
From Kratzenstein to the Soviet vocoder:
some results of a historic research project in

speech technology⋆
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Abstract. This paper demonstrates by means of an example, how his-
toric collections of universities can be utilized in modern research and
teaching. The project refers to the Historic Acoustic-phonetic Collection
(HAPS) of the TU Dresden. Two “guiding fossils” from the history of
speech technology are selected to present a selection of results.
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1 Introduction

Experimental phonetics and speech technology show continuing interest in their
own history. Prominent examples in the literature date back to Panconcelli-
Calzia [1], Dudley and Tarnoczy [2], and Ohala et al. [3], followed by numerous
other papers and the foundation of the Special Interest Group on the History of
Speech Communication Sciences of the ISCA and IPA in 2011. The literature is
supported and complemented by collections of historic items not only in scientific
museums, but also in the different historic collections of the universities.

University collections are scientifically important, but endangered, because
they are no “real” museums. The best way to take care of a collection is to
include it in the processes of research and teaching at the university. It was the
aim of a call for proposals of the German Federal Ministry of Education and
Research (BMBF) in 2015, to support the collections in this sometimes difficult
process [4]. The TU Dresden was successful with the proposal “Sprechmaschine”
(speaking machine), which aimed to investigate the exhibits on the history of
speech synthesis in their Historic Acoustic-phonetic Collection (HAPS).

Five research groups from the TU Dresden and one of the State Art Collec-
tions Dresden (as external partner) cooperate in the project. In this paper, we
merely present two partial aspects of the ongoing research: the study of Kratzen-
stein’s “vowel organ” as the starting point of the mechanical speech synthesis
(Section 3), and the investigation of the history of the vocoder as guiding fossil
of the electronic speech synthesis (Section 4).

⋆ Supported by the German Federal Ministry of Education and Research (BMBF) in
the project “Sprechmaschine”, FKZ 01UQ1601A.
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2 History of the HAPS collection

Research in electronic speech processing started at the TU Dresden with the
development of a vocoder in the 1950s. Walter Tscheschner (1927–2004) started
the work in speech synthesis and recognition, which continues until today. Many
devices, which were developed during this long time span, were preserved and
form the core of the historic collection.

There was a close cooperation with the Institute of Phonetics of the Hum-
boldt University in Berlin, which had its origin in the laboratory of the renowned
speech therapists Hermann Gutzmann and Franz Wethlo. Dieter Mehnert, the
last phonetician on this chair, collected numerous items which demonstrated
the history of experimental phonetics in Berlin and at other places. When the
institute was closed in 1996, this collection was transferred to Dresden. In this
way, the development of experimental phonetics as well as electronic speech
technology could be demonstrated as a whole. The fusion of the collections was
completed in 1999, when the name HAPS was introduced.

The most important place in the development of experimental phonetics
in Germany was the Phonetic Laboratory of Giulio Panconcelli-Calzia (1878–
1966) in Hamburg, founded 1910 at the “Colonial Institute”, since 1919 at the
Hamburg University. When the successional Institute of Phonetics was closed in
2006, the very important collection of devices from the era of Panconcelli-Calzia
in Hamburg was united with the HAPS in Dresden, which is a really important
special collection since that time [5].

The exploitation of the HAPS started with cataloging the exhibits from the
field of experimental phonetics [6]. A second catalogue volume is planned with
the title “Historic devices of speech acoustics”. The BMBF project “Sprech-
maschine” (Speaking machine) requires the development of those parts of this
catalogue, which are focused on the exhibits from the field of synthetic speech.

The history of experimental phonetics starts at the end of the 19th century
with the development of the colonial system. However, there are predecessors like
the automata constructors of the late Baroque (Kratzenstein, Kempelen, Mical)
and the great physiologists of the 19th century (Müller, Ludwig, Helmholtz). Of
course, the HAPS is not able to demonstrate original items from these periods,
but there are some useful and rare replicas. In the following section, we will focus
on one of them: Kratzenstein’s vowel organ.

3 Kratzenstein’s vowel organ – guiding fossil of
mechanical speech synthesis

3.1 Kratzenstein’s revival

Christian Gottlieb Kratzenstein (1723–1795) was the first, who experimentally
demonstrated the source-filter theory of speech production. In his “vowel organ”,
which he presented at the occasion of a contest of the Imperial Academy of
Sciences in St. Petersburg in 1780, he applied a reed pipe as source and different



From Kratzenstein to the Soviet vocoder 3

Fig. 1. Left: Replicas of Kratzenstein’s vowel resonators, designed and manufactured
by C. Korpiun. – Right: Replicas of the vowel resonators from Chiba und Kajiyama,
designed and manufactured by T. Arai. Photographs c⃝ TU Dresden, HAPS.

resonators for the basic vowels as filters. Because the shape of the resonators
was found in an empirical way, later scientists did not value his invention. This
situation lasted until 2006 (!), when the German linguist Christian Korpiun
(1948–2017) proved, that there is enough information in the work of Kratzenstein
to make real replicas of his resonators (Figure 1 left). The replicas are now in the
HAPS as a gift of C. Korpiun. Furthermore, Korpiun published a commented
German translation of Kratzenstein’s Tentamen [7], which will be complemented
by an English version as soon as possible.

In the succession of Kratzenstein’s source-filter idea, several improvements
have been developed:

– With regard to the source, the reed pipes have for example been replaced by
arrangements similar to the vocal cords. The most successful attempt was
the cushion pipe of Wethlo [8], published in 1913, which is contained as an
original in the HAPS.

– With regard to the filter, the empirically defined shapes of the vowel res-
onators have, for example, been replaced by straight tube models, which
represent the human articulation tract more precisely. The measurement-
based models of Chiba und Kajiyama [9] from 1941 formed the starting
point of the contemporary acoustic phonetics. The HAPS owns a replica of
these resonators as a gift of T. Arai (Fig. 1 right) [10].

Today, the models for the source and for the vocal tract can be improved even
further by new measurement methods and/or new materials. The following sub-
sections briefly sketch, how this is performed in the framework of the project
“Sprechmaschine”.

3.2 Vocal fold models using modern materials

One goal of the project “Sprechmaschine” is the development of synthetic phys-
ical vocal fold models with characteristics as similar as possible to human vocal
folds. Human vocal folds have a layered structure: The outermost layer is a thin
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Fig. 2. (a) 3D view of a vocal fold and its casing; (b) schematic view of the layered
structure in the coronal plane; (c) screwed casing and its negative; (d) oblique view of
a finished vocal fold model.

skin with a thickness of 0.05–0.1 mm (the epithelum), and the innermost layer is
the vocalis muscle. Between the epithelium and the muscle is the lamina propria,
a soft, water-like system of nonmuscular tissue. The challenge in the creation of
synthetic vocal folds is the reproduction of this layered structure with appro-
priate materials such that the oscillations of the synthetic vocal folds become
similar to those of real vocal folds. In our ongoing study, we use two-composite
silicon with different amounts of added silicone oil to recreate the different phys-
ical properties of the three layers [11, 12]. Fig. 2 a and b show the general layered
geometry of our vocal fold models. The outer shape is based on the geometry by
Scherer [13]. The production of the vocal folds is based on 3D-printed casings
and moulds (Fig. 2 c and d), somewhat similar to [14].

Recently, we investigated the acoustics and vibration patterns of different
models to examine the dependencies between the behavior and the geometrical
and mechanical properties of the vocal folds. To this end, the vocal fold thickness,
the angle of the conus elasticus, and the stiffness of the vocalis muscle were
varied. As an example, a “soft” and “hard” vocalis muscle was used and the
thickness was varied between 2 mm (T2), 3 mm (T3), and 4 mm (T4) at a
constant 40 deg angle of the conus elasticus, resulting in six different synthetic
models (two stiffness values × 3 thickness values).

There exist some characteristic parameters of the glottal area function (glot-
tal area as a function of time during an oscillation cycle) to describe the vocal
fold vibration pattern; cf. [15]. The glottal area function was measured by a
high-speed camera during the vibration of the models. The parameters of the
glottal area function were extracted and examined using appropriate software
tools. As an example, Fig. 3 a shows the maximum of the glottal area during
an oscillation cycle as a function of the subglottal pressure. A typical acoustical
property to make assertions of the voice is the difference between the first and
second harmonic in the spectrum of the source signal; cf. [16]. A microphone in a
distance of 20 cm a little diagonal to the vocal fold models measured the pressure
variations and so the voice of the models. The harmonics were extracted with
the tool “VoiceSauce”, and H1-H2 as a function of subglottal pressure is shown
in Fig. 3 b for the six models. Eventually, measurements like the examples in
Fig. 3 need to be compared to real phonation to assess the suitability of certain
synthetic model geometries and materials.
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a b

Fig. 3. (a) Maximum glottal area of six different vocal fold models. – (b) Difference
between the first and second harmonic of the voice spectra of the models.

3.3 Towards a database of physical vocal tract models with realistic
geometries

With recent advances of Magnetic Resonance Imaging (MRI), 3D scanning, and
3D-printing technology, it is now possible to create (static) physical models of the
vocal tract with very realistic geometries. Such models have gained increasing
interest as research tools in speech science and can be created as follows (also see
Fig. 4): First, MRI is used to capture the complete 3D shape of the vocal tract
of the speech sound(s) of interest in high detail. Because the scanning takes a
few seconds per sound, only sustainable sounds can be captured in 3D (e.g. [17]).
Furthermore, because teeth are not visible in MRI data, plaster models of the
subject’s teeth must be made and scanned using a 3D scanner. The wireframe
models of the teeth are then merged with the MRI data ([18]). Based on the
merged data set, the vocal tract is segmented in terms of a triangle mesh that
represents the inner vocal tract walls, using freely available software tools (e.g.,
ITK-SNAP [19]). This surface mesh is then extruded to obtain a vocal tract
model that has a certain wall thickness and can be printed as a physical 3D
object (Figure 4).

Compared to the vocal tracts of living humans, the 3D-printed counterparts
have the main advantage that both their acoustic and aerodynamic properties
can be precisely measured. For example, a method to measure the volume ve-
locity transfer function between the glottis and the lips for such models was
recently presented by Fleischer et al. [18]. The 3D-printed vocal tract models
can be used for research in multiple ways:

– The physical models, along with their measured transfer functions, can be
used to validate computational models that simulate vocal tract acoustics in
one, two, or three dimensions. For example, for a one-dimensional acoustic
simulation based on a 2D or 3D vocal tract shape, the vocal tract area func-
tion needs to be estimated. Multiple methods have been proposed for this
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Fig. 4. Processing steps to obtain a 3D-printable physical model of the vocal tract from
volumetric MRI data and 3D scans of plaster models of the upper and lower teeth.

purpose, e.g. [20–22]. However, so far it is not clear, which of these meth-
ods generates acoustic transfer functions that are most similar to the real
transfer function of the corresponding 3D vocal tract shapes. 3D-printed and
measured vocal tract models can be used to validate and compare different
transformation methods.

– The printed vocal tract models can be used to assess the acoustic effects of
certain geometric features or side cavities of the vocal tract. For example, 3D-
printed vocal tract models have been used to examine the acoustic effect of
the piriform fossa [23, 24]. In a similar way, the acoustic effects of interdental
spaces or the vallecula (space between the epiglottis and the tongue root)
could be examined.

– The 3D-printed models can be used to study “formant tuning” of professional
singers at high pitches, which align formant frequencies with frequencies of
the harmonics of the glottal source to maximize the radiated acoustic power
[25].

– 3D-printed vocal tract models of fricatives could be used for the investigation
of noise sources when airflow is injected through the glottis. Measured spec-
tra of the noise produced by the physical models could be used to validate
computational aero-acoustic models.

– For education, the 3D-printed models, in combination with a suitable glottal
excitation, can be used to generate sustained vowels. Suitable devices for
glottal excitation are, e.g., reed pipes as described by Arai [10], or synthetic
vocal fold models as described in Sec. 3.2.

Given this range of applications, we currently prepare a database that con-
tains the detailed MRI-based 3D geometries of the vocal tract (with inserted
teeth) of 22 sustained German speech sounds uttered by one male and one female
speaker each. All of these 44 vocal tract shapes are printed using a 3D printer
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(type Ultimaker 3). For each vocal tract shape, the volume velocity transfer
function is measured according to the method by Fleischer et al. [18], and the
radiated noise spectra are determined for a range of stationary airflows injected
through the glottis. The transfer functions and the noise spectra will be provided
in the database along with the corresponding 3D geometries and the files needed
for 3D-printing the models.

4 The vocoder – guiding fossil of electronic speech
synthesis

4.1 Problems of the history of the early vocoders

The vocoder was invented for bandwidth reduction in voice transmission at a
time when its implementation was still very complex and its use was therefore
limited to a few cases. However, it has provided many new insights into the
analysis and synthesis of the speech signal, making it the most important key
fossil of electronic speech technology today. For this reason, the vocoder also
plays an important role in our study on the history of speech synthesis [26].

Since the vocoder was also used in security-relevant applications, there are
still gaps in the presentation of its history. Even with regard to Germany, where
the first patent for an apparatus similar to the later American vocoder was
granted, these gaps are only partially closed [27, 28].

This finding applies in particular to the development in the Soviet Union,
which has been perceived outside the Russian-language literature so far mainly
on the belletrist processing in the novel “In the first circle” (1968, uncut edition
1978 [29]) by Aleksandr I. Solzhenitsyn (1918–2008). Solzhenitsyn was drafted
after the study of mathematics and physics to the war service and served start-
ing from 1943 as a commander of a sound measuring battery. In 1945, he was
sentenced to eight years in a detention camp for criticizing Stalin. He spent the
period from 1948 to 1950 at a secret telecommunications institute in Marfino
near Moscow. He described this time in his aforementioned novel, which also
contains some details about the work carried out in Marfino on speech analysis
and speech coding. This description served as the main source of information for
the statements on the history of the Soviet vocoder in the monographs on the
development of speech technology by M. R. Schroeder [30] and on the history of
the vocoder by D. Tompkins [31].

After the end of the Cold War, accessibility to many documents in the former
Soviet Union has improved and some of the involved scientists have published
their memoirs. That this material is still hardly known, is probably due to the
language barrier. We have therefore set ourselves the task of gaining a better
overview in the context of a literature study, and report here on the status
achieved so far. Most important were the biographic notes on N. V. Kotel’nikov
[32] and the history of the Marfino laboratory by one of the leading engineers,
K. F. Kalachev [33], which in turn led us to numerous papers in Soviet journals
of that time.
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4.2 A literature recherche on the Soviet vocoder

For our project, we studied a big number of Russian documents, which are
obviously less known outside of the former Soviet Union. A snapshot of this
work was published in [34] and may be summarized in the following theses:

– The famous mathematician Vladimir A. Kotel’nikov (1908–2005), who for-
mulated the sampling theorem for the first time in an engineering context at
the age of just 25, worked in different telecommunications projects, where he
worked out various solutions for the associated encryption tasks. The work
on the encryption apparatus Sobol-P led him to a parametric speech coding
approach analogous to the vocoder. In his memoirs, Kotel’nikov notes that in
late 1940, he received knowledge of the article by H. Dudley on the vocoder,
which confirmed his approach. At the beginning of 1941, the first vocoder in
the USSR began to work in his laboratory [32].

– At the same time, the acoustician Lev L. Myasnikov (1905–1972) worked in
Leningrad. He is considered the inventor of the first “objective” recognition
of speech sounds in 1937 [35]. He habilitated in 1942 on technical phonetics.
A patent filed in 1940 describes a parallel filter bank, as it is also suitable
for the analysis part of a vocoder.

– Since 1943, a work group of the Ministry of State Security (MGB) under
the direction of Andrey P. Peterson (*1915) dealt with the improvement
of encryption technology. Following a memorandum, the above-mentioned
laboratory in Marfino was founded in 1948. The most important specialists
in telecommunications and cryptology should be integrated into one facility.
From the beginning, the vocoder technology played the most important role.
A first version of the vocoder-based encryption system M-803 was tested at
the communication line Moscow-Kiev in November 1949, but with insuffi-
cient signal quality. As a resort, A. P. Peterson proposed a new approach
that integrated the concept of “clipped speech” and that of the vocoder. In
April 1950, the improved speech encryption system M-803 found approval of
an evaluation committee that included V. A. Kotel’nikov [33].

– The development of the Marfino vocoder resulted in three remarkable results:
• The modification of the vocoder, in which a part of the speech signal

was left in the time domain while the signal energy in the frequency
bands was transmitted parametrically, was later known as semi-vocoder
or voice excited vocoder [36], which accordingly was invented in Marfino.

• For the further improvement of the voice quality, several suggestions for
improvement were examined in 1950/51, among them the variant M-
803-M by Anton M. Vassilyev (1899–1965). If we interpret his proposal
correctly, the principle of the formant vocoder was suggested here in a
form as also described by Munson and Montgomery in 1950 [37].

• Part of the assessment of the transmission system is that it was probably
the world’s first system for the digital transmission of encrypted vocoder
signals.

– Since the middle of the 1950s, open publications on speech compression and
vocoder applications appeared, e. g. the remarkable textbook [38].
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5 Conclusion

This paper describes selected results from the authors’ work in the project
“Sprechmaschine”. It should be finally mentioned, that other project groups
(from linguistics, design, and computer sciences) are additionally working in
project parts, which will result in a “virtual collection” of typical instruments
and devices from the history of synthetic speech.
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F.; Richter, B.: Articulation and vocal tract acoustics at soprano subject’s high
fundamental frequencies. JASA 137 (2015) 5, pp. 2586–95.

26. Hoffmann, R.: On the development of early vocoders. Proc. 2nd IEEE Histelcon
2010, Madrid, 3.–5. 11. 2010, pp. 359–364.

27. Hoffmann, R.: Zur Entwicklung des Vocoders in Deutschland. DAGA 2011, 37.
Jahrestagung für Akustik, Düsseldorf, 21.–24. 3. 2011, pp. 149–150.

28. Hoffmann, R.; Gramm, G.: The Sennheiser vocoder goes digital: On a German
R&D project in the 1970s. Proc. 2nd Int. Workshop on the History of Speech
Communication Research (HSCR 2017), Helsinki, 18.- 19. 8. 2017. Dresden: TUD-
press 2017, pp. 35–44.

29. Solschenizyn, A.: Im ersten Kreis. Aus dem Russ. übersetzt und zusammengetragen
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