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Abstract Workflow management systems usually interpret
a workflow definition rigidly. However, there are real life
situations where users should be allowed to deviate from
the prescribed static workflow definition for various reasons,
including lack of information, unavailability of the required
resources and unanticipated situations. Furthermore, work-
flow complexity may grow exponentially if all possible com-
binations of anticipated scenarios must be compiled into the
workflow definition. To flexibilize workflow execution and
help reduce workflow complexity, this paper proposes a dual
strategy that combines a library of predefined typical work-
flows with a planner mechanism capable of incrementally
synthesizing new workflows, at execution time. This dual
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strategy is motivated by the difficulty of designing emer-
gency plans, modeled as workflows, which account for real-
life complex crisis or accident scenarios.

1 Introduction

Workflow management systems have been receiving consi-
derable attention, motivated by their wide spectrum of appli-
cations. Standardization efforts are under way in the context
of consortia, such as WfMC (Workflow Management Coali-
tion), OASIS (Organization for the Advancement of Struc-
tured Information Standards), and W3C (The World Wide
Web Consortium). Among other contributions, these efforts
resulted in new workflow definition languages and coordi-
nation protocols. Requirements for workflow management
systems comprise a long list. Among the requirements, we
may highlight distributed execution, cooperation and coor-
dination, and synchronization, which influence the way user
communities work cooperatively to perform a given task.

In this paper, we introduce a notion that we define as
increasing workflow flexibility. Briefly, workflow manage-
ment systems usually interpret a workflow definition rigidly.
However, there are real life situations where users should
be allowed to deviate from the prescribed static workflow
definition for various reasons, including lack of information
and unavailability of the required resources. Furthermore,
in complex domains, such as crisis response planning, desi-
gning a single workflow that accounts for all possible situa-
tions may become an overwhelming task. The final workflow
may become too complex to be amenable to formal verifica-
tion and may fail to cover all desired scenarios.

To achieve this increase in workflow flexibility and reduce
complexity, we propose a mixed strategy. We combine a
library of pre-defined workflows, of manageable complexity,
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Table 1 Environmental impact
of cleaning procedures for sand
beaches

Cleaning procedures Oil type

Type I Type II Type III Type IV Type V

ND: Natural degradation 0.00 1.00 1.00 1.00 1.00

UA: Use of absorbents 1.00 0.25 0.00 0.00 0.00

VC: Vacuum cleaning 1.00 0.00 0.00 0.00 0.00

CL: Cold, low pressure cleaning 1.00 0.00 0.00 0.25 0.25

CH: Cold, high pressure cleaning 1.00 0.25 0.25 0.25 0.25

HL: Hot, low pressure cleaning 1.00 1.00 0.50 0.50 0.50

HH: Hot, high pressure cleaning 1.00 1.00 0.50 0.50 0.50

PC: Vapor cleaning 1.00 1.00 0.75 0.75 0.75

with a planner mechanism that, based on the observed initial
scenario, searches through the library, retrieves the appro-
priate workflows and combines them into more sophisticated
units that can handle the observed scenario. We call this stra-
tegy mixed in the sense that it starts with pre-compiled plans,
stored in the form of workflows, and then creates more com-
plex plans, at run time, with the help of a planner component.
This dual strategy is motivated by the difficulty of designing
emergency plans, modeled as workflows, that account for
real-life complex crisis or accident scenarios.

This paper is organized as follows. Section 2 expands the
discussion about the motivations for our approach. Section 3
summarizes the formal framework. Section 4 exemplifies the
framework. Section 5 outlines how the planning component
is used. Section 6 briefly reviews work directly related to this
paper. Finally, Sect. 7 contains the conclusions and describes
ongoing work.

2 Motivation

An emergency plan is a collection of emergency procedures,
that is, structured collections of operations that must be per-
formed to adequately respond to specific accidental scena-
rios. An emergency procedure must also describe the human
and material resources required, and it must include ancillary
documentation, such as maps, simulation results, and lists of
authorities to contact. Environmental protection agency and
other government authorities indeed audit companies from
time to time to verify if they have emergency plans that cover
all plausible accidental scenarios, and if they have the neces-
sary equipment or access to the required resources within a
reasonable amount of time. Similarly, plans exist for reco-
very of NASA spacecraft following incidents, as do plans
for rescuing astronauts during spacewalks or from the Inter-
national Space Station (ISS).

For example, consider an emergency plan for an oil ter-
minal located in a harbor facility. The following are possible
accident scenarios: vessels docked at the harbor may catch

fire, causing explosions followed by oil spills; vessels may
hit underwater oil pipelines causing oil spills of a different
nature; in-land oil tanks may catch fire and produce harmful
pollution reaching nearby communities.

The plan must include, for example, specific procedures
for cleaning coastal areas affected by an oil spill. The pro-
cedures typically take into account the oil type and the cha-
racteristics of the coastal area. Table 1 provides a schema-
tic example of cleaning procedures, where the type of coas-
tal area is a Sand Beach and the oil types are named Type
I–Type V. The weights in table cells indicate the environ-
mental impact of each procedure: 0.00 indicates the smallest
environmental impact, 0.25 some impact, 0.50 a significant
impact, 0.75 the greatest impact, and 1.00 inapplicable.

Now, suppose that an emergency team is assigned to an
accident. The team will be referred to as the user of the emer-
gency plan in what follows. Suppose that the user comes to a
point in the overall emergency plan execution where he needs
to select a cleaning procedure for a sand beach affected by
an oil spill. The user can then look up in Table 1 to select the
best procedure to clean the beach. For example, if the oil is
of Type II, the best procedures are “VC: Vacuum cleaning”
and “CL: Cold, low pressure cleaning”. Based on the equip-
ment available, he may then select a feasible procedure and
proceed to execute it. This sequence of steps has to be repea-
ted for each coastal segment that the oil spill affected. Note
that the cleaning procedures selected for the various coastal
segments may interfere with each other, if they use the same
equipment or if the personnel available are limited. The user
would then have to schedule the cleaning procedures within
the bounds of the available resources.

Emergency response information systems [1–3] are infor-
mation systems designed to help automate emergency plans
and expedite access to the required data during accidents.
Most of the work in this paper is motivated by the develop-
ment of InfoPAE [4,5], an emergency response information
system that is currently operational in hundreds of oil faci-
lities. InfoPAE combines a workflow management system
and a geographic database, and is based on the translation
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of very large (paper) emergency plans into equally complex
workflows. However, an analysis of the complexity of the
emergency plans suggested that the workflows should be
synthesized on demand, based on the current accidental sce-
narios, using a library of reasonably small workflows that
address simple scenarios. Early experiments confirmed that
this is indeed a feasible strategy.

The above example covers just a simple scenario—an
oil spill. The problem lies in that an accident may trigger
a sequence of other events, such as an explosion, followed
by fire and by an oil spill. Therefore, emergency plans must
not be too rigid or else they become too complex to accom-
modate all possible scenarios, generated by multiple events.
Furthermore, as already pointed out, the amount of resources
available—equipment, personnel, etc.—constrains the num-
ber of procedures that can be executed in parallel.

With this background motivation, we propose a strategy
to help reduce workflow complexity and flexibilize work-
flow execution. The strategy combines a library of prede-
fined typical workflows, of manageable complexity, with a
planner capable of synthesizing more complex workflows, at
execution time, tuned to the scenario in question. We call this
strategy incremental or online planning. Note that it poten-
tially reduces workflow complexity, because it replaces the
need to anticipate all accidental scenarios into a static work-
flow by on-the-fly plan generation.

A key element of the strategy is the notion of a condi-
tion goal inference rule (CGIR) that provides the planner
with enough information to incrementally synthesize partial
plans. Indeed, planners are typically given initial and final
conditions, but little or no information that helps guide the
planning process in between.

Anticipating the discussion in Sect. 4, we illustrate the use
of CGIRs in the context of our running example. We consider
a simplified model with just two types of incidents: (1) fire on
facilities, such as oil pipelines and oil tanks; (2) oil spills that
pollute shoreline segments, such as sand beaches and reefs.
The emergency procedures we adopt as examples are highly
stylized and follow simple steps, summarized in Figs. 1 and
2. The Clean step of Fig. 2 is refined according to Table 1.

Operational onFireAlert onFire Damaged 

 Extinguish

EndFireAlert 

Rebuild 

Verify

Fig. 1 States of a facility

Clean onSpillAlert Polluted 
Verify 

Clean 

EndSpillAlert

Fig. 2 States of a shoreline segment

Consider the emergency procedure, depicted in Fig. 1, for
any facility F that may catch fire. If the fire alarm sounds for
F , the status of F should be changed from Operational to
OnFireAlert and should remain so until confirmation. From
the OnFireAlert state, either the fire is confirmed and proce-
dures to extinguish it must be started, or F goes back into
operation.

If facility F reaches the OnFireAlert state, the following
condition goal inference rules force the planner to bring F
back to the Operational state (see Sect. 4 for a formal state-
ment of these examples):

CGIR1. (if F is OnFireAlert then eventually (F is OnFire
or F is Operational)) always holds

CGIR2. (if F is OnFire then eventually (F is Damaged))
always holds

CGIR3. (if F is Damaged then eventually (F is Operatio-
nal)) always holds

In real-life situations, the emergency plan should also include
operations to isolate each facility G in the vicinity of F , when
F becomes on fire alert. The facility G should be forced into
the OnFireAlert state and remain so (or actually be OnFire
or damaged, that is, not in the operational state) until F
goes back to the operational state. Figure 3 illustrates this
situation.

We note that, differently from F , which reached the OnFi-
reAlert state as a consequence of a fortuitous event, G is for-
ced into this state by the planner. This transition is guaranteed
by the following condition goal inference rule:

CGIR4. (if F is OnFireAlert and G is a facility in the vicinity
of F and G is Operational then eventually (G is
OnFireAlert)) always holds

Furthermore, when F is located near the shore, the planner
also has to take into consideration possible oils spills and
put any nearby shoreline segment S on spill alert. Figure 4
illustrates this situation.

Again, as a response to a fortuitous event that affected
facility F , the planner has to force a state transition of any
nearby shoreline segment S. This transition is guaranteed by
the following condition goal inference rule:
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Fig. 3 Interaction between
facility f1 and a nearby facility
f2

Rebuild

Rebuild

EndfireAlert

EndfireAlert

verify

Operational

Operational

OnfireAlert 

OnfireAlert 

Onfire

Onfire

Damaged

Damaged

Extinguish

verify Extinguish

Fig. 4 Interaction between
facility f1 and a nearby
shoreline segment sl1

Clean

Clean
Verify

Verify

EndSpillAlert

EndFireAlert

Rebuild

Extinguish

OnSpillAlert Polluted

DamagedOnFireOnFireAlertOperational

CGIR 5. (if F is OnFireAlert and S is a shoreline segment
in the vicinity of F and S is clean then eventually
(S is OnSpillAlert)) always holds

Therefore, as a consequence of a fire alert in F , the planner
must respond with operations that:

1. Extinguish the fire on facility F (part of the regular work-
flow for F).

2. Force a change of status of any facility G within the
facility danger perimeter of F .

3. Force a change of status of any shoreline segment S
within the shoreline danger perimeter of F .

The above discussion ultimately means that facilities should
go back to the operational state and shoreline segments to
the clean state. In a strict sense, the workflow for either a
facility or a shoreline segment could be reduced to a single
goal—return to the operational or the clean state. Of course,
it does not provide much information to the planner on how
to do so. That is, the role played by the condition goal infe-
rence rules is to generate intermediate goals for the planner.
During plan processing, undesirable states may be reached,
thus forcing the planner to (re)apply additional CGIRs until
the operational (or clean) state is reached.

Indeed, a conventional planner would consider every
transition from the initial to the final state. What we are
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proposing is slightly different, as we expect the planner to
start up from any (undesirable) state and move forwards,
prompted by condition goal inference rules.

Thus, our immediate problem is reduced to verifying that
we have defined enough condition goal inference rules that
guarantee that, eventually, each facility is brought back to the
Operational sate, and that each shoreline segment reaches the
Clean state.

3 Formal framework

The formal framework follows Ciarlini et al. [6] and specia-
lizes familiar concepts to meet the restrictions of the planner
component described in Sect. 5.

We define a planning language as a many-sorted first-
order language, with equality, with a set of special function
symbols, the operation names, and a set of predicate symbols,
the database predicate symbols. In what follows, let L be a
planning language, O be the set of operation names of L, and
D be the set of database predicate symbols of L. The syntax
and semantics of L follow as usual, so that we will attain just
to the concepts that are motivated by the planner. A (constant)
substitution is a function i mapping each variable of L to a
constant (of the same sort). An expression is a formula (of
various forms, defined in what follows) or a term. Given an
expression e, we use e[i] for the substituted version of e.

A structure M for L assigns a meaning to each symbol of
L. Given a formula σ and a set of formulae � of L, we use
|�M σ to denote that M satisfies σ , or that σ holds in M , and
� |� σ to denote that σ is a logical consequence of �.

We remark that M should assign the standard meaning
to the familiar function and predicate symbols, such as “+”
and “<”, which should not be included in the set of operation
names and database predicate symbols. This remark becomes
important in the context of the planner, described in Sect. 5,
which is implemented based on this assumption.

A database literal is a literal whose predicate symbol is in
D, and a database fact is a positive ground database literal.
A possible fact of M is a database fact of L that holds in M .
A possible database state of M is a set of possible facts of
M . We define the notion of holding at a possible database
state s as follows:

• For a database fact F , we define that F holds in s for M ,
denoted s |�M F , iff F ∈ s.

• For a database literal L , we define that L holds in s for M ,
denoted s |�M L , iff s |�M G for every ground instance
G of L .

• For a conjunction K of database literals, we define that
K holds in s for M , denoted s |�M K , iff s |�M L for
every L that occurs in K .

• For a set L of database literals, we define that L holds in
s for M , denoted s |�M L, iff s |�M L for every L ∈ L.

We model operations in terms of their pre- and post-
conditions [6]. Pre-conditions are conjunctions of (positive or
negative) literals that must hold at the state in which the ope-
ration is to be executed. Post-conditions, or effects, consist
of two sets of literals: those to be asserted and those to be
retracted as a consequence of executing the operation. More
precisely, an operation is a tuple e = (o, d, P, Q) where

• o is an operation name
• d is a term of the form o(t1, . . . , tn), called the input decla-

ration of o.
• P is a set of database literals, specifying the pre-

conditions of e.
• Q is a set of database literals, specifying the post-

conditions of e.

The operation e = (o, d, P, Q) is terminal iff

• The declaration d is a variable-free term.
• The post-conditions Q are ground.
• The positive pre-conditions are ground

Negative pre-conditions in terminal operations are not res-
tricted to be ground. Variables might occur, such as in ¬ p(x),
to express that ∀x¬ p(x).

The structure M assigns a relation oM (respecting sorts)
to each operation symbol o. A possible operation call in
M is a term of the form o(c1, . . . , cn), where c1, . . . , cn are
constants, such that
< cM

1 , . . . , cM
m >∈ oM .

The meaning of a terminal operation e = (o, d, P, Q)

in M is the set eM consisting of all pairs (s, t) of possible
database states such that the following holds true:

• s |�M P (pre-conditions are satisfied).
• t |�M Q (post-conditions are satisfied).
• for every possible database fact f of M , if f /∈ Q and

¬ f /∈ Q, then s |� f iff t |� f (which is the frame
requirement: preservation of satisfaction from s to t for
ground database literals that are neither established nor
negated by the post-conditions in Q).

Therefore, the domain of eM consists of the states satis-
fying the pre-conditions of e, and eM transforms each state
s in its domain to a state t satisfying the post-conditions of
e. Given an operation e, we use e[i] for the substituted ver-
sion of e, obtained by applying i to the declaration, the pre-
and the post-conditions of e. The meaning of a non-terminal
operation e in M is the set eM consisting of all pairs (s, t)
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of possible database states such that (s, t) ∈ e[i]M , for some
substitution i .

A temporal database of M is a pair T = (S, O) consis-
ting of a sequence S of possible database states of M and a,
possibly empty, sequence O of terminal operations such that

• |S| = |O| + 1 (the length of S is the length of O plus
one)

• < Si,Si+1 >∈ O M
i , for each ı ∈ [1, |O|] (non-initial

states are caused by terminal operations)

Note that, if O is empty, then T reduces to just one data-
base state. Given a temporal database T = (S, O) of M ,
and k ∈ [1, |S|], the kth continuation of T is the temporal
database T k = (Sk, Ok) such that Sk and Ok are the suf-
fixes of S and O starting on the kth element of S and O,
respectively. Note that a continuation T k = (Sk, Ok) of T is
indeed a temporal database, and that the temporal database
consisting of just the last state of T and the empty sequence
of operations is the nth continuation of T , where n = |S|.

An atomic temporal formula is an expression of one of the
following (restricted) forms, where L and K are conjunctions
of database literals, or a single database literal:

♦L L eventually holds
�L L always holds
©L L holds next
LUK L holds until K

More complex temporal formulae are introduced as usual.
We define the notion of holding at a temporal database T =
(S, O) of M , as follows [6]:

• For a conjunction L of database literals, we define that
L holds in T for M , denoted T |�M L, iff S1 |�M L (L
holds in the first state S1 of T ).

• For a formula of the form ♦L, we define that ♦L holds in
T for M , denoted T |�M ♦L, iff for some k ∈ [1, |S|],
T k |�M L (L holds in some continuation T k of T ).

• For a formula of the form �L, we define that �L holds
in T for M , denoted T |�M �L, iff for all k ∈ [1, |S|],
T k |�M L (L holds in all continuations T k of T ).

• For a formula of the form ©L, we define that ©L holds
in T for M , denoted T |�M ©L, iff T 2 |�M L (L holds
in T 2, the continuation starting on the second state of T ).

• For a formula of the form LUK , we define that T |�M

(LUK ) holds in T for M , denoted T |�M (LUK ), iff
there is p ∈ [1, |S|] such that T p |�M K and, for all
q ∈ [1, p), T q |�M L (L holds in all continuations until
reaching, but excluding, a continuation where K holds).

We introduce more complex temporal formulae and accor-
dingly extend the notion of holding at a temporal database as
usual.

A condition goal inference rule is recursively defined as
follows:

• A temporal formula of the form ♦L is a condition goal
inference rule, where L is a conjunction of database lite-
rals, or a single database literal.

• A temporal formula of the form (L ⇒ �) or of the form
�(L ⇒ �) is a condition goal inference rule, where L
is a conjunction of database literals, or a single database
literal, and � is a condition goal inference rule.

For example, the formula

�(C1 ⇒ �(C2 ⇒ �(C3 ⇒ ♦G)))

is a condition goal inference rule. It holds at a temporal data-
base T = (S, O) of M iff, whenever there are three states
Sc1,Sc2,Sc3, with c1 ≤ c2 ≤ c3, such that Ci holds in Sci , for
i = 1, 2, 3, then there must be a state Sg with c3 ≤ g, such
that G holds in Sg . Intuitively, C1,C2,C3 define a sequence
of conditions that, if satisfied, implies that the goal G must
be satisfied in a future state (with respect to the state where
C3 is satisfied).

A plan is a triple P = (L, O, p) where

• L is a set of literals, capturing the constraints and the
initial database state of P

• O is a set of operations
• (O, p) is a directed acyclic graph, that is, p is a partial

order on O

A plan P is terminal iff all operations of P are terminal.
The meaning of a terminal plan P = (L, O, p) in M is the
set P M consisting of all temporal databases T = (S, O) of
M , such that

• S1 |�M L
• O is a sequence consisting exactly of the operations in O

in an order consistent with the partial order p

The meaning of a non-terminal plan P = (L, O, p) for M
is the set P M consisting of all temporal databases T ∈ P[i]M ,
for all substitutions i of all variables occurring in operations
in O . A temporal formula � holds in a plan P = (L, O, p)

for M , denoted P |�M �, iff T |�M �, for all T ∈ P[i]M ,
for all substitutions i of all variables occurring in operations
in O .

A workflow is defined very similarly to a plan, except
that it has special operations that model a minimal set of
model workflow control constructs [7]. A workflow is a triple
W = (K , Q, r) where

• K is a set of literals, the constraints of W
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• Q is a set of operations, including the split, the join and
the choice operations

• (Q, r) is a directed acyclic graph with a source node,
called the start node (or start operation)

A workflow defines a set of embedded plans in the follo-
wing sense. A plan P = (L, O, p) is embedded in a work-
flow W = (K ,Q, r) iff

• K |�M L
• (O, p) is a sub-graph of (Q, r) such that

• O contains the start node of W
• Each choice operation in O contains only one succes-

sor
• For each arc (n, m) in r such that n is a non-choice

operation, if n in O , then (n, m) is also in p

The semantics of split and join operations are already
reflected in the definition of plan, when we allowed paral-
lel operations. The semantics of the choice operation should
intuitively be that the pre-conditions of the successor of a
choice operator must be valid. It is captured indirectly by
defining that a plan embedded in a workflow is a valid exe-
cution in M for W or, simply, is valid in M for W iff the set
P M is not empty.

Finally, a plan P is consistent with a set � of temporal
formulae with respect to a structure M iff, for every σ ∈ �

for every T ∈ P M , we have T |�M σ . A workflow W is
consistent with a set � of temporal formulae with respect
to a structure M iff, for every σ ∈ �, for every plan P
embedded in W that is valid in M for W , for every T ∈ P M ,
we have T |�M σ .

4 Formalization of the example

To formalize the example of Sect. 2, we first introduce the
following language:
f1, f2, . . . Constants denoting

facilities

a1,a2, . . . Constants denoting
shoreline segments

Oil Pipeline, oilT ank, . . . Constants denoting
facility types

Sand Beach, ree f s, . . . Constants denoting
shoreline segment
types

Type I, type II, type III, Constants denoting oil
type IV, type V, undefined types
s(X) = Y Y is the state of X (see

Figs. 1, 2)

next (X, Y ) Y is a successor state of
X (see Fig. 1 and Fig. 2)

t (L) = T Location L is of type T
p(L) = T Location L is polluted

with oil type T
location(F) = L L is the location of faci-

lity F
shutdown(F) Facility F is shut down
isolated(L) Location L is isolated
f acili t yWithin- Facility G is within the
Danger Perimeter(F, G) danger perimeter of faci-

lity F (with respect to a
fire on F)

shorelineWithin- Shoreline segment S is
Danger Perimeter(F, S) within the danger per-

imeter of facility F (with
respect to a fire on F)

The following are the static constraints:

FC1. �(s(F) = Operational ⇒ (¬shutdown(F) ∧
¬isolated(F)))

(If a facility F is operational, then it is neither shut-
down nor isolated.)

FC2. �(p(L) = T ⇒ (T = t ypeI ∨ T = t ypeI I ∨
T = t ypeI I I ∨ T = t ypeI V ∨ T = t ypeV ∨ T =
unde f ined))

(The valid oil types are t ypeI through t ypeV )
SC1. �(s(L) = Clean ⇒ ¬isolated(L))

(If a shoreline segment L is clean, then it is not isola-
ted.)

The condition goal inference rules force the planner to
select operations that will provoke state transitions. The faci-
lity condition goal inference rules guarantee that transitions
from states OnFireAlert, OnFire and Damaged will indeed
occur and will eventually bring a facility back to the opera-
tional state, but they need not guarantee that the facility will
eventually move out of the Operational state:

GF1. �(s(F) = OnFireAlert ⇒ ♦(s(F) = X ∧
next (OnFireAlert, X)))

GF2. �(s(F) = OnFire ⇒ ♦(s(F) = X ∧
next (OnFire, X)))

GF3. �(s(F) = Damaged ⇒ ♦(s(F) = X ∧
next (Damaged, X)))

(Note that GF2 and GF3 could be simplified since OnFire
and Damaged both have just one successor state)

The interaction between a facility and those on its danger
perimeter is formulated as:

GF4. �((s(F) = OnFireAlert ∧ f acili t yWithin-
Danger Perimeter(F, G)∧s(G) = Operational)
⇒ ♦(s(G) = OnFireAlert))
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The interaction between a facility and shore line segments
on its danger perimeter is formulated as:

GF5. �((s(F) = OnFireAlert ∧ shorelineWithin-
Danger Perimeter(F, S) ∧ s(S) = Clean) ⇒
♦(s(S) = OnSpill Aler t))

Additional facility CGIRs work as temporal restrictions
that force the planner to schedule further operations:

GF6. �(s(F) = OnFire ⇒ ♦(shutdown(F) ∧
isolated(location(F))))

(If a facility F becomes on fire, then F must eventually
be shut down and the area isolated).

The shoreline segment condition goal inference rules gua-
rantee that transitions from states OnSpillAlert and polluted
will indeed occur and will eventually bring a shoreline seg-
ment back to the clean state, but they need not guarantee that
the shoreline segment will eventually move out of the clean
state:

GS1. �(s(L) = OnSpill Aler t ⇒ ♦(s(F) = X ∧
next (OnSpill Aler t, X))).

GS2. �(s(L) = Polluted ⇒ ♦(s(F) = X ∧
next (Polluted, X))).

(Again note that GS2 could be simplified since polluted has
just one successor state).

Additional shoreline CGIRs work as temporal restrictions
that force the planner to schedule further operations:

GS3. �(s(L) = Polluted ⇒ ♦(isolated(L))).

(If a shoreline segment L becomes polluted, then L must
eventually be isolated).

Operations are specified as follows, where {P}o{Q} indi-
cates that P are the pre-conditions and Q are the post-
conditions of operation o.

The following are operations on facilities:

FO1. {s(F) = OnFireAlert}End FireAlert (F)

{s(F) = Operational}
FO2. {s(F) = OnFireAlert}V eri f y(F){s(F) =

OnFire}
FO3. {s(F) = OnFire}Extinguish(F){s(F) =

Damaged}

(Operations required to enforce GF1 to GF2, that is, the state
transitions as per Fig. 1).

FO4. {s(F) = Damaged} Rebuild(F){s(F) =
Operational ∧ ¬shutdown(F) ∧
¬isolated(location(F))}

FO5. {s(F) = OnFire}Shutdown(F){shutdown(F) ∧
isolated(location(F))}

(Operation required to enforce GF6)

FO6. {s(F) = Operational}Set OnFireAlert (F)

{s(F) = OnFireAlert}

(Operation required to document fortuitous fire incident).
The following are the operations on shoreline segments:

SO1. {s(L) = OnSpill Aler t}End Spill Aler t (L){s(L) =
Clean}

SO2. {s(L) = OnSpill Aler t}V eri f y(L){s(L) =
Polluted}

(Operations required to enforce GS1, that is, some of the state
transitions as per Fig. 1).

SO3. {s(L) = Polluted}Analyze(L){¬p(L) =
unde f ined}.

(Operation required to set a precondition for the cleaning
operations).

SO4. {s(L) = Clean}Set OnSpill Aler t (L){s(L) =
OnSpill Aler t}.

(Operation required to document fortuitous oil spill incident).
The clean operation may be refined as per Table 1 (without

considering weights for the time being)

ND1. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI I )}Natural Degradation(L){s(L)=Clean}.

ND2. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI I I )}Natural Degradation(L){s(L)=Clean}.

ND3. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI V )}Natural Degradation(L){s(L)=Clean}.

ND4. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeV )}Natural Degradation(L){s(L) = Clean}.

UA1. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI }UseO f Absorbents(L){s(L) = Clean}.

UA2. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI I }UseO f Absorbents(L){s(L) = Clean}.

VC. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI }V acuumCleaning(L){s(L) = Clean}.

CL1. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI }.
Cold LowPressureCleaning(L){s(L) = Clean}
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CL2. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeI V }.
Cold LowPressureCleaning(L){s(L) = Clean}

CL3. {s(L) = Polluted ∧ t (L) = sandbeach ∧ p(L) =
t ypeV }.
Cold LowPressureCleaning(L){s(L) = Clean}

CH. {s(L) = Polluted∧t (L) = sandbeach}Cold High-
PressureCleaning(L){s(L) = Clean}.

HL. {s(L) = Polluted ∧ t (L) = sandbeach}Hot Low-
PressureCleaning(L){s(L) = Clean}.

HH. {s(L) = Polluted ∧ t (L) = sandbeach}Hot High-
PressureCleaning(L){s(L) = Clean}.

PC. {s(L) = Polluted ∧ t (L) = sandbeach}V apor -
Cleaning(L){s(L) = Clean}.

(Since the preconditions of an operation have to be a conjunc-
tion of literals, ND1 to ND4 cannot be combined into a single
definition; the same observation applies to UA1 and UA2, and
to CL1, CL2 and CL3).

5 The planner module

We are experimenting with a planner component that has
been successfully used in the interactive plot generator (IPG)
system [8]. IPG is an implementation of a logical framework
for the simulation of the interactions of agents [9]. It has
been applied both for decision support and for generating
stories as part of an interactive storytelling tool [10]. In this
section, we briefly describe IPG and show how it can be used
to compose workflows.

5.1 An overview of IPG

The IPG system consists of a planner integrated with a plan-
recognition mechanism and goal-inference methods. IPG has
been developed in Prolog, using constraint logic program-
ming features. The planner is hierarchical and non-linear
(i.e., it generates partially ordered plans) and was adapted
from Abtweak [11]. The IPG planner logic uses a syntac-
tic structure for specifying and reasoning about the possible
temporal databases that can be created from an initial data-
base state by the execution of a (partially ordered) set of
operations. The temporal reasoning adapts the modal truth
criterion (MTC) [12] to a database context conforming to the
closed world assumption (CWA) [13].

IPG agents’ behavior is modeled by means of a knowledge
base composed of an initial database, condition goal infe-
rence rules (CGIRs), operations and integrity constraints. At
the behavioral level, condition goal inference rules are spe-
cified to describe the situations that generate new goals the
agents should pursue. At the functional level, operations des-
cribe the possible actions the agents can perform to achieve

their goals. Since operations and goal inference rules are
defined for the various classes of agents, IPG simulates their
interaction and the planner generates the possible plans of
narratives that may occur.

The simulation process occurs in multiple stages of user
intervention, goal-inference and planning. The user inter-
venes in the process by adding observations. Observations
are used to specify operations to be artificially inserted, arti-
ficial goals, describing situations that should be forced, and
additional constraints on the execution order of the opera-
tions.

At the beginning of a simulation, the user may optionally
specify initial observations. Figure 5 illustrates the initial
state of the IPG planner with an implementation for a fire
alert situation, as described in Sect. 2 of this paper.

Based on the initial database, CGIRs are used to infer
goals. To create a combination of operations, conforming to
the observations and able to achieve the goals, the planner is
applied: operations are inserted in the plan and constraints on
their order and on the value of variables are imposed. When a
coherent plan (i.e., a plan in which all pre-conditions necessa-
rily hold at their execution time) is obtained, the current plan-
ning phase is finished and another user intervention occurs:
the current plan is presented to the user, who can reject it
and ask for another solution, accept it as it is or modify it, by
adding new observations. To illustrate the planner in action,
we apply CGIR5 (Sect. 2) to the initial situation depicted in
Fig. 5. As a consequence to the fire alert situation, the planner
will extinguish the fire on facility FC01 and force the change
of status on a facility FC02, located within the perimeter of
FC01. Figure 6 illustrates the sequence of operations devised
by IPG.

After user intervention, new goal-inference and planning
phases occur. The new operations inserted during the last
planning phase may lead to the inference of new goals to
be fulfilled at the planning phase. At the planning phase,

Fig. 5 Initial state of the IPG planner

123



A. Fernandes et al.

Fig. 6 IPG in action: response plan to fire alert situation

the planner copes then with both new inferred goals and the
observations added by the user in the last intervention. When
a partial coherent plan is generated, the simulation conti-
nues with new user intervention and the inference of new
goals. Thus, we have a progressive process, in which a plan
is constructed on the fly. The simulation is finished when no
new goal is inferred during a goal-inference phase and the
user does not add any observation. During planning phases,
integrity constraints are checked to discard alternatives that
violate them.

CGIRs try to capture the problems and opportunities emer-
ging at possible states of a partial plan. They are conditionals
which are exhaustively evaluated: whenever the antecedent
holds but not the consequent, the consequent is taken as an
observation to be added to the plan before the next plan-
ning stage. Notice that, at the start of the simulation, both the
observations informed by the user and those that can be infer-
red from an initial plan, containing only the initial database
state, are added.

IPG is fully compatible with the formal framework descri-
bed in Sect. 3. CGIRs, operations and integrity constraints of
the example described in Sect. 4, for instance, can be directly
translated to IPG’s formalism. If we have only atomic opera-
tions, the generation of emergency plans by means of IPG is
straightforward. If the number of operations is large, howe-
ver, the process might be time consuming.

An alternative way to obtain plans for achieving the goals
of an agent is to take, from an adequately structured library, a
pre-existing typical workflow or plan, adapting it if necessary
to specific circumstances. Taking typical plans as building
blocks corresponds, in artificial intelligence terminology, to
start from commonly used scripts, rather than constructing
new plans from primitive operations [14,15]. The composi-
tion of workflows for the generation of emergency plans with
IPG is explained in the sequel.

5.2 Workflow composition

Workflows basically avoid the construction of new plans
always from primitive operations. Intuitively, a workflow
describes a set of plans that are frequently used for a given set
of scenarios. The operations in the example of Sect. 4 were
introduced as atomic operations to simplify the explanation
about the possible use of CGIRs combined with a planning
algorithm. In fact, most of them are workflows with various
atomic operations, which have to be combined. An example
is the operation “shutdown and isolate facility”, illustrated in
Fig. 6, that can be understood as a separate workflow. Shut-
ting down and isolating a facility comprise a series of mode-
rately complex operations that include shutting power, water
and gas circuitry, closing valves, putting in place evacuation
plans and securing the property.

In order to combine small workflows, we encapsulate them
as operations with basic pre-conditions and post-conditions.
The basic pre-conditions describe, for each workflow, the
most important necessary conditions for its execution. The
basic post-conditions describe the main effects of executing
the workflow. Based on such descriptions, IPG can insert
workflows, during the planning phase, as if they were ato-
mic operations. In this way, the treatment of emergencies in
complex systems would not demand the previous creation
of huge workflows, replicating various parts of emergency
procedures. CGIRs can guide the process, composing work-
flows in a compatible way with the initial situation described
in the initial database state. If a usual emergency situation
occurs, the planner tends to select predefined workflows to
reach the goals inferred by CGIRs, because this option is
computationally cheaper than composing a new plan from
scratch. When there is no workflow ready to reach a goal,
the planner can still try to combine workflows and/or atomic
operations.

The problem with this approach is that pre-conditions and
post-conditions of a workflow are not deterministic, because
the workflow might have operations of type choice and the
order of its basic operations may vary. As a consequence,
we cannot guarantee that the global plan generated so far is
executable. To validate the plan, we then extract the plans
embedded within each workflow. Such plans replace the cor-
responding workflow in the global plan, so that a global flat
plan, containing only atomic operations, is obtained. Notice
that the flattening process is also necessary for the inference
of new goals at the next simulation stage.

To obtain flat plans, there is a refinement planning phase.
This phase initially simulates the possible executions of ope-
rations of type choice, within each workflow, and generates
all possible combinations of options. Each combination cor-
responds to an alternative flat plan, competing to be the
solution. For each alternative, the planning algorithm checks
whether all pre-conditions of all operations are already
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fulfilled. If it is not the case, the planner can still adapt the
alternative, adding new atomic operations and constraints on
the execution order of the operations and on the value of the
variables.

For the time being, our workflows are only acyclic, sim-
plifying the extraction of embedded plans. The adoption of
more complex workflows, containing cycles, and the extrac-
tion of corresponding embedded plans might be useful and
are still under investigation.

6 Related work

Our strategy may be compared to planning techniques
adopted in several application domains, such as Web ser-
vice composition [16–19]. Dan Wu et al. [20] use SHOP2,
a hierarchical task network (HTN) planner, to automatically
compose Web services described in DAML-S (now OWL-S).
Sheshagiri et al. [21] adopt a backward-chaining algorithm
for Web service composition, where DAML-S service des-
criptions are translated into a set of STRIPS-like planning
operators by a set of rules.

TALPLANNER [22], inspired by the fast forward-
chaining planner TPLAN of Bacchus and Kabanza [23], uses
a temporal action logic which enables it to plan for incomple-
tely specified dynamic worlds. The ARPA/Rome Laboratory
Planning Initiative (ARPI) also promotes the implementation
of innovative planners [24].

The composition of programs and tools also bears some
similarity with our approach. As an example, the electro-
nic tool integration platform (ETI) [25] is an environment
where a user may combine functionalities of several tools to
obtain sequential programs, called coordination sequences.
ETI uses concepts from temporal logic to compose the desi-
red sequences. This platform has been redesigned to explore
the standard Web service technology [19], offering new ser-
vice composition features.

The flexible architecture we envision for our project
resembles the modular characteristics of O-Plan (the open
planning architecture) [26,27] elaborated by the AI—
Artificial Intelligence Applications Institute at the Univer-
sity of Edinburgh. This AI based planner has evolved as a
sort of a planning service plug-in, and it is now available as a
component of its successor, the I–X integration platform [28].

SIPE-2 interactive planner [29] has a long research history
and has been tested in real-world situations. Among other
applications, it was used in an oil spill response system. The-
refore, in this aspect, SIPE-2 is the closest initiative related
to our intended application domain.

7 Conclusions and future work

In this paper, we introduced a mechanism that helps reduce
workflow complexity and adds flexibility to workflows

through incremental planning. The proposal uses a planner
component that features a library of predefined workflows.
Our approach is motivated by the design of emergency res-
ponse systems that account for real-life accidental scenarios.
We are currently designing a new prototype version of the
INFOPAE system [30], an emergency response system in use
in a large number of installations.

A fundamental requirement for effective emergency res-
ponse, whether involving the rescue of stranded astronauts,
evacuation of civilians, or recovery from a natural disaster,
etc., is to be able to determine, given any predictable emer-
gency situation, at least one plan that will bring the system
back to a desired state. The plan must be flexible enough
to account for a series of in-between difficulties, such as
resource unavailability or lack of information.

In this paper, we proposed a strategy to simplify the
construction of emergency response plans by combining a
library of pre-defined (simple) workflows with a planner that
uses intermediate goals, generated by condition goal infe-
rence rules. Such rules indeed enable the planner to generate
plans in an incremental fashion.

We are currently evaluating questions related to the com-
pleteness of the proposed strategy. A completeness criterion
would be to require that the planner generates (correct) plans
for all possible emergency scenarios. This criterion is not
reasonable, however, given the large number of emergency
scenarios that would result from any reasonably complex
industrial installation and the low probability associated with
some of the more complicated emergency scenarios (e.g.,
all tanks in a refinery fortuitously catching fire at the same
time). Instead, we are considering a weaker completeness
criterion, in which we would require that the planner gene-
rates (correct) plans for all possible emergency scenarios for
each individual components of the complete installation, and
then postulate that the individual plans can be combined as
necessary.
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