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Abstract—An enduring characteristic of emergencies is the
need for near-simultaneous development and deployment of new
management procedures. This need can arise with the onset of
highly novel problems and the need to act quickly—factors which
reduce opportunities for extensive planning in managing the
emergency. As a result, decision makers in emergencies must be
prepared to improvise. By understanding the cognitive processes
in improvisation, organizations can better learn how to plan for,
manage and learn from improvised action. To help create this
understanding, this paper reviews and synthesizes prior results
on improvisation in the art of jazz, exploring how these results
may be applied to improvisation in emergency management. A
theory of improvisation in emergency management is then
developed and expressed as a cognitive model. The model’s
implementation in computer-executable code is then reviewed,
along with an illustration of how the model improvises in an
emergency situation. Finally, implications of this model and
opportunities for future research are presented.

Index Terms—Cognitive Science, Decision Making

I. INTRODUCTION

MERGENCIES—whether natural or technological,

randomly or willfully induced—challenge society’s
capabilities both for planning and response. They require
action under risk and time constraint, which are imposed on
responding organizations by the environment and thus are
largely out of decision makers control. Moreover, despite
steady advances in managing emergencies, they continue to
generate highly non-routine situations, requiring managers to
generate and execute new plans nearly simultaneously. The
resulting activities may then become part of organizational
knowledge, increasing the capability of society to respond to
future events. The response to the September 11, 2001 attacks
on the World Trade Center offers numerous examples of non-
routine, even unplanned-for, situations, leading to successful,
creative decisions that have become part of the repertoire of
the organizations that generated them. In the waterborne
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evacuation of lower Manhattan [1], evacuation procedures and
the means to carry them out were invented in the hours after
the event. In the restoration of telecommunications servicesin
New York City [2], the power systems of a crucia
telecommunications station were radically rewired under
conditions of high risk. In the establishment of a new
emergency operations center [3], emergency managers had to
identify and outfit a new center following the loss of the
original center, which had been located in the Twin Towers.
Finally, in the removal of debris from Ground Zero [4], [5],
work crews developed highly novel approaches to placing
equipment and organizing the removal of debris from the site,
all while managing risks of further structura collapse. From
these and many other cases in emergency management [6]—
[9], it may be seen that flexibility and an ability to improvise
remain crucial to the success of response operations [10], [11].

While the focus of this paper is on emergency management,
the need to train for, implement and learn from improvisation
is found in many other domains, including medicine [12],
engineering [13], [14], the arts and business. Common
elements between these domains include the need to respond
to non-routine external events that generate risk and time
congtraint, and which seriously impede the capability of
managers to generate or consider more than a few options for
response. The recent and expansive literature on management
improvisation has helped to describe the antecedents and
consequences improvisation. Antecedents include factors that
can trigger improvised behavior, such as environmental
conditions (e.g., time pressure) and the nature of management
knowledge and experience [15]— [20]. Consequences include
the success of improvisation, and the contribution of
improvisation to organizationa learning (see [21] for a
review).

Weick [22] and others [21, 23] have argued for theories of
improvisation that explain when and how it occurs. Yet, with
few exceptions [16], [17], [20], [24], the processes that
actually constitute improvisation have been comparatively
under-explored. Such process-level understanding, if
achieved, should yield insights into how skill in improvisation
can be learned and managed, so that improvisation becomes
an additional tool for organizations that need or want to
address non-routine events.

The purpose of this paper is to develop a process-level
model of cognition in improvisation and to implement this
model for the domain of emergency management. The
approach is first to synthesize the results of prior studies of
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improvisation—principaly in the art of jazz improvisation—
into a theory of cognition in emergency management
improvisation (Sections 2 and 3). A symbolic representation of
the theory is then given, followed by a description of its
implementation as a computer-executable program (i.e, a
computational model). An example of the model’s useis given
in order to illustrate its properties and its consistency with the
proposed theory (Section 4). Implications of the model and
opportunities for future research are then discussed (Section
5), followed by overall conclusions (Section 6).

II. BACKGROUND

This section develops the necessary domain background to
propose a cognitive-level theory about improvised decision
making in emergency response. It discusses decision making
in emergencies and in jazz performance and explores a
comparison between the two domains in order to frame
subsequent development of the theory.

A Decision Making in Emergency Management

Large-scale emergencies, sometimes called extreme events,
may be regarded as events which arerare and uncertain and
which have potentially high and broad consequences [11].
Their rarity makes them difficult to model and predict.
Uncertainty surrounds both their antecedents and
consequences, the latter of which may include damage to or
loss of life, property or the environment. The onset of an
emergency usually creates a need for action that istimely, as
when a building collapse is imminent or when target minimum
response times are given by policy. All of these factors
contribute to the need for response personnel to “ make do”
with resources that are or can be made available within the
time allotted.

Managing the response to an emergency is likely to require
multiple decision makers [25], who must reason and make
decisions about complex socio-technical systems such as
telecommunications, power and transportation infrastructures.
The onset of an emergency may result in the mobilization of
an emergency response organization (ERO), defined as an
assembly of individuals from responsible organizations who
work together to manage the response to an emergency [26]—
[28]. The ERO is a management- rather than operations-level
organization, often consisting of two to twenty individuals,
whose decisions are communicated to and implemented by
field personnel. The ERO may be situated within different
types of organizations—public or private, local, national or
international. Typically, theroles of decision makers within
the ERO are defined before the event. During the response,
roles may befilled by various individuals, perhaps working in
shifts, but all sharing expectations concerning how their roles
areto be performed [6]. The ERO may therefore be
understood to be ateam: that is, “a distinguishable set of two
or more people who interact, dynamically, interdependently,
and adaptively toward a common and valued
goal/objective/mission, who have each been assigned specific

roles or functions to perform, and who have alimited life-span
of membership” [29].

Typical activities during the management of emergencies
are monitoring operations during normal conditions, selecting
an appropriate procedure when planned-for contingencies
arise, and revisiting the appropriateness of these procedures as
other potentially disruptive events occur [30], [31]. With the
onset of an unplanned-for contingency—an event for which no
planned-for procedure exists—the responding organization
must develop and deploy new procedures in real-time.
Prominent examples from the literature on emergency decision
making include the loss of power onboard a ship coming into
port [32], a sudden shift in the dynamics of awildfire[33] and
the grounding of the tanker Exxon Valdez [34], [35]. More
recent examples, still being investigated by researchers,
include the 11 September 2001 attacks on New Y ork and
Washington, DC [36], the 2005 southeast Asiatsunami and
the summer 2004 Atlantic hurricane season.

When faced with an unplanned-for contingency, response
procedures are intended either to resolve the emergency itself
or to allow the managing organization to return to following
planned-for procedures. Decision making in this situation can
be regarded as a two-stage process [2]. In thefirst stage, the
responding organization recognizes either that no planned-for
procedure applies to the current situation or that an appropriate
planned-for procedure cannot be executed. Once the need to
depart from plan has been recognized, the second stage is the
real-time development and deployment of new procedures.
The action may range from substitution (e.g., using a school
bus to transport injured persons) to the construction of new
procedures (e.g., using fire trucks to provide mobile showers
following a chemical exposure). In addition to actions [37],
roles of response personnel may also be improvised [6].

B. Decision Making in Jazz Performance

Decision making in jazz performance entails the production
of music that is consistent with the idiomatic traditions of the
genre. Improvisation is clearly central to this endeavor, since
jazz without improvisation israrely conceived of asjazz.
Improvisation in jazz involves “reworking precomposed
material and designsin relation to unanticipated ideas
conceived, shaped, and transformed under the special
conditions of performance, thereby adding unique features to
every creation” [38]. While improvisation is recognized as a
skill to be acquired and developed in jazz, as well asin
domains such as theater [39]-{42] and film [43], [44], only in
music, and particularly in jazz [23], [45]-{48], is there abody
of research seeking to explain the cognitive processes of
improvisers. Understanding has proceeded through field
observation [38], [49], [50], surveys[51], analyses of musical
texts [38], [52] and introspection (e.g., reflections on personal
experiences as a jazz improviser) [47], [48], [53], [54]. With
the advent of more sophisticated data collection instruments—
aswell as avigorousinterest in the topic of jazz
improvisation—there has been a steadily increasing amount of
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musicological and psychologica work on improving
understanding of cognitive processes in improvisation.

Jazz groups vary in size, composition and duration. Group
size may range from two to twenty or more (asin jazz
orchestras) [55], [56], the prototypical size being from three to
five. A group is often comprised of one or two players of each
particular type of instrument, with a given musician rarely
choosing to play more than one instrument. A group’s leader,
when there is one, can be said to hold the position by trust.
Thejazz literature clearly indicates that |eadership stylesvary
greatly across groups [38], [56], with a somewhat short
duration of membership—sometimes as short as one night
[38] and often not more than afew years—in part because of
the long tradition of ad hoc or pick-up performance.

The context or setting of ajazz group’s live performance
consists of physical resources (e.g., instruments), cultural
norms, the venue and an expectation that the group will
improvise, often in the context of a particular tune. Physical
resources are the instruments and written materials (such as
musical scores) available to group members. Cultural norms
include the expectation that musicians be familiar with music
theory, common improvisational methods [41], [42], [57] and
the catalog of jazz standards [38], [46]. The group’s
performance venue consists of the bandstand and the audience.
The bandstand itself is usually closed: outsiders may not join
the performance unless they are invited to do so.
Communication between group and audience is generally non-
verbal, though it is reciprocal, since audiences communicate
with applause (or lack of it) and musicians communicate with
their music, verbal asides to band mates and announcements to
the audience [46].

Thejazz group’ stask isto create a performance that is new
yet maintains a connection to the reference material (usually a
tune from the group’ s repertoire). As stated by Weick (1998),
an improvisation “does not materialize out of thin air. Instead,
it materializes around a simple melody that provides the
pretext for real-time composing.” An acceptable
improvisation therefore builds upon recognizable ideas yet
“says something” original [58].

C. Summary

Some clear points of similarity and difference between
decision making in emergency response and jazz may be
identified, and these are used to determine where and how
prior studies of cognition in jazz improvisation may be applied
to emergency response. There are three dimensions to the
comparison—corresponding to the decision making unit,
setting and task—which are discussed below and summarized
inTable 1.

Insert Table 1 Here

Jazz groups and EROs function as short-lived, small- to
medium-sized teams comprised of individuals acting within
pre-defined roles to accomplish specific objectives. An ERO’s

responsibilities are at the management level, entailing
decisions such as how to alocate resources. The jazz group’s
responsibilities are at both management and operations levels,
entailing decisions such as how to structure the performance,
but also how to implement these decisions (e.g., by deciding
which notes to play). Therolesin an ERO may be fluid, in that
it is not uncommon for one role to take on part of arole
traditionally performed by another role [6], [37]. This situation
may occur when, for example, the fire command performs a
policing activity such as crowd control. The performance of
roles in both types of groupsiis likely to be coordinated by a
single individual.

Jazz groups and EROs operate in a setting characterized by
time constraint and the occurrence of unplanned-for
contingencies, which must be addressed using available
resources in order to meet performance goals. Jazz groups and
EROs differ in the amount and nature of physical resources
available to them. Numerous jazz improvisers have discussed
the process of obtaining “complete familiarity” with the
instrument as a prerequisite to improvising successfully [46].
Thevast array of resources available to EROs, however, may
be unmanageably large.

Both types of groups must identify when and how to depart
from plan. In the jazz group, when to improvise is usually
clear, though there are certainly situations when it is not (e.g.,
when the order and/or Iength of solos is not predetermined).
Both groups face challenges in deciding how to improvise, a
key difference being that jazz groups are explicitly trained to
accomplish thistask. Finaly, it should be noted that
individuals and the collective may improvise in both types of
groups. Unlike the jazz group, however, details of
implementation in an ERO may be delegated to operations-
level personnel. This situation may occur, for example, when
the decision is made to send certain resources to the scene of
the emergency in order to accomplish particular goals.
Responsibility for how exactly to apply those resources may
be | eft to field commanders.

I11. COGNITION IN IMPROVISATION

Progress in developing theories about human cognition has
been strongly driven by observational studies of important
phenomena, followed by more formal experimentation to
explore the limits of current theory and, in some cases,
expression of the theory in computer-executable code [59],
[60]. A number of studies have followed this path—including
work on planning [61], [62] and problem solving [63]—and
have led to steady improvements in understanding the limits
and possibilities of human cognition. The advancement of
cognitive-level theory about improvisation may benefit from a
similar approach since, as suggested by the previous
discussion, improvisation has often been depicted as a type of
problem solving—albeit one with particular task demands and
environmental constraints.

Following a brief discussion of the problem solving
framework as applied to the task of improvising, problem
solving strategies employed by improvisers are described for
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the art of jazz. Formal approaches to modeling improvisation
and related phenomena are then considered in order to identify
gaps in existing knowledge and to support the development of
the model that is presented and discussed in subsequent
sections.

A Improvisation as Problem Solving

Problem solving may be characterized as movement
through a problem space with the intention of eliminating the
difference between the current state and the goal state [60].
When a problem iswell-posed (e.g., asin playing chess or
solving simple algebra problems), al states of the problem
space can be described, as can the allowable (or legal) steps
between the various states. The task of the problem solver is to
reach the goal state by taking legal steps through the problem
space. Inthe case of serial problems such as chess, completed
steps cannot be undone; whereas in non-serial problems such
as algebra they can be. In both cases, the rules of the game—
and therefore the problem space—remain unchanged for the
duration of the game.

An unplanned-for contingency changes the problem space
through the addition or deletion of new problem states [64].
The task of the group is then to determine the shape of the new
problem space and to find anew path through it to the goal
state. Due to the high degree of dynamism and uncertainty
during the event, decisionswill be made incrementally,
thereby resulting in continuing change to the problem space.
Decisions are also irrevocable, so that future decisions arein
some sense constrained and conditioned on past ones—as well
as on expectations of future states. Finally, time constraints
can severely impede the consideration of large numbers of
candidate decisions and the collection of extensive amounts of
data.

Traversal of the problem space requires the use of
declarative and procedural knowledge. Declarative knowledge
is knowledge of facts about the world. Procedural knowledge
is knowledge about how to do something [65], and enables the
retrieval of declarative knowledge to solve problems [66].
ACT-R theory [66], [67] provides one example of how
declarative and procedural knowledge may be operationalized.
In ACT-R, declarative knowledge is expressed as information
encoded in a“propositional network:” that is, a collection of
conditions (i.e., states of the world or of the mind) and actions
(i.e., activities that may be executed). Each condition or action
is denoted a chunk [66]. Procedural knowledge is expressed as
information encoded in aproduction system: that is, a
collection of paired conditions and actions.

In a problem solving framework, the question of when to
depart from planned-for procedures may be conceptualized as
aproblem of categorization, in which decision makers attempt
to determine whether a particular condition in the world has a
corresponding production. As discussed previously, in
emergencies this determination may be influenced by factors
such astime pressure [18], [68] and risk [69], resulting in
situations where a correct categorization may become unlikely
[33], [70].

The question of how to depart from planned-for procedures
may be conceptualized as a problem of search and assembly
[71], where existing knowledge relevant to answering the
question must be retrieved then assembled in order to meet
current goals. Both search and assembly strategies may be
influenced by the time available for developing and deploying
new procedures, by risk in the environment and by actual or
possible decision outcomes. A solution to the problem of how
to depart from planned-for procedures is a sequence of
activities that either reaches the goal state or enables execution
of an appropriate planned-for procedure.

B. Improvisation in Jazz

The distinction between the demands of serial and non-
seria problems may beillustrated by comparing improvisation
to its counterpart, composition. Composition refersto “the
discontinuous process of creation and iteration (usually
through notation) of musical ideas’ [48]. Iteration and
refinement of the musical work are therefore possible.
Improvisation, by contrast, is a continuous and seria process,
involving conceiving, interpreting, articulating and
remembering an unwritten, evolving score[38]. As
emphasized by Weick [22], improvisation is therefore
grounded in memory and retrospection. Like players of
compositions, improvisers must negotiate their performance
over time, continually contextualizing the current action in
terms of present and likely future actions [48]. The occurrence
of errors or unplanned-for opportunities in improvisation
“must be accepted as part of the irrevocable chain of
acoustical events, and contextually justified after the fact by
reinforcement or development” [23].

To guide their cognition in performance, improvisers may
employ arough guide—often denoted a referent [47], [48],
[72]—which has been defined as an underlying format, such
as “the harmonic-rhythmic framework of the composition”
played by the improviser [47]. Pressing [23] states that the
referent serves to guide longer term behavior. The referent can
provide a“blueprint” or “skeleton” for the improvisation [73].
Similarly, Weick [22] states that referents are not neutral: they
both imply and constrain the thinking and action that follow
from them.

Drawing upon field work and the study of musical texts,
Nettl [74] discusses referent-like structures in avariety of
improvised musics. In many jazz settings, the referent is
available before the performance and is shared among the
players, thus reducing real-time cognitive processing
requirements [72]. In an experimental study [75], musicians
improvised on given themes and the results were examined for
evidence of the use of referents. By analyzing transcripts of
the performances, this study found some support “for the
general idea that improvised music makes use of schematic
plans that guide the note-by-note actualization of a
composition or improvisation.” More anecdotally, Berliner
[38] and Kernfeld [76] relate a number of insights from
prominent musicians that suggest use of areferent. Another
exampleis related by Coleman and Y oung [77], who state that
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the musician Charles Mingus once said, “Y ou can’t improvise
on nothin’, man. Y ou gotta improvise on somethin’.”

The purpose of the referent is to enable the improviser to
generate improvisations which are appropriate for the current
performance. Because it is designed to be useful in avariety of
situations, a single referent may be used to produce avariety
of performances, here denoted realizations. Berliner [38]
provides a number of examples of realizations that appear to
share acommon referent (see, for example, “Forty-six yearsin
thelife of alick,” pp. 576 ff.). The form of therealization (in
music, the sequence of music produced) isin part influenced
by the particular conditions of performance which were
discussed previously. In the examples given by Berliner, for
example, it is possible to see how realizations of one referent
(asimple phrase) were influenced by various factors, such as
the membership of the group and the dominant jazz styles of
the time. Similarly, while early performances of “My Funny
Valenting” by the Miles Davis Quintet are played very straight
(i.e., close to the written score), later performancesreflect his
experiences with late hard bop and modal playing, rendering
them quite distant (and sometimes almost completely distinct
from) the early recordings. The following example of a much
more common tune illustrates in greater detail how areferent
may be realized in increasingly improvised ways.

Western music, including jazz, consists of twelve notes (C,
C#,D,D#E, F, F#, G, G#, A, A#, B, and different octaves of
these notes). The arrangement of notes on a keyboard is shown
in Figure 1:

Insert Figure 1 Here

The melody of the song “Twinkle, Twinkle, Little Star”
consists of a sequence of these notes. The notes and
corresponding words are shown in Figure 2.

Insert Figure 2 Here

To make this sequence more interesting, chords may be
added in order to create a harmony for the melody, as shown
in Figure 3:

Insert Figure 3 Here

The top row of the figure contains the chord progressions
(known asthe "changes' in jazz terminology). The second row
is the melody. The active chord constrains the set of notes that
may be played over it. Most jazz improvisation centers on the
melody. The chord progression—because it is usually fixed—
bounds the search through the space of the note combinations
that would sound appropriate.

Therealization of areferent may suggest “modest
adjustments to pre-existing pieces’ to “stronger departures

from the referent” to the construction of a new pattern [17].
Based principally on analyses of musical transcriptions, three
principal approaches to referent-based improvising have been
hypothesized [ 76]. Paraphrase improvisation is the
"recognizable ornamentation of an existing theme" such as the
elaboration of the chorus of atune[76]. It proceeds "bar by
bar," varying little from the theme [38], occurring when the
musician keeps most of the notes in the melody but sometimes
substitutes different notes (e.g., using C-B instead of C-C for
“twin-kle"). To the listener, the sound is similar to the
original, but slightly “off.” The “offness’ helps create the jazz
sound.

In formulaic improvisation, the improviser builds "new
material from adiverse body of fragmentary ideas' [76]. It
typically occurs when the musician inserts his or her favorite
note sequence—also known asa “lick”—in place of the
melody. The chord progression remains the same, but the
melody often does not. To the untrained ear, the result may be
something that does not sound like the same song. These licks
or formulas can be the building blocks of an improviser’s
repertoire. For example, although Charlie Parker seems never
to have repeated a solo, transcription of his complete recorded
work reveals only about 100 fundamental formulaswhich he
applied in novel ways[38], [78]. Formulaic improvisation is
related to combinational creativity, sinceit “involves novel
(improbable) combinations of familiar ideas’ [79].

Finally, motivic improvisation involves the systematic
development of afew ideas which then form the basisfor a
section of thework [76]. This type of improvisation can be
extremely challenging, particularly when it takes place within
an established musical form. More purely improvisational
approaches are also possible. For example, jazz musicians
may choose to substitute new chords in planned-for chord
progressions, though removing this requirement increases
problem difficulty. It should also be noted that the referent
may be more abstract, such as drawings or words that are
meant to convey amood or feeling [80], leading to further
challenges in identifying the shape and content of the problem
space.

In referent-based improvisation, “The cognitive problem for
jazz musiciansis to create anovel melody that fits the
harmonic sequence and the metical and rhythmic structure of
the theme” [81]. Declarative knowledge (i.e., chunks) used in
solving the problem may consist of notes, themes (such as
motifs) or more complex units. A jazz improviser's declarative
knowledge for chords and for the chord sequences that
underlie the song may be characterized as hierarchical [82].
For example, a chord may have associated with it similar
chords at higher levels, and individual notes or note sequences
at lower levels. Practice involves encoding into long-term
memory not only chunks (such as chords, chord sequences and
melodies) but also the productions (such as transition and
variation techniques) that enable players to incorporate these
chunksinto improvisations [23].

Tight time constraint in jazz performance is likely to make
note-by-note decision making—as well as the use of
brainstorming-like techniques—infeasible [81]. While there is
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some evidence to suggest that the process of improvising may
be highly automatic, it islikely purposeful and not random
[81]. It may also be that generation of musical ideas benefits—
and may indeed be strongly influenced by—pre-performance
evaluation of these ideas[83]. Generated ideas may be
insufficiently specified to allow them to be operationalized,
but it has thus far been difficult to regard the process of
operationalizing agenerated or recalled referent as anything
but automatic. On the other hand, the insufficient specificity of
generated ideas does not hamper improvisers from evaluating
those ideas, even under exceedingly tight time constraints
[83]. Taken together, the results imply a search process that
involves both divergent and convergent thinking, but onein
which convergent thinking may be more focused on activities
such as pruning of the problem space rather than exploring it.

In jazz, then, there is evidence to suggest that rough
guides—known as referents—hel p guide improvisers through
avery large space of possible musical ideas. The process of
generating arealization of thisreferent involves recalling
existing motifs, modifying them to make them appropriate to
the current performance, and actually playing them. Thereis
some evidence to suggest that hierarchically-organized
representations of musical knowledge enable improvisersto
accomplish this mix-and-match activity serially and under
time pressure. Referents may be operationalized—or
realized—in anumber of different ways, depending on such
factors as the knowledge of the improvising player. Doing so
requires the use of declarative and procedural knowledge,
which together comprise amusician’s skill and technique of
improvisation.

In emergency management, by comparison, aplan may be
available which specifies a sequential pattern of activities to
be accomplished given the occurrence of some contingency. A
plan specifies activities, but not exactly how they areto be
executed. For example, aplan may call for an ambulance to be
sent to the scene in order to treat and transport injured persons.
A non-improvised realization of this plan might involve the
dispatch of aparticular ambulance at a particular location to
the accident scene via a given route. Following the occurrence
of an unplanned-for contingency, the plan may serve as the
referent for improvisation by the group. Somewhat non-
routine situations may enable the group to embellish or
ornament the procedure (as in paraphrase or formulaic
improvisation). For example, if all ambulances are
unavailable, apolice or fire vehicle may instead be used. More
extreme situations may create the need to develop and deploy
both the referent and its realization (as in motivic jazz
improvisation). For example, if victims are located in an area
not accessible by land, adecision may be made to discover a
water route using a requisitioned vessel.

To begin formalizing some of these concepts, the remainder
of this section reviews approaches to modeling cognitive
processes that execute when plans must be adjusted or
abandoned. For two main reasons, computational models (i.e.,
models that can be executed on a computer) [84], [85] are
emphasized. First, such models provide very concrete
representations of the underlying theory. Much of thework on

the use and management of improvisation has been strongly
grounded in ajazz metaphor. As discussed by Beekun and
Glick [86] and Gentner [87] in the similar context of literary
metaphors, the jazz metaphor has emphasized “evocation and
sensoria vividness,” leading to arich discussion. A scientific
metaphor, on the other hand, stresses “prediction and
connotative descriptions” [87], allowing the advancement of
the concept (in this case, improvisation) beyond aliterary
metaphor. A second reason for the emphasison
computational modelsis practical. As discussed by Hess et al.
[88], computational models may serve as foundational
elements in decision support technologies, either by direct
interaction with decision makers or as part of alarger system
[89]. They also create astructure in which an organization
may encode its knowledge symbolically.

C. Computational Modeling

From the onset, it is important to distinguish between
computer programs that can improvise and computer programs
that are meant to represent an improviser, the latter of which is
here of principa concern. A few brief examples of
improvising computer programs are presented in order to
illustrate this distinction. Ramalho et al. [64] describe a
formulaic improviser which uses domain knowledge to govern
how fragments are recalled and assembled. In thefirst stage of
the process, criteria (such as length and musical properties) are
determined. In the second stage, fragments which meet the
criteria are retrieved and assembled. One computer participant
in musical improvisation [90] works within expected
congtraints of performance and in accordance with
collaborative techniques in jazz performance. The theory
behind the program assumes that improvisation proceeds
much like conversation, with music production accomplished
in two steps. First, the program infers other players meaning
from what they play. Second, given a planned-for sequence of
chord changes and a large-scal e structure to the improvisation
(somewhat akin to askeletal plan), improvised harmonies are
generated by a combination of the concatenation of melodic
fragments and of arandom walk on a scale that is appropriate
to the chord structure. Although these programs produce jazz
improvisations, they are not intended to explain the cognition
of jazz improvisers in creating those improvisations. Instead,
they are intended to produce performances which would be
judged as improvisational .

Most computational models of cognitive processes rel evant
to improvisation may be found within the literature on
planning. A plan may be defined as “a set of steps, temporal
constraints on those steps, and causal links, which record
dependency among steps” [91]. It has long been recognized in
the artificial intelligence and cognitive science communities
that any reasonable theory of planning must explain how to re-
plan given the occurrence of an unplanned-for contingency
[92], [93]. Routines have been viewed as fundamental
building blocks of work plans and processes in organizations
[94]. More recently, Hutchins [92] has shown the relevance of
adaptive behavior—and consequently of the need for



SMCA05-11-0373.R1

improved understanding or adaptive behavior—in the
organization of work processes. One approach to modeling
improvisation, then, is to consider how routines may support
adaptive behavior in planning.

One approach to planning in uncertain environments is the
use of skeletal plans, which are encoded as part of the learning
process, then retrieved and made operational at run-time [95].
A skeletal plan contains the basic steps in the plan, which are
then instantiated at run time to meet the constraints of the
particular problem. Thisideais expressed in various related
theories. For example, Schank and Abelson [61] showed how
abstract or primitive actions can be combined into sequences
called scripts and used to develop top-down understanding of
stories. Work by Hodges [96] extended thisresearch to
mechanical improvisation, in which computation methods are
employed to determine alternative or improvised uses of
mechanical devices. The logic embedded in Hodges'
Functional Ontology for Naive Mechanics (FONM)
recognizes when to depart from a planned use by noticing
when an event blocks the accomplishment of agoal. It then
determines how to improvise by finding another device which
can serve as a substitute in accomplishing the goal. Thisis
done through the assembly of behavioral primitives which
enable reasoning about device properties that can be executed
[96]. Two examples are the use of a can opener in place of a
nutcracker to crack pecan nuts, and the use of abicycle pant-
leg protector instead of awire hanger to open alocked car
door [96].

A second approach, motivated by studies of human
planning behavior, is the theory of opportunistic planning [62,
97], which posits that human problem solving is incremental,
opportunistic and multidirectional. It isincremental in that it
proceeds in stages; opportunistic, in that problem solverswill
suspend pursuit of some goals when more pressing needs (or
promising opportunities) arise [98]; and multidirectional, in
that humans seem to plan at various levels of abstraction and
seem to able to move between those levels, displacing some
goasin favor of others. Opportunistic planning means that
"goals that fit into a developing plan are integrated, and goals
that belong together are clustered into subplans, often without
regard for how the subplans will integrate with the overall
plan" [99]. Opportunistic planning is closely akin to the
"coordination by feedback" which takes place in Emergency
Operations Centers [28], where decision makers must be
prepared to make decisions based on feedback they receive
from the field.

Hayes-Roth and colleagues developed the directed
improvisation paradigm to explain computationally the
concept of opportunistic planning. Directed improvisation is
the “simultaneous invention and performance of a new ‘work’
under the constraints of user-specified directions’ [100]. The
Virtual Theater, a collection of software characters embodied
as agents, is the test bed for the directed improvisation
paradigm. In the Virtua Theater, high level directions—
provided by a human director—serve as the referent for
software agents (“characters”), whose task is to improvise a
course of action that is consistent with the directions.

Directions may be abstract, such as “go to location x.” A
character considers behaviors that are consistent with the
user’s directions and with the character’s perceptions of other
characters actions. The character then selects (“realizes’) the
most preferred behavior for the current situation. A realization
of the preceding direction might be “hop to pedestal.” A
number of principles evident in the literature on improvised
theater [41], [42] are incorporated into the characters' acting
approaches. For example, throughout the performance,
characters welcome possibilities and pursue promising ones.
Like jazz performers, actors in the Virtual Theater have as an
objective to create a coherent and entertaining story. Unlike
jazz musicians, the actors are given explicit instructions by a
director, which are executed then supplemented with other
actions in order to create this coherence. All instructions are
followed by the actor receiving them. As in jazz
improvisation, other actors in the performance take their
interpretations of each others actions into account when
developing new ones.

In the area of jazz improvisation itself, two prominent
cognitive models should be mentioned. Thefirst, proposed by
Pressing [47], presents improvising as a problem of optimizing
the value of an objective function subject to various
congtraints [47]. A key observation of this model is that—for
an individual improviser—the current acoustical eventisa
function of previous events, the referent, goals and the
performer’s memories [47]. An acoustic event consists of
objects, features and processes, which are weighted according
to their cognitive strength or salience [47]. In the group
setting, the model includes a representation of one performer’s
understanding of the others' current and predicted actions
[47].

More recently, Johnson-Laird [81] has proposed that a two-
part algorithm governs the production of musical
improvisations by an individual improviser. First, criteria
acquired from experience govern therecall of solutions (i.e.,
melodic fragments or phrases) which are appropriate for the
performance. Second, further criteriaare then applied in order
to choose which of these solutions will be acted upon (this
choiceislikely to be arbitrary—mainly due to the need for
rapid processing during performance). Production of a
melodic improvisation over a known harmonic sequence does
not require working memory for intermediate results [81],
though both Johnson-Laird’ s and Jarvinen’s [82] research
suggests the importance of musical elements such as meter
and chord changes in supporting cognition in improvisation.

In summary, prior research in planning provides some
guidance on how to operationalize key elements of the theory.
Schank and Abelson [61] show how abstract or primitive
actions may be combined to create new plans, an approach
implemented in Hodges' [96] Functional Ontology for Naive
Mechanics. Hayes-Roth [100] draws upon theater
improvisation to postulate methods for executing areferent-
based improvisation from arepertoire of behavioral
primitives. Some salient questions remain. First, given
existing explanations of the organization of an improviser’'s
declarative and procedural knowledge in jazz, how is such
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knowledge organized in emergency management? Second,
how may areferent be induced either from existing plans or
from actions executed in the field? Finally, given prior work
on executing referent-based improvisations in music, how is a
realization of an induced referent executed in emergency
management? The following section addresses these
questions.

IV. A MODEL OF IMPROVISATION IN EMERGENCY RESPONSE

A Overview

In the model presented here, declarative and procedural
knowledge are used in inferring the referent of aresponding
organization when it is faced with contingency that blocks
execution of aplanned procedure. The model then produces a
paraphrase improvisation that is consistent with the referent
inferred from the planned procedure but isfeasible.
Declarative knowledge is represented in the form of an
ontology [101] and procedural knowledge in the form of a
decision logic. Thisis analogousto the musica case, in which
the tune specifies a fixed sequence of chords, along with a
melody that serves as the referent. If the model were a music
improviser, then, it would hear the sequence of notesin the
melody, infer the referent used to generate them, then provide
an alternative sequence of notes consistent with the inferred
referent. In the emergency response context, the logic takes a
sequence of actions and goals (the procedure), infers the
corresponding referent (the plan), then provides guidance on
which actions can also accomplish these goals in a manner
consistent with the referent. Outputs of this process are
therefore resources which might substitute for other, possibly
unavailable, resources in meeting response goals. The
functioning of the model is detailed in the remainder of this
section.

B. Declarative Knowledge

Asdiscussed previously, there is some evidence that the
declarative knowledge of skilled improvisersin jazz is
hierarchically organized. To answer the first question posed
previously—how to represent knowledge in aform
appropriate for improvisation—an ontology is used. An
ontology represents “the shared understanding of some
domain of interest which may be used as a unifying
framework” to solve problems that “obstruct communication
between or among people, organizations and/or software
systems’ [101]. Hodges [96] Functional Ontology for Naive
Mechanics is one exampl e. Ontologies have been used to
model knowledge in avariety of domains within engineering,
science, management, medicine and law [102]. For example,
the U.S. Federal Emergency Management Agency has recently
begun an initiative in “resource typing,” defined as “the
categorization and description of response resources that are
commonly exchanged in disasters through mutual aid
agreements’ [103]. The resource typing initiative is intended
to support the management of single- and multiple-agency
response to disasters as part of the National Incident

Management System. An entry for a resource specifies the
discipline (e.g., Fire and Hazardous Materials), the resource
itself (e.g., Pumper Fire Engine), a category of usage (e.g.,
Firefighting), and various attributes of the resource (e.g.,
Personnel and Tank Capacity) [104].

The ontology stores knowledge in a hierarchical network
[101], with goals at the top level, followed by functions, object
groups, objects and properties A goal, G, isadesired situation
[105] or state of theworld. A goal (such as treatment of
untreated persons) has associated with it various functions
(such astransport of patients from the scene) that contribute to
its level of accomplishment. A function, F, isadecision (i.e.,
an alocation of resources) that may be undertaken to help
achieve one or more goals.

Associated with a function are one or more object groups.
An object group, OG, is a prototype, or base-class, object. An
example of an object is “ Treatment Center.” A number of
objects are specified as members of each object group, and
most objects are members of at least one object group. Objects
are physical resources (such as ambulances) about which
decisions can be made. Since a course of action (denoted CA;)
specified by the group involves the allocation of objects, the j™
object in the i course of action is denoted CAj. Properties are
atomic structures in the ontology and so occupy the lowest
level in the hierarchy [101], with property k of object CA;
denoted CAjj.. An example property is“Beds,” the value of
which represents the number of beds available.

C. Procedural Knowledge

Procedural knowledge isimplemented as a decision logic
which practices paraphrase improvisation by inferring a
referent from a planned course of action, then providing
alternative realizations of thisreferent. The three stagesin the
logic address the second and third questions posed previously:
how to induce areferent from an existing course of action and
corresponding goals; and, how to construct a realization of this
referent. In the Initialization stage, the logic takes as input
courses of action and the goals that these courses of action are
intended to help achieve. When an unplanned-for contingency
blocks the execution of a planned-for procedure, the Inference
of Reference stage begins, in which the logic employs
referent-based improvisation to identify how to revise
infeasible courses of action. Finaly, in the Provision of
Realization stage, courses of action derived from areferent are
provided. These steps are now described in detail and
summarized graphically in Figure 4. Note that the numbersin
Figure 4 correspond to the steps shown in parentheses in the
following discussion.

Insert Figure 4 Here

Initialization
The system takes as input an initial course of action (0),
which is assumed to be provided by an emergency response
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plan or prescribed by a human decision maker. The course of
action specifies a sequence of activities to be performed, along
with the goals the course of action isintended to achieve. The
i"" course of action is denoted CA;, and the elements of CA are
individual resources (i.e., objects) listed in the order in which
they are used, so that, if the i course of action involves n;

resources, C4; ={ CAy, ..., CAl-nl.} . Since there may be more

than one goa which the group intends to accomplish with a
particular course of action, the goals associated with some CA;

arethem elements of G;, where G, = {Gﬂ,K ,Giml.} .To
complete the initialization phase, courses of action and

corresponding goals are stored by the system for subsequent
processing.

Inference of Referent

Occurrence of an unplanned-for contingency triggers the
execution of the logic. Three routines are then used to infer the
referent from the course of action.

| nferReferent Routine

This routine determines the contribution of each resourcein
each course of action to the goals for that course of action, as
follows. For each goal G;; in G;, determine the functions

F ={Fii.K .Fp,} associated with G; (1). Next determine the
object groups OG; = {oqjl,...,oc—,jrij } with which CAy is
associated (2). Then for all OG;j, with k= (1, ..., rjj), repeat

the Goal Scor e routine with all the object groups in OG;;, as
follows:

 (Goal Scor e Routine

If the number of elementsin OG;; is greater than zero,
determine if OG;j«is used in accomplishing any function(s) Fi;
(t=1, .., p)inF (3). If so, increment the attainment level for
the function F;; with respect to Gj;, the current goal (thisis
analogous to evaluating the sufficiency of the planned-for
procedure). Otherwise, evaluate CA;j as an aternative resource
using theroutine AREval .

e AREval Routine

Denote the current goa as G;;. If aresource has been passed
to thisroutine, denote it AR; and set AR={AR}. Otherwise,
find all candidate alternative resources AR ={ AR,....,AR}

near CAj; (i.e., those within a threshold distance from CA;)).
Repeat the following sub-routinewith all AR, € AR, k=1, ...,
S

* Initialize with Fj;, G;j and AR..

* Determine OGp, = {OGpil,... 'OGpiSi} , the set of dl

object groups associated with F;; (4).

* For al OGpim, (m=1,..,s,), determine the proportion
of matching properties between AR, and OGpim.

Thisis done by identifying the set of all unique
properties of the CA;;sin the ontology as belonging to
OGpim, then determining the proportion that are

found in ARy. Store the value which islargest (thisis
the greatest potential contribution of AR, to
OG,, nviathe function Fy) (5, 6).

» Once al AR have been evaluated over all €l ements of
0G,,., compute the potential overall contribution of

each AR to G;j; (7) as the sum of the contributions to
the individual functionsin G;; divided by the total
number of functionsin G;. If the resulting value is
positive or if AR, is an available resource submitted
by the group during Initialization, then retain AR, in
AR; otherwise, deleteit.

Provision of Realization

Based on the results of the previous steps, the system
provides feasible resources to substitute for potentially
infeasible resources in each CA (i.e., with the various sets of
AR stored at the conclusion of step 2), along with the goals to
which the resource contributes. These substitute resources
may then be further evaluated in developing courses of action.

D. [lustrative Example

An example may be used to illustrate the functioning of the
model. The example concerns afire onboard a cargo ship
which isaso leaking oil. At the onset of the incident, ten
injured persons are in need of treatment at the incident
location, with escalation (i.e., further damage and fatalities)
likely in 50 minutes. The task is to decide on an appropriate
set of available resources to send from various locationsin
order to meet the response goals. As time passes, certain
resources become infeasible because they cannot reach the
incident location before the escalation.

The ontology and logic have been implemented in a
prototype software, the interface to which enables adecision
maker to interact with the model (see Figure 5). The interface
displays information about the incident (in the General
M essages and Specific Messages windows, and directly below
these windows, where elapsed time and other information is
shown), as well as the resources available to decision makers
(represented as the various icons shown on the map on the
left-hand side of the figure). Decision makers use the boxes on
the right-hand side to specify courses of action and
corresponding goals. An example course of action isto send a
police patrol vehicle from site F to site P, then for the police
officer to drive the busto incident location Z to support the
Goal 1. This course of action would be entered as “Fa, Pa, Z”
with Goal 1 indicated.

Insert Figure S Here
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An excerpt from the ontology embedded in the software is
given in Figure 6. Values of the ontology elements are gleaned
from emergency response guidelines [106] and related case
studies[107], [108]. The implemented ontology contains four
goals, nine functions, eight object groups, twelve objects and
twelve properties. Note that these are the counts of distinct
elements of the ontology, and that certain elements (e.g., the
passengers property) may be found at multiple placesin the
ontology (e.g., both ambulance and coastal patrol boats have a
passengers property).

Suppose that three courses of action have been proposed for
addressing the emergency at site Z (see Table 2). The task of
the model is to generate feasible substitutes when a course of
action cannot be executed. To check feasibility initialy, only
resources within a set distance are considered. These are
evaluated and scored according to the degree to which they are
estimated to contribute to the active goals. In the first course
of action, a simple substitution of one set of chemical suits
(Gb) is proposed as the replacement for the unavailable set of
chemical suits (Ga). In the second course of action, an aerial
ladder truck (resource Ja) and medical personnel (Pa) are
proposed as replacements for an unavailable ambulance (Aa).
The system reasons that aerial ladder trucks may be used for
transport, and that medical personnel may substitute for
ambulance attendants in contributing to the goal of treating
injured persons. Finaly, in the third course of action, the aerial
ladder truck (Ja) is proposed as areplacement for an
unavailable ladder truck (Ba).

Insert Figure 6 Here

Insert Table 2 Here

This same procedure may be employed for al possible
combinations of resources and goals in order to illustrate the
improvisation conducted by the model. For this case,
management has thirteen different types of resources available
for responding to the emergency and meeting the goals of the
response. (Goa 1 isto treat injured persons; goal 2 isto
control access to the incident location; goal 3 isto rescue
trapped persons; and goal 4 isto fight the fire.) Asan
example, chemical protection suits are associated via object
groups with functions that are planned for use in addressing
goa 4. The logic identifies how other, unplanned-for
combinations of resources and goals may be used. For
example, chemical protection suits may also be used to
address goals 1 and 3.

Insert Table 3 Here
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Table 3 summarizes how the logic expands the knowledge
designed into the ontology. Each row shows aresource. The
valuesin the four Goal columns represent the score given by
the logic during the AREval routine to a combination of
resource and goal. As an example, the score for the chemical
protection suits with respect to goal 1 is one. Improvised
combinations of resource and goal are shown in bold. Note
that resources 7 through 10 are included in order to show how
the logic handles the evaluation of resources that are not
associated with any goals. This situation is not uncommon in
emergency management, where decision makers may have
needs that cannot be met with conventional resources, as when
agravel truck—instead of a police cruiser—is used to block a
road for the goal of crowd control. Given aresourcethat is
defined only by a set of properties, then, the logic is capable of
evaluating it with respect to the goals of the response. Finally,
it should be noted that, in an operational setting, the set of
alternative resources actually considered by the ERO would be
pruned by considering constraints such as the likelihood that
they may be needed at alater time.

V. DISCUSSION

Thisresearch is motivated by the observation that
emergencies routinely create non-routine situations that must
be addressed under conditions of time constraint and risk. As
emphasized by anumber of researchers, understanding
cognitive processes of improvisation in emergency
management and other domains should better enable
organizationsto train for, manage and learn from improvised
decision making. The theory described here explains how
declarative and procedural knowledge may be used in
emergency management improvisation. Declarative
knowledge is represented in the form of an ontology that
includes goals, functions, object groups, objects and
properties. Procedural knowledge is expressed as routines
which enable both improvisation and plan-following. The
model is capable of taking an existing course of action as input
and inducing a referent from it, thus addressing one objective
in advancing knowledge of processes of improvisation [22].
Therealization of thisreferent is then accomplished in away
that is analogous to paraphrase improvisation, where areferent
is modified through elaboration or substitution, consistent with
existing goals and the availability of resources.

Further elaboration of a cognitive theory of improvisation
may proceed along three dimensions: learning processes
before, during and after improvisation; integration and
validation of the model described here within a cognitive
architecture; and application of a computational model of
improvisation to decision support. Each of these possible
extensions is now briefly discussed, alongside implications for
management in emergency response and other domains.

First, research on learning through improvisation should
lead to discoveriesin how to plan for improvisation [22], [33],
[109], [110]. In building declarative knowledge for
improvisation, decision makers may learn to recognize
functional capabilities of routines and human and material
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resources. Building procedural knowledge may be
accomplished by learning to infer referents from decisions,
and by learning routines which enable these referents to be
operationalized in anumber of different ways. When the
frequency of unplanned-for contingencies is high, managers
must learn how to process and reason about new, possibly
never-before-seen, information quickly and accurately.
Regular training exercises which induce situations requiring
creative thinking under time constraint may support personnel
in succeeding in such situations—not by training in how to
recognize the need for and execute standard operating
procedures, but by training in how to recognize and respond to
unplanned-for contingencies. Such an approach would call for
exploring the continuum between non-serial problem solving
exercises (such as some forms of brainstorming) and serial
ones (such as some management games). Using exercises that
range along this continuum may help establish conceptual
linkages between learned procedures, leading to a deeper
understanding of the similarities and differencesin these
procedures, as well as the conditions under which they are
appropriate.

Research on learning from improvisation should lead to
cognitive-level explanations of how knowledge produced by
improvisation is encoded into organizational memory. In the
current implementation, the model’ s improvisations are
candidates for inclusion in declarative memory, but thereis no
mechanism for accomplishing the integration. Such research
would therefore complement existing studies on the factors
which may influence how individuals and organizations learn
from improvisation (see, e.g., [17], [18], [20], [24], [111]).
Two studies have investigated the link between learning and
improvisation in an organizational setting. Using an
exploratory approach, Miner, Bassoff and Moorman [111]
suggest how improvisation in the workplace can impact
learning positively or negatively. A second, related study by
Veraand Crossan [112] discusses atraining approach, based
on principles from improvised theater, that resulted in
improved perceptions of the effectiveness of participants
improvisations. Future work should lead to the development
and validation of a cognitive-level theory of how
improvisation influences—and is influenced by—Ilearning,
whether in the workplace or through training. A key question
is how expert and novice improvisers differ in the ways they
encode and store their decision making processes and
outcomes. For example, recent work suggests that expertsin
the serial problem solving environment of chess use network-
like structures in working memory to manage large amounts of
complex information [113]. These structures therefore
support short-term learning (of opponents’ positions and
strategies). With the exception of earlier research by Klein
[114], therole of network-like structures in supporting short-
and long-term learning is underexplored. Pursuing research on
cognitive processes in learning from and through
improvisation should yield insights into how knowledge from
past experiences and current practice are brought to bear in
improvised decision making.
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A second dimension for future research isin linking the
model presented here to existing perceptual, cognitive and
motor models, enabling further exploration of the impact of
situational factors beyond risk and time constraint. For
example, an ability to filter perceptua cues rapidly, to
compare them to past experience, then to take appropriate
action appears to be ahallmark of expert emergency managers
[114]. Existing cognitive architectures such as ACT-R [67] or
Soar [115], [116] may be well-suited to this task when they
are grounded in observations of human cognition and
behavior. Integration within a cognitive architecture would
also better enable an evaluation of the fit between cognition as
postulated by the model and as observed in humans—an
important consideration in model validation [117]-{120].

Third, future research may be directed towards using the
model to support decision making about when and how to
improvise. While research on how to provide this type of
support is needed [121], it israre [122]. One approach is the
integration of computational models of cognition into decision
support systems [123], [124]. For technologies that employ
these models to be effective, the design process will require
the development of a detailed understanding of the appropriate
cognitive processes [123]. In a group setting, evaluation of the
technology should include determining whether the reasoning
processes of the model and of the decision makers are
mutually and correctly understood [125]. The model’s
contribution to decision quality could be assessed using
methods given in other studies of decision support [126],
particularly those concerned with the impact of risk and time
congtraint [89].

VI. CONCLUSIONS

Emergency response organizations are faced with complex,
unprecedented events with the potential for catastrophic
losses. Prior research on behavioral aspects of improvisation
in emergency management and other domains has led to
improved understanding of its extent during response
operations, and of how it incidence and effectiveness may be
influenced by avariety of factors. Yet if improvisation isto be
planned-for, it isvital that understanding of the processes
underlying it be clarified. To this end, this paper has derived
and represented symbolically atheory of cognition in
emergency management improvisation.

The core contribution of thiswork isin modeling referent-
based improvisation in emergency management decision
making. The cognitive perspective of thiswork complements
prior behavioral and structural perspectives, which have
focused mainly on the impact of external factors on the
incidence and effectiveness of improvisation. Further research
on learning, modeling and decision support in the context of
improvisation should lead to results with implications for how
organizations may identify and respond to unplanned-for
contingencies, be they problems or opportunities. Such work
isamost certain to define more sharply the boundaries
between improvisation and other types of problem solving,
thereby informing a more general theory of improvisation.
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