
Some thoughts on 
(digitally-assisted)

creativity





Creativity in the big... is too hard a problem
for a mathematician.

So I’ll restrict my domain of discourse here to
musical creativity, in the hope that 

this generalizes.



Lots of tools for “making music”



Some even provide “exploratory” assistance



But none focus 100% on helping me “be creative”.



• First step: Define creativity.

• “define” in the mathematical sense: make 
a precise statement describing an object 
that I want to argue about.

• I am in no way suggesting that this is a 
universally correct/accepted definition (in 
the sense of a dictionary definition).



• Creativity is:

• Pattern seeking

• Structural model building



• We “distilled”(??) a vast quantity of ideas in 
the existing literature down to nine design 
principles.



This process was, necessarily, quite subjective
and, consequently, totally unscientific!



• Content should be:

• modelled with structure

• presented in a way that intuitive reflects 
the underlying model

Structure Principle



Construction Principle

• Tools should:

• retain a history of transformations 
applied to the model

• make it easy for the user to get at (and 
play with!) that history.



Juxtaposition Principle

• Tools should:

• expose the artist to multiple artifacts 
simultaneously

• facilitate fast comparison of artifacts



Annotation Principle

• Tools should permit the artist to annotate 
steps and collections of steps with 
additional semantics beyond the rote 
specification of a transformation.



Infusion Principle

• Tools should:

• have vast libraries of “prior art”

• library artifacts should be modelled in a 
way consistent with the operation of the 
tool.



“Lesser artists borrow,
great artists steal.”



Fluidity Principle

• Artifacts should be represented in a way 
that facilitates “frequent, radical” 
transformation.



Imprecision Principle

• Artifacts should be presented in a way that 
“properly conveys their rough and 
approximate nature.”

• viz., you should be able to “get a sense of 
the whole at a glance”.



Responsiveness 
Principle

• Get the hell out of the artists way.

• As quickly as possible.



Serendipity Principle

• Close no doors

• Make accidents happy

• Actively encourage accidents



Wheelsong



consider the symmetry of movements diagram shown in Figure 2.7. Note especially that this sketch

has absolutely no references to pitch, rhythm or any other note-event attributes. The scope of

interest is at a much higher level of abstraction.

Figure 2.6: Bartók’s primary creative workflow [107, adapted from p. 34]

The second stage of primary creation were the improvisations, used to explore the ideas within,

or extending those hinted at by the memos. This process yielded a series of what Somfai calls drafts,

which were typically focused on particular sections or voices of the intended work. Often, these

drafts would contain side-sketches, which included very specific illustrations of particular elements

from the drafts, which themselves were less rigidly and thoroughly detailed.

Building from those drafts, Bartók moved toward a full-scale orchestration, but often employed

what Somfai calls partial sketches along the way, which were more thematic than detail oriented,

somewhat analogous to the different layers of abstraction produced in a Schenkerian analysis.

Information flow at this stage tended to be bi-directional, as Bartók moved back and forth between

the different levels of abstraction. It is interesting to note that the side-sketches were extremely

detailed, but quite fragmentary in that they focused on specific note sequences for one or two voices

over a very short range of time, whereas the partial sketches were much more abstract, in terms of

note-event details, but were much broader in scope, often encompassing entire movements. Quite

clearly, we can see Bartók relying equally on sketches constrained in duration as well as those

constrained in resolution.

The Multi-resolution Premise: Experienced composers need to be able to work at multiple

levels of resolution or abstraction, and to move between them arbitrarily.

Bartók’s process stands as a fairly typical example of the general creative process, outlined

by Gabora, in which broad early-stage creative explorations are refined in a continuing, but not

necessarily linear, progression toward later stage refinement and polish.
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transformations, and there is no expectation that any two of them will share their expectations.

In practice, then, the first note from the bottom staff in Figure 4.1 could be encoded as

P62S62T0D3V80C80X0Y0 if we were to infer MIDI pitch values for the pitch and slur components,

timing values expressed in terms of a quarter-note having a duration of 1.0, volume measured as a

percentage of the maximum, and vox values representing the staff number.

Alternately, we could equally justify encoding it as P293.665S293.665T17D1V60C60X9Y9. In

this case, we’ve assumed that pitches are expressed as frequency values, time is counted in musical

bars or measures, the volume is expressed in phons1, and vox components are expressed as MIDI

instrument numbers — in this case, selecting the glockenspiel. Clearly, there are many, many ways

that any particular composition or fragment can be expressed in WSNG format, and the selection

of appropriate encoding bases is one that can best be made by the person doing the encoding.

In practice, I have found that MIDI-based values are reasonable default assumptions, as they

are readily understood by many people already, but this should not be seen as simply converting

MIDI files into ASCII format, since there are so many other ways to quantify the components,

which each give rise to different structural and creative contexts.

This fluidity of representation also offers the WSNG data streams great flexibility, allowing the

output of any one transform to be readily ingested by another. What the results of interpreting the

output milliseconds of one operator as the incoming beat numbers of another is anybody’s guess,

but this is exactly the kind of malleability lauded by the loose typing premise, and as we shall see

later, it is a powerful feature.

(a) Common Notation

% Treble clef
P60S60T01D1V000C255X0Y0 P60S60T02D1V200C200X0Y0
P62S62T03D1V200C200X0Y0 P64S64T04D1V200C200X0Y0
P65S65T05D1V200C200X0Y0 P62S62T06D1V200C200X0Y0
P64S64T07D1V200C200X0Y0 P60S60T08D1V200C200X0Y0
P67S67T09D2V200C200X0Y0 P72S72T11D2V200C200X0Y0
P71S71T13D2V200C200X0Y0 P72S72T15D2V200C200X0Y0

% Bass clef
P48S48T01D8V000C200X0Y0 P48S48T09D1V000C200X0Y0
P48S48T10D1V200C200X0Y0 P50S50T11D1V200C200X0Y0
P52S52T12D1V200C200X0Y0 P53S53T13D1V200C200X0Y0
P50S50T14D1V200C200X0Y0 P52S52T15D1V200C200X0Y0
P48S48T16D1V200C200X0Y0

(b) WSNG Notation

Figure 4.2: First measure of Bach’s Invention 1 in C Major

Figure 4.2 shows two versions of Bach’s Invention 1 in C Major : the first in common notation

and the second in fully qualified WSNG. (Note that the wavy symbol above the musical notation is

1A perceived-loudness scale that compensates for differing sensitivity in the human ear depending upon the
frequency of the sound
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languages in their own right, and using them would conflict with my design intent in two ways.

First, they would require the user to learn something about programming, but worse, using them

would run the risk of embedding some of the structural logic of the composition in the programming

constructs, rather than in the connectivity graph itself and the transforms employed by it.

To resolve this problem, a pipeline graph rendering file format was created, called WSNT,

specifically to represent Wheelsong networks. In this next example, Figure 4.9(b) shows a real-

world WSNT file in which two WSNG fragments are combined to create a sketch of the the first

measure of Bach’s Invention 1 in C Major. For comparison, Figure 4.9(a) shows the common

notation for the same passage.

(a) Common Notation

FragOne = <P60V0 P60V200 P62 P64 P65 P62 P64 P60>
FragTwo = <P67D2 P72 P71 P72>

wsnglayer [final] {
-i {

wsngsequence [treble] {
-i { FragOne }
-i { FragTwo }

}
}
-i {

wsngdelay [bass] {
-t { 8 }
-i {

wsngtranspose {
-n { -12 }
-i { FragOne }

} } } } }

(b) WSNT Notation

Figure 4.9: First measure of Invention 1 in C Major, expressed structurally

The first two lines of the example show the declaration of explicit WSNG literal fragments,

FragOne and FragTwo. Below that follows a hierarchically nested tree of transform operations and

their arguments. Rendering of this file is a simple process of bottom-up traversal, assembling shell

statements, executing them and storing their outputs in temporary caching files so that they can

be used as inputs to higher level structures. The tokens presented in square brackets are labels for

the output of the associated transform, which allows them to be referenced from other subtrees of

the structure, just as though they had been declared as static literals at the top of the file.

It is possible to compose by writing WSNT files in a text editor, but such a process is unlikely

to be attractive to non-technical users. And while more elaborate interfaces have been sketched, it

is worth noting that almost all of the example compositions discussed in later chapters were created

using the text editor interface.

This concludes the discussion of Wheelsong’s encoding scheme, but there are still two more

components to the overall system. Users must be able to see/hear the output of their composition

65

Hierarchical Structure



(a) Piano Roll (b) Voice flow (c) GraphViz

Figure 4.11: Visualizing the first bar of Bach’s Invention 1 in C Major

paper that are used to program player pianos. The bars of the diagram indicate notes to be played,

where the vertical axis encodes pitch and the horizontal axis describes both start- and end-times.

The diagram of Figure 4.11(b) is what I call a “voice-flow”. Voice-flow diagrams were inspired

by Stephen Malinowski’s unpublished experiments in visualizing MIDI data [70]. Though similar in

layout to the piano roll, voice-flow diagrams (created using the wsngvoiceflow filter) encode more

information than a piano-roll, replacing rectangular bars with circles, the radius of which represents

the duration of the note, and its opacity represents the volume. Furthermore, each distinct melody

or voice within the work is encoded with a different colour, and optionally linked in sequence by a

similarly coloured “flow line.” I find that these diagrams are highly intuitive, and even the most

untrained of users seem able to follow the progress of a musical piece easily, without any prompting

or training required. It also serves to place the various contributing voices of a work into visual

juxtaposition, while making many of their patterns instantly accessible to human visual processing.

While these visualizations present the final atomic representations of the work, another filter,

called wsnt2dot, employs the powerful GraphViz engine to create a schematic representation of the

WSNT structure, such as the one shown in Figure 4.11(c). So even in the absence of a graphical

user interface, users can still readily explore several different visual interpretations of the work.

These tools, however, are simply preliminary explorations to demonstrate the feasibility of

visualization filters. As future research begins to explore graphical user interface options in earnest,

a number of different presentation schemes will have to be explored, and doing so through the

creation of additional rendering filters seems a practical way to begin that process.
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over pitch, time, volume and timbre. By relying
on the operator to define a contextual
interpretation of the units associated with each
dimension, we leave the data free to be
manipulated arbitrarily at each stage in the
network. Furthermore, this extremely simple
scheme permits data from any arbitrary source
to be utilised, by simply chunking it into
8-tuples and converting to an ASCII represen-
tation. So far, we have exploited this fluidity
experimentally, by importing text, images,
MP3 recordings and an executable program as
‘music fragments’, with varying degrees of
aesthetic success.

3.2 Juxtaposition, annotation,
responsiveness and infusion

While the structures in a Wheelsong compo-
sition can be edited in a text editor, doing so is
not generally fast enough to facilitate a state
of flow. Further, the text interaction mode
requires a deep level of familiarity with the
file formats involved and the catalogue of
constructural operators available and their
various parameters. For this reason, the
system needs a simpler, more visually compact
representation that encodes more of the tools
and parameters in an accessible, ready-to-hand
fashion. Figure 2 shows an annotated

Figure 2. A simple constructural composition in WQuarks.

Smith et al.
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phase, with the addition of a sixth candidate to offer more permutations for hybrid candidate pairs.

The sixth archetype used was one of the more interesting candidates spawned during the generation

phase, and is entitled Mysterious Fluid.3 Contributing pairs for each candidate were selected

without replacement, to ensure that each hybrid was generated from two distinct archetypes.

Figure 6.6: String crossover

Hybridization was carried out using the crossover techniques employed in genetic algorithm

research [45]. For atomic samples, candidates were created using string crossover, as illustrated

in Figure 6.6. A randomly chosen substring in one archetype was replaced by a randomly chosen

substring from the second archetype.

For constructural samples, tree crossover was used, illustrated in Figure 6.7, in which a randomly

chosen node and its dependant sub-tree, from one archetype was replaced with a randomly chosen

node and dependant sub-tree from a second archetype.

Figure 6.7: Tree crossover

A total of 24 hybrid candidates were created, twelve by atomic representation methods using

string crossover, and twelve by hierarchical sub-tree crossover for the constructural candidates.

These were presented to the judges in randomly interleaved fashion, with no indication made of

which representation scheme was used to produce which candidate.

Metrics

The same three qualities were assessed in this phase as were judged in the variation phase, and

the same descriptions of each attribute were given, with the exception of distinctness, which was

3Refer to “Mysterious Fluid.” on the Wheelfragments CD.
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6.5 External Validation

More recently, an unexpected opportunity arose to solicit external validation of my results when

I discovered composition-contest.com. This web site is dedicated to providing critical feedback to

serious amateur composers and, as part of that mandate, conducts a monthly themed competition

to which composers can submit their work and receive expert critiques, so I submitted one of

the Wheelsong output compositions to see how it would compare against other works, created

traditionally by other composers.

In addition to the general competition, the contest also states a thematic target, and awards

secondary prizes for the work that is judged to most closely embody the stated theme. Rather

than choose the best piece from the population of Wheelsong outputs, I elected instead to choose

the one that most closely matched the stated theme, reasoning that this would at least partially

mitigate any preferential selection bias on my part. The stated theme for that month (April 2010)

was “clockwork,” so the piece I submitted was Clockhouse.

(a) April 2010 (b) July 2010

Table 6.14: Composition contest results

Judging of the competition was doubly blind. Judges had no information about the work, other
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MRI

7.3 From Larmor to Fourier via gradients

111

The effect of gradients
Mathematically the three orthogonal spatial gradients of Bz are defined as

G x ! Gy ! G z !

When a gradient (e.g. Gx) is applied the total field in the z direction experienced by nuclei will be dependent upon
the position in space, e.g.

B(x)! B0 " x · G x

When a gradient is applied the Larmor frequency will depend upon the total z component of the magnetic field
and thus becomes spatially dependent, e.g. for the x gradient.

f (x)!#–(B0 " x · G x)

where we are using #–!42 MHz T$1.

%Bz

%z
%Bz

%y
%Bz

%x

Figure 7.2 Effect of field gradient on nuclei. (a) B0 only, all nuclei precess at the same frequency. (b) B0 plus gradient Gx –

precession frequency now depends upon position.
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for m e d gives a o n e-d i m e nsio n al sp ectr u m . In M R we

use t w o or t hree-d i m e nsio n al Fo urier tra nsfor ms.
Varia bles w h ich relate to each ot h er i n t h eir resp ective

d o m ai ns are calle d Fo urier tra nsfor m  p airs. Exa m ples
are sh ow n i n figure 7.5. O n e of t h e key feat ures of t h e

Fo urier tra nsfor m  is t h at ‘less is m ore’: if a sh a p e is sm all
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7.4 Something to get excited about: the
image slice

Slice selectio n or selective excitatio n is t h e process
w h ere by M R sign als are restricte d to a t w o-d i m e nsio n al

pla n e or sla b w it h i n t h e p atie n t. T h e p ositio n , w i dt h

a n d orie n tatio n of t h e slice ca n all b e co n trolle d by t h e

o p erator.

7.4.1 Selective excitation

In selective excitatio n we a p ply a sp ecially d esign e d R F

excitatio n p ulse at t h e sa m e ti m e as a gra d ie n t (t h e

7.4 Something to get excited about: the image slice
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Figure 7.3 Effect of gradient on MR signal (transverse

magnetization). Signal originating from different positions

along the y-gradient axis will have a position dependent

phase change. These are shown as clock-face diagrams in

the upper part of the figure. It is usual in the MRI literature

to “collapse” or superimpose these all on the same xyz

axes as in the lower portion.
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Figure 7.4 Rephasing of signal by a bipolar gradient to form a gradient echo.
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including optical methods (Dunn et al., 2005; Grant et al., 2009; 
Roche-Labarbe et al., 2010) and tissue oxygenation measurements 
in animal studies (Caesar et al., 2008; Piilgaard and Lauritzen, 2009; 
Thomsen et al., 2009), also exploit the change in blood or tissue 
oxygenation due to the mismatch of CBF and CMRO

2
 changes as 

a biomarker of altered neural activity.
Because oxygenation changes depend on the relative changes in 

CBF and CMRO
2
, a quantitative interpretation of BOLD signals, 

and also other functional neuroimaging signals related to blood 
or tissue oxygenation, is fundamentally limited until we better 
understand brain oxygen metabolism and how it is related to blood 
flow. While there has been a large research effort focused on the 
links between neural activity and blood flow, our understanding of 
oxygen metabolism changes is limited by the intrinsic difficulty of 
measuring CMRO

2
. However, the complexity of oxygenation signals 

also has a positive side: the fact that oxygenation signals are sensitive 
to both CBF and CMRO

2
 changes offers the possibility of estimat-

ing CMRO
2
 changes when these measurements are combined with 

additional measurements of CBF. In fact, a quantitative interpreta-
tion of oxygenation-based signals offers the best hope we have for 
measuring dynamic changes in CMRO

2
 (Herman et al., 2009). This 

is intrinsically a multimodal imaging approach, and a key required 
element to make it work is a theoretical framework that accurately 
relates our measured signals to the underlying physiology.

INTRODUCTION
A brief neural stimulus produces a rapid and robust increase of 
cerebral blood flow (CBF), as illustrated in Figure 1A. Although this 
phenomenon is the basis for most current functional neuroimaging 
methods, it is still not clear what physiological function this serves. 
The CBF response is quite strong, with the fractional CBF change 
typically 2–4 times larger than the associated fractional change 
in the cerebral metabolic rate of oxygen (CMRO

2
). A useful way of 

describing this effect is that the oxygen extraction fraction (OEF) – 
the fraction of delivered oxygen that is extracted from the blood 
and metabolized – decreases with increased neural activity. This 
counterintuitive result, first reported by Fox and Raichle (1986), 
is surprising because at rest CBF and CMRO

2
 appear to be tightly 

coupled, with a relatively uniform OEF across the brain despite a 
wide regional variation of blood flow (Gusnard and Raichle, 2001). 
Fortunately for the field of functional neuroimaging, the increase of 
local blood oxygenation with activation produces a small increase 
of the signal measured with functional magnetic resonance imaging 
(fMRI) because of the magnetic properties of deoxyhemoglobin, 
with higher deoxyhemoglobin levels tending to reduce the MR 
signal. Decreased deoxyhemoglobin due to the drop in OEF with 
activation then leads to an increase of the MR signal, the blood 
oxygenation level dependent (BOLD) response (Kwong et al., 1992; 
Ogawa et al., 1992; Buxton, 2009) (Figure 1B). Other techniques, 
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oxygen metabolism
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Abstract

To investigate the neural substrates that underlie spontaneous musical performance, we examined improvisation in
professional jazz pianists using functional MRI. By employing two paradigms that differed widely in musical complexity, we
found that improvisation (compared to production of over-learned musical sequences) was consistently characterized by a
dissociated pattern of activity in the prefrontal cortex: extensive deactivation of dorsolateral prefrontal and lateral orbital
regions with focal activation of the medial prefrontal (frontal polar) cortex. Such a pattern may reflect a combination of
psychological processes required for spontaneous improvisation, in which internally motivated, stimulus-independent
behaviors unfold in the absence of central processes that typically mediate self-monitoring and conscious volitional control
of ongoing performance. Changes in prefrontal activity during improvisation were accompanied by widespread activation
of neocortical sensorimotor areas (that mediate the organization and execution of musical performance) as well as
deactivation of limbic structures (that regulate motivation and emotional tone). This distributed neural pattern may provide
a cognitive context that enables the emergence of spontaneous creative activity.
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Introduction

A significant number of recent studies have used functional
neuroimaging methods to investigate the perception of musical
stimuli by the human brain [1–10]. The broad appeal of these
studies is likely to be related to the universal nature of music
throughout history and across cultures, as well as the intrinsic
relationship between music and language. Fewer studies, however,
have examined the central mechanisms that give rise to music
performance [11,12] while, to our knowledge, only one other
study [13] has examined the neural substrates that give rise to the
spontaneous production of novel musical material, a process that
extends well beyond the technical or physical requirements of
musical production per se. Spontaneous musical performance,
whether through singing or playing an instrument, can be defined
as the immediate, on-line improvisation of novel melodic,
harmonic, and rhythmic musical elements within a relevant
musical context. Most importantly, the study of spontaneous
musical improvisation may provide insights into the neural
correlates of the creative process.
Creativity is a quintessential feature of human behavior, but the

neural substrates that give rise to it remain largely unidentified.
Spontaneous artistic creativity is often considered one of the most
mysterious forms of creative behavior, frequently described as
occurring in an altered state of mind beyond conscious awareness
or control [14–16] while its neurophysiological basis remains
obscure. Here we use functional neuroimaging methods to

examine musical improvisation as a prototypical form of
spontaneous creative behavior, with the assumption that the
process is neither mysterious nor obscure, but is instead predicated
on novel combinations of ordinary mental processes. It has been
suggested that the prefrontal cortex is a region of critical
importance that enables the creative process (which includes self-
reflection and sensory processing as integral components) [14]. We
hypothesized that spontaneous musical improvisation would be
associated with discrete changes in prefrontal activity that provide
a biological substrate for actions that are characterized by creative
self-expression in the absence of conscious self-monitoring.
Furthermore, we hypothesized that alterations in prefrontal
cortical activity would be associated with top-down changes in
other systems, particularly sensorimotor areas needed to organize
the on-line execution of musical ideas and behaviors, as well as
limbic structures needed to regulate memory and emotional tone.
In this study, we used functional MRI to study improvisation,

which is the hallmark of jazz music [17]. During a jazz
performance, musicians utilize a composition’s underlying chord
structure and melody as the contextual framework and basis upon
which a novel solo is extemporaneously improvised. Hence, no
two jazz improvisations are identical. The process of improvisation
is involved in many aspects of human behavior beyond those of a
musical nature, including adaptation to changing environments,
problem solving and perhaps most importantly, the use of natural
language, all of which are unscripted behaviors that capitalize on
the generative capacity of the brain.
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Since musical improvisation is an extraordinarily complex
human behavior, we felt that it should be examined using
paradigms that, while amenable to experimental constraint, are of
high ecological validity (as argued by Burgess and colleagues; see
[18,19]. We therefore designed such a paradigm—that of
professional jazz pianists improvising on a piano keyboard during
image acquisition, alone and with the musical accompaniment of a
jazz quartet—using tasks of similar ecological validity to control
for the perceptual and motor features of performance. Six highly
skilled professional jazz musicians underwent functional MR brain
scans (3 Tesla) during which they played a non-ferromagnetic
piano keyboard specially designed for use in an fMRI setting
(Fig. 1, upper). Because musical improvisation incorporates a
broad range of melodic, harmonic, and rhythmic invention that is
intrinsically difficult to control (while retaining musical integrity),
we designed two paradigms, one that was relatively low (which we
have termed Scale) and one that was high (which we have termed
Jazz) in musical complexity. Both utilized musical control tasks
designed to engage the same sensorimotor circuits but to generate
pre-determined, over-learned output.
In Scale’s control condition (referred to hereafter as ScaleCtrl),

subjects repeatedly played a one-octave C major scale in quarter
notes. During the corresponding improvisation condition (referred
to as ScaleImprov), subjects improvised a melody, but were

restricted to the use of C major scale quarter notes within the same
octave. In the Jazz paradigm, we aimed to reproduce the high
degree of musical richness of a jazz performance. Subjects were
asked to memorize an original jazz composition (Fig. 1, lower left)
several days prior to the study. During the control condition
(referred to hereafter as JazzCtrl), subjects played the composition
with the auditory accompaniment of a pre-recorded jazz quartet.
During the corresponding improvisation condition (referred to as
JazzImprov), subjects were given freedom to improvise, using the
chord structure of the composition and the same auditory
accompaniment as the basis for improvisation.
All notes were recorded using MIDI (Musical Instrument

Digital Interface) technology and measures derived from these
recordings—total number, rate and range of musical notes and
finger/hand movements—were statistically compared off-line.
Thus, for each paradigm, motor activity and lower level auditory
features in both conditions could be matched, with the only
difference being whether the musical output was improvised or
over-learned (see Audio S1, Audio S2, Audio S3, and Audio S4 in
Supporting Information). Comparing these paradigms should
make it possible to study not simply the content of creativity (in this
case, the specific musical output during improvisation), but more
importantly, the neural correlates of the cognitive state in which
spontaneous creativity unfolds.

Figure 1. Low complexity (Scale) and high complexity (Jazz) experimental paradigms used to study spontaneous musical creativity.
In the upper portion of the figure, the non-ferromagnetic MIDI piano keyboard that was used during functional MRI scanning is shown. This keyboard
had thirty five full-size piano keys which triggered high-quality piano sound samples generated outside of the scanner, which were immediately
routed back to the musicians using audiophile quality electrostatic earphone speakers. During scanning, subjects were randomly cued to play either
the over-learned control condition or to improvise spontaneously. For Scale’s control condition, subjects repeatedly played a one octave ascending
and descending C major scale in quarter notes for the duration of the block (ScaleCtrl, upper left). For Scale’s improvisation condition, subjects
improvised in quarter notes only, selecting all notes from within one octave and from the C major scale notes alone (example shown under
ScaleImprov, upper right). For Jazz’s control condition, subjects played a novel melody that was memorized prior to scanning (JazzCtrl, lower left). For
Jazz’s improvisation condition, subjects improvised using the composition’s underlying chord structure as the basis for spontaneous creative output
(example shown under JazzImprov, lower right). Note that for JazzCtrl and JazzImprov, eighth notes are typically performed with a ‘‘swing’’ feel that is
not accurately represented using standard musical notation, in both the control and improvisation conditions. Audio samples of the four musical
excerpts shown here are provided in Supporting Information.
doi:10.1371/journal.pone.0001679.g001
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one’s own musical voice or story [17,22]. In this sense, activity of
the MPFC during improvisation is also consistent with an
emerging view that the region plays a role in the neural
instantiation of self, organizing internally motivated, self-generat-
ed, and stimulus-independent behaviors [23–25]. The portion of
the MPFC that was selectively activated during improvisation, the
frontal polar cortex (Brodmann Area 10), remains poorly
understood but appears to serve a broad-based integrative
function, combining multiple cognitive operations in the pursuit
of higher behavioral goals [26], in particular adopting and utilizing
rule sets that guide ongoing behavior [27–29] and maintaining an
overriding set of intentions while executing a series of diverse
behavioral subroutines [30]. All of these functions are necessarily
required during the task of improvisation.
In comparison, the lateral prefrontal regions (LOFC and

DLPFC), which were deactivated during improvisation, are thought
to provide a cognitive framework within which goal-directed
behaviors are consciously monitored, evaluated and corrected.
The LOFC may be involved in assessing whether such behaviors
conform to social demands, exerting inhibitory control over
inappropriate or maladaptive performance [31]. The DLPFC, on
the other hand, is thought to be responsible for planning, stepwise
implementation and on-line adjustment of behavioral sequences that
require retention of preceding steps in working memory [32]. The
DLPFC is active, for example, during effortful problem-solving,
conscious self-monitoring and focused attention [33,34].

In light of these distinct roles, we believe that the dissociation of
activity in MPFC and LOFC/DLPFC observed here during
improvisation is highly meaningful. If increased activity in the
MPFC serves as an index of internally motivated behavior,
concomitant decreases in the LOF and DLPFC suggest that self-
generated behaviors (such as improvisation) occur here in the
absence of the context typically provided by the lateral prefrontal
regions. Whereas activation of the lateral regions appears to
support self-monitoring and focused attention, deactivation may
be associated with defocused, free-floating attention that permits
spontaneous unplanned associations, and sudden insights or
realizations [35]. The idea that spontaneous composition relies
to some degree on intuition, the ‘‘ability to arrive at a solution
without reasoning’’ [36], may be consistent with the dissociated
pattern of prefrontal activity we observed. That is, creative
intuition may operate when an attenuated DLPFC no longer
regulates the contents of consciousness, allowing unfiltered,
unconscious, or random thoughts and sensations to emerge.
Therefore, rather than operating in accordance with conscious
strategies and expectations, musical improvisation may be
associated with behaviors that conform to rules implemented by
the MPFC outside of conscious awareness [27]. Indeed, in other
domains it has been shown that focused attention and conscious
self-monitoring can inhibit spontaneity and impair performance
[37,38]. In short, musical creativity vis-à-vis improvisation may be
a result of the combination of intentional, internally generated self-

Figure 2. Axial slice renderings of mean activations (red/yellow scale bar) and deactivations (blue/green scale bar) associated with
improvisation during Scale and Jazz paradigms. In both paradigms, spontaneous improvisation was associated with widespread deactivation
in prefrontal cortex throughout DLPFC and LOFC, combined with focal activation in MPFC. In addition, increases in sensorimotor activity and
decreases in limbic activity were seen in both paradigms. Activations were identified through inclusive masking of the contrast for [Improv–Control]
with the contrast for [Improv–Rest], and deactivations were identified through inclusive masking of the contrast for [Control–Improv] with the
contrast for [Rest–Improv] for both Scale and Jazz paradigms. The scale bar shows t-score values and the sagittal section shows an anatomical
representation of slice location; both scale bar and sagittal slice insets apply equally to Scale and Jazz data. Labels refer to axial slice z-plane in
Talairach space.
doi:10.1371/journal.pone.0001679.g002
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Wow.. that’s a lot of blue!

Creativity (at least improv) is apparently about...
inhibition.

one’s own musical voice or story [17,22]. In this sense, activity of
the MPFC during improvisation is also consistent with an
emerging view that the region plays a role in the neural
instantiation of self, organizing internally motivated, self-generat-
ed, and stimulus-independent behaviors [23–25]. The portion of
the MPFC that was selectively activated during improvisation, the
frontal polar cortex (Brodmann Area 10), remains poorly
understood but appears to serve a broad-based integrative
function, combining multiple cognitive operations in the pursuit
of higher behavioral goals [26], in particular adopting and utilizing
rule sets that guide ongoing behavior [27–29] and maintaining an
overriding set of intentions while executing a series of diverse
behavioral subroutines [30]. All of these functions are necessarily
required during the task of improvisation.
In comparison, the lateral prefrontal regions (LOFC and

DLPFC), which were deactivated during improvisation, are thought
to provide a cognitive framework within which goal-directed
behaviors are consciously monitored, evaluated and corrected.
The LOFC may be involved in assessing whether such behaviors
conform to social demands, exerting inhibitory control over
inappropriate or maladaptive performance [31]. The DLPFC, on
the other hand, is thought to be responsible for planning, stepwise
implementation and on-line adjustment of behavioral sequences that
require retention of preceding steps in working memory [32]. The
DLPFC is active, for example, during effortful problem-solving,
conscious self-monitoring and focused attention [33,34].

In light of these distinct roles, we believe that the dissociation of
activity in MPFC and LOFC/DLPFC observed here during
improvisation is highly meaningful. If increased activity in the
MPFC serves as an index of internally motivated behavior,
concomitant decreases in the LOF and DLPFC suggest that self-
generated behaviors (such as improvisation) occur here in the
absence of the context typically provided by the lateral prefrontal
regions. Whereas activation of the lateral regions appears to
support self-monitoring and focused attention, deactivation may
be associated with defocused, free-floating attention that permits
spontaneous unplanned associations, and sudden insights or
realizations [35]. The idea that spontaneous composition relies
to some degree on intuition, the ‘‘ability to arrive at a solution
without reasoning’’ [36], may be consistent with the dissociated
pattern of prefrontal activity we observed. That is, creative
intuition may operate when an attenuated DLPFC no longer
regulates the contents of consciousness, allowing unfiltered,
unconscious, or random thoughts and sensations to emerge.
Therefore, rather than operating in accordance with conscious
strategies and expectations, musical improvisation may be
associated with behaviors that conform to rules implemented by
the MPFC outside of conscious awareness [27]. Indeed, in other
domains it has been shown that focused attention and conscious
self-monitoring can inhibit spontaneity and impair performance
[37,38]. In short, musical creativity vis-à-vis improvisation may be
a result of the combination of intentional, internally generated self-

Figure 2. Axial slice renderings of mean activations (red/yellow scale bar) and deactivations (blue/green scale bar) associated with
improvisation during Scale and Jazz paradigms. In both paradigms, spontaneous improvisation was associated with widespread deactivation
in prefrontal cortex throughout DLPFC and LOFC, combined with focal activation in MPFC. In addition, increases in sensorimotor activity and
decreases in limbic activity were seen in both paradigms. Activations were identified through inclusive masking of the contrast for [Improv–Control]
with the contrast for [Improv–Rest], and deactivations were identified through inclusive masking of the contrast for [Control–Improv] with the
contrast for [Rest–Improv] for both Scale and Jazz paradigms. The scale bar shows t-score values and the sagittal section shows an anatomical
representation of slice location; both scale bar and sagittal slice insets apply equally to Scale and Jazz data. Labels refer to axial slice z-plane in
Talairach space.
doi:10.1371/journal.pone.0001679.g002
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“creative intuition may operate when an attenuated DLPFC 
no longer regulates the contents of consciousness, allowing 
unfiltered, unconscious, or random thoughts and sensations 

to emerge.”



Neural Correlates of Lyrical
Improvisation: An fMRI Study of Freestyle
Rap
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1National Institute on Deafness and Other Communication Disorders, National Institutes of Health, 2Justice by Uniting Creative
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The neural correlates of creativity are poorly understood. Freestyle rap provides a unique opportunity to
study spontaneous lyrical improvisation, amultidimensional form of creativity at the interface ofmusic and
language. Here we use functional magnetic resonance imaging to characterize this process. Task contrast
analyses indicate that improvised performance is characterized by dissociated activity in medial and
dorsolateral prefrontal cortices, providing a context in which stimulus-independent behaviors may unfold
in the absence of conscious monitoring and volitional control. Connectivity analyses reveal widespread
improvisation-related correlations between medial prefrontal, cingulate motor, perisylvian cortices and
amygdala, suggesting the emergence of a network linking motivation, language, affect and movement.
Lyrical improvisation appears to be characterized by altered relationships between regions coupling
intention and action, in which conventional executive control may be bypassed and motor control directed
by cingulate motor mechanisms. These functional reorganizations may facilitate the initial improvisatory
phase of creative behavior.

H
ip-Hop music, in particular rap, has had a huge cultural impact in western society, especially among the
young, since its appearance four decades ago. Freestyle rap, a popular form, requires an artist to freely
improvise rhyming lyrics and novel rhythmic patterns, guided by the instrumental beat – a particularly

challenging form of spontaneous artistic creativity.
It has been proposed that artistic creativity is itself a twofold process, in which an initial improvisatory phase,

characterized by spontaneous generation of novel material, is followed by a period of focused re-evaluation and
revision1. The neural correlates of the improvisatory phase are poorly understood1–8 Freestyle rap thus provides a
unique opportunity to study this initial, improvisatory phase at the interface of music and language.

In an attempt to identify the neural correlates of spontaneous lyrical improvisation in this context we compared
freestyle (improvised) to conventional (rehearsed) performance, using functional magnetic resonance imaging
(fMRI). Utilizing spatial independent component analysis (sICA) methods9 recently developed in this laboratory
to effectively remove imaging artifacts associated with connected speech or song, hasmade it possible to study this
unique genre using fMRI for the first time. Importantly, in order to study spontaneous lyrical improvisation in its
most natural form, our design evaluated the natural and ecologically valid process: freestyle artists producing
freestyle rap, unencumbered by unrelated cognitive demands.

Spontaneous improvisation is a complex cognitive process that shares features with what has been character-
ized as a ‘flow’ state10. It has been suggested that the frontal lobe, may play a central role in the improvisatory
process, although the nature of its contributions is unclear2. On this basis, in addition to its other characteristics,
we expected the neural correlates of lyrical improvisation to include changes in prefrontal activity that might
enable spontaneous creative activity through effects on systems that regulate attention, affect, language andmotor
control.

Our results support these predictions and provide a novel model for improvisation characterized by functional
changes within a large-scale network that is anchored in the frontal lobe. This pattern – activation of medial and
deactivation of dorsolateral cortices – may provide a context in which self-generated action is freed from the
conventional constraints of supervisory attention and executive control, facilitating the generation of novel
ideas11. Importantly, altered relationships within the prefrontal cortex appear to have widespread functional
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Same experimental design as Limb’s.

Subjects cued to either:

- repeat a memorized, rehearsed, performance

or

- Freestyle



consequences, affecting motivation, emotion, language as well as
motor control, and may generalize to other forms of spontaneous
creative behavior.

Results
Subjects were scanned while they performed two tasks, each of which
used an identical 8-bar musical background track: 1) spontaneous,
improvised freestyle rap (improvised) and 2) conventional perform-
ance of an overlearned, well-rehearsed set of lyrics (conventional). All
figures and tables presented here are in Montreal neurological insti-
tute (MNI) space and are thresholded at a family-wise error rate less
than 0.05 based on Monte Carlo simulations.

Language measures. Subjects’ scores on verbal fluency tests
administered prior to the scanning sessions [29.3 6 6.8 (mean 6
s.d.) words generated in one minute on semantic; and 58.0611.1 in
three minutes on phonological tests] were above the 80th percentile12 in
each instance. This highlights the importance of superior linguistic skills
in this genre, which requires rapid online formulation of meaning-
ful, rhyming words and phrases within a prescribed tempo and rhythm.

GLMcontrast of improvised vs. conventional conditions.To deter-
mine the neural correlates of spontaneous lyrical improvisation, we
first compared improvised and conventional conditions directly
using the general linear model (GLM) (Figure 1, a, b and Table 1).
Improvised performance was characterized by significant increases
in activity of the medial prefrontal cortex (MPFC), extending from
the frontopolar cortex to the pre-supplementary motor area (pre-
SMA) and decreases in the dorsolateral prefrontal cortex (DLPFC),
extending from the orbital to superior regions. Medial prefrontal
activations were lateralized to the left hemisphere; lateral prefron-
tal deactivations were lateralized to the right) (Figure 1c).
The improvised condition was also associated with increased activ-

ity in perisylvian areas in the left hemisphere, including inferior
frontal gyrus (LIFG), middle temporal (MTG) and superior temporal
(STG) gyri, and intervening superior temporal sulcus (STS) and
fusiform gyrus. Improvised performance was in addition associated
with left lateralized activation of motor areas; these included the left
cingulate motor area (CMA), pre-SMA, dorsal premotor cortex
(PMd), head and body of the caudate nucleus, and globus pallidus,
and the right posterior cerebellum and vermis. Indices of articulatory
movements did not differ between conditions: there were no signifi-
cant differences in the number of syllables produced during impro-
vised and conventional performance [9946103 (mean 6 s.d.) and
1035698 total syllables respectively].

Parametric modulation.We applied parametric modulation methods
to determine how the innovative quality of performance might modu-
late these activity patterns. Using blinded ratings of performance
quality (Table 2), we found significant associations between these
measures and activity in the posterior and middle MTG and STS,
the left MPFC, specifically lateral Brodmann area (BA) 9, a region
near superior frontal sulcus, and the posterior cingulate cortex (PCC)
(Figure 2).

Functional connectivity. Using a seed selected from the left late-
ral MPFC (guided by the parametric modulation results outlined
above), we detected stronger negative correlations between activity
in the MPFC and the ventral DLPFC (Figure 3a, indicating that the
dissociated, reciprocal changes noted in these prefrontal areas in the
above GLM contrasts are not independent; changes in one are tightly
coupled to changes in the other). Similarly, activity in the MPFC was
anticorrelated with activity in the intraparietal sulcus (IPS).
On the other hand, we detected stronger positive correlations

between activity in the MPFC and the anterior perisylvian (LIFG)
and cortical motor areas including cingulate motor area and adjacent
anterior cingulate cortex (ACC), the pre-SMA and the dorsal lateral

Figure 1 | Activity related to improvisation: Results of the group level,
random effects analysis of variance (ANOVA) comparing improvised
and conventional conditions are illustrated. Warm colors represent
significant increases in BOLD signal during improvised, cool colors represent
significant decreases. Results, revealing dissociated frontal and left lateralized
patterns, are displayed (a) on a 3D brain surface rendered using SUMA
(SUrfaceMApping) and (b), as axial slices with planes of section relative to the
bi-commissural line indicated. The bar plot (c) illustrates the mean values6
standard errors of signal changes (improvised-conventional) in DLPFC and
MPFC ROIs defined in the GLM contrast and homotopic ROIs in the
contralateral hemisphere. MPFC activations were strongest on the left, while
activations in the right hemisphere were sub-threshold, and DLPFC
deactivations were strongest on the right, while left hemisphere regions were
non-significantly decreased. It should be noted that the activity in the DLPFC
was significantly attenuated when the improvised condition was compared
directly to an implicit baseline, indicating that this finding was not simply
produced by contrast with the conventional condition (in which activity in the
DLPFC did not itself differ from baseline).
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Mostly consistent with Jazz improv

Some additional lateralization effects due to the
presence of spoken language.



It is interesting in this context that self-generated, stimulus 
independent behaviors appear to be initiated ... well before 

subjects consciously experience the intention to act. 

In the absence of processing by lateral prefrontal regions – 
where a sense of agency could be constructed post-hoc – 

ongoing actions, moment to moment decisions and 
adjustments in performance may be experienced as having 

occurred outside of conscious awareness. 



This is not inconsistent with the experience of many artists 
who describe the creative process as seemingly guided by 

an outside agency.



“This suggests that the conscious, deliberate, top-down 
attentional processes mediated by this network may be 

attenuated during improvisation, consistent with the notion 
that a state of defocused attention enables the generation 

of novel, unexpected associations that underlie 
spontaneous creative activity”



The next generation of digital creativity
enhancers should focus on creating states of flow.

Neuroscientific investigations will give us both
objective direction and the ability to quantify

what was previously nebelous.



That can’t be the whole story though, can it?

What do you think?


