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1. Jazz as Metaphor



–Ornette Coleman

“Jazz is the only music in which the same note can be played 
night after night but differently each time.”
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A B S T R A C T

Con!icting theories identify creativity either with frontal-lobe mediated (Type-2) executive control processes or
(Type-1) associative processes that are disinhibited when executive control is relaxed. Musical (jazz) improvi-
sation is an ecologically valid test-case to distinguish between these views because relatively slow, deliberate,
executive-control processes should not dominate during high-quality, real-time improvisation. In the present
study, jazz guitarists (n ! 32) improvised to novel chord sequences while 64-channel EEGs were recorded. Jazz
experts rated each improvisation for creativity, technical pro"ciency and aesthetic appeal. Surface-Laplacian-
transformed EEGs recorded during the performances were analyzed in the scalp-frequency domain using
SPM12. Signi"cant clusters of high-frequency (beta-band and gamma-band) activity were observed when higher-
quality versus lower-quality improvisations were compared. Higher-quality improvisations were associated with
predominantly posterior left-hemisphere activity; lower-quality improvisations were associated with right
temporo-parietal and fronto-polar activity. However, after statistically controlling for experience (de"ned as the
number of public performances previously given), performance quality was a function of right-hemisphere,
largely right-frontal, activity. These results support the notion that superior creative production is associated
with hypofrontality and right-hemisphere activity thereby supporting a dual-process model of creativity in which
experience in!uences the balance between executive and associative processes. This study also highlights the idea
that the functional neuroanatomy of creative production depends on whether creativity is de"ned in terms of the
quality of products or the type of cognitive processes involved.

1. Introduction

Much research over the last decade has focused on the contribution of
executive, Type-2 processes to creative cognition. The "ndings paint a
complex picture. For example, the engagement of frontally-mediated,
executive control processes can be bene"cial in some domains, such as
science, but deleterious in others, such as art and music (Kaufman et al.,
2016; Shi et al., 2017). The phase of the creative process plays an
important role, with creative ideation bene"ting from less executive
control and idea evaluation bene"ting from more (Beaty et al., 2016,
Ellamil et al., 2012). Furthermore, research has shown that greater ex-
ecutive control enhances the creativity of jazz improvisations for novices
but hinders it for those with more expertise (Rosen et al., 2016, 2017).
Such "ndings suggest that the contribution of executive processing to
creative cognition depends on differences among both tasks and
individuals.

The present study sought to further delineate the involvement of
executive processing in creative cognition by isolating and comparing
real-time neural correlates of creativity and experience during jazz
improvisation.

Most studies that have addressed this issue have measured creativity
with standardized psychometric tests or laboratory-based divergent or
convergent thinking tasks. While such tasks are useful for isolating
components of creative cognition, they are of limited ecological validity
and domain speci"city (Zeng et al., 2011). Alternative approaches that
employ complex, naturalistic tasks may better represent creative cogni-
tion as it is manifested in real-world situations (Boccia et al., 2015).

Researchers have recently used jazz improvisation for this purpose
(Limb and Braun, 2008; Beaty, 2015; Loui, 2018). Improvisation is an
excellent test-case for the executive-control debate because the
complexity and temporal demands of expert real-time improvisation
should limit reliance on deliberate, effortful, Type-2 executive processing
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3.1.2. Experience
For the high> low experience contrast (Fig. 5), SPM t-tests of spectral

power revealed signi!cant differences in central and left posterior re-
gions including a signi!cant gamma cluster around central electrode FCz
(32–45 Hz, P_FWE < 0.001). There were also two left parietal clusters
proximal to electrode CP3 (16–47 Hz, P_FWE < 0.001; 2–7 Hz, P_FWE !
0.008). Clusters of low-frequency activity were detected at posterior
midline regions near electrode Cz (2–11 Hz, P_FWE ! 0.001) and a right
parietal cluster at electrode CP4 (2, 4, and 9 Hz, P_FWE < 0.001).

The low> high experience contrast showed a large signi!cant cluster
of beta-band activity (14 and 20 Hz, P_FWE < 0.001) in left frontal re-
gions near electrode AF3 and a beta/gamma-band cluster (22–47 Hz,
P_FWE < 0.001) around frontal electrode FC6. Additionally, signi!cant
clusters of high-frequency activity were identi!ed in the beta-band at left
temporal electrode FT7 (14 Hz, P_FWE ! 0.007) and beta/gamma-bands
over right parietal cortex around electrode P6 (16–47 Hz, P_FWE <
0.001). A marginally signi!cant cluster of alpha activity was revealed at
electrode Cz (9 Hz, P_FWE ! 0.043).

3.2. K-fold validation

We used stepwise regression with K-fold (K ! 7) cross-validation to
assess the robustness of the quality SPM results (with no covariate). K-
fold validation is a machine-learning technique which trains a statistical
model on a subset of the data, in this case withholding 22 scans (11 high-
quality, 11 low-quality) in each fold. The performance of the stepwise
multilevel regression model is then assessed on the observations that
were removed, namely, the test set. This procedure is repeated K times to
simulate the model’s predictive ability when applied to new data. The
average K-fold training RMSE was 1.13, and the test (predictive) K-fold
RMSE was 1.34. The correlation coef!cient between the RMSE and
predicted RMSE for the training and tests sets was 0.401, a medium to
large effect size. Therefore, the overall prediction is fairly accurate.

Speci!cally, across the K-fold models, fronto-polar gamma (lower-
quality group) was the strongest predictor, retained by the stepwise
regression models in all 7 of the folds. The lower-quality condition also
contributed 2 more components: right temporo-parietal gamma-band
clusters in 4 of the 7 folds and beta-band activity in 2 of the folds. The
higher-quality group had two predictors retained in 4 of the 7 folds: theta
activity at right fronto-temporal regions and left-posterior gamma. A
theta cluster was observed in some of the folds, but it was not a signi!-
cant predictor in the SPM quality contrasts, trending (p ! .052) when
applying a cluster forming threshold of p < .001; however, theta activity
did appear in right frontal regions when experience was included as a
covariate in the model. A left fronto-central gamma effect was signi!cant
in 3 of the folds, as well.

3.3. Psychological predictors

The SPM analyses showed the neural predictors of improvisation
quality. A parallel analysis examined non-neural predictors of improvi-
sation quality via multilevel regression (MLR) modeling implemented
with the lme4 (Bates, 2010) software package in R: A Language and
Environment for Statistical Computing v.3.4.4 (R Development Core Team,
2008). MLR models simultaneously assess group-level and
individual-level patterns within a single analysis, taking into consider-
ation !xed-effect and random-effect parameters. These models are
compared using the log-likelihood (LL) goodness-of-!t measure. Changes
in -2LL are distributed as !2 with degrees of freedom equal to the number
of parameters added (Mirman, 2016). For all models, the random-effects
structures were identical, determined a priori in accordance with our
previous studies. Here, the model accounts for the random variability of
the inter-individual variation of instructions and the inter-item variation
of the different chord changes for each take (Baayen, 2008). Table 1
shows the order that the factors were entered into the MLR model.

Fig. 4. SPM topographic signi!cance maps for peak voxel locations (shown by the black circles) of the three right frontal clusters of theta (4 Hz), alpha (11–13 Hz),
and beta (27–28 Hz) activity in the high > low quality contrast for the main effects of improvisation quality with experience as a covariate. The peak frequencies (in
Hz) and voxels are depicted beneath each topographic scalp map. The image is "attened with the anterior-to-posterior head dimension going from top to bottom and
the left-right head dimension going from left to right.

Fig. 5. Topographic SPM signi!cance maps of the main effects of experience on
Laplacian spectral power for the full factorial model (with the 4 subjects closest
to the median experience value omitted). The peak frequencies (in Hz) of sig-
ni!cant voxel clusters are shown adjacent to their location. The image is a
"attened topographic scalp map with the anterior-to-posterior head dimension
going from right to left and the left-right head dimension going from top to
bottom. Clusters associated with high > low experience scores are depicted in
red, and clusters associated with low > high experience scores are shown
in blue.

D.S. Rosen et al. NeuroImage 213 (2020) 116632

6



ARTICLE

Downbeat delays are a key component of swing
in jazz
Corentin Nelias1,2, Eva Marit Sturm3, Thorsten Albrecht3, York Hagmayer3 & Theo Geisel 1,2,4!

To which extent and how do jazz musicians synchronize their timing to create swing? Swing

is a salient feature of jazz music, yet its main psychoacoustical and musical components have

remained elusive—save the obvious long-short subdivision of quarter notes. In particular, the

possible role of microtiming deviations for swing has been a subject of long-standing con-

troversy. Adopting an operational de!nition of swing we present a study which ultimately

demonstrates a positive effect of certain microtiming deviations on swing. We manipulate the

timing of original piano recordings to carry out an experiment with professional and semi-

professional jazz musicians measuring the swing of different timing conditions. Thereby we

prove that slightly delayed downbeats and synchronized offbeats of a soloist with respect to a

rhythm section enhance swing. Analyzing a set of 456 jazz improvisations we !nd that many

jazz musicians do use minute downbeat delays. These results show that systematic micro-

timing deviations in the form of downbeat delays are a key component of swing in jazz.

https://doi.org/10.1038/s42005-022-00995-z OPEN

1Max Planck Institute for Dynamics and Self-Organization, 37077 Göttingen, Germany. 2 Department of Physics, Georg-August-University Göttingen, 37077
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Computational Neuroscience, 37077 Göttingen, Germany. !email: theo.geisel@ds.mpg.de
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soloists are concerned. Most of them use swing ratios that are
below 1.5. For fast tempi (more than 160 bpm), one !nds a
decreasing trend of the soloists’ swing ratio with increasing
tempo. So far this is similar to the trend reported for the swing
ratio of drummers16,35. On the other hand, the trend is reversed
for medium to slow tempi (below 160 bpm), where the soloists’
swing ratio tends to decrease with decreasing tempo. This means
that drummers and soloists follow two opposing trends regarding
the swing ratio in this tempo range and that the swing ratio of
soloists tends to be smaller than that of the rhythm section. We
also analyzed other characteristics of the recordings such as the
position of individual triplets as a function of tempo. These
additional !ndings are included in the Supplementary Results 1.
After submission of our manuscript, we became aware of recent
work by Corcoran and Frieler, who also analyzed the swing ratios
of the solos contained in the Weimar Jazz Database. They used a
different method to determine the swing ratio and obtained
qualitatively similar results apart from the increasing trend we
found below 160 bpm36.

Experiment investigating swing. The above empirical observa-
tions indicate that a large fraction of jazz musicians play jazz solos
with downbeats slightly delayed with respect to the rhythm sec-
tion. Nevertheless, the question remains, whether these delays are
an essential component of swing, as not all jazz musicians use
them. To address this question, we adopted an operational de!-
nition of swing, that is, the performance of a piece swings if it is
judged as swinging by expert listeners. Professional and semi-
professional jazz musicians can be considered expert listeners, as
they are trained and experienced in creating and evaluating the
swing of a performance. For the study, we used an experimental
approach, which we developed for a previous microtiming study
on swing24. Manipulating the onset timing in MIDI recordings of
piano jazz performances and letting expert jazz musicians rate the
swing of different manipulations gives us the possibility to clarify
whether different ways of microtiming have a positive effect on
swing. In that previous study, we investigated the impact of
random MTDs by amplifying them, deleting them, and inverting
them. We showed that random MTDs, which are present in every
human musical performance, did not enhance swing, which
entails that these MTDs can be detrimental to swing. In the
present work, we now focus on studying the effect of
systematic MTDs.

Moreover, the analysis presented in the preceding section did
not show whether soloists are also delaying their offbeats. The
Weimar Jazz Database only reports downbeats of drums as a
reference, but does not give access to their offbeats, which
precludes determining the offbeat MTDs of soloists with respect
to the drums. With our experimental approach, however, we are
able to clarify the role of offbeat timing by studying how different
versions with and without offbeat delays affect swing.

We prepared audio extracts presenting different kinds of
systematic MTDs in jazz piano performances (“soloist”) with
respect to a quantized rhythm section (“rhythm section”). The
manipulations we carried out on real performances are explained
in detail in the Methods section and sketched in Fig. 3. We based
all manipulations on a quantized original version, which aligns
the notes to a grid with an optimized swing ratio. We needed to
take such a step for the sake of providing well-controlled
distinguishable conditions. We think that this is justi!ed as a
minor intervention; we previously showed for instance that
random microtiming "uctuations do not play a positive role for
swing24. For the present experiment, we hypothesized that a
positive effect on swing might result from (i) a both delayed
manipulation, where all notes of the soloist are uniformly delayed

with respect to the rhythm section, and/or (ii) a downbeat delayed
manipulation, where the soloist notes are delayed apart from the
offbeats (which are synchronized with the rhythm section).

We presented the manipulated audio extracts of four different
pieces (“The smudge”, “Texas blues”, “Jordu”, “Serenade to a
cuckoo”) to professional and semiprofessional jazz musicians in
an online experiment. Participants were asked to compare all
three manipulations with each other and to respond to the
questions “Did it swing?” and “Did it groove?” for each piece
separately. Answers were given on a scale from 1 (“not at all”) to
4 (“very much”). The responses to one of the pieces (“Serenade to
a Cuckoo”), were not included in the analyses due to an ill-chosen
swing ratio for the rhythm section (see “Methods” section). We,
therefore, conducted a second experiment on this piece testing
the in"uence of different swing ratios. The results of the second
experiment were much in line with the results for the other three
pieces presented in the following paragraphs (see Supplementary

Fig. 3 Timing manipulations. Schematic representation of the timing
manipulations we used in the experiment to probe the effects of
microtiming deviations on the swing feel. Importantly, all manipulations
were done so as to keep the same swing ratio for the soloist (i.e., piano).
Full lines represent exact quarter note positions (metronome beats). The
dashed line shows the position of the offbeats corresponding to a chosen
“optimal” swing-ratio, referred to as ropt in the upper-left frame. Black notes
and gray notes denote timing positions of soloist and rhythm section,
respectively, in the different manipulations. In the “quantized original”
version (green background) underlying all further manipulations, the
microtiming deviations of the soloist's original performance are suppressed
and the notes are aligned with the grid. In the “both delayed” version (red
background), all notes of the soloist are delayed by 85 ticks. Finally, in the
“downbeat delayed” version (brown background), additionally, the offbeats
of the rhythm section are synchronized with the offbeats of the soloist. This
procedure creates downbeat delays of 85 ticks for the soloist without
changing the soloist's swing ratio, but increases the swing ratio of the
rhythm section.
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Results 3: Serenade to a cuckoo, second experiment testing
different swing ratios).

The results show that professional and semiprofessional jazz
musicians gave the highest swing ratings to versions with delayed
downbeats and synchronized offbeats (i.e., the downbeat delayed
version). This is apparent in the average distribution of swing
ratings across three pieces shown in Fig. 4 as well as in
Supplementary Fig. 9. In Fig. 4 one can see that the downbeat
delayed version obtained a large proportion of high ratings (3 and
4, blue colors) while the quantized original or both delayed
versions received considerably smaller fractions of high ratings.
The results on the groove ratings show a similar pattern with
considerably smaller effect sizes of the manipulations (see
Supplementary Results 2: Groove ratings). It is worthwhile
pointing out that professional musicians gave overall lower
ratings than semiprofessionals, which is noticeable in particular
for the highest rating in the downbeat delayed version (6.5% vs
31.4% for professionals and semiprofessionals, respectively; see
Supplementary Fig. 9). We made a similar observation in our
earlier study24. This !nding probably re"ects the higher standards

and expectations of professional musicians. An ordinal logistic
regression of the swing ratings upon manipulation, musician
category, and their interaction statistically con!rmed the results
described above (cf. Table 1). The downbeat delayed versions
received signi!cantly higher swing ratings than quantized original
versions not having any delays (p < 0.001). No signi!cant
difference was observed comparing the swing ratings of both
delayed versions to those of the quantized original versions
(p= 0.440). Professional jazz musicians gave signi!cantly lower
ratings than semiprofessional musicians (p= 0.019). In addition,
the effect of the downbeat delayed versions (vs. quantized
original) was larger for semiprofessionals than for professionals
(p= 0.022).

The odds ratios as well as their associated con!dence intervals
for the different conditions are summarized in Table 1. The odds
ratio of the downbeat delayed versions as compared to the
quantized original versions was 7.48. In other words, delaying the
soloist’s downbeats while synchronizing the offbeats makes it
more than seven times more likely that jazz musicians judge the
recording as more swinging than the quantized original. To
further validate this effect, we performed three additional checks
to analyze the statistical power and to test for potential effects of
outliers and sample size (see Supplementary Results 2: Statistical
power and robustness). They yield a very high statistical power
together with a high robustness of the effects. Separately, we also
analyzed participants’ ratings for only the very !rst piece they
listened to, in order to ensure that the results were not affected by
repeating the task or by being asked whether one perceived
differences between versions (see Supplementary Results 2:
Additional analyses on swing ratings).

To elucidate the discriminability between the different manip-
ulations, we determined receiver operating characteristic curves
(ROC) for each piece in Fig. 5. These ROC curves compare the
cumulative proportions of the four ratings for two conditions
mapped along the horizontal and the vertical axis, i.e., two of the
stacked histograms of Fig. 4 are plotted against each other along an
axis each. A deviation from the diagonal to either side indicates
higher swing ratings for one of the conditions and shows that
listeners discriminate between the versions and perceive one of
them as more swinging. The area under the curve (AUC) quanti!es
the deviation from the diagonal (AUC= 0.5 means no discrimina-
tion) and is an effect size that can be tested for signi!cance. The
effect is statistically signi!cant, if 0.5 is not within the AUC
con!dence interval (CI). Comparing the downbeat delayed to the
quantized original manipulations (blue curves in Fig. 5) shows
higher swing for the downbeat delayed versions with signi!cant
AUC values for all three pieces: AUCThe smudge= 0.71 ± 0.13,
AUCTexas blues= 0.70 ± 0.12 and AUCJordu= 0.69 ± 0.13. Comparing
the downbeat delayed and both delayed manipulations (black
curves in Fig. 5) also shows higher swing for the downbeat delayed
versions with signi!cant AUC values. By contrast, the yellow curves
and their AUC values display no signi!cant difference between the
both delayed and quantized original versions. Taken together, these

Fig. 4 Distribution of swing ratings given by professional and
semiprofessional jazz musicians to different manipulated versions. The
three stacked histograms display the proportions of different possible
ratings from 1 (“not at all”) to 4 (“very much”) averaged over three pieces.
The downbeat delayed manipulation in the center elicits a much larger
portion of high ratings (3 and 4 in blue colors) than the two other
manipulations.

Table 1 Results of ordinal logistic regression for swing ratings.

Condition OR CI p

DD vs QO (condition 1) 7.48 [3.19; 17.54] <0.001***
BD vs QO (condition 2) 1.30 [0.67; 2.54] 0.440
Semi-pro vs pro (musician category) 3.94 [1.26 ; 12.31] 0.019*
Condition 1 !musician category 7.00 [1.32; 37.11] 0.022*
Condition 2 !musician category 2.33 [0.62; 8.82] 0.212

OR denotes odds ratios for the comparison of different manipulations, musician categories, and their interaction, CI are 95% con!dence intervals for the OR. The p values are marked by *** for p < 0.001
and by * for p < 0.05. Odds ratio OR= 7.48 for DD vs. QO means that it is about 7.5 times more likely that jazz musicians perceive the downbeat delayed manipulation (DD) as more swinging than the
quantized original (QO). BD refers to both delayed, pro and semipro refer to jazz musician categories.

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00995-z ARTICLE

COMMUNICATIONS PHYSICS | ����������(2022)�5:237� | https://doi.org/10.1038/s42005-022-00995-z | www.nature.com/commsphys 5





2. Jazz as Structure
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–Miles Davis

“Trane never wrote anything down when he was with my band. 
All he did was just start off playing. […] I'd say, "Trane, here are 
some chords, but don't play them like they are all the time, you 
know? Start in the middle sometimes and don't forget that you 
can play them up in thirds. […] Trane was an innovator, and you 
have to say the right thing to people like that. That's why I'd tell 

him to begin in the middle, because that's the way his head 
worked anyway.”



–Quincy Jones

“Jazz is at the top of the hierarchy of music because the 
musicians learned everything they could about music. Every 
time I used to see Coltrane he’d have Nicolas Slonimsky’s 
book. […] Everything that Coltrane ever played was in that 

thesaurus. In fact, right near the front of that book, there’s a 12-
tone example — it’s “Giant Steps.” Everyone thinks Coltrane 
wrote that, he didn’t. It’s Slonimsky. That book started all the 

jazz guys improvising in 12-tone.”



Intrapreneurs

Pioneers



–Teo Macero

“I'd let Miles have a free hand in the studio and I always 
encouraged him to use electronic equipment because if we 

didn't have it, I’d order it. […] He called me up in the middle of 
the night and said “Listen.” I said “Listen to what?” He plays 
something for 40 minutes on the phone. […] Now, we might 

have recorded for five months and I said, oh, I need that, I need 
a piece there. I might go back into one of his tracks and take 

something out and put it in Bitches Brew and I'd do that with a 
lot of his stuff.”



–Joe Zawinul

“I didn’t really like the sessions at the time. I didn’t think they 
were exciting enough. But a short while later I was at the CBS 

offices, and a secretary was playing this incredible music. It was 
really smoking. So I asked her, ‘Who the hell is this?’ And she 
replied, ‘It’s that Bitches Brew thing.’ I thought, Damn, that’s 

great.”
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Tactical projects vs. Transformative projects

An incumbent constantly pursues tactical projects to improve its 
business. It is an experience-based way of working that is used to 
make the company more e!cient, increase growth and improve 
pro"tability in existing operations.

#is work is done by decision-makers with a mandate and 
budget responsibility as well as by company’s experts, in collaboration 
with middle management and the employees who carry out the 
operational activities.

A tactical project in the 4C model moves only vertically within 
the stable system, in the two contexts Complicated and Clari"ed, 
which makes the results partially predictable.

The incumbent’s goal with a transformative development 
process is to create solutions that deal with everything from 
securing the company’s survival in competition to being at the 
forefront of future business. Transformative projects are unusual 
in relation to the number of tactical projects and more di!cult 
to succeed with.
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–Miles Davis

“That was the beginning of the end of my relationship with 
Columbia. That and the way that George Butler was treating me 
and Wynton Marsalis. […] George Butler was the producer for 

both of us, and I felt that he was more concerned about 
Wynton's music than he was about mine. […] Wynton was 

getting a lot of play because he was playing classical music and 
by this time he was winning all the awards, both in classical and 

in jazz music.”
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which makes the results partially predictable.

The incumbent’s goal with a transformative development 
process is to create solutions that deal with everything from 
securing the company’s survival in competition to being at the 
forefront of future business. Transformative projects are unusual 
in relation to the number of tactical projects and more di!cult 
to succeed with.
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3. Jazz as Practice



–Ted Gioia, The History of Jazz

“Just look at the music’s timeline. It can hardly be a coincidence 
that jazz first emerged shortly after the rise of the record 

business: in a previous era, improvisations could hardly have 
been preserved, let alone packaged and put up for sale in the 

marketplace.”
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