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“Space Research in Bulgaria” —
lts Goals, Scope and Content

Intelligent and studious, the Bulgarian people have for thousand of years
been interested in the sky, the stars and in the phenomena related to them.
The millenary-long history of the Protobulgarian perfect Calendar and its
profound and broad astronomical foundations are only part of the vast
astronomical heritage of ancient Bulgaria, The Bulgarian nation has develop-
ed this herilage for almost 1300 years now and after 1957 it established
the Bulgarian participation in various modern fields of space research, The
scientific resulis obtained in Bulgaria in the field of ionospheric physics,
for instance, are well known and appreciated by contemporary science, and the
investigations in such fields as cosmic rays, the magnetosphere, the hard
component of the interplanetary medium, and the Sumn, are advancing welil
in our country. The active participation by Balgaria in the Intercosmos
Programme has resulted in the launching of our equipment in space (Infer-
cosmos-8, 12, 14 satellites, Vertical-3, 4, 6 rockets, several meteorological
rockeis) and has enabled the Bulgarian specialisis to use abundant data
from these and other space experimenis,

The development of the space research in Bulgaria resulted in the set-
ting up of the Group on Space Physics in 1969, which grew into the
Central Laboratory for Space Research in 1973. The scientists of this Aca-
demic Institution have frequently contributed to leading space journals. The
expansion of their activities necessifated the issue of an independent Bul-
garian space journal which is already in the hands of its honourable readers,
This is the first volume of the subject series Space Research in Bulgaria.
The purpose is to offer selected scientific papers by Bulgarian authors in
the following main fields:

1. Space Physics (physics of the top-side atmosphere, magnetosphere,
heliophysics, cosmic rays, physical problems of the interplanetary substauce,
outer-atmospheric astronomy, planetary morphology, geology and geophysics
etc, —data obtained by in situ measurements.

2. Techniques and means of the space equipment and problems of the
space instrument design.

3. Remote sensing — aero- and space techniques for Earth survey and
results from their application in theoretical and practical branches.



4. General and fundamental problems of the space investigation.

The Editorial Board will be pleased to accept original papers from fo-
refgn authors, priority being given fo studies within the frameworks of the
Intercosmos Programme and to authors from countries having bilateral agree-
ments with Bulgaria.

We hope that this issue would, partially at least, reflect the modest
though meaningful contribution by Bulgarian science and technology in the
spatial advance of our civilization,

Professor Kiril B. Serafimov
{Editor-in-Chief)
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lon Density Measurement
within the Equatorial Region

K. B. Serafimouv, 1. S. Kuliev, J. F. Arsov, Ts. P. Dachev,
G. A. Stanev, G. L. Gdalevich, V. V. Afonin,
V. Gubskiy, V. Qzerov, J. Schmilauer

|. Introduction

The study of electron and ion densily distribution around the magnetic
equator is of considerable importance in clarifying the melhods of magnetic,
solas-ionizing and dynamic control of the important ionospheric processes.
The well-known equatorial anomaly in the latifudinal distribution of the
charged pariicles has been the object of studies for 30 years now {1, 2,3, 4,5,
6, 7, 8, 10]. The investigations continue, and further regularities and specifi-
cities of this phenomenon are being discovered. For instance, the equatorial
anomaly existing at altitudes of 900-—1200 km during ihe night and the se-
patation of cresis of proton and oxygen ion conceniration has been proved
in {8 9], while in [11, 12, 13] the authors have studied the irregularities in
ihe equatorial zone by probe methods. Considerable progress is to be ob-
served recently in the field of theoretical investigations [7,10] and in the
related phenomenon of irregular fonizing structure [13]. However, we still do
not possess sufficiently reliable experimenta] data about the conditions of
formation and disappearance of the anomaly, particularly over the region of
maximal eleciron concentrations in the Fregion. We do not have sufficient
information about the altitudinal manifestation of this anomaly either. The
lack of daia on the planetary distribution of electron and ion temperatures
and on their temporal changes constitutes a major difficuity for all contem-
porary ionospheric models. That is why, the electron and the ion concentration
measurements and the electron temperature measurements performed by the
Intercosmos-8 sateilite whose orbit crossed the equatorial regions at various
moments of the day is of considerable interest.
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II. Results from lon Density Measurements

fon traps described in {15, 18], Langmuir probe [16, 18], radicirequency elec-
iron temperature probe [17], and improved electronic equipment [18] have
been used on board the Intercosmos-8 satellite. This satellite performed
measurements of the equatorial latitudes al geographical longitudes from
150° W to 60° E, as the transits over the magnetic equator took place at
afternoon and night hours. The measurement conditions are presented in de-
tail in Table I.

The resuiting measurements are conventionally separated into two groups,
mainly from the point of view of the local time for the equatorial cross.
The first group is related to the afternoon period of up to 18%30™ LT and
the second one is related fo the night period (after 18830 LT).

The ion concentration for the transits crossing the equator between
17800m LT at altitudes of 308 km to 360 km under quiet magnetic condi-
tions {K,-3) are presented on Fig.1. The distributions demonstrated are
typical of the day period and coincide with the data already known about
the equatorial anomaly [6, 8, 9, 29, The two characteristic minima —
15°+20° north and south of the equator and a clearly expressed minimum
in the region of the geomagnetic equator can be seen on the Figure. A de-
finite longiiudinal effect can also be observed. In order to characterize this
effect we divided the longitudinal interval into two subintervals: A (160° W)
70°W) and B (70°W, 0°W). In the first subinterval the maxima are located
symmetrically to the geomagnetic equator at +15° In subregion B there
exists a definite deviation from the known development of the equatorial
anomaly, since the trend for the south maximum is fo shift towards the
equator from —15° to —B5°, while the north maximum becomes considesrably
lower, The value of ion density in this maximum is approximately equal to
ihe concentration of the minimum in subregion A. In general, the circum-
equatorial distribution in subregion B approximates the one-maximal distri-
bution similar to that in {27].

Fig. 2 shows characteristic data for the night group which includes
the fransits with local time of equatorial cross between 18130m and 21"30m.
The altitude of the equatorial cross in accordance with Table 1 is between
455 and 360 km as the satellite descends from the south iothe norih.

At these temporal and altitudinal conditions the general trend for the
equatorial minimum is to disappear within a concentralion decrease in the

Table 1
Measurement Conditions
Local time {h} Altitude (k) l Zenith angle (degrees_)__
Eg(’lg‘]{‘iﬁ?‘fé T Transil number Transt nnmber Transit number
i 2 |96 | 202|206 |ssa| 2 | o6 | 202|206 asa| 2 | 96| 2020063

—38 19h 13m |1800(1810(|1510|1455| 654 | 608 | 572 | 502 [ 447 | 79| 73| 57| 48| 43
o 21h 34m 12007|1828(1703|1628| 455 [ 408 | 360 | 308 | 267 | 132 | 114| 92| 73| 68
S0 220 57m 2125|1947 (1822/1750" 263 | 245 | 220 | 209 | 206 | 157 | 143 | 125|108 | 106




crests (for the north one almost of one order, and for the souih one —
2 to 3 times), while the concentration in the minimum almost keeps its value.

The main morphological peculiarities of subregion A are the following:
i the western part (A>110° W) the main maximum is located in the south
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Fig. 1

hemisphese, and in the eastern part {(A<C110°--120° W) the main maximum
is located close to the equator. The north maximum almost disapears du-
ring this period. Because of the altitudinal decrease of the orbits, the north
maximum recorded in subregion B probably is due to the satellife cross
through the F maximom. The main maximuam in subregion B shiits from the
equator o the north to ¢=15°+20"N. This main maximum comprises the
whole latitudinal region from the equator {o the designated boundary =15+
20° N, A well expressed irregular large-scale siructure is o be observed
in this subregion (and especially in its western part —A<C30° W). These
irregularities are identified particularly in the region of the Brazilian mag-
netic anomaly. A similar behaviour has been described in [28], where a re-
gion between 60°W and 60°E with decreased concentration and large-scale
irregularities has been sharply cutlined.

At to transits between 21—H5°E+60°E, a well expressed bimaximal
distribution ot the ion concentration has been obtained. This fact shows that
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the effecis described in subregion B are of a local character and are in-
fluenced by magnetic field specificities, o

¢ = The equatorial anomaly sections along the sateliite orbit at day and
night conditions represented here show clearly the influence of the maghetic
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Fig. 2

field over the charged particles distribution. That can be seen particularly
clear in the region of the Brazilian magnetic anomaly (about 60° W). By
comparing Fig. I and Fig.2 the conclusion is reached that the equatorial
anomaly in the region under examination decays by 19"00™ In the region
of the Brazilian magnetic anomaly, strongly expressed large-scale irregula-
rities manifest themselves after 21%00™ approximately.

UL Electron Temperature in the Equatorial Region

Fig. 3a shows the measurement results obfained by radiofrequency electron
temperature probe in the interval of geomagpetic latitudes =+40° in quiet
magnetic conditions (K,<2--, IK,=10+4). The temperature of the neutral
particles 7, close to the equator (Jacchia-71 model) are shown on the lower
side of the Figure. T,-variations at this petiod do not exceed 20°K, Data
shown on Fig. 3a relate to the morning hours 08"00m—-11%00™ LT, and data
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in Fig. 3b relate {o the night hours 20"00m=-22400™ LT. Since the photo-
electron flux and the eleciron corcentration at y=858° atfain the stationary
day level [25], the results shown on Fig.3a are characteristic of daytime,
and those on Fig. 3b— for the night, since y=110°

During Q8t00™+ 11700= LT (Fig. 3a) in the geomagnetic equator region
there exisis a deep temperature trough near the geomagnetic equator with
values close fo 7T, 7. smoothly decreases to iis approximation of a
minimum.

Even when there exists a region with 7, independent on the latitude,
its latifudinal spread does not exceed several degrees. The centre of the
equatorial trough is shiffed to 2 subsolar direction of about 5° from the
equator. As seen from the Sun location with regard fo {he equatorial trough
of T,, it actually represents a geomagnetic effect, A certain assymeiry of
the trough form is obviously connected with the aliitudinal variation of 7,
and the local time changes. At some passes T'.-variations with “amplitudes”
of 300°=400° K have been observed, These 7.-variations could be provoked
either by kynetic effects — plasma heating and cooling at its transter along
the field lines from one hemisphere fo the other [19], or by 7.-anisotropy
[26]. At any rate, the minimum 7, values in the trough centre coincide
with T, in most cases, but at some passes at 300°+400°K Tomin exceeds T,
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Fig. 3

Eleciron temperature in the trough is controlled by the ratio between the
heat input and the value of #n;~concentration, which in this phase of the
solar activity cycle at day is sufficiently high, for the difference befween
T, and T, should not exceed 300°=+ 400° K.
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At nightfall (Fig, 3b) 7, decreases fast from 2000°= 3000°K at = —40°
to 1200°+100°K at @=—25° and after that decreases monotonously to
800°+100°K at @=—40° The initial fast decrease of 7, takes place du-
ring 30™ LT. The sunset had occurred for the setellite at the represented
passes in the latitudinal interval of 20°<30°.
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Fig. 4

Fig. 3b shows {hat a quick decrease of 7, occurs at sunmset, This de-
crease is related to the fact that in contrast to the midlatitudes, in the
equatorial region there is 110 heat imput from tihe plasmasphere. This means
that in the $>+20° latitudinal region there are no significant sources for
electron gas heating after sunset. The 7, decrease is a peculiarity of the
equatorial atmosphere, and this peculiarity takes place at least to B~-25°
for altifudes of 500 km--600 km.

The slow decrease of 7, after &--—25° when the satellite moves to
the north is probably connected with the altitudinal decrease, Moreover,
since 7, is close to 7,, a T,-decrease of about 100°K at the transition

from 20%0™ LT and ¢=—30° in the summer hemisphere to 22007 LT and
$=4-30° in the winier hemisphere (Jacchia-71) plays a certain role.

The behaviour of 7, and #, in the {ransition time from night to day
(5"00==-9"00™ LT, {. e. during the sunrise period and the first hours after it),
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is shown on Fig. 4. This behaviour has been esiablished according to Lang-
muir probe data, The Figure represents the resulis from {three satellite
passes — one performed in continuous quiet magnetic period and two passes
in a magnetically strongly disturbed period. The main characteristic of these
curves is the high 7, value, 7,>2000°K in quiet conditions over the geo-
magnetic equator at 500 km and atiains 3800° K in a magnetically disturbed
period. Moreover, both in quiet and disturbed periods there exisis cleatly ex-
pressed, up to the smallest details, an inverse proportional dependence be-
tween 7, and n,. 7, considerably exceeds 7, in the geomagnetic equator
region at /=400-500 km. Therefore at this time the heat input exceeds the
electron cooling by the lons (at these altitudes mainly O+, which decreases
sharply). During this time the heat input has already aftzined thestable day
leveF and after 2+ 3 hours (Fig. 3a) 7, again decreases to values closeto 7.

The midlatitudes of the northern hemisphere have been crossed by ihe
sateliite at the night befcre sunrise (Fig. 4 —x>100°. At ihat time T,
should be close o T,<1000°K (Fig. 3b), because the heating influx from
the magnetosphere at the end of the night before sunrise cannof ensure a
considerable difference T,— T, [20] Therefore, the values of 7,>2000°K
at midlatitudes in ihe north hemisphere in the given case are determined
by the only significant heating source — the photoelectron flux from the
magnetically conjugated region of the ionosphere, which was lit up during
the time (X< 87°).

Discussion

The time development of the equatorial anomaly for the altitudinal and
longitudinal regions examined shows a decay of the equaiorial trough affer
about 19%00™LT. It has been found in [6] that over the American continent
it is difficult to determine the period of the equatorial anomaly decay be-
cause of the appearance of intense Ff-spread after 22"00™ The beginning
of the anomaly decay obtained here clarifies this problem, though only for
the altitudinal part examined. In 3a we have shown that the equatorial anomatly
for altitudes over 900—1200 km remains during night for the regions around
the Brazilian magnetic anomaly. Therefore, a complete clarification of the
temporal and spacial conditions for the equatorial anomaly decay calls for
measurements in the whole region of {he maximal electron concentration
of the F-region.

The deviation of the equatorial trough in the ion density from the
geomagnetic equator is connected mainly with ihe deviations of the real
geomagnetic field from the dipole one used in this study.

In the region over the Brazilian magnetic anomaly after sunset an in-
tensification of the irregular structure has been determined which is con-
nected with the ionizing influence of the infemse corpuscular fluxes [30],
The electron temperature 7. in the geomagnefic equator region at altitudes
higher than the F,region maximum to at least 600 km during the winier
of 1972-1973 for more than 50 days, excluding the several hours near the
sunrise period, is close to the iemperature of the neutral particles, During
the day, in the latitudinal 7.-varialions this decrease takes the form of a
trough with a minimam, shifted al = 5° in the subsolar direction and expand-

11



ing to 20°-=30° on both sides. During nighitime in the altitudinal interval
of 300-500 km 7.=7, Because of the absence of heating sources in
the latitudinal variation of T,, there exists a plateau 7,=7, up to P~40°.

R

The deviation from this ratio takes place in these ionospheric regions where
at least at one end of the field line, passing over the equator in the exa-
mined altitudinal interval, there occuts sunrise.
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Mamepenyie MOHHON KOHIICHTpaIWM B SKBATCPHANLHOM paiioHe

K. B, Cepaghunos, H. C. Kymues, H. d. Apcos, L 11 Jlaues, I'. A. Cmanes,
o JL I'danesnn, B. B. Agionun, B. I'ybexud, B. Osepos, 5. Llimuaayep

{(Peswwue)

flo unoayyeHHBIM KamHBIM OT c(ePHURBIX HOHHBIX JIOBYLIEK M OT pPajKOya-
CTOTHOTO SJIEKTPOHHOIG 30HAA, KOTODHe OLiAH MOHTHDOBAHEL HA COYTHHKE
,ViETeprocMoc-8%, B paboTe uccAepyeTcs 11OBeleHHE 3KBATOPHAJBLHON aHO-
MaJUH B [IOC/JAenoayHesHbie ¥ BeyepHHe 4ackl, Ha BeicoTax 300—500km, Pe-
3yJbTATH, NOAYYEHHbIE B ZOArOTHOM dHreppane 150°-—0° mNOKas3HIBAIOT arO.
MaNbHOE DAcTIpesiefieHHe HOHHOR KOHUEHTPALHY, YTC TECHO CBA3AHO ¢ peasb-
HbIM TeOMATHHTHEIM [0eM, B NocaenonyneHeble dach HAGMOHAETCH fICHO
BIpAXKeHHOe ABYXMAKCUMyMHOE Dacnpejeaenue. B paitons Dpasunbckolf mar-
HHTHOY aHOMEAMM CEeBeDHEI MaKCHMYM BHIDAXeH CHJAbHEe U CMellaeTcs K
MarEMTHOMY 35KBaTOpY. B BeuepHue dacw {or 18"30™ no 21"08™ mecTHOro
BpeMeHU) HabmoJaercs HCYE3HCBEHHE /[BYXMAXCHMYMHOIC paclnpepeseRus AAT
TOro ¥e AOATGTHOrO HHTepsana. B pafione bpasnabckofl markuTHOH aHOManHH
HaGMI0LAI0TCS KPYNHOMACIITA0HHE HOHOCQEDHBIS Hee IHODOLHOCTH. SJIEKTPOH-
HaA TEeMMepaTypd, M3MeDeHHas [NPH BHIIeYKA3ZHHHIX YCJAOBHAX, HE PA3NHYAETCH
CHABHG OT TEMIEpPATYPH HedTpaapuoll atmocdepnl B mMMpoTHOM DafioHe +40°,
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BULGARIAN ACADEMY OF SCIENCES

SPACE RESEARCI IN BULGARIA, 1
Sofia - 1978

Preliminary Results of lon Density Measurements
Obtained by Intercosmos-12 Satellites

1. S. Kutiev, Ts. P. Dachev, G. A. Stanev, K. B. Serafimov

The Intercosmos-12 satelliie was launched on October 31, 1974, with apo--
gee 718 km, perigee 250 km and inclination 74° The measurements of ion
and electron density and of electron femperature are described in [1]. Some
measurement results of ion density at the satellite pass through the north
and south polar regions are shown {n this paper.

The orbital conditions are such that {he satellite crosses the north po-
lar region from its day towards its night side at 250-430 km altitude and
attains invariant latitude of A=73° The south polar region from its day is
crossed by the satellite during the night from midnight towards downside
cloge to fits apogee about 718 km, and attains invariant latifude of A=73°

The ion concentrations are obtained from the records of the volt-
ampere curves of the two spherical ion iraps situated symmetrically with re-
spect to the satellite axis, In the orbital parts around the apogee two slopes
are recorded in the volt-ampere curves, which, according to the results
of our previous studies [2, 3], are interpreted as Ot and H* ioms. In view
of the fact that mass separation is somewhat approximate, Het and N+
fons are not taken into consideration.

The results obtained from the first Intercosmos-12 orbits show one and
the same behaviour of the safellite orbits. Therefore, we present here one
typical distribution obtained from the 34th orbit on November 1, 1974, from
12802™ UT — a magnetically quiet day with K,=1. The ion density measusr-
ed is shown on Fig. i, when the satellite passed through the north (to the
right} and through the south (io the left) polar regions.

At the north passage (Fig. la) the quick reduction of the O+ density
is due mainly to altitudinal change; from 257 km to about 320 km the sz-
tellite comes over Fax.

Thereafter, a sharp decrease of the G density almost of an order of
magnitude has been observed, and the minimum is at A=67° On the top
of the diagram are plotted the satellite transits through the north aad, res-
pectively, through the south polar region. The hatched area represents the
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soft electron precipitation zone taken from [4]. The average situation of the
midlatitudinal trough shown with a dotted line is taken from (5] The stag-
nation point from 4 is marked with open circle. The minimum in O+ den-
sity appears when the stagnation point is reached. Thereatter the O+ den-
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sity remains low and this probably depends not so much on the satellife
introduction in the night fonosphere but on the fact that the satellite is mov-
ing along the trough.

Fig. 1b shows the ion concentration distribution along the satellife or-
bit in the nightside of south polar region. Close to the apogee A has a
deep minimum between 60° and 67° just on the spot where the midlatitud-
inal trough is demonstrated. Here the O+ density has the Jowest value of
about 1X104cem=3 and forms a broad minimum from A=40° {0 A—=864°
Here the trough at O+ density is not to be observed. The O+ maximum
separated by arrows is recorded just at the moment when the satellite pass-
es through the soft electron precipitation zone, as shown on the diagram.
It this maximum is indeed due to increased ionization caused by soft ener-
getic electrons, then the equatorial boundary of this zone in the southern
hemisphere should be about 4=55° during midnight., However,the O+ den-
sity increase in this region does enable us to fcllow the H+ behaviour. In
view of the method used, H* ijons with density lower ihan one-tenth of
the Ot density cannot be determined. In any case, however, the H den-
sity in this zone does not exceed 5X10% em—3. During morning hours in
the sunlii ionosphere no trough in O+ density at about 600 km altitude is
to be observed.
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This paper is a coniinuation of the polar ionosphere studies performed
by the Intercosmos-12 satellite shown in (6]. Thanks to the other conditions
along the Intercosmos-12 orbils, it became possible to draw certain addi-
ticnal conciusions mainly about midlatitudinal trough location.

1. In the night sector of the northern hemisphere a trough in ioniza-
tion is not to be observed up to 18"00™ for altitudes just over the maximum
of the F-region. Around the stagnation point there appears a quick density
decrease towards the nighiside. This behaviour is in good agreement with
the average electron concentration during the autumn season given in |7|
for 350 km altitude, and this warranis our conclusion that the midlatitudinal
trough in Ot density at 18"00™ LT is situated close to 4-67°,

2. In the night sector of the souithern hemisphere a wide trough in
Ht density is recorded beginning from A about 40° and with a large mi-
nimum at A between 53° and 65°. A corresponding trough in O density is
not observed. According to Intercosmos-8 dafa we found a well expressed
{rough at an altilude of below 300 km and under simitar conditions. If we
are to explain that trough with the suggested [4] mechanism of dissociative
recombination resulting from the convection plasma flow along the equato-
rial boundary of the anroral zone, the trough in Ht density here observed
can be explained more reasonably with the existance of the polar wind
[7, 8, 8]. In this case the effect of {he plasma convective movement in creat-
ing the midlatitudinal trough is limited to 600—650 km.

3. The recorded increase of the O+ density at 4 of about 70°—72° af-
ter midnight well coincides with the situation of the soft precipitation zone
in [4]. We can therefore draw the conclusion that the equatorial boundary
of this zone limiting the closed field lines about midnight in the southern
hemisphere is at about 65° where a sharp increase of Ot densily is to be
established (Fig. 1b).

4. In the morning sector of the southern hemisphere and at altitudes
of about 560-600 km, no trough was to be observed in the OF density.
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IIpeaBapureabHEe PESYALTATH O HOHHON KOHUEHTDALUH,
TIOJNYYeHHBIE OT CnyTHHKA ,MHTepKOCMOC-12¢

H. C. Kymues, 1{s. I". Jaues, I'. A, Cmanes, K. Bb. Cepagiunos

(Pesowme)

Cnucane noseZenHe HOHHHX KOHUEHTDaUkH, HAMeDEeHHHX B NOASPHOM DakoHe
BAOJAL OpOHTH cInyTHuKa ,HHTeprocMoc-12%. B cemepHOM NOJAYINApHH, Ha
BoIcoTax F cnesa, HaGuogaeTcs peakuil MHHMMYM B KOHLEHTPANUMH, KOTODRIE
COCTBETCTBYET TOYKE CTerHEUMH MATHHTOCQEPHOro IMIE3MEHHOIO NOTOKA.
B moxuOM nMoaylapuHy, Ha BHcOTax okodc 700 km, umeercs rayOokwit npo-
Ba% B KOHLEHTDAUMH BOXOPDOAHBIX MOHOB. AHAJOIKWHEHL NpoBa’d (IS HMHBa-
PHaHTHBIX WHPOT 53-65°) He HaOAWZAETCH B KOHNEHTPAIME KHCAODOX-
HElx HoeOBR, OOBACHERME 5TOrC SBJACHH CBA33EO C NCAADHBIM  BeTpOM,
KOTOPbIE Ha BaicoTax okonc 700 m spaseTca BaxueHIIMM (paxTopoM B dop-
MUDOBaHHY NpOBana, B TO BpeM Kak B F CJOe €ro BAHAHHE NpeHeGpEKEMO.
B yTperHem cexTope IOXKROTO HOJYIIADHA [IPOBad B KOHLEHTPAUMH KHCAC-
POAHHX HOHOB He HaOMIOJAETCH.
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BULGARIAN ACADEMY OF SCIENCES

SPACE RESEARCH IN BULGARIA, 1
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An Exact Method ifor Determination

of the 6300 A Oxygen Line Intensity
by the Use of N(h) lonospheric Profiles

K. B. Serafimov, M. M. Gogoshev

1. Intreduction

I{ has been established that, at undisturbed geomagnetic conditions during
the night, the general mechanism leading tfo the red oxygen line emission
is the dissociative recombination of O} ions and, to a significantly lower
degree, that of NOt ions [1-4] In 1959 a semi-empirical formula had

been deduced [5], relating the 6300A intensity to some tmeasured fono-
spheric parameters — f.f, A'F. This formula reflects in general the behaviour
of the intensity of the red emission during the night, but we do not have
sufficient coincidence between the values observed and those theoretically
calculated. A theoretically established relation on the basis of a new theory
of F-region was given in 1972 [6], which reflects far better the relationship
between the red emission and the radio-measured parameters of the F-region,
In addition to the parameters used by Barbier, we include the thickness of
the layer Z, the density scale / and the parameter of the exponent p, at
an exponential decrease of the electron density in the overmaximal part of

the F-region. An attempt at simultaneous measurement of the 6300A emis-
sion and of the parameters of the F-region was made [7], in which we
obtained very good agreement between the theoretical and experimental data.
The following formula has been used for the theoretical calculation of the
intensity of the 6300 A emission by dissociative recombination:
500

i fezoo=0.076 f 2RO R Ne . i
(1) 6300 J 1.4 K0

where ¢ is the effective number of the atoms O(D) produced at each action
of recombination. If we fake into account the cascade transition 15—1D, we
could assume that e~1. K is the rate constant of the exchange reaction:
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(2) 0+ 40, - Of + 0 K,

A is Einstein’s coefficient; A=0.0091 s, K, is the quenching rate constant
of the de-excitative reaction:

3) O(D)+N; - No-+O(P) Ky
R is the ratio O+/N,, which changes with the height.

The concentrations of O, and Ny are taken from a model, and NJ{%) is
measured directly by ionograms or by rocket measurements,

This formula has, however, an essential defect; it requires the knowledge
of the ratio R at every height and this can be obtained by rocket experi-
ments only. Consequently, it can hardly be used for practical calculations.

In the present paper a new method of calculating feee is given, in
which only data from ionosonds and atmospheric models are used.

2. Method

Let us present formula {1} in the following form:
500

N £ K[OF].[Qq].dk
(4) 15300—00076 ] 1+K2[N21
150 T

In the above formula the concentration of O+(#) can be obtained in
the following way:

For the range of 150—3500 km, in which the red line is emitted, we
can write the following equation:

(5) {OF]+[NOH]+[Of |[=Ne,
expressing the quasi-neutrality of the plasma in this region.
At these night conditions the equilibrium concentration of OF is given by:

o1 Kl0T]10,]+ Kl N0,
(6) [Oﬂ ]% (0+) N i
QD g fai¥,
where a,(OF) is the rate constant of the dissociative recombination for
O ious, and K is the rate constant of the exchange reaction between Nj

and O, It was shown [8] that K,~4X10~2 cm®s—! and Ky~2X10-¥cm®—,
Taking also into account that [O+]>[Nj], we could neglect the second
term in the numerator of (6), and therefore equation (6) takes the form:
Ky {O*].[0g
“D(Og)Ne
The equilibrium concentration of NO+ is
Ko[OF ] [Nol+ K N3 O]+ KefN T (O]

a,(NOFW,
where K K, and Kj are the rate constants of the corresponding exchange

reactions, and ay(NO*) is the velocity of the dissociative recombination of
NO+ ions.

N [OF ]~

(8) [NO*=
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In the range of 180—300 km, where about 90 per cent of the integral
value of 6300A line is emitted [9], we have:

(9) [N} 2> [04]=={0],
(10) [OF ] [NF]>[N*],

We assume that Kgae10-2°-10-2cmis—t; K, 25X 107 cm®s—! and
Kg==2 2X10- cm?s—! [10]. At these values of the rate consiants and ac-
cording to {9) and {10) we make the iollowing evaluations:

(b KJONNF] KGN JO,]< K NsJ[O+]
and the expression (8) is reduced to
NG
@  ovy
The substitution of (7) and (12) in (5) leads to
| a,(NOT) e (0F). N} .
4 (NOT) @ (0F) . N, +a,(0F )Ka[Ny] +a,,(NO) K,[O4)

[13] [O*]=

In this manner formula (13) expresses the behaviour of {OF] by the
behaviour of the concentration of the most frequently and most easily
measured ionospheric parameter — the electron density N,. We know that the
variations in the concentration of the neutral compounds and the rate con-
stants depend mainly on the {emperature and consequently, under undisturbed
geomagnetic and solar conditions, they can be determined from the known
models,

The substifution of the expression (13) in (4) leads to the following

formula for 2 6300 A intensity:

500
NOY) .o {OF O VE . dk
Jsson =0,076 . A .¢ f Kia,(NO*) .0 ,(OF J{OaIN?

(14) ) (0, (NOT).a (OF IV, +a,(0] ). Ky [Nol+a [ (NOT YK [0u]) (A4 ANy

The expression (14) reflects the behaviour of the 1 6300 A line inten-
sity as a functicn only of the electron density af a given atmospheric model,
This formula can easily be reduced to a convenient form for numerical
integration.

3. Experimental Verification of the Method

As an example of the application of the method to the experimental chser-
vations, the initial data are shown in Fig. 1. The intensity of the line
6300 A is determined in the Observatory at Stara Zagora, Bulgaria
{p=42°27 N, A=23°41E), by a zenith tilting-filler photometer. The accuracy
of the registration of 46300 is about 5 per cent. Twe moments were se-
lected on October 28, 1973, at 2i"00™ and 22%00™ LT. The observations of
the ionosphere were performed at the ionospheric station near Sofia
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{p=42°41 N, A—-23°21 E). The distance between the iwo poinis of observ-
ation is about 200 km. The calculation of the NJh) profiles is done by a
laminar method {11]. Fig. 1 shows also ihe three atmospheric models used
at exospheric temperatures of 500°K, 800°K and 1000°K,according to Jac-
chia’s revised model [12}.

Since from the N,{k) profiles the distribution of electron densily is ob-
tained up fo the maximum of the F-layer, in the over-maximal part of the
same layer the parabolic distribution fo Zy-level is used, the exponential
distribution being used above it. Here Z, is the semi-thickness of the
F-layes.

The following rale constants were used for the calculations:
ap{0F)=22X10"" cm¥s, ap(NCH)=45X10""cm?s—3, A=0.0081 s,
K;=21X0"2emds—) and two different values for Ki:

K, =4X10~1cmds™1 [13] and
K} =2X10-1cm®s—t [14].

~ With these constants and according to the data from Fig. 1, the follow-
ing results were obtfained, as presented in Table 1 and in Fig, 1:
' ORE up28, i85y =
Igapn = SL.ZagQru
Teo fleChl= Sofia
(H,3= 1000 ‘ '

uda Ckml
£
=2
L

Alti®

200k = :
10 10 - 1o 10

i ey el
e et i Hensity Lo )

Fig. 1

It is obvious from the Table thaf ai 7..=500°K ihe model gives exireme-
ly low values and is, in general, unfit in this case for the very low values
of the atmospheric density. In the two other cases, however, the coincidence
is very good. One of them is at 7. 800°K and K| -— 4 X 10— ¢emss—i,
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Tabtle 1

T  2100% LT 630040 R 22h00 LT 6300=00 R

K I(;=-_-i W 10— ;c;'zz 10—t K;_—A 3 11 KT::? 310t
500°K 05 R 0.2 R 1.1 R 08 R
800°K [38R] 21 R [89R | 44 R
1000°K 79 R |43 R]| I8t R [S6 R |

and the other one at T, = I000°K and K = 2X10-Ycmds—1, Besides, it
has been found that the most essential coniribution in the infensity of

the 6300 A emission is that of the terms a,(NOV).an(OF)N, and, at lower
heights, the term (A-K\N,).
4, Estimation of the Precision of the Method

The theoretical calculation of the 6300 A line intensity, according to the
dissociative mechanism, by any method used, is related to many conditions.

Gchy 28/30; 923

2100
T:=8007K

13550740 R

1
4

il

T o
I =800°K

gbs: _
Igapn ™10 R

2z

Fig. 2

In the first place this refers to the choice of the rate constants of the reac-
tions. It follows from the calculations in the example given above thaf a
change by a factor of 2 only in the wvalue of the very important constant
K, of reaction (2) leads to an equal change in the red line intensity. The
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analysis of formula (14) and the example given in Fig 1, Table 1 and
Fig. 2 show that the choice of this constant is of essential importance.
Besides that it is accepted that the values of «y(Cf) and ay(NO*) are

known with greater confidence, while on the other hand the inaccuracy in

their measurement plays a small part in the calculation of the 6300 A line
intensity.

Another source of errors is the unknown exact temperature dependences
of the rate constants of the dissocialive and exchange reactions which, in
combination with the lack of sufficient knowledge on the temperature distri-
bution at the given moment, could also lead to uncerfain results.

Notice should also be taken of the fact that the problem of exact calcula-
tion of the producis from the dissociative recombination is reduced to the
choice of the most reliable atmospheric model at a given case. On the
other hand, as in the case of rate consianis of ithe femperature dependence
reactions, this is connected with the knowledge of the valve 7.

In the case presented in Fig. 1, Table 1 and Fig. 2, the calculations
are in best agreement with the experimental data at 7.—800°K and
K,=4x10~" cms—!, and also at 7.,=1000°K and K;=2X10-1cm’s~
Of course, it is hardly possible to overcome this difficulty ouly by the use
of photomeiric and ground-based ioncspheric dafa.

It may be recommended ihat the choice of the atmospheric model for

the calculation of the 6300 A line intensity, at a given night, be done accord-
ing to some of the lowest values of the red oxygen line, for which we
must be sure that there exist no other generative mechanisms besides
the dissociative recombination. By the model thus chosen, in which we have
the best coincidence, we make the calculations for all other points during
the night.

References

1. Chamberlan, J. W, Physics of .the Aurora and Airglow. New York-London, 1961,

2 Cepadumon, K. B, M. M. Foromes B: Hokraps Ha IOOnnefinara HaydHa CecHf.
Crapa 3aropa, 1971, 75,

3. Torowes, M. M. Kanpunarcka ouceprauns. C., BAH, 1973

4, Toromes, M. M., K. B. Cepaduuosr [eomarnerusn u asposomus, 13, 1973, 95.

S, Barbier, D. (Géophysique extérieure, New York-London, 1963.

6 Scrafimov, K. B, M. M. Gogoshev, Compt. rend. Acad. Bulg. Sci., 25, 1972, 2.

7. Gogoshev, M. M., K. B. Serafimov. Compt. rend. Acad. Bulg. Scl., 25, 1872, 808.

8. Cepadumos, K. B. Pusuxa cpenness sonocdepsr. C., BAH. 1970.

9. Gogoshev, M. M. Compt. rend. Acad. Bulg. Sci., 25, 1972, 487,

10. Swartz, W. E. lonospher, Res, Scien. Rep. 381, PenSt. Univ., 1972,

11. Kyrues, W Kaunumpatcka pucepranus. C., BAH, 1973.

12, Jacchia, L. G. Revised static models of thermosphere and exosphere with empitical
temperature profiles. Smithson. Sp. Rep., 332, 1872,

13. Fehsenfeld, F. C, P. D. Goidam, A. L, Schmeltekopf, E.E. Ferguson,
Plan. Sp. Sci., 13, 1965, 578,

14. Copsey, M. J., D. Smith, J. Sayers. Plao. Sp. Sci, 14, 1866, 1047

23



TouHbIll MeTOX OUpeAeneHHst MHTEHCUBHOCTH
KpacHOH kucnopozsoil svuuK 6300 A mocpencTsom
HCTIONB30BAHUS HOHOC(EPHLIX npodiuien

K. b. Cepagusos, M. M. Iozoues

{(Pcawme)

Onucas TOYHHIR MEeTOJ OUpeAeAeHNd HHTEHCHBHOCTH Kpacnof»'r XHCAODOHHOHR

auEEE 6300 A. 3Bror wmerox nossoaser OlNpefeauTb dgmo KaK (YHKIHIO
TOABKO SJAEKTPOHHOR KOHNEHTPALUY, KOTODAR JerKC 1OAYYAETCH N0 AAHHBIM
uoHOCPEepHOH crannuy, [TonyyeHHEIe TEOPETHYECKHE pPE3YALTATH C JOCTATOY-
HO¥M TOYHOCTBIO COBNAZEICT ¢ SKCIEPUMEHTANbHBIMHM JAHHBIMH, MOMYHEHHBIMH
8 OOceppaTopuyl MO KBYYEHHIO CBeuYeHus Housore He6a B r. Crapa-3aropa.
PaccMoTpeHEl BOSMOXHBIE MCTOYHHKM OIIKOOK H CZENAHb [IPENJOKEHHA MJs
OyAyuiHx HamepeHui,
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Informational Characteristics
of Some Natural Formations

D. N. Mishev, V. S. Djepa, T. K. Yanev

The spectrum of the electromagnetic radiation reflected by the natural for-
mations is continuous, In practice, however, g finite number of wavelengths,
mainly in the visible range, are chosen for investigation purposes. The set
of the reflexion index values for fhese wavelengihs forms a sampled reflec-
tive characteristic. Even thus sampled the reflective characteristic contains
considerable information which allows the natural formations to be divided
in classes of objecls with similar reflective characteristics, The degree of
the similarity in a given class is conditioned by the extent of the conii-
dence limits of the reflective characteristic, For some wavelengths, however,
it is possible to obtain non-empty cross-sections beiween the confidence
intervals of the different classes of objects. In such cases the methods of
the pattern recognition theory are applied for the identification of the dif-
ferent classes of objects. It would be of imporiance to solve the following
problem: for which wavelengths ithe uncertainty obtained from the distribu-
tion cross-sections is the greatest and by which classes it is mainly deter-
mined. If the answer to these questions is available, more experimenial ef-
forts could be concentrated on the respective wavelengths and classes of
objects. The solution of these problems will therefore be in the focus of
our attention.

1. The Formulation of the Problem

Each natural formation is described by a sampled reflective characteristic
r{d), r;—reflection index, 1, — wavelength, i=1,..., ». Formations with
similar reflective characleristics #(1;) form a class of objects. This similarify
is expressed by the statistical proximity of #(1,), i. e. in the presence of r(1,}
distribution around an average reflective characteristic #(1;) (we shall hence-
forth designate this characteristic by #{1,) alone). The experience obtained
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so far furnishes grounds for such an assumption, and ‘even the existence of
a normal distribution [1] can be assumed.

Let the set M={r,(,)} from j=1,..., N classes of objects be given.
The appearance of an object within the limits of the class r{i;) with a
fixed wavelength A; will be considered verified if the reflective characteris-
tic obtained is within the contidence limits r,(1,)4 4r{2;) of r/(2,). But there
exists a certain probability that this object should belong to each one of
tlie other N—1 classes of M. In this case, these are the conditional proba-
bilities p,;x(r;,/#;;) that at a fixed 4, and in the presence of indications for
r in the confidence interval of the j class, in reality there is an object from
the %k class, It is obvious that the presence of probabilities Dijal=0 for
J 1% leads to uncertainty at the daia processing, the total uncertainty of
the set being characterized by the matrices A,=|p, || of the conditional
probabilities p,;,. But the matrices A, can have different dimensions and,
accordingly, a different number of probabilities p;;,. For the purposes of
comparative analysis it is necessary to normalize p,;, in such a way that

the normalized values should satisfy the condition > 'pi)=1. The sub-
&
stitution

Fijk
(1) pn— Lk
N
{R)

is suitable for the purpose.
The evenis of “appearance of a jth class object in the /th wavelengih”
form a full event system, i e,

@) 287 =1
[

if we assume that the set M exhausts all probable classes of objects (or at
least those of them which are of interest to the analysis). Further on we
shall consider this assumption realized. The problem solved in the course
of the work .done is the following: an indication for r in the confidential
limits of a given class has been obtained. [f is necessary at a fixed wave-
length to evaluate the average uncertainty which has been introduced by
the distributions of the other classes from the set under consideration, if
the evidence is accepted as belonging to the class in which it has been
obtained. For such an evaluation the quantity of “information” is suitable.

2. Method

The uncertainty contained in matrix A; when (1) and (2) are fuifilled is
evaluated by:

(3} !z':Hs(pf)"ﬁlz'f(-’}'k/rz‘j),
where H{p;) -—Zp,-,- log p;; is the unconditional entropy of the p,; pro-

(5}
babilities for the af)pearance of the j object in the wavelength,

26



H= — 2 Dij 2 pg;*,glogp‘;;{(, is the conditional entropy of the probabili-

i WD .
1€8 PU;ZP (riﬁ/rz'.f).
The coefficient
Ii H;
(3a) =g =1,
can be used for the comparative analysis as being more convénient.

The magnitude &, is suitable because it varies in the interval 0=<4,<1.
Equations (3) and (3a) provide a solution to the problem of the uncertainty
of evaluation at the identification of the objects from M. An answer to the
question what is the contribution of the separate classes from M to the
total uncertainty, can be cbtained when applying (3) and (3a) for different
additional subsets A, obtained from M by excluding subsets M, I=1,...,L.

3. Conclusions

These two problems: H{* and 6(" determination for #4{%,)¢M and, respec-
tively, H™) and &M for r{i)€M; can be extended by the introduction of
various confidential intervals =+ ./r;(4,) corresponding to the various distribu-
tion dispersions of the objects from M. With a given confidence coefficient
of the confidence intervals, the quantity / of information, the part ¢ it
represents from the maximum information /n..=/; and the subset M, with
the greatest contribution to the reductionof /, or d; respectively, can thus be
determined.

Table i
No of object | Name of abject | O e O e e ase of dge
1 birch young tree winter specics
2 " . young leaf
3 ,. g full leaf
4 2 5 late verdure
5 i oid tree winter species
6 £ ! full leaf
7 . B iate verdure
8 ’ o fresl bark
9 elm old free young leaf
10 I . full ieaf
11 oak young iree winter species
12 ,, old tree full leaf
13 . d during the avtumn
14 lime o winter species
15 " 5 full leat
16 ; o during the anfumn
17 aspen young tree winter species
18 , 4 young leaf
19 ¥ ., fuil leaf
20 4 old tree young leaf
21 3 = full leatf
22 i 5 late verdure
23 " " during the autumn
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Table 2
Spectral Intensity Coefficients of the Naiural Formations Examined

Class Nv ]

2
(nm)

400 0.058 | 0.047 | 0.026| 0.059 | ©.072| 0.033 | 0.084 | 0.202| 0.026 | 0.033 | 0.050
410 0.057 | 0.048] 0,027 | 0.060| 0.073 | 0.034 | 0.686 | §,203 | 0.027 | 0.033 | 0.050
420 0.056 | 0.045| 0.030 | 0.0681 | 0.074| 0.037 | 0.086 | 0.204| 0.027 | 0.033| 0.050
430 0.054 | 0.030 | 0.031 | C-062 | 0.074| 0.039 | 0.091  0.205| 0.027 | 0.035| 0.050
440 0.052 | 0.052 | 0.034 | 0.061| 0.074| 0.044 | 0.067 | ©.208| 0.030| 0.037 | 0.050
450 0.050| 0.056 | 0036 | 0.085( 0.073| 0.046 | 0,181 | 0.210 | £.031| 0.039| 0.050
480 0.049 | 0.058| 0.036 | 0.073| 0.072| 0.044 | 0.109 | 0,211 | 0.032 | 0.040 | 0.050
470 0.047 | 0.060| 0.037 | 0.076 | 0.071| 0.042 | 0.115 | 0.211 | 0.034 | 0.040| £.050
480 0.045 | 6.060 | 0.037 | 0.075| 0.070 | 0.044 | G.123 | 0.212| 0.036 | 0.03%| 0,050
480 0.045| 0.061 | 0.089 | {.087 | 0.070 | (L04R | 0.131 | §.214 | 0.038 | 0.037 | 0.050
546 0.044 | 0.063 | 0.040| 0.095| 0.071 | 0.045 | 0.144 0.215| 0.043 | 0.03% | 0.050
510 0.044 | 0071 | 0.042 | 0.106 | 0.073| 0.048 | 0.161 | 0.215| 0.054 | 0.046 | 0.051
920 0.044 | 0.080 | 0.052| 0.120 | 0.077 | 0.065| 0.185| 0.215| 0.072 | 0.058 | 0.053
530 0.045| 0.119| 0.070 | 0.149| 0.080 | 0,087 | 0.213 | 0.214 | 0.092 | 0.078 | 0.056
540 0.047 | 0.138] 0.085 | 0.169 | ©.082| 0.108 | 0.233 | 0.213 | 0.109 | 0.096 | 8.059
550 0.060 | 0.147 | 0.091 | 0.176| 0.087 | 0.113 | 0.245 | 0.213 | 0.118| 0.108 | 0.060
560 0.052 | 0,142 | 0,088 | 0,178 | 0.090| 0.110| 0.249 | 0.213 | 0.117 | 0.105 | .08}
570 0.051 | 0.130| G081 | 0.173| 0.081 | 0.089 | 0.247 | 0.216| 0.104 | 5.695 | 0.063
580 0.050 | 0.117 | 0.071 | 0,168 | 0.095| 0.088 | 0.241 | 0.220 | 0.092 | 0.084 | 0.064
380 0050 | 0.111| 0.071 | 0.168 | 0.098 | 0.090 | 0.234 | 0.224 | 0.083 | 0.074 | 0.065
600 0.050 | 0.103 | 0.068 | 0.160 | 0.160 | 0.083 | 0.229 | 0.231 | 0.073 | 0.066 | 0.066
610G 0.048 | 0.103| 0.064 | 0.152 | 0.101 | 0.073 | 0.224 | 0.239| 0.0684 | 0.058 | 0.067
620 0.049 | 0,085 | 0.060| 0.153 | 0.101 | 0.088 | 0.220 | 0.247 | 0.060 | 8.052| 0.088
630 0.050 | 0.092 | 0.059 | 0.151 | 0.102| 0.065 | 0.211 | 0.254 | 0.061 | 0.050 | 0,087
640 0.051| G.000| 0.059 | 0.143 | 0.102 0.069 | 0,205 | 0.261 | 0.061 | 0.050 | 0.066
650 0.062 1 0.086| 0.059 | 0.141 ] 0.101 | 0.070 | 0.202 | 0.269| 0.060 | 0.049| 0.685

4. Example

The problems formulated above were solved under the following conditions :
a set M of deciduous varieties consisis of 23 classes of reflective characte-
risties 74}, j=-1,..., 23, i=1,..., 26 (Tables 1,2) of oak, elm, lime, aspen,
and birch-irees (Fig. 1), The characteristics are obtained under similar condi-
tions ---azimuth 225° and canted shooting angle of 45° [2].

The measurement accuracy of r is 0.01. Experimental data for relation
between the coufidence iniervals Ar;(1,) and » being unavailable, we took
as a first approximation the linear function:

(4) Ar:j=qr s

We assumed that the ratio coefficient g varies within the interval
0.01+0.075 with conlidence coefficient S=0.95. We selected the following
values 0.01, 0.02, 0.04, 0.075 from the interval. The range of g-variations
was adopted according to [4].
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12 13 14 15 16 17 18 19 0 2] 22 23

0.044 | 0.07) | 0.068 | 0.034 | 0.034 | 0.056 | 0,034 | 0.040| 0.041 | 8,020| 0.030 0.047
0.043 | 0.080 | 0.068 | 0.032| 0.032| 0.067 | 0.U35 | 0041 | 0.040 | 0.020| 0.030 0,046
0.043 | 0.08% | 0.062| 0.032 | 0.032| 0.059 | 0.038 | 6.042| 0.041 | 0:020| ©.030 0.048
0.043 | 0.067 | 0060 | 0.038 | 0.033 | 0.061 | 0.040| 0.045| 0.042| 0.021 | 0,030 0.048
0.041 0.102 | 0.054 | 0,042 0.030 | 0.062| 0.043 | 0.048 | 0.043| 0.022| 0.031 0.05¢
0.040 0.106 | 0.066 | 0.045 [ 0030 | 0.063 | 0.046 | 0.050 | 0.043| 0.024| 0.032 0.051
0.040| 0.107 | 0.064 | 0.046 | 0.030 | 0.065 | 0.046 | 0.061 | 0.042| 0.027 | 0.034 0.054
0.040 | 0.106 | 0.063 | 0.047 | 0.039 | 0.068 | 0.048 | 0.051 | (.04 | 0.030| 0.035 0.061
0.040 | 4.106| 0.066 | 0.047 | 0.085 | 0.070| 0.048 | 0.051 | £.042 | 0.031| 0.087 (1068
0.040 | 0.111 | 8,070 | 0043 | 0.052| 0.071 | 0.049| 0.054 | 0.047 | 0.030| 0540 0.074
0,045 | 0.122| 0.072| 0.047 | 0.045| 0.072 | 0.054 | 0.061 | 0.052 | 0.030| 0.044 0.681
0.057 | 0.145) 0074 | 0.059 | 0.038| 0.074 | 0.064 | 0,074 | 0.063 | 0.034| 0.053 £.091
0.084 | 0.180 | 0.077 | 0.081| 0.034| 0.076 | 0.082| 0.102 | 0.080| 0.042| 0.065 0.112
0.115| 0.220| 0.078| 0.089 | 0.039| 0.079| 0.106 | 0.118 | ¢.107 | 0.055| 0.081 0.142
0.129 | 0.240 | 6.080 | 4,111 | §.051 | G.081 | 0.108| 0.123| 0.117| 0.065| 0.088 0.161
| 0.150| 0.255| 0.081 | 0.116| 0.071 | 0.082| 0.124| ¢.129| 0.125| 0.072| 0.092 0.177
| 0.140 | 0.267 | 0.081 | 0.105| 0.080| 0.084 | 0.122 | 0.128 | 0.128 | 0.073| 0.098 0,188
| 0.1081 0,275 0.082| 0.092| 0.098| 0.085| 0.108| 0.116| 0.125| 0.071| 0.090 9,200

0.089| 0.281| 0.082| (L082| G.088 0,087 | 0.085| 0.103| 0.117 | 0.085| 0.080 0.210

0.073 | 0.282 | 0.084 | 0.068 | 0.087 | 0.089 | 0.080 | .094 | 0.104 | 0.058 | 0.072 0.220

0.085| 0282 0.086| 0.078 | 0.082| 0.090 | 6.084 | 0.090| 0.095| 0.058 | 0.068 0.220
| 0.066 | 0.284 | 0.087 | 0.066 | 0.076 | 0.080 | 0.081 | 0.087 | 0.087 | 0.060 | 0.066 0.214
| £.060 | 0.289| 0.088 | 0.064 | 0.081 | 0.0%0 | 0.077 | 0.082 | 0.080 | 0.059 | 0.065 0.208
| 0.063 | 0.208| 0.089( 0.060( 0.081 | 0.090 | G074 | 0,079 | 0.071 | 0.051 | 0.064 0.199

0.053 | 0.315| 0.089 | 0,055 | 0.064 | 0.091| 0073 | 0.079| 0.060 | 0.058 | 0.063 0.191
0.019! 0.330 | 0.089| 0.052| 0.062| 0.091 | 0.072| 0.079| 0.055| 0.058 | 0.082 {1186

4.1, Determingtion of the Sampling Interval

The greatest admissible value of the sampling interval was determined under
the foliowing condition: we assume thal the reconstruction of the conti-
nuous reflective characteristics is performed by Lagrange’s polynomial of
zero power. The considerations for this assumption are: the A1 value by
means of which the reflective characteristics have been obtained is at the
accuracy limit of the specirograph we have used, and therefore we do not
know anything definite about the » behaviour in the A2 interval. That is
why we assumed that in this interval r=const ({the zero power of the La-
grange’s polynomial). Then, according to [3], the admissible value of Al is
equal to

(5) Ala(lmiSU/Ml
where &, is the admissible error for r and M, is the maximal value
of dr/dAi.

We assumed that the measurement accuracy of r limits ¢, ie, & 001
for the examined sef of reflective characteristics M. For M we obiained
: 003 1
the value M=-—- --.
10 nm
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Then from equation {5} we obtain Alum=3.4 nm<C10 nm,

This result shows that ihe approximation with a zero polynomial at
A2=10 um is insufficiently precise. Therefore, there are no formal grounds
to maintain that the mean information value / between two adjacent values

r
0,22

o.05

n,N2 I I |
A0 Snu GO0 Sh0 A

Fig. 1

A; and 2,4, would be the arithmetic mean of ¢, and /,,. As the interva
Ak=:10 nm is relatively small, we can assume that there exists a significant
correlation in the distributions of r for 4; and 4.4 In such a case it is
probable that the mean value of / in the interval A1=Ji.,—4, would not
differ essentially from (f;4+7,4.)/2.

4.2, Determination of Information I

The following two problems can be formulated in the study of the struc-
tural characteristics of a set of objeis.
1. What is the uncertainty in the evaluation of the appurtenance of a

single indication (single experiment).
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2, What is the uncertainiy in the evaluation of the appurtenance of
all objects observed {multiple experiment),

In the first problem the appearance of any object from the set is
equally probable, inasmuch as we assuwine that each one of the objects may

e T e e e s |
A AN A AR

(i

appear (without being’ interested in how many times it would appear at a
multipie repetition of the experiment), i. e, p,;=-const=p=1/N,

In the second problem it is important that the objects can possess dif-
ferent a priori frequency p;; of appearance under the conditions of the
experiment.

In this study our attention was focused on the first problem as it is
independent from the determined distribution of the a priori probabilities.

To determine the conditional probabilities p;; (r;4/r:;) it is assumed,
according to {1, 4] that the distribution of r for the different objects is
normal.

In such a case the conditional probabilities are obtained according to
the formula:
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Zoiin

{6) Liserusfri)=D(2) o
1k
where
i‘dff i—Fii P
(63) zf,? gk =+
i

"an0 500 “BOD 650 2

Fig. 8

is the left, the right respectively integration limit of the normalized normal
distribution @ (2). The confidence intervals Ar,, are determined from equa-
tion (4). The standard deviation o, is determined from (6a), provided j=#.
Then r;;=r;;, and since §=0.95 then Z;;1,=196. From (4) and (6) fol-
lows that '

32



Tabie 3
Dependence of the information (I) and § on the Wavelength (1)) and the Coefficient (g)

g=0.075 g=0.05 g=0.02 g=0.,01

d= { & 1
I Toax I

A
{nw} L)
"max 1 "max

400 21520 0.6864 2.3163 0.7579 2.8637 ‘ .8591 2.8114 0.8966
410 22102 0.7240 2.5651 0.8194 2.9547 0.9423 2.8547 | 0.9423
420 2.2241 (.7083 2.3955 0.7640 2.8285 0.8340 3.01560 0.9616
430 2.2874 (.7295 2.5441 0.8114 2.8243 0.8327 | 3.0722 0.9808
440 2.1233 0.6772 2.2408 | 07147 | 28358 0.9044 2.8944 (.9231
450 2.1796 0.6951 2.3911 (.7628 2.8393 0.9055 2.9319 0.9351
460 | 22072 0.7039 2.5518 0.8138 2.7834 0.8877 3.014% 0.9616
470 2.0841 0.65583 2.3468 0.7485 2.9284 0.9340 3.0148 | 0.9616
480 21232 | 06771 24321 0.7757 2.985% 0.8526 3.0149 | (.9616
480 2,0788 0.6630 2.2809 (.7306 2.9053 09266 | 0.0149 (.9618
500 2.1358 (.6812 2.2236 | ©.7090 2.7897 0.8897 28716 0.9159
alf 2.2525 0.7184 2.4279 0.7743 2,7793 0.8864 2.0022 0.9543
520 2.2542 0.7189 2.4851 0.7820 2.7685 0.882% 3.014% 0.9616
530 2.1599 0-6889 2.3528 0.7504 2.6647 0.8498 28997 | 0.9248
540 2.2820 0.7281 2.5092 0.8003 2.8884 0.9212 30752 0.9808
550 2.2249 0.708¢6 236936 | 07634 27497 08770 | 3.0168 0.9621
560 2.3317 0.7436 26340 | 0.H401 2.8957 0.9235 3.014% | 0.9617
570 22388 0.7140 2.4680 0.7872 2.8477 0.9082 3.0752 £.9308
580 20500 0.6538 2.2795 0.7270 2.6802 (.8548 2,8944 0.9231
590 1.5887 0.6343 2.2537 (.7188 2.7207 (.8677 3.0752 0.9808
800 1.5331 0.61685 2.2076 0.7041 2.891% 0.8585 2.89606 0.9238
810 2.0137 0.6422 2.1948 0.7600 2.6644 1.8487 2.7888 0.8894
620 | 2.1235 0.8772 2.5637 0.8176 27180 0.8668 2.9319 0.9351
630 | 2.0954 (15686 2.3288 0.7427 27720 0.8841 3.0752 | 0.9808
640 | 21179 0.6755 2.3822 0.7598 07880 | ©.B895 3.1355 1.0000
650 r 2.1426 0.6833 25170 0.8020 2,8498 0.9088 2.9546 0.9423

qr!_,r'
(7) G/ =155 "

As a result of the equation (6a) becomes

L Tty
(8} 212, 1.96 — T,

In accordance with equations (3}, {3a), (6) and (8) we obtained resulis for
i=1,...,26 and ¢.=001, 0.02, 0.05, 0075 which are presented in Figs.2, 3
and Table 3. They show that an increase larger than ¢—005 leads io a
considerable reduction of the information /, or of & respectively, and to a
resuiting increase of the uncertainty of the set identification. This effect is
most pronounced at the respective wavelength in the infrared portion.

The elimination of the reflective characteristics Nos. 12, 14, 15, 22 from
the M set shows that they contribute considerably to this uncertainty.
Figs. 2,3 and Table 4 show the /- and d-values obfained ater the respec-
tive characteristics have been eliminated. These conclusions are valid in ge-
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Table 4

{
Depenidence of the Information (1} and the Coefficient (8 f:;m_x} on the Wavelength {1}
and g jfor Fnax—2.9444

Upog elimination of the reflective characteristlics Nos=i2, 14, 15, 22

G=0.01

T g=0475 | 4—0.05 ; ¢=0.02

| ! 1 gy ‘ !
; e eles | R
max | FIAX I 18R

A0 20806 | 0.7100 22124 | 07514 25101 0.8525 2.6526 | 0.9008
410 2.1845 | 07419 23730 | 0.8059 2.7985 0.8504 2.7985 0.9504
420 2.2752 07727 23774 | 0.8074 2.9108 0.9886 2.9444 1.0000
430 2.3037 {.7824 26058 | (.8850 2.7456 0.9325 2.8715 | 09752
440 | 2.1562 0.7323 2.2230 | 0.7550 2.5816 0.8768 2.6526 | 0.9009
450 2.1873 0.7428 | 2.4011 | (.8155 2.6574 0.9025 2.6980 0.9163
460 | 2.2549 0.7658 2.4882 | 0.8450 2.7355 {,9290 2.8444 1.0000
470 | 21324 0.7242 2.3596 | 0.8014 2.8297 0.9644 2.9444 1.0000
480 2.2033 (.7483 24436 | 0.8299 2.8375 0.8637 2.8715 0.9752
450 2.0798 0.7063 2.2492 | 07639 2.8389 | 0.9642 2.9444 1.0000
500 2.2663 | 0.7693 2.30895 | 07844 2.7995 0.9808 2.8715 0.9752
510 2,2788 0.7738 24207 | 0.8221 2.7008 49173 2.8715 0.9752
520 2.3501 (.7981 2.0581 | 0.8688 2.8034 £.9521 2.9444 1.0060
530 2.2349 £.7590 2.3455 | 0.79606 2.0262 (.8579 2.7319 0.9278
540 2.3213 0.7884 2.4820 | 0.8430 27991 0.9508 2.8715 | 0.9752
540 2.2275 0.7565 2.3380 | 0.7944 27266 0.9260 2.8008 0.9512
560 2.2981 0.7805 2.5806 | 0.8795 28715 0.9752 2.8715 0.9752
370 2.3101 0.7846 2.5316 | 0.8598 28717 0.9758 2.9444 1.0000
580 2.1331 0.7245 222771 | 07734 2.5542 0.8675 2.7255 0.9257
590 2.0383 0.6922 | 22902 | 0.7778 2707 0.8175 2.8715 0.97562
600 2.0710 0.7034 2.2700 | 07708 | 2.5956 0.8815 2.7282 0,9266
610 2.0955 | 07117 23176 | 07871 | 27645 | 05389 2.7885 0.9504
620 2.2553 0.7660 25917 | 08802 | 2.6286 0.8928 2,7985 £.9504
630 2,2116 0.7511 24101 | 08185 | 2.8328 | 0.962! 2.8715 0.9752
840 2.1787 | 0.7400 2.3256 0.7898 | 2.6538 0.8013 2.9444 1.0000
650 22243 | 0.7554 | 2.5809 | 0.8785 | 28172 | 0.9568 2.9444 1.0000

neral for all examined values of g, which shows that at the specification of
the real values of ¢ for these objects special attention should be paid fe
the planning of the experiment,
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HngopmalHoHHble XapaKTePHCTHKH NPUPOAHBIX 06pasoBanuil
A H Mpuwes, B, C. Hxcena, T. K. Snes

(Peswwue)

PaccmarpiBaercs BONPOC O HECHPEANERHOCTH IPH HAEHTUGUKALNE O6BEKTOB
Jro xnacca Ha i-fi ﬂ.mme BOJHHE! { f=1,..., N) N0 OTHOINEHHIO K HEKOTOPOMY
M3 OCTanpHHX N -1 KNACCOB HNAHHOrC MHOXeCTBA OGBekToB M={r;{,)k

Heonpeneaenaocrb paccMaTPHBAEMOr0 MHOXKECTBA Bb;pax(aercsz MaTpH-
ueit A=||pyp | YCNOBHBIX BepOATHOCTEH Py
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Discriminant Analysis
of Natural Formations Reflective Characteristics
by a Minimal Number of Wavelengths

7. K. Yanev, D. N. Mishev

It has been established that the different natural formations reflect the
energy of the visible and infrared ranges in differen! ways, As the range
is comparatively broad the speciral reflective characteristics are measured
in a considerable number of wavelengths. That makes the measuring pro-
cess and the subsequent analysis difficult, and the information obtained
contains a big amount of redundancy,

The problem to be solved here is the following: what is the minimum
number of wavelengths 2; and exactly in which wavelengths the reflection
index must be measured s¢ that the identification of the reflective charac-
teristics ry(4;) of a set M, given in advance, from J classes of objects O,
J=1,..., J,can be ensured. We assume that the functions »; (1), i--1,...,n
are given with their confidence intervals +4r, (%) in the visible range
of electromagnetlic waves 42,=2,—2). It is assumed that r/(3,) are statio-
nary random functions. The problem is solved in two ways: {1) the reflec-
tive spectral characleristics are used directly for the purposes of identifica-
tion; and (2) a transformation of r; (4} is carried out in advance by means
of suitable transforming functions, after which the identification of the trans-
formed functions is performed.

1. Identification by Means of (4}

The dividing surface for the identification of r;(4,} is chosen in accordance
with the Bayes criterion for a minimum average risk (one-dimensional case):

(1 _ wlhyag) _ TP ,

¢ w(ﬁ-:fﬂ;) Fih Pl
where r;, and r,; are weighting coetficients of the j and % classes of objects,
play and p{a,) are a priori probabilities of appearance in these classes. In
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out case all objects will be considered as equally likely and of equal weight
and then A,=1,1 e, the dividing surface of the criterion is reduced to the
intersection peint of the w{i:/a,) and w(}//a;) distributions of j and % class-
es. If this point is out of the confidence limits +.4r;(2;) and 4 dr, (1) of
the classes compared, these classes are identified in {he wavelength 2, The
algorithm is easily realized in the following way:

The matrix A of the relations “the {th and the &th classes are recog-
nizable in the »y+Ar; and r,+Ar, intervals” (these relations are dencted
here with 1j. The opposite ratios of nonrecognizability (when r;:Ar; and
ty-t-/r, bave a non-emply cross section) are designated by 0. The mairix
A is formed for all two-element combinations C% of the O, classes and for

all waveilengths ;.

.\"\ K 0 0 (@] 0 .,_o

u N\ I e | ‘ |
. aitbaggme g fioly 0 ‘ 0 i | o l_
I Jalyod = {7 1 T . ‘ L | 1 ‘ ;i

A subset of M is identified in a given combination of wavelengths 1, if in
each column of A containing the wavelengths there is at leasi one number 1.
In this way the rule for the addition of 0 and 1 is determined: 040=0;
O+1--1+0:==1-11-=1. The identification of r;(1,) by means of the combina-
tion O of the wavelengths is possible only if all columns of the submatrix
formed by C* have a sum equal o 1.

The complete sclution of the problem is obtained by studying succes-
sively the combinations C%, m- I,..., n uutil the first solutions belonging

to a given class of wavelength combinations (' are obtained.

2. Identification by Means of Transformation in Advance

The transformation of the original funclion #;(4;} is reasonable if the new
function offers better possibilities of identifying r;{i;) by means cf a smaller
number of wavelengths. That is why it is necessary for the transformed
function 2=f{r;) to check whether the Bayes criterion shows better results
{reducing Type I and Type II errors). For this purpose the law of the dis-
tribution of z must be determined:

. - dw
() P2)=-pI¥2)]. ¥'(2), 1= ¥2); Wi(2)- 5
Atfter that for the 2; and 2, distributions of the two classes compared the
smnmary error of Type I and Type 1l is to be found:

3) p- Jz'“pk (zydz-t fpf (2)de,

or

where 2, — internal intersection point of p(2)) and p(z,).
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In general, the integral in {3} is not solvable. When the set is given it
can be soclved by numerical methods. In order to obtain some analytical
results we examined the particular case determined by the following limiting
conditions : -

I. The distribution p(ry} is normal;

II. The conditions op<y; and, in particular, o;=gu; g<1, are satisfied.

[IIl. The functions z are integral transformations which, according to r;
and r, sampling, are replaced by their sums.

In this study the following transforming functions are examined:

a) Module-structure function:

T
4) Cy= [ | f)—7 (a4 ) | dx
a

used in paper {1} There i is proved that the funclion is symmetric with a
symmefry axis at xXx=-1It is shown also that C(z) and f{x) are in a ho-

momorphous relationship, i. e different functions determined in the following

way: f{x), if (jx+C)+D,i==+1, j=+1, C=const., D=const. may corres-

pond to the same function C(x). This homomorphism is not a strong limi-

tation, because in practice it can be easily transformed into an isomorphism
*of

by means of control characteristics of the type: Cenlr) = f|f(x) —f{x-Fo)ldx

0
and by the f(x) value for x=x, For the example examined in this work
it Is not necessary to use such control characteristics.
b} Kolmogorov’s structural function:

!

(5) Celr)= [ AR —Flx+ )P
c) Autocorrelation function;

(6) K ()= [ 1fx) = m] [ fiet-v)—mld.

In our case f(x)=r{4) and the integrals are substituted by the follow-
ing sums:

(48) C; (r)=%'[rf ()1 (4],
(53) c,,,(r1=%‘[r; )= ry(+ )
(6a) K}(I)Z%IIO @)= 1) [ry 3+ 2) 1)
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It follows from the limiting conditions I, 1, IIl that the sum C;(z)} has aiso
a normal distribution with an arithmetic mean C; and dispersion o2 respec-
tively equal to:
@) G@=~ 2T~ o~ XM GP -+ G+

{£)
For the sums C,; and K, according to equations {5a).and (6a) and condi-
tions T and I, after neglecting the small terms of higher order, we obtain:

ik | Gt St - o

o S =GN+ 11 Ui
. ¥ .
and

“ K 2 r By —=rl lry Gt 0)—17)
9) k.
0} e 2 —ry Py e+l e+ ) =1 By (g
)
. .‘Thus the distribution of C, C,, K from equations (4a), (5a) and (ba)
proves to be normai, provided the limitations I.and I are given, Then their
intersection point for the f and & classes {s found by means of the equation:

(r—us¥* (r—pp¥
T 2 i S
_ -— 2o, oo — - Zu ’
JZ;:: a; 5 o ay #
After calculating its logarithm the equation {takes the following form:
B el NS/ B U
; L %% 2
thus
(10) _ —bxJP—4ac
N e Ty g v
where am%—-%.
Uk Uf
FH
b=2 (”_; - _.g),
6;- l:!k
2 2 y
I i o
C- —--;—-—%--_-— 2In .
Ok . O %k

: The efficiency of each-of the transformations C, C,, K is measured by
the value of the integral in (3). In this case it may.take the following form:
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wjL2 o ,}3 o _:;i_
(34) p=[ e rang [,
— 21,2
F—aur. ® [
where ’?;.kz'o_ﬁﬁ {s the coordinate of the normalized normal distribution,
The value of p will be smaller when the {imit
—~ rm—,uﬂ
(11) I W

is greater in absolute value. In spite of the limiting conditions I, II and III,
the analytical examination of the criterion (11) is still difticult, as the expres-
sions for u;, and o, from (7}, (8) and (8} take part in (10} in a relatively
complicated manner, That is why two particelar problems are treated in our
further work.

IV, The functions r;{4;} and 7.(i;) are connected by the determinated
functional relation:

(12) PGy = {1 +0)r ),
where fi=const, 9|,

V. The functions r,(1,) and 7;(4;) are of such a {ype that their differ-
ences are of a randomn character.

{(13) 1)y =ri () + Arja (4),

where 4r;z{4;) —random function;
Ar A =0.

We shall first examine case IV,

It follows from equations (7), {8) and (9) that for u, o defined by (12}
and for the ihree transforming functions C, Cy, and K the following expres-
sions are valid:

up=(1+8) gy, of=(14-8)202.
Then the equation (10} takes the form

assuming Ine,/oy~0, and (11}, respectively:
f

Hy [ # 1. g
(11a) Vi

T e " 2¥e 2487V

Therefore in this case the efficiency of the criterion » is inversely pro-
portional to the coefticient of variance V' and the comparative analysis is
to be carried out by means of Vi, Vi, Vi For ihis purpose the following

ratios should be formed:
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BIHTEoN: Ver 9, C " e piC
e V. T . YerT
# Vc CK O &

With a view to equations (7), (8), (9) for weqy:

( Z,)a—?;')% AR Y AR

(f} 4y

(14 Sl [ s }?f)H %"()5— Y;—)ﬂ]a

0]

is obtained where, for the sake of simplicity, the substitutions X, =r,; (1),
Y,- r;{%;L7) are used. The sum 2 X,—VY;| can also be presented as
foilows :

2 Xi—Yii= V(XK= V) + (X=X,

{f) (M) (M)

where M, is the set of i values for which X;>Y;, and M, is the sei of {
values for which X,<Y,. This way of presenting allows 2'|X,—VY;| to be
differentiated with respect to X, and ¥; respectively.

In such a case the exiremums of wg .  are determined by the condition:

dw Jw
(15) K0, (188) —p e, i1, m

The system (15) is equivalent to the following system:
23| X,— V| 4. Z (X, = VR{X+ YO | o=V, PI2XG —- YY(XG + 1)
(X — VPR IXH X+ V) [2(X, = VPP~ (21X, — i 174

(16) XZUX— YR X+ VD] - 12X X~ V)PP
+[2(X3 + YD (23 (X, VP12 (Xi— V)l =0.

In (16) all sums are identical for the equation system where i=1,..., n.
Therefore {16) is a system of equations of the third power with respect to
X:. This system is to be satisfied, i. e. the n equations of the third power
must be cancelled out by their roots. As in this case all X;>0, the equa-
tions of the third power have only one real positive root, i. e. X;=const=X.

Similarly, the condition Y,--const=Y can be obtained which satisfies

the system (1ba).
Therefore wg o, has an exiremum at X;=X, Y,—-Y.

The valne of the extremum is
{17} (GJC-CK) ext=2.
By way of example a check with the following values of X; and V;:

X, =@, X,=2a, X3-=3a, y,—2a, y,--3a, y,- @ shows that the extremum Is
a maximumm.
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The following expression is obtained for the coefficient w¢ i

('Z’ X7, |)22[Xf(};§55ﬁ(_ s
_ M) Sy SRS
(18) D¢ = A ‘i

DX+ DX (Vi — 1y ]_“_ _

{) (#}
In & way analogous to the one used for De,ch it is shown that w . has an

minimum at X;=-X, ¥, =Y. As 2’){; :Z}ﬁ-, it follows that ai the extre-
{£) {4

mum X=Y, but then lim ;___x_—gi and, consequently \x—r|- y—r= I—_‘;ﬁl .
X,

The value of the minimum in this case is

(19) (wC,R’) ext= 2.

Finally, let us determine the ratio we ,, Mmeasuring the efficiency of C
with respect o 7. According to I and I this ratio is

(20) W =R e
i \; PACHRE)
()

The magnitude of wc, depends on the concrete structure of ry(%;). For

Instance, for the straight line y=x the module-structure characteristic is
given by the expression C(r)=2¢(T—1), while for the sine-shaped curve

y=sinx this expression is C(z)-—-.Ssin%- It is clear that for the straight line
the value of the function €(x) becomes greater than half the area between

the straight line and the abscissa when z>’r L) and, for the stne-shap-

2 e

2 ( 2
ed curve, when sin {,—> -;-—‘ QOur experience shows that for curves of the
spectral reflective characteristic type a considerable range of ¢ exists where

the condition 2‘!rf(.’.f)——r;(1{-+r)|>n%‘i is fulfilled. In this case, as

ZX?-—ZY?<):X§M and 5>f¥i;‘-‘i for w, , there exists a range for which
) I ’

(21) fﬂc,r>1/§ -

So far we have examined the case defined by condition IV. Let us
now assess the case defined by condition V. For this purpose it is sufficient
to examine the difference -C(K)_C(I)r-cf\’{k)“c!{(;)l and Ky —K;. As the

reflective characteristics r, and r; differ only in the random function which
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has arithmetic mean equal to zero for a sufficiently large set of values of
i, the following is obtained for the above ditferences:

(22) Ci—Cr= 2 Xi—Yu,— 2|1 X,
{#) {7}

= 214X;, @—AY), @1+ AT, ()~ 4X;, ()]0

(My) (Mg

in accordance with condition II
Similarly we obtain:

(23) |Cogy—Cngpyi= (g'm;.k (h—A4Y;, ()P L0
(24) K=K = 214, (D14Y;, ()]0

0]

Equations (22), {23) and (24) show that for functions defined by condition
V the module-structure characteristics have 0 efficiency, as opposed to C;
and K. This result can be considered as a weighting property of € which C,
and K do not possess to the same degree,

Discussion

1. When the reflective characieristics are used for their identification direct-
ly the algorithm exposed in item A furnishes the answer as fo what the
minimum number is of wavelengths 2Z; (miny by means of which the appurien-
ance of new objects to a given set M of reference classes can be recog-
nized. If the number of these classes is not too large, the necessary number
of wavelengths Z; mny In which r is to be measured is comparatively small.
This simplities the measuring process and the analysis of reflective charac-
teristics.

2. In the case where M contains many reference classes (for instatice,
several hundred) it is probable that the number of A;(n shall be commen-
surable with the total number n of the sampled valnes of r. Here it is
advisable to use some of the transforming funclions C, Ci, K examined above:

The equations (17), {19} and (21} contain the basic results of the three
transforming functions obtaiued so far. They show that there is a possibi~
lity for the modute-siructure characteristics, defined by equation (4), to have
a better efficiency than the original functions and the transformations defin-
ed by equations (5) and (6). This efficiency results in a decrease of pro-
bability for type [ and type II errors usmg the Bayes criferion for a mini-
mum risk when the identification of r; is carried out. This reduction of
errors leads to possibilities for the decrease also of the minimum number
of € (r) values, by means of which the identification of {he set M of refe-
rence classes with given reflective characteristics is realized. A betier effi
clency of ¢ is therefore to be looked for in the range of the greater vilues
of ¢ where the coefficient of variance V, decreases considerably.
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11 14 21 26 53 687 68 69 U]

Tabiel
74 } 75 ‘ 85 94

i
\ i 6 9
w N || | L

400 |0.059/0.072/0.08410.02010,202(0.050/0.023|0.105[0.018/0,152/0.249/0.054|0.04410.030]v.030l0.617/0.015
410 10.080(0.0730.08610.020(6.203(0,050]0.0.24/0.10010,019/0.153/0.149(0.050/0.04610.033]0.038(0.018/0.015
420 10.061(0.074/0.691/0.020/0.204/0.050/0.025/0.090|0.020|0.  5410.149(0.049}0.049(0.039(0.042/6.019(0.018
430 |0.062(0.074|0.057(0.0210.205(0,05010.027|0.096|0.024/0.259[0. 150(0.05610.051 |0.040]0.048|0.020(0.020
440 10.061/0.073/0.101 |0.022|6.200(0,05010.028/0.094|0.0260.16210,1570.060/0.055/0.04 1 0.050(6.021[0.022
450 |0.065/0,072/0.10910.024/0.210(0.050(0.026[0.092|0.024 €.17 110.163]0.061|0.059/0.042(0.051(0.095|0.025
460 (0.073/0,071(0.115/0,025[0.211(0.050(0.027[0.090(0.027|6.182[0.176(0.060!0.063[0.043(0.052|8.030(0.027
470 10,076/0,070|0.125/0.026/0.211]0,050/0.026|0.090(0.029[0.200(0.190/0.059/0.068|0.044/0.05310.036/0.029
480 0.075/0,070(0.13110.027|0.212(0,050(0.026/0.090(0.028|0.215/0.200(0.06 1 |0.071/0.045/0.052/0.039/0.027
490 ;0 087(0,071|0.144/0.027|0,214/0.050(0.026(0.0910.027|0.222.0.209(0.066(0.07510.045(0.05210.040(0.026
500 10.095/0,073(0.16110.029(0.215(0,050(0.022|0.095|0:027|8,27716.218(0.070/0.081]0.049|0.055/0.041|0.029
510 10.106/0,077/0.185/0.034(0.215(0,051(0.031{0.100/0.027|0.230!0.222(0.070/0.089/0.059/0.062(0.044]0.035
520 8.120(0,080(0.213]0.040/0.215|0,053/0.036|0.105(0.025]0.231|0.232{0.096/0.096(0,075(0.075/0.050/0.050
530 |0.149(0.082)0.233/0.053(0,214/0,056/0.041(0.1110.083|0.232/0.22610.110[0.103(0.087(0.09310.060!0.072
540 |0.169|0.087(0.2450.066/0.213|0,059/0.051|0.114]0.041]0.23410.227(0.119]0.109(0.00410.10710.071 |0.093
550 [0.176/0.090(0.249]0.070/0.213{0.060]0.049/0.114{0.045)0.235/0.228[0.120/0.112|0.098[0.1 12/0.0950.104
560 [0.178)0.0910.247(0.067|0,213)0.061(0.048|0.112[0.044(0.239/0.230/0.112(0.116(0.096(0.113(0.129/0.097
570 (0,1730.095(0.241(0.053(0,216/0.063]0.050|0.108[0.042(0.243/0.232(0.1 1 1/0.11810.088(0.11110.154/0.084
580 |0.168]0.098/0.231(0.048(0.220/0.064/0.044|0.103{0,040(0,246/0.23510.112(0.117/0.081]0.110(0.151/0.073
590 |0.168)0.100/0.228/0.050(0.224/0.065/0.043]0.100/0.039|0,2480.238|0.105/0.115(0.081{0.100]0.143(0.067
600 [0.160(0,1010,22410.050/0,231(0.066]0.044/0.097|0,040|0,248/0.239/0.088|0.113{0.085(0.1050.182|0.061
610 |0.152(0.101(0.22010.049/0.239(0.067(0.042(0.094/0.05010.246/0.239/0.078|0.118[0.085(0.101[0.1280.060
630 [0,153)0.102/0.21 1{0.053|0.247(0.068/0.0400.090/0.05410.243(0.237/0.078/0.125(0.079|0.096(0. 130(0.059
630 10.151(0.102)0.205(0.05110,25+/0.067|0.0430.087|0.052/0.239(0.2310.078|0.132/0.073{0.091{0.131|0.052
640 [0.143(0.101]0.202(0.042(0.261(0.071/0.043]0.083|0.050/0.233(0.228|0.074|0.140/0.069/0.087(0.120(0.047
650 0.14110.100(0.208]0.036/:269|0.080|0.035(0.080(0.048]0,229|0.222|0.082|0.142|0.075(0.085/0.1 21 |0.040
660 |0.150[0.100]0.211(0.040|.274/0,089|0.025(0.075/0.050(0,22410.218(0.095/0.148(0.08210.08710.123/0.045
670 |0.151/0.100/0.218/0,055(0,280/0.097|0.022|0.072/0,053|0.228/0.22410.101(0.151|0.105/0.08610.13810.045
630 |0.178|0.100{0.225/0.0680.284]0.102]0.028|0.085(0.060]0.242(0.230[0.112/0.157|0.145[0.095/0.161/0.045
850 [0.210(0,100/0.241/0.088|0.28810,106(0.030|0.122/0,070(0.251(0.245(0.132/0,165(0.182(0.1050.20 1 0.042
700 |0.238(0,100(0.252(0.120/0,295(0,1070.042|0.180(0.11010.268|0.252{0.1510.172|0.212/0.122/0.248/0.061
710 [0.264/0.100]0.271/0.141]0,298/0,106/0.050/0.2450,122{0.298(0.261 |0.180/0.185/0.148(0.141|0.308|0.072
720 (0.281{0.100/0.301/0.164|0,299/0.106/0.062]0.27810.150/0,329/0.272(0.259/0.210/0.291 0.1 58/0.342(0.100
730 (0.332(0.100/0.310(0.187]0.301/0.111(0.070/0.328/0.161|0,343|0.508[0.342(0,232(0.301|0.184/0.395/0.125
740 [0.374/0.100/0.321|0.218|0.301(0.122/0,075|0,369|0.180[0.350/0.308|0.467|0.250(0.30610.218(0.405(0.172
750 (0.418(0.100|0.351|0.270/0.300(0.145/0.079/0.397(0,200/0.350,0.306(0.542]0.252(0.305(0.269|0.470(0,205
760 [0.458)0.101/0.360(0.320(0.300{0.190]0.081]0.418|0.202(0,348/0.303/0.571]0,272|0.30310.290(0,481[0,249
770 [0.512(0.102/0.370(0.3420.299(0.2200.082/0.437|0.201|0.339/0.300(0.591 |0.281(0.309(0.322(0.491|0.292
780 |0.517/0.103/0.398]0.360)0.296(0.240|0.08310.452{0.193|0.327(0.293/0.605/0.289/0.311{0.342|0.501|0.322
790 10.526/0.104/0.405/0.375/0.29310.255/0.084/0.470{0.189]0.3110.283}0.6 150,293|0.313|0.358/0.5200.342

Here it is appropriate to deal with the following cases:

a) When 7 is small, a correlation between the neighbouring values of
r is possible to exist, i. e. the difference r;(1;)—r;(4+1) will not be a com-
position of independent random quantities. Then the equations (7), (8) and
(9) will not be valid. However, a similar correlation could hardly be expect-
ed for +>(5+8)41=50-80nm because such a v corresponds to a transi-
tion into a zone of a new hue. Because of that most values of C, C,, K
and their dispersions remain as defined in (7), (8) and (9).

b) As the efficiency of C(r) is expected to be considerable when the z
values are higher, the following question is to be answered: When the set
M'is large, will there be a sufficient number of high values of C for the
identification of the classes of M? The affirmative answer to this question
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105 10§ ‘ 107 | 108 108 | 111 112 113 143

99

97 98 102

100 j 101

0.022
0.022
0.023
0.024
0,026
0,027
0,029

- 10,028

0,032
0.035
0.040
0.049
0.068
0.086
0.102
0.115
0.110
0.096
0.087
0.078
0.070
0.065
0.061
0.056
(0.054
0.057
0.062
0.08%
0.078
(.128
0.202
0,402
0.482
0.530
0.540
0.551
0.595
0.578
0.583
0.60G8

|
0.020(0.022}0.022| 0.022| 0.022 0.020| 0.023] 0.0230| 0.021 0.028] 0.037| 0.040] 0.059 0.050] 0.027 0.019
0.020(0.622/0.022| 0.022 0.022 0.020| 0.023! 0.031] 0.021| 0.028/ 0.037| 0.042| 0.061| 0.050| 0.032| 0.024
0.020(0.023,0,023 0.023] 0.023| 0,021/ 0.026' 0.037| 0.022| 0.029] 0.037| 0.045] 0.069| 0.050| 0.035| 0.097
0.020(0.024|0,024| 0.024| 0.028| 0.023| .028, 0.045/ 0-023| 0.030| 0.038) 0.049] 0,077 0,051| 0.035| 0.029
$.022(0.026)0,028| 0.028| 0.032| 0.026 0.0311 0.043| 0.024] 0,031 0.039( 0.050| 0.100| 0,053 0.035| 0,029
(.023(0.027(0.030! 0,030| 0.035| 0.029] 0.633 0,047/ 0.025| 0.032| 0.040} 0.053 0.150| 0,057| 0.037| 0,030
0.025(0.02910.032! 0,032| 0.039] 0.030| 0.035] 0.053| 0.026( 0.034| 0.041| 0.056] (,180( 0.060| 0.038| 0.028
0.026(0.028/0,034] 0.034 0.040 0.030| 0.035| 0,068| 0.029| 0.036] 0.042| 0.058| 0,192| 0.061 0.041| 0,033
0.028(0.032(6.038! 0.038] 0.039 0 031] 0.035 0.056| 0.030| 0.038 0.043| 0.060| 0.181] 0.062( 0.040! .02
0,030(11.035(0.040| 0.040{ 0.040| 0.033| 0.038| 0.058| 0.031| 0.032| 0.047| 0.063] 0.163| 0.068| 0.039! 0,030
0.041(ix041(0,045| 0.045| 0,049 0.038| 0,042( 0.068] 0.035| 0.045| 0.052{ 0,070] 0,149| 0.072| 0.041| 0.035
0.059(0.052|0.060| 0.062| 0,070 0.050| 0.056/ 0.086 0.041| 0.053| 0.064| 0,088| 0,127/ 0,074 0.084| 0.044
0.079(0.074/|0,082| 0.092| 0,105| 0 078! 0.090{ 0.124 0.055| 0.070| 0,080| 0.120| 0.125| 0.115( 0.089/ 0.050
0.008(:1.10110,115[ 0.123| 0.149] 0,112[ 0.119] 0.172( 0.076[ 0.089[ 0.101| 0.159] 0.116| 0.167| 0.116| 0.055
0.111]0.119(0,128] 0.143| 0.182( 0.129] 0.134/ 0.202] 0.090( 0.108| 0.121] 0.180| 0.104| 0.192] 0.126| 0.058
0.102|0.121(0.129] 0.151| 0.198| 0.133] 0.145] 0.225| 0.095| 0,118| 0.134} 0.184| 0.096/ 0.210| 0.131| 0,061
0.092|0.117(0.123] 0.147| 0.182] 0.131{ 0.142( 0.224| 0.090| 0.112{ 0.131| 0.173| 0.087| 0.199| 0.121| 0.062
0.080/0.105(6.111| 0,127/ 0.161/ 0.120] 0.131| 0.221| 0.081| 0.103| 0.122] 0.159| 0.072| 0.173{ 0.114| 0.061
0.072/0.092(0.100( 0.110] 0.141{ 0.107| 0.114/| 0.204| 0.073| 0.096/ 0.111| 0.147| 0,076/ 0.155| 0.093| 0.059
0.065/0.083(0.090( 0.095| 0.134| 0,098} 0.103| 0.185] 0.069| 0.090| 8.163| 0.134| 0.085| 0.152| 0.084| 0.057
0,061/0.077(0.082( 0.088| 0.133] 0.094] 0.100] 0.186| 0.063| 0.082| 0.087| 0,126 0.145| 8.161| 0.073| £.055
0.057(0.671|0.077| 0.081] 0.110] 0.091] 0.097| 0.176) 0.060| 0.679| 0.090| 0.118] 0.238| 0.146| 0.079] 5.053
0-050(0.069(0.073| 0,079( 0.095| 0.084] 0.094| 0.161| 0.059] 0.073| 0.087| 0.112| 0.318| 0.131| 0.077| 0.051
0.045(0.065/0.070| 0.057| 0.100{ 0.079] 0.089! 0.157| 0.057| 0.070| 0 682| ©.107] (.383| 0.117| 0.088| 0.032
0.042(0.064(0.070| 0,077 0.092| 0.073| 0.082| 0.152| 0.055| ¢.068| 0.080| C.101| 0.510| 0.105( 0.070| 0.053
(.045(0.065(0.070) 0.078] 0.096] 0.071/ 0.077] 0.150| 0.054| 0.066| 0.079| €.100] 0.570] 0.084| 0.067| 0.054
0.0:48(0.073(0.080 0,081[ 0,102 0.075] 0,081{ 0,155 0.058| 0.072| 0.085| ¢.105( 0.620| 0.088| 0.069] 0.057
0.055(0.082(0.111| 0.118( €.11810.095( 0.108| 0.181| 0.075| 0.698| 0.125| {1.182| 0.660| 0.125| 0.081/ 0.062
0.073(0.095/0,151| 0.145( 0.158, 0.118| 0.141] 0.253| 0.161| 0.238| ¢.295| 0.381 0.690| 0.200| 0.1 12| 8.066
0.138(1,142|0.242| 0.238| 0.250( 0.208| 0.225| 0,325 0.355| 0,395| 0.450| 0.452| 0.715| 0.278| 0.141| 0.071
0.381[0.225(0.371| 0.368| 0.380| 0.310| 0,375 0.458| 0.442| 0.471| ©.485| 0.525| 0.755| 0.361| 0.181| 0.081
0.465\0.420(0.391| 0.491| 0.508 0.550 0.550] 0,606/ 0.481| 0.500| 0.321| 0.565| 5,752| 0.435| 5.268( 0.112
0.511[0.495(0.471| 0.542| 0.608{ 0.728] 0,740 0.754| 0.501| 0.519| 0.532| (.580| 0.771| 0.589| 0.350/ 6.128
(1.524(0.522(0.307| 0.575| 0.618| 0.763| 0.780| 0.797| 0.520| 0 535| 0.550| 0.620| 0.789| 0.673| 0.404| 0.135
(,534(0.535(0 517| 0.591| 0.728 0.790| 0.815( 0.850| 0.530| 0.550] 0.563| 0.680| 0.805| 0.742| 0.485 0.148
0.545(0.946(0.525( 0.608| 0,757 0.795] 0.822| 0.859) 0.540| 0.561| 0.575 0.750( 0.820| 0.794 0.558 11161
(0.558|0.757(0.537 0.622| 0.785( 0.796/ 0.824| 0,863 0.545| 0.572| 0.588| 0.791| 0.833| 0.832| 0.582| (.180
0.568(0.568(0.549/ 0.639| 0.868| 0.796{ 0.825| 0.969| 0.548| ©.582| 0,584 0.820| 0.8346| 0.865| 0.616| 0.200
0.580/0.580(0,560( 0.651| 0.830( 0.800 0.830| 0.876| 0.550| 0.59%| 0.611| 0.842] 0.000| 0.889| 6.635| 0.220
0.596,[].593 0.570( 0.669| 0.847| 0.811| 0.838| 0.883| 0.553| 0.603| 0.625| 0.868| 0.600] £.910| 9.651| 0.233

is implied in the lollowing property of C{z): it is steep for the small vatues
of v and rapidly reaches high values, Its steepness is approximately propor-

. dr
tional to . 2

The limiting conditions used to obtain the above results actually do
not greally restrict the problem because there are data indicating that con-
ditions | and Il really exist in the case of natural formations [2, 3]. Condi-
tions 1V and V show certain advantages of the module-structure characteri-
stics in the identification of objects that are similar. This is actually the
basic problem underlying each similar algerithm.

The algorithm described in item A and the module-structure characteristics
are applied in the following example: the set M consists of 34 reflective
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characteristics of deciduous and coniferous vegetation as well as grass areas
(Table 1). Each reflective characteristics is formed by 40 values of  at each
10 nm in the range of 400-800 nm. These data were taken from paper [4]
The coefficient from condition Il is assumed to be 0.02, The application of
the aigorithm from item A for M shows that the thirty-four classes of M
are not identified by means of iwo-element combinations for As; but that
this is possible in 2212 three-element combinations. The same algorithm
applied for C(z) shows that there exist 29 two-element combinations for the
t values, by means of which the total set M is fecognized. As the possible

three-element combinations in ihis case are 9880 and the two-element ones
for v are 190 [C(z) Is symmetric], the ratios ggé—g and 129% are similar in valie
Therefore, it can be stated that in this case Clv) gives results which are by
one order better than r,(4,).

It remains fo prove the possibilities of the transforming functions C, C,
and K for a set consisting of a considerably larger number of classes.
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JVCKDAMUHAHTHLIN AHAANS OTPAXKATENBHBIX XapaKTePHCTHE
€CTECTBEHHBIX NDUDOXHLIX OOPA30BAHUE, UCNOAL3YIOMIMEL
MHHMMA/IbHOE HMCAO AJAUH BOJAH

. K. Snes, /. H Muiues
(Peatwue)

Paccmarpusaercs sonpoc o BEIGODE B MHEMMH3AUUH HEeOBXOXMMOTO 9MCIa NN
BOMH npit’ usMepenud koS(phHUHEHTA OTPAMEHHR NDPUPOAHHIX 0oGpasoBaknil.
Pewiense sTore Bonpoca nospoaseT OCYHIECTEHTE HAEHTHOHKALMIO CeKTpah-
HRIX OTpaMaTeJbHBIX XADaKTEPUCTHK #;{A,) AaHHOFO MHOMNcecTBa M, cocros-
ero u3 j xaaccop o6bexros Oy j:=1,... N
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BULGARIAN ACADEMY OF SCIENCES

SPACIE RESEARCH IN BULGARIA, I
Sofia . 1878

Optimization of a Parallelepiped Discriminant
Function at a Multidimensional Analysis

7. K. Yanev

When effecting a classificational analysis of stochastic subjects Oy, j=:1,... N,
presented in the multidimensional space S={x,), i=1,...,n, the choice of
a ctiterion is a basic stage for the qualily of the deciding rule (discrimi-
nant function). Often the sum of the error probabilities from the Ist and
2nd genders serves as such a criterion. The minimum value of the sum is
attained by the Bayes criterion of the minimum risk. As we know [l], this
procedure, though well elaborated methodologically, entails considerable
calculation difficulties, especially when the number of classes Cy, &= 1, ..., M,
formed by O, is cousiderable. In this case, even the linearized Bayes pro-
cedures, or the linear discriminant functions lose their effect in general, be-
cause a great number of linear discriminani functions are needed [1].

The simplest approach is, of course, the one in which the diseriminant
function is defined by simple in form volumes in the mullidimensional
space S. Such could be, by way of example, mullidimensional parailelepi-
peds, spheres, ellipsoids, and the like. In this instance, the deciding rules
are simplified considerably, and in the case of the muliidimensional paral-
lelepiped they are reduced to a sysiem of simple inequations. On account
of such a simplitication of the deciding rule, the value of the risk function
R increases.

This paper treals the problem of optimization of the parameters of the
constaut limits (discriminant functions) of the classes in space S, in order
to obtain a minimum value of R (Naturally, this minimum value is bhigher
than the value which could be obtained by the Bayes discriminant pro-
cedure).

As we koow [3] in the general case the risk function has the follow-
ing form:

M oM :
(1) R= J 1.21 [meCmf(X/um)d(mX)d‘-’f]»

m=1
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where: X{x,...,x,) i8 the current vector-realization, Pm is the a
priori probability of the m-class subject appearance, f(X/um) is the density

of the probability of the n:-class subject appearance in the volume d.X - def,
I=1

is a paymeni-off matrix with elements C,,, equal to the price of {he error
when relating the x to the m-class, at the £-class subject availability.

Hya/ X} is a unit function, equal respectively to:

1, when X is in the region 7% of the k-class,

0, when X is in another region.

It is usually accepted that C,,=0, and that condition will be taken
info consideration in this paper later on.

Under the Bayes criterion of the minimum risk, regions [, depend on
the index m, i. e. I',-=7(m), and are determined by the equation:

(2) PeCon X 143) = P Copmn [ X ttm)-

Equation (2) shows that the minimum risk is attained by the introduc-
tion of flexible limits, depending on the pair of indices (k, at) of the coni-
parable classes. This condition makes the analysis complicated because, in
the general case, regions (m) are strongly nonlinear and multidimensional.

At constant limits and normal distribution f/x/u/, which we accept
further on, equation (1) has the form:

it N
= ?(X"',t{k}rf(k I(X_Hk)

M M 1 M i}1}' b”f ¥l 2
) RE R S a e [l BT i g
) R= 2 2w (J?«z)’*é é‘pk . K
“1;‘ “uj n

i=1 k=1

ey,

i P
= 5 X R X))

—M-1)Cppy———— dX|=Ti+ Ty
VIK |
M oM bf bre;' 1 v pr—1 3
1 exp [—-—,2- (X—w) Ky (/\_.”k)]
ey 3 S [ [l
@a) = gi' ,é: C;mﬂ;_. 0 v d
kekf ] nf
M M %y E’ﬂ;‘exp[ Ly
: - —3 I — g
(Bb) £, - > N Coupa—M- 1) V’f I fi,__[___ — ldx,
| %2?; . fé{a,; J JIK;]
= n

K — covariational matrix.
In the general case, the limits a; and &5, of the mulidimensional
parallelepiped can change independently on one ancther. At the R optimi-

48



zation by (3) this means the intrcduction of 2n parameters of the optimi-
zation. Further on we will accept the following limiting conditions:

(4) ai!_‘f”:'.f(l —(}),
bip=u:(1-4q),

i. . we accept that the limiting surface of the j-class is a parallelepiped
which is centrally symmetric to the point described by the tip of the vector,
4y, and its magnifude changes with one and the same coefiicient of pro-
portion ¢ along all the axes of the space S. Under this condition, it is seen
in (3b) that /, is a monotonously decreasing function of ¢, when the va-
lues of ug, K, M are fixed, because the normal distribution is positively
defined in the multidimensional volume (--o0, c0)" and to each dg corres-
ponds an increase of the integration region volume of the integral in (3b),
and 4/, <0 is accordingly obtained.

Analogously, we obtain from (3a) that /, is a monotonously increasing
function of ¢.

Also, the following limit relations follow from (3a) and (3b):

MM
q . T
fpge - i A== 05 Iy = lim 12:22(,&,;3*
Fee H—roh =1 k=1
sk
and therefore, because of monoionous change of f; and [, and since

(5) anax = lim R: lim f.z oz R(q — O)’
groe

g0

then relations {5) show that in the region (—co, c0)" the risk tunction R
has at least one misimum. The values of g, which correspond to Ram, can
be determined by the equation

(6) ORjdg=0.

In the relatively simple case, when signs x; describing the subjects O;
of a given class are independent on one another, i. e. when the covaria-
tional matrix of the class is diagonal, the multiple integrals in (3) are given
as a product of one-fold integrals, and a possibility is offered for condi-
tion (6) to be obtained by differentiation under the sign of a one-fold in-
tegral. Then we obtain for (6):

M M 2
ar 1 — (14—
(6a) 0 2y ' D Cum 2 1(—'39') s
{y 2uz} J=i k=1 i=1 Tt
Rlf
- 1 1 g Al — g — e 1
X I ](a_fa‘ €xp- {_7[#11(1 -I"?’)—.f.s-:k]‘;/oig}) -t 'U["—fé—f—'uﬂ ]:_1[(0_#‘ eXp
i=i oy
FE RN {4
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M # A

1 I MR » o j=rud TT1

o T 2 N M__'I(l-’{ 2 ™ Ly

X [ 2 {MU( Q) Jufk}/UM] (\12”)“% ( ) Y pj i—1 0_‘?5 ;!:‘1[ o f
'

><[~—;- wgﬁ] :

o

It is obvious from (6a) that the direct determination of the dependence
R{q} by the equation (3) should probably prove to be easier, even in this
simplified case, than the solution of (6a), or of (6) respectively. For that
purpose it is appropriate to calculate the integrals in (3a) by the Monte
Carlo method, which in this case offers considerable simplification, because
the integration regions are simple volume-parailelepipeds orientated along
the coordinate axes,

The deciding rule at constant limits, defined by a multidimensional
parallelepiped, is reduced to a verification of the inequation system:

(7} a,'jfﬂxgﬂb”, .:'::I,...,ﬂ, f—_—l,...,M,

where X{x,,..., x,) is a vector-realization, subject to classification.

If (7) is salistied for certain j and for all 4, it is accepted that x be-
longs to the j-class of the multitude M.

The mean risk function (averaged for all the meanings of j) is deter-
mined under this deciding rule by equation (3); it can be obtained also by
{3) only for the j-class, though without summing along index j.

If the change of the limits g;, and b,, of the multidimensional paral-
lelepiped occurs depending on more than one parameter, then equation (6)
is transformed into a system of partial derivatives of R towards these pa-
rameters,

Of course, the deciding rule with constant limits can be applied and
can be optimized for other relatively simple limiting surfaces, as for example
a multidimensional sphere, an ellipsoid, etc. In this case inequation (7) would
become more complicated. Some complications would also appear in the
calculation of R by (8). It is possible that the complexity of the deciding
rule should become commensurable with the linear deciding rules.

On account of the rather great simplification of the deciding rule at a
multidimensional parallelepiped, the risk R at the classificational analysis
increases. If an acceptable risk Ry is given, this risk in the general case
will be realized with the greatest number of signs, i. e. the dimensionality
of § would be greatest, under a deciding rule based on a multidimensional
parallelepiped. This compromise would probably be acceptable at consider-
able data files, where it could happen that if was more profitable ecomo-
mically to measure more signs x; but needing considerably lesser time of
computing analysis. In particular, such a situation can appear when study-
ing the natural formations of the FEarth surface according to spectral
reflective characteristics, In that case, to obtain data by a greater number
of wavelengihs would involve a single complication of the equipment for
obtaining reflective characteristics (increase in the number of channels for
obtaining spectral information). This single complication of the design would
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be compensated by ifs multiple applications in collecting and processing
considerable data files,

Equation (3) shows that the risk function depends on the number M
of the classes and increases with the increases of A, That is why it is
convenient to introduce the quantity “relafive risk” for the comparative
analysis of different in volume sets of classes:

® =R 21

oo

[ o [ paCon XU 42, Con S X

m=1 k= —p e
=
M M
=Rj2 2 Zcmkpm'
(i et

Taking into consideration eguation (5), we find that & changes in the
inferval 0<¢=<(.5, The value :=0.5 corresponds to the maximum indeter-
minacy in the class: identification. The same value is obtained not only when
the region determining the limjts of the classes is with a zero volume or,
respectively, is infinitely great, but also when all the distributions are equal.
In this case we also have complete indeterminacy.

The maximum indeterminacy is obtained also in the case when M — co,
This is due to the fact that in equation (3) the integral values tend toward
zero, because in the constant volume of integration there is a part of the
infinite normal multidimensional distribution which tends toward zero.
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OntuMuzanys napasieneninegHol AUCKPUMHHEAHTHON
(YHKIMH B MHOTOMEDHOM AHAJHM3E

T. K. Hres

{Pesome)

[pn xaaccndrxalluy CTOXACTHYECKHX OOTBEKTOB OCHOBHHIM KDHTEDHEM TOY-
HOCTH xaAaccHpuKauuu sBAfeTcd (QYRKUU# pucKa. B nacrosmem pabore nc-
cleA0BaHA npofremMa MHHUMH3AUHH QYHKIUM DHCKE, XOTAd FPAHHUL KJAACCOB
CTOXaCTHYeCKHX OOBEKTOR NPHHHMAIOTCA 34 MHOIOMEpHHE MapaljefenHneLhl.
[lponenypa MHHUMH3ALMY OXBATHIBAST NAPAMETPRl STHX Mapai/e/eHHneROB.
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Power Autocorrelative Function

7. K. Yanev

The spectral reflective characteristics (SRC) of the natural formations are
oblained practically as a discrete sequence of values r(4,),i==1,..., n of the
reflective index of the formation. This permits the SRC description through
the vector tip X(x,,..., x,} in the Hnite multidimensional space with dimen-
sionality - #, in which the subject descriptive signs are x,=r{(1,). SRC are
stochastic functions because of the natural dispersion of the formation pa-
rameters. This property of theirs necessitates the use of statistical proba-
bililty methods of the SRC classification even when ihe measurement er-
rors are so small as to be neglected. From the point of view of minimi-
zation of the probability R for an error of Ist gender (“omission”), or an
error of 2nd gender {(erroneous identification “false alarm”}, most suitable
proves to be the Bayes method of the minimum risk at the SRC classifi-
cation analysis. In the general case, when the autocorrelative SRC matrix
is not dizgonal, the analytical conclusions become very difficult. But in
some particular cases it is possible to formulate relatively simple criteria
of the risk function R magnitude at the determination appurtenance of the
vector-observation X{x,, ..., x,) 1o one of the two classes—#& or m. For
instance, the risk function simplifies considerably at the following limiting
conditions: :

a) Signs x are independent (particularly n=1), _

b) SRC of the two vector-realizations are connected with the relation:
(A} =(1+O)rl), ®=const<1. :

¢) k- and m-classes have normal distributions with parameters Bip tom,
2=(14-O)ur,, o8, = l/’,:.a,:{‘,, Oy = V;z;,£= V(1 + @);e;{:,, where thy, is the mathematical
expectation of r,(4;), and or, is the ry(1,) variance. The constant V is the

variational index. As shown in [3], under these conditions the risk function
R is measured with a normalized normal distribution having a coordinate
equal approximately to

(1) n=86/V
(after neglecting the high powers of @),
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1 2
\,2_:5 _Ie d}’, 7?<0’
then the value of R is smaller at a great absolute value of n.

Of coutse, these limiting conditions are quite strong (condition (b) in
particular), but they provide a possibility for analytical conclusions through
the criterion (1). They can serve as an orientation for the situation in the
general case of the SRC nondiagonal covariance matrix,

The space of X(x,... x,) can be formed not only through (1), but
also by the r{1) transformations with a suitable operator. Such a transfor-
matiott has justification of performance only when the risk function value
could be reduced in the fransformed space. Paper [3] shows that the auto-
correlative fransformations:

As in that case, R is determined by the integral

(2) Cm{rj):21|!’(A;)“?’(lf'l"!j)‘,Ij——dl.j, J=L, nf2, dh=12i y;—A;=const,
f=1

(3) , Calrp)= é’[r(wr{af-r-r,-)la

improve the risk function for the cases described by the limiiing condi-

tions (a), (b) and (¢} with the increase of the |#| value. The transtormation

(3) is given by Kolmogorov [1] and the transformation (2) is defined in [2]
This paper examines the generalization of {2} and (3), namely:

)] () ZH rg—rid A+, N=1,..., e,
il

We shall accept equation (1} as au effectivity criterion of this trans-
forination. The studies in paper {3} show that C, from equation {3) leads to
a smaller value of | 5| than C, from equation (2). In the general case this
justifies the examination of the ratio

e On_m¥n
5 =S —=————0C
( ) = LY @NVN—m

Taking into consideration the limiting condition (b) and equation (4),

~we obfain the small parameter Q, by the relation

(6) C )= (14 VCH ().

If we neglect the high powers of @ in (6), we would obtain Oy—NO
and then :

7 ONOs)—m = NN — 1),

In order to study the Vy_n./Vy ratio it is necessary to determine the
expressions for Hey and LW of C™) for an arbitrary M. This can be realized

by the use of the definition equation (4} and of the dispersion equation
of a normal distribution composition. - ' i
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®) y=ax,
7= ‘Z‘af_off :

In equation (4) the Ith realization r; (4;) of a given class can be ex-
pressed as follows:

(9) ri{Asy=r(A)+Arid;),

whefe r{i;) is the mathematical expectation of rin A, for the examined class.
ri1; +z;) is expressed analogously:

{9a) rlA; 1y =r{Atv )+ Ardd, ).

Taking into consideration that there follows from condition b) that
V], the high powers of Ar; can be neglected and then we obtain after
the substitution of (9) and (8a) in (4) in a first approximation:

(10} CgN)mé'[(zf — YN +N(x; _'Ef)N_i(Ax‘} —4yi,)h

where it is marked for convenience: x,=#(;), ¥,= ;1)
It follows from equation (8) and (10) and condition b) that:

"

(11) W= 3 (x,—y),

i=1

(12) el =VIN? 3 —y PV-D(x2-Ly ).
i=1

Cy

The ratic Vi/Vi-m is expressed by equations (11} and (12) in the fol-
lowing way:

- n 2 n
Z(If—f,-)”“’"] [ D G—y NN+ )J
(13) Va L #=1 i=1 St

N
VN-— N—m R ; Juisy 2 240 T1) o LR, 3"
St (xgw][ E(xf-yf)w]
L i=1 =]

There ‘follows from (5), (7) and (13) that the ratio (5) has the form
! . 2 n _ N
/ [:Z{x;‘_yi)'v_m]_[ (xf*y.f}?wul)(x?+}’f2)]

i=1 =
i . : " 2
[ P 7 e T +§%)][ Z(x,-—;‘ff)”]
= =1

=]

n

(14) o

or it can be written by iriple indices:
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a;=|x,—: 1, b= xit+ 3%

In order to evaluate the effectivity of the N increase, it is necessary
to examine the extremums of Q with respect to N (for that purpose equation
(14a) is suitable), and the extremum of the structure of r(i) (equation (14)
suits the purpose). In particular, the following system should be solved:

(152) 0Q/3x,=-0,
(15b) 00/dy,=0, i=1,...,n,
(15¢) 0R/oN=0.

There follows from (14) that (15a) and (15b) contain x; and y; in
a symmetric manner, i e. the resulls from {15a) will be valuable also for
(15b). We obtain for {18a) in a developed form:

(168) - 32— WA BN —m)Fr—5 )= AN—1) (= 33 52)
+ G0 )C D—{CUDN(z, ~ iy
DI 11 1) (g F N3 (B )+ (-0 £ AB,

where

n a r
A= 1:2(35:‘ Ly s ] , Co Dy B=m=D . (2 4 g2),
) i=1

i=1

7 % &
B= 35—y 0. (24 30), D;-[Z(écf—},-w] :
i=1

i=l

The sums A, B, C, D in (186a) are independent of the index #, and x;

as well as y, takes part in the remaining part of the equation in an equal
manner for the different values of the index i Therefore, the system (16a)
is reduced to a single equs¥ion, representing a polynomial of x. Still, if

we take the ditference x;—y; by module (according to the definition equa-

tion (4)), then y; participates symmetrically to x for each i and in all equa-
tions. That is why, the simultaneous satisfaction of {16a) and {16b) demands:

{17) Xy,

But it follows from the definition equation (4) that if (17) is fulfilled
then x=const.
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The derivative (15} is expressed in a developed form by the equation

Fa r 2

r:,-ajar.ﬁ

aN_'maN"mfzz(N_')ﬂNaNath_m"”b?in TGy

g / % q % aaa
n%gty

(Iﬁb) 80 i j kopagr

8N~ AN 2
| e

¢ 5k p g nn=1i...,n

Obviously {16b} is annulied also by the condition x=-const. Therefore,
£ from (14a) has an extremum and it appears when r(1)=const.

At N—oco the sequence {{x,—y)}, i=1,...,n tends to the sequence
{0,0,...,0, (X;—¥pmash j=1,..., K, where K is the number of the biggest
and equal in size differences (x;—¥)mas. That is why the conditions for an
extremum of {14a) asre realized at N — oo,

A direct veritication can prove that the exiremum defined by the sy-
stem {15a), (16b) and (15¢) is a maximum,

Conclusions

According to the resulfs obtained, each power sufocorrelative function, de-
fined by equation (4), diminishes the risk function of equation (1) when its
power index increases. But we should not forget that these results have
been obtained under the following limiting conditions: V<l, rfi) -
{14+ O).(d), ©<1. The increase of the power index N leads to an increase
of the role of the neglecied terms in the development of pey, oc,, and
(I+6)yY; for example, at N>10 their contribution in some cases could be
higher than 30—40 per cent even when V_0.05 and ©=0.05. Neverthe-
less, at relatively small values of N, it is possible to look for’an optimum
of each concrete set of classes. It is probable that this optimum would be
shifted towards the great values of N, when for each one of the M-classes
there exists ai least one wavelength 1, in which this class has the highest
values of 7{1), compared with the other classes.

If we take into consideration ihe higher powers of /Ax and Ay in the
expression for C¥¥) in equation (i0), then the distribution of C!' would
not be a composition of normal distribution, therefore equations (i1} and
(12) would not be valuable as sufficient parameters of that distribution
description. This would complicate considerably the analytical conciusions
for the effectivity of transformations (4).

Notwithstanding the fact that the analytical conclusions of this paper
are quite limited, they do provide grounds to expect good effectivity of
transformation (4). The verification of this effectivity in the general case
of multidimensional distributions should be realized as the file of primary
information for r(d} has to be transformed into a file of power autocorre-
lative functions, according to (4), and the Bayes procedure of the minimum
risk or some other convenient criferia should be applied to this file.
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CrenenHas ayTOKOPPeNSIMOHHAA (HYHKIUS
T. K. Sues

{Peanume}

Wccenenopantt cBolicTRa ayTokoppeasunoniod QYHKUME BHXA

C(r;)=é‘;{ruf)—r(zﬁwnm.

TIe # — Henoe TONOMHUTENLHOE HUCIC, T; — LIAr KOPPeNsuuH,
4; — HesaBUCHMas nepemenras, r(1;) — 3aBHCUMaH NeDEMEHHALA,
[Moxasano, uro npusenenne C(z) B uaaccHPUKANHOHHOM aHAAUW3E CTOXA-
CTHIeCKUX CUTHANOB Tuila r{i;) yMeHblnaer (YHKUUIO PUCKE NPY HOPMAALHOM
pacrnpenesendy #(4;).
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Fault Structures Obtained by Geological
Interpretation of Space Images

H. B. Spiridonov, V. S. Djepa-Petrova

New trends in studying various natural phenomena and objects appear
within the development of aero- and space methods of Earth investigations
through outer space. Particularly great are the possibilities for the Earth
sciences of geology, geomorphology, soil studies, hydrology, and the like.
Space images processing provides for the accumulation of enormous guanti-
ties of statistical material which broadens our knowledge inthe field of Earth
sciences. Particularly great are the prospects revealed by the statistical pro-
cessing of fault structures obtained by a visual method of geological inter-
pretation of space images.

This paper uses space multizonal images provided by the American
technological satellite ERTS-1 for the purpose of statistical processing of
fault structures. The photographs were obtained in four spectral ranges:
0506, 0.6--0.7, 0.7—0.8, and 0.8—1 um, i. e. in the visible and the near-
infrared regions of the spectra. The geographical coordinates of the photo-
graphic centre are: N 41°42/E 026°03; N 41°40/E 026°05. The space pho-
tograph comprises a surface of $=33502 sq. km. It embraces the South-
Eastern part of the Bulgarian territory, the Eastern Rhodope Mountains
included, as well as most of Western and Eastern Thrace, which are part of
Greece and Turkey.

The Eastern Rhodope block, which is the subject of the geological
interpretation, is part of the Rhodope Median Massif. Four structural com-
plexes participate in its tectonic configuration, namely: Archaen, Proterozoic,
Caledono-Hercynian and Alpine. They form analogous structural plans [2].
The Eastern Rhodope morphostructural block has been the theatre of intense
tectonic manifestations, mosily of a hereditary nature [2]. The ditferent
lithostratigraphical complexes are affected by multiple faults, in which the
sequential structural decomposition of the massif is reflected.

All the fectonic disturbances have been separated irrespective of the
corresponding structuaral plans, during the interpretation of the space pho-
tographs. The fault disturbances have been mapped (Fig. 1) on the basis of
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the geological fault structures interpreted (mazinly on channels 5 and 7,
with wavelengths 0.6-—0.7 and 0.8—1.1 wm). The map obtained was compared
with the available tectonic, geological, neotectonic, geomorphological, soil
and seismo-tectonic maps. Analogous Greek and Turkish maps were also

E
v

I R B
Fig. 1. Map of the fault structures obtained by the geolo-
glcal interpretation of the space images
i - confirmed feults; 2 — sugwested {awits

used. Most of the fectonic structures, interpreted on the space images,
confirmed the already known faui! zones and faults. In addition, new struc-
tures unknown to the geclogical maps were identified. Together with the
definite selection of most fault structures, a considerable number of them
had provoked ceriain doubts. That is why these structures were divided
conventionally into two categories: a) faulis definitely identified on the
space photographs, and b) suggested faults not definitely discerned on the
space photographs. On the other hand, the space {mages embrace lerritories
of neighbouring couniries for which we are not in possession of detailed
cartographical geological materials, This fact alse coniributed to adopting
the decision for differentiating between the two faulf categories.

The two fault structure categories — confirmed and suggested — obfained
from the interpreiation of the space multizonal photographs, were used for
statistical processing with the specialized elecironic system of automated
digital recording for photogrammetric and cartographic information.

The set obtained with coordinates of the two fault-structure categories
can be used further on for compuier processing. For thal purpose the es-
sential indicators which characterize the multitude of faulis are determined
by the direction (4;) and length ([} of the faull, where:

59



(1} @, = aretg (Yo, — Vi) Ko — X1},
{2) L= Xo; — X0, P+ (Yo — Y,

For the purposes of mathematical statistics, direction (d;) and fault
length {I;) can be lreated as elements of two general data populations.

The aunswer to the problem as to what is the functional dependence in
the discrete sequence characterizing the fault distribution along the direction
can be obtained by the autocorrelative function which gives the statistical
relation between # and ¢, where ¢=0.1,...,, N, by the familiar formula:

N
3) K= ;%,2 =) (tra—2),

where £; are the values of discrete sequence in a definife interval at fault
classification, and N is the number of directions in which the classification
is performed.

. N
(4) B Do b

s

It is well known that the value of the autocorrelative function at r=0
determines the discrete sequence dispersion.

The results obtained were processed further on by an ODRA computer.
All the fault lengths and directions were calculated by formulae (1)
and (2). A fault classification was performed every 5° 10° and 15°. The total
sum of the confirmed faults amounts to 185, that of the assumed ones
being 80. Some additional data for computer processing are given in Table 1.

Table 1

; Maximum Minimum Densily
- Num ber Summary 1
Faulis 7 ‘ ]en;?hfkm E"gll’:;km Ie"?{::]iﬂ““ 9:%[;““- -1
I j‘
Confirmed 165 1845.71 42.57 4.13 0.055081
Suggested 80 1261.88 ‘ 3175 4.98 0.03487

The classification results and the faull structure distribution are shown
on histograms and fault rose (Figs. 2, 3). Both the histograms and the fault
structure rose have been worked out at every 5° The classification and the
distributon of the iwo faulf types have been effected in the range from 0°
to 180°.

If we analyze thoroughly the fault distribution at intervals of 5° in the
range indicated for the confirmed omnes, and for the suggested faults-— by
histograms and the rose, we shall find considerable saturation (tips of the
histograms) in the following directions: 0°, 25° 40° 50° 90°, 105°, 125°
and 175°% An interesting fault concentration may be observed in the North-
Eastern quadrant in the range between 10° and 60° both for the confirmed
and for the suggested faults. A constant fault background is present here
and its tips are outlined in directions of 10° 25° 40° 50° The highest
concentration for the faults suggested is in the same quadrant in a direc-
tion of 20°
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A particularly big saturation of fauits is found in the interval from 90°
to 95° and the conceniration maximum is attained at 90° If compared fo
(1) there would be almost full coincidence both along the amplitude of
scattering (here it is of about 15% and in the fault conceniration in the

n
i2 |— a
JE i 1
4
12
L.ll'_l
m h]

[l[J.

Flig. 2. Histograms :

2 — conflrmed faules ; b — suggested faults

i

180"

Fig, 3. Rose of the fault structures:
a — conflrmed ; b — suggested

East-Western direction. This conclusion relates fo both confirmed and sug-

gested fault structures.

As far as the remaining interval concentrations in the North-Western
quadrant are concerned, they completely correspond to the main fault struc-
ture with directions of 120°—130° and 150°—170° (1).
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One basic problem arises here, namely: the determination of the speci-
fic distribution of the fauits examined and the respective verification with
the help of experimental data available. The histograms worked out (Fig. 2a, b)
show mixed distribution. The wverification of the uniform distribution

Fig. 4. Auiocorrelative functlon:
a — conflirmed fapits ; b — suggested fauiis

availability was performed according to the X;-square criterion (3) which
had shown that with a probability higher than 6.995 we could confirm that
the distribution differed from the hypothetic one at 35 degrees of freedom.

The autocorrelative function K{z) (3), which characterizes the functional
dependence in the discrete sequence upon classification at every 5° is shown
in Figs. 4a, b. The normalized correlative function

(5) Ke(n)= Kﬁﬁ;)a—

shows that we cannot confirm the availability of a considerable correlative
link between the different fault directions.

A successful step has been taken by processing the geolegical fault
structures obtained by the visual method of interpretation of the multizonal
space images of the Scuth-Eastern Bulgarian terrifory. Such a processing
has not been carried out until now. A comparison with (1) shows that the
interpreted fault strucfures reflect correctly the total disiribution of the
fault systems in the Eastern half of the Balkan Peninsula. This fact proves
once again that the suggested program of processing fault disturbances has
been correctly worked out and is being succeéssfully interpreted.
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PaznomMBbe CTPYKTYDbI, NOJAYYEHHLIE NIPU [EOJOTHYECKOM
AeN(PUPOBAHUM KOCMHYECKMX H300paKeHHit

X. B. Cnupudones, B, C. Howena-Memposa

(Pesiome)

B peayapraTe BHSYanbHOTO CTPYKTYDHOTO ReHIHGPHPOBAHNS MEOIGSOBAALREIX
KOCMHYeCKHX U300paxenuil, oxsatuBaomux Boctouksie Pogonh, BEAeNAIOTCH
AnHeiHble DASROMHBIE CTPYKTYDHL Ha OCHOBE 3THX CTDYKTYpP COCT4BaeHa Kapra
pasnoMHMX HapymewuH. [lonyyesHHe Junefiyble CTPYKTYDPH NOJPA3LEIAIOTCH
Ha AB€ KaTErOPHH: a) AOCTOBEPHO OTAEIK(PUPOBANHBIC PASIOMEL K §) Ipej-
NOJATa€MEIE PA3NIOMEL. DTH JBe KATErOPHH DA3NOMOB HCIOJBSYIOTCH AaAblue
AN cTarHeTriecKod o6paloTKH CNelUanK3aHPOBAHKON SJIeKTPOHHOH CHCTEMON
aBTOMaTHuecKOf HuppoBOH perdcTpanun (OTOrpAMMETDRIECKON H KaPTOTPa-
Puueckoit unpopmanus. Pacnpesnesenne PAsAOMHEIX CTPYKTYp HCCAeqyeTcH
METONaMY MATeMATHYECKON CTATHCTHKH,
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Tentative Morphostructural [nterpretation
of Space Images of the Eastern Rhodope Mountains

L. N. Vaptsarov, H. B. Spiridonov

The People’s Republic of Bulgaria has initiated organizational and practical
aclivities on environmental studies through space means. Most interesting
and promising results have recently been obtained in the Iinterpretation of
space photographs made for geological and geomorphological studies.

The information obtained has been assessed as unique in its specific
features and in its considerable precision in the information on the geologic-
al and tectonic structure of the country, hence in the structural conirol
of a number of exogenic and endogenic ore deposits.

The first results of the geological and the geomorphological interpretation of
space images for a part of the Bulgarian territory were reported at the
Plenary Meeting of COSPAR (Varna, 1975). The results of fault tfectonics
studies and their importance to establishing the size, position and characte-
ristics of the block structures have been demonstrated [1). The specitic ring
volcanic structures, genetically connected with the fault-block structure in
the eastern part of the Rhodope region, have been selected.

This paper deals with some preliminary data about the structure of
the above-mentioned territory, resuliing from the morphological interprefa-
tion of the space images. The landscape method of interpretation, which
makes it possible to establish the main features of the morphostructural
characteristics of the region in order to determine the taxonomic differenti-
ation of the principal and secondary morphostruciures of the block type,
has been used in this case. Aerial photographs and geological, geomorpho-
logical, topographic and tectonic maps, as well as field studies were also
taken into consideration in order to obtain a complete characteristic and
a more detailed description,

Space images obtained by the American satellite ERTS-1 were used as
initial material. Most successful are the pictures obtained in the 5ih and
7th channels with wavelengths of 06—0.7 xm and 0.8—1.1 um. These
photographs have served for the interpretation noi only of the Eastern
Rhodope morphostructure, but also for the neighbouring territories of North-
ern Greece and North-Western Turkey (Eastern Thrace).
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The space images interpretation of the Easiern Rhodope area reveals
certain features indicative of the deep structure of fhe Earth’s crust, These
features are manifested by the clearly outlined reliet elements and the ri-
ver neiwork, and, particularly, by the abrupt landscape changes, the photo-
tone of which is closely connected with the different morphostructures.
The distinctive zones between the different morphostructures manifest them-
selves in different manncrs. In some cases they have linear contours, co-
inciding with the steep slopes of the flanks (e.g. along the Xanthi fault of
the Aegean sea), whereas in other cases a phototone change is to be ob-
served, due to the change in the type of rock complexes in the different
morphostructures. The contour of the Pliocene and Quaternary morpho-
structures appear on the space images most clearly, It is much more diffi-
cult to select the morphosiructures formed during the Paleogene, and those
of recent times, involved in an intensive uplift. In some cases their detec-
tion on the space photographs becoines easier because of the presence of
linearly orientated ring volcanic structures. Some complications appeared
in the boundary parts, especially in inherited depressions, where ihe differ-
ent typological landscape units are not of a linear nature but have a com-
plex configuration. The space images interpretation was made with the
help of additional interpretation of relief features: orientation of the river
network, direction of the watersheds, slightly observable changes of the
phototone, and also with the help of all the available geclogical, geomos-
phological, tectonic, soil and similar maps, as well as by ground-based
field studies.

The interpreiation of the space photographs established not only the
main morphostructures which reflect the deep structure of the Earth’s crust
in the Eastern Rhodope region, but also the secondary structural forms
embraced by the main morphostractures. This concerns both the positive
and the negative morphostructures.

Based on the different relief features and the landscape (density of re-
tief dismemberment, valley-river network plan, lineamentary manifestation
reflected in the outlines of ridges and river valleys, anomaly sectors in
watershed configuration, and the landscape zones), the following main
morphostructures have been established (Fig. 1):

I Centiral-Eastern Rhodope low and middle-mountain domed block up-
lift, composed of crystalline rocks of the pre-Hercynian basement.

II. Marginal, inherited or inversed in recent times, late Alpine depres-
sions, characterized by low-mountaitl, hilt-ridge or valley relief, representing
the alluvial-pluvial foot of the mountain morphosiructures.

The Central-Eastern Rhodope domed biock uplift takes a median place
between the main morphostructures. 1t manifests itself as an independent
anit with linear contours and relatively monotonous middle and low-moun-
tain relief with moderate erosional dismemberment. The river-valley network
is adapted to its configuration, as the main rivers are of the encircling
type (Arda and Kroumovitsa) or of radial type, orientated from iis central
part to the periphery (the Bjalareka river, the rivers flowing toward the
Aegean Sea, etc.).

To the East, the Central-Eastern Rhodope domed block uplift is limited
by clear-cut slope flanks, well observable on the space photograph. The
northern boundary is relatively clear, too. To the west (to the Momchil-
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grad depression), this uplift is outlined by a series of oval volcanogenic
structures. To the east, the block upliit is distinguished from the “Ergene”
depression by its more dark-grey uveven phototone. Here the boundary is
of a complex type (broken), and follows approximately the margin between

Fig. 1—Morphostructural scheme of the Eastern Phodopes
Main morphostructures : 1—Central Eastern Rhodopian Arc — block upiitt {Iy: 12 Southern block, mnid-

mountainous: 19—Northern block, low-mountainous; 2—peripheral depressions with Late Alpine deposits of
inverse development in the Neogene-Quaternary with Upper Paleogenic sediments and volcanics; Mom-
chilgrad morphostructure with low.mountainous and hilly relief (1), Dimotica morphostructure with simi-
lar reiief (II1) ; 3-peripheral depressions with Late Alpine deposits with Inherited development, with Up-
per Paleogenic and Neogenic sediments: Maritsa heterogenic morphostructure with hilly ‘and plane retlef
(IV); "Ergene" morphostructure wich hilly and plane relief (V); 4—peripheral depression with Late Alpine
sediments of Pliocenic and Quaternar deposits ; Aegean morphostructure with lowland relief (VI;.
Sfcond-range morphostructures : 5—-1%red]ack horst  within the Maritsa depression ; 6—ring volcano-
structures
Fault structures : 7—first range: Xanthi-Kroumovgrad Fault (13 ; Gjumjurdjlna fault (2); Eastern Thrace fanit
3); Kamidol fault {4) ; Maritsa fault (5) ; 8—second-range fanits ; Bjela reka faulls {6} ; Dimetica foult (7),
Harmanli fault (8), Mugienik fault (9), Tirnava fault (10)

the crystalline basement and the Upper Paleogene and the Neogene-Qua-
ternary sediments which fill the depression,

The Central-Eastern Rhodope domed uplift is unevenly delevelled. It
comprises two clearly distinguished blocks: Southern and Northern. The
Southern middle mountain block is deeply dismembered by a dense river
network. Its avarage altitude is between 1,000 m and 1,200 m. The North-
ern block is less uplifted, a moderately dismembered low-mountain type
with an average altitude of 750-800 m. Both morphostructures are separated
by the Bjala reka dislocation, to which the Bjala reka valley is also orien-
tated [2]. This dislocation, according to the space photographs, continues in
a western direction,
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From all the marginal late Alpine depressions, most clearly expressed
is the Momchilgrad depression which has a complex configuration of a he-
ferogeneous type, manifested in the contemporary relief and successiully
interpreied on the space photographs. It comprises a relatively monotonous,
slightly dismembered relief of sedimentary-tufogenic deposits, ring contours
of wvolcanogenic structures, and isolated top parts of the intragraben
horsts,

The Low Thracian depression (Ergene), which appeared in Alpine time
with thick deposits of the Neogene-Pleistocene age, according to ihe avail-
able data, is demonstraied as a well expressed independent morphostruc-
ture, This merphostructuce is characterized by a slight dismemberment clear-
Iy observable on the space photographs.

© More to the south of the Eastern Rhodope block morphostructure a
superimposed young Aegean depression can be distinguished, particularly
compensated by Neogene and especially by Pleistocene alluvial-proluvial
deposits, The boundary beiween the Fastern Rhodope morphostructure and
the Aegean depression is represented by a normal faulf.

To the East of the Aegean depression, the Dimotikon morphostructure
with an inverse development during the neotecionic epoque is satisfacto-
rily outlined. It comprises clearly depicted secondary block and ring wvol-
canic morphostructures with a characteristic radial river network.

The Mariisa depression is distinguished to the north of the Eastern
Rhodope domed uplift. This is a complexly built heterogeneous morphostruc-
ture, 1t comprises several linear elongated negative and positive secondary
morphostructures in a north-western direction, which agree wilh the plan of
the hydrographic network. The linear orientation of the sirnctural forms in
a north-western direction is closely connected with the diagonal nelwork
of the fault zones. The Harmanli fault zone is most clearly observed on
the space photographs. The compenent block-fault morphostructures within
the limits of the Maritsa depression form a different phototone landscape
which can be clearly observed on the multizonal space images.

All the morphostructures of the eastern part of the Rhodope massif
are of a block type and are separated from one another by faulls with
north-western, north-eastern and sublatitudinal direction, clearly distinguish-
ed on the space photographs. The subparallel faults form sets with a con-
slan{ and definitely determined direction. Some of the fauils show fragmen-
tary activation, not only in space but also in {ime, testified by the geologi-
cal studies, i, e. they are long-living faulis with an ancient set up, as e. g.
the faults of Eastern Thrace, Xanthi-Kroumovgrad, Mariisa, etc. Some of
them are related to the igneous activity during the Alpine tectono-magma-
tic cycle, accompanied by base metal mineralizations: Zvezdel-Galenit, Ma-
djatovo, Lozen and other ore fields and zones.

The advantages obtained from the space photographs interpretation for
the purpeses of the morphostructural studies of the Eastern Rhodope
Mountains are beyond dispute, They can be used to distinguish the main
morphostructures which can be further studied in a more detailed manner
by other methods as well, field studies included.

A prsitive assessment can also be made of the interpretation of faulls
with the aid of space photographs.
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IlpensapurensHas MOPHOCTPYKTYPHAS MHTCPIPETANHAT
KoCMMUecKux u3o0pamedn#t Bocrouduix Pogon

4 H Banyapos, X. 5. Cnupudonos

{(Peswome)

B macroamnelt paboTe usnaraioTcs NpeiBApATENbHbiE NPEACTABICHAS O CTPYK-
TypEOM crpoenun Bocrounbix Pojon, noAydesnble B pedynbrare Aeiuudipu-
pobanss MOPOCTPYKTYP KOCMHUeCKUX H3oGpaxeHufl. [Ipy peimemms nocra-
BJACHHOH 3a/(a4l HCHOJNH30BANKCH KOCMHYECKHE K305DAKEHUH, NONYUEHBLE OT
dMEPHKAHCKOrC TexHosorAyeckoro cnyrnuxa EPTC-1, Camueivu  yaausbiMu
OKa3aJiuCh CBHMKH, cledanupe B auamascH 0,6—0,7 um u 0,8—1,1 ym.

Heundpuposarie KocMuueckux usobpaxesuii B 06xBate BocTounpx Po-
AON NO3BOAIAET BHIABATH NPU3HAKY, CBUACTENLCTBYICUIME O FAYSHHHOM CTpO-
eHMM 3eMHOH KODHl ¥ PAacKDLIBAIOUIMECH B SCHO OYEDUEHHBIX AKHEHHBIX 5Je-
MEHTOB penpa u cery pex, 0COGEHEO B pesxuX cMerax makamacdra, ueft
$OTOTOH TECEO CBf3aH C DasiMUHbIME MODDOCTDYKTYpami,

Ha ocHoBadu# pasnuusbix npussakoB pexbda ¥ nauamadTa BeIAeJEHHI
CAeAYIOUtHE raasgbie MOPHOCTPYKTYDEI :

1} LieuTpansuo-BOCTOUHOPOACIICKOR HUIKO- B CPEAHErOPHOE CBOLOBO-640-
KOBOE NONHATHE, CAONEHHOE KDHCTAMIURECKHUMH [OPOAAMH LOrepPHUHCKOrO
dyanamenta,

2} Tlepudeputinme, yHac/eL0OBaHHbIE WM HHBEPCHHE B HOoBeHlIee BpeMs
NO3/HeANbIBACKEE XENPRCCHH, HMEIOLINE HHSKOIODHHIE, XCAMUCTO-TPIROBGH
MY BUSHHELH petbed, NpeACTARMAIOINME AMHOBAANLHO-NPORIOBUAALELE TIOZ-
HOMXHKS TOPHHX MCDDOCTDYKTYP. )
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On the Utilization of the Spheric
fon Traps in Floating Potential Regime
of Their Analyzing Grids

S. K. Chapkunov

The floating poiential regime of the outer analyzing grid of the three-clec-
trode spheric ion trap is of a great interest and reveals possibilities for a
broad application of this type of sensor during direct space-probe measure-
menis. A possible application of this operation regime is the employment
of the spheric ifon trap as a measuring device of ion (electron) density in
the composition of a specialized satellite complex for low frequency and
very low frequency measurements. In that case, the supply of any kind of
oscillations fo the outer paris of the satellite sensor is not recommended
because even the disturbances through the general source of feeding in this
frequency range will discredit the measurements. On the other hand, when
applying a linearly changing voltage to the analyzing outer grid of the
trap — {0 the point of the voltampere characteristics at which the poten-
tial of the plasma (the outer grid has a floating potential) corresponds to a
current determined by the ions contained around the frap, and when we
kaow this current the ion concentration can be determined directly. That is
why this regime is to be preferred in combined magnetic and electrostatic
measurements (see [1]), where the experimental purity depends on the ab-
sence of impeding factors-— plasma-induced potentials in the case.

The aim of the article is to examine the conditicns under which the
three-electrode spherical ion trap may be applied as a measurer of the ion
concentration, under conditions of floating potential of the analyzing elec-
trode of the fransducer.

The necessily of regime control of the floating potential is apparent,
i. e, it is necessary to measure the isolated outer grid potential of the trap
with respect to the satellite body. But in order to have such a conirol it
is necessary to know the limits of thal potential change.

In the ideal case (a definite floating potential of the absolutely isolated
outer grid from (he salellife body) the following citcumstance will be ope-
rative: {- i, i.e.:
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In (1) the quantilies relating to the ion composition of plasma are denot-
ed by indices {, the index ¢ is used for those related {o the electron com-
ponent, a is the portion of the corresponding current due to the punching
of the grids, S is the accumulation surface for the corresponding charged
particles, M; is the ion mass, V;, is the velocity of satellife movement, and
@y is the floating potential,

The above equation takes into consideration the fact that V,< V,<V,,
i. e. the average satellite velocity exceeds the thermal ion velocity and is
insignificant compared to the corresponding average electron velocity. Because
of that the ion current has a purely conventional specifics {does not depend
on the ion temperature), while the electron current is thermal, i. e. it does
not depend on the sateilife velocity — therefore S;-:nr?, S,=4nr? which is
a direct sequence of the above circumstance (r is the radius ot the trap
outer grid).

If o; and o, ate the trasparency indices of the inner and outer grid of
the {rap, then:

a;=1—a, the part of the ions that will fall on the envelope;

a,=1—aytay(l ~a)=1—a? the part of the electrons that will fall on

the envelape,

Moreover, quantity VD;’I" = 8@ Where g,y is the retarding potential of
the corresponding M, type ions. The main thermal velocity of electrons is
Ve:(?i_nz)”z, then equation (1) takes the form:

¥r i KT\ 2 ey
# V1=t )= e (5 e (1)
In the general case we obtain
7
@) : in (1=, )= At da. oy

where A, and A, are constants, depending on V, and 7, The examination
of this dependence is of inierest since it is closely connected with the
orbital data of the safellife. This will probably be done in a future study,

As our main purpose is to study the real conditions under which our
trap will operate, we have to find out the influence of the resl resistance
in the potential measurer connected to the outer grid. Obviously, this resist-
ance [Rin connected between the frap lattice and the satellite body will
influence the outer grid potential approach tc the subject potential. This is
due to the current being generated in the measurer by the difference @;—eps
{ps — satellite potential). The current ring is closed through the plasma sur-
rounding the satellite and the trap, so that its value is determined also by
the current carriers concentration in the vicinity of the subject (specifically,
by the dynamic resistanice of the sphere and the confact resistances trap-
plasma and satellite-plasma). The infiuence of the real input measuring
resistance, when neglecting the contaci resistances, is calculated by the
expression :
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The member ﬁfﬁ/} has ohm dimensionality and is plasma resist-
ance in a concrete case {familiar composition and concentration). Equation
(4) takes the form (3) when the irap envelope is isolated (Ri,—o0). Upon
short circuit (R1,=0) @, equalizes with @5, and equation (4) becomes an
equation of satellite potential (without taking the photoeffect into conside-
ration}. But as the dependence which is used to represent the ion current
is valid only for relatively low body potential (under 1 volt), the above
equation cannot be used to determine the satellite potential.

We are analyzing below the Ry, Influence for a concrete case:
V,=7.25 kmjs; T,=2500°K (ionospheric satellife with circular orbit, flying
at an altitude of about 400 km over the Earths’ surface) (Table 1).

In

L L1z .
When Ri, = 10° ohms we use dependernce q)sfk:sk efe E;";f‘ ) fo determine
A4

the potential ¢,. We adjust the concentration values and the respective
temperatures of the charged particles to correspond to altitudes at which
the given fype of ious is predominant.

The last column of Table 2 shows the percentage error, compared to
the case when R,—oc. We see that for coneretely selected conditions the
ercor does not exceed b per cent. Within the conceniration decrease the
status is preserved, as 7,, or T, respectively, increases. Obviously, in con-
trolling the floating potential in the upper aimosphere, an input resistance
of the measurer of an order of 108 ohms is completely sufficient to oblain
unspoiled results. As indisturbed conditions for conceniration measurements
exist only when the trap does not measure within the satellite trace, it is
clear that in the general case it is necessary to use two identical ion traps
which have to work either simultaneously or in temporal sequence.

Table 14 Rin—soo

.rransii:}c;lrm!ng ret V1 of V] -
ot 4.4 —0.705 —0.160
He* 1.1 —0.625 —0.57
H+ 0.275 —0-512 —1-87
Table 2: Rin=10% ohms
L S 7 (V) a; fon—) | of V] | %, ercor
ot —1.18 i0® —0,708 0.43
Het —-1.1 104 —0.650 4.15
HY —1.1 10¢ —0.525 2.35
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The preliminary resulis of the fon concentration measurements from the
“Intercosmos-14” satellite confirm the logic presented above for the inflit-
ence of Ri.

Upon recording the ton collector current /, of the trap with a floating
potential of the outer grid, the ion concentration can be determined by
using the dependence:

Ty

5 n-z—-—--&- === ey
(5) b aqagmr®e Vil —gylwpe)

Table 1 shows that neglecting the term (I —¢y /@) leads to an error
increasing with the mass decrease of the recorded ions. Notwithstanding the
fact that equations (1)+(4) have been deduced without taking the fon
thermal velocities into account (whose influence increases within the mass
weight decrease), it is clear that (5) is closer to the actual situation than
the accepted @p/pret.
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VicnonbaoBanne cepuueckux WOHHLIX JOBYIIEK
B PeXHMe NMaBaiOllero MOTeHNMANa GHANU3UPYIOWCH pellleTKH

C. K. Yanxstros

{Peswoue}

B zacrosame# paGoTe MpeifiOXKeH MeTOA ILJS OHPENE/]CHHS WOHHOH KOHIeH-
TPAUUA 0 AAHHBIM, DOAYUEHHBIM OT CPEPURECKHX HOHHBIX JOBYLIEK, Y KOTOPBIX
BHEILHAS PellleTKa HAXOAMTCH NOK NJAABAOINKM NOTEHNWAAOM. PaccMoTpens
ycnoBuss paoTH JMOBYIIKE TNPH IMaBaiolUeM NOTeHUH&NE M ONpeleieHHOM
BO3LEACTBUY PEAIbHOTO CONPOTHBJICHHST MEN(LY BHELINKM SAEKTPOLOM JOBYILKH
H IOBEPXHOCTbIC CRyTHHKA. [IpeANOMEHO AHAMHTHUECKOE BIpANEHHE s
ONpelleNeHHst HOHHOH KOHLUEHTPAalMH, B KOTODOM HEHUIZBCCTHHMU SBAAITCH
KOJJIEKTOPHEA TOK, INMABAOINHE M 3aASDHKUBAIOMWEA HOTERUMANH MOBYILKH.
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M. M. Gogosheu, S. K. Chapkunov

1. Introduction

The specirum of airglow emissions from the upper atmeosphere contains a
contineum of atomic lines and molecular hands. The intensity of these lines
and bands is very variable. First of all, there is an essential difference bet-
ween day and night glow. This difference is due {o the photodissociation
and photoionizalion and to the related excitation which is observed only
during the day. The night emissions are mainly products of recombination
processes. The intensity of the emissions is also a function of the geogra-
phic and geomagnetic latitudes, and of the solar and geomagnetic activity.
Conseguently, the intensily of the optical emissions changes within broad
limits. For example, the red oxygen line with a length of 6300A at calm
conditions during the night has an intensity of 20-60 Rayleighs approxi-
mately [, 2]. Upon geomagnetic activity, however, the intensily is highly
increased, In subauroral regions fthis intensity can reach a value of J0%R
[3]. Some other lines, e. g. the nitrogen 5199A--5202A, have extremely low
intensity, always in the limits of 1 to 10R {4} Such low values has aiso
the hydrogen line H, [5]. This big range of emission variations leads to
great difficulties at the constructicn of the equipment for their simulianecus
measurement, Let us note here that the simultaneous measurement of the
emissions can be made with a specirograph or a specirometer. The spectro-
graph cannot, however, give the time variations of the intensity which are
very important for explaining the physical processes of the glow, The spec-
trometer has a low speciral resolution and low sensitivily.

It is known that the best time resolution and a good spectral resolu-
tion is achieved by electrophotometiric equipment with filters used to mea-
surements of the aimospheric emissions. An essential defect of this equip-
ment is, however, the limitation of the set of simultaneously measured spec-
tral bands and lines. With the eleciropholometers referred to in the litera-
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ture and used for this purpose, only 3—5 lines are usually measured. Be-
sides that, every line is measured by two fiiters, so that for one photome-
ter designed for measuring & separate lines the number of the filters is 10,
and if we also add the two necessary positions for the dark current and
one for calibration, we shall have 13 positions, Any further increase in the
number of the filters is of no avail, as the time interval for one full cycle
is greatly increased and consequently the emissions measured cannof be
compared. '

The present paper describes electrophotomeitic equipment for investiga-
tion of some nocturnal atmospheric optical emissions, as carried out in the
(Sleptral Laboratory for Space Research at the Bulgarian Academy of

ciences.

2. Function and Basic Requirements on the Equipment

As stated above, the simultaneous measurement of a large set of emissions
is impossible. With the elecirophotometer made in our laboratory it is pos-
sible to measure three emissions simultaneously: the nebular red oxygen

B300A line, the auroral green oxygen 5577A line and the first negative sys-
tem of N aboutthe 4278A line. As for the choice of these three lines, we are
proceeding from the following considerations:

1. The red oxygen 6300A line is emiited in the F region at the aero-
nomic reactions and at the outer corpuscular interaction as well, and it is
an imporfant indicator for ihe processes in this region.

2. Part of the green oxygen 5577 A line is alsc emitted at analogous
processes with a line 6300A 'in the F region (about 20 per cent), buf an
essential part of it comes from the F region, appearing in this way as an
indicator of the dynamic phenomena in the F region. The excitation of the
first negative system of N}, as shown in [6], is also connected with the

precipitation of corpuscules which ionize N, and at {he same time provoke
the excitation of ihe first negative system of Nj}. In this manner we have

two lines which are excited in aeronomic processes and by the precipitating
corpuscules, and also one emission excited only by precipitating corpuscutes
(4278A). Naturally, this provides for a very good separation of the aeroc-
nomic processes from those connected with corpuscular bombardment,
while on the other hand the comparison between the red and green lines
makes it possible to distinguish the pure aeronomic reactions from those
provoked by dynamic processes.

The basic demands involved in the coustruction of the equipment are
as follows:

A) To provide a possibility of measuring under a clear sky, with good
spectral resolution, the emissions of 53004, 5577A and 4278A.

B) The ihreshold sensitivity for each one of ithe emissions should be
of the order of 5 Rayleighs.

C) The measuring range should be from 5 to 1000R.

D) The eguipment should be capable of operating at temperature differ-
ences of 0° fo 45°C and at humidity of up to 80 per cent,

“ By It should consist of separate compact blocks which are easy fo

transport and install
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F) The electron block should be desighed as a separate unit with iis
independent power supply, for which the possible variations in the supply
voliage must also be taken into acceunt,

(3) The visual angle should be in the range of 3 fo 6 degrees (the
measurements are determined by the heterogeneous structure of the glow-
ing region).

H) The equipment should not be sensitive to blows and vibrations.

3. Block Diagram and Description of the Equipment

Fig. 1 shows the individual blocks of the equipment, The basic block is an
electrophotometer, designed on the basis of a colorimeter (Fig. 2). Its func-
tion is to receive the light flux and to make the corresponding selection
of each one of the measured lines, The high voltage of {he photomultiplier
(PEM) is obtfained by the block HUS and the processing of the signal re-
ceived is performed by a direct-current amplifier, after which it is registrat
ed by a recorder. More delails about the electronic part of the equipment
are given in part 3.2 of the Description.

3.1. Electrophotometer

Fig. 2 shows the block diagram of the electrophotometer, and Fig. 3 pre-
senfs its principal groups. The basic tube of the equipment (18) is a double-
one ensuring the regular thermal regime of the filters and photomul-
tiplier, The disk with the filters has eight positions {Fig. 4). The first six
of them are engaged with the interfereniial filters, the seventh one is in-
tended for measurement of the dark current (here the light flux from the
objective is cut out), and in the eighth position (¥C) the radioaciive
source — K is placed, by which a dynamic control of the sensitivity of the
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Photomsatar motor

equipment is achieved. The intensity of each emission is measured by two
filters. The first one is centered on the measured line and the second one
is used {o measure the spectral background. Each filler is fitled separately
in the disk, and after that it is corrected by the optic system of the device
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in order {o take the exact position at which the investigated spectral line
is allowed fo pass. Table 1 presents the filters used in {he equipment and
their principal parameters,
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A photomultiplier FEU-79 is put in a special tube (14), filled with any
substatice ensuring very efficient magnetic screening. This photomultiplier
is one which has the best characteristics out of ten similar photomultipliers,
The voltage divider (13), filled with high-quality ohmic resistors, is applied
directly to the legs of the photomultiplier.

o~13714y

SRR
HAN S04

LN

0 1488 14

Fig. 4

The optic sysiem of the elecirophotometer consisis of a single-lens ab-
jective (2}, 80 mm in diameter, focal distance 300 mm. The disk with the
filters (10) is placed in the focal plane of the objective. This makes it pos-
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Table 1

|

1 Line A A1A } No. ‘ Line A 44 ’ No. Line A l A1A
1 ‘ 5577 ‘ 80 3 4270 110 5 6300 65
2 | 5495 B85 4 4526 120 6 6220 80

sible for the whole light ilux from the objective {o pass successively
through each one of the {ilters, The focusing of the light flux on the ca-
thode of PEM is performed by the lens (15). The objective (2) is placed in
a special optic tube (17), The visual angle of the optic system is 5° satis-
fying cendition G,

The disk with the filters is driven by the electric motor {7) and the
reduction gear (9). The Maltese mechanism (8) ensures a stop of 50 s for
each one of the filiers in the light flux, The displacement of the disk from
one position to another takes 5 s. Immediately after that the intensity of the
spectral background is measured by the next filter. The choice of the two-
minute interval, approximately, is determined by the minimum period of the
variations of the different intensities. The minimum period of the variations
of each one of the emissions i{s about 10 minutes. Consequently, averaging
ihe values of the emission for an interval of 1—2 min is admissible.

A special moisture-absorbing cartridge is put into the basic tube of the
equipment filled with silica gel, and if can be changed easily and quickly
without any need {c dismantle the equipment. With a view to eventual
verification of the positions of the disk with the filters, or to the replace-
ment of any part, all the blocks are compactly designed (Fig. 2}, which en-
sures the protection of the units (filters, optical equipment PEM) during
any necessary repairs.

When the equipment is not working, the objective of the elecirophoto-
meter is tightly closed by a bonnet, so that 1o light can penetrate to the
photocathode. Secured to the upper outer disk are the handles (3), by which
we can easily take out the assemblies in the iube and the plugs (4) for the
high voltage tc the PEM. The plugs alsc serve for the curreni-supply of
the motor and for leading off the signal received.

3.2, Electron Blocks and Registration of the Information

The blocks of the electrophotometer shown in the block-diagram (Fig. 1},
rectitier, low-voltage and high-voltage stabilizers, converters, controllers, and
d. ¢. amplifier, are designed as separate devices with independant power net-
work supply. The input network voltage is reduced and rectified to about
24 V {(at a rated neiwork vollage of 220 V). This reduced voliage is the
input for the stabilized parts of both converters. At variations of the net-
work voltage of up to 120 per cent the stabilizers ensure constant 20V
at the output, with coefficient of stabilization of about 4000. A separafe
iow voltage (for the d.c. amplifier) and a bigh voltage {for the photomul-
tiplier) are provided on account of the necessity for the high stabilized
rated voltage of 1750V {o be regulated within + 100 V. In this way, for
each phoiomultiplier from the series FEU-79 we can choose the most suit-
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able high-voltage supply, thereby ensuring maximum sensitivity of the
FEU-79. The characteristics of the high-voltage stabilizer, of the converter
and of the rectifier are given in [10].

The diagram of the low-voltage stabilizer, converter and rectifier does
not differ from the one described in [11]. It provides a supply of 413V
for the d.c. amplifier. The d.c. amplifier, whose diagram is shown in
Fig. 4, is used to amplify the current from the anode of the photomulti-
plier and to transform it into voltage for the recording voltmeter. The ma-
ximum variations of the intensity of the signal lead to a maximum output
signal of about 4-12 V. The determination of the zero output level in the
absence of any signal is performed by a potentiometer of 10K, connected
to the not inverted input of the second operational amplifier. The sensiti-
vity of the whole amplifying feedback can be altered to about 30 per cent
from the rated one by switching the key shown in Fig. 4 from position
1 to position 2.

In general, the diagram in Fig. 4 differs from the one described in [11]
by the presence of a diode KY 130 at the input of the field-effect transi-
stor KF 552. This "diode has the following function: at a normal signal
from the photomultiplier the voltage at the gate of KF 552 is still positive with
respect to the zero bar. The diode is switched to a non-passing direction
and ifs inner resistatuce is of the order of giGaohm, so that it does not
influence the coming signal. At a strong lighting of the photocathode of
FEU-79 the diode KY 130 is refeased and preserves the input cascade of
the amplifier,

A recording voltmeter of the H 340 type is used for registration of the
signal received. As far as it is necessary for the adjustment of its measure-
ment range in the limits of the outpat voltage from the direct current amplifier
(the maximum deviation of H 340 is +12 V), additional thermostable resis-
or is put in the electrical diagram of H 340, The registration of the in-
formation is performed continuously during the observation,

Having processed in this way the data obtained during one night and
having entered it in Table 2, we can obtain the relative intensity of every
line as a function of time. The relative intensity s determined by for-
mula (1}: ;

N.emiss. _ﬂackgr;

(I) Jl‘Trel:'

rs

The value of K; for every line showing the ratio of the transmitting
capacities of each one of the two filters are given by

2a
(2) A= [rai
N
A
3 1 P— .—ﬂ‘}_s_?_'_
( ) <‘ Ahackgr.

The coefficienis K, are determined experimentally in the following way.
We admit a constant signal through both filters (for example, reflected and
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diminished solar radiaiion), and the ratio beiween the indications of the
two filters gives the value of K; in formula (1). L

The dynamic control of the sensitivity of the equipment is achieved by
a standard radioactive source (C), selected in such a manner that ifs value
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shalt be in the middle of the scale of the recorder. The eventual changes
in the sensitivity during operation are corrected by the Ry coetficient

in formula (I}
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4. Measurements of Optical Emissions by the Equipment

The light flux coming from fhe objective passes through each one of the
fitters and reaches the cathode of PEM. The photo-current is transmitied
to the amplifier and is registered by the recorder H 340, Fig. 5 shows part
of the regisiration of the atmospheric emission. Each one of the lines
measured is designated. The registration was carried out on October 16/17,
1975, in the Observatory at Stara Zagora.

The vaiueof a given line, registered on the band, is measured above
the level of the dark current (Fig. 5}, The values for the intensity of the
line 5577 A can be eslimated irom the data given in Fig. 1.

5. Absolute Calibration of the Egquipment

The iransformation of the relative values of the emissions to the absolute
values is a very difficult proposition in view of the factthat the equipment
operates almost at ifs {hreshold sensitivily, where the fluctuations of the back-
ground exercise an essential influence. The methods given in {1, 7, 8, 8]
are used in the absolute calibration of the equipment,

In addition fo the absolute calibration we also carried out simultaneous
observaiicns of the same emission by another electrophotometer which had
been used for such purposes over a long period of time. In this way we
obtained a correct calibration of the equipment.

Fig. 6 shows an example taken from our first observation near Havana
in Cuba.
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Hasemnas 27eKTpOOTOMETPHYECKAS CTAHIMS AN HCCAeAOBAHHS
ONTHHECKHX 3MHCCHH BBICOKOH arMoctephl

M. M. Tozowes, C. K. Yankxeirnos

(Peawwne)

PaccMOTpeHB HEKOTOPHIE MeXAHMAME! [EHEDALMH ONTHYECKHX SMHECCHH BHICO-
KOi armocthephl # HAHHEl ¥X HKHTEHCHBHOCTH. Onucana GA0K-cxemd, KOTOpad
BKJIIORAET B Ce06s 5JAeKTPoDOTOMeTp, SVEKTPOHEBIR GJOK M DErHeTPATOp HMH-
topmanue. Meroanka M3Mepenus, KanUODOBKM ¥ TNOAY4eHHR HAHEBIX [IOX-
poBrO AHCKyTHpYeTcs B paboTe.
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SPACE RESEARCH IN BULGARIA. i
Sofia « 1978

Using Airglow Emissions for the Diagnostics
of Some Magnetospheric-lonospheric [nfluences
1. The Oxyen Emission 263000 A

M. M. Gogoshev

1. Introduction

It has recently been established that the ionosphere is only part of a signi-
ficantly larger plasma envelope around the Earth, which is called plasma-
sphere. More accurately, the ionosphere is the nearest to the earth-crust
layer, where the absolute concentration of neuirals, electrons and jons is consi-
derably higher than in the other regions. Considering the ionosphere in this
way as part of the magnetosphere, we come fo a new stage in the iono-
spheric investigations, i.e. to investigations of the dynamic couplings bet-
ween the magnetosphere and the ionosphere, Now it is necessary to revise
our previous concepts, and first of all that on the conditions of the disturb-
ed ionosphere which is to be seen in connection with magnetospheric-iono-
spheric interactions. For example, we could show the ifonospheric storms
which were studied before by statistical methods mainly, in the mid-and
low ignosphere, If has been realized in the past few years that a geomag-
netic storm consists of separate elementary storms or substorms, and now
it is possible to investigate and explain the physical nature of the iono-
spheric disturbances. The precipitation of corpuscules in the ionosphere was
considered as a direct consequence of the solar flares, and not as a purely
magnetcspheric process caused by the flare,

Ditferent methods are used in the diagnostics of the magnetospheric-
lonospheric interactions, by which the conditfons of the ifonosphere and the
magnetosphere are sindied separately while at the same time we are look-
ing for the relations beiween them. In general, we could classify these
methods in two main groups. To the first group, that of ground metihods,
belong all classical investigations of the ionosphere and magnetosphere used
during the last few decades. In the second group of methods, which may
be called space methods, the investigations are carried out directly in space
by equipment on rockets and artificial satellites. Direct measurements are
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thus taken of the structural paramefers of the plasma councentrations of
electrons, ifons and neuntrals, in addition {o femperature measurements. Here
belong also the measurements of the various dynamic characteristics such
as drift, wind, diffusion, etc. Electric and magnetic fields in the plasma, as
well as various other processes are also measured by space methods.

It should be pointed out, however, that the classification of these me-
thods in iwo groups is a very conventional one. An essential part of the
structural and dynamic parameters of the ionosphere and magnetosphere can
be obtained independently by any one of the iwo methods, A typical example
is the measurement of the electron density by ground methods and by
various rocket and satellite methods.

We know that the investigation of the neuiral optical emissions of the
near-space plasma provides a vast amount of information about the compli-
cated physicochemical processes which take place in this medium. In the
auroral zone in particular, the investigation of the atmospheric emissions is
the basic source of information forstudying the interaction between the cor-
puscules and the fonospheric plasma,

The purpose of this paper is to show the opportunities offered by the
investigation of the atmospheric emissions for discovering the magnetosphe-

fi L i e 1 ittt e ORI C
Fig. 1. Energetic terms of the oxygen atomns
ric-ionosphetic relations, mainly as regards the subauroral regions-—— mid-

and low latitudes. The aurorae will be discussed ito the extent to which
they are connected with the oplical emissions over mid- and low latitudes.
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2. Excitation of the Oxygen Emissions

As is well known, in the intermediate E—F and F regions, i e. that part
of the ionosphere which is in direct contact with the magneiosphere, the
oxygen atoms are the basic components of the plasma. For that reason,
let us consider the ways of excitation of the oxygen atoms. Fig, 1 presents
the diagram of the basic energetic terms of the oxygen. It shows that the
nearest to the basic term {(#F) and, consequently, most easily excited terms
are 1D (energy of excitation 4.17 eV). The restoration of the atom from an
excited state to the normal is achieved by the transition 3P—1D, at which
the red oxygen triplet 1 630CA, 2 6364 A and 2 6391 A is em;fted and the
transition 1D —1S Jeads to the emission of the so-called auroral line with a
length of 5577 A.

2.1. The red oxygen line 1 6300 A

The first line of the iriplet with a length of 6300 A is significantly mere
intensive compared with the second and third lines, and it is the one usu-
ally quoted. This line, called nebular line because of ifs large propagation
in the nebulas, holds an important place among all airglow emissions.
{Later on we shall explain iis popularity.) The basic mechanisms leading to
excitation of the term '[) and, consequently, to emission of 1 6300 A have
been thoroughly freated in [1—6]. These mechanisms are the following:

21.1. By chemical reactions

The two basic reactions playing an essential role in this process are the

dissociative recombinations of O, and NO!':

(1) Of +e — O('D)4-O(P) up{Oy)
O(S)+O¢P)
O(*D)+0(D)
O(1D)H-0O(S)

@ NO# 4 ~» O(D)+N{S) ap(NO+)
O(FP) |-N(2D)
OGP} --N(*S)

The above reactions reveal that the dissociative recombination of Ok

is considerably more productive than that of NO+. It has been theorettcally
and experimentally established that at each act of recombination of Of at
least one of the oxygen atoms has a ferm !/, while the efficiency of reac-
ifon {2) is by one order lower, i. e. af len recombinations of NO' at least
one oxygen atom has a term 1D,

The dissociative recombinations (1) and (2) have a very high rate. The
rate constant of the first reaction ap(QG)) Is equal to 2X10-7cm? g1, that

of second reaction being 4 10—7cm?s—! [7). Naturally, at such high rates
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of dissociation of O} and NO+ the reserves should be depleted, but this

does not actually happen. This situation explains the great importance of
the ion-exchange reactions in the physics of E and F ionospheric regions,
by which the stocks of molecular ions are continuously replenished.

O{1D) can be obtained also at triple collision, i. e, at a reaction of the
following type:

{3) OfP)+OFP)HOP) — O(D)+ 0,

but the above reaction is not very probable in reality hecause of the need
of very high absolute densities of O fu the £—F and F regions which ac-
tually do not exist.

The reaction

{4) NED)+OCP) — N(:5)+0(D)

plays an esseuatial role in the deactivation of the exciled nitrogen whose
life-time, before emitting, is about 26 hours. On the other hand, the quan-

tity of N(3D) is small, and this leads to insignificant production of O(ID}
by this reaction,

The same refers to the reaction:
(5) O+(D)-+00P) -— O*(:S)+0('D),
which is very effeciive at high altitudes,

2.1.2 Dissociation of G, according to the reaction:
6) Oy XPZ))+hv — O(°P}+ O D).

The solar uliraviolet quantum taking place in this reaction is from the
Schumann-Runge’s continuum. Naturaily, this reaction is valid only when
the upper atmosphere is lightened directly by the Sun.

2.1.3. Direct electron collision
{7) O@P)+e — O('D)4-e.

An essential part of the red ling emission is emitted by the above me-
chanism, mainly during the day. This mechanism plays a definife role in
some extreme cases during the night pre-dawn enbancement, SAR arcs, etc.

Let us see which electrons could take part in reaction (7) for the ex-
citation of the ferm /3. No doubt, these electrons should have energy
E>2eV. In Fig. 2 the number of the atoms O(D) are taken from [26],
which number could be produced by one electron with energy £, at differ-
ent values of the parameters of the fractional ionization R= N./[0]

Let us now see where in the ionosphere could there appear elecirons
with energy in the range of 25100 eV.

a) Photoelectrons, The cobservations show that the essential part of ihe
day emission of 4 6300 A is due to excitation by ambient photoelectrons,
produced in consequence of the absorption of the short-wave solar radia-
tion, At certain particular conditions the photoelecitons play a role during
the night as well. For example, al mid-geomagnetic latitudes in winter, the
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intensity of the red line in the north hemisphere shows a shatp increase
before the local dawn. This phenomenon, observed for the tirst time by
Barbier in 1859 [3}, was interpreted by Cole (8] as an effect of the pholo-
electrons arriving from the magneto-conjugate regions (MCR), where the
Sun has already lightened the local

tonosphere, 8 9 . Ne
b) Superthermal elecirons. The - [o]

energy of these electrons is more than &~

2 eV. At daylight conditions, the high- = |

energy end of the Maxwell disiribu- =

tion of the electrons is passing to and w |

melting with the spectrum of the =

photoelectrons. During the night an 2

insignificant part of the ambient elec- - [

irons possess energy of over 2 eV.No
doubt, this smail part and the curve
of the Maxwell distribution depends oo
on the electron temperature 7, The sl
higher the 7,, the higher the contri- 2.1
bution of the local thermal electrons to
the excitation of i 6300 A. Let us s
note here that it is precisely by th¢ '
superthermal electrons that scem€
magnetospheric influences on the iono-
sphere are achieved, as can be detected
by the red line. The healing of the  Fig. 2. Excitation of O(ID) by electrons
ambient electron gas can be achieved

by Cole thermal conductivity along

the field lines, by dissipation of the energy in the F-region of iono-cyclo-
tron waves generated in the magnetosphere, and by some other ways.

c) Secondary electrons obtained at the precipitation of electron and
proton fluxes.

It is well known that the precipitating electron and proton fluxes from
the magnetosphere provoke ionization of the atmospheric components. The
secondary electrons obtained in this way take part in the elastic and non-
elastic collisions, causing the rise of the neutral and ion temperature, and
to a higher degree, that of T,. At the non-elastic collisions, the vibrational
terms of N, and O, are excited with higher efficiency, also that of 1S and
especially 175, for which a very small quantily of energy is necessary. In
actual fact, at the aurora the excifation of the oxygen emissions is per-
formed mainly by secondary electrons.

g P T T O T | O L
Cisutrcn erzruy, oW

2.2. The red emission af calm conditions

The main generative mechanism of the A 6300A line during the night is
the dissociative recombination of O}, according to reaction (I1). Barbier and

Glaume [9] obtained a semi-empirical relation between the intensity of the
6300 A line and the fonospheric parameters at calm conditions, which is pre-
sented by the following formula:
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(8) Iysoo=BLF PP exp. [ : (l‘_*_"%@.“)]

where fof" is the critical frequency of the layer F, &'F is the height of the
iayer, /¥ is the density scale, while B and € are consianis determined af
simultanecus ionospheric and photometric observations.

Serafimov and Gogoshev [10] presented in 1972 a generalized theory
of 4 6300 A radiation during the night. According to this theory, the
2 6300 A line emission is a result of the dissociative recombination. Some
basic relations have been obtained between the emission of this line and
the parameters of the F-region. One of the relations is reduced to the for-
mula of Barbier [9], where the constant B already has a physical meaning;

(9) B=1.24X10%. &, [Oslaco®(H, Z).

Here the function @(H, Z,) comprises the hali-width of the layer Z,
and the density scale A as well.

In 1875 Serafimov and Gogoshev [11] improved the similar formula
wotked out by Peterson [12), reducing it fo a convenient form for practi-
cal purposes, with which, besides the atmospheric model, the knowledge on
the N(%) profile is also necessary. This formula is:

506 ke (NOT}. ap(OF) . [Oof V2 di
(O oaco=0076.4e | (NG a0] )+ (OF T AsNaf-Horp (VO PV OGNATRING)
The experimental verification of formula (10), carried out by simuita-
neous fonospheric and photometric observations, has shown that it provides
values about the intensity of the red line emission which are the nearest
to those regisiered experimentally. By tracing the evolution of the connec-
tions between the red oxygen line and F-region parameters, our aim was
to show that by the photometric observations of the 1 6300 A emission du-
ring the night we can very well coolrol the basic processes in the F-re-
gion. The accuracy of the photomeiric data exceeds that of the radiophysic-
al measurements. For example, a change of 5—6 per cent, and even {ess,
of the electron concentration in the F-region caniol be detected by verti-
cal sounding, while changes of only 2 per cent in A, can be detected by
photometric measurements of the 1 6300 A line.

23. The red ‘oxygen emission at geomagnetic activity

23.1. Strong storms in the aurora zone

Cbservations of the red line emission, carried out over a period of many
years at the Observatory of Stara Zagora, Bulgaria [4], at the Observatory
of Abastuntani, USSR [13] and at the Observatory of Zvenigerod, USSR
{14] have shown that the mean night iniensity of the red line emission,
with the exceplion of the twilight periods, is within the limits of 20—100R,
under conditions of low geomagnetic activity (K,< 2). The increase in geo-
magnetic activity leads immediately to a sharp rise in the 1 6300A emis-
sion Intensity. Trufce [15] obtained a relation between D, variations of
the geomagnetic field and the abnormal rise in the red line intensity, This
relation is the following:
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(1 1) logfgago-_:ﬂost"‘gxIO'"EF'—'HB.IT,

where F is the flux of the solar radio-radiation with a length of 10.7 em
(10~ W/m®Hz), and B is a constant depending on the geomagnetic latitude,
This relation makes it possible to estimate the total planetary flux ofenergy
in the jonosphere by the intensily of the 2 6300 A line, depending on the
strength of the geomagnetic storm. For example, during the strong geo-
magnetic storm on 11 February 1958, at D =409 2, the energy of the red
line was about 300 erg/cm?®s.

Let us note here that the above selation is valid for geomagnetic
storms at which Da>>100y and at geomagnetic latitudes of more than 40°.
This important formula no doubt reflects a definite generative mechanism
which is valid only for subauroral zones and also for a definite region of the
magnetosphere. The action of this mechanism is insignificant during weaker
geomagnetic sforms (Dy:<100 y) and the observed increase in the intensity
of the red line must be explained in ancther manner. The most probable
cause for excitation of the 6300 A line, at strong geomagnetic storms, is
the beating of the F-region and the rise of 7, In this case, as we have
shown above, there is an increase in the quantity of the superthermal elec-
trons exciting the 6300 A line. We shall have, of course, electrons with
energy over 4.16 eV which could excite the green oxygen line as well, but
they would be few and, contrary to the assertion of Krassovsky [16], the
green oxygen line should have a very low intensity. Our calculations show
that the intensity of the red line, obtained by the thermal mechanism,
should be by four orders higher than that of the green line. The same ratio
has actually been observed during the geomagnetic storm on February 11,
1958, and this confirms the existenice of the thermal mechanism. We must
add, however, that the cause of the heating of the eleciron gas in this case
remains unknown.

2.3.2. SAR-arcs

A tull review of the observations of SAR-arcs and their generative mecha-
nisms is given in [17]. In general, these arcs are observed over mid-latitudes
(Fig. 3) at a height of about 400 km. Their length is several thousand kilo-
metres and their width is several hundred kilometres, They have an inien-
sity of between 100 and 1000 Rayleighs. The most important fact is that
the red arcs are observed in that region of the atmosphere where the pla-
smapause is projected. We assume that the basic generative mechanism is
related to the appearance of the ion-cyclofron waves in the zone where
the asymmetric ring current is spread out in the plasmapause region, The
dissipation of the energy of these waves in the F region leads to heating
of the electron gas and to the corresponding glowing of the atmosphere
by the red emission. The exact determination of the height (by vertical
sounding), can provide very good information about the nature of these
electro-magnetic waves, taking into consideration the fact that they transmit
their energy to the electron gas depending on the free path of the electron,
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233. Intcrease of the red line emission over mid- and low
latitudes

The absence of a sufficient number of siations in tlie equatorial zone and
in the low latitudes makes it impossible for us tn assess exacily the be-
haviour of the 6300A emission during the geomagnetic disturbance, In gene-
ral, the satellite observalions have shown that at about 10--15° on both
sides of the magnetic equator, there exist regions (arcs) with elevated inten-
sity of the red oxygen line. (These are the familiar regions of higher elec-
tron concentration related to what is known as the equatorial anomaly.) It
is difficuli {o maintain that they are connected with the magnetospheric
processes and with the ring curreni, and that they depend on the geomag-
netic activity,

In 1973, through the observations carried out at the Bulgarian station
of Stara Zagora, quasiperiodical oscillations of the intensily of the 16300
line were discovered with an average period of 90 minutes during the main
phase of a geomagnetic storm (Fig. 4) [18, 19]. Later on Vlassov and Ro-
manovsky {20] pointed out that the observations at the Observatory of
Stara Zagora were the first confirmation of the existence of the theoreti-
cally predicted oscillations with such period, which, in their opinion, are due

F1asmapaust

A oxpansion

Bhable ring

N - BUTDER
pralon bald
(M0 =108 kel

Fig, 3. Schematic diagram of the magneiosphere and the regions in which the SAR-arcs
are exclted

to changes in ifon concentrations in the F region during the geomagnetic
storm. Comparing the above observalions of the atmospheric emissions with
those of the geomagnetic field (af the station in the oval--—- Leirvogur aud
at the station of Panagyurishte), and also with the data from the ionosphe-
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ric station of Sofia, Gogoshev, Serafimov, Gogosheva and Kazakov [21, 22]
have shown that:

ay The time and the periods of the wave oscillations of the glowing
are connected with the substorms in the polar region,

b} The height of the F-layer has
pulsated synchronously with the sub-
storms,

¢) As a consequence of that, the
dissociative recombination, by which
the observed oscillationscould be ex-
plained guantatively, has been changed. =

dy The assumption that -eleciric =
fields with intensity of 5—10 mV/m are
generated during the subsiorm in the
mid-latitudes, tallies very well with
the experimental data.

Another example of emission,
increase over the mid-latitudes is the
case which occurred on September 18/19,
1974, After a comparatively strong
geomagnetic storm during the period of
14—17 September,a normalization of the
geomagnetic field was observed. During
the evening hours on September 18/19,
however, there was a single and isolaied
sub-storm. About one and a half hours 79 @3 el
after that the Observatory at Stara PR N
Zagora regisirated a sharp increase of Fig. 4. Anexample for substorms in the
the intensity of the 2 6300A line mid-latitude lonosphere
reaching 600 R. At the same titme, the
ionograms at the staticn in Sofia showed the presence of ionospheric hete-
rogeneity, which strongly inteusified the dissociative recombination and hence
the glowing of the red line [23}. It is assumed that the generator of these
moving heterogeneities is located in the polar region, perbaps it coincides
with the auroral oval and increases during geomagnetic activity [24].

S o

3. Conclusion

The influences of the magnetosphere on the mid- and low latitude iono-
sphere which culminate in a rise of the red oxygen line intensity as a final
result, are presented in Fig. 5. It shows that the increase in the 2 6300 A
line can be achieved through four channels which we denote by the lefters
A, B, C, D. Naturally, with one single observation only of the 1 6300 A line
it is impossible to solve this system of equations with four unknown quan-
tities. Therefore, other observations are to De carried out, parallel with the
observations of the red line. First, we must carry out ionospheric observa-
tions of the F region, by which several structural paramelers can be mea-
sured, such as N, for example. Through N, we could immediately control
the most important channel A (dissociative recombination). Let us assume
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that the influx of 1 8300 A emission is passing through the channel A. This
channel consists of four secondary channels {4, A, A, A,). The measured
ionospheric data are quite enough for comparison and control of the secon-
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Fig. 5. Block-diagram of the basic channels for excitation of the 16300 A line under
magnetospheric-ionospheric influence

dary channels A; and A, and for their suificient discrimination at the same
time, If channels A, and A4, are not operating we must check the connec-
tions A4, A; and-B, C, D as well. No doubt, there exists a deiinite connec-
lion between channels B, C, 4, and A, which is unknown., We only know
that the channels B, €, A, and A, are operating simulianeously. By way
of a qualitative explanation, we could only say that 4,, 4, and C, for mid-
latitudes, are much weaker than B,

The channel C can be controlled in the following way: It is well known
that the precipitation of corpuscules leads to ionization of N, and, at the
same time, to the excilation of the first negative system of N}. By obser-
vations of the lines 2 3914 A or 4 4278 A we can provide a qualitative esti-
mation of the flux of particles and, consequentily, of the influx into the
channels B, A, and A, Additional information for channe! B can be obtain-
ed by parallel observations of some bands of N, and O, which are excii-
ed only by secondsry elecirons. Consequenily, the unknown channel is
only [, which can be determined by observations as the difference bet-
ween the observed values of 1 6300 A emission and the estimated influx of
A, B and C. This ditference can immediately give us information about the
electron temperature T, by using the graph in Fig, 6 {25].

In addition to the analysis given in section 3, the use of a photometric
station can be recommended for the ground diagnostics of the magneto-
spheric-ionospheric influences by the atmospheric emissions, in which station
the atmospheric emissions 1 6300 A, 13914 A and one of the bands of N,

92



or O, are measured. In addition, the use of an ionospheric station also is
recommended, as it can give the basic structural parameters of the Fre-
gion, with the same time resolution,
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Wcnonb3oBanye atMocdepHBIX ONTHIECKHX SMUCCHUIT
IS TUArHOCTHKY HMOHOCHRPHO-MarHUTOCHEPHBIX CBfiel

1. Kucnoponuas smuccas 6300 A
M. M. Fozowes

(Peanme)

B paSore paccmMOTDeHEl OCHOBHBIE [IDHYHHBI FeHEDANdM aTMOC(EDHEIX SMHC-
cuft. QcofenHoe BHUMaHue OODAIIeHO HAa KPACHYIO KHUCAOPONRYIO JIMHHIC
6300 A, KA KOTOPOH AaHANH3UPOBAHBI CACAYIOUHE MEXAHU3MbI FEHEPALMA:
XHMHYeCKHe mpolecchl, puccounanusa (g, HeNoCpeICTBEHHBIE 3AeKTPOHHLE
yAapel ¥ AUCCONMATHBHAS pexkomGuuandda. B paBore Takxe pPaccMOTPeRH
NPUYHHEB! M3JAYYeHHd JHHHE BO BpPeMS MarmuToC(epHBIX CMYIEEHHH ¥ B 4BpO-
PRIBHEIX KpacHHX znyrax. Chenano npeijoXeHne MNAf AHACHOCTHKM HOHO-
cepro - MarauTochepHbIX  cBs3ell NOCPEXCTBOM  M3MEPEHHH aTMOC(heDHEIX
ONTHYECKHMX 3MHCCHH,
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BULGARIAN ACADEMY OF SCIENCES

SPACE RUSEARCH IN BULGARIA, !
Sofia . 1978

On the Differential Rotation and the Figure
of Celestial Bodies®

. R Tilchev

1. Introduction

The ditferential rotation of the celestiai bodies is a topical problem. Attempts
to explain this phenomenon have heen made by Kalifzin [1], Clement [2],
Rubashev [3], Menzel [4], Fessenkov and others. Lichkov [5] considers the
rotation of the Earth’s envelopes (nucleus, mantle, litosphere, hydrosphere
and atmosphere) with different angular velocities. The differential rotation
is clearly observed in the Sun, Jupiter, Saturn and in our Galaxy.

The purpose of this work is to provide a reasonable sojuticn to this
important problem, taking into consideration the fact that gravitation is the
principal factor in this phenomenon.

2. Description of Model

We first consider the celestial body in its earliest stage of evolution, repre-
senting it by the following idealized model. We assume that the body con-
sists of elementary layers with equal eccentricity. The body may be homo-
geneous or with increasing density toward the centre, according to any law,
The viscosity is neglected: we assume that at the extremely high tempera-
ture of the young celestial body the viscosity is equal to zero. The figure
of this ideally elastic body is determined by the action only of gravitation
and of the centrifugal force, and it is assumed to be an oblate ellipsoid of
rotation. Our model is very near to the structure of the stars from the
early spectral classes and that of neutron stars, described by Shklovskiy {6],
whose superfinid matter, deprived of viscosity, is of an ellipsoidal equilib-
rium contiguration.

*For open discussion
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3. Methods and Results

1. We use Newton's condition of equilibrium:

P—Ey: Fo, 7]
in its generalized form
{1) P—E,=F,co5¢,
or
@ E,+F,cosg—P,
(see Fig. 1}

where P is the weight of the polar column with length & (the polar semi-
axis), £, is the weight of the equatorial column with length a (the equato-
rial semi-axis), F, is the sum of the cenirifugal forces of the particies (ele-
mentary layers) of the equatorial column, E, is the weight of the column
with latitude ¢ and with length ¢, equal to the radius-vector of the ellip-

|
L
Lo

e R

E—

Fig. 1

soidal surface of the body: c=ab/\/a‘3 sin? g-}-6? cos? ¢, F,cosqe isthe sum
of the radial components of the centrifugal forces of the elementary layers
of the column E,. The cross-section of both columns connecting the centre
of the celestial body with the pole and with any point on the surface with
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latitude 0°<@=90° is equal to unity, We must add that P, Ey F, E;and
F,cos ¢ are considered as secalar quantities.

We take the law of Legendre-Roche [8] for the density alteration in
its common form:

=0\l —u{x/RY] — for alteration of the average density of the compound
ellipsoids of the body;

es=0[l —f(x/R)| —for alteration of the surface density of the com-
pound ellipsoids, or of the compound elementary layers (envelopes) of the
body, where o is the density in the centre of the body,

At 2=0 and a=p the body is homogeneous. Giving different values
to the constants 2z, a and g we could represent an infinite number of celes-
tial bodies, from homogeneous ones to such with strongly increasing den-
sity to the centre, i.e. with an inner struciure similar fo Roche’s model.

We express the condition of equilibrium (2) of the celestal body by
the following integral equation:

£ [

fR Y
3) f G W8yl —alhie)old ~Alhie)') g | f wlh cos? ool L —B(kjc)] dh
4]

o

&
(48)axyofl — ol 9{bYlo{l — B yibVF
:fG 3}yl a;;g) el BT 4
Q
where x and y are the semi-axes of the attracting compound ellipsoid,
k is the distance from the centre of the body to the surface of the attracting
ellipsoid at latitude ¢ }zzxy/\/xﬂsingfp-{y?cos?qo, wy 18 the angular velo-

city of the elementary zonal layer at a distance % from the centre, with
latitude ¢. The expression

(4/3)mx%yel 1 — alh/c¥]=(4/3)mx%ye | —af y/b)7],

in equation (3), is the mass of the attracting ellipsoid and the expression
o[t —Blhfcyldh=¢l1 - B y/b)*]dy is the mass of the elementary layer in
columns ¢ and &. The equalifies hfe=ylb=x/a in the above expressions
follow from the equality of the eccentricity of the elementary ellipsoidal
layers (envelopes) of the body: V(@a— %) Ja? = \[(x*— %)/ 2,

In equation (3) the atiraction of the elementary layer in the columns
is expressed simply by Newton’s law of gravitation, but with sufficient
exactness, as the attracting mass of rapidly rotating celestial bodies is as-
sumed to be concentrated toward the centre, and the form of slowly rota-
ting celestial bodies is almost a spherical one. This is confirmed by the
accuracy of the final resuits.

The following proportion obviously exists with the homogeneous celes-
tial body :

(4) 33‘“_6(4;3)34131}9(1‘,_-@;;:‘-’
wix  GABxPyol —a)x¥

which expresses the equality of the ratios of the centrifugal and gravita-
tional accelerations at the surface and at any distance to the centre of the
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body. Here the cenirifugal force and the attraclion are changing linearly to
the cenire, where they are equal to zero. Proportion {4) expresses the inuer
conditicn of equilibrium of the homogeneous celestial body.

For a celestial body presented by our idealized model with increasing
density to the centre, according to Legendre-Roche’s law, however, propor-
tion (4) should {ake the form

(5)

via G{413)za%b0(] ~ a)fa?
IR e i SV
I GfS)mrtyoll —atxja)fix?

£
Lrs
as for the imner equilibrium of such a body the centrifugal force and the
attraction to the centre must also change with the distance to an equal
degree. Here w,>>w;.

Proportion (4) appears as a particular case of proporiion (5). Actually,
at 2=0 and y=xb/a we have wy=w;

At latitude ¢ proportion (5) has the following form:
« > S (({4]3)ma ol —a)fe?
wihcosy  Gi4)3wxtyoll - olkfc)|h2

L]

{6)

whete w, is the angular velocity of the elementary zonal fayer on the surface
of the body, with latitude 4.

From the equalities (a?—82)/a?=(x2 -3?)/x%, c=ab/\Ja?sin2¢ +b,cost e
h=xy/Nx? sin? g+ y& cos? p and proportion (8) we have : x%== y2a%/b®, k%= %252,
y=hbjc and w}=wl(c*—ak®){{c"—ac®).

Substituting the above values of x2, 22, y and ! in equation (3}, followed
by simpiification and integration, we obtain

(7 Gy 3)“‘9;5_9(1 )

I 2 "
+ 9}3;{?2 Coszfp = Q{ﬂq}ﬂ;w) s )

where o{l —a) is the average density of the body.
Introducing the mass of the celestial body, we obtain

(8) GM{C—I—w:iCQ cos® = GM/b,
from where

——
(9) t, =2rCCoSgp VZE’MCWEJ')' ’

where {, =2n/w, is the rotational period of the elementary zonal layer at
a distance ¢ from the centre, at latitude q.
2. The same result (9) is also obtained from the equation

(10) Vfﬂ —i"UqJ:VF:

which at V,--const describes an equipoteniial surface. Here V, is the inner
gravitational potential, in our model, of a point on the surface with latitude
¢, i e. the work for the transport of unit mass from the centre fo the sur-
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face with latitude ¢ which is different from f = dh, V, is the inner gra-

vitational potential of the pole which is also different from f@dy, and

U, is the potential of the cenirifugal force at latitude ¢, at the correspond-
ing acceleration of the rotfation to the centre.

Equation (10) which aisc expresses the condition of equilibrium of the
celestial body, in our model, can be presented in the following integral form:

£

(05 f om;ahx@idﬂ —alhiel] gp oy f wih cos®p dh

0

_ [ Gi3)mrtyell —a( yjb))
‘f ¥ @

From Equation (11) we obtain, in a similar way, formula (9).

Equations (2) and (10} are equivalent. Newton’s concept of “weight” of
the column, expressed as £, .| -F,cosq, corresponds to the inmer potential
at the same latitude, namely: V,+U,1

3. In our model, Newton’s condition of equilibrium (2} can be expressed
as follows:

(2') Eglnt+F,cosp/n- Pla,
where #>1. At #—co we can write

b GMe/nyg, | dnc cost plefnip,  GM(bjr)p,
(2 ) { ._:.'_:[ _19_. _!_ tglp }F_ =i, (!lell X
o

or (21 ) GM]c+-4=%c? cost pf: = GM/b,
from where formula (9) is directly obtained.

Fermula (9) describes the differential rotation of the celestial bodies
in our model,

4. Particular Cases of the Law (9)

At p: .0° formula (9) takes the form

ahb
(12) to=2ma Jf b .
Formula (12} can also be written as:
{a—bYb—F/E,

whete F=wla and E=GM/a? i.e. the second ilattening of the celestial
body is equal to the ratio of the centrifugal and gravitational accelerations,
measured at the equator,
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Similar results had been obtained by.

Newton: (2—b)/a=5F/4E and

Huygens: (a--6)/a=F/2E |7].

It is very important to note here that formula (12) can be obtained
directly from the proportion

GM/rt— GMfa® = kala,

at k=1 and 2=ab, where r is the radius of the ideally elastic celestial

body at w=0. The relation r=yab is a consequence from Hooke’s law and
can be demonstrated experimentally, by axial rotation of an elasiic and
isotropic sphere,

At {@a—b)fa: . 1/2 formula {12) takes the form

(14) {,=2na .I/_?’Vf

~ Formula (14} is the mathematical expression of Keplet’s third law, for
circular orbits. Actually, the equatorial particles of some siars from the
early spectral classes 5, 4 and F, which have very rapid axial rotation and
in which the centrifugal force at the equator is almost equal to the attrac-
tion, are rotating as small planets, according to (14). The flattening (a—&)/a
of these stars must be almost equal to 1/2.

5. Verification of the Resulis

At the following values of the mass and semi-axes of ihe Earth (considered
ideally elastic, as a whole): M 598X 10% g, a-6378.245X105¢cm, and
5-=6356.863X 10° cm (the ellipsoid of Krassovsky), fortmula (12) gives the
following value for the rotational period of the Earth (more exactly for the
period of the earth-crust): f=87384 5—-24.27 h, with a relative error of
about 1.4 per cenf. At the same values of M, ¢ and & of the Earth, New-
ton’s theorem gives / 27.18 h, and that of Huygens gives £=17.19 h.

Formula (12) gives the rotational periods of the other planets as well,
at the cotrect values of their masses and semi-axes. [i appears to be the
most exact, compared with the similar results of Newton, Huygens, Claitaut
{7} and that of Radau — Darwin (9] which is quite unfit for the planets of
the Jupiter type.

As the density of the Earth increases toward the centre, where the
temperature is higher and the viscosity lower, we should have, according to
(12} an acceleration of the rotation of ils inner layers. This is in agreement
with the conclusions of Munk and Macdenald [10] and of Lichkov |5

At the following values for the mass, the equatorial radius and the
rotational period at the equator of the Sun, namely: M=199x10% g,
@=695500% 10% cm, and £,=25X86164s, formula (12) gives the following
value for the polar radius of the Sun: &=-6395485 X 10° cm. At these values for
a and b we obtain {g—#&)/a=2.15X 1075, Ii is interesfing to note that our
theoretically determined value for the oblateness of the Sun is of the same
order as that of Dicke: 5 10— {I1), found experimentaily.
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At the following value for the density in the centre of the Sun:
0=120 g/cm? [4], formula (12) gives a significant acceleration of the rota.
tion of the inner layers of the Sun. This is in agreement with the conclys-
ions of Dicke [11], Roxburgh [12], Fessenkov and other scientists that the inner
layers of the Sun rotate more rapidly than the outer layers,

The mechanical energy of the differentially totating layers of the celes-
tial body is no doubt turning, at the friction between the layers, into ther-
mal and other kinds of energy. This enormmous source of energy must be
taken into consideration in {ihe solution of some astrophysical and plane-
tary problems. For example, the total thermal flux from Jupiter is 2.5 times
that which the planet receives from the Sun {from measurements made by
Piotieer 10). This enigmatic phenomenocn can be explained by the differen-
tial rotation ot Jupiter, according to (9} and (15).

At the above values for the mass and semi-axes of the Sun, represented
by our ideal model, formula (9) gives the following resulis for ihe rotational
periods, in days, of the zonal layers of the photosphere of the Sun:

Table |l

@ 0° 30° 50° 70° 807 85°
b 25.0 24.9 24.8 24.5 22.6 17.5

As can be seen from the above Table, for a celestial body whose figure
is an ideal ellipsoid, with viscosity equal to zero, formula (9) gives a “polar
acceleration” of rotation. Actually, analyzing the line profiles of stars on the
upper main sequence, Stoeckly [2] has concluded that these stars rotate
more rapidly at the pole than al the equator. This is in agreement with our
theoretical results, as the viscosity of these slars, which have a very high
temperature, is negligible and their figure is almost anideal ellipsoid of
rotation.

On the other hand, as also noted by Stoeckly, stars on the lower main
sequence, such as the Sun, possess an “equatorial acceleration”. This pheno-
menon, observed also at the Sun, Jupiter and Saturn [1, 13, 4} could be
explained by the action (influence) of the viscosity, a factor which should
be taken here into account. The influence of the viscosity is, no doubt,
reflected in the change of the periods of rotation of the zonal layers, in the
change of the equipotential surface of the body and, consequentily, in the
change of the figure of celestial body.

Taking into account the integral influence of the viscosity, formula (9)
should be written in the following form, for the older celestial bodies:

£
{15) tp=:25L; COS @ VG‘ME:;.JBJ .

where ¢, is the radius-vector of the deformed figure of the celestial body
and b=C0Matlf(GMEL+ 4n%?), from formula {12),
Equation (15) may be written as foliows:

(16} 472%bh cos® pcd — GMticx -+ GMtfpb—-O,
where the unknown quantity is ¢,
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Taking the values of Kerrington {131 for the observed rotational periods
of the sun-spots and zonal layers on the photosphere of the Sun, in days,
and, at the corresponding latitudes, calcuiate the value of ¢, by (16) and
the difference c¢—cy, in kilometres, where c=ab/Va%sin?g+H2cos2p is the
radfus-vector of the ideal ellipsoidal surface of the photosphere, we obtain
the following results:

Table 2
@ o0 ige ‘20“ |30° 40° a0° 50° 70° 80° 85° o0°
te 25.0 262 | 256 | 263 | 273 | 286 | 302 | 321 | 343 | 35 co
C—Cx 0.0 02 | 06 | 1.13]| 178] 14 .32 .76 032 0.18| 0.0

As can be seen from Table 2, the figure of the photosphere of the Sun
is outlined as a very slightly deformed ellipsoid with maximum difference
of c—cy~1.78 km at ~4-40° from the ideal ellipsvidal surface.

As we see, the observed “equatorial acceleration” of the Sun, which is
also a puzzle, comes as z direct consequenice of {he deformation of the
equipotential surface of the photosphere, caused by the viscosity.

The resulis of the calculations of ¢, by (16) and the difference ¢—cy,
in metres, for the Earth (earth-crust), with the accepied values of M, g, &
and #,—:£,—=86164 5, are piven in Table 3.

Table 3
@ ’ 0 | 100 | 200 | 300 | a0 | 450 | s0° | 800 | 700 | 80> | o00°
tp =ty ty ty ty £ t Ly ty £y fo p
c—ex | 00 30| 135 274 28 |28 |28 |20 |12 | 17| 00

Table 3 shows that the common figure of the Earth is cutlined as a
slightly deformed spheroid with maximum difference ¢—c,~29 metres at
~ +45° from the ellipsoidal surface. As is well known, the average devia-
tion of the so-called normal spheroid of Clairaut from the surface of the
twao-axial ellipsoid of rotation, with the same semi-axes, is about 20 m [14].

All the above calculations are done in the system of units CGS.

The stratification {formation of bigger zonal layers) of the celesiial
body in the course of evolution, from the surface fo the centre and from
the equator to the pole is due, as we assume, to the viscosity and tc the
tendency of the particies of the body to rotate according to law (8). Such
zonal layers are clearly seen in the atmosphere of Jupiter and Saturn, rotat-
ing with difierent angular velocities. In the Earth’s upper atmosphere we
also cbserve zonal layers and “jet streams”, circulating from west io the
east with a greater angular velocity,

Thanks to the great viscosity, the particles of the Earil’s crust are
rotating with equal (or almost equal) anpular velocity. In the atmosphere of
the Rarth and that of the other planeis, bowever, where the viscosity is
niuch smatler, we have differential rotation. ln the upper stmosphere of the
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Earth, where the specific factors in the low atmosphere {reliei, unequal
heating of the Earih's surface on land aud sea, at the equator and af the
poles} do not play any role, we observe zonal winds of high velocity. It
has been discovered by artificial satellites that the atmosphere at a height
of 200- 300 km rotates 1.3 times more rapidly than the Earth’s crust [15].
A similar phenomenon is observed in the solar atmosphere [13]. We also
know that the velocity of the uninterrupted general transport of the air and
vapour masses from west to the east is higher than the velocity of the
Earth’s crust rotation. All {hese phenomena cannot be explained by the
thermal factor only. Obviously, at the regular rotation of the zonal layers
in the upper atmosphere of the planets and the stars, according to (9) and
{15), the main role is played by gravitation, as at the orbital circulation of
the planets, according to Kepler’s laws.
* Formnla {15) can be writien as follows:

3 GMic,—b)
(lb) V‘P= V -J-Y— i‘;{;——) ¥
where V; is the linear velocily of the zonal layers and zonal winds,

v == V;——465 mfsX cos .

relative

6. Conclusion

The result (9), obtained by different methods of research, which very well
describes the differential rotation of the young celestial bodies, can be
interpreted as a common law operating under ideal conditions, in which
gravitation only is playing the main role. The particular cases (12)
and (14) of this law confirm iis veracily and importance, Formula (12}
is most simple and most exact, compared with the similar classical and con-
temporary results. The precision with which it gives the rotational period
of the Earth can be explained by the great elasticity of the Earth, as
a whole.

The result (15), where the influence of the viscosity is taken into ac-
count, could be successfully used, as we have shown, for determination of
the common figure of the older celestial bodies, and for the explanation of
their specific differential rotation.

We could give by means of (9) and (15) or (16) a qualitative explana-
tien of the general circulation and the dynamics of the upper atmosphere
of the Earth and other planets, assuming that the flattening (a—é)/a of
their compound envelopes increases with the height,

The experts in this subject could see, I believe, the significance of the
results obtained in astrophysics and geophysics,
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O muddepenuuassrom BpaieHuu U QUIype HeGECHBIX Ten
. P. Tuaues

(Pesome)

B sroii crarpe paercst rTeoperuuecikoe 000CHOBAHHE FUIOTE3H aBTOPA 0 AH(-
(peperumManbHOM BpallleHnd HeGecHEIX Tey, onyOJHKOBAHHON B JKypHane ,Ac-
TpoHommite Haxpuxren“ npodeccopom Huxoma Cr. Kanuuunsiv [1]. [Ipemso-
MCEHO OPHTMHANbHOE pemieHde 1poGaembl AupdepeHManbHOro Bpalesns
Gurype neGecubix Ten. Chopmynuposansbiil 061uit 3aKos neficTByeT npu Hie-
aJIbHBIX YCAOBHAX. TeM He MeHee 5TOT 3aKOH MOBOJBHO XOPOLIO ONHUCHIBAET
HaOmopaemble sBJeHUs B peanbHON npupone. [lepsrit wacTublil caywail sToro
3aKoHa CpaBHMBaeTCA ¢ Nomo6HBIMH pesynbraramd HeloTona, [olirenca u
Kxnepo. Bropoit yacTHbiii cuyuall sBAS€TCH HACHTHYHBIM C TPETHHM SaKOHAM
Kennepa nnst kpyroseix opGur.
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