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Résumé We show how it is possible to use the Kohonen self-organizing algorithm
to deal with data with missing values and estimate them. After a methodological
reminder, we illustrate our purpose with three applications to real-world data. Nous
montrons comment il est possible d’utiliser ’algorithme d’auto-organisation de Ko-
honen pour traiter des donnes avec valeurs manquantes et estimer ces dernires. Aprs
un rappel mthodologique, nous illustrons notre propos partir de trois applications
des donnes relles.
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1 Introduction

The processing of data which contain missing values is a complicated and
always awkward problem, when the data come from real-world contexts. In
applications, we are very often in front of observations for which all the values
are not available, and this can occur for many reasons : typing errors, fields
left unanswered in surveys, etc.

Most of the statistical software (as SAS for example) simply suppresses
incomplete observations. It has no practical consequence when the data are
very numerous. But if the number of remaining data is too small, it can
remove all significance to the results.

To avoid suppressing data in that way, it is possible to replace a missing
value with the mean value of the corresponding variable, but this approxi-
mation can be very bad when the variable has a large variance.

So it is very worthwhile seeing that the Kohonen algorithm (as well as
the Forgy algorithm) perfectly deals with data with missing values, without
having to estimate them beforehand. We are particularly interested in the
Kohonen algorithm for its visualization properties.

In Smal Ibbou’s PHD thesis, one can find a chapter about this question,
but it has not been published yet. The examples are run with the software
written by Patrick Letrmy in IML-SAS and available on the SAMOS WEB
page (http ://samos.univ-parisl.fr).
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2 Adaptation of the Kohonen algorithm to data with
missing values

We do not remind of the definition of the Kohonen algorithm here, see
for example Kohonen [Kohonen, 1995, or [Cottrell et al., 2003.

Let us assume that the observations are real-valued p-dimensional vectors,
that we intend to cluster into n classes.

When the input is an incomplete vector x, we first define the set M,
of the numbers of the missing components. M, is a sub-set of {1,2,...,p}.
If C = (C4,Cy,...,C,) is the set of code-vectors at this stage, the winning
code-vector Cj,(5,c) related to z is computed as by setting

io(z, C) = argmin [l — G

where the distance ||z — Ci[|* = 3=,y (21 — Cix)? is computed with the
components present in vector x.
One can use incomplete data in two ways :

a) If we want to use them during the construction of the code-vectors, at
each stage, the update of the code-vectors (the winning one and its neigh-
bors) only concerns the components present in the observation. Let us denote
Ct = (Ct,CE ..., Ct) the code-vectors at time ¢ and if a randomly chosen ob-
servation zt! is drawn, the code-vectors are updated by setting :

Cit,ngl =Ci+ e(t)(z) - Cir)
for k ¢ M, and j neighbor of io(2!™1, C?). Otherwise,
Cz't};l = Cit,k-

The sequence €(t) is [0,1]-valued with €(0) ~ 0.5 and converges to 0 as 1/t.
After convergence, the classes are defined by the nearest neighbor method.

b) If the data are numerous enough to avoid using the incomplete vectors
to build the map, one can content oneself with classifying them after the
map is built, as supplementary data, by allocating them to the class with the
code-vector which is the nearest for the distance restricted to non-missing
components.

This method yields excellent results, provided a variable is not totally or
almost totally missing, and also provided the variables are correlated enough,
which is the case for most real data bases. Several examples can be encoun-
tered in Smal Ibbou’s PHD thesis [[bbou, 199§ and also in Gaubert, Ibbou
and Tutin [[Gaubert et al., 1994].
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3 Estimation of missing values, computation of
membership probabilities

Whatever the method used to deal with missing values, one of the most
interesting properties of the algorithm is that it allows an a posteriori esti-
mation of these missing values.

Let us denote by C = (Cy,Cy,...,C,) the code-vectors after building
the Kohonen map. If M, is the set of missing component numbers for the
observation x, and if x is classified in class i, for each index k in M,, one
estimates xj by :

2, = Cig.

Because in the end of the learning the Kohonen algorithm uses no more
neighbor (0 neighbor algorithm), we know that the code-vectors are asymp-
totically near the mean values of their classes. This estimation method there-
fore consists in estimating the missing values of a variable by the mean value
of its class.

It is clear that this estimation is all the more precise as the classes built
by the algorithm are homogeneous and well separated. Numerous simulations
have shown as well for artificial data as for real ones, that when the variables
are sufficiently correlated, the precision of these estimations is remarkable,
Ebow, 1993

It is also possible to use a probabilistic classification rule, by computing
the membership probabilities for the supplementary observations (be they
complete or incomplete), by putting :

2
Prob(z € Class i) = nexp(f||z — GillY) .
> k=1 €xp(—[lz — Ci?)

These probabilities also give confirmation of the quality of the organiza-
tion in the Kohonen map, since significant probabilities have to correspond
to neighboring classes.

Moreover, to estimate the missing values, one can compute the weighted
mean value of the corresponding components. The weights are the member-
ship probabilities. If x is an incomplete observation, and for each index k in
M., one estimates zj by :

Ty = ZProb(Jc € Class 1) C; k.

These probabilities also provide confidence intervals, etc. In the following
sections, we present three examples extracted from real data.

4 Socio-economic data

The first example is classical. The database contains seven ratios measured
in 1996 on the macroeconomic situation of 182 countries. This data set was
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first used by F. Blayo and P. Demartines [Blayo and Demartines, 1991]] in
the context of data analysis by SOMs.

The measured variables are : annual population growth (ANCRX), mor-
tality rate (TXMORT), illiteracy rate (TXANAL), population proportion in
high school (SCOL2), GDP per head (PNBH), unemployment rate (CHOMAG),
inflation rate (INFLAT).

Among the set of 182 countries, only 115 have no missing values, 51 have
only one missing value, while 16 have 2 or more than 2 missing values.

Therefore we use the 115 + 51 = 166 complete or almost complete coun-
tries to build the Kohonen map, and we then classify the 16 remaining coun-
tries. The data are centered and reduced as classically. We take a Kohonen
map with 7 by 7 units, that is 49 classes. Figure 1 shows the contents of the
classes. The 166 countries that were used for computing the code-vectors are
in normal font, the 16 others in underlined italics.

F1G.1 — The 182 countries (166 + 16) on a 7 by 7 map, 1500 iterations

[ anemark Emirats arabes Unis|Sainte Lucie Afrique dusud Inde Bangladesh Burkina- Fazo
Liapon Etats-Uniz REEY Iran Indonésie Diib outi, Hai, Enythrée, hiali
Lizchtenstein Islande Lib an M amibie mahwl.bﬂepal Higer, Somalie
Luxembourg Saint Martin Macédoine Zimbabme S:::;nallg:oma Sieraleone
| IS o ace Cambo;lge—‘ Soud:an.Tchad

Vafican Tk nista Cuince
ladlemagne Australie Bahamaz Alg érie Cameroun Burundi Afghanistan
[futrich e Canada Bahrein Egvpte Cap-Yert Rwanda Angola
Belgique, France Israél Honduras Tanzanie Bénin
N onége Qatar Kenya Togo Ethiopie
Fayz-Bas Higeria Yamen Gambie
Suéde Micronésie Liberia
Espagne Italie [Argentine Mo ngolie Birmanie Gabon Comores
Finlande Nowvelle Z&lande  |Brunei Pérou Congo hadagascar Cote d'hroire
Irlande Rovaume Uni Kot Tunkie Lans Ouganda Ghana

Turquie Lesathao Zambiz Mauritanie
MNizaragua Fakistan

Gréce Chypre Andorre Bolivie Ml aldiv es haroc Guatemala
Slovénie Corée du Sud it Brésil hlarzhall Papouasie Irak

Malte Tuwvalu Swaziland Salomaon

Fortugal "/ anuatu

Singapour

Tawmvan
Biéloruzzie Pl Id 3w e Bosnie Ak anie Faraguay Jordanie Arabie Saoudite
Estonie, Lettonie |Cuba Thailande Guyana Wietnam Syrie Bokwana
Lituanie, Russ ie Sepchelles Saitoz Oman
Tehéque (Rep) Torga [Surinant Ly bie
Ukraine
C roatie Uruguay Chili, Chine Colambiz Belize
H ongrie Fidji Equateur Sahrador
R oumanie Kirghizstan hexique Wenezuela

Maurice FPanama
Corée du Mord

[Bulgarie, Fologne (kKazdchstan Azerbaidjan iribati Costa Rica Arm&nie Geargie
L ominique Sri Lanka Ouzbek istan Malaizie [Zaire
Grenade Philippines
Hlamaique Tajikistan
Slov aquis
|Yougosla\rie
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We can see that rich countries are in the top left hand corner, very poor
ones are displayed in the top right hand corner. Ex-socialist countries are
not very far from the richest, etc. As for the 16 countries which are classified
after the learning as supplementary observations, we observe that the logic is
respected. Monaco and Vatican are displayed with rich countries, and Guinea
with very poor countries, etc.

From these computations, it is possible to calculate the membership prob-
abilities of each supplementary observation of each of the 49 classes.

For example, the probabilities that Cuba belongs to class ¢ are greater
than 0.03 for classesi = (1,1),(2,1),(3,1), (4,1), (5,1),(6,1),(7,1),(1,2), (2,2),
(3,2),(4,2),(5,2),(6,2),(7,2),(3,3), (4, 3),(6,3),(7,3), the maximum (0.06)
being reached for class (5, 2). We can notice (figure 1) that they are neighbor-
ing classes. From these probabilities, it is possible to estimate the distribution
of the estimators of the missing values. For Cuba, the variables in question
are GDP, Unemployment and Inflation.

From these results, it is possible (as it will be shown in the talk) to
build super-classes by using an ascending hierarchical classification of the
code-vectors and then to cross this classification with other exogenous clas-
sifications, etc.

5 Study of the property market in Ile-de-France

The second example is extracted from a study commissioned by the di-
rection of Housing in the Regional Direction of Equipment in Ile-de-France
(DHV/DREIF). This was achieved in 1993 by Paris 1 METIS and SAMOS
laboratories, by Gaubert, Tutin and Ibbou, [Gaubert et al., 1996].

For 205 towns in Ile-de-France considered in 1988, we have property data
(housing rents and prices, old and new, collective or individual, standard or
luxurious, office rents and prices, old and new). Structurally, some of the data
are missing, for example the office market can be nonexistent in some towns.

This is a case where some data are structurally missing, and where the
number of towns is dramatically reduced if one suppresses those which are
incomplete : only 5 out of 205 would be kept! So for the learning, we use
150 towns which have less than 12 missing values out of 15. After that, the
55 towns which have more than 12 missing values out of 15 are classified as
supplementary observations.

Figure 2 displays the 205 towns (with and without missing values) clas-
sified on a 7 by 7 Kohonen map. Note that there are about 63% of missing
values on the data set.

In this example which is practically impossible to deal with using classical
software, we see that the Kohonen algorithm nevertheless allows to classify
extremely sparse data, without introducing any rough error. The results are
perfectly coherent, even though the data are seriously incomplete. The dis-
tricts of Paris, Boulogne and Neuilly sur Seine are in the bottom left hand
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F1c¢.2 — The 205 towns in Ile-de-France, in underlined italics the 55 towns
which have more than 12 missing values out of 15 variables

22 BOURG L& REINE 32 FONTERAT AUX S ACINVILLE 34_B Ry SN RNE 31 AT NONS 35 LISLER, 51 ORETIRY oo s g st
o4_LE PERREUX ROSEZ B4 THLAIS 95_R ONTO SE 91_B RUNCY 31 DRAVEL, 81 LES ULE | e fl e
92_LE PLESSE 75 M ONTE SS0M 9 1_SavIGNYORGE 91_WIRY CHETILLON 91_RIS0RANGES, oA, F1_PRLE
ROBINSON 7 7_DoammaRIE Be LiERA ATNE 91_5T MICHEL, re_rmaw s [F1VICALLE, ©2_CRANFS : HiSRE
92_SURESNES 77_0IR Lo FERRIERE |93 TREME a¥ 77_ROESY, s+ Friss LU
b5 &7 GRATIEN 67 £ Dt FPSEMNE B5 G OUSSANIALLE, o o o AL
67 LOWGAMESR 67 IGHYET MOWTGERDN M_M_-‘—c\-mg Frye——
m2_smrceccs 5,00 cment
EXTErEEY
fi2 coureEmiE 92 nSHERES [93_8 4G NOLET 94_LEPLEST,S9_PANTIN [94_CHEVILLY, 91_EVRY |95 FRANCONVILLE
a2 G ARCHES o2 coLomBES 93 LERAINGY 95_DEUIL LA, 55_ERMONT |35 CERGV-FONTD SE |35 MONTIGNY LESC
a2 P uTERL 24_KREMLIN 95 ENGHIEN, TE_POISSY (95 TAVERNY,TT_MELUN (73 LES MUREA UK 95 SANNDIS, 51_BURES
Jit CHARENTON B4 VL ENE 72 VILLENNES/SEINE 31_EPINGY-0,91 UMY |31_YERRES 77_LEMEESEINE
9 1_STE GENEVIEVE 91_I0RSANGO B4_CHAMPIGNY 77_SAVGNY
64 FRESHES B3 SOMOY B CHLY B4 LALENENIE-BE, B9 5 TANE
Bt QUNGIS B3 SEAL CHAM B5 5 OUEY 65 DM ONT
B3 CAUSGHE, T7 WITEY-4 OEF 01 ARDA KN
T5_PARE 11 62 CHATENAY 3 4_NRVEEINE 34 W ITRYISEINE 31_SUCY EN B RIE [95_AFGENTELIL
T5_PARIS 15 78 _REMBOUILLET 93_BOBIGNY, 45_HEFBLAY, T5_C0 NFLANE;
75 PARKE D B4 LMENL SREVAMMES (93P IERREFITTE 1 ETAMPES,
62 SOULOGHE 95_MONTIORENCY 7700 MBS, TT_FONTAAT,
- T5_MANTES, B¢ SONES ¥ S [TT_MENDURE
B SONNELE Bd ORLY || WERRIERE 3 WLLERN
3 ANLRAY S 94 vALENTON, 95 STLO
3 EEVEARES 5T DUEM, |0 WL LERD, 05 FERSAN
7 DAMFARE
'S PaRE 2 T5_PARE D 75 FARE 13 92 NANTERRE 92 CLCHY 2 G ENNEVLLIERS 94 CHENNEWIERES
75_PARI 12 94_WAEONS-SLFORT |94 CRETEL 92 VILLENEWME LA GAR |34 CHOEY LERDI
T5_PARIS 13 94 ST MeUR 75 MAEON-LAFITTE 94_L'HeY LES ROSES T7_AOIN, TT_MERLX
6.2 SAGHEN T8_HOUILLES 77_FONTAINEBLEAL
B2 ARCUEL B4 At FOETLLE
B3 5TCEMS 63 5 TouEN
65 CORMELLES
5 PARES 16 T5_PARE 3 92 RUEIL MELMAIEON |13 SAINTGERMAINEN L |32 ANTONY
75 PaRE 1T T5_PARIS 4 75 W ERSRILLES 94_CACHAN
22 HEUILLYGEINE T5_PARES 5 33_WONTREUIL
T5_PARIS 14 B4 GENTILLY
T5_PARIS 1S 92 LEwALLOK 32 MEUDON 92 sTCLOUD 92 CLAMGRT 92 CHATILLO N
92 W ANVES 94_NOGENT/SEINE 94_FONTENAY AUX B0 K (33 NOKSY LEGRAND
a4 STMAURCE
fs roRE e T5_PARIS 1 92 WILLE DrewRay 92 e LES 92 CHAVILLE 32_MaLs KOFF o2 BOECOLONEES
15 pape T T5_PARE 9 94 STMANDE MOULINEA UK 92 SEVRES 92_NONTROUGE 92 LAGARENNE
15 pare 5 92 SCEAUX b2 wammEs Lo B2 LA COE BEON
94 INCENNES COQUETE

corner. On a diagonal stripe, one finds the towns of the inner suburbs (petite
couronne), further right there are the towns of the outer suburbs (grande
couronne). Arcueil is classified together with 1'Haj-les-Roses (class (2,3)),
Villejuif with Kremlin Bictre (4,6), etc.

Of course, these good results can be explained by the fact that the 15
measured variables are well correlated and that the present values contain
information about missing values. The examination of the correlation matrix
(that SAS computes even in case of missing values) shows that 76 coefficients
out of 105 are greater than 0.8, none of them being less than 0.65.
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6 Structures of Government Spending from 1872 to
1971

The third example is a very classical one in data analysis, taken from
the book “Que-sais-je?” by Bouroche and Saporta , “L’analyse des don-
nes” [Bouroche and Saporta, 198d]. The problem is to study the government
spending, measured over 24 years between 1872 and 1971, by a 11-dimensional
vector : Public Authorities (Pouvoirs publics), Agriculture (Agriculture),
Trade and Industry (Commerce et industrie), Transports (Transports), Hous-
ing and Regional Development (Logement et amnagement du territoire), Ed-
ucation and Culture (Education et culture), Social Welfare (Action sociale),
Veterans (Anciens combattants), Defense (Dfense), Debt (Dette), Miscella-
neous (Divers). It is a very small example, with 24 observations of dimension
11, without any missing values.

A Principal Component Analysis provides an excellent representation in
two dimensions with 64% of explained variance. See figure 3.

F1G.3 — On the left, the projections on the first two principal axes; on the
right, the Kohonen map with 9 classes and 3 super-classes

Axes1et2 1872 1880 1923
1890 1903 1926
1906 1909 1929
1932
o7 19%0
1880
1872 1920 1%91900 ' 1953 1900 1938 1935
1906 1912 1956 1912
0 1969 1965 1920
71908 IO
1967 1068
.
1948
. 1947 1956 1965
99 Ll 10w
1035 1950 1959 1968
RaRT I 1953 1962 1971

On this projection, the years split up into three groups, which correspond
to three clearly identified periods (before the First World War, between the
two World Wars, after the Second World War). Only the year 1920, the first
year when an expenditure item for Veterans appears, is set inside the first
group, while it belongs to the second one. On the Kohonen map, the three
super-classes (identical to the ones just defined) are identified by an ascending
hierarchical classification of the code-vectors.

In this example, we have artificially suppressed randomly chosen values
which were present in the original data, from 1 value out of 11 to 8 values
out of 11, in order to study the clustering stability and compute the accuracy
of the estimations that we get by taking the corresponding values of the
code-vectors.
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One can observe that the three super-classes remain perfectly stable as
long as one does not suppress more than 3 values a year, that is 27% of the
values.

Then we estimate the suppressed values in each case. The next table
shows the evolution of the mean quadratic error according to the number of
suppressed values.

Number of missing values (1 2 |3 4 |5 |6 |7 |8
Percentage of missing values|9% [18%|27%|36%[45%|55%|64%)|73%
0.39]0.54|0.73]1.11|1.31|1.30(1.27{1.39

TAB.1 — Mean Quadratic Error according to the number of suppressed values

We notice that the error remains small as long as we do not suppress more
than 3 values a year.

7 Conclusion

Through these three examples, we have thus shown how it is possible and
desirable to use Kohonen maps when the available observations have missing
values. Of course, the estimations and the classes that we get are all the more
relevant since the variables are well correlated.

Example 2 shows that it can be the only possible method when the data
are extremely sparse. Example 3 shows how this method allows to estimate
the absent values with good accuracy. The completed data can then be dealt
with using any classical treatment.
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