations in order to use specialized and adequate constraint
propagation mechanisms to solve each of the sub-problems. When modelling specific sub-
problems one can take advantage of good representations proposed in previous works, such
as the continuous time representation in [10]. In fact, such multiplicity of perspectives
played an important role in the final model, greatly improving crucial domain reductions.
Furthermore, a preliminary study [4] already indicated that CP would be flexible and
powerful enough to treat the real problem faced by PETROBRAS. Finally, the use of CP
was further fostered by its well-known good performance when treating scheduling prob-
lems [27]. In particular, at this stage of development, CP suited the application’s needs
due to its notable ability to find feasible solutions. The CP model for the scheduling
phase is presented in detail in section 4.2.

4.1 Planning and Routing

The planning and routing phase essentially represents a global view of the problem. The
main objective is to define the necessary product transmissions between depots, in a way
that all demands are fulfilled and production volumes are stored without violating any
inventory constraints. On the other hand, it does not define how the transmissions will
be performed in an operational level, i.e., their sequence or schedule.
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Figure 4: Solver Framework.

These transmissions between depots are formally modeled as structures called delivery
orders, or orders for short. An order O represented by the tuple

O = (OriginTank, DestinationT ank, Product, Volume, Route, Deadline)

enforces that some Volume of a Product must be extracted from the OriginTank. After
that, it will travel through a Route that starts at the depot of the OriginTank and ends
at the depot of the DestinationTank. At this last depot, the Volume will be inject into
the DestinationTank. All of these operations must have ended before the Deadline.
The planning and routing phase must generate a set of delivery orders as its main output.
The input consists of both static and dynamic components of the problem, as described
in section 2.4.

In this context, an order is considered to be indivisible, i.e., once a volume from an
order starts to be pumped into its first route’s segment, no volume from any other order
can also be pumped into the segment while the first volume is not completely injected.
Nevertheless, orders are not necessarily pumped in continuous streams, and, thus, several
pumping operations might be used to pump an order into a pipeline, as long as it does
not interleave with any other orders (see restriction 6, Subsection 2.2). This restriction
was imposed in order to reduce product interface in the pipelines which, as said before,
may result in some quality loss.

To generate orders, we created a randomized constructive heuristic that uses the ac-
cumulated human experience on the operation of the network at PETROBRAS. One of the
purposes of the randomization is to produce diversified sets of orders in case the previous
sets of orders were infeasible, increasing the chance of finding one or more solutions. Also,
the heuristic takes into consideration other criteria that are difficult to handle manually,
such as estimating the time for product volumes to arrive at depots.

Delivery orders are created incrementally. A group of functions evaluates values for
the order properties, based on the input and previously created orders. This way, for each
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order these functions will give different values as the network estimates changes. These
estimates includes satisfied demand, pipelines, and tanks utilization. For each order its
properties are determined as follows:

1. Choosing Product, Destination Depot and Deadline: For every triple of product p,
destination depot bd and day ¢, define

Vopdt = H — (LM(t) — TNy pa),

where H is the last minute in the planning horizon, T'N, s is the minute when
enough of product p is available in all depots that are able to deliver product p to
depot bd in time to fully satisfy the demand at day ¢, and LM (t) returns the last
minute of day t. The (LM(t) — T'N,q) component gives an estimate of how much
time there is left to satisfy the demand. All times are computed relative to the
beginning of the planning horizon. We randomly select some triple (p, bd,t) within
the best ay percent triples with the highest, i.e. most critical, V}, ;4 values. The
idea behind this strategy is to satisfy any pressing demands first.

2. Choosing Origin Depot and Route: Given a selected triple of product p, destination
depot bd and due date t, proceed as follows. For every pair of origin depot bo and
route r starting at bo and ending at depot bd, define

LM(t) — (T'Dypo + T'min,.,)
(1+ NR,) ’

%o,r = (1 - CG(T)) X

where T'D,,;, is the minute when there is any positive quantity of the product p
available at bo, and T'min,, gives the minimum amount of minutes for product p to
travel along route . The component (17'D,,;, + T'min,,) gives the minimum time
when one unit of product could have arrived at the destination depot. The term
NR, captures the number of such occurrences if route r is used and CG(r) gives an
estimated fraction of use for all the pipelines in route r, based on previously created
orders. A higher number of possible necessary reversals or overloading of pipelines
are unfavored. Considering all these factors, a pair among the best, i.e. largest,
ay percent Vi, values is randomly selected. Hence, the route with the greatest
difference between earliest arrival and due times, for any volume occurring in it,
will be selected. Note that this strategy also strives to minimize the number of flow
reversals, a possible yet expensive maneuver.

3. Choosing Origin, Destination Tank, and Volume:

Given a destination depot bd, an origin depot bo and a product p, proceed as follows.
For every pair of tanks to and td, both holding the product p and located at depots
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bo and bd, respectively, let

Vio tdvol = (1 — max { Fiopop, Ftd,bd,p}) x vol,

where Fip, = UR:/MUR;y,,. Here, UR; = T Aloc,/Cap, gives the fraction between
the volume so far allocated to a tank t (T'Aloc;) and the tank capacity (Cap,) i.e.,
it measures how much a tank ¢ has been used by force of previous orders, and the
term MUR;y, is defined as the maximum of UR, among all tanks ¢ at depot b
that can store product p. We choose the maximum fraction between the origin and
destination tanks in order to capture the one most relatively used between them.

Now, by letting
vol = min{TQdey,, Capyy — TQde},

where T'QQde; is the volume residing at a tank t after all previous orders have been
executed, we get the maximum volume that can be transferred from the origin tank
to the destination tank.

We then select randomly within the a3 percent tanks with largest Vi, ;q.00 values.
This gives a pair of tanks that can accommodate one of the largest volumes that
can be transferred between the origin and destination depots.

As soon as there is no more demand to choose from, the planning phase terminates.
After the procedure ends all demands are guaranteed to be satisfied if the resulting orders
can be scheduled to arrive by their respective deadlines.

At this point, network operators can interfere in the planning of deliver orders by
adding, modifying, or removing orders according to their particular needs. This flexibility
is interesting since sudden needs might unexpectedly arise. For example, there might
be exceptional cases where the operators want to empty certain tanks for emergency
maintenance purposes. This could be achieved by issuing new orders that remove products
from those particular tanks. Or the pipeline operators might dislike the proposed set of
orders, for some unexpected reason.

Note that the whole planning phase can always be activated again. By doing so, the
randomization built into the procedure will, most certainly, give rise to a different set of
orders, for the same input data. In any case, the focus of the heuristic is to generate a
set of orders that is feasible for the next scheduling phase, described in section 4.2.

Free Delivery Orders

In certain scenarios, the orders created by the planning phase are not enough to guarantee
a valid solution. For instance, suppose that only two orders need to be scheduled along the
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same route, and they have incompatible products. Since we can not push both products
successively into a same pipeline, a third product must be inserted between them.

In order to cope with such situations, free delivery orders are created before entering
the scheduling phase. In contrast to regular orders, their volumes, products, and origin or
destination tanks are treated as variables instead of constants. Moreover, such free orders
do not have a deadline parameter and may have a null volume associated with them.
Furthermore, their routes are previously determined by choosing among those typically
used by pipeline operators. Operators can change such routes by editing a configuration
file.

Free orders are also used to represent products that remain in the pipeline at the end
of the planning horizon in order to ensure that all pipes are always completely full. These
orders do not have a destination tank, and constraints are used to indicate they are the
last ones to be pumped into the pipelines. Further explanations about free delivery orders
are given in section 4.5, which also considers a running example.

4.2 Scheduling Phase

The scheduling phase treats the problem of generating a number of pumping operations
so as to satisfy a given set of delivery orders. These pumping operations must observe
the network operational constraints, as explained in section 2. Otherwise, the solver must
prove that the present set of orders is infeasible, i.e., either the deadline of one or more
orders cannot be met, or there is some operational constraint, such as tank capacities,
would always be violated, for any possible schedule. In the latter case, a new set of orders
can be requested from the planning phase.

Our research indicated that it would not be practical to create a single CP model to
tackle the scheduling phase in its entirety. In a typical horizon of 5 to 10 days, the planning
phase is expected to generate hundreds of orders. Such orders involve dozens of products
that leave from and arrive at several tanks, circulate through many common pipelines, and
are subjected to thousands of interrelated constraints. The resulting problem size would
be excessively large as shown in [4], thus preventing the use of more realistic operational
restrictions.

As a result, the scheduling phase was further decomposed in two sub-problems: the
sequencing and the scheduling sub-problems, solved in succession. The sequencing sub-
problem consists of defining the ordering according to which delivery orders will be sat-
isfied at each pipeline and at each tank. This ordering must primarily observe interface
and inventory constraints, as well as satisfy time bounds present in each delivery order.
Once a valid ordering has been found, the scheduling sub-problem treats the problem of
dividing each delivery order into smaller individual pumping operations, as well as as-
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signing their respective start and end times. Such pumping operations must enforce the
remaining scheduling restrictions, respecting the fixed ordering already established by a
solution to the sequencing sub-problem.

The sequencing and scheduling sub-problems are described in sections 4.3 and 4.4,
respectively. We note that each sub-problem considers a restricted set of constraints, al-
though some constraints will be represented in the models designed for both sub-problems.

All time variables represent minutes, the time granularity currently adopted by net-
work operators. As a consequence, all variables have integer domains. Time value round-
ings, e.g. volumes calculated for some particular combination of flow rate and pipeline
extension, can be safely neglected given the large volumes that are involved. Also, vari-
able domains are easy to infer from input data instances and need not be further detailed
here.

4.3 The Sequencing Sub-problem

The input for the sequencing sub-problem is the set of delivery orders and the problem
static and dynamic components, described in section 2.4. A solution is an ordered list
that defines the sequence of delivery orders to be satisfied at each tank and pipeline. This
sequence must take into account ordering-related conditions, such as interface constraints,
tank capacities, and flow direction in each route segment. Additionally, other essential
operational restrictions are also treated, such as valid time bounds for the pumping op-
erations.

The single CP model devised to solve this problem will be referred to as the sequencing
model. Due to its complexity, more than one representation, or viewpoint, was used so
that different problem restrictions could be more easily modelled. A viewpoint contains
specific variables and constraints to deal with the corresponding restriction they focus
on, as well as defines additional redundancy used to enforce constraint propagation [28].
The interconnection between viewpoints is done by defining channelling variables and
posting additional channelling constraints [29]. In our model, it suffices to label only the
channelling variables, as the constraint propagation in each viewpoint ensures that their
variables are bound and, as a result, the corresponding restriction is satisfied.

Our model interrelates two different viewpoints. The order viewpoint provides a global
view of the problem, dealing mainly with time and routing constraints for individual
orders, and also with tank capacities. In contrast, the operations viewpoint captures a
local view of the problem, representing only the operational behavior of each pipeline.
Finally, the channelling variables indicate the proper sequencing of the orders in the
corresponding route segments and also in the appropriate origin and destination tanks.
Both viewpoints are inspired on the previous MILP formulations cited in section 3, and,
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specially, in the pipeline structure presented in [10, 11, 20].

A notation for the input data and other specific details is described in section 4.3. The
order viewpoint is detailed in section 4.3, while the operations viewpoint is described in
section 4.3. Finally, channeling variables and constraints are presented in section 4.3. For
the sake of clarity, the models are presented without considering free delivery orders. Sec-
tion 4.3 describes the necessary changes to accommodate them, and Section 4.3 explains
the search strategy that was used.

Some notation

Let P be the pipeline set, T be the tank set, and O = {o1,...,0,} be the set of delivery
orders received from the planning phase. For each o; € O, we define origin(o;) € T and
destin(o;) € T as the origin and destination tanks for order o;, respectively. Also, let
route(o;) = (pi, - - -, pm) be the sequence of pipelines that o; must traverse, i.e. its route.
The intermediate depots are not considered in this notation, as products are stocked only
in its destination tank. The volume corresponding to order o; will follow a pre-defined
flow direction in each pipeline p € route(o;), given by the constant direction,;, which
can be inferred from route(o;). We consider four possible flow directions in a pipeline:
N, if the order follows the normative, or preferred, pipeline flow direction; R, if it follows
the reverse direction; NR, if it starts in the normative direction, but later changes to the
reverse direction, thus leaving the pipeline through the same extremity it was pumped
into; and RN, similarly to NR, but with its flow starting in the reverse direction.

As explained in section 4.1, orders are indivisible. Furthermore, volumes must strictly
follow the direction specified in the corresponding orders. For instance, if direction,, =
N, then the volume corresponding to order o; will never follow direction R once inside
pipeline p. Hence, the volume corresponding to order o;, once inside pipe p, must be
pushed out of p before any volume that moves along the R direction in p can be injected
into p. This also implies that volumes are never injected to or extracted from the same
route segment more than once.

Let Pr and Dem be, respectively, the sets of productions and demands received from
the planning phase, i.e. with their tanks already assigned. In this model, productions and
demands are represented as delivery orders with routes designated as empty. Formally,
Pr,Dem C O and for all o; in PrUDem, we have route(o;) = ). In addition, production
orders have their destination tanks specified and their origin tanks left as empty. Demand
orders have their origin tanks specified, and their destination tanks left as empty. In this
way, the relations between production, demand and delivery orders can be handled in a
transparent and uniform manner.
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The Order Viewpoint

The order viewpoint handles the problem globally, focusing on constraints that define
valid time bounds for each order. These bounds are related to maximum flow rates,
disjunction of pipeline operations and tank capacities. If any of these time bounds violate
an order’s deadline or an inventory constraint, the delivery order set is clearly infeasible.
Otherwise, they will help ruling out invalid order sequences.

We define the concept of an activity [30] before describing the model variables. An
activity is a structure composed of two variables: a start time variable and a duration
variable. For clarity, we will also consider that activities contain an end time variable,
which is clearly the sum of its start time and its duration variables. A variable var of an
activity act will be represented here as Var(act).

Due to the indivisibility and strict flow direction properties, each order will be repre-
sented by two activities for each segment of its route, symbolizing the time intervals in
which the order occupies the extreme points of the pipeline. Formally, for each o; € O and
and p € route(o;), we define two activities, snd;, and rcv; ,. The first activity represents
the time interval during which the volume from order o; was pumped into p, while the
second represents the time interval during which the volume from order o; was pumped
out of p. In this way, we have explicit variables that describe the times when an order’s
volume is being injected in and extracted from a pipeline. This representation is depicted
in figure 5.

Note that such activities do not necessarily represent continuous operations. In other
words, the start time represents the initial instant in which the first volume unit was
pumped into, or out of, the pipeline and, similarly, the end time is the instant in which
the last volume unit was pumped into, or out of, the pipeline. Therefore, it is possible to
create more than one pumping operation for each activity, as long as their start and end
times observe the time interval imposed by the activity. This concept accommodates for
the possibility of an intermittent behavior during the execution of an individual order. As
mentioned earlier, breaking activities into pumping operations is not dealt with at this
stage.

Simple linear constraints can be used to ensure bounds on flow rates and to state
delivery deadline constraints. There is no explicit variables for flow rates, since we are
only interested in a lower bound for the duration of activities (restriction 7 in section 2).
Let max_flow_rate, 4, be a constant representing the maximum flow rate in pipeline p,
for direction d, and traversing product pr. For each o; € O and each p € route(o;), we
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Figure 5: Activities for each pipeline in a delivery order’s route.

let:
EndTime(rcv;,) < deadline(o;), (1)
Duration(snd; ) X max_flow rate, girection; ,product(o;) = volume(o;), (2)
Duration(rcv; ,) X max_flow_ratey airection; , product(o;) = Volume(o;). (3)

Before an order exits a pipeline, it must first traverse the full pipeline extension.
Therefore, for a given order, the time elapsed between its send and receive activities in
a pipeline must be at least the time necessary for its volume to traverse the full pipeline
extension at the maximum flow rate. Let product(o;) be the product associated with
order o;. For each o; € O and p € route(o;), we require:

1
StartTime(rcv;,) > StartTime(snd, ,) + { volune(p) J . (4)

max _flow rat €p,direction; ,,product(o;)

By the route definition, when an order is being pumped out of one of its intermediate
segments it must be immediately pumped into its next segment, and without volume
loss. Equivalently, while a receive activity is being performed in an intermediate segment,
a send activity must be performed in the subsequent segment at the same time. This
relationship can be easily modelled with the activity variables, as illustrated in figure 6.
It consists of unifying [29] consecutive send and receive activity variables in the following
way. For each o; € O and for each pair (p;, p;1) of consecutive pipelines in route(o;),
simply let:

StartTime(rcvy,) = StartTime(snd;y,,), (5)
EndTime(rcvip) = EndTime(snd;p,,,). (6)
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Figure 6: Connection between two consecutive pipelines in an order’s route.

Order activities related to a same pipeline must all be disjunctive with respect to time
(restriction 7 in section 2). That is, a send (or receive) activity from a certain order
must not overlap with the send (or receive) activities of other orders that share common
pipelines. In order to guarantee this, we use the global constraint disjunctive. For all
p € P, let

disjunctive({snd, , : Vo, € O, p € route(o;)}), (7)
disjunctive({rcv; , : Vo, € O, p € route(o;)}). (8)

Next, we define two new activities: ext; and inj;, representing volume extraction
and injection, respectively, at the origin tank origin(o;) and destination tank destin(o;)
associated with order o;,. Volumes injected into and extracted from tanks must not overlap
in time as well. For all £ € T, let

disjunctive({ext; : Yo, € O,origin(o;) =t} U {inj; : Vo, € O, destin(o;) =t}). (9)

Production and demand orders must occur within their corresponding time frames,
satisfying the inventory constraints described in section 2.3. For each o; € Pr, let

StartTime(ingj;) > ProductMinStartTime(o;), (10)
EndTime(inj;) < ProductMaxEndTime(o;), (11)
and for each o; € Dem, post
StartTime(ext;) > DemandMinStartTime(o;), (12)
EndTime(ext;) < DemandMaxEndTime(o;). (13)

But note that tank capacities must also be taken into account. This is achieved by
using a global constraint called a reservoir [30]. Reservoirs are resources that contain a
minimum, a maximum, and an initial level. Activities can both increase the level (volume
injection) or decrease the level (volume extraction) from reservoirs over time. These
levels can be used to implement a tank’s initial volume as well as its capacity. A link
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between activities and reservoirs is defined using the keywords consumes(capacity) and
produces(capacity). For a reservoir TkRes;, where t € T, we must have for each o; € O:

ext; consumes(volume(o;)) TkResSorigin(o;) (14)

inj; produces(volume(o;)) TkReSgestin(o;)- (15)

Finally, the relationship between send (receive) variables and tank activities is anal-
ogous to those for pipeline volume transmissions. While an order’s volume is being ex-
tracted from a tank, it must be immediately pumped into its first route segment. Similarly,
a volume is immediately injected into its destination tank while it is being pumped out
of its last route segment. For each o; € O, letting py and p,, be the first and last pipeline
along route(o;), respectively, we state:

StartTime(snd; p,) = StartTime(ext;), (16)
EndTime(snd,; p,) EndTime(ext;), (17)
StartTime(rcv;p,,) = StartTime(ing;), (18)
EndTime(rcv;yp,,) = EndTime(ing;). (19)

In summary, the constraints posed in the order viewpoint ensure the time consistency
of orders, force deadline satisfactions, and also guarantee that operations at each pipeline
and at each tank are always disjunctive. The inventory constraints are enforced in this
viewpoint as well.

The Operations Viewpoint

The main intuition for this viewpoint relates to the rules for volume injection and extrac-
tion at pipeline extremities. Although some time bounds and disjunctions were established
in the order viewpoint, it is still necessary to model the fact that, for a certain volume
to leave a pipeline, the same volume must be pumped into the other extremity. This
restriction imposes precedence relations between orders, and also further restricts activity
time bounds. To capture these conditions, we state additional restrictions among the
send and receive activities of different orders. These restrictions, basically, impose that
a send activity is performed if and only if a receive activity occurs at the exact same
time. Restrictions such as variable flow rates, which depend on the sequence of products
inside a pipeline must also be considered. The model that implements these relations is
described next.

We introduce a new activity structure for this viewpoint by defining operation ac-
tivities. Besides start time, end time and duration variables, an operation activity also
has other variables associated with it, namely a volume, a product, a direction, and an
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order variable. Operation activities will be bound to orders: the order variable can be
seen as a pointer to the corresponding order in the O set, while the other operation or-
der variables will represent values for the remaining order constants (the order’s product,
volume, directions, and so on). Moreover, operation activities will be created in a way
that accommodates a more intuitive and compact representation of a pipeline operational
behavior.

For each pipeline p € P, we define two sequences of operation activities, SndPipe,
and RcvPipe,. The i-th element of the sequence SndPipe, is denoted by sndOp;,
and, similarly, rcvOp;, denotes the i-th element of the sequence RcvPipe,. The size
of each sequence is the number of orders that traverse the corresponding pipeline, that
is, |SndPipe,| = |RcvPipe,| = |{0; : 0; € O, p € route(o;)}|. Moreover, we consider that
both sequences are time ordered, as enforced by the following constraints.

StartTime(sndOp;,) >  EndTime(sndOp;jy),

V sndOpj p, sndOp;,, € SndPipe,, i > j, (20)
StartTime(rcvOp;,) > EndTime(rcvOp;,),
V rcvOp; p, rcvOp;,, € RevPipe,, i > j. (21)

The intended meaning of the operation activities in SndPipe, and in RcvPipe, is
similar to the send and receive activities in the order viewpoint. Their timing variables
represent the period of time during which the corresponding volume is occupying the
extreme points of a pipeline. That is, the time variables of an activity sndOp € SndPipe,
represent the time interval during which the volume specified by its volume variable is
being injected into p. In the same vein, the time variables of an activity rcvOp € RcvPipe,
give the time interval during which the volume, specified by the corresponding volume
variable, is being extracted from p. Note that constraints (20) and (21) already enforce
the precedence relation between such orders, i.e. the volume corresponding to operation
activity sndOp; , will necessarily be pumped into p before the volume corresponding to
activity sndOpjp, if © < j. Similarly for the operation activities in a RcvPipe, sequence.
As a result, by binding orders to operation activities at each pipeline, we can enforce the
pipeline order sequences.

For instance, consider the example showed in the figure 7. Suppose we have six orders,
labeled A to F', all with volumes traversing the pipeline as depicted in the example. The
SndPipe, and RcvPipe, sequences will have each 6 operation activities, labeled 1 to 6.
As order A is bound to send operation activity 1 and B is bound to activity 2, order A
will have its volume pumped first into the pipeline. In a similar way, order C', bound to
the receive operation activity 5, will have its volume pumped out first than will order D,
which is bound to receive activity 4.
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Figure 7: Case when the send and receive activity sequences are different.

Most importantly, note that a SndPipe, sequence is not necessarily the same as a
RcvPipe, sequence, due to the fact that the flow direction in a pipeline may change. In
the previous example, if activities C', D and FE indicate flow reversals, i.e. they flow along
directions NR or RN, then they will be pumped out of the pipeline in reverse order. See
also figure 3.

Using the previous representations for operation activities we can model pipeline flow
direction, interface constraints, and the pipeline operational behavior. For that, we make
use of a special structure, called a pushing graph, to be detailed next.

Flow Direction. Flow directions in a pipeline must be consistent. For instance, if an
activity has its direction attribute set to IV, then the next activity along the same pipeline
must necessarily have its direction attributes set to N or NR. Direction attributes such
as R and RN are only consistent after a sequence of NR activities whose total volume is
equal to the pipeline volume, as required by restriction 10 in section 2. Attribute RN is
treated in a similar way.

In order to ensure flow direction consistency, we use the global constraint Table Con-
straint [30]. First, we define a set of pairs that represent valid directions for any two
consecutive activities. In our case, the set is

ValidPairs = { (NV,N),(R, R),(NR,NR),(RN,RN)(N,NR),(NR, R),
(R,RN),(RN,N),(NR,RN), (RN, NR)}.

Next, we invoke table constraints over the direction variables in order to enforce that
only valid pairs of consecutive operation activities can occur. For each p € P and each
ie{l,...,|SndPipe,| — 1}, we post

table_constraint <Direction(snd0pi,p), Direction(sndOp;1,), Val idPairs) . (22)

table_constraint (Direction(rchpr), Direction(rcvOp;+1,p), Val idPairs) . (23)
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As for pipeline reversals, a special global constraint reversal was created, encapsu-
lating the rules for flow direction reversal. It ensures that maximum sequences of NR or
RN operations have their total volume sum equal to the corresponding pipeline volume.
It will also ensure the proper sequence of send and receive orders during flow reversals,
as illustrated in figure 7.

Due to space considerations, this global constraint will not be described in full de-
tail. Instead, we give intuition on the general mechanism of such procedures. For each
operation activity op € SndPipe, U RcvPipe,, a new integer variable, called a group, is
created. We state that two or more variables have the same value for the group variable
if and only if they are part of the same maximum sequences of NR or RN operations.
This property is implemented for the sequences SndPipe, and RcvPipe, separately. For
each p € P and each i € {1,...,|SndPipe,| — 1},

Group(sndOp; ) = Group(sndOp;41,) <= Direction(sndOp; ) = Direction(sndOp;i1,)

(
Direction(sndOp;, ,) € {RN, NR},

Group(rcvOp; ) = Group(rcvOp;i1 ) (
Direction(rcvOp; ) € {RN, NR},

Group(sndOp; p) Group(sndOp;1 ),

|/\|/\>ﬂ

Group(sndOp; ) Group(rcvOp;t1,).

The following conditions, implemented using set constraints [30], ensure that the max-
imum sequences must sum to the pipeline volume. Let Gy = {op;, : Group(op;,) =
k, Direction(op;,) € {RN,NR}}. For each p € P and each possible value k for the
group variable,

Z Volume(sndOp;,) = Volume(p), (28)
sndOp;,p€GrNSndPipey
Z Volume(rcvOp;,) = Volume(p). (29)

rcvOp; p €GrNRevPipey

The group variables are also used to ensure the correct inverse bind sequence in flow
reversals. First, it is necessary to guarantee that a send and receive operation activity
have the same group value if and only if they are bound to the same order. For each
p € P and each distinct 4,5 € {1,...,[SndPipe,|},

Order(sndOp; ;) = Order(rcvOp;,) <= Group(sndOp; ) = Group(rcvOp;,).  (30)

If two send activities have the same group variable value, then the receive binding

Direction(rcvOp; ) = Direction(rcvOp;11,)
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sequence is the inverse of the send bind sequence. Thus, we have to impose the following
conditions, for each p € P and each i,j € {1,...,|SndPipe,|}.

Group(sndOp; ,) = Group(sndOp;,,) A\ Direction(sndOp;,) € {RN, NR} <= (31)
dk <1 st. Order(rcvOpy,p) = Order(sndOp;,) A Order(rcvOp ) = Order(sndOp; ).

The global constraint reversal implements condition 31 in a more compact and ef-
ficient way. Furthermore, additional conditions are posted so as to enforce propagation,
thus linking the channelling variables discussed in section 4.3 with the above flow direction
restrictions.

Interface Constraints. The interface constraint (see restriction 8 of section 2) requires
that we identify which volumes are in contact inside a pipeline. Contact between volumes
corresponding to consecutive orders in a time ordered sequence can occur in two scenarios.
First, if the orders specify the same pipeline flow direction. Secondly, if a reversal is about
to begin (in a send operation activity sequence) or is about to end (in a receive operation
activity sequence). Note that, in the latter case, the pipeline ordering will be inverted.
Thus, if CompatiblePairs is a set of compatible product pairs, the interface constraints
can be enforced as follows. For each pipeline p and each i € {1,...,[SndOp,| — 1},

Direction(sndOp; ,) = Direction(sndOp;11,) V (32)
(Direction(sndOpm), Dzrectzon(sndopiﬂ,p)) e {(N,NR), (R, RN), (NR, RN), (RN, NR)}

—> table_constraint (Product(sndOp,-vp), Product(sndOp;41 ), Compat iblePairs) :
Direction(rcvOp; ) = Direction(rcvOp;1,) V (33)
(Direction(rchpr), Dz'rectz'on(rchpiH,p)) € {(NR,R),(RN,N),(NR,RN), (RN, NR)}

— table_constraint (Product(rchpm), Product(rcvOp;1 ), Compat iblePairs) .

The Pushing Graph. The main idea of the operations viewpoint is to take advantage
of time ordered sequences for the purpose of modelling the pushing of volumes inside
pipelines. To clarify, let rcvOp;, € RcvPipe,. The volume associated with rcvOp;,
can only be received when an activity sndOp;, € SndPipe, is being simultaneously
injected at the other extremity of pipe p. As such, we say that activity sndOp;, pushes
activity rcvOp;, out of p. As a consequence, the intersection between the corresponding
time intervals must not be empty. In order to correctly establish this relationship, a
special structure, called a pushing graph, is introduced. It largely explores the pre-defined
precedences between operation activities in both sending and receiving sequences.
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Figure 8: Example of edges in the pushing graph for a single pipeline.

A pushing graph is a digraph G = (V, E') where each vertex v € V' C O x P represents
an order o € O and a pipeline p € P. For simplicity, we will use the notation v = (o, p)
for vertices. Clearly, we can only have a vertex v = (o,p) if p € route(o). Now, let
v = (0;,p) and w = (0j,pm). In the pushing graph, there is an edge (v,w) € E if and
only if an operation activity sndOp, ,,, bound to order o;, pushes an operation activity
rcvOpy .., bound to order o;, out of pipeline p,,. From now on, we will use the notation
v — w when (v,w) € E.

Figure 8 shows an example of a pushing graph for a network composed of a single
pipeline p having a volume of 75 units. In the figure, orders A, B, and C need to be
sequenced, where volume(A) = 30 units, volume(B) = 45 units, and volume(C) = 65
units. Three vertices are thus created: (A,p), (B,p), and (C,p). Suppose that both
the sending and receiving operation sequences are exactly A, B, and C. After activities
sndOp; , and sndOp,, are executed, we can infer that the pipeline is entirely filled with
the volumes corresponding to orders A and B. As such, when sndOps, is executed, the
volume associated to order C' will push out of the pipeline a certain amount of the volumes
corresponding to orders A and B. This shows that there is a time relationship between
activity sndOp; , and the activities rcvOp; , and rcvOps . Therefore, a direct edge from
vertex (C,p) to vertices (A, p) and (B, p) is inserted in the pushing graph. Furthermore,
it is also possible to calculate the actual volumes associated with each of these edges, a
volume that will be pushed out of the pipeline when activity sndOps, is executed. As the
volume from order A leaves the pipeline first, it will consume 30 units from order C. The
remaining volume associated to order C' namely, 35 units, will push out of the pipeline
part of the volume associated with order B. In the figure, these numbers are represented
above the corresponding edges.

The pushing graph is initialized with the complete set of vertices and by letting E = ().
The edges are dynamically created by monitoring the corresponding volumes and variable
domains when operation activity bindings occur during the labelling process. This relation
is bidirectional: if new edges are added, a propagation mechanism is invoked to update
the variable domains accordingly.

The dynamic update of the pushing graph structure occurs as follows. Let p € P
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be a pipeline. A new variable acc; j, is created for each operation activities sndOp;, €
SndPipe, and rcvOp;, € RcvPipe,, where ¢ > j. It represents the volume in p before
inserting the total volume associated to activity sndOp;, and after extracting the to-
tal volume corresponding to rcvOp;,. This volume is known as the accumulated value
between the activities. For instance, accs 1, = 35 units in the example depicted in figure 8.

As the send and receive sequences are time-ordered, it can be shown that sndOp;,
never pushes rcvOp;, out of p, if i < 5. Thus, for each ¢ > j the acc; j, variables can be
represented by simple constraints. We let:

acc; jp = Z volume(rcvOpy, ) — Z volume(sndOpy.). (34)

k<j k<i

If acc; j,, > volume(p), then it is not possible for the volume associated with sndOp; ,
to push the volume corresponding to rcvOp;,, inside p since a quantity greater than or
equal to the pipeline volume was already injected in the pipeline between both such
volumes. On the other hand, if acc; ;, + volume(sndOp; ,,) + volume(rcvOp; ) is at most
volume(p), then the volume in sndOp;, does not suffice to completely push the volume
of rcvOp;,, out of the pipeline. We state the following edge-existence constraints:

3 edge (Order(sndOp; ), p) — (Order(rcvOp;,), p) (35)
<

lacc; j,, < volume(p)] A [acce; jp, + volume(sndOp; ) + volume(rcvOp;,) > volume(p)].

We also define a function pvol : E — R,. For an edge (0;,p;) — (0j,p;), pvol
represents the volume of order o; in pipeline p; that was effectively used to push the volume
corresponding to order o; out of pipeline p;. In figure 8, pvol(e) is the number above edge
e. Note that such volume is not necessarily the total volume of one of the orders; o; can
push several other orders out of a certain pipeline and, similarly, o; can be pushed out
of a pipeline by several other orders as well. The function pvol can be calculated by the
following relation, where e = <(Order(snd0pi,p),p) — (Order(rchpj,p),p)):

pvol(e) = min {volume(rchpj,p), volume(rcvOp; ;) (36)
+ volume(sndOp; ) + acc; j, — volume(p)}

— max {0, volume(rcvOp; ) + acc; jp — volume(p)}.

Using constraints (34), (35), and (36), extended for all p € P and their operational
activities, the pushing relations at individual pipelines can all be enforced. A simple
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procedure is used to guarantee edge creation in the pushing graph, thus providing a global
view of all pushing operations. It is described next.

First, we define two new functions invol : E — R and outvol : E — R. Take an
edge e = (0;,p;) — (0j,p;). The value invol(e) represents the volume of order o; that
has already been injected into pipeline p; immediately before it starts pushing the volume
corresponding to order o; out of pipeline p;. Similarly, the value outvol(e) represents the
volume of order o; that has already left the pipeline p; immediately before the volume
associated with order o; starts to push it out of p;. For instance, in figure 8, let e =
(C,p) — (B,p). Then, we have invol(e) = 30 and outvol(e) = 0. The invol and outvol
functions can be easily calculated by changing equation (36) appropriately.

For clarity, we define two similar functions: afterinvol and afteroutvol. The first
represents the volume of order o; that has been injected into pipeline p; after it pushed
volume puol(e) of o; out of pipeline p;. The second represents the volume of order o;
that has left pipeline p; after the volume pvol(e) was pushed out of p; by the volume
associated with order o;. Clearly, afterinvol(e) = invol(e)+pvol(e) and a fteroutvol(e) =
outvol(e) + pvol(e). In figure 8, if e = (C,p) — (B, p), then we have afterinvol(e) = 65
and afteroutvol(e) = 35.

Let pu, pmy1 be two consecutive pipelines along the route of an order o. Also, let
v,w € V, and with edges v — (0,pn) and (0,ppy1) — w in E. In direct volume
transmissions between pipelines, a situation enforced by constraints (5) and (6), we can
post

[outvol(v — (0,pm)), afteroutvol (v — (o,pm))} (37)

N [mvoz((o, Drst) = W), afterinvol((0, pmss) — w)] £0
— vV —w.

The pushing relations are transitive along a route, provided there is an intersection
among the invol and outvol intervals. This transitivity is a mathematical view of the
following fact. While a volume associated with v is pushing a certain volume of o out of
pipeline p,,, this same amount of volume is being directly transmitted to pipeline p,, 1.
As such, it will also push some volume out of pipeline p,,.1, corresponding to order w in
our example. Therefore, a volume corresponding to v in pipeline p,, is pushing a volume
associated with w in pipeline p,,,1. So, an edge must be created between vertices v and w.
Hence, every time a new edge is dynamically inserted in G, the propagation mechanism
will try to add new edges using condition (38), thus defining a global precedence relation
between pipelines and their activities. The pvol of the new edge will be the minimum of
the pvol of both previous edges. We post the following constraint when a new edge e is
added to the graph of a pipeline p € P, to state the time dependency between activities
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sndOp,; and rcvOp, ;, both related to edge e:

[Starth'me(sndOpi,p), Ende'me(sndOpi,p)] ﬂ

[StartTime(rchpj,p), EndTime(rchpjm)] # 0. (38)

Also, let MaxFl; be a variable representing the maximum flow rate for activity
sndOp, ;, related to variable Product(sndOp,;), and let MaxFl; stand similarly for ac-
tivity rcvOp,, ;. We state:

volume(sndOp; ;)
’ < MaxFl,
{Ende’me(sndOpi,p) — StartTime(sndOp; ;) | — axkl; (39)
volume(rcvOp; )
’ < MaxFl;. 40
{Ende’me(rchpj,p) — StartTime(rcvOp;,) | — ar (40)

The pushing graph is capable of ensuring complex precedence relations, as it provides
a global view of the pumping conditions of all activities. Moreover, it is clear that it can
be seen as a network flow graph as well: the pvol sum for the edges that push the volume
of an order o in a pipeline p must be equal to the pvol sum for the edges representing the
orders pushed by the volume of 0. The value of this sum is precisely volume(o). Clearly,
then, in order to enhance domain reductions, we can use a flow global constraint [27]
involving sequences of send and receive variables.

Channeling Variables and Constraints

Finally, it is necessary to bind orders to operation activities, thereby connecting the order
viewpoint to the operations viewpoint. This can done by defining positional variables
sndPos;, and rcvPos, ,, accounting for the positions of, respectively, the send and receive
activities of order o; at pipeline p € route(o;).

First, two different orders can not be associated to the same pipeline position. We use
alldifferent global constraints [29] to enforce this restriction. For each p € P, we let

all_ diff ({sndPos;, : 0, € O, p € route(0;)}), (41)
all_ diff ({rcvPos;, : 0; € O, p € route(o;)}). (42)

The order and operation viewpoints can be easily connected using the element con-
straint [29] together with positional variables, as follows. For an element constraint
2z = x,, where x,y are variables and z is either a constant or variable, we use the notation
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element(z,x,y). We state

element(StartTime(snd, ), StartTime(sndOpy ), k = sndPos; ), (43)
element(EndTime(snd;,), EndTime(sndOpy. ), k = sndPos;,), (44)

and, for all o; € O and all p € route(o;), we state further:

element(o;, Order(sndOpy ), k = sndPos; ), (45)
element(volume(o;), Volume(sndOpy,), k = sndPos; ), (46)
element(direction(o;), Direction(sndOpy,), k = sndPos; ), (47)
element(product(o;), Product(sndOpy ), k = sndPos; ). (48)

A similar set of constraints is applied to the receive sequences.

It is also necessary to enforce sndPos;, = rcvPos;, if and only if direction(o;) €
{N, R}, that is, the order is not related to any pipeline flow reversal. The other cases
are handled by the global constraint reversal, described in section 4.3. At last, we note
there are positional variables for sequencing orders in tanks as well, which are modelled
in a similarly way. But note that, as tanks do not involve operation activities, the corre-
sponding restrictions only involve variables from the order viewpoint model. Since they
are simpler and declared analogously, they will be omitted due to space considerations.

Free Delivery Orders

Only minor changes to the previous modelling are necessary in order to handle free orders.
Among them, in the order viewpoint, volumes and products should be changed from
constants to variables in all constraints. Also, Alternative Resource Set [30] constraints
can be used to guarantee that origin and destination tanks are assigned to all free orders.
The operations viewpoint model remains unchanged.

Search Strategy

The search strategy refers to the algorithms responsible for finding a feasible solution
to the CP problem. In the sequencing model, a solution is found by labelling only the
positional variables. The constraint propagations in the order and operations viewpoint
models ensure the satisfaction of the problem restrictions. Also, time variables do not
need to be labelled since we are only interested in valid time bounds for order satisfaction,
given by the minimum and maximum values of the resulting domains.

Different types of search strategies were tested in order to solve the sequencing model.
The currently implemented version is shown in Algorithm 2. It combines a backtracking
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mechanism [29] with a special variable ordering strategy. The algorithm has two consecu-
tive parts: disjunctive components determination and adaptive backtracking. More details
about each part now follow.

Algoritmo 2 Procedure for search strategy

1: procedimento

2 Identify network disjunctive components C

3 Para each c € C faca

4 Build resource graph G(c) and sort it topologically, obtaining order N
5: N’ := N; k :=initial _k

6 enquanto N’ # () faga

7 p := first element from sequence N'; N’ := N'/{p}

8 Label positional variables, and volumes/tanks in case of free orders
9 se fails in labeling > k and not cyclic condition entao

10: k := k+incremental factor; N’ := N

11: Move p to the beginning of sequence N’
12: fim se

13: fim enquanto

14: fim Para
15: fim procedimento

Disjunctive Components Determination. A disjunctive component is defined as a
subset of the network which can be sequenced separately, without affecting other regions.
Two pipelines belong to the same component if they are both contained in a route asso-
ciated to some order. The same reasoning applies to tanks. Therefore, it is possible to
deal with smaller search spaces, as each component has its own backtrack tree.

The disjunctive component determination also gives some room for parallelism during
execution, although it was not implemented in the current experiments.

Adaptive Backtracking. We implemented backtracking using the positional variables
for each pipeline and each tank. The term adaptive stems from the fact that we used a
restart strategy [31].

The labelling process is done for each pipeline and each tank separately, both treated
as resources. Given an initial resource ordering N, all the positional variables of a resource
are labelled before the labelling of the next resource. In case the number of fails (i.e.,
failed value assignment to positional variables) reaches a parameter k during the labelling
of a resource, the ordering N is changed dynamically, as described shortly. The process
is then restarted.
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The values of positional variables are randomly chosen, giving higher probabilities to
orders with the earliest deadlines. For free orders, volumes, products and tanks are set
after their respective positional variables are labelled.

The initial sequencing is constructed as follows. Firstly a resource graph is created,
in which nodes represent resources and there is a direct arc from node p to ¢ if there
is a consecutive pair (p,¢) in a route associated with some order. In case there are two
arcs (p,q) and (q,p), only the one associated with the order having the earliest deadline
is maintained. Secondly, the graph is topologically sorted, the result being the desired
initial sequencing. Clearly, this strategy considers first those pipelines or tanks with the
least number of volumes that are injected directly from other pipelines.

After the occurrence of k fails involving a resource, the backtrack tree is reinitialized
with that resource as the first element in the topological ordering, and k is incremented
by a constant. This implementation was motivated by the fact that, during test runs,
it was observed that a fair number of fails were caused by earlier decisions taken when
instantiating variables associated to pipelines in the given sequencing. We empirically
determined that & = 150 was a good increment. Also, some precautions were taken to
avoid the repetition of pipeline sequences that have already been tried, as indicated in
step 9 of Algorithm 2.

4.4 'The Scheduling Sub-problem

The second sub-problem of the complete CP model is solved by a simpler constraint
model which is responsible for assigning the exact times to pumping operations, respecting
forbidden alignment configurations and avoiding simultaneous pipe usage. Once a solution
to the sequencing model is found, we already have the sequencing of all orders at each
pipeline and at each tank.

The pumping operations are created by simply checking the edges of the pushing
graph, as explained in section 4.3. They already represent the minimum number of
pumping operations required, given the way the graph is generated. For each edge, a
new type of send and receive operation is created, with the corresponding volume set to
pvol. Additionally, a procedure for unifying such activities was built in order to reduce
the number of variables in the model. Basically, it analyzes paths in the pushing graph,
checking if activity attributes such as volumes and times are the same. A simple example
can be seen in figure 9. If activity A; pushes activities A; and A;;, four operations will
be created. However, only two operations are truly required, since Op} is the same as
Op{, and similarly for Op} and Op{“. This procedure can be efficiently implemented by
simply decomposing paths in the pushing graph.

Let Dep be the set of depots, and let PumpOpsy give the pumping operations that
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Figure 9: Example of activity unification.

will start at depot d, for each d € Dep. The simultaneous sending constraints can be
enforced using a discrete resource, DiscSendingg. Such a resource limits the number of
simultaneous operations to a certain maximum number [30]. Thus, we associate each
operation in PumpOpsy with its respective resource DiscSendingy, and with an input
value limit set to DepotMaxSimultaneousOperations,. The constraints are, for all d €
Dep:

pumpOp requires DiscSendingy : V d € Dep, pumpOp € PumpOps, (49)
MaxCapac(DiscSending,) = DepotMaxSimultaneousOperations,. (50)

Similarly, the forbidden alignment configurations are enforced using discrete resources
AlignDisc, 4, one for each alignment restriction a and depot d. The operations associated
with each resource are easily identifiable by checking their product type and flow direction.
Assume that the forbidden alignment configuration set at depot d is given by Aligng. For
each a € Aligng, let OpAlign,, be the set of pumping operation tuples of size |al, starting
in d, that might violate the alignment conditions. This latter case is easily identifiable by
just checking product types and flow directions. We then state, for all d € Dep and all
a € Aligng:

pumpOp requires AlignDiscq, : pumpOp € OpAligng, (51)
MazxCapac(AlignDiscq,) = |a|] — 1. (52)

The time variables are labeled with the least possible value in their domains. This
forces pumping to start as soon as possible. In case a failure ensues, a new sequencing
solution is requested, most certainly a different one, due to the randomizations present in
the previous model.
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4.5 A Running Example

In this section we use a small running example to illustrate important aspects of the plan-
ning and scheduling phases. To this end, consider the net topology depicted in figure 10.

We have six depots: Dy, ..., Ds. Products Fy and F; need to be pumped from D,
and D5 to D; and Dy, respectively. Right next to each depot we have two tanks. For
example, at depot Dy we have tanks Tyog and Ty for products Fy and Fy. At the initial
instant, tank Tpoo contains 5 units of volume, indicated by writing 5u inside the rectangle
representing that tank. At time 2, tank Ty9 at depot D; contains 15u of volume, and
so on. Note that depots Dy and D3 are just junctions, there is no storage tanks next to
them.

There are 5 pipelines depicted in the figure: Py, ..., P;. We assume, for simplicity, that
all pipelines have capacity of bu and have all the same length. Flow rates are assumed to
be constant all over the network.

In order to move products from Dy and D5 to Dy and Dy, respectively, we will use
four routes. They are:

1. Ry = DyPyDsPyDsPy Dy
2. Ry = D5P3DsPyDyFPyDy
3. Ry = DyPo D3P, Dy Py D
4. R3 = DsPsDsPyDs P, D,

Inside the rectangle representing each pipeline, we indicate the product it contains, as
well as the route assigned to that product. For example, at time 1 pipeline P, contains
5u of product Fy on route Ry. Note that Ry is a direct route from D4 to Dy; it will be
used to move Hu of product Fy from Dy to D;. Also, R; goes directly from D5 to Dy and
will be used to move 5u of F; from D5 to Dy. Suppose that the planning phase generates,
for some reason, orders to send 5u of fuel Fy on route Ry and another 5u of fuel F; on
route R;. Note that both these routes include pipe Py, and so the flow will have to reverse
direction at that pipe, so as to accommodate for the passage of Fy and Fi through it,
but in opposite directions. We can use the routes R, and R3 to accomplish this reversal
but, as a result, the planning phase will have to generate free delivery orders to make this
happen.

At the beginning of the planning horizon all pipes are completely filled with products
already routed to their destinations. For one such product, the route starts at the pipe
where the product is at the beginning of the planning horizon and describes the sequence
of depots and pipes to be traversed by the product until it reaches its destination depot.
In other words, for products that start in some of the pipes, their routes are suffixes of
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one of the four routes R;. We can see this by examining figure 10 at time 0. At that time,
pipe P, contains 5u of fuel Fj on the shortened route Sy = P,D3P;D,. Note that Sy is a
suffix of the full route Ry. The shortened routes that concern us in the example are:

1. Suffixes of R()I (1) Sl = P1D1> (11) 52 = P2D2P4D3P1D1, and (111) 54 = P4D3P1D1.
2. Suffixes of Rli (1) SQ = PQDQ, and (11) 53 = P3D3P4D2POD0.

Now, lets follow some actions that could happen at the planning phase. Suppose that,
at the beginning, we have a demand of 15u of fuel F; at depot Dy at time 10. The
planning algorithm notices that we already have 10u of Fj in the pipelines, namely, at
P3; and at Fy. Since it favors shortened routes because, potentially, they have smaller
travelling times, it generates two delivery orders: Oy = (0, Tyo1, F1, 5u, Sp, 10) and O =
(0, Too1, F1, 5u, S3,10). Notice the shortened associated routes. Since these volumes have
no origin depots, that data is written as () in these orders. We need some more 5u of F; to
be pushed to Dy. The shorter route from D4 or D5 to Dg is Ry (Rs also fits, but it is longer
and involves a flow reversal at P;). So, the algorithm generates one more delivery order:
Oy = (Th31, Toor, Fi, bu, Ry, 10). By this order, we request that 5u of Fj from tank 773 at
Dy to be sent to tank Ty at Dy, via route Ry. In order to satisfy the demand for 15u of
F} at Dy, the algorithm then generates another delivery order: O3 = (Tyo1, D, 15u, 0, 10).
Note that this order just discharges 15u of I} from tank Ty at time 10.

Further, suppose that at we have a production of 15u of F} at D5 at time 5. Although
this volume need not be used to satisfy the demand, it may be necessary at Ds in order to
push other products that are already waiting in pipes along routes R; and Rj3, and that
have more pressing deadlines to arrive at their destinations. In response, the planning
algorithm might generate a delivery order like Oy = (0, T131, 15u, ), 5), saying that tank
Ti31, at Ds, receives 15u of fuel by time 5.

The scheduling phase will distribute and allocate the orders in a way that all tanks
and pipelines capacities are respected. A typical sequence of movements, commented as
appropriate, could be as follows (see figure 10.):

From time 0 to time 1: Pumping from D,, with active route R,.

1. A free order injects bu of fuel Fy from tank Tis (at Dy) into Ps, on route Rs.
We denote this injection move by mg. Note that this volume is scheduled for
flow reversal at Py, later on. This free order would have been generated by the
planning algorithm.

2. Move mq pushes Fy from P, into Py, on route S,. It is easy to check that this
new move, denoted by my, is compatible with route 5.
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3. Move mq, in turn, pushes F, from P, into P;, on route S; and is compatible
with route Ss.

4. A free order generated by the planning algorithm extracts 5u of fuel Fy from
Pl into tank TOlO (at Dl)

From time 1 to time 2: Pumping from D,, with active route R,.

1. A free order injects bu of fuel Fy from tank Toeg (at Dy) into Ps, on route Ry.
This injection move is denoted by ms and would have been generated by the
planning algorithm.

2. Move mq pushes Fy from P, into Py, on route Ry. The latter move is denoted
by m3 and can be easily checked to be compatible with route Ry. This volume
on P, will reverse its flow on the next move.

3. Move mg3 pushes Fy from P, into P;, on route S5. The corresponding move,
denoted by my, is compatible with route Ss.

4. A free order generated by the planning algorithm extracts 5u of fuel Fy from
P1 into tank T010 (at D1>

From time 2 to time 3: Pumping from D5, with active route R;.

1. A free order injects 5u of fuel F} from tank T3 (at Ds) into P, on route Rj.
This free order would have been generated by the planning algorithm and is
denoted by ms.

2. Move mjy pushes Fi from Pj into Py, on route S3. The resulting move, denoted
by mg, is clearly compatible with route S3.

3. Move mg pushes Fy from P, into F,, on route R,. This move is compatible
with route Ry, and its volume reverses the flow direction in Pj.

4. Order Oy extracts 5u of fuel Fy from Py into tank Tyo; (at Dg). This is a free
order generated by the planning algorithm.

Note that we had five free orders generated by the planning algorithm. Also note that
order Oy has been serviced already. Further, the volume of Fj, of order O; is now in pipe
Py and the the volume of Fj, of order Oy is now in pipe P3. Hence, we have now bu of
fuel F in tank Typ;, and we have 10 more units of F} in the pipeline. If they arrive by
time 10, we will guarantee enough of F; at Dy to satisfy the demand specified by order
Os. Finally, production order O4 can now inject 15u of F} in tank Ti3;, at Ds. We see
that tank Ty3; is already empty by time 3 and, if it remains empty by time 5, it will be
able to accommodate the injection specified by order Oy.
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Figure 10: A small example.

5 Results

Solutions were obtained on a Intel Pentium D 3.40 Ghz CPU platform, with 4GB of
memory. The planning and scheduling phases were coded in C++ and compiled using
GCC-4.0. The CP model was solved using ILOG Solver 6.2 and ILOG Scheduler 6.2,
with medium to high propagation enforcement.

We used four real field instances to test the models. The first two rows in Table 3
indicate the planning horizon and the number of deliver orders generated by the planning
phase, respectively, for each of the test instances. The remaining lines give details of
typical runs. All instances share the same network topology of 14 depots, 30 pipelines, 32
different product types and 242 tanks distributed among the depots. Pipelines volumes
range from very small 30 m® capacity pipes up to 8,000 m® volume pipes. Most of the
tank capacities are between 4,000 and 30,000 m?.

Figure 11 shows the total tankage in all depots for product groups LPG, Diesel, Gaso-
line, and Naphtha in two different instances. Here, a group is formed by gathering prod-
ucts with the same composition but different quality. For instance, in the Gasoline group
we have normal and premium quality gasoline. This grouping is used often by pipeline
operators. The figure displays volume variations over time in a typical solution, covering
the entire planning horizon. Note that, in certain cases, there was a reduction of more
than 15,000 m? in a single group, attesting to an intense use of the pipeline network.
Mainly, this volume variation indicates refilling activities necessary to maintain inventory
levels, specially for those lines connected to depots with low-capacity tanks. For this same
reason, some pipelines did not show the typical intermittent usage, but were continuously
used throughout the planning horizon (not shown in the figure). Also, notice from figure
11 that the algorithm maintained the final and initial stocks at similar levels.

In all cases, the solver found a solution with only one iteration between phases and in
a reasonable amount of computer time, e.g., within 10 minutes. The planning phase was
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Figure 11: Tankage Evolution for two instances.

slower because it has to iterate through many combinations of products, bases, routes,
and tanks for each order. Also, most variables of the scheduling phase were instantiated
as a result of constraint propagation making it run faster. The search heuristic, which
proved crucial in the planning phase, was also instrumental to improve other important
aspects of the solution quality, a fact attested by logistic engineers. For instance, usually,
the solution computed by the algorithm showed only a very small number of pipeline flow
reversions, the kind of operation that engineers prefer to keep to a minimum. Also, new
and interesting delivery routes were identified for some products. Some of them came as a
surprise to logistic engineers, who are biased towards using of the same traditional routes
they already know about from manually planning the network operation.

6 Conclusions

We proposed a novel procedure for generating feasible solutions for real instances stem-
ming from planning and scheduling the operation of a very-large pipeline network, used to
transport petroleum derivatives and ethanol. The operation of such a network is subjected
to a complex set of physical and operational constraints. It makes possible the delivery
of oil and biofuel to local markets, as well as the storing of the excess production from
refineries. Using the CP paradigm, these constraints were adequately modelled. Prob-
lems of this size and complexity, as known by the authors, would not be solved by other
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Table 3: Solver and model statistics

Instance | 1 2 3 4
Horizon | 10 days 7 days 7 days 7 days
Orders | 924 645 724 693
Planning Phase Time | 4 min 5 min 4 min 6 min

Planning Phase Peak Memory | 78MB 61MB 67MB 63MB
Sequencing Model Variables | 37,326 21,381 25,938 24,315
Sequencing Model Constraints | 382,565 148,075 160,302 155,409

Sequencing Choice Points | 3,355 2,462 3,417 2,518
Sequencing Fails | 2,301 1,291 987 1,902
Sequencing Time | 2 min 1 min 1 min 1 min
Sequencing Peak Memory | 450 MB 240 MB 310 MB 270 MB
Scheduling Model Variables | 12,350 7,530 8,931 8,032
Scheduling Model Constraints | 27,088 16,768 19,231 18,292

Scheduling Choice Points | 1,516 1,164 801 1,810
Scheduling Fails | 301 429 210 120
Scheduling Time | 2 min 1 min 1 min 1 min

Scheduling Peak Memory | 450 MB 250 MB 290 MB 280 MB

Total Time | 8 min 7 min 6 min 8 min

approaches reported in the literature to date, in which much of the difficult constraints
and topologies are overlooked.

The algorithm has two phases. The planning phase generates the so called delivery
orders, which describe how product volumes should be transmitted between depots. A
delivery order contains information regarding product, volumes, origin and destination
tanks, as well as timing deadlines. In this phase, a number of randomized heuristics
work together in order to select appropriate depots, tanks and volumes so as to satisfy
demand and production schedules. The scheduling phase, on the other hand, creates an
ordering among the delivery orders and, further, assigns start and end times for each
delivery order, while observing all deadlines and operational constraints. Additionally,
it also assigns volumes and tanks for the so called free delivery orders. Several reasons
motivated the use of CP techniques to model the activities that comprise this phase.
Primarily, the scheduling problem is highly over-constrained and has several non-linear
constraints, easily modelled in the CP paradigm. Besides, the main goal was to search for
a feasible solution. Notably, the choice of variables for value assignment in the CP model
uses a special type of restart strategy. In case no solution is found in this phase, a new
set of orders can be requested from the planning phase.

The present modelling and implementation stage was reached after 2 years of problem
specification, data gathering, model development, and testing. The procedure is already
integrated with a proprietary flow simulation tool and the company is currently consider-
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ing it for routine use on a daily basis. The tool has already proved its value, showing that
it can save many valuable work hours of skilled engineers. Also, the tool allows for many
different planning and scheduling scenarios to be easily set-up and quickly tested, by vary-
ing local demand needs and production schedules at refineries. In this way, a significant
difference in the end-user daily routine is the ability to save many hours interacting with
the simulator when searching for a feasible and adequate solution.

There are several opportunities for further research related to this problem. First, new
real-world constraints are being considered to improve the adequacy of the overall model.
Such could include inventory management restrictions, limitations on energy use at critical
daily periods and at specific depots, and shut-down periods or partial operation intervals
for tanks and pipelines. Also, one can implement more sophisticated search heuristics for
both the planning and scheduling phases, making the overall approach capable of dealing
with more specific real instance classes. When modelling such new constraints, we feel
that the flexibility of the CP paradigm will again prove to be crucial. Finally, one can
consider objective functions that would help guide the heuristics. This would provide a
yardstick that could be used to gauge solution quality.
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Epilogo

A fase de planejamento aqui desenvolvida utilizou-se do conhecimento e experiéncia dos
operadores da rede para a construcao do conjunto de planos de entrega. Como visto, essa
construcao ¢é incremental, com um grupo de funcoes avaliando as possiveis propriedades de
um plano. Apds a avaliacao, a escolha da propriedade é aleatéria sobre um subconjunto
das melhores candidatos. Assim, planos sao criados para atender as demandas mais
urgentes através da rota que permita uma entrega mais rapida que cause o menor nimero
de reversoes. O tanque origem é aquele com maior volume disponivel do produto e o de
destino é aquele com maior espaco livre. Além disso, o volume do plano de entrega é
maximizado de acordo com os tanques escolhidos.

A criagao de cada plano tem como objetivo a satisfacao de uma demanda e o proced-
imento termina quando todas demandas tenham sido atendidas. Neste ponto, o conjunto
de planos pode ser alterado pelos operadores para satisfazer outras necessidades como, por
exemplo, a transferéncia de quantidades entre érgaos para satisfazer demandas futuras,
dentre outras.

No modelo de agendamento apresentado, os planos de entrega sao vistos como ativi-
dades, ou seja, estruturas que permitem a aplicagao de restrigoes globais mais especificas
para problemas de agendamento [25]. Os planos geram duas atividades para cada duto
por onde passam, uma atividade para a entrada no duto e a outra para a saida do duto.
Cada atividade é, de forma geral, composta por um tempo de inicio e tempo final, os
quais modelam os intervalos de ocorréncia do plano em cada duto, ao invés de modelar
os bombeamentos explicitamente.

Esta representacao com intervalos de tempo permite uma formulacao mais compacta
do modelo para a rede de dutos, e adicionalmente, facilita a aplicacao de restrigoes globais
relativas as disjungoes temporais, como as restricoes cumulative e disjunctive, apresen-
tadas no texto. Como ha também um menor nimero de varidveis, também é possivel
aumentar o nivel de propagacao das restrigcoes, o que reduz o tamanho da &arvore de
backtracking.

O sequenciamento dos planos de entrega foi dividido segundo dois pontos de vistas
de modelagem: a visdo do plano (order viewpoint) e a visao das operagoes (operations
viewpoint). A primeira visao engloba as restri¢oes que definem a movimentagao do plano
pela sua rota, definindo limitantes temporais a sua realizacao. Isso inclui o tratamento
das vazoes, a conexao entre o recebimento em um duto e o envio no préximo duto, o
atendimento do prazo na base destino e a utilizacao de recursos nos tanques de origem
e destino. Além disso, nessa visao é aplicada a restricao de disjuncao temporal entre
as realizacoes das ordens entre si num mesmo duto ou tanque. A visao das operacoes
implementa o funcionamento dutos, forcando a necessidade de se extrair uma quantidade
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igual de volume da extremidade oposta quando uma quantidade é injetada no duto. Da
mesma forma, essa visao determina como a dire¢ao de movimentacao em um duto pode ser
alterada considerando a necessidade de planos especificos para a relizacao de reversoes.
Outro aspecto tratado sao os pares incompativeis, proibidos de seguirem juntos num
mesmo duto.

O grafo de empurramento (Pushing graph) é uma representacao redundante do prob-
lema, mas que ajuda na propagacao das restrigoes, principalmente, aquelas referentes a
precedéncia de atividades. O grafo é construido sobre as atividades, analisando um se-
quenciamento destas em toda a rede. Os vértices desss grafos sao os pares de planos e
dutos, ja que as atividades sdo criadas segundo esses mesmos pares. Assim, se uma ativi-
dade de envio ocorre ao mesmo tempo que outra de recebimento no mesmo duto, entao
um plano de entrega ao entrar por uma extremidade empurra outro plano de entrega
para fora do duto. Isso cria uma aresta no grafo de empurramento entre dois pares de
planos naquele duto. Sobre essa representacao pode-se criar diversas restrigoes relacio-
nando as quantidades dos planos de entrega, o volume dos dutos e as precedéncias entre
as atividades.

A representacao pelo grafo de empurramento da uma visao global sobre as relagoes de
precedéncia, sendo essencial para a eficiéncia do modelo de programacao por restrigoes do
subproblema de sequenciamento.

As atividades com suas movimentacoes por intervalos de tempo, contudo, nao carac-
terizam uma solucao do PPAORQ, conforme descrito no capitulo 2. Assim, um segundo
modelo PR para atribuicao de tempos é utilizado para determinar exatamente os tempos
dos bombeamentos. Tais tempos sao calculadas a partir do seqiienciamento dos planos,
obtido pela solucao do modelo anterior. As varidaveis do modelo de atribuicao de tempos
representam exatamente as operacoes de envio e recebimento que ocorrerao nos dutos,
determinadas a partir de uma solucao parcial do problema de agendamento. As restricoes
faltantes, tal como envios simultaneos e alinhamentos, sao facilmente implementadas neste
segundo submodelo. O artigo nao apresenta a modelagem dos requisitos C5, C10 e C15 em
decorréncia da falta de dados na instancia, mas estas podem ser implementadas utilizando-
se simples restri¢coes de disjun¢ao temporal.

O artigo também apresenta um método de busca diferenciado de solugoes, denominado
backtracking adaptativo. Ao invés de fixar uma ordem de varidveis para atribuicao de
valores, o algoritmo procura identificar os dutos mais criticos a partir do nimero de fails
gerados pelo resolvedor de PR durante o seqiienciamento dos planos. Espera-se que a
ocorréncia de muitos fails seja devida a decisoes equivocadas no passado e, portanto, os
dutos probleméaticos ganham prioridade na ordem de seqiienciamento, quando uma nova
arvore de backtracking é construida.

O modelo apresentado foi obtido apds 2 anos de especificacao, extracao de dados,



Epilogo ]2

modelagem e testes. O procedimento foi integrado a um simulador proprietario da empresa
e as solucao foram validades por engenheiros da PETROBRAS. E importante notar que
as novas rotas encontradas estao dentro das existentes, porém nao sao usuais para 0s
produtos utilizados. Como foi demonstrado, o tempo de execucao para horizontes de até
10 dias manteve-se aceitavel.

Existem muitas oportunidades de melhoria dos modelos de progamagao por restricao.
No entanto, é notorio que a fase de planejamento mensal recebeu atencao reduzida nesse
artigo e a utilizacao de uma heuristica, mesmo que suficiente para os propositos de agen-
damento, ainda é um passo inicial. O préximo artigo apresentara uma nova modelagem
que tratara a fase de planejamento usando fluxo em redes.



Capitulo 7

Um modelo para o Problema de
Planejamento

Proélogo

O artigo deste capitulo foi submetido ao periddico Computers & Chemmical Engineering,
em 2010, e apresenta uma formalizacao do problema de planejamento junto com uma
modelagem baseada em fluxo em redes.

No artigo apresentado anteriormente, a fase de planejamento recebe um tratamento
heuristico. Nao hd, no entanto, uma formalizagdo do problema determinando quais as
restri¢oes tratadas ou mesmo uma funcao objetivo. O conjunto de caracteristicas tratadas
do PPAORO restringe-se as estimativas de atendimendo da demanda, ocupagao dos
dutos e utilizacao dos tanques. Nao é possivel, por exemplo, determinar o estado de
toda a rede em um instante de tempo qualquer, o que seria necessario para verificagao de
restricoes basicas do PPAORO.

Embora o tratamento apresentado seja suficiente para obtencao de instancias de en-
trada para o problema de agendamento, ha pouca informagcao sobre a qualidade dessas
instancias. Nao é surpresa que um conjunto de ordens criado considerando-se menos re-
strigoes trard dificuldade para o algoritmo de agendamento. Portanto, uma modelagem
que considerasse mais restrigoes possivelmente forneceria entradas de maior qualidade.

Os tratamentos estudados na literatura resolveram o PPAORO focando na obtencao
de uma solugao para o problema de agendamento. No entanto, nenhum desses procedi-
mentos conseguiu tratar eficientemente uma rede com topologia complexa e um horizonte
de um meés. Isso deve-se ao fato, primordialmente, que o problema de agendamento detalha
diariamente, em horas ou minutos, as operacos nos dutos. O problema de planejamento
mensal nao necessita disso, podendo sua solucao indicar somente o trafego diario. Sendo
assim, muitas restrigoes deixam de ser aplicaveis, como por exemplo, aquelas referentes a
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sequéncia dos bombeamentos.

O artigo a seguir apresenta uma formalizacao do problema de planejamento utilizando
um subconjunto de restricoes do PPAORO e uma fun¢ao objetivo que minimiza o custo
de transporte. A selecao das restrigoes foi feita conforme as principais preocupagoes dos
engenheiros de logistica quando constroem solucoes manuais

A modelagem de fluxo em redes, aqui proposta, nao utiliza a visdo tradicional uti-
lizada em outros modelos [9], e pode ser resolvida usando um resolvedor de modelos de
programacao linear. Isso torna o procedimento eficiente para teste de diversos cenarios,
variando a previsao de demanda e o planejamento de produgao.

Nesse artigo, a fase de planejamento é entendida também como um problema isolado
de planejamento tatico. Neste problema é necessario dizer quais serao os bombeamentos
diarios partindo de cada rota para satisfazer as demandas previstas e escoar as producoes
planejadas. Os resultados obtidos com o uso do procedimento foram comparados com as
resolucoes manuais desse mesmo problema e apresentaram melhorias significativas.
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Abstract

A set of oil derivative distribution depots, including refineries and terminals,
have local demands and productions of different products in a given time
horizon. However, there may be not enough local stock of some product to
satisfy the corresponding demand, or there may not be enough tank capacity
to stock the local production. This brings the need for transportation of oil
derivatives through a network of pipelines. To accomplish that, a tactical
pumping plan is composed monthly, and a more detailed operational sched-
ule, spanning a few days, must be updated daily. Both the planning and the
scheduling must satisfy a large set of operation constraints. This work defines
the tactical planning problem and proposes a novel network flow model to
solve it. Also, a procedure is given to decompose the solution into a specific
input format, as needed by another solver that computes the final, detailed,
daily scheduling solution. Our model treats the oil pipeline network that
is operated by the Brazilian oil company PETROBRAS. This is one of the
most complex and large topologies when compared to other networks treated
in the open literature. The model was tested with real-world instances and
showed significant improvements over human planning.

1 Introduction

The Oil Industry faces many difficult logistic problems that must deal with unstable
markets and large amount of resources. In this context, planning problems are amongst
the most important and have received intense attention [1, 2, 3, 4, 5].

This paper focus the inland oil derivatives distribution problem stemming from a
network of pipelines operated by the Brazilian oil company PETROBRAS. Being the 15th
largest oil company in the world!, it faces a very difficult transportation problem in which

1See www. energyintel.com.
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Figure 1: A Sample Pipeline Network.

ethanol and several petroleum derivatives, like gasoline, diesel, and naphtha, must be
transported from refineries to depots, where consumer markets are located. Pipeline
networks offer the most economical way available to transport oil derivative products
inland. The scenario studied here has an extension of 7,000 kilometers, comprising 29
individual interconnecting pipelines. There are 14 distribution depots that can store up
to 10 millions cubic meters of products, stocked in more than 200 tanks located at various
depots. Figure 2 depicts the network topology.

The use of such a complex network must be approached at the strategic, tactical, and
operational levels [6]. While the first level deals mostly with planning adjustments and
extensions to the current network, the latter two manage the network operation. The
difference among them resides in the amount of details each one treats, the time horizon
considered, and in their operational objectives. At the tactical level, one usually aims
at checking if the production plans in the refineries are enough to satisfy the forecasted
demand. It must take into account as many operational decisions as possible, while still
keeping the problem solvable in a feasible amount of time. It usually spans large horizons
comprising from months to years. At the operational level, one treats the problem of
constructing detailed daily schedules for the pumping operations at each depot, in such a
was as to guarantee that all listed demands are satisfied and all refinery productions are
properly stocked.

Most of the previous approaches to this problem, however, focus the operational level
where detailed daily pumping schedules must be planned [7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 3]. A few other works could be considered tactical approaches [17, 18, 19]. In any
case, they could not be directly applied to our problem, since they handle much simpler
networks, usually with only one pipeline.

Solving the tactical problem manually can be ineffective. It is necessary to obey many
refinery production schedules and the pipeline network is too complex for in depth man-
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ual analysis of all possible operational constraint violations. In fact, the only constraints
usually verified in manually constructed solutions are mass conservations at pipelines and
tanks. On the other hand, the resulting tactical plan has a huge impact when scheduling
daily plans. A bad tactical plan can result in overloading certain pipelines while underus-
ing others. This, in turn, can lead to overdue demands. As another consequence, refinery
productions of some derivatives might have to be reduced because local stocks are too high
and products are not properly scheduled to be timely extracted from the corresponding
tanks at refineries. To avoid these situations, engineers have to produce very conservative
plans with many decisions depending solely on their past experiences. Furthermore, such
manual procedures do not admit precise cost optimization considerations.

In this paper, we present a formal description of the planning problem, as we are going
to call the tactical planning problem henceforth. This formalization takes into account
the operational constraints that will have the greatest influence at the subsequent daily
scheduling problem. A network flow model [20] is proposed to solve the planning problem.
The main difficulty was to model specific pipeline characteristics, e.g. that they must
be always completely full, while moving products through predefined pipeline routes.
Transportation costs will be the objective to minimize. A decomposition algorithm is also
given to extract individual pumping operations from the network flow solution. These
operations could, then, be used as input to detailed daily scheduling algorithms, such as
the one proposed in [3]. Computational results showed that the proposed model has an
adequate execution time and produces solutions with up to 25% cost reductions when
compared to manual solutions.

Section 2 describes the tactical planning problem. Section 3 applies network flow to
model the tactical planning problem. The computational results can be seen in section 4.
Section 5 summarizes our contributions and suggests further advances.

2 Problem Definition

The topology of a pipeline network system is given by three sets: tanks, depots, and
pipelines. Tanks are used for product storage. During the whole planning period, a tank
can store only a single type of product. Depots are geographically dispersed units where
local demands for oil-derivatives occur. Each depot has its own subset of tanks and some
depots may also hold refinery facilities. Pipelines interconnect the depots and are used
for product transportation. Each individual pipeline connects only two depots.

An illustration of a pipeline system is presented in Figure 1, in which products (or
fluids) Fy, Fy, and Fy can circulate. The four depots Dy ,D;1, Dy and D3 are connected
by the pipelines Fy, P, P», P3, and P,. A label T}, refers to the i-th tank in depot D;
being designated to stock product Fj. Note that two pipelines connect depots D, and
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Figure 2: The inland pipeline network.

D3, which is a common situation in practice.

Volumes must be extracted from tanks before pumped into a pipeline. After pumped
out of a pipeline, volumes can either enter a tank or move directly into another pipeline.
The sequence of pipelines traversed by a volume when moving from its origin to its des-
tination comprises its route. More precisely, we define a route as an alternating sequence
of depots and connecting pipelines. For example, the sequence DyP; Dy P3 D5 represents a
valid route in Figure 1.

A single pipeline in a route is called a segment. All volumes in circulation must have
a predefined route assigned to them. Also, a volume cannot be stocked at intermediate
depots while moving along its route; it can only be deposited in an available tank at its
destination depot.

The problem consists of planning oil derivative transfers between depots through valid
routes in order to satisfy all depots inventory constraints, meet local demands, and accom-
modate all the refineries production schedules. The planning must also obey a complex
set of operational restrictions over a given planning time period, or horizon, usually a
month.

The constraints described in the next subsections were selected among many real
operational constraints [3]. They represents the minimum set of constraints that are nec-
essary to observe in order to produce a feasible tactical planning. All of these constraints
must be verified by the end of each day, except for the stock levels, which are verified
weekly. When producing a detailed operational pumping schedule, there are additional
aspects that must be taken into consideration, and which are not considered by the tac-
tical planner. These restrictions will not be treated here (see [3] for further discussions.)
Restrictions regarding tanks, pipelines and stock levels are described in the following three
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sections, respectively.

2.1 Tank Restrictions

All tanks must satisfy the following restrictions:

(1) Tanks have a fixed and limited maximum capacity which must always be respected.
Minimum capacities are all set to zero.

(2) A tank can only store one type of product during the whole planning horizon. This
constraint, required by field operators, ensures adequate product quality by avoiding
possible mixtures. A depot can contain more than one tank for a given product,
but it does not necessarily contain tanks for all products. It is possible that a depot
contains no tanks at all, being used solely as an intermediate transmission node
between two pipelines. In Figure 1, depot D5 depicts such a situation.

(3) There is a limit to the amount of product that can be extracted and/or injected
within a time period. This is due to many operational constraints that arise when
managing tanks.

(4) The initial product stock level at each tank is given and must be respected.

Problem specifications in which constraint 3 is satisfied are said to have the individual
tank property. An alternative view used in some scheduling models [11] relax this re-
striction by considering virtual tanks for each product at each depot. Such virtual tanks
aggregate the capacities of all real tanks of each product in a given depot.

2.2 Pipeline Restrictions

Pipeline restrictions are as follows:

(5) Since they are pressurized, pipelines must be completely filled with products at all
times. Hence, in order to pump a certain product out of a pipeline, it is necessary
to inject an equal volume at the other pipeline extremity.

(6) At the beginning, every pipeline is filled with products, separated in batches. All
such batches have already being assigned a route that must be preserved.

(7) As there is a limited number of pumps per depot, and given that products have
different densities, a maximum flow rate must be observed per pipeline, per product
and per flow direction.
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(8) In order to simplify the modeling, a set of assignments of products to corresponding
acceptable routes is given as input.

2.3 Inventory Constraints

At each depot, stock levels must obey the following restrictions:

(9) The stock of a product at a certain depot at time ¢ is obtained by summing the
volumes of that product at time ¢ from all tanks that can stock the product at
the given depot. The desired maximum and minimum level of each product stock
per depot must be satisfied at the end of specific time periods, usually a week.
Some depots might have undefined stock levels for some products. In these cases,
it is assumed that the minimum level is zero and the maximum level is the sum of
capacities of all tanks that can stock the product in the depot.

(10) The stock levels at a depot vary mainly due to production and demand operations.
Productions represent volumes created at a local refinery, while demands repre-
sent volume consumptions by the local market. Both are given in advance, using
market estimates and other data such as raw products availabilities and refinery
capabilities. Usually, a refinery depot produces more than the local tanks can actu-
ally store within the given planning horizon. Excess must be pumped out so as to
accommodate the local productions and satisfy market demands at other locations.

The consumption rate of each product may vary greatly according to monthly seasonal
markets. Moreover, it is difficult to foretell exactly the local market needs for a long
period. As a result, pipeline operators are required to constantly update the network
schedule to accommodate new demands, guaranteeing they will be satisfied on time. This
can be done by solving the problem, taking an updated input instance, every time there
is a need for it.

2.4 Input Instances and Solutions

The problem data is composed by: (1) the network, described by the sets of tanks,
pipelines, depots and their initial states; (2) operational parameters, such as tank capac-
ities, pipeline flow rates and stock levels; (3) a time horizon and a set of production and
demand schedules (see Section 2.3) that must be accommodated and satisfied, respec-
tively, at each depot.

Given the problem data, a feasible solution is obtained by defining the amount of
products that must be pumped into pipelines each day, while satisfying all restrictions.
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Table 1: Initial values and constants for an input instance
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Constant What it represents

vol(l) total volume of pipeline [.

PilelineStart; A set of triples (p, qty,r) each representing a quantity gty of
product p that must follows route r that is initially inside
pipeline [. The sum of the gty values over all triples is equal
to vol(l).

stockg i1, the initial volume inside tank tk at depot d.

production,, 4

the volume of product p produced at depot d in period ¢.

demand,, 4 ¢

the volume of product p demanded at depot d in period t.

stockLevel Ming p,
stock Level M ax

the minimal and maximum volumes of product p allowed at
each depot.

maxQtylnjecte p,
maxQtylnject,,
maxQtylnject,,
maxQtylnject;

the maximum quantity that can be injected in one time period
in pipeline [. Here, e represents a flow direction for product
p in pipeline I: P for the normal direction and R for the re-
verse direction. When any of the three indices is missing, the
intended meaning is to take the sum over the missing indices.

mazxTransfer,pnu

the maximum volume of product p that can be injected into
the n-th pipeline of route r after u time periods. If there are
n — 1 segments in route r, then index n refers to the volume
that can be delivered at the last depot in route r.

maxDepotQtylnjecty

the maximum quantity that can be injected into pipelines leav-
ing depot d in one time period. It is calculated considering the
number of pumps available at depot d.
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Sometimes, for a given set of production and demands, there may not be a feasible
solution. In these cases, it is interesting to identify which productions or demands cannot
be satisfied so that the input data can be adjusted.

The objective function considers the minimization of the total transfer cost in the whole
network. In reality, different pipelines might have distinct operational costs. Here, we
are considering homogeneous costs as these data were not fully available. So, minimizing
costs is the same as minimizing the total volume transfered over the same time horizon.

3 A Network Flow Model for the Planning Phase

In a previous work of [11], a classical network flow model for our problem has been studied.
This integer programming model, however, proved inefficient in practice. [21] used a linear
relaxation from this model in order to get a solution for the tactical planning problem.
This relaxed solution proposed flows along each pipeline, at every time instant. With
this information, a heuristic was designed to construct operational schedules with feasible
pumping movements. But the detailed operational schedules so produced spanned only
a few days or a few products. The model we propose overcomes these difficulties and its
output can be directly used by the daily scheduler proposed in [3].

But, first, note that the classical network flow model for the problem is not yet suit-
able because one cannot constrain the flow to follow predefined routes. This could be
troublesome, as we could obtain inadequate paths for some movements. An alternative
approach is to build the network flow using the predefined routes for each product. This
approach is described in the next subsections.

3.1 Network Model Definition

The network model will be built by considering pairs (r, p), where r is a route and p is a
product. Each of these pairs represents a commodity. There will be T time periods and
the last one will be a special one. It will signal the end of the horizon. Each period spans
one day, as demands and productions are given in a daily basis. This will also help to
keep the model small, with less variables and with less constraints applying to each time
period. Along with the given sets of depots, pipelines, and products an input also must
define the values and constants described in Table 1.

Nodes will be created in accordance with the following rules (see also Table 1 for a
summary of term definitions):

e Tank Nodes: For each tank tk, each depot d and each time period ¢, with 0 <
t < T, there will be two nodes: (1) node i (or NodeStartTkq ) with b; = stockq
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Table 2: Node description for the Pipeline Network flow Model
Node | What it aggregates
NodeStartTkqy,, | production and previous stocks at the start of period ¢ in depot d and
tank tk.
NodeEndT'kqyy, | total of volumes received from the network and volumes that were not
distributed at period ¢ in depot d and at tank tk.
NodePIn, 4, | volumes received from the network at the start of period ¢ of a particular
product p in depot d.
NodePOut, q; | volumes that will be distributed to the network at period ¢ of a particular
product p in depot d.
NodeProp q+ | the production volume production,, 4 of a product p in depot d at period
t.
NodeDem,, 4, | the demanded volume demmand, 4+ of a product p in depot d at period
t.
NodePipeStart,, | the volume of product p inside a pipeline [ at the beginning of the horizon
and that has to follow route r.
NodePipeEnd; | volumes that will be stocked inside pipeline [ at the end of the horizon.
NodePipe, i+ | volumes of product p that traveled along route r and are currently at
pipeline [ at period ¢ having departed from route’s r origin at period ti.
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if t =0, orelse b, = 0 if ¢t > 0, and (2) node j (or Node EndTkqq,) with b; = 0.
The first node represents the tank state at the beginning of period ¢t and the other
represents it at the end of that period. All incoming and outgoing flows at tank tk
will go through these nodes.

e In and out nodes: For each product p with tanks at depot d and each time period
t, with 0 < t < T, there will be a node ¢ (or NodePIn, ;) and a node j (or
NodePOut, q;) with b; = b; = 0. Every incoming and outgoing flow at a depot
will pass through these nodes. These are intermediate nodes between tanks and the
pipeline network.

e Demand and Production Nodes: For each product p, each depot d and each
period ¢, with 0 < t < T, there will be: (1) a node i (or NodeDem,, q4;) with
b; = —demand,, 44, and (2) a node j (or NodePro, 4¢) with b; = production,, 4.

e Pipeline Initial Stock Nodes: For each pipeline | and each triple (p, gty,r) in
PilelineStart;, there will be a node i (or NodePipeStart,,) with b, = qty.

e Pipeline Terminal Stock Nodes: All pipelines must remain completely filled at
the end of the planning horizon. So, for each pipeline [ there will be a node i (or
NodePipeEnd;) with b; = vol(l). In this way, the flow at the end of the horizon
will sum up to the pipeline volume.

e Pipeline Route Nodes: Some nodes will be used to model movements of products
along the pipelines. An index ti names the period where the movement starts, and
an index ¢ will represent the current period. For each pair (r,p) of a route r and
a product p, and each pipeline [ that is part of route r, there will be a node ¢
(or NodePipe, ;i) with b, = 0, for each time period 0 < ¢ti <t < T. In order
to handle situations when the volume was already inside the pipeline at the first
period, we have nodes with ti = 0.

Table 2 summarizes each node function. The next step is to connect these nodes with
arcs. In the following description, the traffic costs are zero and flows must be greater than
zero unless stated otherwise.

e Tank Stock Arcs: For each node NodeEndTkiy, there will be two arcs. The
first arc, NodeStartTkg .+ — Node EndT'ky . ., aggregates production and previous
stocks. The second one, NodeEndT'kq, — NodeStartTkg s +1, represents a stock
transition between time periods. Figure 3 show these arcs as the down arrows that
come out of tank nodes.
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Figure 3: Nodes and arcs representing pairs of depots d and products p. Items within parenthesis
index the nodes enclosed inside the rectangle. The occluded rectangles represent the multiplicity
of that network with regard to the inner index.

e Tank In and Out Arcs: For each pair of nodes NodeStartTkq . and Node EndT kg +
there will be two arcs: NodePIn,,; — NodeEndT kg, and NodeStartTkg . —
NodePOut, q;. Here, tank tk stores product p. Volumes pass through these arcs
before coming from or going to some pipeline. Figure 3 shows them as crossing arcs.

e Production and Demand Arcs: For each pair of nodes NodeDem,, 4, and NodeProp 4,
there will be arcs Node EndT k41, — NodeDem,, 4, and NodeProy, 4, — NodeStartTk, i+,
for all tanks tk that can store product p at depot d. The maximum capacity of these
arcs will be the same as the demand or production volumes of the respective prod-
ucts. Figure 3 shows these arcs as the two left horizontal arrows at the left.

e Initial Stock Arcs: For each node NodePipeStart, and its associated content
(p, qty, r), there will be an arc NodePipeStart, — NodePipe,.;, 00 with minimum
and maximum capacities given by gty. Figure 4 illustrates the subnetwork generated
to represent a pipeline stock.

e Outgoing Terminal Arcs: For each node NodePipe,,;,: where [ is the first
pipeline and d is the starting terminal of route r, there will be an arc Node POut, 4,
— NodePipe, 1. The maximum capacity of this arc is mazT'ransfer,, o1 which
measures the maximum quantity of product p that can be injected into pipeline [
over a whole day. These arcs are the leftmost ones shown in Figure 5.

e Intermediary Stock Arcs: For each node NodePipe,; i there will be an arc
NodePipe, i — NodePipe,;,i+1 With capacity given by the pipeline volume
vol(l). These arcs are the vertical ones in Figures 4 and 5.



3.

A Network Flow Model for the Planning Phase 96

0 (1) (1)

(p.r)
NodePipeStart

(p,ti=0)
(t=0)

NodePipe
(t=1)
(t=2)

Figure 4: Nodes and arcs for the stock of a pipeline with contents (p,gty,r). Items within
parenthesis index the nodes enclosed inside the rectangle. The occluded rectangles represent the
multiplicity of that network with regard to the inner index.

e Route Arcs: For each pair of nodes NodePipe,,, i+ and NodePipe, , , i+ Where

l; and [y are sequential segments in route r, there will be an arc NodePipe, , p 4
— NodePipe,, i between them. If x is the index of pipeline I in route 7,
the maximum capacity of this arc is calculated as mazTransfer,, ¢ y1. This
is the same as the maximum quantity of product p that can be transfered out of
pipeline [; starting at period ¢ and ending at period ¢ from the beginning of route 7.
Figures 4 and 5 show these arcs connecting adjacent nodes that are inside rectangles
representing pipelines.

Incoming Terminal Arcs: For each node NodePipe,;,:: where [ is the last
segment and d is the last terminal of route r, there will be an arc NodePipe, i+
— NodePIn,q;. If n — 1 is the index of segment [ in route 7, the maximum
capacity of this arc is calculated as mazTransfer,,,—ti+1. This is the same as the
maximum quantity that can be transfered to terminal depot d starting at period ti
and ending at period ¢ along route r. These arcs are the rightmost ones in Figure 5.

Pipeline Terminal Stock Arcs: For each node NodePipeEnd;, with T the last
period, there will be an arc NodePipe,;,ir—1 — NodePipeEnd; with maximum
capacity equal to vol(l).
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NodePOut (1) (1,

T
e
T
e
) 4

NodePipe

O

Figure 5: Nodes and arcs representing volumes traveling along routes. For a fixed route r and
product p, at every period t: a new subnetwork is created so that the quantity will only be
delivered after enough periods have passed. The subnetwork for period ¢ = 3 was omitted to
show more of the subnetwork for period ¢t = 2. Items within parenthesis index the nodes enclosed
inside the rectangle. The occluded rectangles represent the multiplicity of that network with
regard to the inner index.

3.2 A Linear Programming Model

In order to define the constraints and the objective function of the model we need the set
of nodes at period ¢, Nodes;, the set of nodes along pipeline [ at period ¢, Nodes;,, and
the set of all nodes for product p at pipeline [ and at period ¢, Nodes,,;,. Also, DP, P,
and PL will indicate the set of all depots, products, and pipelines respectively.

The following model is not strictly a network flow model. Nevertheless, the problem
structure itself retains many features of a Multi-commodity Multi-period Network Flow
Model and a path decomposition algorithm will be described [20] later on.

Nodes Mass Balance

Z XTij — Z Tji = bz + SZCLC]{?Z'

J(ig)eA jiii)eA (1)
Vi € Nodes;, 0<t<T
We consider that the pipeline initial and terminal stock nodes are all in the Nodes set.

Also, this constraint is not applied to tank nodes in the last period. This is necessary in
order to model what will be in stock inside tanks after the end of the horizon. The Slack;
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variable will only be present when one wants to know which stocks cannot be satisfied.
In this case, if node 7 is a production node we define Slack; = —Insatis fied Production;,
and for a demand node i we let Slack; = Insatis fied Demand,.

Arc Bounds
L <y <y, V(i,j) €A (2)

Pipelines must always remain full

Z Tij = UOl(l)

j:(i,j)GA (3)
Vi€ Nodes;;, e PL, 0<t<T

An amount injected at one end equals the amount delivered at the other end

g Tij = g Lji

ji(i,j)EA j:(ji)€A (4)
Deliver(R,i,j) Inject(P,j,i)

Vi€ Nodes;;, e PL, 0<t<T

E Tij = E Lji

J(ZJ)GA .7(.777')6‘4 (5)
Deliver(P,i,j) Inject(R,j,7)

Vi€ Nodes;;, le€ PL, 0<t<T

The functions Inject(e, j,i) and Deliver(e, i, j) tell if arcs (j,7) and (¢, j) inject or deliver
volumes, respectively, through extremity e in the pipeline represented by node 1.

Pipelines Flow Rates

Z xi; < marQtylnjecty p;
J:(i,5)€A (6)

Inject(R,3,5)

Vi € Nodes,;y, peP, lePL 0<t<T
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Z xi; < mazQtylnjects p
ji(i,j)EA (7)

Inject(P,i,5)

Vi € Nodesp 1, peP, lePL, 0<t<T

Z Lij + Z T4 S mathyInjeCtp,l

Inject(R,i,5) Inject(P,i,5)

Vi € Nodes,,, p€ P, 1€ PLLO<t<T

Z zi; < maxQtylnjecty;
j:(i,5)EA (9)

Inject(R,i,5)

Vi € Nodes;;, le PL, 0<t<T

Z xi; < maxrQtylnjectp;
j:(i,5)€A (1())

Inject(P,i,j)

Vi€ Nodes;;, e PL, 0<t<T

Z T + Z zi; < maxQtylnject;

j:(2,5)EA j:(2,5)EA
Irjzj(ecg()R,i,j) Irjzj(ecg()P,i,j) (11)

Vi € Nodes;4, l € PL,0<t<T
Depot Injection Limit

Z zi; < maxDepotQtylnjecty
(4,5)€ArcsOutDg ¢ (12)
Vde DP, 0<t<T

The set ArcsOutDg, contains all the arcs that start in NodePOut,, 4, for all products in
depot d and at period t.
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Stock Levels

Z x;; > stockLevel Ming,,
(4,j)€ArcsOutTankEndg ;¢ (13)

Vd e DP,Vpe P, Vte WE

Z xi; < stockLevelMaxg,),
(3,5)€ArcsOutTankEndg p 1 (14)

Vde DP,VYpe P, YVte WE

The set ArcsOutTankEnd,),, contains all arcs connecting node NodeEndT kg, ¢ to node
NodeStartTky 11, for every tank tk at depot d with product p and at period ¢. These
are the arcs that transmit stocks between periods. The set W E contains the periods where
stock levels should be verified. It should be of the form {6,13,20,27...}, representing a
weekly check.

Objective Function When engineers want to check if a proposed production plan is
feasible against the forecasted demands they use the following objective function:

minimize ( Z Insatis fied Production; +
1€NodesPro (15>
Z InsatisfiedDemmandO ,

i€NodesDem

where the sets NodesPro and NodesDem contain the all production and demand nodes,
respectively. The solution obtained with this objective function can also be used to
correct production or demand values. This correction deals with many economical and
operational issues that are not discussed here.

After finding a feasible set, the next objective function to be used is the classic one:

minimize Z Tij (16)
(i.5)€EA
Together with the constraints, we have a complete model for the planning phase. The
next step is to extract the orders using a modified decomposition algorithm.
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3.3 Network Flow Decomposition

Figures 3, 4 and 5 show no bidirectional arcs and no paths going back to a previously
visited node. So, no cycle can be generated within the network. This observation allows us
to use a specialized version of the flow decomposition algorithm [20]. We also introduced
some modifications that are specific to our problem, as described in Algorithm 3.

The main purpose of the preferences mentioned in SELECT and SEARCH is to make
it easier to supply a demand by considering the longest time between the moment it is
needed and the moment it is available. These heuristics do not affect the result stating
that the flow can be fully decomposed into paths.

Let P’ the set of paths and let f(P) be the flow associated to a path P € P’. We create
the necessary orders that can be input to the operational scheduling solver described in [3]
by analyzing the nodes traversed by P. An order O will be represented by the tuple

O = (OriginTank, DestinationT ank, Product,

Volume, Route, Deadline).

A path P is built following the inverse order with respect to the network timeline.
This way it will always start at a demand node, a tank node or a pipeline stock node
at the last period. The deadline is either the demand node period or the last period
when the node corresponds to tank or pipeline stocks. A path P should always end at
a production node, tank initial node or pipeline initial stock node. Sometimes the path
will not contain any pipeline nodes. Such is the case when a demand is satisfied by a
production inside the same depot. In these cases, the route will be null. Conversely, the
path P can contain nodes present in more than one route. In this case, one must create
as many orders as there are pipeline nodes in P, because each order has exactly one route
associated to it.

The origin and destination tanks should be the ones connecting to pipeline nodes. If
there is no route, the two tank variables will have be the same value. Finally, the volume
is given by the flow f(P) associated with the path.

A decomposition of the network can generate a huge number of orders with small
volumes. It is interesting, then, to aggregate similar orders. If two orders have the same
origin tank, destination tank, product, route, and close deadlines, they can be merged
into one order with their volumes summed up. Two deadlines are close if they happen
within a range of days. The horizon can be divided in as many ranges as necessary. In
our case, it was divided in ten ranges of three days each, generating a set of orders with
adequate size.
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Algoritmo 3 Pipeline Network Flow Decomposition Algorithm

Entrada: G = (N, A) with arc flow x
Saida: P with f(P),VP € P

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:

16:
17:

18:
19:
20:
21:

22:

23:
24:

NOTATION:
y - flow working copy
A(y) = {(i,j) € Aly;; > 0} (Arcs with positive flow in y)
N(y) = {il(i,j) € A(y) or (j,i) € A(y)} (Nodes incident to arcs in A(y)
G(y) = (N(y), Aly))
S ={i € N(y)|b; > 0} (supply nodes)
D = {i € N(y)|b; < 0} (demand nodes)
s and t are the start and end nodes of path P.
A(P) = min{b(s), =b(t), min{y;;|(i, j) € P}} (Capacity of path P)
procedimento PIPELINEFLOWDECOMPOSITION
y=xz,P=10
enquanto A(y) # () faga
s = SELECT(y)
SEARCH(s,y)
se Path P found entao
P =P|U{P}
F(P) = f(P) + A(P)
yij =Yy — AP)V(i, j) € P
b(s) =b(s) — A(P)
b(t) = b(t) — A(P)
fim se
Update A(y),N(y),S,D
fim enquanto
fim procedimento
fungao SELECT(y)
Order nodes in S first by the most pressing demands;
secondly, by those tank nodes at the last period, and
lastly, by pipeline terminal stock nodes.
retornar the first node in § by the given ordering.
fim funcao
funcao SEARCH(s,y)
Do a DFS starting with node s until a path P is found in G(y) ending at node
teD.
Inside the DFS, before choosing the next node, order the candidate nodes
firstly by being of the same tank, if applicable,
then by those nodes being in the same time period.
retornar The path P found.
fim funcao
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Instance | Rows | Columns | Non-zeros | Model Time (s) | Decomp. Time (s) | Orders
1| 23801 51948 266778 221 3.3 700
2| 22935 49788 256470 19.5 3.2 685
3| 22346 48607 248310 18.4 3.5 700
41 22976 50494 257631 17.9 4.1 731
5| 23237 50711 260774 20.3 4.5 759
6 | 24532 04414 281496 23.0 4.0 841
71 23079 50448 258469 20.3 3.4 826
8 | 24355 53797 278574 28.0 4.2 897
9| 24462 53152 273019 22.9 3.7 776
10 | 25948 57326 295073 26.8 3.9 796
11 | 25536 56357 290854 26.5 4.0 818
12 | 21554 46487 236411 17.6 3.9 727
Mean | 23730 | 51960 266988 21.9 3.8 771
Table 3: Execution Results
Instance| 1 2 3 | 4 5 6 71 8 9 | 10 | 11 | 12 Mean
Proportion |0.72(0.69|0.80{0.71]0.81{0.82|0.83|0.76|0.72|0.67|0.69|0.73|0.75 £ 0.05

Table 4: Manual planning vs Real planning - Total Network Flow Proportion

4 Computational Results

Solutions were obtained on a Intel Pentium Core 2 Duo 2.1 GHz CPU platform, with
3MB L2 Cache and 4GB RAM. The program was coded in C++ and compiled using
GCC-4.2 without optimization. The network flow model used the CPLEX 10 solver
with presolving columns and row elimination. Among the linear programming solving
techniques available, the barrier method was selected as it gave the best execution times.

All instances refer to the same network topology, with 19 pipelines, as depicted in
Figure 2. The number of tanks vary from 0 to 20 at each depot, with a total of 192 tanks.
Also, there are 11 products that circulate through the network.

The model was tested against 12 real instances, spanning a whole year of planning,
one instance per month. Some characteristics of these instances cannot be disclosed, as
they could expose classified data.

From Table 3 it can be seen that the whole execution takes around 20 seconds. This
makes the procedure suitable for testing “what-if” scenarios. The number of orders per

Product P1 P2 P3 P4 P5 PG P7 Pg Pg P10 P11 Mean
Proportion|0.91|0.65{1.05]0.73|1.05|0.79|0.92{0.83]0.580.150.56 | 0.75 £ 0.26

Table 5: Manual planning vs Real planning - Total Network Flow Proportion by Product
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Pipeline Dl D2 D3 D4 D5 D6 D7 Dg Dg Dl()
Proportion | 0.27 | 0.85 | 0.65 | 0.95 | 0.91 | 0.85 | 1.05 | 1.00 | 0.34 | 0.82
Pipeline D11 D12 D13 D14 D15 D16 D17 D18 D19 Mean
Proportion | 0.58 | 0.64 | 0.70 | 0.66 | 1.04 | 1.14 | 0.78 | 0.18 | 0.91 0.75 £ 0.27

Table 6: Manual planning vs Real planning - Total Network Flow Proportion by Pipeline

month never exceed 900, and so, roughly, it is necessary to schedule 30 orders per day in
order to reach the planning goal.

PETROBRAS also provided data on manually generated plans for each of the instances.
In Table 4, the total volume scheduled to be transfered by a real planning is compared
against the one proposed by the model. The mean proportion is 0.75, meaning that the
model transfers 25% less units of volume each month on the average. This represents
a quite significant economy when multiplied by the very large volumes that are moved
each month. It must be noted that the model does transfer what is necessary in order to
satisfy every demand and keep the stock levels in safe conditions. Thus, these savings in
product shipments were not obtained at the expense relaxing some problem constraints.

One reason for the 25% reduction could be related to the choice of products used to
push others along pipelines, when really necessary. Sometimes, the products used to push
others out of a pipeline are not directly useful for the planning goals. This incurs in
wasted pumping moves. Examining Table 5 one can see that the differences in product
choices are high. As an example, product Pjy has a proportion of only 0.15.

Another important aspect of this issue is the choice of routes. A refinery has many
outgoing routes and, so, poor choices of routes along which products will be set to flow
along may also lead to wastes. Table 6 shows that pipelines D, Dy and Dg are rarely
used. Hence, there will be less need to push products out of them.

The objective was to minimize the total volume transported across the network. This
means that a product will be moved only to satisfy a constraint. Engineers have the
same objective but, having solely on their past experiences to rely upon, and having very
limited time to workout a solution, they will accept any solution that keeps wastes below
an “acceptable” level. The threshold where the solution is acceptable might be related to
the 25% reduction in transported volumes.

5 Conclusions and Future Work

This paper described the oil pipeline planning problem faced by PETROBRAS, a Brazilian
oil company. The operation of its pipeline network involves many constraints related to
tanks, volumes, pipeline utilization, stock levels as well as demand and production sched-
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ules. There is also a large set of complex operational constraints that must be satisfied by
feasible schedules [3]. The objective was to obtain a minimum cost transportation plan
for all oil derivatives and ethanol, given that the specified demands and productions are
adequate to meet the constraints. Although the real network operation requires a daily
pumping schedule, here the problem is solved at the tactical level, where the horizon
spans one or more months. See [3] for a scheduler that takes as input the tactical plan
constructed by our algorithm and outputs a detailed daily schedule.

In its fullest, the problem can only be solved for a span of a few days. In order to
make it more tractable, only the most important characteristics were included in our
formal definition of the problem. Engineers validated these characteristics as the ones
having the greatest impact over the network daily operation. An important characteristic
requires that all pipelines must always remain completely full, and tanks should keep
the local stock within their capacities. Transfers had to observe permitted pipeline flow
rates, which can vary by pipeline, by product and by flow direction. Productions and
demands were satisfied on a daily basis. Stock levels were verified weekly. Another
important constraint was that volumes should follow along predefined routes that depend
on product type.

A model to solve this problem was proposed using network flow ideas. Nodes were
defined so as to model the state of each depot. Pipelines were modeled by classifying the
nodes that represent each route that a product can travel. The model could also be used
to test if the proposed demand and production schedules were feasible or, else, to give a
minimum cost transportation plan for feasible movements.

Test results showed that the model can adequately deal with the PETROBRAS net-
work topology and with monthly scenarios, within small computational times. Also, the
solutions generated were compared to the ones proposed by the company expert engi-
neers. It was found that the model almost always gave a 25% cost reduction. Tentative
interpretations for this gain were listed.

Although the model already included most of constraints the engineers consider when
managing the tactical planning problem, more constraints could be considered. One of
them could be to model what happens when two products that cannot make contact are
to be injected in a pipeline. In this case, a third product must be used to separate them.
Also, since sometimes pipeline and tank maintenance periods are known beforehand, such
constraints could be incorporated into the model. The algorithms presented here were
developed together with the work described in [3]. Finally, the tactical plan it outputs
could be used as input to the daily scheduler discussed in that same work.
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Epilogo

A definigao formal do problema de planejamento é a mesma do PPAORO, removendo-se
um subconjunto de restricoes. Nos tanques, C3, C4 e C5 foram desconsideradas pois
a simultaneidade de operacoes ou a sequencia delas nao é importante quando nao se
detalha um dia. As restricoes C7, C8, C9 e C10 foram consideradas pelos operadores no
calculo das quantidades méximas que um orgao pode enviar de cada produto e durante
um periodo. No dutos, C13, mesmo nao sendo considerada, nao foi violada em nenhuma
solugao devido a agregacao de planos de entrega. A restricao C15 foi desconsiderada pela
falta de dados, mas também poderia entrar nos calculos de quantidade de envio maxima
por periodo. Ja as restricoes de incompatibilidade para o sequenciamento nos dutos C14
nao foram consideradas, pois nao sao importantes e grande parte das incompatibilidades
sao pré-resolvidas na criacao do conjunto de produtos e selecao das rotas permitidas.

O modelo de fluxo em redes para o problema de planejamento é construido sobre os
tanques e, principalmente, sobre os pares de produtos e rotas pré-definidos. Essa escolha
permite uma modelagem compacta, onde nao serao criados movimentos desnecessarios
ou improvaveis. A rede criada separa os nds em camadas, representando a evolugao
do tempo. Em cada periodo, sao criados os nds que representam a movimentagao nos
tanques, o atendimento de demandas, o escoamento das produgoes e as entradas e saidas
de uma base. O trafego de volumes pela rede possui uma representacao especial, pois para
implementar uma simulacao do transporte de um volume por uma rota é necesséario saber
em qual periodo ele foi enviado. Isso faz com que a cada novo periodo, seja necessaria
uma rede a mais, do que no periodo anterior, para representar o trafego por rotas.

A estrutura de rede criada é livre de ciclos, o que permite a simplificacao do algo-
ritmo de decomposicao de fluxo em redes. Esse algoritmo extrai a partir do fluxo obtido,
os planos de entrega que servirao de entrada para a fase de agendamento. Um pds-
processamento sobre esse conjunto de planos foi realizado para reduzir o seu tamanho. A
agregacao de planos ¢é 1til para facilitar o agendamento e atender requisitos de tamanho
minimo de bateladas.

Uma outra motivacao do artigo é a utilizacao do modelo para o planejamento tatico
da movimentacao nos oleodutos. A escolha de um modelo de fluxo em redes, e que
fosse possivel implementar através de uma programacao linear, foi feita principalmente
para manter o tempo de execugao controlavel. Os testes demonstraram que para a rede
apresentada pela PETROBRAS ¢ possivel obter solugoes em poucos minutos para horizontes
de um meés. Isso permite a execucao de cendrios condicionais para, por exemplo, verificar
se € possivel atender as demandas com uma nova proposta de producao das refinarias.

Os resultados, quando comparados a solugoes manuais do planejamento tatico, mostraram
custos 25% menores para o atendimento dos mesmos niveis de estoque. Isso demonstra que
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a ferramenta desenvolvida pode ser til, mesmo sem a execucao da fase de agendamento.

Trabalhos futuros incluem a integracao dessa nova modelagem para o planejamento
com o modelo de programagao por restrigoes do agendamento. Como foi visto no capitulo 6,
o conjunto de planos gerado pela abordagem heuristica tem em torno de 900 planos de
entrega para 10 dias de horizonte, enquanto na abordagem de fluxo em redes o mesmo
numero de planos é suficiente para 30 dias. Além disso, ao verificar a validade do es-
tado da rede diariamente, entende-se que o conjunto de novos planos, gerados em novas
ativagoes do algoritmo, serd mais facilmente sequenciado e escalonado.



Capitulo 8

Conclusoes

Esta dissertacao trata o problema de distribuicao de derivados de petrdleo e dlcoois em
redes de duto. Também denominado PPAORQO, o problema é atualmente enfrentado
pela PETROBRAS.

O objetivo é definir movimentos de transporte de produtos entre érgaos, de tal forma
que as campanhas de producao e os mercados locais, representados por valores estimados
de demandas, sejam totalmente satisfeitos. Para tanto, um amplo conjunto de restrigoes
operacionais sobre as movimentacoes em dutos e tanques deve ser respeitado, envolvendo
seqilenciamentos validos de produtos, capacidade de tanques e limites de envio simultaneo.

Até entao, modelos para o PPAORO pressupunham fortes relaxagoes de seus princi-
pais requisitos, ou lidavam apenas com topologias de rede restritas, sendo assim, trataveis
eficientemente com técnicas de otimizacao classicas. Por outro lado, tais relaxacoes de-
ram origem a solucgoes pouco aplicaveis para os cenarios reais, pois descartavam restri¢oes
fortes para os operadores de duto, tais como interface de produtos e nao-simultaneidade
de operagoes em tanques.

O trabalho aqui desenvolvido propoe formulagoes capazes de representar a maior
parte das restrigoes fundamentais do PPAORO, com potencial para serem utilizadas
em instancias de tamanho real. Para tal, a modelagem ¢é dividida em duas fases, planeja-
mento e agendamento.

Uma formulagao em Programacdo por Restricoes para a fase de agendamento do
PPAORO foi desenvolvida. Tal técnica foi utilizada devido a sua flexibilidade em mod-
elar problemas de agendamento e por conta dos fortes mecanismos de propagacao exis-
tentes, os quais permitem encontrar solugoes factiveis rapidamente.

Os primeiros resultados utilizaram uma versao heuristica da fase de planejamento, re-
sultando na publicagao de um artigo cientifico no periédico internacional Constraints [27],
um dos mais importantes da drea de programagcao por restrigoes.

Em seguida, como uma evolugao do tratamento da fase de planejamento, um artigo foi
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submetido ao periddico internacional Computers €& Chemical Engineering apresentando
uma modelagem usando fluxo em redes. O artigo formaliza o problema de planejamento
e propoe um modelo linear. Tal modelo foi capaz de gerar as entradas para a fase de
agendamento, bem como solugoes para o problema tatico de planejamento como descrito
no artigo.

Como trabalhos futuros, um primeiro passo poderia ser a integracao dessa nova abor-
dagem do planejamento com a fase de agendamento. Apos isso, poder-se-ia acrescentar
novas restricoes a ambos os modelos, bem como realizar testes em diferentes topologias
da propria PETROBRAS.
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