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ABSTRACT

The Giant FFT is a single DFT spanning an entire audio file that
produces a spectrum encoding the complete temporal evolution of
a sound. Creative manipulations in this domain have produced
compelling results, but typically smear discrete events into sus-
tained textures by disrupting the temporal relationships between
frequency bins. This paper introduces a framework for coher-
ent spectral manipulation in the “group delay domain”, where the
derivative of the phase spectrum with respect to frequency makes
the temporal center of gravity of spectral energy explicit at every
frequency bin. By identifying spectral regions around amplitude
peaks and grouping them by group delay similarity, spectral fea-
tures can be displaced in time through uniform modification of
their group delay. We demonstrate reordering of melodic events in
synthetic and acoustic melodies, amplitude-proportional spectral
displacement for creative sound design, and modulation of group
delay for creating temporal copies of spectral features. These re-
sults show that methods of coherent temporal manipulation are
possible in the Giant FFT domain without windowed analysis.

1. INTRODUCTION

The Giant FFT method of sound manipulation is based on perform-
ing a single FFT over the entire duration of an audio recording.
The resultant complex spectrum encodes the complete temporal
evolution of the sound, but in a domain that is difficult to intu-
itively manipulate. Prior work in this domain has produced com-
pelling transformations of musical sound, even though manipula-
tions typically disrupt the temporal relationships between spectral
components. In particular, manipulations of the phase spectrum
tend to destroy the temporal structure of the original sound, pro-
ducing incoherent drone-like textures. A coherent manipulation
would preserve the temporal relationships within a spectral feature
while displacing it in time. We propose working in the group delay
domain, where the temporal center of gravity of spectral energy is
made explicit, enabling spectral features to be identified and dis-
placed in time as uniform groups.

This paper introduces the group delay domain for creative ma-
nipulation of the Giant FFT, combining group delay based tempo-
ral identification of spectral features with coherent displacement
of grouped frequency bins. We present background on Giant FFT
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sound transformation, describe a framework for coherent spec-
tral manipulation in the group delay domain, and demonstrate its
capabilities through three transformations: reordering of melodic
events, amplitude-proportional time displacement of spectral fea-
tures, and sinusoidal group delay modulation for creating temporal
copies. Sound examples accompanying the transformations de-
scribed in this paper are available online.'

2. BACKGROUND

The analysis of a very long data sequence with a single FFT has
a long history in astrophysics and geophysics, where the intention
is to find frequency components in a noisy signal [1]. In 1999
Hammer and Sundt applied this idea of computing a single FFT to
musical audio [2]. Their “Giant FFT” technique calculates a sin-
gle (amplitude and phase) spectrum that can be manipulated be-
fore reconstruction with the inverse FFT. Their Mammut program
presented several sound transformations that operate on the ampli-
tude or phase spectrum and produce novel sonic results. In general,
these transformations can be characterized by a reduction in coher-
ence between spectral components, leading to discrete sonic events
being smeared into droning textures. In addition, some transforma-
tions impose nonlinear spectral sweeps on the sound. The Giant
FFT technique has remained an alternative creative audio process-
ing method [3, 4, 5], but its tendency to smooth auditory events
into spectral drones has limited its broader application.

Recent work has begun to quantify how manipulations in the
Giant FFT domain could produce more coherent sonic outcomes.
Vilimiki et al. [6] set the phase spectrum of the Giant FFT to zero
and studied the magnitude spectrum’s contribution to the resynthe-
sized sound. They found that this manipulation produced a sound
that is symmetric in time and maintains some rhythmic qualities of
the original. Their introduction of zero-padding to avoid temporal
aliasing removes an entire category of artifacts present in earlier
Giant FFT systems, opening the domain to more principled inves-
tigation of spectral transformations.

Viliméki et al. demonstrate that the amplitude spectrum alone
can retain some of the rhythmic and temporal structure of the orig-
inal sound. Their work isolates the contribution of the magnitude
spectrum by setting phase to zero. Here we take a complemen-
tary approach, transforming the phase spectrum into its derivative,
the group delay spectrum, where temporal structure becomes more
explicit and manipulable.
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3. METHOD

The phase spectrum of the Giant FFT encodes much of the time
evolution of the analyzed sound. Principled manipulation of this
spectrum could produce sounds whose spectral components main-
tain their temporal structure while being displaced in time. The
fundamental difficulty with manipulating the phase spectrum is
that individual phase values do not correspond to meaningful per-
ceptual quantities, especially for large FFT lengths. Changing
a phase value does not produce a meaningful manipulation of a
sonic event when the sound is synthesized back in the time do-
main. Phase values, even when unwrapped, do not directly reveal
the temporal nature of spectral energy. We seek a form of the phase
spectrum whose values can be read directly as time. A sound event
at time ¢ contributes a phase of —2m ft at each frequency f, so the
rate of phase change across frequency is proportional to the event’s
position in time. The group delay, the negative derivative of the
phase spectrum with respect to frequency, reads this slope at ev-
ery frequency bin, producing values in units of time. Components
arising from the same event share one slope, and therefore share
a group delay value. The group delay allows us to interpret its
values as the temporal center of gravity of spectral energy at each
frequency bin [7], that is, the amplitude-weighted mean temporal
position of the energy at that frequency. The Giant FFT provides
very high frequency resolution across the entire spectrum while
the group delay provides the temporal center of gravity of energy
at each frequency bin. We refer to this combined representation of
magnitude and group delay as the group delay domain. In this do-
main, spectral features can be identified by their relative temporal
center of gravity and manipulated according to when they occur.

Although manipulating values of the group delay spectrum is
more intuitive than manipulating the phase spectrum directly, we
still cannot change individual values without producing incoherent
results. A sonic event affects many frequency bins simultaneously.
If these bins are shifted by different amounts, the phase relation-
ships between them are disrupted, smearing the event in time rather
than displacing it. For the event to move cleanly, all bins belong-
ing to it must be shifted by a uniform amount. We address this by
identifying regions in the frequency spectrum where coherent dis-
placement matters most. In pitched sounds, these are the regions
around peaks in the amplitude spectrum. Each identified region is
treated as indivisible in group delay shape. With this, we will see
that the region can be displaced forward or backward in time by
preserving the relative group delay values across its bins.

The importance of phase in spectral representations has long
been recognized [8]. The group delay spectrum has been used as
an analysis tool for understanding the temporal center of gravity
of spectral components [9, 10]. Canfield-Dafilou and Abel [11]
have used group delay trajectories for creative allpass filter design,
but not in the Giant FFT context. Until now, group delay has not
been explored as a basis for coherent spectral transformations in
the Giant FFT domain. Figure 1 shows the processing pipeline of
the entire analysis-synthesis system.

3.1. Analysis

Our method begins with a Giant FFT over the entire input sound,
regardless of its duration. The method is most appropriate for
sounds with pitched content, as it uses amplitude peaks in the spec-
trum as a grouping mechanism. The input sound is first padded
with silence sized to the intended displacements, before the sig-
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Figure 1: Processing pipeline. The input signal is transformed
into the group delay domain, where spectral segments are identi-
fied and manipulated before resynthesis.

nal for backward shifts and after it for forward shifts. The padded
signal is then zero-padded to the next power of two, preventing
circular aliasing in the output. The FFT of the zero-padded input
yields a magnitude spectrum and a phase spectrum. Together these
constitute the Giant FFT representation.

We transform this representation into the group delay domain
by computing the group delay spectrum from the phase spectrum.
The group delay can be computed directly from the complex spec-
trum without requiring phase unwrapping [12]. However, we com-
pute it by unwrapping the phase and taking the difference between
adjacent phase values, as this method is exactly invertible through
cumulative summation, ensuring lossless analysis-synthesis:

T(k) = = (®(k+1) — &(k)) (M

where 7(k) is the group delay in radians per bin, ®(k) is the un-
wrapped phase spectrum, and k is the frequency bin index. The
analysis uses a real-input FFT, with the negative frequencies im-
plied by conjugate symmetry. This first-order finite difference dif-
fers from —d® /dw only by a constant factor, the bin spacing, and
is used because it integrates back to phase exactly. Figure 2 shows
the group delay spectrum of two synthetic tones separated by one
second with added noise. Here 7(k) values are converted from ra-
dians per bin to seconds by dividing by the bin spacing in angular
frequency, 27 f5 /N radians per second, where f, is the sample rate
and N is the zero-padded FFT length. As can be seen, group delay
values cluster around the temporal positions of the two tones. This
clustering is the phenomenon we will exploit when grouping spec-
tral segments. Our method treats a cluster of similar group delay
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values as bins belonging to the same spectral event.
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Figure 2: Group delay spectrum of two synthetic tones separated
by one second. Values cluster around the temporal center of grav-
ity of each tone.

3.2. Coherent Spectral Segmentation

The next step is to segment the group delay spectrum into regions
of high spectral energy that share similar group delay values. The
concept of spectral peaks having regions of influence was intro-
duced in the context of phase vocoder phase locking [13]. We
apply a similar concept in the Giant FFT group delay domain. The
amplitude spectrum is smoothed with a Gaussian kernel of a speci-
fied width in bins. Contiguous regions where the smoothed ampli-
tude exceeds a threshold relative to the global peak are identified as
spectral peaks. Each peak is then extended to a specified segment
width, limited by the midpoint between neighboring peaks, cap-
turing the spectral energy surrounding the peak. Figure 3 shows
the segmentation for the same synthetic signal. Shaded regions
indicate identified segments around spectral peaks.

Next, the temporal position of each segment is computed as
the magnitude-weighted mean of its group delay values in seconds.
Segments whose mean group delay values fall within a specified
tolerance in seconds are grouped together, forming a single group
that spans multiple spectral peaks. This grouping mechanism iden-
tifies areas of the spectrum that are both part of an amplitude peak
and share similar group delay values.
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Figure 3: Group delay spectrum with identified segments (shaded)
around amplitude peaks.
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After analysis there are two user-adjustable parameters. One is
the width of the segments around spectral peaks, adjustable from
narrow to spanning the entire spectrum. The examples of Sec-
tion 4 use segment widths of 8000 to 12000 bins. For sounds with
sharp onsets, segments wider than the spectral peak are needed to
capture the transient energy that extends across a broad spectral
region around each peak. When a wide segment is displaced, this
transient energy moves as a unit, preserving some of the attack
character of the original sound. Two, the energy in bins not iden-
tified within any segment can optionally be zeroed to remove low-
energy or noisy spectral components. With this analysis complete
we can now transform the group delay spectrum to create novel
audio effects. In each transformation, with the exception of the ze-
roing mentioned above, the amplitude spectrum is left completely
unaltered.

3.3. Group Delay Manipulation

The particular shape of the group delay values in a band encodes
the temporal structure of that band. To preserve this temporal
structure (note onsets and decays, for example) the shape must
be maintained. By adding a constant to a segment’s group delay
values, the segment’s energy is displaced in time:

Toew(k) = 7(k) + C 2)
for all bins k within the segment, where C' is the displacement
amount in radians per bin. Adding a constant to the group delay
corresponds to a linear phase shift across frequency, which pro-
duces a time displacement in the resynthesized signal. This oper-
ation is the basis of all the effects presented here. Uniform dis-
placement of group delay segments allows spectral peak energy to
be displaced independently of other spectral energy.

3.4. Synthesis

Synthesis begins with a cumulative summation of the modified
group delay spectrum to create a new phase spectrum:

Brew (k) = B(0) — i Tew () 3)

where ®(0) is the first value of the unwrapped phase spectrum,
retained from the analysis. This summation is the exact inverse of
the difference in Eq. (1). This phase spectrum is combined with the
magnitude spectrum and the inverse FFT is performed to produce
the output audio. With no transformations, the analysis-synthesis
process, including the group delay conversion, recovers the origi-
nal signal to floating-point precision.

4. TRANSFORMATIONS AND RESULTS

With the analysis system in place we can explore transformations
of the segmented group delay spectrum. The following examples
were computed in Python using NumPy, SciPy, and librosa. In this
section we present example transformations that show the capabil-
ities and limitations of this technique. All of the transformations
are based on modifying the group delay of entire segments.
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4.1. Temporal Reordering

In the first example, a synthesized arpeggio of 4 notes with short si-
lences between notes is analyzed. Figure 4(a) shows the amplitude
spectrum and (b) shows the corresponding group delay spectrum
of this sound. Colored bars indicate identified segments, with seg-
ments of the same color belonging to the same group. Horizontal
lines in (b) show the mean group delay of each segment. The al-
gorithm has identified four groups corresponding to the four notes.
By adding or subtracting a constant to each of these groups, the
tonal components of each note can be moved in time freely. In
this example we move these groups to play the arpeggio in re-
verse order. Unlike reversing the time domain signal, in which
the temporal evolution of each note would also be reversed, here
the original amplitude envelopes are retained while the individual
notes play in reverse order. Notably, the temporal positions and
frequency content of the musical notes were found entirely in the
frequency domain using spectral peaks and group delay similar-
ity, without any time-domain onset detection or temporal analy-
sis. This demonstrates that the segmentation mostly identified the
spectral components of each note across frequency, and that uni-
form displacement preserved the amplitude envelope of each note
while changing only its temporal position. Figure 5 shows the
spectrogram of the original sound and the spectrogram after the
notes have been reordered. Some artifacts are audible in this ex-
ample. They reflect a tradeoff in segment width. Narrow segments
leave low-level energy behind at its original position, while overly
wide segments displace energy belonging to other events.
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Figure 4: Synthetic 4-note arpeggio. (a) Amplitude spectrum with
identified segments shown as colored bars. (b) Group delay spec-
trum with the same segments. Horizontal lines show the mean
group delay of each segment. Segments of the same color belong
to the same temporal group.

A second example of the same reversal transformation uses
a recording of a glockenspiel playing a 4-note arpeggio. Figure 6
shows the amplitude spectrum with identified groups shown as col-
ored regions. The gray background shows the full spectrum while
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Figure 5: (a) Spectrogram of the original synthesized arpeggio.
(b) Spectrogram after temporal reordering of the note groups.

colored regions indicate segments that have been grouped by group
delay similarity. The inharmonic partials of the glockenspiel have
been correctly identified as belonging to different notes in time.
This grouping succeeds because the notes rarely share frequency
bins, a constraint discussed in Section 5.1. In this recording of
an acoustic instrument, the percussive note onsets are largely pre-
served because the segments are wide enough to capture the tran-
sient spectral energy around each peak. The result is a glockenspiel
arpeggio played in reverse temporal order, demonstrating that the
technique works on real recorded sounds with inharmonic partials.
This example can be heard on the accompanying website.
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Figure 6: Amplitude spectrum of a 4-note glockenspiel arpeggio.
Colored regions show segments grouped by group delay similarity.
Each color represents a different note. Gray background shows the
full ungrouped spectrum.

4.2. Amplitude-Proportional Displacement

In the previous examples, groups of segments were displaced by
prescribed amounts. In this transformation, these displacements
are set automatically by using the amplitude of each spectral peak.
For example, a segment centered around a high amplitude peak is
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displaced more than a segment with a low amplitude peak. The
result is that the spectral content of a sound unfolds over a user-
specified duration, with each partial arriving at a different time pro-
portional to its amplitude. A single note becomes a sequence of its
partials spread across a longer time span, while preserving the in-
ternal temporal structure of each spectral band. Figure 7 illustrates
this transformation and the importance of segmentation. Panel (a)
shows the spectrogram of a single harpsichord note. Panel (b)
shows the result of applying amplitude-proportional displacement
to every bin independently, without segmentation and grouping.
The spectral energy is smeared across time, producing the drone-
like texture characteristic of incoherent Giant FFT manipulations.
Panel (c) shows the same displacement applied uniformly within
identified segments. Individual partials remain distinct and are
cleanly displaced in time, with higher amplitude partials displaced
further.
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Figure 7: (a) Spectrogram of a single harpsichord note.
(b) Amplitude-proportional displacement without segmentation.
(c) Per-segment amplitude-proportional displacement.

4.3. Periodic Group Delay Modulation

The final transformation not only displaces spectral segments in
time but also duplicates them at varying amplitudes. The com-
bined effect can be thought of as composing with the spectral con-
tent of a sound fragment entirely in the spectral domain. By dis-
placing and duplicating spectral content, musical textures that un-
fold in time can be constructed entirely from qualities of the sound
itself.

To create copies of spectral segments, we modulate the group
delay values of a segment across frequency to produce discrete

23

temporal copies of that segment’s energy. The number and strength
of these copies are controlled by the modulation depth and period:

T (k) = 7(k) + (M)(T) sin (M) @)

N
where M is the scalar modulation depth, T is the repetition pe-
riod in seconds, f is the sample rate, NV is the zero-padded FFT
length of Section 3.1, and 7 is expressed in seconds. A constant
group delay offset produces a single time shift. A sinusoidal varia-
tion across frequency produces periodically spaced copies in time.
The modulation period 7" controls the spacing between copies, and
the depth M controls how many copies appear. The factor of 7'
preceding the sine scales the modulation so that the number of
copies is controlled by M alone, independent of the period. In
this method we modulate each segment with a different frequency
sinusoid. Different segments can then repeat at different rates, cre-
ating polyrhythmic textures in time from a single input sound. In
this example a single harpsichord note is displaced and duplicated,
with lower frequency segments repeating slower and higher fre-
quency segments repeating faster. M values between 0.4 and 2
and T values between 0.01 and 4 seconds were used. The length
of the output sound is a user-defined value. Figure 8 shows the
spectrogram of the output sound, extended to 20 times the origi-
nal duration. Each repetition retains the envelope character of the
original harpsichord note, demonstrating that the modulation cre-
ates discrete copies rather than continuous smearing.
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Figure 8: Spectrogram of a harpsichord note after displacement
and sinusoidal group delay modulation, extended to 20 times the
original duration. Different spectral segments repeat at different
rates.

4.4. Comparison with Spectral Delays

All three transformations displace spectral segments in time, and
in this respect they resemble spectral delays [14, 15], in which
frequency bands are delayed by prescribed amounts. Indeed, the
sound transformations made available by the group delay domain
could be approximated by manipulations in a time-frequency rep-
resentation such as the STFT. A windowed analysis, however, must
commit to a window length, trading frequency resolution against
temporal extent. No window can both resolve closely spaced par-
tials and contain a partial’s complete evolution in time. The Giant
FFT has no such tradeoff. The temporal envelope of each par-
tial, no matter its duration, is concentrated in the bins surrounding
its spectral peak, and uniform displacement moves that envelope
largely intact.
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More fundamentally, the spectral delay has no temporal infor-
mation about the signal itself. In the group delay domain, by con-
trast, the temporal center of gravity of every spectral component is
an explicit quantity. A segment’s center of gravity can therefore be
moved to a chosen position in time. And because the positions of
all segments are known, they can be redistributed or reordered in
relation to one another. Transformations are specified in terms of
spectral features and their positions in time, rather than frequency
bands and delay amounts.

5. CONCLUSIONS

In this paper we introduced the group delay domain as a represen-
tation for creative sound manipulation with the Giant FFT. In this
domain, the temporal center of gravity of spectral energy is explicit
at every frequency bin, enabling spectral features to be identified
and displaced in time. We devised a partitioning algorithm to iden-
tify temporally coherent groups within this spectrum. We demon-
strated reordering of melodic events and creative transformations
based on displacing and duplicating harmonic and inharmonic par-
tials in time.

5.1. Limitations

The method works best when events do not share frequency bins.
It is most effective on individual sound events or sequences of
temporally non-overlapping events. When multiple events over-
lap in frequency, such as in sustained polyphonic material, the
group delay of shared bins reflects the amplitude-weighted aver-
age of all contributing events rather than the position of any sin-
gle event. Events that share frequency bins cannot be displaced
independently. Shifting those bins moves all contributing events
together, preserving their temporal relationships but preventing se-
lective reordering of individual events. Nevertheless, the displace-
ment and duplication transformations can still produce interesting
results on sounds with dense overlapping onsets.

5.2. Future Work

The modulation of group delay segments to create temporally dis-
placed copies has produced musically compelling sonic transfor-
mations. Future work includes exploring other periodic group de-
lay modulation patterns to produce more complex rhythmic repe-
titions. The group delay domain also suggests the possibility of
“temporal filtering”, where bins are retained or zeroed according
to their group delay values, selecting spectral energy by when it
occurs rather than by its frequency. This might allow the extrac-
tion of individual events from a mixture.

The Giant FFT domain has long been intriguing but resistant
to perceptually meaningful manipulation. Projecting a sound into
a single complex spectrum produces a representation that is non-
intuitive to manipulate creatively. However, entirely incoherent
manipulations such as those in Mammut and zero-phase sound
have shown that the sonic results are compelling. This work has
shown that the group delay domain is a fruitful representation of
the Giant FFT phase spectrum, in which temporal structure be-
comes visible and manipulable, leading to interesting and compre-
hensible transformations of sound. The group delay domain is not
offered as a replacement for windowed methods, but as a different
way of working with sound, one where time is not a location in the
signal but a property of each spectral component.
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