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Abstract—The aim of this paper is to present the notion will be understood here as sets of homogenous features [2]
of a hierarchy of articulatory dimensions and its application and with certain generalization they might be compared to
in phonetic typology. To calculate the hierarchies a compul o pyner-features in Fig. 1. The reinterpretation cossist
application was designed, and preliminary counts were caiied distributi | hie it d t h i t
out on the phonetic repertories of Chinese, Hindi and PolishThe IS r' lj”ona approach, 1.e. | _Oes no . ave an ar .'mia
theoretical foundation of the calculus is based on earlieresearch basis in the sense of production, but it has to mirror the
referring to the axiomatic theory of phonetic grammar [5]. property of proportional allocation of speech sounds wmithi
a given dimension, and what is probably more significant the
power of differrentiation of articulatory dimensions cfl]{

HE NOTION of the hierarchy of articulatory features isThis approach results basically from two simple facts, ngme
not a new one in the phonetic literature. The conceptwag . articulatory dimensions have different load, i.e. the di
introduced to formalize the traditional phonetic notionishw mensions discern sounds in different proportions;

regard to phonetic specifications. In such a system artmyla 2. the articulatory oppositions between speech sounds can
features were ordered according to their involvement in the pe one-dimensional or multidimensional.
production of speech sounds [6], [7]. The model of hierarahi

I. INTRODUCTION

1oU% Shadad The above-mentioned facts possess language specific value,
structure presented in Fig. 1 [6] clearly distinguishedgeeof ;.4 therefore we presume that for the purpose of phonetic

relevant articulatory features, having as its point of d@p& ypology the distributional properties have to be taker int
the set of so-called hyper-features (the ones in bold face). account and the hierarchies should be constructed on thie bas
of mathematical calculus. In search of adequate hieraschie

Place we propose here to employ two coefficients which will be
Supra-Laryngeal Manner introduced in the following sections.
Il. THE COEFFICIENT OF DISTRIBUTION
X Nasality The first hierarchy is based on the coefficient of distributio
L (Cd) which indicates proportionality of the distribution of
aryngeal o . . .
speech sounds specified by each feature in each dimension.

Airstream It can take values in the intervdd, 1]. The closer it is to

_— 1, the more balanced is the distribution within a particular

9. % dimension.

The coefficient of distribution on binary dimensions (e.g.
thensions composed of only two features) is defined for a
given dimensioniV as follows:

Usually the assessments of typological distance betwe&
languages are based exclusively on these features (cf88.9.
leaving aside the different status of each feature in vario
languages. Certain features are ascribed to many phones in [pCw— — pCuw|
a given language whereas they are phonetically less rdlevan Cdy =1~ T @)
or completely irrelevant in another one, e.g. the feataspt \here
rated| is relevant in Hindi, while in Polish it is not.

: . _ c number of phones with feature in a given dimension
Thus in order to make plausible comparisons between’““* P ¢

. . " . . w,

Ianguages wh|c_h intuitively seem to be. phonetically distan Peu- number of phones without feature in a given dimen-

the notion of hierarchy needs to be reinterpreted and to b sion w

applied to articulatory dimensions. Articulatory dimeoss n the number of all phones in the repertory. (We apply
The research project is supported by Ministry of Science biigher normalization factor. to obtain values in the interval

Education grant N N104 327434, [0,1])
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TABLE | TABLE Il
CD HIERARCHY FORPOLISH CD HIERARCHY FORHINDI
w | Dimension Cdy w | Dimension Cdy
1 | Degree of the supraglottal aperture 0.797 1 | Place of articulation 0.648
2 | Position of the middle of the tongue 0.752 2 | State of glottis 0.648
3 | Articulator 0.735 3 | Degree of the supraglottal aperture 0.610
4 | Place of articulation 0.695 4 | Duration of the articulation 0.495
5 | State of glottis 0.674 5 | Articulator 0.482
6 | Path of the airstream 0.357 6 | Position of the middle of the tongue 0.467
7 | Vertical position of the tongue 0.243 7 | Degree of the glottal aperture 0.419
8 | Horizontal position of the tongue 0.236 8 | Path of the airstream 0.248
9 | Degree of labialization 0.209 9 | Horizontal position of the tongue 0.225
10 | Degree of delabialization 0.178 10 | Vertical position of the tongue 0.222
11 | Slide movement 0.081 11 | Degree of labialization 0.171
12 | Frequency of the articulatory approximatidn0.070 12 | Degree of delabialization 0.152
13 | Mechanism of the airstream origin 0.000 13 | Frequency of the articulatory approximatign 0.095
14 | Direction of the airstream 0.000 14 | Slide movement 0.038
15 | Duration of the articulation 0.000 15 | Mechanism of the airstream origin 0.000
16 | Degree of the supra- and subglottal tensign0.000 16 | Direction of the airstream 0.000
17 | Degree of the glottal aperture 0.000 17 | Degree of the supra- and subglottal tensign0.000
18 | Strength of the approximation 0.000 18 | Strength of the approximation 0.000
TABLE IlI

Since the binary dimensions are extremely hypothetical— CD HIERARCHY FORCHINESE

they contain0 (null feature, value determining that phone is

. . . . . . w | Dimension Cdy
not des_cnbable in a given dme_r@on, an mht_arent part ofi eac T [ Degree of the supraglotial aperture 0.770
dimension) and only one specified feature, in the system we 2 | State of glottis 0.730
operate with non-binary dimensions. Therefore the coefiici i ’S”'C_g'atmf S —— 8-282
. . . . . osition O e mi eo e tongue .
of dl_st_rlbut|on has_ to _be generallzed._We can |_ntrodqce the 5 Place of ariculation 0574
coefficient of distributionCd,, for multi-valued dimensions 6 | Strength of the approximation 0.486
taking k features. 7 | Degree of the glottal aperture 0.270
8 | Slide movement 0.257
n n . e 9 | Horizontal position of the tongue 0.243
- o C C
Cdy, =1-— 21—1 Z]—z+1 |p i~ P Jl (2) 10 | Vertical position of the tongue 0.234
’fl(k - 1) 11 | Degree of labialization 0.198
12 | Path of the airstream 0.176
where ) ) ) 13 | Degree of delabialization 0.153
w given dimension, 14 | Mechanism of the airstream origin 0.000
pc;  number of phones withi feature in a given dimen- 15 | Direction of the airstream 0.000
sion 16 | Duration of the articulation 0.000
! . 17 | Degree of the supra- and subglottal tensign0.000
n the number of all phones in the repertory, 18 | Frequency of the articulatory approximatign 0.000
k the number of features in a given dimension.
The hierarchy constructed on the basis of the coefficient of
distribution will be called theCd hierarchy Here we present d the value of the articulatory distance between phones
hierarchies for Polish (Table 1), for Hindi (Table 1) andrfo (Hamming distance),
Chinese (Table III). Opcy the number of articulatory oppositions for a given
distanced between all phones in the repertory,
HI. THE DIFFERENTIAL COEFFICIENT M the maximal distance in whic®pc, is greater than
The second hierarchy is constructed according to the value zero. (We take into consideration only distances at
of the differential coefficient@r). Its value is calculated on which articulatory oppositions occur).

the basis of the number of articulatory oppositions betweenTg pyild a hierarchy we normalize this coefficient by its

speech sounds - frotinto A/ dimensional opposition'{/ is the  maximum value from all dimensions. The normalized differ-
maximal number of differential articulatory dimension¥he ential coefficientCrn., is thus defined as follows:
dimensions which generate the maximum number of opposi-

tions (in the case of multidimensional oppositions, togeth Crny — Cry 4)
with other dimensions) come at the top of the hierarchy. The mlax(Crz-)

differential coefficient is thus defined as follows:
where: € [1, M].

M./ Opeg The results of the calculation of the hierarchies based on
Cry =Y < ¥ > (3) the differential coefficient are shown in Tables IV, V and VI.
d=1 All computations were performed on the articulatory dis-
where tances matrix with the feature of filtering to particulartdisce.
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Articulation distance - d: 1 2 3 4 5 6 7 8 9 10 11
Articulatory dimension - w: Opcg Opcy Cry Crng
1 Place of articulation 15 93 277 478 511 233 168 617 572 164 4 3132 595.81 1.00
2 | Articulator 2 53 232 441 493 233 168 617 572 164 4 2979 534.96 0.90
3 | Degree of the supraglottal aperture | 14 71 184 390 487 224 168 617 572 164 4 2895 524.51 0.88
4 | Position of the middle of the tongue| 5 31 148 309 420 233 168 617 572 164 4 2671 451.36 0.76
5 Path of the airstream 12 37 94 173 371 223 5 328 450 158 4 1855 324.33 0.54
6 State of glottis 29 39 120 230 285 240 5 168 377 156 4 1653 322.57 0.54
7 | Vertical position of the tongue 4 22 35 77 80 25 173 617 572 164 A 1773 248.24 0.42
8 | Horizontal position of the tongue 0 6 25 83 86 27 173 617 572 164 1757 235.94 0.40
9 | Degree of labialization 0 4 20 80 86 27 89 340 364 124 B 1137 158.70 0.27
10 | Degree of delabialization 0 7 16 73 85 27 89 319 336 112 B 1067 149.98 0.25
11 | Slide movement 2 9 14 17 32 27 5 63 156 84 7 411 60.82 0.10
12 | Frequency of the articulatory approx| 0 6 17 41 69 41 0 16 33 22 4 249 47.78 0.08
13 | Mechanism of the airstream origin 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
14 | Direction of the airstream 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
15 | Duration of the articulation 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
16 | Degree of the supra/subglottal tensign 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
17 | Degree of the glottal aperture 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
18 | Strength of the approximation 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
Number of pairs of oppositions 83 189 394 598 601 260 173 617 572 164 4
TABLE V
C'r HIERARCHY FORHINDI
Articulation distance - d: 1 2 3 4 5 6 7 8 9 10 11 12
Articulatory dimension - w: Opcyg Opcy Cry Crig
1 Place of articulation 5 103 332 618 756 567 373 523 705 483 137 8 4610 825.78 1.00
2 | Articulator 0 85 307 569 678 512 354 521 705 483 137 8 4359 763.47 0.92
3 | Degree of the supraglottal aperture 5 39 165 482 731 583 376 531 735 494 137 8 4286  707.64 0.86
4 | Duration of the articulation 35 63 162 296 473 444 234 180 402 383 124 8 2804 513.93 0.62
5 State of glottis 27 50 116 261 433 418 241 158 312 283 107 8 2414 439.72 0.53
6 Path of the airstream 11 33 92 228 406 406 221 193 381 331 111 8 2421 405.92 0.49
7 | Position of the middle of the tongue| 0 7 37 159 290 267 259 510 711 466 129 8 2843 396.83 0.48
8 Degree of the glottal aperture 17 43 103 223 310 326 214 101 180 209 92 8 1826 338.04 0.41
9 | Vertical position of the tongue 2 14 24 50 79 48 121 473 727 494 137 8 2177 273.01 0.33
10 | Horizontal position of the tongue 1 3 17 55 79 50 121 473 727 494 137 8 2165 265.76 0.32
11 Degree of delabialization 0 2 13 45 75 50 65 262 449 343 104 B 1416 176.26 0.21
12 | Degree of labialization 0 4 13 44 7 51 69 253 412 307 101 B 1339 169.04 0.20
13 | Frequency of the articulatory approy. 2 16 35 96 158 148 92 61 74 80 26 p 788 141.29 0.17
14 | Slide movement 0 2 6 10 15 18 11 33 95 90 28 308 39.30 0.05
15 | Mechanism of the airstream origin 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
16 | Direction of the airstream 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
17 | Degree of the supra/subglottal tens. 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
18 | Strength of the approximation 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
Number of pairs of opositions 105 232 474 784 912 648 393 534 735 494 137 8
TABLE VI
C'r HIERARCHY FORCHINESE
Articulation distance - d: 1 2 3 4 5 6 7 8 9 10 11 12
Articulatory dimension - w: Opcq Opcy Cry Crng
1 | Articulator 1 40 138 260 363 339 174 191 367 314 106 1 2304 392.56 1.00
2 Place of articulation 0 39 136 261 358 337 174 191 367 314 106 11 2294 389.31 0.99
3 | Degree of the supraglottal aperture| 5 21 91 217 328 315 164 189 367 314 106 11 2128 347.97 0.89
4 Position of the middle of the tongue| 8 28 75 145 227 249 130 166 351 308 106 11 1804 289.82 0.74
5 State of glottis 10 30 56 111 194 234 146 47 117 207 106 11 1269 220.20 0.56
6 | Strength of the approximation 10 14 44 50 116 135 71 166 362 314 106 1 1408 205.18 0.52
7 | Degree of labialization 0 7 33 66 68 69 63 106 236 239 89 11 987 137.48 0.35
8 Slide movement 1 15 26 66 118 142 117 54 96 126 63 11 835 134.31 0.34
9 | Vertical position of the tongue 3 15 22 41 22 3 0 139 358 314 106 11 1034 132.09 0.34
10 | Horizontal position of the tongue 5 9 8 32 22 3 0 139 358 314 106 1 1007 124.17 0.32
11 | Degree of the glottal aperture 10 19 33 74 103 107 96 29 9 65 84 11 640 120.83 0.31
12 | Path of the airstream 1 7 31 66 129 152 83 27 80 85 0 D 661 115.09 0.29
13 | Degree of delabialization 0 4 18 42 22 3 0 84 235 226 82 11 727 90.98 0.23
14 | Mechanism of the airstream origin 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
15 | Direction of the airstream 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
16 | Duration of the articulation 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
17 | Degree of the supra/subglottal tens| 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
18 | Frequency of the articulatory appro¥. 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00
Number of pairs of opositions 54 124 237 360 414 348 174 191 367 314 106 (11
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@ Dvance oy Longuoge PO — ———— S TABLE VI
b o [0 [0 [& [4 [4 [d |& |& [& [& [& [ [e |- e | CORE SYSTEM OFHINDI
b 0 1.0000 0O 0 0 0 0 0 0 0 o 0 0 0 0 0 0
[b, |10 o 0 0 0 0 [ 0 0 0 [ 0 0 0 0 0 0 ] ]
[’J\ 0 o 0 0 0 0 0 0 0 0 o 1.0000 0O 0 0 0 0 W Dlmenslon C/r'u)
T T T T e e T T T 1 | Place of articulation 0.648
G [ 0 0 0 0 fil 10000 0 o 0 0 0 0 [ [ o 2 State of gIOﬁIS 0.648
IS G R S S S 3 | Degree of the supraglottal aperturel 0.610
f& e o e L R L E R LR g Ta T 4 | Duration of the articulation 0.495
& | [ 0 0 0 0 fi i i i [ 0 1000 0 fi fi i 5 Avrticulator 0.482
? SR A R R L LS N R 6 | Position of the middle of the tongu¢ 0.467
‘é_ o a 0 10000 0 0 fil o o 10000 |0 0 0 0 fil fil i 7 Degl’ee of the glottal apel’ture 0.419
e 0 o 0 0 0 0 0 o o o o 0 0 0 10000 1,0000 O
S I I O R TABLE IX
& 0 (] 0 0 0 0 0 0 0 0 o 0 0 0 1.0000 1.0000 0O il CORE SYSTEM OFCH|NESE
w | Dimension Crw
e 1 | Degree of the supraglottal aperturg 0.770
= e 2 | State of glottis 0.730
3 | Articulator 0.668
Fig. 2. Distance array with one-dimensional oppositionsHolish 4 | Position of the middle of the tongug¢ 0.595
5 | Place of articulation 0.574
TABLE VII 6 | Strength of the approximation 0.486
CORE SYSTEM OFPOLISH
w | Dimension Cry example, Chinese and Polish and Hindi hierarchies is tlze rel
1 | Degree of the supraglottal aperture 0.797 tively high position of Btrength of approximatidn[Degree of
2 | Position of the middle of the tongu¢ 0.752 labializati d slid thetw Hindi and Polish
3 T Arficulator 0735 abializatiorj and [Slide movemeftbetween Hindi and Polis
4 | Place of articulation 0.695 and Chinese hierarchies it is the high positionDéfation of
5 | State of glottis 0.674 the articulatior] and [Degree of the glottal apertufgwhich

could be observed in the core systems as well). Polish and
Hindi on the other hand share, for example, a high position
Fig. 2 shows the distance matrix for Hamming distance equsfl [Path of the airstreai Linguistic facts can account for
to 1 (which is equivalent to one-dimensional articulatorgarticular typological variations:

opposition). « only in Chinese is $trength of approximatidra dimen-
sion relevant for distinguishing consonants;
« the 5 labialized consonants in the Chinese phone inven-

The application of the coefficient of distribution makes it ~ tory explain the higher position oDjegree of labializa-
possible to distinguish for each language a core system, i.e tion] in the hierarchy;
those dimensions which took a numerical value > 50% of ¢ Chinese has relatively numerous glide consonants and
the maximum for the language in question. Thus we have Vowels, which makes3lide movemehmore prominent;
different core systems for Polish, Hindi and Chinese, sét ou * Only in Hindi is [Degree of the glottal apertufea
in Tables VII, VIIl and IX respectively. It can by noticed tha dimension relevant for distinguishing consonants;
the Polish system is the most basic and the Hindi systeme in Hindi both vowels and consonants are specified in the
is the most complex. The dimensions which occur in the dimension Duration of the articulatiof
Polish system are shared by Hindi and Chinese systemse the h|gh ratio of nasal vowels and consonants in Hindi
The inclusion of Puration of articulatior] and [Degree of and Polish might account for the position of the dimen-
glottal aperturd in Hindi is a consequence of the proportional  Sion [Path of the airstrearn
distribution of long vs. short and aspirated vs. unaspirate
phones. The occurrence oStiength of approximatignin
Chinese again indicates its highly proportional distridoil In [3] we presented a computer application enabling pho-
status. The results of the computational analysis of tha datetic analysis. All phones there were described in terms of
based on the differential coefficient in general conformhi® t numerical vectors (Fig. 3), and distance functions wereluse
linguistic intuitions. It is expected tha#[ticulator], [Place of as the measure tool. We can thus apply phonetic hierarchies
articulation] and [Degree of the supraglottal apertyrshow to these algorithms using the above-mentioned coefficients
very similar properties and are high in the hierarchy. Aeothas weights in the description vectgr = (C; * w,Ca *
fact predicted by the linguistic models is the domination abs,...,C, * w,) where for C' either Cd or Cr can be
the dimensions relevant for consonants (the previoustuieya substituted depending on the coefficient we employ (cf [3],
showed exactly the same interdependencies) - the reasof]¥ This reduces the importance of the dimensions which
the sheer number of consonants compared to vowels. Froame low in the hierarchy (i.e. those which are less sigmifica
the typological perspective the main difference between, ffor a given language). It is certainly the matter of further

IV. PRELIMINARY RESULTS

V. CONCLUDING REMARKS
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to reveal the complex and hitherto covert properties of the
phonetic systems of different languages.
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