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Cleaning the pipeline network is a routine operation in almost every chemical plant. Tradition-
ally, the tasks for synthesizing the needed operation steps are carried out manually on an ad
hoc basis. This approach is often time-consuming for a complex industrial process and,
furthermore, the resulting recipe may be error-prone. The aim of this paper is thus to develop
a systematic strategy to generate correct cleaning procedures efficiently. Specifically, the proper
material-transfer routes are selected on the basis of the Petri-net representation of all possible
paths in the pipeline network. The operation steps for transporting detergent along a designated
route can be identified from the simulation results obtained with the Petri-net model of the
entire system. By connection of this system model with a net representing the schedule manager,
a recipe can be produced accordingly to achieve a multiroute sequential/concurrent schedule. A
realistic example is presented at the end of this paper to demonstrate the effectiveness and
correctness of the proposed strategy.

1. Introduction

Cleaning the pipelines is one of the routine operations
that has to be performed in any chemical plant. In
continuous processes, it is basically a periodic house-
keeping practice for removing scales and/or sediments
accumulated during normal operation. On the other
hand, the cleaning routines can play a more critical role
in keeping a batch process operable. Notice that, in a
multiproduct batch plant, the existing equipments are
often shared by various different processes and the raw
materials, intermediates, and products of these pro-
cesses are required to be moved from one unit to another
through a common pipeline network. To avoid contami-
nation of foreign substances, it is necessary to clean,
disinfect, or purge the pipeline network prior to each
batch cycle. The “cleaning” procedure can essentially be
viewed as the operation steps to transfer a detergent, a
disinfectant, or an inert material from the inlets (sources)
to the outlets (sinks) of a pipeline network, and also the
transfer routes should cover every part of the system.
Traditionally, the tasks of finding all possible cleaning
routes and then synthesizing the corresponding operat-
ing procedure are carried out manually on an ad hoc
basis. For a complex chemical process, the demand of
these tasks on time and effort may be overwhelming
and the resulting recipe is often error-prone. Thus, to
relieve the work load and also to improve the cleaning
quality, it is highly desirable to develop a systematic
strategy to synthesize the needed operating procedures
correctly and efficiently.

As mentioned previously, cleaning a pipeline network
can be considered as a special material-transfer opera-
tion. Several related studies can be found in the
literature. In a pioneering work, Rivas and Rudd1

proposed a method for the synthesis of failure-safe
procedures to help the operators make proper decisions

during emergency situations. A valve operation se-
quence can be quickly determined to reach the given
operation objective. O’Shima2 handled this problem with
a more efficient solution technique. The author devel-
oped the algorithms for finding the routes between the
given starting and terminating points of a material
stream and also for evaluating the flow state in each
unit along the stream. The operating procedures were
then synthesized on the basis of these algorithms.
Foulkes et al.3 represented the states of fragments in a
plant structure with a series of condition lists. They
utilized a combination of artificial intelligence tech-
niques, pattern matching, and path search algorithms
to identify all feasible routes for transferring a desig-
nated material from one storage tank to another in the
plant. Uthgenannt4 used digraph models to describe the
network of interconnected process equipments. The
material-transfer routes and the required operating
procedures can be obtained using a graph search
method.

It should be noted that the above-mentioned methods
are not directly applicable in the present application.
First of all, the objective of a cleaning operation is, in
general, not the same as that of simple material
transfer. It is important in the former case to ensure
that all parts in the pipeline network are included in
the material-transfer routes, while this constraint is not
imposed in the latter. Second, it is difficult to generate
valve-sequencing steps with the available methods to
achieve a multiroute cleaning schedule. Thus, the focus
of the present study is concerned with the generation
of operating procedures to perform multiple material-
transfer tasks for cleaning the entire network.

A formal definition of the terminology, models, and
functionality of batch control systems is available from
the ISA standard ISA-S88.01.5 It was shown that the
sequential function chart (SFC) is suitable for repre-
senting the hierarchical procedural model specified in
this standard.6 Because SFC is essentially derived from
the basic concepts of the Petri net, the latter is used in
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this work as the modeling tool to accurately describe
the material-transfer operations in pipeline networks.
The mathematical representation of the ordinary Petri
net is provided by Peterson.7 As originally designed, it
is only composed of three types of elements, i.e., a set
of discrete places P, a set of discrete transitions T, and
a set of interconnected normal arcs A. A discrete place
is graphically expressed in the Petri net with a circle,
and a discrete transition is expressed with a bar. A
normal arc is represented with a directed solid line. It
connects either a place to a transition or vice versa. To
facilitate proper characterization of the material-
transfer patterns in pipeline networks, additional ex-
tensions are also used in this work, i.e., the weighted
arcs, the inhibitor arcs, and the static test arcs. The
execution of a Petri net is controlled according to the
numbers and distribution of tokens in the places of the
Petri net. The vector of all token numbers at a particular
instance is referred to as a marking. A more detailed
review of these and other Petri-net elements and also
the transition enabling and firing rules can be found
elsewhere.8,9

In this study, an accurate component model is first
constructed for each valve, pump, and pipeline fragment
in the system. The fragment models are then connected
according to the network configuration to build a Petri
net in which all material-transfer paths can be embed-
ded. This path model is described in section 2. In
principle, all alternatives for cleaning the pipeline
network can be enumerated from the reachability trees
of this Petri net with a standard algorithm.10 This
practice is illustrated with a simple example in section
3. In the next section, two matrix-based procedures are
presented to identify the appropriate material-transfer
strategies in sequential and concurrent cleaning opera-
tions. The Petri-net representations of the valves,
pumps, and compressors are given in section 5. By
attachment of these equipment models to a modified
version of the path model, the Petri-net model of the
entire system can be constructed. This model is then
used to generate the operation steps needed to clean any
given route. Implementation details of this approach are
given in section 6. Also, to be able to achieve a multitask
schedule, additional control mechanisms must be in-
corporated in the Petri-net model. These extra features
are explained in section 7. Finally, the results of
applying the proposed synthesis procedure to an indus-
trial-size system are presented in the last section.

2. Representation of Material-Transfer Paths

The first critical issue in modeling any network
should be concerned with the division of the system into
distinct components. The concept of the piping frag-
ments3 is adopted in this work for this purpose. In
particular, a fragment is defined as a collection of
pipeline branches and/or processing units separated
from other fragments (or the environment) by valves,
pumps, and other means of flow blockages in the
pipeline network. Let us consider Figure 1 as an
example. Eight fragments can be identified according
to this definition, i.e., FR1-FR8. In this case, every
pump and its isolation valves are viewed as one lumped
power-generating system, and this system is treated as
a flow blockage if it is turned off. Notice also that, in
many industrial plants, the pipeline networks contain
dead branches. These branches are usually separated
from the external atmosphere by blanks, slip plates,

and/or closed and locked valves. According to the defini-
tion given above, every dead branch and its connecting
branches can still be viewed as a single fragment as long
as no flow blockages can be found inside this fragment.

For illustration convenience, let us first examine the
most basic structure of the fragment, i.e., a pipe branch
isolated by an inlet valve and an outlet valve (see Figure
2a). Notice that, in this case, the flow in either valve is
allowed only in one direction. The corresponding Petri-
net model is presented in Figure 2b. The place FR in
this model is used to reflect the fragment state. More
specifically, a token entering such a place denotes the
condition that the detergent is delivered to the corre-
sponding fragment from an upstream source fragment.
The place PK1 is used to keep a record of the connection
status of FR with its upstream fragment, and PK2 is
used for the same purpose concerning the downstream
fragment of FR. The transitions T1 and T2 can be
considered as the operator/controller actions to open
valves V1 and V2, respectively. On the other hand, if
both valves permit bidirectional material transfer, the
fragment model depicted in Figure 2b should be changed
to the one shown in Figure 2c. Notice that each transi-
tion in the former Petri net is now replaced with two
transitions to denote the material-transfer actions to
and from the fragments FR via the corresponding valve.

In principle, all mass-transfer paths can be found in

Figure 1. Typical example of a pipeline network.

Figure 2. (a) Basic structure of a piping fragment with two single-
direction valves. (b) Petri-net model of a basic fragment with two
single-direction valves. (c) Basic structure of a basic fragment with
two bidirectional valves.
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a Petri net assembled by connecting fragment models
according to the network configuration. However, if the
given system contains bidirectional valves, one or more
infinite loops may be identified. These looping paths
obviously cannot be adopted as the candidate routes for
cleaning operations. Additional constraints are thus
imposed in the Petri-net model to eliminate such pos-
sibilities. In particular, every record-keeping place, i.e.,
a place labeled with “PK”, is connected with inhibitor
arcs to the input transitions of the place representing
its downstream fragment. Let us use the pipeline
network in Figure 1 to illustrate this model-building
practice. The corresponding path model can be found
in Figure 3. Notice that the inhibitor arcs in this net
are introduced solely for the purpose of imposing the
proposed constraints. Specifically, let us consider transi-
tion T1 as an example. If it is fired, a token will then
be introduced in place FR3 and also another token will
be deposited in PK1. As a result, transition T3(2) will
be inhibited and remained so even after a token entered
place FR4. Notice that the firing of every other transi-
tion in this model causes the same effects on its
downstream places. Thus, the token movements gener-
ated in any simulation run are bound to follow a loop-
free route in this Petri net. If the inhibitor arcs in Figure
3 are all removed, a token may travel endlessly in one
of the following two loops: (1) FR3 f FR4 f FR3 f
FR4 ... and (2) FR5 f FR6 f FR5 f FR6 ....

3. Enumeration of Possible Routes

Because there may be more than one route emanating
from a particular source fragment to the sink fragments
of a pipeline network, it is desirable to first identify all
of them to ensure thoroughness of the cleaning opera-
tion. This task can be achieved by constructing a
reachability tree from a given initial condition on the
basis of the Petri-net model. Specifically, by firing the
transitions enabled initially, one can first obtain as
many “new” markings as the number of the fired
transitions. From each new marking, one can then again
generate more markings with the same approach.
Repeating this procedure over and over results in a
reachability tree. This tree consists of nodes and arcs.
Other than the node representing the initial state, each
node is associated with a generated marking and its
input arc denotes the corresponding fired transition. All

nodes in the tree can be classified into four different
types: (1) frontier nodes, (2) interior nodes, (3) duplicate
nodes, and (4) terminal nodes. The frontier nodes are
nodes that have not yet been developed by the tree-
building algorithm, whereas the interior nodes are
processed nodes. The duplicate nodes are the ones that
have appeared more than once in the tree. The terminal
nodes are nodes that cannot lead to any enabled
transition. It should be noted that the construction of a
reachability tree should continue as long as the frontier
nodes still exist. In other words, every frontier node
must eventually be converted to one of the other nodes.

The tree construction process begins by defining the
initial marking to be the root node of the tree and also
a frontier node. On the basis of the breadth-first
strategy, the reachability tree of a given Petri net can
be constructed according to the following algorithm:10,11

1. Label the initial marking M0 as the root node of
the tree and, initially, tag it as a frontier node.

2. If the frontier nodes exist, do the following:
(a) Select a frontier node. Let the marking of this node

be M.
(b) If the marking M is identical with that of an

existing node in the constructed tree, then convert the
frontier node to a duplicate node and go to step 2a.

(c) Use the revised Murata state equation to obtain
all possible enabled transitions. If no transitions are
enabled for the marking M, then convert the selected
frontier node to a terminal node and go to step 2a. If
the enabled transitions can be identified, then select
each enabled transition tj as a firing transition tf and
carry out the following tasks repeatedly:

(i) Obtain the marking Mk by firing tf.
(ii) Include Mk as a node, draw a directed arc with

label tf from M to Mk, and tag Mk as a frontier node.
(iii) Remove the original tag from M, and tag it as an

interior node.
Let us now turn to the Petri-net model presented in

Figure 3. By assuming that the detergent is stored in
tank T1 initially, the corresponding reachability tree
(shown in Figure 4) can be generated according to the
above algorithm. The markings associated with the
nodes in this tree can be found in Table 1. To conve-
niently identify the elements in a marking, the token
numbers are classified into two subsets and arranged
sequentially in a vector, i.e.

Figure 3. Path model of the example network in Figure 1.
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and k ) 0, 1, 2, ..., 10. Here, each subset label is identical
with the place labels of its elements. For example, the
elements stored in FRk are the token number of places
representing the fragment states. On the basis of this
convention, useful information can be directly acquired
from the marking of each terminal node in the reach-
ability tree. Specifically, the sink fragment of a material-
transfer route should be associated with 1 in subset FRk
of the terminal node. The corresponding connection
status among various fragments in the network can be
identified from PKk. From the reachability tree given
in Figure 4 and its markings in Table 1, it can be seen
that there are four terminal nodes, i.e., M4, M7, M9, and
M10. Four material-transfer routes can be identified
accordingly, i.e.

Similarly, another reachability tree can be built from
the second source fragment FR2 of the Petri net given
in Figure 3. This tree is presented in Figure 5, and the
markings of its nodes can be found in Table 2. Four more
material-transfer routes can be found in this tree, i.e.

4. Route Selection Procedures

Although every material-transfer route identified
from the reachability trees of a Petri-net model can be

adopted to clean a portion of the given pipeline network,
it may not be necessary to include all of them to achieve
the operation objective. In this study, the task of
cleaning a pipeline network is considered to be ac-
complished if the detergent is transported either (1)
through every fragment at least once or (2) across every
blockage at least once. Notice that the former criterion
may result in a less rigorous operating procedure than
the latter. This is because the requirement of moving
material through a pipeline fragment only guarantees
continuous fluid flows in its inlet and outlet branches.
On the other hand, because by definition there is always
a blockage on every branch of a fragment, the quality
of the cleaning operation can be better ensured with the
second criterion. However, it should be noted that the
dead branches in the pipeline network are always not
cleanable according to this blockage-based criterion. In
this case, the blanks, slip plates, or valves on all dead
branches may have to be removed/opened to allow for
the needed detergent flows.

4.1. Sequential Operations. A systematic procedure
has been developed in this study to select the appropri-
ate material-transfer routes so that either one of the
above two criteria can be satisfied with sequential
cleaning operations. For illustration convenience, let us
consider all possible cleaning routes of the pipeline
network given in Figure 1, i.e., routes 1-8. These routes
can be arranged in a matrix form as shown in Table 3.
Notice that its columns are associated with the frag-
ments in a pipeline network and each row represents a

Figure 4. Reachability tree of the path model in Figure 3:
starting nonempty FR1.

Table 1. Markings Mk’s ()[FRk|PKk]) of the Reachability
Tree in Figure 4

k FRk PKk

0 {1 0 0 0 0 0 0 0} {0 0 0 0 0 0 0 0 0 0}
1 {0 0 1 0 0 0 0 0} {1 0 0 0 0 0 0 0 0 0}
2 {0 0 0 0 1 0 0 0} {1 0 0 0 1 0 0 0 0 0}
3 {0 0 0 1 0 0 0 0} {1 0 1 0 0 0 0 0 0 0}
4 {0 0 0 0 0 0 1 0} {1 0 0 0 1 0 0 0 1 0}
5 {0 0 0 0 0 1 0 0} {1 0 0 0 1 0 1 0 0 0}
6 {0 0 0 0 0 1 0 0} {1 0 1 0 0 1 0 0 0 0}
7 {0 0 0 0 0 0 0 1} {1 0 0 0 1 0 1 0 0 1}
8 {0 0 0 0 1 0 0 0} {1 0 1 0 0 1 0 1 0 0}
9 {0 0 0 0 0 0 0 1} {1 0 1 0 0 1 0 0 0 1}
10 {0 0 0 0 0 0 1 0} {1 0 1 0 0 1 0 1 1 0}

Mk ) [FRk|PKk]

FR1 f FR3 f FR5 f FR7 (1)

FR1 f FR3 f FR5 f FR6 f FR8 (2)

FR1 f FR3 f FR4 f FR6 f FR5 f FR7 (3)

FR1 f FR3 f FR4 f FR6 f FR8 (4)

FR2 f FR4 f FR6 f FR8 (5)

FR2 f FR4 f FR6 f FR5 f FR7 (6)

FR2 f FR4 f FR3 f FR5 f FR6 f FR8 (7)

FR2 f FR4 f FR3 f FR5 f FR7 (8)

Figure 5. Another reachability tree of the path model in Figure
3: starting nonempty FR2.

Table 2. Markings Mk’s ()[FRk|PKk]) of the Reachability
Tree in Figure 5

k FRk PKk

0 {0 1 0 0 0 0 0 0} {0 0 0 0 0 0 0 0 0 0}
1 {0 0 0 1 0 0 0 0} {0 1 0 0 0 0 0 0 0 0}
2 {0 0 0 0 0 1 0 0} {0 1 0 0 0 1 0 0 0 0}
3 {0 0 1 0 0 0 0 0} {0 1 0 1 0 0 0 0 0 0}
4 {0 0 0 0 0 0 0 1} {0 1 0 0 0 1 0 0 0 1}
5 {0 0 0 0 1 0 0 0} {0 1 0 0 0 1 0 1 0 0}
6 {0 0 0 0 1 0 0 0} {0 1 0 1 1 0 0 0 0 0}
7 {0 0 0 0 0 0 1 0} {0 1 0 0 0 1 0 1 1 0}
8 {0 0 0 0 0 1 0 0} {0 1 0 1 1 0 1 0 0 0}
9 {0 0 0 0 0 0 1 0} {0 1 0 1 1 0 0 0 1 0}
10 {0 0 0 0 0 0 0 1} {0 1 0 1 1 0 1 0 0 1}

Table 3. Fragment-Based Path Matrix

route no. FR1 FR2 FR3 FR4 FR5 FR6 FR7 FR8

1 O O O O
2 O O O O O
3 O O O O O O
4 O O O O O
5 O O O O
6 O O O O O
7 O O O O O O
8 O O O O O
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route. This matrix is referred to as a path matrix in this
paper. The route selection procedure can be viewed
conceptually as the symbolic manipulation steps to
identify the independent vectors that can “span” the row
space of the path matrix. To reduce the number of
cleaning routes as much as possible, a simple heuristical
rule is used in the proposed selection procedure; i.e., the
route having the largest number of fragments should
be chosen first. Although the resulting routes may not
be optimal, this approach is taken because of the
relative easiness in implementation. The specific selec-
tion steps are presented in the sequel:

1. Select a row in the path matrix with the largest
number of elements.

2. Delete the row identified in step 1.
3. Delete all columns in which the elements of the row

identified in step 1 are located.
4. Repeat steps 1-3 until all columns are deleted.
Let us now apply this procedure to Table 3. The

detailed implementation steps are marked in Figure 6.
A brief description of these steps is provided below: (1)
Select and then delete the third row because it contains
the maximum number of elements. (2) Delete columns
1 and 3-7 because row 3 contains elements in these
columns. (3) Select and then delete row 5 because it
contains the most elements in the remaining matrix
obtained after carrying out the previous two steps. (4)
Delete columns 2 and 8 because row 5 contains elements
in these two columns and all other columns have already
been deleted before. Notice that the selection process is
terminated after all columns have been eliminated in
step 4. From Figure 6, it is clear that the first cleaning
criterion can be satisfied by selecting routes 3 and 5.

It should be noted that a similar path matrix can be
constructed if routes 1-8 are expressed in terms of the
removed blockages. As mentioned before, a feasible
route can be identified from the marking of a terminal
node in the reachability tree. Specifically, the elements
of subset PKk in this marking reflect the states of
valves, pumps, and compressors in the pipeline network
to facilitate material transfer via the corresponding
route. For example, route 1 can also be written as

Consequently, the same procedure can be followed to
select the routes that satisfy the second criterion. From
the implementation steps presented in Figure 7, one can
see that routes 3 and 7 should be chosen in this case.

4.2. Concurrent Operations. Notice that the mate-
rial-transfer routes selected with the above procedure
may be partially overlapped. For example, if the frag-
ment-based criterion is used, the chosen routes 3 and 5
in the pipeline network in Figure 1 share two common
elements, i.e., FR4 and FR6. As another example, notice
that valves V3 and V5 are both required to be open to
facilitate material transfer in the same pipeline network
via routes 3 and 7, respectively. Because of the possibil-
ity of overlapping routes, the cleaning operations of
different routes have to be carried out sequentially.
Therefore, to save operation time, there are incentives
to identify nonoverlapping routes so that the concurrent
cleaning strategies can be devised accordingly. A modi-
fied version of the above route selection procedure has
thus been developed for this purpose. Its implementa-
tion steps are presented as follows:

1. Select a row in the path matrix with the largest
number of elements.

2. Identify and temporarily remove another row with
at least one element in the column where the row
selected previously in step 1 also has an element. Repeat
this step until no more rows can be identified.

3. Repeat steps 1 and 2 until all rows are exhausted.
4. Recover the temporarily removed rows.
5. Delete all of the rows selected in steps 1-3.
6. Delete all columns in which the elements of the

rows selected in steps 1-3 are located.
7. Repeat the above steps until all columns are

deleted.
Because the routes selected in steps 1-3 cannot be

overlapping, it is possible to execute the material-
transfer operations along these routes simultaneously.
For illustration purposes, let us consider the fictitious
path matrix presented in Figure 8. On the basis of the
selection steps marked in this figure, one can easily see
that cleaning of routes 1 and 2 should first be carried
out concurrently and, after completion of these two
tasks, the material-transfer operation along route 4 can
then take place. A more realistic example of the concur-
rent cleaning operations will be presented later in the
case studies.

5. Equipment Models

To generate the specific operation steps to realize the
cleaning tasks of the selected material-transfer routes,
the Petri-net model of a pipeline network must contain
not only the component models of the fragments but also

Figure 6. Fragment-based implementation steps for selecting
sequential cleaning routes.

V1 f P4 f V7 (9)

Figure 7. Blockage-based implementation steps for selecting
sequential cleaning routes.
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those of the installed equipments, such as the valves,
pumps, compressors, etc. The valve model is presented
in Figure 9. Here, the places PV(O) and PV(C) denote
two opposite valve positions respectively, i.e., open and
close. The transitions TV(O) and TV(C) represent the
valve-switching actions from PV(C) to PV(O) and vice
versa. Notice that the input place PC(O) of the transi-
tion TV(O) can be interpreted as the valve-opening
requirement once a particular material-transfer action
is selected in a route. Similarly, the place PC(C) can be
considered as the demand for the valve-closing opera-
tion. The output places PR(O) and PR(C) of the two
transitions TV(O) and TV(C) can be used to record the
actual number of times that the corresponding valve-
switching actions have been carried out. Because it is
possible to call for a material-transfer action when the
corresponding valve is already open, transition TR(O)
is introduced as the output of both PC(O) and PV(O) in
this model. A normal arc is adopted in the former case
to avoid a token being permanently kept in place PC-
(O), while a test arc is used in the latter to prevent loss
of the tokens in PV(O). Finally, note that the transition
TR(C) is adopted for the same reason.

Because the operating procedures of pumps, compres-
sors, and their isolation valves can be considered as
well-established industrial practices, e.g., see Karassik
and McGuire,12 their detailed steps are not described
in the equipment models for the sake of simplicity.
Specifically, the Petri net presented in Figure 9 is also
used to model a power-generating system in this study.
In this case, the places PV(O) and PV(C) represent two
opposite states, i.e., on and off, of the system, respec-
tively. The transitions TV(O) and TV(C) can be regarded
as a series of standard operation actions to turn on and
off the pump/compressor system.

6. Generation of Operation Steps

The operating procedure for cleaning a selected route
in the pipeline network can be obtained based on a
system model. To create such a model, the equipment
models should be attached one by one to a modified
Petri-net representation of the material-transfer paths.
This modified path model can be transformed from its
original version by removing all inhibitor arcs and then
reversing the directions of all connecting arcs between
the record-keeping places (i.e., the places labeled with
PK) and their input transitions. The above-mentioned
places in the modified net can now be interpreted as
the demands to connect the corresponding upstream and
downstream fragments. Let us again consider the
system in Figure 1 as an example. The path model in
Figure 3 can be converted to the Petri net presented in
Figure 10 by introducing the proposed modifications.
This net is then expanded by connecting its transitions
respectively to the places PC(O)’s in the corresponding
equipment models with normal arcs. A detailed listing
of these connections can be found in Table 4. This
practice is meant to reflect the relationship between
each material-transfer action and the need to open the
corresponding valve or to turn on the corresponding
pump/compressor.

Given a route and a set of initial valve states, the
required operation steps can be synthesized by perform-
ing a simulation with the system model. Under the
condition that all valves are closed and all pumps are
switched off initially, it can be determined easily by
inspecting the pipeline network in Figure 1 that valves
V2 and V8 should be open and also pump P5 must be
turned on for transporting material through route 5. On
the other hand, notice that the initial system condition
of the Petri-net model can be set by introducing a token
in FR2 and also in the place representing the close
position of every valve in the system. Notice also that
the selected route 5 can be stipulated by providing a
token in every place representing the demand to connect
a pair of fragments in route 5, i.e., PK2, PK5, and PK8.
A collection of operation steps can then be identified by

Figure 8. Implementation steps for selecting concurrent cleaning
routes.

Figure 9. Standard valve model.

Figure 10. Modified path model of the example network.

Table 4. Normal Arc Connections between Transitions in
a Modified Path Model (Figure 10) and Places PC(O)s in
Different Equipment Models (Figure 9)

transition equipment transition equipment

T1 V1 T5 P5
T2 V2 T6(1) V6
T3(1) V3 T6(2) V6
T3(2) V3 T7 V7
T4 P4 T8 V8
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executing the Petri-net-based simulation accordingly. It
has been verified that the simulation results are the
same as those obtained by inspection.

However, if a different set of initial equipment states
is adopted in the simulation run, it can be shown that
the resulting operating procedure still remains un-
changed for route 5. In the network presented in Figure
1, if the cleaning of route 3 is carried out before that of
route 5 and only pump P5 and valve V1 are switched
off to terminate the former task, the operating procedure
identified above is clearly insufficient for accomplishing
the latter. Thus, to guarantee the feasibility and safety
of the material-transfer steps through a selected route,
it is necessary to impose additional auxiliary control
rules in operating the related valves, pumps, and/or
compressors. These equipment operation rules are sum-
marized below:

Equipment Operation Rules. Given a specific
material-transfer action, all valves and/or pumps sur-
rounding its downstream fragment (except the one used
for facilitating the present material transfer) should be
closed/switched off.

To realize this requirement of blocking all of the
entrances and exits not located on the selected route,
additional normal arcs should be introduced to connect
the transition representing the given action in the
modified path model to the places PC(C)’s in Petri-net
models of the equipments surrounding its downstream
fragment. In the case of our example system in Figure
1, these additional connections are shown in Table 5.
As a result, the cleaning procedure of route 5 can be
correctly generated from any given initial condition with
the proposed simulation approach. To be specific, let us
assume that the valves V3, V6, and V7 are left open
after cleaning route 3 in our previous example, while
in the meantime, the other valves are closed and both
pumps are off. The operating procedure to clean route
5 in this situation can be found to be as follows: close
V3 and V6, open V2 and V8, and then turn on P5.

7. Execution of Multiple Tasks

In this study, it is assumed that two separate cleaning
tasks can be scheduled sequentially according to the
Gantt chart shown in Figure 11a and concurrently
according to Figure 11b. It is required in the former case
that

while in the latter case, the constraint is either

or

The time needed to accomplish a particular task should
be determined on a case-by-case basis.

The systematic approach for generating the operation
steps of a single-route cleaning task has already been
presented in the previous sections. Here, the proposed
Petri-net-based techniques are extended to synthesize
the operating procedure for executing a multitask
schedule. To coordinate the implementation times of
various different tasks according to the given schedule,
the Petri-net model of a so-called schedule manager is
attached to the system model. If the tasks of cleaning
routes 3 and 5 in the example system are to be carried
out according to the schedule given in Figure 11a, this
schedule manager can be modeled on the basis of the
Petri net given in Figure 12. Notice first that, instead
of a single event, transition TX1 should be interpreted
as a collection of operation steps (events) to establish
route 3 for cleaning purposes and, similarly, TX6
represents another set of operation steps to establish
route 5. To activate the operation steps associated with
route 3, transition TX1 is connected to the place
representing the source fragment, i.e., FR1, and also to
those representing the operation demands for establish-
ing fragment connections, i.e., PK1, PK3(1), PK5, PK6-
(2), and PK7. Similarly, TX6 is connected to FR2, PK2,
PK5, and PK8 to trigger the operation actions for
cleaning route 5. On the other hand, transitions TX4
and TX9 represent the actions to terminate the cleaning
operations of routes 3 and 5, respectively. It is assumed
in the present study that each termination procedure
consists of only two steps, i.e., switching off the pump
on the cleaning route and then closing the exit valve of
the source fragment. The connections from TX4 and TX9
to the places in the system model reflect the demands
for these actions. Notice also that the delay times of
TX1, TX4, TX6, and TX9 are assigned to meet the given
schedule exactly. Other types of connections between
the Petri-net model of the schedule manager and the
system model are concerned with places P1, P4, P6, and
P9. They are used simply for maintenance purposes.
Places P1 and P6 mark the initialization phases of the
operations to establish routes 3 and 5, respectively,
while P4 and P9 represent the preparation stages prior
to the termination steps for these two routes, respec-
tively. It should be noted that every such place and all
of the places labeled with PR(O) and PR(C) in the
system model are connected to a common output transi-
tion. Because the operation records of pumps and valves

Table 5. Normal Arc Connections between Transitions in
a Modified Path Model (Figure 10) and Places PC(C)s in
Different Equipment Models (Figure 9)

transition equipment transition equipment

T1 V3, P4 T5 V6, V8
T2 V3, P5 T6(1) P5, V8
T3(1) V2, P5 T6(2) P4, V7
T3(2) V1, P4 T7
T4 V6, V7 T8

Figure 11. (a) Typical sequential schedule. (b) Typical concurrent
schedule.

t0 < t1 e t2 < t3 (10)

t0 e t1 < t2 e t3 (11)

t0 e t1 < t3 e t2 (12)
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are stored in the latter places, this practice is in essence
to reset these records before carrying out each of the
above four distinct sets of operation steps.

For illustration convenience, let us assume that all
valves are closed and all pumps are off initially in the
example system. To realize the schedule in Figure 11a,
an operating procedure can be generated by placing a
token in the place P1 and then executing the simulation
run. The resulting operation steps are presented in
Table 6. Notice that the operating procedure obtained
on the basis of the blockage-based criterion can also be
produced with the same approach (see Table 7). These
operation steps can be followed to clean routes 3 and 7
in sequence. Finally, although a specific example of the

concurrent operations cannot be given at this point, it
should be emphasized that the Petri-net model of the
corresponding schedule manager can be built easily in
a similar fashion. The simulation results of a sequential/
concurrent hybrid operation are presented later in the
next section.

8. Case Study

The pipeline network described in Foulkes et al.3 is
adopted in the present work as a realistic example to
demonstrate the capability of the proposed method. The
network contains 8 storage tanks, 36 valves, and 4
pumps (see Figure 13). A total of 5 source fragments,
i.e., FR1-FR5, 20 internal fragments, i.e., FR6-FR25,
and 6 sink fragments, i.e., FR26(1)-FR28(1) and FR26-
(2)-FR28(2), can be defined in this system. It is as-
sumed that there are no upper limits imposed upon the
amounts of detergent stored in the source tanks, i.e.,
T1-T5, and also the capacities of the sink tanks, i.e.,
M1-M3. In addition, the spent materials gathered from
separate cleaning routes are allowed to be stored in the
same sink tank. Because each sink tank in the present
system has two inlet pipelines, these two inlets are thus
treated as two distinct fragments in this example.
Finally, it is also assumed that all valves are closed and
all pumps are turned off initially.

The path model of the given system can be found in
Figure 14. To enhance model readability, the inhibitor
arcs are not shown in this figure. As mentioned previ-
ously, the cleaning routes can be selected on the basis
of this model using either the fragment-based criterion
(see Table 8) or the blockage-based criterion (see Table
9). Notice that, in both cases, the required cleaning tasks
must be implemented sequentially in three stages.
During each stage, multiple material-transfer opera-
tions can be executed concurrently via the selected
routes. For illustration convenience, let us further
assume that the operation periods needed to carry out

Figure 12. Petri-net model of a sequential schedule manager.

Table 6. Fragment-Based Operation Steps for Cleaning
the Pipeline Network in Figure 1

time operation step

t0 open valves V1, V3, V6, and V7
switch on pump P5

t1 switch off pump P5
close valve V1

t2 close valves V3 and V6
open valves V2 and V8
switch on pump P5

t3 switch off pump P5
close valve V2

Table 7. Blockage-Based Operation Steps for Cleaning
the Pipeline Network in Figure 1

time operation step

t0 open valves V1, V3, V6, and V7
switch on pump P5

t1 switch off pump P5
close valve V1

t2 close valve V7
open valves V2 and V8
switch on pump P4

t3 switch off pump P4
close valve V2
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different operations in the same stage are identical.
More specifically, the three distinct operation periods
are assumed to be [t0, t1], [t2, t3], and [t4, t5]. The
complete operating procedures to achieve the corre-

sponding schedules can be generated from the proposed
Petri-net-based simulation runs. The results of the two
cases considered in this example can be found in Tables
10 and 11.

Figure 13. Complex pipeline network.

Figure 14. Path model of the complex network in Figure 13.
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9. Conclusion

A systematic strategy is presented in this paper for
generating detailed operating procedures to clean any
given pipeline network. The cleaning routes are selected
on the basis of the Petri-net representation of all
material-transfer paths. The operation steps for trans-
porting detergent through a designated route can be

identified from the simulation results obtained with the
Petri-net model of the entire system. By connection of
this net with another one representing the schedule
manager, the multiroute cleaning recipes can also be
produced with the proposed simulation techniques. The
effectiveness of this approach is clearly demonstrated
with the realistic example given at the end of this paper.
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Table 8. Material-Transfer Routes Selected with Fragment-Based Criterion for Cleaning the Pipeline Network in
Figure 13

implementation
stage route(s)

1 FR1 f FR6 f FR7 f FR8 f FR9 f FR10 f FR11 f FR12 f FR15 f FR19 f FR25 f FR24 f
FR16 f FR13 f FR14 f FR21 f FR18 f FR23 f FR22 f FR17 f FR20 f FR26(2)

2 FR2 f FR7 f FR6 f FR13 f FR16 f FR26(1)
FR3 f FR9 f FR10 f FR18 f FR23 f FR28(1)
FR4 f FR11 f FR12 f FR15 f FR19 f FR28(2)

3 FR5 f FR12 f FR15 f FR19 f FR25 f FR27(2)
FR1 f FR6 f FR7 f FR8 f FR17 f FR22 f FR23 f FR27(1)

Table 9. Material-Transfer Routes Selected with Blockage-Based Criterion for Cleaning the Pipeline Network in Figure
13

implementation
stage route(s)

1 FR1 f FR6 f FR7 f FR8 f FR9 f FR10 f FR11 f FR12 f FR15 f FR19 f FR25 f FR24 f
FR16 f FR13 f FR14 f FR21 f FR18 f FR23 f FR22 f FR17 f FR20 f FR26(2)

2 FR2 f FR7 f FR6 f FR13 f FR16 f FR24 f FR22 f FR17 f FR20 f FR21 f FR14 f
FR15 f FR19 f FR28(2)

FR3 f FR9 f FR10 f FR18 f FR23 f FR28(1)
3 FR4 f FR11 f FR10 f FR9 f FR8 f FR17 f FR22 f FR23 f FR27(1)

FR5 f FR12 f FR15 f FR19 f FR25 f FR27(2)
FR1 f FR6 f FR13 f FR16 f FR26(1)

Table 10. Operation Steps To Implement Table 8

time operation step

t0 open valves V1, V6-V11, V16, V17, V19-V25,
V27-V29, and V31

switch on pump P15
t1 switch off pump P15

close valve V1
t2 close valves V7, V8, V10, V17, V21, V24, V25, and V29

open valves V2-V4, V32, V35, and V36
switch on pumps P12, P14, and P15

t3 switch off pumps P12, P14, and P15
close valves V2-V4

t4 close valves V11, V27, V28, V31, and V35
open valves V1, V5, V7, V21, V24, V33, and V34
switch on pumps P13 and P15

t5 switch off pumps P13 and P15
close valves V1 and V5

Table 11. Operation Steps To Implement Table 9

time operation step

switch on pump P15
t1 switch off pump P15

close valve V1
t2 close valves V7, V8, V10, V17, V21, V22, V24, V25,

and V31
open valves V2, V3, V26, V30, V32, and V35
switch on pumps P12 and P14

t3 switch off pumps P12 and P14
close valves V2 and V3

t4 close valves V6, V11, V27-V30, V32, and V35
open valves V1, V4, V5, V8, V10, V21, V24, V33, V34,

and V36
switch on pumps P12, P13, and P15

t5 switch off pumps P12, P13, and P15
close valves V1, V4, and V5
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