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TIMBRE, RYTHM, ECHO =

REFLECTIONS (delays)
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EVERYTHING IS THE SAME!!!

IMPULSE + REFLECTIONS

- Echoes

- Musical instruments 
(flute = reflection+feed back)

-Timbre 
(changes when adding a (short) reflection)

- Flutter Echoes 
(PS! A bit more complicated)

- Rhythm

«EVERYTHING» 

YOU CAN SEND A SIGNAL THROUGH

IS A FILTER



The FILTER that describes it all !!

DELAY 

(+/- Feed back(

DIRECT

DELAY

(←FEEDBACK)
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Broad banded signal 
(White Noise or Dirac-pulse)



Frequency (Hz)
0 1000

S
o

u
n

d
 p

re
ss

u
re

 l
ev

el
 (

d
B
/

H
z)

40

20

0

20

40

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

0 1000

S
o

u
n

d
 p

re
ss

u
re

 l
ev

el
 (

d
B
/

H
z)

40

20

0

20

40

00 10 20 30 40 50

Adding 1 reflection/delay
10ms. Soft
(NO FEED BACK!)
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1 reflection/delay
10ms. Medium 
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1 reflection/delay
10ms. As strong as direct sound

COMB-FILTER
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COMB FILTERS

CBTB=CombBetweenTeethBandwidth   = 
1

∆𝑡

PS! For 50 ms: CBTB=1000/50=20 Hz

DELAY:

SHORT                                                    MEDIUM                                              LONG

(TIMBRE CHANGES)                   (ECHO in TIME DOMAIN)

∆𝑡=10 ms

∆𝑥 = 2 𝑥 1,715 = 3,43 𝑚





0 ms

2,5ms CBTB=400Hz (2x0,43m)

5 ms CBTB=200Hz (2x0,86m)

7,5 ms CBTB=137Hz  (2x1,3m)

10ms CBTB=100Hz (2x 1,7m)

12,5ms CBTB=80Hz (2x2,14m)

15 ms CBTB=66,7Hz (2x2,6m)

17,5ms  CBTB=57Hz (2x3m)

20 ms CBTB=50 Hz (2x3,4m)

50 ms   CBTB=20 Hz (2x8,6m)

PERCEIVED «Pitch» of COMB FILTERS



Constant white noise
approximation: Water fountain, Walking on gravel etc.

Composition made by abruptly moving a reflecting wall

The Rational Anthem of Norway

http://blogs.riverfronttimes.com/dailyrft/big%20ear.jpg
http://www.google.no/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=oOszT8RG4we15M&tbnid=r9zU_aQHFrbIkM:&ved=0CAUQjRw&url=http://www.livontop.com/2011_05_01_archive.html&ei=dcsTU-DbMsSBywPVqICwBg&psig=AFQjCNHmfLFNitJ-pu3i6LE4Bn_QOFbyKA&ust=1393892571824366


DELAY +/- Feed back DIRECT

DELAY

←FEEDBACK



0 0.25
SECONDS

FeedBack=0.95, FeedForward=0.05

WITH FEED BACK

(in-phase)

Signal:
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SPECTROGRAM
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SPECTROGRAM
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(pipe open both ends)
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SIDESTEP
Mean of two and two samples is often considered to give a Low Pass filter.

Ever wondered if that is the complete answer?

It is actually a COMB FILTER, with the first dip/ «tooth» at Nyquist!

With a Group Delay (derivate of phase) of 0.5, constant for all frequencies.

And the mean of 3 samples gives a Comb Filter with first tooth at Nyquist/3,
and thus a LowPass for low freq, but HiPass for very high freq, towards Nyquist

Frequency
Response

Phase
Response

Nyquist

Sampl. Freq.



The mean of 3 samples gives a Comb Filter 
with first dip /«tooth» at Sampl.Rate/3,

a LowPass for low freq, but
HiPass for very high freq, towards Nyquist

Nyquist

Sampl. Freq.

Frequency
Response

Phase
Response



"CEPSTRUM" =reversing the first four letters of "SPECTRUM". 

CEPSTRUM
the inverse Fourier transform of the log magnitude spectrum. 

complex cepstrum, 
real cepstrum, 
power cepstrum,
phase cepstrum



SIGNAL

Fourier->

SPECTRUM contains harmonics at 
evenly spaced intervals, whose
magnitude decreases quite
quickly as frequency increases

LOG SPECTRUM,
compresses the dynamic range 
and reduces amplitude 
differences in the harmonics

Fourier ->

CEPSTRUM

x-axis: QUEFRENCY

FREQUENCYQuefrency, 
“”TIME”” [s] or [samples] 



CEPSTRUM 
Analysis of

«Rythmic Behavior» 
in the frequency domain.

Separate Source and Filter TIMBRE

Pitch-Detector

Echo-Detector

Rhythm-Detector(?)



vocal excitation (pitch) and vocal tract (formants) are 
additive in the logarithm of the power spectrum and 
thus clearly separate.

convolution of two signals = addition of their complex cepstra:

The cepstrum projects all the slowly varying components in log magnitude spectrum to the low frequency 
region and fast varying components to the high frequency regions. 

In the log magnitude spectrum, the slowly varying components represent the envolope corresponds to the 
vocal tract and the fast varying components to the excitation source. 

As a result the vocal tract and excitation source components get represented naturally in the spectrum of 
speech.

The initial few values in the cepstrum typically 13-15 cepstral values represent the vocal tract information



SIFT  Simplified Inverse Filter Tracking algorithm
Encompasses the desirable properties of both autocorrelation and cepstral pitch analysis
techniques. 

The complex cepstrum is defined as the Inverse Fourier transform of 
the logarithm (with unwrapped phase) of the Fourier transform of 
the signal. This is sometimes called the spectrum of a spectrum.

complex cepstrum of signal = IFT(log(FT(the signal))+j2πm) 
(where m is the integer required to properly unwrap the angle or 
imaginary part of the complex log function)

Many texts define the process as FT → abs() → log → IFT, 
i.e., that the cepstrum is the "inverse Fourier transform of the log-magnitude Fourier spectrum".
(the difference between squaring or taking the absolute value amounts to an overall factor of 2)

The power cepstrum =squared magnitude of the inverse Fourier transform of the 
logarithm of the squared magnitude of the Fourier transform of a signal

MFCC Mel Filter Cepstral Coefficients. (Speech recognition)
Combines the advantages of the cepstrum with a frequency scale based on critical bands 

LPC Linear Prediction Cepstral Coefficients
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LIFTERING =

FILTERING in the Quefrency domain

Looking at just the region of 

quefrencies we want



Time (or Samples) ->
Frequency [Hz]->

The red “Lifter” removes the things happening fast (low in [s]), 
means smoothening of the spectrum
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CEPSTRUM and AUTOCORRELATION 

to detect reflections (echoes)

Original, waveform

Original + 10 ms delayed reflection

Cepstrum (Odeon)

Cepstrum (Praat)

Cepstrum MIR-toolbox (MatLab)

Autocorrelation (Praat)
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SAM PHILLIPS´

SLAP BACK ECHO; 

LUCKILY IN MONO

Tor Halmrast
Head of Acoustics, Statsbygg

Assoc. Prof., Univ. Oslo/Musicology
Norwegian Ac. Of Music

Art of Record Production, St.holm 1-3 dec 2017

http://www.google.no/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiX9saHzZvXAhVNaFAKHQisDvoQjRwIBw&url=http://www.rollingstone.com/music/premieres/hear-elvis-presleys-loose-when-it-rains-it-pours-outtakes-w491551&psig=AOvVaw1EaIvAgbShP1LID-JEzdfD&ust=1509564332156073


Sam Phillips
The Memphis Recording Service.
SUN Studios

“..60 -120 milliseconds?”

“At 60 Milliseconds, you don’t hear much doubling, 
but everything sounds a little thicker and fatter”

“At 120 Milliseconds you are REALLY starting to hear 
the distinct doubling of the sound”.

Sam Philips: Single TAPE-ECHO
(later: RCA-simulation: used a hallway as Rev.Chamber)

“..Scotty Moore’s guitar-work on “That’s All Right” 

“…2 Ampex 350 recorders” 

http://www.sunrecords.com/artists/sam-phillips
http://en.wikipedia.org/wiki/Sun_Studio
http://rover.ebay.com/rover/1/711-53200-19255-0/1?toolid=10029&campid=CAMPAIGNID&customid=CUSTOMID&catId=293&type=2&ext=292033302479&item=292033302479
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BACK to the Noise  -> Comb  -> Flute



1/005s = 
200 Hz



Gradual change of 

Power Cepstrum

over time for the

Noise->Comb->Flute sound

(increasing feed-back)

Red=   Flute 

Blue=.  “half way” 

Black=Early (noise -> Comb)

Black = Early (noise -> comb)



Gradual change of 

SPECTRUM

over time for the

Noise->Comb->Flute sound

Red=   Flute 

BLUE=“Half way”

Yellow=Noise ->Comb



NoiseToCombToFlute.wav
CEPSTROGRAM



RHYTHM-ANALYSIS using CEPSTRUM?
Zoom In (Liftering)

RHYTHM

←EKKO

← ← PITCH

← ← ← TIMBRE

I                                 I                I                                                                    I 
3.333Hz                       2 Hz        1.667Hz                                                      1Hz
200 BPM                  120 BPM   100 BPM                                                 60 BPM  

Quefrency:

Hz:

Metronom:

BARS →
4/4, 3/4 
etc.

Sub-
divisions 
of the 
beat
(8th etc)



PIANO
(Sibelius)

RHYTHM-ANALYSIS using CEPSTRUM?

0.5 s/beat
2 Hz
120 BMP



Actually, this rhythm is shown also in a 

ZOOM-IN of the SPECTRUM:

2Hz          between peaks (and between dip´s)

CBTB

But these changes in spectrum is not perceived (<<<Critical Bandwidth)



The syncopation adds a quefrency of half the beat

POWER CEPSTRUM



POWER CEPSTRUM



SPECTRUM (Zoom-In)



DRUMS_120bmpSTART_Triol:

Sound File:

Time (s)
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SMOOTHED POWER CEPSTRUM:

Triplets:

(Sound File: «Drums» from NM Stillstand)

DRUMS

BEAT           2Beats                  4Beats=Bar



POLY-RHYTHMS :   Both 4/4, but Tempo 3 against 4

120 BPM
120 x 4/3=
160  BPM



CEPSTRUM

BARS

2 s shows 4/4 120 BMP  and   

2.6667s shows the slower 4/4 tempo



“Du Kan Godt Få Sitte In´te Mæ Leif”

(Got To Get You Into My Life) Lennon-McCartney

(arr. + lead guitar: TH for Ballade)

1/0.45354277s =
2,205 Hz = 
132.29  BPM

POWER CEPSTRUM (smoothed)



The INTRO has less distinct 4/4, 

and we see mote of the off-beats and 
syncopations in the Cepstrum:

BLUE=INTRO

BLACK = VERS

POWER CEPSTRUM (smoothed)

_

⎯
⌃ ⌃



80 BMP=1.3333Hz=0,75 s
4/4: Bar= 4x0.75 = 3s
16th = 0.75/4=0.1875
Triplet= 0.75/3 = 0.25

Bar
3s

Bar
3s



Only the “false” version, (with triplets)
gives the correct Beat value (80 BPM)

16th 
note= 
0.75/4=
0.1875

Triplet= 
0.75/3 = 
0.25

2x 0.1875
=0.375 2 x 0.25

=0.5

3x 0.1875
=0.5625

3 x 0.25
=  0.75



Tor Halmrast: “FLUTR”

25 ch electroacoustic

(4 Quadro + 20 Ambisonics + sub

2Hz

120 

BPM

3 Hz

180 

BMP

6 Hz

360 BPM

1.5Hz

90 BPM

POWER CEPSTRUM



Can we detect 

EARLY REFLECTIONS/ “INTIMACY”
directly from recorded music?

Simple test (and we knew the answer), but:
With info about the lowest fundamental(s) of the music recorded, it should be possible to 
get an indication of any early reflections directly from the recorded music. 

CEPSTRUM



Free download from: 

www.tor.halmrast.no

Some Chapters are translated to English

http://www.tor.halmrast.no/

