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BULGARIAN ACADEMY OF $CiENCES

SPACE RESFARCH IN BULGARIA, b
Sofia 1986

Academician Prof. Dr Kiril Borisov Serafimov

Born on May 241th, 1932 in Sofia. Married, with three chi]dren Graduate of
the Mechano-Technical Secondary School of Sofia in 1951 as the top student
of his alumnus. Graduated from the V. l. Lenin Higher Mechanical and Elec-
trical Engineering Institute as an ouistanding student in radio engineering,

In 1957 he became Research Fellow at the f)Ll(,n’iifIC'l Research Institute
of Communications (NIIS). There he initiated the establishinent of ionospheric
stations and mulitiple technical developments. He was tramed in the field of
ionospheric research at the Soviet Instifute for Earth Magnetism, lonosphere
and Radiowave Propagation in 1958. Since the begmnmgﬁof 1961 worked in
the Geophysical Institute of the Bulgarian Academy of Sumceq In 1964 be-
came Candidate of the Physico-Mathematical Sciences at thc Lomonosov State
University of Moscow. In 1969 defended a thesis and hecame Doctor of
the Physico-Mathematical Scicnces in the field of space physics at the Uni-
versity of Rostov-on- Don Pravda newspaper frontpaged iwo columns on this
Doctor’s thesis. In 1965 he was elected Senior Research Fellow, 1 grade, and
in 1973 became Professor

With the establishment of the National Committee for| Space Research in
January 1967 he was elected its Secretary. Since 1973 he |has been Vice-Pre-
sident and since 1977 President of this Committee.

From 1972 to 1975 held ihe post of Deputy Dlrectot of the Centre for
Earth Sciences. Beitween 1973 and 1977 he was Suentlfur Secretary of the
Rulgarian Academy of Sciences. Since 1977 he has been member of the Pre-
sidium of the Bulgarian Academy of Sciences, Since the establishment of the
Group for Space Physics {in 1969) K. B. Scrafimov has Heen its Deputy Di-
rector and in 1973 became Director of the Group. In 1974 this Group was
transformed into the Central Laboratory for Space Resear¢h. He has been ifs
foundator and Director ever since. From 1979 to 1982 he was Director of the

Astronomical Department with the National Astronomical O
In 19689 K. B. Serafimov became Vice-President and
been President of the Bulgarian Astronautical Society. Sinc
member of the Presidium of the Union of
1982 — Secretary General of this Union.

He has been President of the National Committee
since its establishment in 1975, He is member of the Nati
Geodesy and Geophysics and of other bodies. Since its es
he has been President of the Council for Technical and

Bulgarian S¢

bservatory.

since 1978 he has
2 1977 he has been
ientists, and since

for Radio Sciences
onal Committee for
ablishment in 1980
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of the Youth. He is Vice-President of the Council of Scietice Promotion at
the Bulgarian Academy of Sciences.

Kiril Serafimov is Editor-in-Chief of the Space  Research in Bulgaria
journal, member of the Bureau of the Editorial Board of the Review of the

Buigarian Academy o Sciences, and on the Editorial Board of the interna-
tional scientilic journal Adwances in Earth-Orientated Applications on Space
Technology, as well as of the Bulgarian Geophysical journal, Military Tech-
nology, Fatherland, Science and Technology for Youth, Youth, Wings, etc,
He was scientific observer for the Zemedeisko Zname newspaper between 1968
and 1979. Since 1979 he has been scientific observer for the Raboftnichesko
Delo newspaper.

He is the author of more than 490 scientific contributions {developments,
publications, inventions) and of five monographs. His works were published
in international issues of repute. Over 600 of his citations have been referred
to in Bulgaria and abroad. A series of his studies have been adopted as UN
documents and by other international organizations,
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The principal scientific achievements of Academician P
fimov lie within three domains: ionospheric, magnetosphe
propagation physics,

sign and construction of Bulgarian space instruments, th

natural optical emissions and the theory of space communi
led by him. Series of background works on space problg
social sciences are also his contribution. He supervised an
pated in determining the optimal location of the Bulgarias

communications and of the Bulgarian telemetric station,
acknowledged by the Soviet specialists. He was the princ

the elaboration of many themes on the electromagnetic comp
4
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programme manager of the Bulgarian participation in the
348, 381 and the inter
12, 14, 19, as well as with the heavy geophysical ro-

radio-electronic techniques, radio goniometry, ete. K. B.

the Soviet satellites COSMQOS-261,
INTERCOSMOQOS-2, 8,

space instrumentation and satellite co
establishment and successful development of the vertical id
of the space plasma direct measurements with satellites ai

'of. Dr Kiril Seraq
ric, and radiowave
mmunications. The
nosphetic probing,
1d rockets, the de-
¢ measurement of
ications have been
ms in the field of
d actively partici-
1 station for space
an effort highly
pal investigator in
atibility of various
serafimov was  the
experiments with
national spacecraft

ckets VERTICAL-3, 4 6, 7, 10, etc. He is the initiator and the head of the

Bulgaro-Indian project for ‘;tudymg the precipitating proton
equafor, Theoretical and ground-based studies have been
project and two Indian CENTAUR-II rockets with Bulgarian
ment were launched.
flight of the Bulgarian cosmonaut and was the initiator an
periments for this flight within the field of space physics
of the Earth. He supervised the elaboration of all Bulgari
ments and devices for the SALYUT-6 orbiting station.
and the principal investigator of BULGARIA-1300 space 1
PRIRODA and INTERCOSMOS-BULGARIA-1300 satellit
within the framework of this project in 1981 with compl
mert.

The contribution of Academician Kiril Serafimov to
lems of the space research, to the orientation and organi
space scientific-production groups and to the optimization
are of significant importance for the increase of efficiency
exploration. The first studies into the history of space r
were made by him and he made the first original chrong
COSMOS history. Together with the Bulgarian cosmonaut
worked on two interesting problems: the effect of the spi
tural development, and the effect of space flights on global
In his fundamental monograph on socialist integration ir
the main trends of study within this extremely effective an
of cooperated efforts of the socialist countries.

Academician Serafimov founded and supervised the d
space technology transfer in Bulgaria. He initiated and is
cant part of the multiplication use of space technologies

J
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wce era on the cul-
human psychology.
space he outlined
d efficient domain

evelopments of the
heading a signifi-
methods, means,
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circuitry solutions, constructions and other elaborations in the non-space fields

of the national economy.

He is President of the Specialized National Scientific
sical Sciences at the Higher Testimonial Committee and of
cils at the Central Laboratory for Space Research
Department with the National Astronomical Observatory at
demy of Sciences. He was elected Corresponding Memb

Academy of Science in 1977 and Regular Member in 1984

ary

Council of Geophy-
the Scientific Coun-
d the Astronomical
the Bulgarian Aca-
er of the Bulgarian




Academician Serafimov has been Corresponding Member of the Interna-
tional Astronautical Academy in Paris since 1969 and Regular Member since
1984. He has been member of the Programme Commitiees for the Interna-
tional Astronautical Congresses since 1972, He has held membership in the
Bureau of the World Committee for Space Research {COSPAR) since 1975,
He was the Chairman of the Working Group G. 7 of the International Radio
Scientific Union (URSI). Kiril Serafimov has presided over Section I “Upper
Atmosphere and Magnetosphere of the Earth and the Planets” of INTER-
COSMOS since its establishment. He was President of the Permanent Working
Group on Space Physics (1974-1975; 1981-1982), and President of the entire
INTERCOSMOS programmnie (1979-1980). From 1974 to 1982 he presided over
the Bulgarian side of the Bulgaro-Indian Commission for Scientific and Tech-
nical Cooperation and since 1976 has been President of the Bulgarian side of
the Commission for Scientific and Technical Cooperation with Greece. He was
awarded medals by the Intercosmos Council, the Academies of the GDR, Po-
land and other countries.

He led the Bulgarian delegalions on the Scientific and Technical Sub-
committee of the UN for the Peaceful Exploration of Quter Space. At the
second conference of the UN on this subject (UNISPACE-82) he was nomi-
nated Vice-President of the Conference. He was awarded the Order of Cyrit
and Methodius, Ist grade (1969), the Gold Order of Labour (1973), Marin
Drinov Medal, the Gold Deccoration of the Bulgarian Astronautical Society, the
Qrder of Georgi Dimitrov (1984) and received many other government deco-
ratfons and distinctions from other organizations. Since 1980 he has been a
Henoured Scientist of Bulgaria.

The activity of Academiciam Kiril Serafimov within the entire framework
of the Bulgarian Academy of Sciences is extremely wuseful. He manifested ca-
pacities of a learned, capable contemporary scientist with broad views and
initiative, as well as talent for organization. In a short period the Central
Laboratory for Space Research at the Bulgarian Academy of Sciences under
the leadership and with the stimulating help and assistance of the Presidium
and the President of the Academy, Academician A. Balevski, has developed
into a centre for research and exploration of space.

When a new space project or elaborations come into being, Academician
K. Serafimov would set up the problem in such a way that the respective
specialists, scientists, constructors or technicians would willingly respond per-
sonally, through their work, results, plans, suggestions. This ability of his is
enthusiastically supported by the young staff of the Central Laboratory for
Space Research, who as a rule look forward to facing unresolved and impot-
tant problems in the field of space research.

Special mention deserves the capacity of Academician Serafimov to work
with the young specialists. He has repeatedly stated that ... the young pe-
ople should be given the opportunity to develop not on the basis of qualifi-
cation alone, but on their actual creative achievements...”.

Highly valued is Academician Serafimov’s activity within the framework
of the INTERCOSMOS programme as one of its founders, maintaining all-
round, long-term and extremely successful cooperation with the USSR, the
Soviet science, scientists and specialists. Multiple are the joint scientific pro-
jects in space testifying to the great creative talent of the hero of the jubilee.

de is a brilliant and worthy representative of Bulgarian science and tech-
nology, his opinion and recommendations are sought and highly esteemed at
the UN forums, COSPAR congresses, the administration of INTERCOSMOS,
the programme and nomination committees of TAA, [AF, etc.
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Academician K. Serafimov has published many works in this country and
abroad. His overall activity for the establishment and implementation of pro-
jects and studies, for the results obtained is valued cxtremely high. He was
flatteringly described in the recently published book by the first Bulgarian
cosmonatit Col. Eng. G. lvanov Flights. On page 179 it reads “...I've only
heard about Serafimov. But 1 understood that he is a man of inspiring perso-
pality, combining the ‘projective’ and ‘generating’ features of a scientist and
organizer, exclusively dilligent and capable of extreme physical efforts and
hyperfense mental activity. Author of many scientific works of worldwide im-
portance, promoter of science, he is a skillful, temperamenital and well-founded
publicist. So, no wonder, that he successfully represents| our country on the
international space field and the world space forums, that he is member of
many national and international organizations. The energy and ambition he
invested in our training wére only part of his entire contribution to us, along
with purely scientific cooperation. We were lit up by (his noble flame and
e xperienced his passion and ambition to rank our Fatherland among the lead-
ing space countries....” |

At his 50th birthday and the 25th anniversary of his scientific activity
let us wish him good health, greater and still more significant success in the
study and exploration of space for the well-being of our dear Socialist Re-
public of Bulgaria.

Corr. Member, Prof. D Mishew, Sen. Res. Dr F. [. Kutiev;
Prof. Dr M. M. Gogoshev; Sen. Res. Dr F. S. Chapkunoy




BULGARIAN ACADEMY OF SCIENCES

SPACE RESEARCH IN BULGARIA, §
Sofia - 1986

Analytic Approximation of Integral Intensity
of the Line » 630nm

K. B. Serafimouv

The deduction of the quantity relationships between the airglow and the upper
atmospheric parameters provide for the complete analysis of the phenomena
in this medium. The aim of this paper is to obtain the approximale analytic
expressions for the integral infensity / of the red oxygen line A 630nm, ge-
nerated in the upper atmosphere of the earth, The formulae for the volume
emission rate dl/dh, obtained in [1, 2], shape the background for these ex-
pressions based on the models for d//dh in [3]. The latter are based on the
model for the neutral atmosphere CIRA-72 and the International Reference
lonosphere [RI-75. The analysis of the new models for 4f/dk in agrecment
with CIRA-79 and IR[-79, as well as the models based on MSIS, combined
with IRI {sce [4]), do not change the nature of the analytic expressions, Only
their digital characteristics are changed. Through the expressions thus deduced
for the integral intensity / in dependence on the paramcters of the madels
for the neutral upper atmospherc and for the ionosphere, a possibility is pro-
vided to resolve seriesof direct and reverse problems — from the known para-
meters to determine the intensity, or from the known infensily, combined with
measurements on the intensity of the line A 1356 nm and single measurement
on the local electron density, to measure the values of the maximal electron
density NV, F {or ifs respective critical frequency f,F); of the height of this
density £,F and the constant 4, of the distribution N(#) in agreement with
IRF—see the method in [5]. On the other hand, such cxpressions enable us
to consider the effects of various factors determining the intensity of the
line & 630nm, and to compare the models of the neutral atmosphere and the
ionosphere.

Complete Expressions for the Intensity 7,

In [1} from the general expression for the volume emission rate
(1 al _ Kdgy v 10:]Ndh

dH ™ A4 [+dRATN + B
approximation of the denominator is obtained

2) (14 dB) A1+ BN o(hoF)e=2ih—m = k),
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where K=1, Ag,=0069 s~ 4=00091 s, N — electron density, (k) de-
notes the fotal deactivation of collisions of excited ox 'gen atoms in state
O(*)) with neutral nitrogen molecules and with the electr}Lns: By e N
+Ya[Vpl/eaV, where v, and v, are respectively the coefficients of the exchange
reactions between the ions of the atomic oxygen and the neutral oxygen, or
the nitrogen molecules; and o, and @, are the coefficients|of the dissociative

recombination for ions O} and NO¥, respectively. For the values of the exa-

mined coefficients and their temperature, temporal and spatial vatiations see
[1,2]. In agreement with [1] at midgeographic latitudes (cp:i- 45°} in 00" sum-
mertime under R=10(T,~550°K) and 4,F~180km, we hf.we (o (180)~347,4
and py~0,4.

fa agreement with IRL-79 for N(#) under 4 =4, F (further for simplifica-
tion we shall use N,F=AN,, and k,F=4h,) we have '

3) NNy [ A1+ 25l 45 exp (~ Al

where: A, — constant of two fixed values (for low and high solar activity,
seeIRD); Ay;=2(atlow solar activity); A;=3(at high solar aclivity); A;=A,—1;
A=A A/(A—A)—005. It is clear that under known solar activity all
the constants are known from IRI, excluding A4, which is| cither taken from
IRI or specified through measurements similar to those in [6]. Expressions for
N(h) are given in IRl for k<4, F which introduce series| of new constants,
But we use in [5] the known fact that the circummaximum| area of the F-re-
gion has distribution very close to the parabolic one .and is| characterized with
symmetry with reference to £, Therefore, we use expression (3} for h<h F
also up to heights of about 180-240km, and in this reglon in agreement
with [2, 3, 4] the airglow with A 630 nm is initiated. For the purposc we only
substitute £—4,, with the argument £,,—#%. |

We have shown in (1, 2] that ¢(%4) is given with the| expression (2) up
fo a2 height of about 280km over the earth. At %= 280 Km, we have {msl.
Therefore, we analyse the following cases:

1. Region with {4 1(4=<<280 km), |

This case can be divided into the following subcases, considering the
lecation of 4,,F: '

1.1. A, F<280 kmn,

The airglow occurs in three parts: a) &, < A< 280 km; bYh<h,; ¢)2=280 km,
We denote with 7, g and 2 the respective parts of the intensity

(4) I=l,+ 141, |

a) k,, <280 km f
For low solar activity, the following expression for { is obtained from
|
|

(D (2 (3
(5) l,r:[n“"'[rg;

285G
o~ Prp) {A—180)

KAy
(6) =B 0 (180N, 4, [ ETNE2
3 ey

The exponential approximation for the altitudinal distribution of the mo-
lecular oxygen [0,] (£2)==[0,],(180)e—2:"—180) versus the possibly lewest boun-
dary of the airglow of 180km is considered in the yielding of {6). It is con-
sidered that, regardless fc the complex naturc of the temperature (and there-
fore altitudinal) variations of y,, in agreement with (1) we may consider that

9



v;=21,60 101 cin® §—1 in the examined aftitudinal region. It follews from (6)
that

i =K N, Ae” (‘o”"p‘)mm_éu_.m”{ﬁveji—{-f’d 'HJ_W
AN Vo i
& 280— :: km
— A po—p ) E, [ A pri— pg)ul} 0ot
U=t
where K= Mw v, [05]6(180)A, ; E; is the generally accepted denomination of

the exponentral-mtegral function.
At high solar activity (R = 100) we have

%o { ) (f—180
—( o) (2—180)
(8) =KN,, f G dh;
l+ g1
Hun ( Ay )
o~ pa—py
!r.|:f<1N A e —( P .l”l) {hm"‘Ail_"%){.i._.‘zrji.__
280—h —A
s — ) Ae— BBV (py—py)2AL _ ) il
@  lemmi + 5 ElAdp Ul

The expression for I, does not depend on the solar activity and we ob-
tain

280 fhy
L e
(10} I,= KA{sso 71[02]{(180) AN, fg—(m—p,}(a 180} A dn
—{ pe—r) {7, —180} i 230_;11
(11) I,= K’onf(Vpe P {1—-3 i pe—p1) Agt-Al] }’
2 '
where
a2 _ Kde 01,1804
2= T4, YilVele 3.
by k<h,,

As we have already shown, in this case we substitute in {3} the expres-
sion A—h,, with k,—#, which is yielded at low solar activity

_KleAag_(Pe—ﬁl) (h,,+A—180) {__'eﬁo( Pa—polf

By Ag—180
13 + A pa—p)El A a—pDUT}
~{Zps) (R, —180) o ” 180
(14) [g, K?.Aone {l-e [A—t o R:}] A }-
Ag— (pe—pi)de
At high solar activity we have
( pe—p1) Al
"{g. — K\MHAUg_{ Pa—p) (nm+Au—180} {_ e i
£ A A—180
{ ga—p) A0 "
IR o N . PV

16



f,, has the form of (14).

c) £>280 km

This case is treated under {=1.

1.2, h,F>280km

In this case the total intensity is also formed in thr
=280 km/{=+1; submazimum tregion; b) 280<h<h,/E=1;
and ¢) A>4,/0=1; abovemaximum region. Cases b} and d

=

pe layers :

a) 180<h
submaximum reglon,

) will be considered

for £=1. For case a} we use {13) and (14) for low and high activity reSpec-

tively and substitute the bottom boundary in both cases wit
2. {=1(%>>280 km)
2.1, h,F<280km

h (i, +A,—280)/A

We have again the subcases and the respective comlponets given by the
indices 7, g and #, shown in 1.1. We use for the compongnts r and g the al-
ready deduced expressions {7} and (9), (11), (13), (14), (15). The following de-

pendence is given for the component n

{16) JH::[’h—'_[!fg!
where at low solar activity
—Pelli—180)
(17) =K . [0,], (180)N,, 4, f e L
280 _m
4004 Ay—7
P2,U o
(18)  Iny= Kslybhoe "m0 — A E(—pado)) %
2804 Ay—h

At high solar activity

e_pz-’dou PEAO"’_‘

"

Ao

7oL

( 1 9) !?!1 = KBNmAae_PEmm-AD_I 0}y [

207
600+ A,—*,,
Ay

2U°

p2A2
+‘_22_G E:'(“‘FSAOU)] ’

280+ Ag—h,
A!I [

where KQ—KA63071[02]0(180)A1/A

It is considered in (18) and (19) that in agreemen
upper boundary of the airglow with A 630 nm is abouﬁ
activity and about 600 km at high activity. For [, we hay

80—t
otk 180} —( pady AL i

KIQAI') m€ | R
Pefot+ Ay
where K, = KAgY; [0 Jo (180)YA44/4.
22. h,F>280'km
In this case also three components of the indices 7
able, and /, is determined with (13) or (15} for low an

pectively, but with substituted bottom boundary: instead of U/

is used; exptession (7) is justified for the component 7,
gument—mstead of A—4,, h,—h. Expressions similar to
dary equal to an unit are obtamed Dependences such as

(20) I — e—( Bady+-4

8

t with {1, 3, 4] the

h,~400 km at low

e
r:]

h r—.l’z 2
AH

, & and n are avail-

d high activity, res-

:1 U_, hm”f‘ﬂﬂ_gﬁg
: A

with substituted ar-
18) of upper boun-
(18), (19) and (20)
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?;e 1113ed for the components 7, with substituted bottoni boundary, namely

With the dependences here deduced, variods ionospheric or aeronomic
parameters can be determined and the respective equations are solved in graph-
analytical manner similar to the method in [6] or the regula falsi method.
The data from IRI can be used in the latter case as orientation for the search
of the respective solutions.

Discussion and conclusions

According to IRI, the cases with £, F=280km are quite rare. In fact, our ob-
servations on midgeographic latitudes contradici this concept since often
2204, F=<280 kin, see sunnmarics in |2, 10].

For the computing procedures it should be considered that in many cases
{for example at high values of the power index in the decreasing exponential
functions or at large arguments of the integrai-exponential function) signifi-
cant simplifications of fhe expressions deduced here are obtained. In agree-
men{ with the method developed in [5, 7] the expressions of the intensity of
the red oxygen line, together with those of the intensity of the ultraviolet
line with % 1356 nm and a local measurement of the electron density provide
vield of parameters N,, 4, and #,. This is the determination of all the para-
meters necessary for the computation of the maximal usable frequencies (MUF)
in radiccommunications. On the other hand, the determination of the profile
MN(k) of the electron density in this manner and its correlation with the con-
crete measurements of the mentioned airglow emissions and with a value of
the electron density, enable the performance of improvement and updating of
the IRT model. Therefore, its adequacy is enhanced.

The expressions obtained contain the unknowns N, #, and A4, of very
complex relationships. But their graph-analytic solution or through the regula
falsi method is not difficult in the application of the orientating values of the
IR], or from the ionospheric models of the CCIR.

Both through the dependences obtained here and through the formulae
found for the intemsity of the emission with A 1356 nm in [5, 8, 9] the back-
ground for the complete consideration of all the factors for the generation of
the most important oxygen lifies in the airglow and for the serious mathema-
tical theory of this phenomenon in the upper atmospheres of the planets and
ihe earth is compiled.

References

Serafimov, K. B.— Bulg. Geophys. J., 3, 1977, 3, 34.

Serafimov, K. B. Space Res. in Bulgaria, Sofia, 1979 (Russ.).

Serafimov, K. B, M. Gogoshev, Ts. Gogosheva —Geomagnelism and Aero-
nomy, 17, 1977, 6, 1044.

L B b=

4, (Gogosheva, Ts, K. Serafimov, Optical Testing of IRl and MSIS Model, Inlercom-
parison. — COSPAR, 23th Plen. Mtg. Budapest, Rep. C. 3. 3. 8, 1980.

5. Serafimov, K. B.— Space Res., 20, 1982, 5, 736 (Russ.).

6. Tinsley, B. A,J. A. Bittencourt.—J. Geophys. Res., 80, 1980, 2333.

7.Serafimov, K. B.— Compt. rend., 32, 1981, 11, 36.

8. Serafimov, K. B.— Bulg. Geophys. I., 6, 1980, 6, 25.

9. Serafimov, K. B.— Compt, rend. Acad. Bulg. Sci.,, 33, 1980, 2, 199.

10. Serafimov, K. B. Physics of the Middle lonosphere, Sofia, 1970 (Russ.).



Anamitnueckast annpoxcumarys HHTErpatLHoN
HUHTEHCHBHOCTH JuHHK *» 630 nm

K. B. Cepagumos

(Peawume)

Ha ocuose momean ueiitpansuos armoctepss CIRA-79 u Mnrepnaunonasnsuoit
peepenTrON noHocdeps: IRI-79 BoiBemeHnr mOMHBIC aHANIMTHYECKHE BLIDAXKECHHUS
HHTEHCHBHOCTE KDACHOH JMHHA KHCNOpOAa Ha Eaume Bouausl A 630 nm. Pacemo-
TPEHBl DAa3MUuUHBIE CAY42H ¥ MPeACTaBACHbl HOAHLIE bopMyns! aas lg, B 3apu-
CAMOCTH OT BBAMMHOFO DACHOMOMERHS BHICOTH MAKCHMAJAbHOMN 3NEKTPOHHOM
KOHUEHTPauuy N, F u secorsr 280 xM (go xo*ropoﬁ.ueoiﬁxonamo YUHTHIBATh
GaxTOp B 3HaMeHaTeqe HUTErpATBHOM uHTeHCHBHOCTY). [Toltyuennble Takum 06-
PAsOM Bhipawenus 20T BOSMOXHOCTH TOYHOTO peIIeHus | Pija MpAMbIX U 06-
DATHLIX 3ALa4 a5POHOMHUH, B TOM YUCAE ONPEfENeHus HOHOC(EpHBIX napaMerpon
NuF hF u A, (IRI-vopnenn) nocpesCTBOM ONTHYECKHX M IMIA3MEHHBIX H3ame-
pedut.
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The Outer lonosphere at Mid- and Low Latitudes

1. S. Kutiev

Introduction

Satellite data came first within our reach in 1969, with the beginning of joint
investigations with the working team of QGalperin from the Space Research
Institute in Moscow on the joint usage of ground-based data and of
data obtained from the COSMOS-261 and COSMOS-348 satellites. In
1969 broad-scale research work was started in cooperation with the working
team of Prof. Gringaus from the Space Research Institute in Moscow, in the
ficld of the processing and geophysical interpretation of the measurements
of ion density, made by INTERCOSMOS-2 satellite. These were the first for
Bulgaria methodological investigations on the processing and interpretation of
the volt-ampere characteristics of the spheric ion traps. That resulted in the
establishment of reliable methods for the separation of oxygen and carbon ions
which have found a broad application in further experiments. The first Bulga-
rian instrument, jointly developed by our Institute and the working team of
Gringaus, was a combination of spheric ion traps and the Langmuir cylindrical
probe, applied aboard INTERCOSMOS-8 in 1972. On the grounds cf the data
obtained from these two satellites in the Central Laboratory for Space Research
there were conducted a number of studies on the structure of the equatorial
outer ionosphere, on the longitude peculiarities in the distribution of ion den-
sity under the conditions of a geomagnetic field, on the structure and time
variations of the midlatitude trough, etc. Probe instruments for sounding the
ionospheric plasma flew later on aboard the INTERCOSMOS-12, 14 and 18
as ingredient of scientific payload with different purposes. With the help
of INTERCOSMOS-12 there was studied the behaviour of the midlatitude
trough at an altitude of 700 km, with special attention being paid to the be-
haviour of the Ot and H* ions. The INTERCOSMOS-14 was aimed at study-
ing the waves occuring in the outer jonosphere where passive measurements
were made only of the variations of the ion density by means of a sphericat
ion trap. Spherical ion traps and a Langmuir cylindrical probe flew aboard the
INTERCOSMOS-19, equipped also with an ionospherical sounder besides the
other instruments for scientific researches.

Aboard INTERCOSMOS-BULGARIA-1300 satellite, launched on Aungust 7th
1981, there was a payload of 11 instruments, aimed at researching the infer-
actions of ionosphere and magnetosphere. The values measured involve the pa-
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fameters of thermal plasma and its drift velocity, the AC and DC electric
fields, the magnetic fields of the earth, the energy spectrum of protons and
electrons, and the intensity of the atmospheric emissions in the visible and
in ultra-violet portion of the spectrum. Recently, on the grounds of these data
there has begun the study of the structure of the equaforial ionosphere and
of the polar oval, the behaviour of the SAR-arcs, the doub]eielectrostatic layers,
the particle acceleration, eic, |

Bulgarian participation is significant in experimenting rockets of the
VERTICAL type, launched from a wmidlatitude station an reaching an alti-
tude of up fo 1500 km. Using the vertical profiles of outer ionosphere
provided by the rockets of the VERTICAL-3, 4, 6 and 10, obtained within
almost one decade, there were conducted studies on the jon composition, on
the structure and dynamics of the ionospherical plasma. |

This paper attaches special attention to some investigations, conducted
by researchers from the Central Laboratory for Space Research in Sofia, Among
the multitude of their findings this paper presents only| those which give
a complete idea of the physical conditions in outer ionosphere at low and
midlatitudes, independently of the fact that these results have been obtained
over a period of more than thirieen years. '

Latitude Variations of Ion Density

The latitude variations of ion density have been extensively studied, using data
from spherical ion traps (SIT) on board INTERCOSMOS-2 and 8, and those
from the retarding potential analyzer (RPA) on OGO-6 satellite®.

The latitude distribution of O jon density measured by
between 280 and 580 km height in the afterncon and even
anatvzed in {1, 2]. Fig. 1 gives profiles of the OF density
— 50° diplatitude for several consecutive longitudes. The loca

INTERCOSMOS-8
ng hours has been
between 50° and
1 times of the me-

asurements lie between 15.30 and 19.30h. In the front panel an average satellite
altitude shows the dependence of ion density on height. The orbits have been
chosen with a view to the safellite passing the equatorial region around the
maximum of F-layer where the anomaly is beiter pronounced. The main featiire
is a double maximum distribution of ion density. The two |crests are situated
at about 15° on both sides of the geometrical cquator. At longitudes between
—90° ano 7° fon density reaches its minimum at about 10° north of the equ-
ator. These longitude peculiarities will be analyzed further dn. Daytime distri-
bution of ion density around the maximum of the F-layer, shown in Fig. 1.,
is in Fuli conformity with the results of the previous investigations, for example
[3, 4]. Meridional profiles of jon density in the evening hours (17.00-22.30 LT)
arc shown in Fig. 2. It displays clearly the distortion of the daytime anomaly.
The equatorial depletion is now shifted to the nosth to A latitude of about
15-20°, while the southern crest acquires higher ‘density. A tendency can be
observed for the latter crest to shift towards the equator and for the northern
crest to disappear. This picture corresponds to a transition stage towards estab-
lishing a steady one-maxfmum distribution during the night [5, 6]. The local
minima, appearing in longitude range {—50° 60°), are caused|by local dynamics
of the F-layer, which wiil be discussed further in this papet.

Model ' calculations made in [7, 8] show that the daytimle F-layer equato-
rial anomaly has an upper altitude limit. At altifudes above|700km the crests

* Courtesy of WDC-A for R&S
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séem to shift towards] each other and at altitudes high e
distribution of OF ion density §is éstablished at the eguatq
EXB drift in equatorial plane the F-layer goes up to 500

1ough one-maximuin
r. Due to an upwad
-700 km. Being lifted

TN DENSITY [em™2)

Fig. 3. Nighttime H+densily over the equator

and ordlaiitudes taken by the INTERCOSMOS2,
January 3-10, 1870

The deosity scaie is shown an the right side. Thel
average satellite altitude is given in the front
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Fig. 4. Conlours of [constant nightlime O+ density values for altitudes about 1000 ki ({the
heavy lines})

The daty are taken by OGG-6 in the suminer of 1958 and 1970, The thin Hnes regresent the magnetic equator
and magretic meridlans

higher than the normal midlatitude F-layer, the equatorial F-layer provides

the crest regions with ionization which diffuses down |along magnetic field
lines, Applying this ‘fountain effect’ to helium and hydeqgen ions, the author

2 Kogmuuegikdl nachesBaHHA, Ki. §




in [8] has obtained their latitude distribution. According to this model the helium
and hydrogen fon layers which lie above that of the O ions, are lifted by E[XB
drift to greater heights and subscquently they fill magnetic tubes at higher
mvariant latitudes. An ion distribution measured by a satellite f{lying at
. about 1000 km can be represented as
rrﬁ—mll """ MBI follows :
i - - - Maximal O* density and mini-
mal H*t density at the equator and
minimum O+ and maximum H* densities

at midlatitudes;

—— The behaviour of He* density
should be * somewhat in the middle:
its maximum density should be found
equatorward from HT maximal density;

— Minimum He* density will
appear at the equator, if the Het
layer is elevated above 1000 km, other-
wise a maximum Ilet should be
expected there.

Similar behaviour is observed by
INTERCOSMOS-2 satellite [9, 10] and
I515-2 [11]. Latitude distribution of
nighttime HT density at about 1000-

' 1100 km  altitude is shown in Fig. 3
pertaining to a number of INTERCOS-
MOS-2 transequatorial passcs during
the period of January 1-14, 1970 [12,
13]. The apogee is nearto the equator

10N CONCENTRATION {em™3)

Bl @ TN at a height of about 1100 km. The
=1 F N };' g latitude profiles 'shown here reveal
102 = R a two-maximum distribution, resembling
¢ A l : i ‘. ; the shape of the daytime F-layer
5 ; equatorial ancmaly., The crests of HF
Ly d, ] densily are found between 10° and 30°
04 ’ . on both sides of the equator. Approxi-
3L @,: mately half a year ago, aiso in the
5 maximuwm solar dctivity period, data
Ly " - of latitude distribution of O+ den-
00t Lol Tl b sity, at about the same heights were
V0 W 0 D -0 -0 collected by OGO-6 sateltite [15). Conto-
DIP  LATITUDE [deg} urs of oxygen ion density obtained

by RPA of OGO-6 [14] during the

Fig. 5. Nighttime O+ and H+ density for ¥ '
five individual passes of OGO-6 in different night at 1000-1100 km are plotted on

longitude zones Fig. 4. If we consider now only the
;\l;l){ol;l;-:;; c:]il lﬁ]‘stmdiisiaal:t:zg ﬁéipr??Lra;t‘)::ﬂwjg}G :_hc latitude .Variations we _See that th(:‘
0o ok ;g :”Img“ude:a’_"”zo‘ b_m‘;: oxygen ions have maximal density
C— TP, &~ -, & — {34 slightly northwards from the geometrical

equator towards | the summer hemi-
sphere. At the opposite side of the
equator a deep minimum occurs and at seme lpcations the density appearts
to be as low as20 ions per cc. A good idea how the latitude distribution
of Ht and O% density should look is given by Fig, 5, where RPA data for
several passes of OGO-6 over the equatorial region are presented, The shape
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HMIN—400 and HMAX=1100 indicaie the aititude itmiis over which th

taken In summer, nighttime

of Ht and O densities distribution is in full accord with

e data have been

the ‘fountain effect’

theory. Winter minimum of oxygen ions at about 30° diplatiiude corresponds

to a highly exhausted nighttime midlatitude F-region. The
summer minimum is a result of the more intensive ph

refatively shallow
toionization during
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the day, as well as of the influence of the neutral winds, The action of the latter
will be considered further on in the paper. Fig. 5 shows H+ density almost
uniformly distributed over the latitudes considered. Along the orbits where
these data have been collected the H* and O+ density reach equal values,
several times. The alfitude where these densities reach equal values,
i. e, the so-called transition level, is a parameter which is used in [15] to visu-
alize some dynamic properties of outer low and midlatitude ionosphere. In Fig. 6
every single point represent a transition level value extracted along the satel-
lite orbit. The transition level {TL) points iaken from nighttime data are plotted
against their diplatitudes. The three panels of the Fig. 6 show the latitude
shape of TL in thrce longitude intervals: a ~- Eurasian (10° 150°); & — Allan-
tic {—60° 10°; and ¢ — Pacific {150° throngh 180° o —60%. The main
feature of these TL profiles is a deep minimum located between 0° and 40°
diplatitude, where TL descends to 600 km, while around the equator and hole-
ward end of the latitude region TLis at 1000-1100 km, In [15] it is pointed out
that around 18 local time TL is at about 1000-1100 km throughout the refsion.
During the night TL in the equatorial zone remains at the same height, While
at midlatitudes a significant decrease of TL occurs. Higher TL values a} the
poleward edge of the region considered here is due to the abrupt decfease
of the H* densily as it can be scen from the individual passes in Fil 5.
The midlatitude decrcase of TL represents the normal nighttime collapsé of
the F-layer, An interesting fcature is the maintenance of the high cquatFrEaI
TL values during the night. This behaviour is closely associated with OF den-
sity distribution, shown in Fig. 4. Maximum oxygen ion density occurs al 5§-10°
katitude in the summer hemisphere. The exisling assymetry in O+t density aéong
the magnetic field lines over the equator gives support to a diffusion flow
from summer to winfer side, This O flow keeps a higher O density ajong
the magnetic flux tubes close to the equator, because of which TL heights
remain high. The latitude at which ihe height of TL changes abruptly |cor-
responids fo those magnetic tubes which limit from above the transequatprial
flow of the oxygen ions. Beyond this latitude the direct support of ionizgtion
to winter nighitime F-region is strongly restricted, because of the necessity
of conversion of oxygen fons into hydrogen ions and vice versa via a charge
exchange reactiof.

Longitude Variations

As il has been shown in the preceding section, the latitude profiles of oxygen
and hydrogen ions reveal a strong longitude dependence. The overall Ot density
distribution shown in Fig, 4 gives information on large-scale longitude vari-
ations of the ion density at a height of 1000 km. The strongest assymmetry
along the magnetic meridians occurs between —40° and 20° longitude and
the weakest one occurs in neighbouring regions between —100° and — 60° longitu-
de. The longitude variations of O+ density at the heights of the maximum F-layer are
shown in Fig. 7 [16]. Here the dots represent measured O+ density at 30° and — 30°
diplatitude. The heavy line shows variations of magnetic declination properly ad-
justed to reveal an excellent correlation with the ion density values. From the
b section of the figure, representing the summer hemisphere, there can be con-
cluded that the higher ion density along 30° diplatitude is connected with the
negative values of the magnetic dec lination, e. g. the magnetic flux tubes have
a westward component. The highest values of the jon density on the summer
side of the equator are found at about —30° diplatitude. The same longitude
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region {rom the winter side shows the lowest densities. |Thisibehaviour] cor-
responds well to that shown in Fig. 4. A reasonable explanation, given in [17],
is demonstrated in Fig. 8. The winds flowing at F-layer heights, preferably
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N west-east direction, experience a drag force upon ionization, if the magnetic
meridians differ from the north-south direction. Depending on the component
of magnetic field lines in the wind direction, the ionization is dragged upward
or downward. The light lines in Fig. 8 represent the magnetic field lines in
a geographic frame of coordinates. The heavy arrows show the neutral wind
direction, and the smaller arrows give the magnitude and the direction of the
fon drag along the magnetic field lines. The regions where a satellite could
neasure enhanced or depleted ionization are also indicated in the figure. The
zones marked by MAX correspond to an elevation of the F-layer upwards,
and those marked by MIN correspond to a pushing of the F-layer downwards.
The sketch in Fig. 7 is in agreement with these in Fig. 4 and 5.

irregularity Structure

The magnetic field configuration defines not only ionospheric plasma dynamics,
but the appearance of irregularity structure as well. With the help of INTER-
COSMOS-2 in [18, 19] the character and size of the irregularities in the equa-
torial F-region in the period of low solar activity have been studied. In Fig. 9
the latitude profiles of the O+ density between 280 km and 580 km are dis-
played. In two cases of the profiles the occurence of irregularities is indicated
by small bars. This shows that irregularities are found mainly between —50°
and —10° longitude and are strongly coupled with sharp depletions in ion
density. Similar individual passes of the same satellite are shown in Fig. 10 [20].

The minima in the density depletions are defined by the threshold sensi-
tivity of the ion traps but other measurements, for instance [21], show that
such a decrease reaches three orders of magnitude.

LONGITUDE { DEG')

Fig, 9. O+ density profiles at different longitudes in b menths

Verlical bars in the profiles at —16° and —49° longitudes indicate the presence of rregulacily slroe-
tave ; BT 194022300

Irregularity structure at beighls of about 1000 km has been observed t%y
the INTERCOSMOS-2 satellite, In Fig. 11 parts of satellifes trajections with
irregularitics of over 79/, of ion current are indicated. The heavy line repre-
sents the geomagnetic equator in a geographic frame of coordinates. The space
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resolution of the measurements is sufficient to detect
as 2 km in size. The histogram at the bottom of the figu
of transits in each 10° longitude intcrval used to constr
obvious that the probability for the occurence of irreg
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dependable. In the region considered the irregularity structure appears between
—80° and —20° longitude. As it has been shown above, in this region the
transequatorial plasma flow induced by neutral winds is most intensive. It is
clear that the irregularity generation is somehow influenced by the interaction
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Fig. 12. Confours of O+ density meashired by BIMS on AE-E satellite
in the winter of 1977-1978

between neutral winds at the F-region heights and the ionosphere. In [18]
large scale plasma irregularities are considered as a result of a direct action
of meridional winds over the ionospherc.

Fig. 12 shows the contours of O+ density measured at 270-320 km between
18 and 245 Iocal time by Bennet ion mass spectrometer (BIMS) on  AE-E in
winter 1977-1978. The shaded area marks the regions where O+ number den-
sity below 10° cm—* have been rccorded. These depletions are placed mainly
ou the summer side of the ecquator, being closer to it in the regions with
higher magnetic declination. Theoretical contours of the yertical jon drift are
shown in Fig. 13. For these calculations simple models of electric field and
winds are considered varying only in latitude. Diffusion velocity is calculated
for a neutral density of 5106 cm—3 at the maximum of [F-layer. The compa-
rison of Fig. 12 and Fig. 13 shows an cxcellent coincidence between the ion
drift maximum and the O* density minima fu the whole of the longitude
interval,

Many researchiers associate the occurence of irreqularities in the F-layer
with the generation of the so-called ‘bubbles’ [22, 23}. The bubbles being areas
of depleted jon density are gencrated at the bottom of the F-layer where large
gradients of ion density exist [24]. Once generated, the bubbles move upwards
almost perpendicularly to the magnetic field lines and can reach heights of
1000 km. Born in a certain magnetic flux tube in the equatorial plane, the
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depleted area creates diffusive flows whose magnitude depends on the velocity
of the bubbles moving upwards. As a result of this. the|total ionization in
this particular flux tube can decrease significantly. According to[25], the bubbles
create both vertically elongated depletions and depletions along the magnetic

LATITUDE (DEG}

~160 ‘ ~120 -60 o 80 120 180
GEODETIC LONGITUDE (DEG}

Fig. 13. Contours of vertical fon drift velocity (mfs) calculated under
possible winds and electric field conditions in I3 months
Posltive veloclty ls upwards ; altitude 300 km ; LT 19.00-22.00 h

tield lines. Taking into consideration such a complicated siructure of ion den-
sity distribution, there can be drawn a parallel between Fig. 11 and Fig. 12.
There is an impression that they are not so much consistent, although they
represent one and the same season in the solar maximum years. A possible
explanation might be that the two figures represent differént types of irregu-
larities. The INTERCOSMOS-2 data represcnt small-scale ifregularities: 2-5 km
in size, while AE-E data reveal large-scale plasma depletions which may not be
accompanied by small-scale irregularities. Now it is consjdered [25] that the
bubbles generation is due to, or is accompanied by, strong plasma turbulence
which dissipates as bubbles move upwards. At higher altitudes the smaller-scale
irregularities get smoothed out due to the iarge diffusion coe[ficiem. The smaller-
scale irregularities appear in Fig. 11 at the region of maxjmal transequatorial
plasma transport.” Apart from the highest magnetic declination, the plasma flow
over the equaior is favoured by the lowest value of L parameter. The latter
implies that magnetic force line emerging from the Earth at one and the same
geomagnetic latitude will pass over the equator in a region considered by
150 km lower than over the other longitudes. The net plasma flow driven
through by neutral winds is most intense in this valley and can eleyate irregu-
larities {o heights observed in Fig. 11.
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Buewssas armocdepa Ha CpefHMX U HUSKMX IHPOTax
H. C. Kymues

(Peaw me)

ApTop nenaer nomelTKY 0600INUTL HEKOTOPHIE PE3yABTATHl CNYTHHKOBBHIX UCC/IE-
poBanuali cpepuedl n HmxHned uonoctepns, npopelendnix B [lentpanpuo#l sabopa-
TOpUM KocMu4eckux uccaejosanui B Codwun sa nochensue 13 net. [Ipuseneusl
Jlalighie 0 UIMPOTHOH M AOATOTHOH CTPYKTYpe 3TOH 00JacTd B CBCTE COBPEMEH-
HLIX [OHMMaHKB TNpPOUCXOASIIMX B Hel upoucccos ¥ sexennil. Otjensio pac-
CMBTPHBAETCSH NOBEACHHE OKOJOMAKCHMYMHOR uyacTH Caos M 00AacTd Ha BEICOTE
okono 1000 kM. Drte ABe 064acTH HAXONSTCH B KONTAKTE ¥ B3aUMOHEHCTBHH
nocpeAcTBoM mpoieccoB Auddysuu ¥ ofMeHa 3sapajamu. PaccMoTpensl AoOArOT-
Hule OColennocTH B pacnpencacHii HoIROH fIIOTHOCTH Kax pesyapTar B3gHMO-
LeHCTBYA HEHTpaJbHBIX BETPOB NPH Pa3HBIX KOHMUUYDAHMAX MATHUTHOTO MNOJIL.
Yrheneno BnuManwe NOSBICHHI) [IEOAHOPONHOCTEH B SKBATOpHAa/blIOM paiione H
npuudtie 06pa3oBaBMs HCOZHOPONHOH CTPYKTYDEL
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Space Plasma Emissions — Indicator
of Magnetospheric-lonospheric Processe:

M. M. Gogoshev

Introduction

Airglow investigations were initiated at the beginning of th
experiments of the English astronomer Simon Nucomb, teld
ments of sky brightness. He was the first to make the conc
brightness of stars, galaxy, zodiac light and other sources
interpret the observable night glow. These experiments laid
a new scientific field, intermediate between astronomy and

mainly astronomical methods orientated to geophysics, the

tions, especially during the 50s of this century, largely
more complete understanding of the physico-chemical proce
‘low-temperaiure surrounding space plasma.’
We may summarize that this type of measurement proy
mation on:
I. ncutralizing processes in the ionosphere ;

Lo

is century after the
ted with measure-
usion that the sum
is not sufficient to
the foundations of
geophysics. Using
airglow intestiga-
contributed to the
sses of the so-called

ride abundant infor-

2. availability of minor constituents and their distribution into the atmo-

sphere;
3. wide range of aeronomical reactions, their velociti
dependence;
4. intcraction between jonized and neutral components:
5. magnetospheric effects on the ionosphere, both in 2
and low latitudes,

es and temperature

iroral and at mid-

These studies provide important information on many
phenomena which cannot be efficiently investigated mainly
radiophysical methods.
transformation (irradiation and particles) info a giow as a

The Buigarian contribution to the "airglow studies star
mov’s theoretical works in the 60s I, 2. 3], They were su
to the interpretation of the green oxygen line behaviour
arcundmidnight maximum,

The first experimental observations and the initiation of

airglow investigations in Bulgaria had started later, in 1968

of photographic and electrophotometric instruments were

other processes and

through the classic

Fig. 1 illustrates a general diagram of the solar energy

finite product [25].
ted with K. Serafi-
bstantially devoted
and mainly tfo its

systematic, various

[4]. Different types
developed at the
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Ouvservatory of Stara Zagora. Various tfechniques for [spatial and speclral
study of the optical emissions were developed here along with stationary
airglow facility [5] successfully used not only in the Bulgarian observatories,
buf also in India [6], Cuba [7] and Guinea, Konakry [8].
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Fig. 1. Scheme of the dissipation of solar energy in the upper atmo-
sphere

The first Bulgarian airglow instrument was launched into space in 1977
This was an electrophotometer aboard the VERTICAL-6 rocket, developed for
the measurement of the vertical profiles of various optical emissions [9]. Success-
ful experiments were carried out on VERTICAL-7 and 10 and on the two
Indian rockets CENTAUR-II B [i0}. -

A 6-channel electrophotometer was launched aboard INTERCOSMOS-19 in
February, 1979 to measure the main spectral emissions in the upper atmosphere
in the visible spectral range.

Successful experiments were carried out withtilt filter photometers, opesat-
ed by cosmonauts aboard SALYUT-6 and SALYUT-7 stations. These studies,
atong with the various optical experiments aboard the INTERCOSMOS-BULGA-
RIA-1300 satellite, launched on August 7, 1981, substantially contributed to the
understanding of the physical processes in the surrounding space plasna, sone
of which will be discussed here,
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Airglow and nighttime F-region behaviour

Some scientists had originally conciuded in the 40s that
red oxygen line with a wavelength of 630 nm correlated

the behaviour of the
with some parame-

ters of the nighttime F-region of the ionosphere. Nevgrtheless, only at the

beginning of the 50s D, Barbier [11] suggested a semi-g
the relationship between the measured integral intensity
the F-layer height and its critical frequency. This formt

(1) loso=K{ foF P20 1 ¢,

Here K and C are two constants, depending both on
observational station and on the concrete observation con
of a more advanced theory for the ionospheric processes
assuming that:

a) the main generative mechanism of X 630 nm dur
dissociative recombination of the OF ions;

b} they are obtained through exchange reactions bety

¢} the density of O, beyond 200 km varies after the

d) the electron density around the layer maximum i

mpirical formula for
of the emission and
la has the form of:

the situation of the
ditions. On the basis
in the F-layer and

ing nighttime {s the
veen Ot and O,

exponential law;
s approximated by a

parabolic function, and above this by an exponential, Serafimov: and Gogoshev
have obtained [12, 13] 2 much more accurate dependence|than Barbier, where
part of the empirical constants acquire also physical content. This is as follows :
R F—200
=g

2) loao = K foFY o (H, Z,)e +C

Here, similar to (1), the critical frequency of the F-
Jof, B'F being the virtual height of the F-layer, H is the
neutral atmosphere and ¢(#, Z,) is the function descril
the F-layer.

- Very important result is the fact that the constant K
lae acquires the following physical meaning

(3) KC___ 1.24 . 104[(&»: [02]200’

where K is a constant of the velocity of the exchange reaction O*++40Q,
—0;+0 and [Oy}yy, is the oxygen molecules density at a level of 200 km.
Obviously, when through a series of experimental observations on lyag the nu-
merical value of K is determined, then it is possible 1o obtain such an impor-
tant parameter as [Oylage

ayer is denoted by
scale height of the
ing the geometry of

of Barbier’s formu-

Investigations on topside F-layer portion
through optical emissions

Few are the optical emissions, irradiated into the topside H-region. Two of the
most substantial are the oxygen AX 1304 nm and 1356 nm. Situated into the
region of the so-called vacuum ultraviolet, they are inaccesﬁsib]e to direct mea-
surements from the earth surface. Regardiess to this, their great informabi-
lity was demonstraied in the few rocket and satellite expefiments performed,
Serafimov devoted series of theoretical publications {14-17] to the theory
of excitation and glow of these two spectral lines. Further, this fundamental



theoty was dccompanied with various experimental works, based on direct
measurements of the intensity of the two lines aboard the INTERCOSMOS-
BULGARIA-1300 satellite {18-21].

Serafimov assumes the following generative mechanisms into the analysis
of the & 130,4 nm excitation:

ay radiative recombination of O+ ions with elecirons;

b} ion tecombination of positive and negative atomic ions in the F-region
(OF and O—);

¢) collision excitation by soft electrons (of energies above 9 eV).

Most productive of these mechanisms is the first one, occuring in the
topside F-region.

Each of these generative mechanisms, the regions of predominant effect
of each versus the others and their guantity values were estimated by Serafi-
mov in his works. He founds in [22) the Iollowing complete expression for the
bulk velocity of the emission of /,,, into the F-region of the ionosphere

df_,
4) _gjdf?i = Cmo.Jﬁ’{ Opazor Ve [OF]+ 0 120, . [O7].[OH]

Ef
+ f6130.4 .B.N,. e_'P‘EedEe} ’
£

where K, {s the quenching coefficient of deactivation of the excited oxygen
term; o, 1904 Os 1304 @re the velocity constants of the radiative and ion

recombinations of O with electrons and O—jons, respectively, ¢4, is the
cross section of the electron collision of O with electrons at cutput O(2p33s38Y%);
£, is the upper boundary of the integral by energies which in Serafimov’s
opinion may be sufficiently assumed up to 100 eV; P, is an index in the
exponential of the electron flux spectrum, B, is the amouni of electrons
from the flux of energy £,==%eV, wherefrom the excitation of the triplete
around A 130 nm starts with electron collision. Serafimov found complete
expression for the emission vertically {zenith intensity) of & 1304 nm inte-
grating by the height %, under approxzimations of the alfitudinal distribution
of the subintegral functions deduced by him. This expression is {o be pro-
perly compared with the experimental data.

Successfully using the models for the neuiral components distribution into
the upper atmosphere, Serafimov considered the increase of A 1304 nm inten-
sity due to its muitiple resonance scatier from the atmospheric cemponents.
In the result to this the observable intensity of A 130,4 nm depends on the
height of the satellite, and of the UV instrument, respectively. This effect is
significantly reflected on the measured ratio of /4, 4//;95.4 Which will be discuss-
ed further on.

Similar procedure was made to analyse the other uliraviclet emission of
a length A 135,6 nm. Serafimov defined that the output term O(2p33S5557) of

this emission had the same generative mechanisms as that of A 130,4 nm [23].
Similar to (4} is the expression for the bulk velocity of A 1356 nm emission.
Serafimov obtained for the bulk velocity of emission| for both lines

£

¥
—~P\E
U 3,6 PN+ J. Cyap Bre™ TedE,
dh
) A
130.4

dh Cizoalh)

=
Qo )Ne+ f G500 B1 e*f’r%ss}
4



@,(2) and @, (£) in this expression are linear functions ofi
of R, [(?V% and of KG:%—I-

The examination of the bulk velocity ratio was not
we have shown above, the zenith intensity of A 130,4 nm
stribution and density of neutrals, as well as on the ar
region.

Global diagnostics of ionospheric paramecters
through optical data only

Bittencourt and Tinsley were the first [24] to draw attenti
the intensity of the red oxygen line is very sensitive a
height at which is located the maximum of the nighttime
ously, similar is the behaviour and the dependence on the
density of & 1356 nm. The authors were the first to sSugge
nose the specifically important parameters 4, F and N, F
ed measurements of these two lines. '

Based on the thorough studies of A 630 nm and of
lines A% 1304 nm and 135,6 nm made by the Bulgarian s
mov suggests a more complete and correct interpretation o
of the two airglow emissions for the determination of th
spheric parameters }17]. While Bittencourt and Tinsley
dependence for the determination of the {5 dependence
defines the same based on formulae deduced by him for

with the use of the international reference models IRI. The

¢, 135,6 and U, 1304

accidental, since as
depends on the di-

ea of the emitting

on to the fact that
nd depends on the
F-layer. Simultane-
maximum elec{ron
st the idea to diag-
through the combin-

the two ultraviolet
cientists, K. Serafi-
f the combined use
ese important iono-
used semiempirical
on N, F, Serafimov
L1356 eNliSSion and
tatter are used to

give the shape of the profile only, while the maximum value of the electron

density N,F is given by the measured li35.6. This depend

znice is as follows:

o—PAa et PAXo
®) Lo =119 1012 Ay AN, Fe—>4 (—-,- L
2

2
_PhS o ps ppax ] L _PAy P eag P
20 {e ¢ [1 Po (3){3 6X2 68X )] PAsi oy —

PAE PAm
+E ]+ S — PAy)— E(—PA)

[n this rafher long, but very suitable for computation

rameters A, A;, A, and P are taken from the IRl models
Xy —= 14 -}z—;&”‘, and Ey is generally adapied denom

0
ral-exponential function.

case,

Formula (6) in combination with 4, F determined throug

surements, enablcs the determination of N,F practically ir

expression, the pa-
for each concrete
ination of the intg-

rh & 630 nm mea-
any point above

the earth surface, through the use of 4 relatively cheap and

technique, i. e, with the incorporation of optical equipment.|
~- the use of a satellite ionosonde — a very

tive possibility is considered
expensive technique).

accessible satelliie
(Here the alterna-
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Verification of compatibility of neutral
and ionospheric models through airglow observations

As it is known, the first models for the distribution of the neutral components
in the upper atmospherc were built up at the beginning of the 60s (UR stan-
dard atmosph., CIRA-55, Jacchia-71, etc.). [Jata mainly from the measured satell-
ite resistance were used for the purpose, resulting from shortening of the
satellite otbit and from mass-spectrometric data, too. These models were Improv-
ed regularly and after CIRA-75 and Jacchia-77, the most precise one at the
moment is the MSIS model.

The ifonospheric models composed by Prof. Rawer’s group within the
scope of COSPAR and URSI were initiated in 1975 [27]. They are also sub-
ject to continuous improvement,

Many experiments on the simultaneous use of neutral and ionospheric
models for practical geophysical compuiations have shown certain incompati-
bility and necessity of improvement. Many Bulgarian publications of Serafimov,
Gogosheva, Gogoshev and others revealed a very accurate criterion for such
compatibility [26, 28, 29]). The excitation and the emmission of the red oxygen
line is used for the purpose — A 630 nm in nighttime ionosphere. Many stu-
dies, including Bulgarian, have shown that in a calm geomagnetic sitnation the
following aeronomic reactions are basic for the formation of & 630 nm at night-
{time of the F-region

(8) Oy + e—0(1,)+0(3P),

The first of these reactions {7) is limiting to the emission velocity. Here
the fon compouent (OF) participates in ion-exchange reaction with the main
ne utral Oy, Thus, we may write the following expression for the exchange
velocity of emission:

) Ao __ BfeiNpl. )
3 A [1+d—(§}—] {14 B(#)]

In this formulae, ¢, is the quantum output of reaction (8); recent satellite
measurements yield &=1,33; Agpo="0069 s71; 4=00091 s7; S{4) is proirle-
shaping factor; N, FS(E)=N,(#) is the local electron density, and d{%) and
B(k) are the deactivation facfors, depending also on the altitudinal distribu-
tion of the neutrals. Through the integration of the two sides of equation (9)
by the height 2 we obtain a dependence of the column emission {zenith inten-
sity) in dependence of the distribution of N, and O, with the height. The
latfer are taken from IR[ and any uneutral model, respectively. Experimentally
comparing the measured zenith intensities with the theoretical values thus
defined, the compatibility of ion and neutral models is estimated.

In the publications of Serafimov and others a thorough study is made on
comparison between theory and observations on the nighttime emission of A
830 nm, performed in the observatory of Stara Zagora. It is found that the
model computations give intensities at midnight of the order of several Rei-
leighs for low solar activity, while the actually measured ones are 20-30 R.
The use of various neutral models (for example Jacchia-77 and MSIS) and IRI
provide the same results. This fact, as well as some other criteria, contributed
to the conclusion that the [RI-models at low solar activity should be corrected,
since the electron density deduced by them is lower than the actual one.
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Conclusion

The study of the optical emissions in the last decade
cantly to tfhe clarification of the sophisticated complex ofs
action as a whole, and of the magnetospheric-ionospheric
cular. A lot of Bulgarian publications — theoretical a
ground-based, rocket and satellite, contributed to the mor
tion and study of the energy transfer in the surrounding
which together with its fundamental nature is of definite p
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Manyuenue ¥OCMUUeCKON MIdA3MbI — WHIHKATOP
MarHuTOCHCPHO-HOHOC(EPHBIX NMPOLECCOR

M. M. ozowes

Peszome)

Chenan 0630p OCHOBHbIX (H3MKO-XHMHUECKMX IIPOIECCOB, NMPOTEKAOMKX H IPH-
BOOAINHMX K BOSOYXJAEHBIO H HJAYUEHUIO ONTHYECKHX SMHCCHH B KOCMHUYECKOH
maasme. McenepoBadne 3THX U3AYYCHHE JAACT RBaXHYIC HH(POPMAlMIO O HeHTpa-
JH3ALUOHHBIX H MOHK3ELHOHHBIX MpOHecCax, ¢ CKOPOCTAX d5DOHOMHYECKHX peak-
UHH, O IMOTHOCTAX MadblXx COCTABJAIIINX, O B3auUMOLeHCTBHH HOHHM3HPOBAHHLIX
¥ HEHWTPaNbHEIX KOMIOHEHT, O Bo3AeHCcTBUM MarHuTocdiepsl HA HoHOC(hepy 3eMiH.
Kouxperio nokasaHo ydactie GOArapCKMX VUEHLIX B 9TEX HCC/eLOBaHHAX, HaYaB-
wuxcd padoramu K. Cepadmmona ¢ Hauvana 60-x ronos. [10JpoGHO paccMOTPeHSI!
Pe3yALTATEl HBAYUCHHS HAAMaKCHMyMHOH duacty [-0612CTH NHpPH NOMOILIM ONTH-
YECKHX BMHCCHH, 4 TaKie YJAYULIeHHs MeXIYHADOAHKX HOHOC(EpHHIX H Heli-
TPANLHLIX MOJeJeH H AMATHOCTUKY MarHUTOC(epHo-Honoc(epHBIX CBi3ell.
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dsma
Presence

On Measuring Instruments for Space Pl
Electron Component Parameters in the
of ‘Plasma-Body’ Potential Difference

S. K. Chapkunov

The measuring instruments for space plasma electron component parameters
are applied in the study of the sutrounding space aboard attificial earth satell-
ites when variable potential is available at the space object (satellite body).

Such instruments are familiar from reference sources as performing expe-
riments with the help of Langmuir cylindric probes [1, 2, 3], They are compos-
ed of a curtrent-voltage converter (TCV), connected with the cylindric probe
collector (CSL). In turn the TCV output is connected with the telemetric
system (TMS), as well as with sawtooth voltage generator (GSTV). The latter
confrois the protective electrode of the CSL. :

The disadvantage of the described instruments is incomplete measurement
of space plasma electron component parameters {only density or electron tem-
perature in restricted range) under relatively high potential of the body with
respect to the surrounding environment of plasma. Complete loss of informa-
tion is {o be observed occasionaily in such experiments.

I. In crder to design instruments for measurement of plasma electron com-
ponent parameters with CSL so as to obtain complete scientific information
on the density and the temperature of the electrons in the direct measure-
ments aboard the spacecraft within a large range of variation of the body-
piasma potential difference, it is necessary to satisfy several conditions.

First, it is necessary to incorporate an additional system for automatic
control of the variation range of the sweep voltage, applied to the electrodes
of the CSL, in dependence on the value of the mentioned potential difference.
In general, this system contains a TCV converter, connected with the collector

and the protective probe electrode. The TCV output transpl

and enhanced signal to the TMS, as well as to the system f¢
tion SAC of the translation voltage. One of the outputs of
by the probe profective electrode and the other is connec
The other input of the SAC controls the output of the mai

Such a device has positively advantages as compared
in use.

orts the converted
r automatic selec-
SAC is controlled
ted with the TMS.
n generator GSTV,
with systems now
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An examplary design of the described instruments is given in PFig. 1
where / — is probe (protective electrodes); 2 — potential meter; 3 — DC-,
DC voltage converler; 4 - - collector of cylindric probe; 5 — second conver-
ter of DC-DC voltage; 6 —— input (output of amplifier-differentiator); 7 —

:

Fig. 1. An example of a block diagram

:

Fig. 2. An example of a Hime-voltage diagram

peak detector; & — first switch; 9 — pulse generator; /0 — digit-to-analog
converter; // — second switch; /2 —. retarding block; /3 — ‘measurcment
sampling’ block; /4 — switch; /5 — analog summator.

The principle of performance is the following: the protective electrodes
of the cylindric Langmuir probe, in fact ‘floating’ (insulated from the body and
the other equipment), are charged to potential Ve, close to the potential of
the surrounding plasma Vpe. At the initial phase of each measurement cycle
one of the inputs of the switch /7 is closed by block 73, and switches & and
/4 are open. The collector 4 receives initial potential Ve from the output of
the potential meter 2 after conversion into convertor 3, equal to the potential
of the protective electrodes /. Through the closed switch 8 at the input of the
digit-to-analog converter, pulses from generator 9 are fed in the result of
which linearly changing voltage Vp,c is generated at the output of converter
10. This voltage after being converted into converter 5, is added to the vol-
tage at the output of the first converter 3 and changes the potential of collec-
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tor 4 [4], Due to the serial connection of blecks 5, 3, 6 to collector 4, a signai

is obtained af the output of amplifier-differentiator 6, which is proportional to
1/

the derivative of the collector current {, in time ffff" Since fthe variation law

of the potential of collector 4 in time is lincar, the signal is proportional also

daf

to the darjvative d—U’i. This performance is interpreted with the following theo-
retical consideration: the volt-ampere characteristics of the probe are compos-
ed by two sectors of different curvature. The potential of the collector in the
inflextion point of this curve is identified with the poteniial| of the surround-
ing plasma. At the moment when this derivative attains its| maximum, a sig-
nal occurs at the output of the peak detector 7, which ogens switch & and
provides resolution to switch /7. The determined value of the signal from the
output of the digit-to-analog converter /0 is summed in thel analog summator
15 with the value of the potential difference Vi between the| ‘floating’ electro-
des 7 and the body from the ouiput of wmeter 2. At the output of summaior
15 we obtain potential equal to the plasma-body pofential |difference.

The signal from the first detector 7, after certain delay T, determined by
the retarding block 72, is fed to ‘measurement sampling’ block /3 which clos-
es switch /7 and repeats the measurement cycles of periodicity 7.

{I. All the things discussed thus far could be summarized and specified,
considering the fact that the bulk charge generated as a rule depends on the
size of the radius of Debay, and hence, on the ieasurement height. In addi-
tion, the consideration of the error in the measurement is not possible without
some other additional probe measurements. The aim of the [following anatvsis
is to consider the effect of the bulk charge arround the probe and as a result
to decrease the errors in probe applications of space experiments. This pro-
biem is resolved as follows (Figs 3 and 4). [Fig. 3 illustirates the block diag-
ram of the discussed instrument and Fig. 4 shows the temppral diagrams ol
the instrument (in particular to the outputs of the two generators of trapezoi-
dal voltage --- blocks 4 and 5). :

The principle of performance is the following: each cycle of performance
on the diagram containg four characteristic time intervals regpectively denoted
hy £, £y, t3 and ¢, The ratios £, +4,+2,<¢, and ¢, =£;>4£, are valid for them.
During £, the block controls the fogics 7, switches through switch 3 the second
end elcctrode 7 to the collector of probe 2. The cylindric Langmuir probe per-
forms as a unilateral protected probe of length 1=1,y+ L= 21y in total. The
current from the collector (already 14-2) it converied into vbltage by current-
voltage converter 6, and the latter is fed to integrator /0 through switch &
and the first (upper) channel of distributor 9 where it is memorized. During
the period f,+ £ the second cnd clectrode 7 is switched by block 7 through
switch 3 fo the first end electrode 7 and the probe operates as a bilateral
protected Langmuir probe with collector length of [ [5]. The current from collec-
tor 2 is transformed into voltage by 6 and through second switch & and
second channel of distributer 9 is fed to the input of integrator 7/ where it
is memorized. During the interval of £, +£,-+¢; the generator 5 gencrates de
voltage of value equal to the maxzimum accelerating voliage of the linearly
decreasing sweep, During ¢, +4£, switches /2 and /3 are closdd open. During &
switches 72 and 13 are closed and the voltages from the outputs of integrators 70
and I/ are fed to the inputs A and B of summator [4, |as channel A has
coefficient of convergence “1” and channel B has coefficient of convergence
“2”. At the output of summator /4 we obtain voltage, proportionai to the

|

37



current, determined by the availability of the bulk charge in the frontal part
of the second end protective electrode /.

During £, switch 3 switches second end elecirode 7 in its capacity of
protection (I-+1) The current of collector 2 is transformed by 6 inio voltage

e

ek ‘T [
| 6 E’_"ELhﬁﬁ'é'l‘

vj

(LTMS,

channe!

'1'1-

1}

b

4

Fig. 4. Temporal diagrams of the instrument

and the latter is fed to the I telemetric channel through| switch &, During £,
the second generator operates in linear decreasing sweep mode (Fig. 4).

The output signal obfained in the interval £, describes the volt-ampere
characteristics of the probe, and the electron density is computed by iis slope,
through the use of familiar formulae of plasma theory. | The signal obtained
within interval /; is determined by the availability of bulk charge and contains

information on the introduced error.
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Conclusion |

Future attempt will join together the above-mentioned asp!ects from the mini-
mization, optimization and updating of the probe technique, applying cylindric
Langmuir probes in space experiments, If should be menfioned here that in
some space experiments in particular the ionospheric-magnetospheric project
INTERCOSMOS-BULGARIA-1300 instruments were designed on the basis of
the above considerations. They successfuily performed andl provided abundant
information for the fine structuring of the electron plasma |component.

The instruments described have been part of the DBulgarian participation
in the VERTICAL program.
Acknowiedgements: The author is grateful to the entire [team of the ‘Space
Instrumentation’ scientific branch, led by him, for their halld work and impor-
tant consultations during the application of the above-described instruments.
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Of6 yCTPOMCTBAX H3MEPEHMS NIZPAMETPOB JJIEKTDOHHOM KOMIIOHEHTE!
KOCMMUECKOH [WIa3Mbl NPH HAMMYHK Pa3HOCTH [OTEHIIUANIOB
OO LeKT — IJasma’

C. K. Yanxeinos

{Peawme)

JIMCKYTHDPYETCS CHTYALUS BOKPYr OGBEKTA —— NOCHTeaAs HAYUHOH annaparypui B
peanbHblx yoaoBusX. Hanuune pasHoCTy NOTEHLUAROB ,00hEKT — I11d3Ma“ MOMeT
IpHBECTH K OMMOOYHEIM HAYuHbLIM PE3YABTATaM, OCOOCHHO [UTO KacaeTci 30HKO-
BLIX MeTofob. B pafoTe ciaenaHa (I0lbITKA ONKCATb YCTPOHCTBA H3MepeHHs 1a-

PaMETDOB 3JCKTDOHHOH KOMNOMEHTH [JIA3MBI ¢ LOMOIUb
aoupa Jisurmwopa,
MallMg O KOHUSHTPALUMH H TEMIEDATYPC VICKTPOHOB IDH Hel
perun ¢ Gopra KA (B mMPOKHX 1PCAENAX M3MEHEHHS DE
LKOPIIYC —- OldsMa“), & TAKKe aHanU3UPOBaTh BAWAHHUE O
KpyT 30KJIa U B DE3YABLTATE -— YMEHbIUUThL OMIMOKH UpH
KOCMHYSCKOM SKCIePHMEHTE,

AOCREACTBOM KOTOPHIX NOAYYaCTed IIOJ

0 LHAMHJPHYECKOTO
iHas Hayuxas wadop-

QCPeACTBEHHOM HaME-

3HOCTH [MOTEHLIHAJOB
BHEMHOr0 3apana Bo-
NMPpUMEHEHHH 30HMa B
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On August 7, 1981, within the framework of the INTERCOSMOS international
programme of space research, an artificial earth’s satellite INTERCOSMOS-
BULGARIA-1300, dedicated to the 1300th anniversary of the Bulgarian State,
was launched into the space.

Although the satellite INTERCOSMOS-BULGARIA-1300 was not specitically
designed for geodynamic and geodetic studies, it was supplied with a system
for laser location. This was the first satellite of this type, since due to their
significant weight and dimensions such systems were so far instalied on spe-
cialized satellites only. Firm restrictions on the weight and dimensions of the
laser tracking systcms were imposed already in the design stage, since apart
from the OLSS system (optical laser lighi-reflecting system), 11 other instru-
ments were to be housed aboard the satcllite. Throughout two years of inten-
sive efforts (1979-1980) this difficult task was successfully resolved in the
Central Laboratory for Geodesy al the Bulgarian Academy of Sciences [1,2].
A relflective system of 4,5 kg weight was designed for the satellite, using its
very good and stable oricntation on the vertical and circular orbit. The shape
of a tetrahedral truncated pyramid was selected due to size restrictions, and
12 prisms were located at the small base, 16 at the lateral faces, and the large
base was used fo fix the system at the safellite bottom. Such an angle was
selected between the lateral faces and the baseso as fo ensure the energy of
the reflected signal hy the retroreflectors of the base up to zenith angles of
Z=35°% and at a larger angle up to Z= £55° by the lateral panels. Due to this
configuration of the retroreflectors dead zones up to 200/, of the circular view
occur al Z==33° In order to improve the performance of the OLSS system
at the extreme angles of tracking, tripleprisms of coverage and of different
divergence were used. The experimental tests on the reflectance capacity of
the system, made conjointly by the Central Laboratory for Geodesy and the
Astrocouncil of the Soviet Academy of Sciences, had shown that the OLSS
system provides a sufficiently powerful signal, up to Z=060° and that the dead
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Table |

Maxln. Dytation of tracking mtervat_'
errars (m) 1 day 7 days 14 days | 1 moult_:
Along the orbit 7.4 J64 1460 | 6630
range 53 262 1060 4820
Table 2
i
- ) E;npirlclall
Tnt iof Epoch of 1) Numb { . Mean matlon atmosph.
oﬁs::\‘::!lt?ns og;’:rvs?tioi'lf poil::l?s ?!ra ?he ;:J;j'me;»ﬁ; :;:aﬁtg;g () rotat, - coeft.
M0y | (D) serles 50 m ! day (g){‘_"&
| day
I - T
44833 4483391 160 156 Riga 14]138375 5.83E-6
—44837 Simeiz
44836 4483695 164 163 Potsdam 14/138412 9.42E-§
—44840 Riga '
Simeiz
34846 44846.93 31 27 Potsdam 141138639 6.33E-6
—44850
44850 44850.89 80 67 Potsdam 14.: 138681  10.85E-6
—44855 Riga
Zvenigorod | }
44869 44869.72 247 214 Riga 14139016 B.71E-6
—44875 Simeiz
Zvenigorod .
44875 44875.73 245 245 Simeiz 14,139155 G.17E-6
—44883 [
44384 44886.70 138 136 Potsdam 14139243 3.54E-6
—44890 Riga '
1063 1608

zones made up 17 9/, of the circular view. The observations,| made by 12 laser
tracking stations, had confirmed this experiment, '

The satellite BULGARIA-1300 is subject to atmospheriq drag, in spite of
its comparatively high altitude 850 km. This is caused by the considerable size
of the solar batteries and by the fact that the satellite was in orbit during
a period of high solar activity. Unaccountable fluctuations of atmospheric
density could thercfore influence the accuracy of determinafion of the orbital
elements.

Possible errors (due to the fluctuations of density not taken into account)
of the determination of the satellite position along the orbif and on the slant
range are shown in Table 1. These values are determined |by the consistent
square polynomial methed {3] on condition that variations of density are distri-
buted in the worst possible way.

Laser observations of the sateilite from four stations — Riga, Simeiz, Zve-
nigorod, Potsdam — have been processed at the Astronomical Council for esti-
mation of the atmospheric influence on the speed of the satellite motion during
the first two months when large splashes of solar activitf were observed

(Table 2},

One passage a day was obscrved at each station, if meteorological condi-
tions permitted. Observations were united in seéries of 5 days. The analytic
theory of satellife motion used for the calculations provided |an accuracy of the
orbit determination at a S-day interval no better than 50 m.| The discrepancies
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between meastred and computed ranges, after average orbital elements based
on all series of observations have been determined, are|less than 50 m. The

mean value of the average motion (x) and the atmospheric coefficient —‘g—) were
computed for all arcs. The variations of the index of solarfactivity F 10.7§and

JIhrnirp |

a
820
80— . //*\ -
1 i | T ' . - |
5 75900 MID
%‘ I “3597:\_
. L0 AR
~ ! ~
_;-h\ ! \;\_‘
;N 7 3
p N \
| 4 by \ B
! - e
- - \
51 \
\
. W
- S S AR VL .
bl 11650 ‘ L4900 MID
1077
260167
‘ ¢
o]
'l-—Jd' — 850 S ; 41900 MID

Fig. i. Graphs of the changes in: ¢ — the minimum height Ayin (km);
b — the atmospheric coetficieni #/2; and ¢—the index of solar activiiy
£ 107, as functions of the time I {in mean Julian days — MJD) for 2 chosen

period of the inotion of the artificial Earth's satellite INTERCOSMOS-BUL-
GARIA-130D

values of the atmospheric coefficient (%) are presented in Fig. 1, showing the

dependence of changes in (;i) on variations in F 10.7. The change of the

satellite height is shown in the upper part of Fig. 1 for the same period of time.

A method of differential improvement of the orbit, using the analytical
theory developed Oy [4], was applied for the calcuiations of more precise values
of the orbital elements of the satellite from laser observations for the same
period at the State Astronomical Institute (USSR)[3]. The intermediate orbit is
an orbit of the generalized problem of two fixed centres. The algorithm of
filtration is the least squares method. The theery of motion takes into account
perturbations from the geopotential up to the 20th order harmonics. Lunar
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and solar perturbations and secular perturbations are in the atmospheric drag.
The model of the geopotential is GEM-10.

Six elements of the intermediate satellite orbit and the coefficient of the
secular change of the mean motion were improved parangleters. Unlike other
analogous programs, the secular changes of the other elements are found from
theory. [

Eleven series of observations at intervals from 3 to|d days have been
used to study perturbations in the satellite INTERCOSMQS-BULGARIA-1300
motion,

Following conclusion can be made from the results obtained:

1. The theory of the motion for the satellite BULGARIA-1300 gives a
satisfactory accuracy at intervals up to 5 days, the mean I‘quare discrepances
between measured and theoretical ranges being about 3 to Tﬂ m, It is necessary
to take more precisely into account perturbations of the| atmospheric drag,
including variations of atmospheric density with time at intervals longer than
5> days, in order to increase the accuracy of the theory. Theoretically, the
accuracy of determination of the angular orbifal elements, obtained by the
least squares method, is about 03 seconds of arc. The iactual accuracy, as
estimated from fwo nearby determinations, is 4 seconds of arc. This may be
explained by the instability of the atmospheric density, and perturbations that
were not taken into account, as well as by the small number of stations that
took part in laser observation of the satellite INTERCOSMOS-BULGARIA-1300.

2. The accuracy of laser observations utilized in our work for various
passages of the saiellite and for various stations varies from 0,8 to 5m,

3. The obtained laser observations of the satellite INTERCOSMOS-BUL.-
GARIA-1300 can be used for studying orbital changes and factors influencing
its motion. These observations can be used for positioning by dynamical me-
theds in an accuracy limit 2-5 m. A joint processing of laser and photographic
observations of the satellite, obtatned at stations Riga, Zvenigorod and Si-
meiz af a two-day interval in June 1982 in a period of solar activity
(Fio7= 160X 10722), has been carried out at the Astronomical Council within
the ORBITA program [5], founded on the numerical integration of the motion
equation. Perfurbations of the gravitational field were taken into account only
for harmonics up to the order 8 As cstimation shows ver tlarge errors [6] in
the determination of the satellifc radius-vector (see below) @ppear, if changes
of the atmospheric density are not taken into account, as ﬁompared with: cal-
culations based on the atmospheric model DTM 7.

t=05 days Ar=16m
t=1 day Ar=62m
£=1,5 days Ar=135m

The mean square errors of the forecast of thie orbital
day interval, as compuied by the ORBITA program, are:
me=1m; m,=5.1078; m;=5°.10"%; m,=4°.10~4; n

1

lelements on a two-

7 =4°.1072,

]
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[ecpeauyeckuil 3KCIEPUMEHT CO CHYTHUKOM
HMHTEPKOCMOC-BOJIT APHS-1300

H. U, Feopaues, A. I, Macesuy

{Pesiome)

B paBore jgaubl nepshie pesysbpTaThl faseDHbIX HadaofdeHHl cnyrthuxa ,MuTep-
kocMoc-Boarapus-1300“. Ha ocHose NMonyueHHBIX pe3ya»TaToB CTaHUusaMs PHra,
Cumens, 3enuropof 4 [IloTcaam CAeJaHB KOJHUECTBEHHLIC OUEHKH BAUSHUA
aTMocepH HaZ CKOPOCTh JABHMKEHHMS CIYTHMKA. Ha ocHOBe dHanHsa pesyJabTaToB
CAenaHbl BhIBCMIB @ KaYeCTBAX KCIOAL3VEMBIX aHANUTHYECKUX Teopuil 06padoTKH
HaG/IOAeRUl ¥ BO3MOMHOCTEH CHYTHHKOB C OBUIHM pefHd3HAYEeHHEM € LEJbIC

pELIEHHsT BONDPGCOB, CBA3AHHLIX ¢ onpepesieHHeM BJAHSHHSA BerHeﬁ RTMOCCI)EDM
H& ABHMCHHC CHYTHHKOB.
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Mathematical/Statistical Methods for Cl
of Objects by Means of Spectral Refle
Characteristics

T. K. Yanev, D. N. Mishev

The resolution of the problems of the earth surface and
sensing relates to the measurement of various quantitativ

assification
ctive

atmosphere remote

¢ parameters of the

electromagnetic field. These are mainly parameters of the solar radiation, reflect-
ed from the earth surface and transformed by the atmosphere, as well as of
the proper thermal radiation of the earth-atmosphere system.

We have to mention first the spectral reflective si
particular the spectral reflective coefficient (SRC).

The SRS is a photometric function representative of
structure, dissipated from the various elements of the sur
tural formation, The SRS is a multiple function of variable
physico-chemical and biclogical properties of the studied

L

=]

gnatures (SRS) and in

the solar radiation

face of a given na-

characterizing the
natural formations

and the conditions required to obfain the SRS (illumination, atmospheric con-.

ditions, etc.) That is why the SRS is a multifactorial func
cific information on the objects it has been obtained from.

L SRS features

In order to complete a SRS classifier (see point IL), it is reas
factors that define the SRS values according to some of the
Further ‘feature’ will mean a factor that affects the SRS if
ed way. The features may be grouped as follows:
A. Primary features — defining the function of refle
trapped at the input of the measurement system;
a) intrinsic features of the studied subject:

— subject-specifying which characterize the elementary

of the subject properties;
— geometric (shape, surface, structure, efc)). ¢
b) external features (atmospheric conditions, iljuminatio
perature, soil and air moisture, soil electroconductivity, orie
surement system, etc.),

Fion containing spe-

onable to'group the
2ir general features.
1 a clearly express-

cted solar radiation,

unit representative

n, air and soil tem-
ntation of the mea-

=




B. Secondary features which are the SRS valugs, measured in the indjvi
dual channels of the multizonal measuring systems.

C. Generalized features obtained in the processing of the primary and
secondary features after being treated with certain operator (mathematical,
taxonomic, efc.). The generalized features may be grouped into:

a) generalized primary features, for example, type-kind and subkind, form-
ing the taxonomic features within the matural classification of the subjects:
soil, vegetation, water, eic.

b) generalized secondary features obiained after mathematical transforma-
tions of the SRS,

L Aim of the SRS analysis

The necessity to study and classify the SRS results from the possibility of
their application in agriculture, geology, ecology, etc. The formal expression of
the SRS applications in this respect is;to define the relationship between the
SRS and the other features (primary and secondary-generalized), in order to
resolve the reverse problem; based on the SRS information to reconstruct par-
tially or entirely the values of the primary features (and their generalizations).
Such a reversible relation is the classifier, It could be compiled on taxonomic,
probabilistic, set-structured, regressive, physical modelling, etc. principle,

MIl. Specific features of SRS

The SRS are random functions obtained in discrete shape {spectrum along
the wavelength) under conditions of incomplete apriori information and signi-
ficant accompanying noise. These specifics require the implementation of sta-
tistic-probabilistic techniques for the SRS analysis.

The larger portion of subject-specifying features (including quantilative ge-
neralizations) have joint conditional distributions in the multidimensional space
of the signatures that, as a matter of fact, are not intercrossing.

Further the conditional distributions will be briefiy Ireferred to as distri-
butions only. In this sense such features may be denoted as discrete (Fig. 1),
and at the highest leve! of generalization as qualitative. Some of the subject-
spesifying featurces (and their generalizations) characterize the state of the given
subject only (for example, various evolution stages) and may have intercros-
sing distributions, but of differentiated modes, i e. they are quazi-discrete, The
external features (parametfers)may have largely overlapping distributions result-
ing in smooth transition of the parametric surfaces into the multidimensional
space. Such features may be denoted as continuous (quantitative). In the course
of development or formation of the subject, for example soils, the transition
into a stage (or type or kind) possibly can be performed smoothly, but for
the purpose of our Clagsifier well-shaped states are of interest and this defines
the necessity of introducing the quasi-discrete features. Regardiess of the even-
tual smooth fransition between them, the probability of distinguishing them is
defined with the possibility of identifying various states of the studied subjects in
their set of features, i

Another important specificity of the features is that they are random mag-
nitudes in terms of our lack of knowledge on their expected values in the
progress of the experiment.
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a) The primary features (and their generalizations) are random due to
inaccuracy of the measuring instruments and insufficient volume of the repre-

sentative samples in the course of the experiment,

Fig. 1. Discréte and quasi-discrete feature
distributions

’ ’
X1, %9 — disvrete features ;
r LEd
X] 1 ¥g — guasi-discrete featutes

F — disirlbution density ;
o — parameter

by The SRS are random functions due both to the reasons innumerated
here and in a), as well as fo the impossibility fo study all primary features

affecting the SRS. This problem will be discussed in detait

IV. Major problems

in point IV,

As it was already mentioned, the main purpose is to define the relationship between
the SRS and the other features. The precise analytical sha'Pe of this relation-
ship still seems an irresolvable problem. The various stages of approximation

to this task could be formulated as follows:
Physical model of SRS.

At the available state of our knowledge this is possible only for some
particular relations hetween the SRS and the primary features. The modest
resulis attained by now do not permit large-scale applications in agri-

culture.
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Statistical Model of SRS. : _

This is realized with the determination of the regressive dependence (sur-
face in the multidimensional space of the feature) between SRS and a given
get of primary features or their generalizations. There is no available method
by now tfo define the confidence regions of such a regression in the general
case, when both the features and the dependence value (the SRS in this case)
are random variables {1]. The Classifier procedure requires fo know these con-
fidence regions. Relatively easier is the problem of regression coefficients de-
termination. This can be done using, for example, the method of the maximum
likelihood [1], the method of least squares [2], etc., and the regression is traced
between the i-th component of the SRS r vector and all the k-th components
of the & vector of the features, £=1,..., K

r=f{as, ..., @), i=1,..., m-channel number for SRS.

The confidence intervals of the regression may be defined with certain
inaccuracy with the available techniques (which require for the independent
variables of the regression to be determined variables) if we can ensure that
the relative variance (measured for example, with the variation coefficients) of
the primary features (and their generalizations) is at least of an order smaller
than that of the SRS.™

The evaluation in this respect may be obtained, if we compare the vector
of the relative errors 8, of the vector @ of the primary features (including
their generalizations} and the vector of the relative errors 8§, of the vector
(A, o) of the secondary features (incl. their generalizations). If § is assumed
toc be measured with the variation coefficient, then §,=S,/p, where y; is the
average value of the /-th component of r, respectively a, and S, is an estimate
of its mean square deviations. Basic sources for 8, and 8, formation are res-
pectively (p. A for 8, and p, B for §):

A. a) Test field measurements:

i. Errors from the measuring systems.

ii. Errors from the interpolation and exirapolation of the measured data,
when studied areas are large and with various conditions (and they must be
such in order to receive statistical representation of the data), therefore measu-
rements of sufficient coverage cannot be performed.

b} Remote sensing (helicopters, airplanes, bailoons, satellites):

i. Errors from the measurement systems,

il. Errors from interpolation and extrapolaiion of the measured values (as
for p. A. b).

B. a} Test field measurements:

i. Errors from measurement systems.

ii. Errors from insufficient knowledge on SRS yielding conditions (mainly
in evaluating the illumination conditions). _

iil. Undetermination of t in the result of the fact that not ail the intrinsic
and externat features are Included in a.

b) Remote sensing: _

i, Errors from inaccurate evaluation of the SRS yielding conditions (illumi-
nation, atmospheric state, eic.).

il. As in B, a, iii.

All the features incorporated in a (if properly selected) are independent
from r (but they also might be interdependent) and affect the r vatues on the
cause-eifect scheme,

Present experience shows that the @ and r component distributions are
close to. normal. From the definitions in A and B and the experience acquired,
the following conclusions can be made:
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C. 85m and 8s,, are commeénsurable respectively with
§zpe is commensurable respectively with 8.

6aa1 and 8z, and

D). 8p43 and dass are commensurabie respectively with (84,2 and 8as

P

Fig. 2. Confidence regions of regression surfaces

a — three-dimenslonal regresston surface F and Hs confldence
region Str

& — two-dlmenslonal projects of confldence reglops Q R and £
and thelr  cross sectlon ﬂRI.li

The errors from D are much larger than from C. The a
tal possibilities provide for a significant reduction of &uus

vailable experimen-
only as compared

to the other § from D. Therefore, a regression with confidence intervals de-

termination can be effectively traced (at least at present) ¢

nly between r and

« on test field data, if a sufficient number of well planned experiments is

available with 842 is at least an order smaller than 8z4s.

The possibility {o obtain regression with a confidence region still does

not lead to an easy practical application, at least due to:
1. The confidence regions Qp (Fig. 2) are defined for
face parameters and the classifier requires the confidence ¢

the regression sur-
egion of the indivi-

dual result Q,~0pN0Q; to be known, where Q¢ is the [sample value of €.

4 Kocusvecky uzclefpaling, gH. 5
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2. The determination of Q, and Q,5 is telated to significant computation
difficulties. IFig. 2 shows the case of two dimensional regressions (& contains
two fcatures). Even in this rclatively simplified case the analytic {and respec-
tively the automatic) determination of Qj is significanily hampered. We should
add to the necessity of plotting the Q, projections over the coordinate system
axes the necessity of knowing the confidence inlervals of the individual para-
meters {leatures). Additional difficulties result from the determination of €
Certain facilitation may be achieved if r is obtained as a mean square from
the multiple resolution elements (RE), each of a dimension representative of
the least possible RE, already inarked with the properties of the studied class.
Then Q5 will tend to Q, This case reveals the problem of determining the
minimum R dimensions. Anyway, such a problem should be resolved in gene-
ral prior to the large-scale SRS measurements, in order fo determine for each
class or theme of classes (although approximately) the optimal RE dimension
in agreement with beforehand selected criteria. In [3) there is a solufion through
which the optimal RE dimension is defined in the course of the experiment.
Certain general methods and instrumental requirements for site-testing in the
ground-based studies of SRS are given in [4,5].

Another problem related to RE of SRS is the case when mixture of two
or more thematic classes is available in RE (i ¢. such that will be of interest
to the interpreter) and a separation of this mixture is required. In gencral, the
separation of SRS mixture i3 a problem of two main aspects:

— separation of a mixture from SRS distributions obtained from a RE
set (pixel), within the limits of which RE there is no mixture of SRS of diife-
rent classes, and

- separation of SRS mixture, obtained within the limits of one RI.

The first problem is closely related to the selection of optimal RS dimen-
sion. Under proper sclection, if possible, i. e. if a plateau exists within the
limits of the studied region, the problem does not cxist al the interpretation
level. In the reversible case the SRS distribution from various RE is obtained
in polymode. Under defined conditions, for cxample, identification of the dis-
tribution fype, the component number determination is perforimed with the well
known methods [6]. ’

The second problem requires solution when {we or more interpetation
classes are mixed within the RE limits [7,10] and their percentage participa-
tion is sought (weight coefficient) in their collective SRS, Such case is rcpre-
sented, for cxample, with series of agricuitural crops divided by soil strips.
The problem is solvable in the statistical sense, if the class distribution num-
ber is known for the classes participating in the mixture and their parameters.
Then the confidence intervais can be defined for the weight coefficients when
sufficient channel number in the SRS measuring sysiem is available.

In coitclusion we may say that the claboration of general regressive func-
tion r{A o) is still very difficult both on methodological |and applicable com-
puting level. Therefore, in near future it is possible fo obtain only particular
regressive dependences of largely limiled « dimensionality. Nevertheless, we
consider that even so the information will be useful {or the SRS interpretation.

Probabilistic-set classifier

This classifier isbuilt by comparing the confidence regions of the primary features
and their generalizations with the confidence regions of the SRS or their trans-
formations. The adequacy of this comparison with the available apriori infor-
mation, as well as the updating with the experience acquired is controiled by
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the interpreter. This appfodch is suitable for the discrete
features mainly, The ma
classifier are:

a) training — with and without supervisor,

b} classification and new information accunulation, |

¢} updating,

d} dimensionality reduction of the features space in |a given thematic
class set,

Further, a largely simplified scheme of the SRS classifier is applied. This
is compiled within the attempt to balance the two basic coniradictory require-
ments : application simplicity and sufficient accuracy of the dlassificaton,

The following exposure containg in brief and in a time-generalized form
the fundamental information for the structural umits of the [suggested scheme
and also a brief comparative analysis of some available methoils and approaches
related to the discussed problem. |

land guasi-discrete
jor siages in the compilation and ogiﬁcration of such a
|

V. SRS C(lassifier

1. SRS Transformations |

The basic criterion of effectiveness for a given transformatiori is the risk func-
tion R (Appendix 1). In a fixed set of classes the transforq'lation which redu-
ces R to a higher degree should be adapted as more efficient. The evalua-
tion of R in most of the cases is difticult. Some indirect criteria are known
that are used as alternatives in first approximation of R linear and nonlinear
functions of the inira- and interset class distances {clusters respectively), en-

thropic criferia, etc, In the casc when the class distributions
mal we assume as the clearest and in many cases directly pr

tionship between the variation coefficient V' of # (by comp
=Gy frp i=1,..., m — channel number of SRS. Further
it will be preferred as a measure of effectiveness for the tra
ing R. The main fypes of transformations that are availabl
1.1, Orthogonal {expanded by orthogonal functions).
a) non-cigen systems of orthogonal functions: Fourier,
Vilenkin-Chrestenson, orthogonal polynomials, ctc. No direct

as to whether the use of these cxpansions coefficients as
transformed spacc results in ¥ reduction. It may be demon
lar that for the [Fourier transformations such a
(sec Appendix "2).

Another defect of these transformations is that when stee
available (for example, vegetation), a largc number of expat
is necessary which increascs the dimension of the transfor

these transformations assume that SRS are periodic [functior

mise with reality which results in description inaccuracy.

b) eigen systems -
version a method of the main components). The advantage
mations is that no SRS periodicity is required here, The . di

that the eigen systems of the j-th class is optimal with resp

Ol

reduction iy

transformations of Karhunen-Loeve

are close to nor-
bportionat the rela-

onents) and R:V,
1, when possible,
1sformation replac-
2 arg:

Walsh, Hadamard,
data are available

romponents in the
strated in particu-
not guaranteed

D SRS sectors are
sion components
ned space. Also
18, i, e. a compro-

(in the discrete
of these transfor-
sadvantage betng

ect to the econo-

mic class description only for this class, and not for the other classes from

the classifier set examined. That is why, the switch-off of s#xmc SRS channels

after the analysis of the given class in its eigen system may megatively affect
|
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R within a given situation of the class description in the set (for example, it
is possible to identify well some of the classes precisely in these channels).

L2. Autocorrelative  transformations (some formulae are given in Appen-
dix 3).

The advantages of these transformations are: dimension of the transform-
ed space not larger than thal of the primary space; the variation coefficient
of r in the transformed space is smaller than that of the primary space ;| sim-
ple calculation operations for {ransformation. As a disadvantage we may point
out the ambiguity of the transformations If and IV in the sense that equal
aufocorrelative functions may be derived from various functions, But this am-
biguity includes a class of symmetrical functions to the coordinate axes, and
such symmetries cannot be found in SRS of the natural formations over| the
Earth surface.

1.3. Enthropic transformations {Appendix 4).

As it is already known, they are realized in cigen  coordinate systems [9,
13|, and, thercfore, the summary of p. 1.1. refers to them also,

1.4. Divergency transformations (Appendix 4).

They lead to the optimal results in the sense of minimizing the defined
divergency only for a given couple of classes and, therefore, the disadvantage
of the eigen transformations from p. 1.1. In addition, they involve a very lar-
ge number of calculations, and information losses in the real case in unequal
covariant matrix of the classes [9].

t.5. Metric measures for similarity and distance optimization bewteen vec-
tors-realizations.

According to the type of the distance metrics, these transformations divi-
de into: (A) Euclidian; (B) Mahalanobissian, etc.; and by the optimization
criterion info: (a) minimizing intraset distances; (b} maximizing interset dis-
tances, and (c) mixed,

i. Complex (in the sense of a cerfain criterial function) distance optimization
19, 11, 12, 13| and ii. Serial realization of a) and b). Usually (A) methods are
based on linear transformations and relate directy to {a) and (b). (A, a) trans-
lormations lead also to enthropic transformations. The non-parametric Patrick-
Fisher transformations [13] use the exponential function as a criterion that increa-
ses with the expansion of the interset distance and the reverse, and relates to {(c).

The advantages of these transformations are mainly two: they have a com-
pleted analytical technique for determination of the transSformation matrix, and
provide possibility to improve the class separation in the sensc of the defined
criteria, but without a direct link with 7.

The disadvantages are grouped into: i criteria {a) do not guarantec sepa-
rately the obligatory decrease of R; il. criteria (c) make it possible to evaluate
in explicit form the increase of the class separability only when there are two
clagses, while in the gencral case of many classes (especially when the prima-
1y space is populated with a large deasity, it is difficult to evaluale before-
hand the effect of the global disiance change between the realizations. Des-
cription of other metric and nou-melric clusters-atgorithius is given in [9, 11].
The possibility for their application in SRS classification is probably smaller
than of the techniques discussed here.

This brief comparative analysis provides cerfain advantages of the auto-
cotrelative transformations, because it is possible io obtain with them uni-
versal (for the complete class set studied) improvement of the class separa-
bility, measured in the first approximation with the varidtion coefficient V land
estimated by now for the ptimary space only, and not for the other types of
transformations {These transformations also relate to simple computing operations)
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As a gencral disadvantage of all the mentioned transformations, we shall
note the absence of a clear analyticallink in the general cas¢ of unequal co-
variance matrices of classes between the risk function in the primary and trans-
formed space. Due to this the transformation effectiveness ¢an be evalualed
only approximately in an amalytic mode. After the transformation, direct cail
culations of R must be perlormed for cach beforehand given class set with a
theme compiled in the Clagsifier.
2. Transformations to avoid ill-condifioned covariaiion malyix
When the channiel number of the system for the SRS yicld is large, for ex-
ample 32, there is a possibility for the determinant of the covariation mairix
of certain classes either fo become smaller than the computer| zero (in the case
when the SRS are reduced to speciral illumination coefficients smaller than a
unit, and therefore, with dispersions of the 107! order), or fo exceed the up-
per computer limit (for example, when the quantization leve| number of r; is
of the order of 100-200). A possibility to avoid this ill conditioning due io scale
effect is provided, if the primary SRS data are this multiplied with a suitable and
equal for all SRS number or through the division of each SRS to ils mean
arithmetic: this means a reduction to a relative coordinate system and loss of
information for the mean class vector, except if it is not introduced as an ad-
ditional feature. The transformations discussed arc not cffeclive when the de-
terininant is ili-conditioned in structure,

8. Subtraction of submatrix

A possibility of reducing the input matrix from dimensions
sion {m' X n) is foreseen when it is possible to decrease dimens
mary space of the features.

{(mXn) to dimen-
onality of the pri-

4. Cluster analysis

criterion of simi-
asure of similarity.
etrics {for examp-
gorithms into two
values through the

It is applied for grouping the input daia by some formal
tarity. The quantitative expression ol this criterion is the me
Usually it is selected as ‘distance’ in space aprioriselected mi
le, Euclidian). The following procedures divide the cluster-al
groups: (a) subjecting the measure of similarity to threshold
realization of non-equalities, and (b) optimizing the selected [function of this
measure, in order to define a criterion (most often for this purpose the frans-
formations from 1.5.are applied). There are tens of well-known clusier-algorithms

{nearest necighbouring maximum distance, [SODATA, etc.} [9

putations of inter- and intraset distances is performed mair

irom {b). These operations make difficult the algorithmic ap
number of vector-observations that are subject to clustering
[12). Since in the real case of remole sensing data (and cven
the SRS their number will be larger than 109 it is recommenc
application of more simplified cluster-algerithms) mainly thos

5. Automatic controls

5.1, For claster population: if population is less than the cri

user) the cluster is not analysed and is entered into the m

12, 13]. The com-
ly for algorithms
plication when the
is larger than 103
test field data) for
able to fix on the

e from (a).

tical {given by the

emory.




9.2, For normal cluster distribution : in satisfying the requirements of a
given criterion of normality the vector-observations forming the cluster are
passed for the calculation of an average vecior and covariation matrix.

5.3, For ill-conditioned covariation matrix.

6. Normal distribution simulation

Basced on average vectors given by the user, a set of normally distributed
vectors is obiained, i e. classes of normaily distributed |vectors are modelled.
Such data file is necessary for the comparative study of the effectiveness of

various transformations or other programs when the real data available are in-
sufficient.

7. Compilation of classifier

7.1, All clusters satisfying the controls (incl. the operator control of clus-
tering accuracy — sce cxplication in 7.5) and all classes formed by the user
at the input of the main program are passed for computation of average vec-
tor and covariation matrix. Afterwards the information is storaged in the Clas-
sifier, The storage may have various variants in dependence on what type of
transformation has been applied for its compilation.

7.2, Storage classes limits: (a) with Bayes approach-—the limits depend on
the set of classes which at a given stage of classifier compilation arc compar-
ed in defermining the risk function. This approach ensures minimum risk func-
tion; (b} in beforehand limitation of classes.

L. Mulfidimensional confidential paralielepipeds with  axes parallel to the
coordinate axes and multidimensional confidence cllipsoides whose axes have
been obtained with sufficient statistic material for the classes {after a training
procedure}; in this approach the computing operations are largely facilitated,
but the value obtained of the risk function is not mininium, Anyway, solution
may be looked for at apriori given admissible upper limit of .

ii. With linear and non-linear decision functions: in| this case — the re-
gion of a given class is localized with limitations of some of the multidimen-
sional planes and non-linear surfaces. This approach is related to the following
significant disadvaniages:

— even when the discriminators are lincar at a class number larger than
20-30, the oblique multidimensional linear surfaces are complex and result in
an inadmissibly large number of computations; in the case of SRS «classifica-
tion, the class and subclass mumber subject to identification should hardly be
smaller than several {ens;

—- probabilistic evaluation is difficult for the classification quatity, more-
over that the larger part of these algorithms do not permit probabilistic eva-
luation and become cycling when the elasses intercross (an exception is the
algorithm of Ho-Kashyap [9]); iil. In the statistic algorithms for obtaining a
decision functions: stochastic approximation, perception approach, potential func-
tions, ete. In this case the convergence of the algorithms to the Bayes classi-
fier is very slow |9). This disadvantage will be manifested particuiarly strongly
in the SRS classification when the dimension of the feaiure space and the
class number arc of the order of several tens and this is the real situation.

Due to the disadvantages demonstrated, the further procedure will consi-
der the limits defined in (&, b. i)

7.3. Risk function computations. Case 7.2.2 is computed when apriori in-
forination is available on the class distribution, their apriori probabilities and
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the loss matrix, Advantages : minimum Riayes is guaranteed. Disadvantages: usually
the apriori information is not available, assumptions m simplified version are
needed to be adapted and to be updated in the process of Classifier compila-
tion. Anvhow, when the form of distribution can be assumed with sufficent
certainty (in this case the experience acquired in SRS is encouraging [14, 15,
16]) and there is a possibility {o increase the representative sample to the vo-
lume required, the Bayes approach is recommended [17).

Case 7.2b has the following advantages as compared with 7.2.a: R con-
stapt limits simplified computation; and disadvantages: R value obtained is
not minimunt at the expense of the cutoff ‘tails’ of the distributions in the
formulation of the class constant limits, The upper Hmit of Rigpe(, ot may be
caiculated with the ‘tails’

7.4. Classification of newly added vecior-observations. The referring of
the newly added observations to a certain class in the Classiflier storage (to
fnone in particular} is defined with the verification of the non-equality system:
in the case 7.2 as obtained with the principle of maximum likelyhood, and in
the case 7.2.b, 1 — from the class limits.

7.5. Classifict learning. In the scheme suggested the learning phase is rea-
lized as follows:

Unsupervized learning: through the cluster programs in agreement with
the introduced formal criterion in them for similarity between observations.

Supervised learning: (a) at the output of the cluster program where in
interactive mode the operator controls the clustering quality and corrects the
erroneously grouped observations, based on the available apriori information ;
(b) At the input of the wajor program: through apsiori classified observation
files, for example, from test field measurements; ¢) updating of the Classi-
fier storage. The verification of the normal conditions guaranteed the necessa-
ry closeness of class distributions to the normal in the classifier [17] and, the-
refore, guarantees the Bayes mode of learning of the average vector at sam-
ple volume tending {o infinity.

The supervised learning is performed with apriofi information, and com-
parison between the confidence SRS regions (and their transformations) with
those of the generalized features.

8. Reduction of the feature space dimension

In many cases the identification of a given set of classes can be performed
with a beforehand given identification quality (for example, through the permis-
sible maximum R value), with a portion of the information obtained in the
experiment {for example, with the SRS values of some channels only). The reso-
lutjon of this problem results in both direct economy of |computations and in
optimization of the technical problem with regard fo the measurement systems
and their exploitation capacity. The resuit from the resolution of siich a prob-
lem may serve as a criterion for the effectiveness of ceftain SRS transforma-
tions. Some Basic methods for the reduction of dimensionality of feature space
are given in [9]. ’\

The precise resolution requires a study of the complete combinatorics of
subsurfaces formed with the subset of features (primary and generalized) and
a defipition of those combinations that satisfy the selecfed criterion of the
classification quality. In the general case of unequal covariation matri-
ces and non-linear decision functions this problem is difficult to be realized in
regard to the computation efforts involved. But if we assume that the cova-
riation matrices, though unequal, are diagonal {of diagonals equal o
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those of the real matrices) and the classes are limited with multidimensional
parallelepipeds, including the confidence ellipsoids whose axes are parallel to
the coordinates due to the diagonality of their covariation matrices, fhen the
problem reduces to a problem of technical diagnostics. A possible solution is
suggested in [18], where the V value is the criterion for the classification
quality. In the scheme thus suggested the problem is resolved with the coni-
binatorics program. The restrictions introduced in the resolution of the prob-
lemt in this case resuft in the following : if the program provides an answer
that given subset of features is sufficient for the classification of the studied
set of classes, then this conclusion is preserved in the general case also for
the nondiagonal covariation matrices, but the risk function in the general case
will be smaller. The reverse answer that the given feature subset is not suffi-
clent for the set class recognition at a fixed value, is not a guaraniee that at
nondiagonal matrices the same result will be preserved.

9. Coupling of classified realizations with geographic coordinates
and contouring of the spectral homogeneous regions

In order to resolve this problem, it is necessary to provide accompanying
code for cach vector-observation through which the geographic coordinates of
RE can be compared. With 1he help of plotter-programs in a iwo-dimensional
coordinate  system, the coordinates of all the observations of a given class
are plotted. When simulfaneous visualizations are needed (graphs) of more
than one class, several well distinguished symbols are used., The computation
of the geometric characteristics of the contoured régions can be provided with
upplementary programs: perimeter, surface, formfactor, efc,

10. Classifier storage updating

All classified and unclassificd realizations entered in the Classifier are memoriz-
ed according to the type of the classification programs (Bayes, mulfidimensi-
onal ellipsoid, etc.), and the type of the apriori SRS transformations.

After accumulating a given quantily of such data the updating is perform-
ed {on uscr’s request) in two directions:

A. With the already classified obscrvations the average vector and the
covariation matrix of each availahle class in the storage is updated. It is advis-
able for the purpose to use numerical models for brief computations [9]. This
approach assumes the implementation of nonmarked training sequences of SRS
in the classification of new observations, i, e, for which # is not apriori
known to which class they befong. Therefore, if in the classification mode at
the input of the program the maked training sequence is fed, the information
from the unclassified obscrvations cannot be used for direct updating of reso-
lution surface parameters. This may be performed, if the technigues of stochas-
tic approximation are applied for the iterative determination of . these para-
mefers,

B. With the unclassificd realizations to any classes in | the storage and
also with those that have not satisfied the automatic controls. For the purpose,
an input file is composed from them and the complete training cycle is per-
formed with it. Here it is possible to produce new classes.

In the process of compiling a thematic classifier of finite number M.y of
forming classes it is possible to obtain as an intermediate result Ry.yed
L Reonst, limpts When the nonequality M<C A1, exists, Thisis dile to the foliowing
Bayes SRS classifier operates with theoretical normal distributions that are de-
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fined In the interval (— oo, o) for each of the features. After the first learn-
ing stage (no updating was made) the class number is M< max (101 the real
case at the recent stage of knowledge on SRS not always the apriori precise
classifier content may be available even for relatively limited themes). On the
other hand, in the next stage, classification, again for the real case of space
and airborne data processing obseivations that may belong to M+ j-th classes,
J=M+1, ..., M, may be entered. If M<M,,., the distance between the
centers of M-th classes is relatively large with regard to the available filling
of the thematic feature space. Due to this and also to continuity of the nor-
mal distributions in the intervals (—oo, o), the Bayes decision functions limit-
ing the available classes pass away from the class centers. | Thus probability
increases for observations belonging to the M+ jth class to be classified as
belonging to some of the M-th classes if M+ j-th class is close {0 some of the M-th
classes. Such an crror of Il gender can be reduced, if the performed M clas-
ses are limited with, for example, confidence ellipsoids or | parallelepipeds of
smajler size and not with Bayes functions, but anyhow such that the sum of
the cutolf tails of the normal distributions would be admissllible, i. e, the error
of I gender would not exceed the apriori limit. Then the possibility for reali-
zation from the M+ j-th class to enter some of the M.th classes is consider-
ably rediced, except for if in general the M+ j-th class does not intercross
largely with some of the M-th classes. After repeated updating the classifier will
be refilled with new classes and when M — M, . then Rpiyes~Reons: Will be
ensured. Therefore, when the updating is performed: a) under condition M
<Mgax; ) with data of no apriori information as to whether they belong to
the M-th formed class only, it is recommendable to complete the classifier,
using confidence ellipsoids or parallelepipeds and only under M —Mumax {(the
criterion for this may be the absence of new class formation after repeated
updating within the theme) to apply the Bayes decision functions.

For the given confidence decision funcfions it is possible at fixed value
M (by number and class content) to minimize the risk funclion [19]. Of cour-
se, the minimum R, thus obtained wiil be larger than Rims, if realizations
belonging to the M-th class are entered only. :

VL Program package for classification of spectral |
reflectance signatures

When determining the structure and the content of a prograin package design-
ed for the classification of spectral reflectance signatures (SRS), multiple con-
siderations from both general and particular nature must be| taken into acco-
unt in view of the package effectiveness: scientific, economt;c and applicable.
Some of these considerations were discussed in the previous chapters, Consi-
derations, related fo the experimental specifics of SRS obtaihiing and affecting
the volume of the computation efforts under application of | program package
for SRS classification, may be generalized as follows:

L. In the real caseof sateliite and nonsatellite information use for classifi-
cation or for learning files, thousand or iens of thousand SRS are applied
{vector-realizations in multidimensional signature space) as obtained from indi-
vidual elements of solution. '

2. Class and subclass number that is interpreted within| the limits of the
thematical classifiers, for example, for agricultural purposes, is of the order of
several tens, | ]
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3. The dimension of the primary feature space {the channel number of the
multispectral devices) in which SRS are obtained is also several tens for the
contemporary technical provisions.

4, The SRS distribution is in most of the cases sufficiently close to the
normal, due to which there are grounds to apply the respective statistical me-
thods elaborated for normal disiributions.

The major operational modes for the SRS Classifier usually are: training,
classification and updating. According to the selected algorithms for determina-
tion of the class characteristics, these three modes may be realized both parallel or
in sequence, for example, the techniques of the stochastic approximation requi-
re parailel performance of training and updating lo achieve more complete in-
formation use for the incrorrectly classified marked realizations in the training
sample, but this involves larger computation efforts, that| must be taken into
accounl due to the considerations in 1, 2 and 3.

It follows from the considerations 1, 2 and 3 ihat the necessity of decre-
ase in the dimension of the featurc space, where the SRS classification or one
of their transformations is performed, should be also considered. This can be
realized through appropriate SRS transformations and determination of the mi-
nimal feature combination (under beforehand given class' set) and thus to at-
tain the given threshold value of the risk function or of another criterion on
the classification quality [9). In the general case when the covariation mairices
of the classes are not equal, the relationship befween the risk function B and
the various criteria for classification quality is cstablished rather nonreliably
after reduction of the feature space.

Consideration 1 should be taken into account when selecting the cluster-
algorithms with preference to those where the training matrix is used in se-
ries, column by column, with no necessity fo be kept entirely in the opers-
tional memory, as is the case with the cluster-algorithms that optimize the
criterion functions from intra- or intergroup distances, etc. In cases similar to
the latter, the acceptable dimension of the fraining matrix is ne more than
1000-2000 vector-realizations.

Consideration 4 makes possible the use of probabilistic methods for clas-
sification that are morc precise than the cluster-algorithms or the determined
discriminant functions {hiperplanar, etc.} and provide possibility to compute or
evaluate the funciion of the average risk.

Accelerated computing procedures are applied to obtain separate mathe-
matical functions as the probabilistic integral in the mullidimensionat feature
space, the average vector and the covariational maivix of each class and the
algorithms for their updating, etc. in [27] an accelerated procedurc is suggest-
ed for classification by Bayes through replacement of some of Bayes deci-
sion functions in the course of the procedure with simpler criterion nonequa-
lities, and also through appropriate transformations of the covariation matriz.

Significant alleviation of the computation efforts may be obtained through
the application of the confidence hiperparallelepipeds as|a prefilter to Bayes
procedure of classification. In: this case, the verification of the belonging of
vector X to a given classisinitiated with a system of nonequations

(1} a“js&gbifr f—l,..-, i, j:I,...‘ n,

where m is the dimension of x, # is the number of classes in the Classifier,
and a; and &, are the limits of the hiperparallelepiped of the j-th class. These
limits may be determined differently, for example, so that the respective con-
fidence ellipsoid should be inscribed in it (determined |at a given confidence
level) or so that the shaping edges of the parallelepiped would equal the res-
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pective main axes of the ellipsoid (then the latter will be incorporated into
the hiperparallelepiped) and so on. In agreement with consideration 4, the di-
mensions of the ellipsoid can be determined on the basis|of the normal dis-
tribution. If under a fixed j at least one of the non-equations (1) is not ful-
filled, then the vector x does not belong to the j-th class (under selected
confidence level). In the reversc case the answer that X belongs to the j-th
class is not absolutely positive, because it is pessible that the Jj-th hiperparal-
lelepiped would have section €,,--0 with another A-th hiperparallelepiped.
Under a built thematical classifier the indices % of the classes for which
£,,74:0 should be kept in its memory for a given j and also when it is estab-
lished that the system (1) under fixed j is satisfied by x, Bayes classification
should be performed for those values of % only for which Q0. Similarly,
the classification with the help of hiperellipsoid may be performed. System (1)
requires simple compuiation operations without necessity |to compute the Ma-
halanobissian distance in a prestage and, therefore, we may expect significant
fast action of the procedure described. It is possible when we have significant
amount of closely located classes in the Classifier to perform a combination
of the upper procedure with the one sugested in [27] at the second stage
(when it is established that x satisfies (1} and Q,,+0 for|several values of k)
that will result in a greater acceleration of the classifying procedure, especially
in the case when the covarfational matrices of the classes|have eigen numbers
that differ in-between.

An example of the structure of a program package fpr SRS classification,

taking into account the above-mentioned considerations,
The denomination of the subprograms and their destinatio
!} —input matrix of data; 2 — multiplication of the
constant number; 3 - - cluster-algorithms; 4 — SRS transfo
plicatiéh of vector-column by normal law; 6 — verification
cluster-formed distributions; 7 — determination of a mean
tion matrix of the normaily distributed sets of SRS vecta
formations; (7, — through initial training file, 7, — through

is shown in Fig. 3.

n are as follows:

input matrix with
rmations ; 5 — multi-
of normality of the
vector and covaria-
rs or of their trans-
the method of sto-

chastic approximation, 7; — through updating with accumulated data for cor-
rectly classified vector-realizations); & — control of ill-determined covariation
matrix; 9 — computation of the risk function by Bayes; 70 +— computation of the
risk function under decision surfaces, composed with hiperparaliciepipeds and

hiperellipsoids ; 77/ — classification by Bayes; /2 — class
parallelepipeds and hiperellipsoids decision surfaces; 73 -
mension decrease of the feature space; /4 — subprogram
spatial coordinate system (plotter) of the vector-realization
class {spectrally homogenious regions).

File B contains the mean vectors p and the covariatio
formed classes as follows: B, — without pretransformation
B2 -— after transformation of the input matrix with some o
in subprogram 4; B; — after {fulfilment of subprograms
ment of subprograms £ and 5: B; -~ through training mats
ses are formed by blocks.

ile o contains the vector-realizations for updating.

In o, the information frem following groups is stored

a) clusters, where the quantity of realizations is sn
number pregiven by the user, the value of which is deter
ofgthe criterion of normality in subprogram 6;

b) clusters that have not satisfied the requirements fo

ification with hiper-

+ subprogram for di-
for yielding in XV

s, classified to one

n matrices K of the
on the input matrix;
i the transformations
53 Py — after fulfil-
ix in which the clas-

1aller than a critical
mined from the type

r normality in 6;
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¢) clusters or sets of vector-realizations, determined as classes of sub-

program 5, or through the training matrix, determined for file B. These clusters
or sets have ill-determined covariation matriz.

Input
()

Kss
- = - 8
; O A O
9 !052 Vg [ AL Al Al As
e === 2 | Y B
Ko 5o —
| Kef R | P
Sk | [75 ]
14 ] K, K
[a] [0 1] [12] [13]
— - =1 &
f Butput

Fig. 3. An example of struclure of prograir package for a spectral reflective
signatures (8RS} classifier

Information on the vector-realizations that is not classified to any of the
classes in file B is siored in o,

File ¢y confains vector-realizations classified to some of the classes in file
P {information of the field number of file § together with informaticn by which
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subprogram the classification was performed: 11, respectiv
this information is used in the updating).
L K]_l)

Through the various states of variables K, ..

operation is determined on the user’s request,
Prineipal modes of operation of the package are:

Training.

a} With teacher: this is realized with marked training

the final result is the formation of the classes in By, By, Bs
of the risk function for the set of classes obtained;

ely 12, is stored and

the mode of package

r input matrices and
and the computation

b) Without teacher: this is realized through unmarked input matrices (the

real case suggests operational conditions of incomplete
that pass through subprogram 3 (possibly in combinatio
the variable K; the operator may verify the correcines
based on the apriori information available, and then to ex
infroduced vector-realization in a given cluster from tf
o starl again the selected sequence of subprograms with
formed; the final result is the formation of the classes in
¢) For research purposes files By and B; are used in
are formed through subprograms 5, respectively & and 4
the possibilities of the various types of iransformations
to the size of the risk function and to the decrease in f
feature space (for the purpose subprogram 75 is used).
Classification,

This mode of operation performs the classification of {

realizations through subprograms 7/, respectively /2. If
performed in field B,, the vector-realizations are beforeha

apriori information)
n with 4); through
s of the clustering,
clude the incorrectly
e input matrix and
the new matrix thus
By and PBy;

which model classes
in order to verify
, both with respect
1e diniension of the

he unmarked vector-
the classification is
hd transformed with

the transformation from 4 through which the classes in By have been obtained.

Finally decisions for the belonging of the vector-realizations

are obtained in print,

and the vectors are sent to o, respectivelyto w, for updating of the classes
characteristics (using the stochastic approximation, the updating can be per-

formed in the real time mode).
Updating.

The updating of the classes characteristics (mean vec

matrix) from file P is performed in two modes:
a) through formation of an input matrix from data
of the two files afier which operation is performed as in

b} from file o3 in 7y, respectively 7., the vector-realiza

considering the field of file B that is updafed. File o3 con

responding to those of P and additional subfields in respec
Th

ram J/I or /2 was used to perform the classification.
dotted-line in Fig. 3.

‘The first version of the above.described program pa
the Central Laboratory for Space Research at the Bulgar
ences on FORTRAN 1V and, ASSEMBLER languages an
of OC/EC.

Chapters 1 to IV are composed based on works [25] ¢

V is based on work [26].

Conclusion

The approaches examined (major tasks) are of downward s

ity, resulting from available possibilities: physical models
probabilistic-set classifier. Undoubtedly, the physical mod

i

tor and covariation

in o, oy or mixture
the ‘training’ mode;
tions are introduced
tains the fields, cor-
t to which subprog-
ese are shown with

"kage is realized in
n Academy of Sci-
under the control

nd [28] and chapter

equence of complex-
regression models,
2ls are the most de-
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sirable result for the experimenter and the interpreter, but they are resolvable
in long-term perspective. The general regressive modeis are irresolvable in
practice by now, although partial solution is acceptable in principle with the
limitations as given above. The closest relative perspective for direct practical
applications on a larger agricultural scale is that of the third approach, al-
though the absence of sufficient apriori information and the disturbing atmosphe-
ric effect and other noise sources reduce its effectiveness.

Appendix 1

Risk function [9, 12]

Each SRS is rcpresented as m-dimensional vector r:fr}), i=1,..,, m-SRS
channel number. The compatible by a given criterion of similarity vectors ry,
- form the f-th class of population: N, k=1,..., M, j=1,..., N,

Consider the set of M classes, £=1,..., M each with multidimensional
normal distribution f(r/u,) in the space of r,, i. €. each class is characterized
with an average vector p, and a covariation matrix X,

With ¢, we denote the losses due to the case when the classifier makes
decisions for availability of subject from the /-th class, while in reality there
is a subject from the &-th class. The elements ¢, form the matrix C of the
losses, {=1,..., M.

We introduce decision surfaces S,; for the classes & and /. The possibility
to have error in unifold classification (of one vector r) is:

P fva f(rin)dr,

where Vy, is the volume, in which (through S,,) the 4-th class is defined. The
average value of c,, losses from all combination (%, {)and for multifold repeat-

ed classification {for many vectors r) is called risk function R and is obtain-
ed from

ey

27 PrCu f(/0) dr,

d=1

M
R=2
Ah=1

<~

el

where p, isapriori probability of the A-th class.

Usually it is assumed that ¢,,==0 and ¢, =idem=¢, i. e. no loss of correct
classification occurs and in incorrect classification all the |classes are assumed
to be of equal weight with regard to the losses. Under this simplifying condi-

tion ensuing from the principle of maximum similarity it follows that the equa-
tions for §,, are:

I | B!
D Suin T T = W K @ )~ )R — )] =0.

Equation (1) ensures the minimum R value.
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Appendix 2

Variation coefficient of the Fourier series coefficients und
linear approximation of discrete SRS

The real SRS are obtained in discrete shape: r{},), i=1,..
channel number, for example, m =32, the linear approxim
correct. In this case the coefficients a, of the basic or

sin k—%—,{t—?“- are expressed with {21
1 ‘- B k2 2
M T 4
(1) G=— 1 k—;(cos 5 kf—cos—Tl,.__l)
=
kr.
2sin <~ AR M : :
T oY . [E2m ;
= '"'m&s&;\,—% (Fy—#i_y)sin [T (e +h_)/2] .
ie=
We assume that r, are normally distributed random

persion o2=¢%? where g<1, for example, 0,03, Such an :
proportion between ¢ and the average vector g we introdu
[18, 20] of the comparative analysis. We assume also that
function of peried 7. In reality this is not true, and in
Fourier series of r(&), we have to assume that r(}) pef

er

, m. Under a large
ation is acceptably
hogonal functions

values of dis-

1ssumption of rigid
"¢ for convenience

r(A) is a periodic
rder to apply the
forms a jump, for

example, in A,, and attains the value of . This assumption in principle does

not introduce difficuities in the classification, but requires 1
additional terms in the transformation {o describe the nonlin
The petiodicity of the function thus defined makes the ¢
pendent between themselves, for example, [9]. Then the mea

of @, from (1) equals to

he introduction of
earity of the jump.
efficients a, inde-

n square deviation

o [A2m
Y sin? [%E 4%*

. Rm
2 sin - A

TREAN

2
—1

@

Te=¢

\/é {(u?+ i

The coefficient of variation of a, is respectively equal to

kT
{{n?Jruf_ﬁ sin® = (7\':'"!-?\-;——1}]!

(3)

-

{u;—u;—q) sin —kTE (g th—1)

pur

i
For comparison we may use the variation coefficient of #,
(4

The comparison between {3) and (4) shows that it is possi
k values, i. e. for main harmonics, to obtain V,>1, because
the denominator of (3} is a sum of terms of different signs

Vi=0,/l;=¢.

the discrete series of 32 values (linearly approximated) fof

46, 43, 42, 41, 41, 40, 40, 41, 41, 42, 38, 36, 28, 29, 48,
50, 38, 33, 35, 30, 27, 45, 53 under k=5 we obtain: V, =

_—,1.} ;

ble even for small

the expression in
. For example, for
r{i}: 53, 51, 48,
53, 563, 98, 85, 685,
"5m8,8 q.
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When the discrete Fourier transformation is applied to obtain V, the well-
known relationship between the Fourier series coelficients and its discrete
version has to be applied [21}.

Appendix 3

I Autocorrelative function (for example [22])

K= 2 r QD=1 r Qu+1)—r (M),

=1

where

FO)=2r0)m j=0,1,2 ..., m—1, yy=(h—Ay) j= A j.
i=1

IL. Power autocorrelative function {8, 18, 23]

€ (1)) = Z | ) —r (1)

n is given by the user, for example, =0,5; 1; 2;... (under n=2, the Kolmo-
gorov function is obtained [22])

J=1,...,m2 for m even,
J=1...,(m+1}2 for m odd,
7 as for K (t)
HL Integral (mean arithmetic) transformation [24]
1’(%):—:‘-2,T r(d I=1,...,m.
f=1
IV. Combined transformation [24]

L()=C;. [[r(\)}= %’ [ 1 ()— I+ ],

J=1...,mj2 for m even,
J=1L...,{m+1y2 for m odd.

Transformations I, Il and 1V are invariant with respect to an additive con-
stant, i, e. they are filter of systematic, additive and apriori unknown errors.

All the {ransformations shown are irreversible. The ratios between the
coefficients of variation of I, II and untransformed SRS are obtained in [18; 20]
under the following limiting conditions: a) 5,=¢.r, g=1; b) random va’)ues
r; and 7, are interindependent; ¢) the differences between the uniform compontnts
of the mean vectors r, and r, of two classes are small and are measdred
with 8<=1. Under these conditions, from {18, 20] it follows that the wvariafion
coefficient V, of C" (1)) is minimum at n=1 {z-integer) and it follows from
[23] that V=" is smaller than V, and with m>8 also from V,.V, is the
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variation. coefficient of untransformed SRS. The last estimate: m>8 is appro-
ximative. _ '

The upper ratios are deduced under conditions that differ from reality
(for example, the covariation matrices are not diagonal). They may serve as
otientation in the effectiveness evaluation of the transformations exposed.

- In [24] thc evaluation of transformations III and IV is| performed which
exhibits their effectiveness with reference to the reduction of the risk function
R value. The evaluation is performed under limiting conditiouslsimilar to the abe-
ve-mentionad.

Appendix 4 ' '

Enthropic and divergence transformations

L Enthropic transformation [9, 12]. '
The matrix A of the linear transformation x=Ar is determined so as to
minimize the enthropy
Hy=— { pcjop)inp wjapar, j=1,..., M
) '
where the integration is in the r space of SRS, oy is denomination of the j-th
class, and p(r/w;) is densily of probability distribution for the jth class. Ma-
Ximum uniformity (structuring) of set { p(r/o;)} corresponds to Hap,. This corres-
ponds to minimization of the dispersion in various distributions and may be
expected to improve the identification of the classes.
Under equal covariation matrices K of the M-th classes,| A is obtained as
2 matrix of eigen vectors,
I Divergence transformation (9, 12].
The mattix A is determined for the linear transformation %=Ar, so as to
maximize the divergence (difference in information) betweenthe j-th and &-th
classes

; 2i(r)
b= [ s O—pie)in Sz dr.

Under equal covariation matrices K;=K, the maximum divergence thus
obfained equals the risk function for j and % classess under|the condition that
Cjp=Cy; (s€8 Appendix 2). Therefore, it is assumed that /,, hlere may act as a
measure of distinguishing between classes j and k. |

In the real case K;==K, and p==p, Therefore, the definition of A relates
to large computing difficulties. Moreover, there is no general method to maxi-
mize [ for a set of M classes so that secure reduction of R may be obtained.
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MaTeMaTHKO-CTATHCTUYECKHE METOMBbI KNacCupukai iy
CHEKTPAJbHBIMH OTDaXKATE/IbHBIMH XaPAKTe PHCTHKAMH

T. Hues, . Mutues

{Peawume)

[Iposened  cpaBHHTENbHHI aganus CYWeCTBYIOMHAX METON0B KaacCH(UKaLHK
CHCKTPAMLHAIMY OTpaaTeNbHEMY XapaxrepucTaxamy (COX) npupoxmbix o6pa-
3opaHufl. [Ipefnoxedst MerToluKa ¥ GROKOBas CTPYKTYpa TAKETA NPOTPAMM IS
wnaccuduxaunn COX u axTyanmsauun napameTpoB kjaccn(ukaTopa.
Metopuxa ocnoBasa Ha Moaxone Beiieca B pexxume ¢ yunTeseM u Ha Kaa-
CTEPHOM aKAMH3e B pexkuMe Oes yumrens. Buinosmsiorcs npeasaputesbHble mpe-
oGpasosarns COX C neabio ymesbuteHus (GyHKUMM pHeka. OnpeiesseTcs MHHH-
MaJbHOE UHCAO RAHANOB npubopa noayueHus COX, H,OCTH‘I‘Ol?Hb]x B JIaHHOM TeMa-
THYECKOM KJAACCHOMKATOPE MR AOCTUKEHHA SafaHuofl (yHiunn prcka.
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