Magyar Allami Eétvés Lorand Geofizikai Intézet
GEOFIZIKAI KOZLEMENYEK
XX. kotet, 3—4. szam

AN ANALYSIS OF THE PROPAGATION OF SOLND WAFFS IN FOEOES
MEDIA BY MEANS OF THE MONTE CARLO METHOD

G. KORVIN-I. LUX*

Introduction

In the last two decades an abundant literature has been published on the deter-
mination of sound velocity in porous media. The problem has heen tackled both
from theoretical and experimental side. The discrepancies which appear between
theoretical considerations are mainly due to the difference in the number of para-
meters and the assumptions about the physical mechanism involved. As for ex-
perimental findings, their range of validity and accuracy depend on the experimental
conditions and techniques. Extensive investigations have been reported on sound
velocity measurements in marine sediments (Shumway 1960, Nafe and Deake 1957).
Among the empirical formulae proposed the most simple is that of wyitie-
Geegory-G aednee (Wyllie €t ah, 1956) which has found Wide'Spread application
in applied geophysics. According to this formula:

1_o 1-0
vZ~TiHH+~vN’

where Vavis average sound velocity in the porous medium, Vfi and Vi are velocities
in the fluid and solid phase, respectively, and @ denotes porosity. The physical
meaning of this formula is that acoustic waves spend @ per cent of the whole travel
time in fluid, i.e. the waves propagate along a straight line in a porous medium. This
assumption however, fails to take into account the basic principle of wave pro-
pagation, viz. that a wave always choose the path of the shortest travel-time be-
tween two given points (Fermat’s principle), which is, in our case, not necessarily a
straight line.

The aim of the present paper is to try to find a modification of Wyllie’s formula
which would obey Fermat’s principle. The hypothesis that Fermat’s principle he
applicable for waves with wave length larger than the characteristic size of the in-
homogeneities of the medium had been already put forward by wyriie et al.

(1958).

Manuscript received: 30, 9, 1971.
* Roland Edtvds Geophysical Institute, Budapest.
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The method

The problem was analysed in a two-dimensional approximation with a Monte
Carlo simulation method. Random models of porous media, of a given area and
predetermined porosity, were generated by computer and the path requiring the
shortest time was searched by means of Ford’s algorithm (cf. e.g. Kaufman, 1968).
For a given velocity ratio 8 different porosity values were taken and for each porosity
50 models were computed. After this an explicite functional relationship best de-
scribing the experimental results has been established.

A straightforward approximation of g>orous media can be obtained if one con-
siders a hexagonal lattice where each single hexagon is randomly filled with solid
or fluid phase. In this model the wave can “move” from the centre of a hexagon
to the centre of some neighbouring one and so, if a starting and a terminal point
are given, the average velocity can be obtained by dividing the distance of these
points by the time required to pass along the shortest broken line connecting them.
A serious drawback of this method is that it allows the waves to propagate only in six
directions (while, in reality, no such restriction exists).

\
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Fig. 1 a—a square and its “neighbours”; 6—a portion of
the graph corresponding to a (fictitious time scale, v—1/2)
1. &ra. a — egy négyzet ,szomszédai”; b — az ee-nak
megfeleld graf részlete (fiktiv idéskala, n= 1/2)

Pvc. 1. @) kBagpar ¢ <m@w>; L) vacTb rpaga, COOTBeTCTB]}/IO-
a 2)

LLErO KBaApary Ha e, KTVIBHaS! LLIKA/Ia BREMEHN —V/=

In the present investigations we have adopted the more realistic square lattice
approximation, where from each element the wave can continue its path in 16
directions (see Fig. la). Since the wave is imagined as propagating from centre to
centre, it is enough to represent squares by their centres. Let us connect each centre
by the 16 adjacent ones (i.e. with those points where the wave can “move in one
step”). So, we obtain a configuration—a so-called graph—consisting of points and
lines. Points are called vertices and the lines connecting them edges in the usual
terminology of'the theory of graphs. We attach to each edge the transit time necess-
ary for the wave to make the distance between the points, and this value will be
called the length of the edge. A portion of the graph corresponding to Fig. la is
shown in Fig. Ib.
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In order to construct porous media we generated uniformly distributed random
numbers between 0 and 1 and the individual squares of the lattice were filled with
fluid or solid phase according to whether the generated number had been less or
greater than the porosity given. The generation of random numbers was performed

with the method described by Adams and
Denman (1966)

Each model consisted of 15X30 squares;
for starting and terminal points of the path the
two end-points of the longer axis of symmetry
were taken (Fig. 2).

All computations reported in this paper
were performed on the MINSK-32 computer
of the ELGI.

Theoretical considerations

Let us denote the quotient —*- by v and be

sol

\Va=~, L =G, ®).

We shall be concerned in this paper in the
determination of the explicite form of the func-
tion G(v, ®). It will be required that function
G{v, @) should satisfy the following condi-
tions:

1L v, 0)=v  when no fluid-phase is
present, va=i i.e. vav=Fgy

G(v, =1 — in the absence of solid
medium va—, i.e. Var=1Yy,
301, #)=1 - e if Vg Vfi then
1o~ Ysor= T1i

4. rrsGsil —i.e. the average velocity lies
between the velocities of the two phases.

Fig. 2 A model with the corres-
ponding shortest path (®=0,3)

2. abra. Egy modell és a hozza
tartozd legrovidebb ut (®=0,3)

Puc. 2. Mogenb ¢ COOTBETCTBYIOL UM
KpaTtyanwum nytem (¢ =0,3)

It must be noted that inequality 4 is violated for large (®a 60%) porosi-
ties. In this case, namely, the sound velocity in the fluid-saturated medium
may be less than in the fluid (Hamilton 1950, Shumway 1960, Officer 1958)
Our results, therefore, will only apply for porosities less than 60 per cent but,
of course, this covers the range most frequently encountered in geophysical prac-

tice.

An inherent approximation of the model is that material properties i.e. densitjp
compressibility etc. of the individual phases are not taken into account.



94 G. Korvin- I. Lux

The function Glv, ®) will be sought for in the following form:

_F(v, ®)o+r(1-0)
G D=y, 0)o+(1-0) °

where F{v, @) is some, for the time being unspecified, function. This functional
form automatically satisfies conditions 1-4. For the special choice F(v, ®)=1we
receive back Wyllie’s formula, since in this case

P+r(1-9) _ VL
qu q)) q)+1_q) _CD+V50I (1_q))1
1 ® 1-P

i.e. )
VZ~V,i+~y/r~'

Fig. 3 Experimental values of function F(v, @) with the fitting
straight lines. Each points plotted is the average of ten experi-
ments

3. dbra. Az F(v, @) fliiggvény értékei az illeszkedd egyenesekkel. Min-
den feltlintetett pont tiz kisérlet atlaga

Puc. 3. BennumHbl ¢yHKUMmM F(v, ®) ¢ COOTBETCTBYHOLWMMMN NpsMbIMU. Kax-
[las ToYKa NpeAcTaBnsAeT co60i CpefHIO BeNMUMHY pe3ynbTatoB 10 Bbluumc-
NeHni
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Results

The experiments were performed with r=0,66; 0,5; 0,4; 0,33; 0,25, for each
velocity ratio the porosity changed from 0,1 to 0,8 in 0,1 steps. For any single pair
(V @) 50 different models were generated.

The calculated values of the function F(v, ®) are plotted in Fig. 3, where each
point represents the average of 10 models. The values obtained are, for a given v,
in a linear relationship with porosity, i.e.

F(v, ®) ba(r)-d +b(v).

Fitting was performed according to the least mean square criterion. The slopes
a(v) and constant terms b(v) figuring in the equation of the straight lines are shown
in Fig. 4a and 4b, respectively. The slope of the straight lines is approximately
constant
a(v) %0,22

while the term b(v) appears to have an exponential form:
b(v)*B(eb'-I).

It is, of course, possible, that the constant 0,22 and the parameters of the above
exponential form of function b(V) are not of universal validity but they are in connec-
tion with the special symmetries and size of the applied lattice model

Fig. 4 a—the slope of the straight line F(v, ®); b—the constant term of the straight
line F(v, @)

4. dbra. a — az F(v, ®)egyenes irdnytangense ; b — az F(v, ®) egyenes tengelymetszete
Puc. 4. a) YrnoBoii koaghduumeHT npsmoi F(v, ®); a) OceBoe ceyeHne npsmoin F(v, @)

Qlv
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Further possibilities of the method

In the computations reported, the effect of reflections and attenuation was
not taken into account. Consequently, in actual measurements the arrival time of the
first (recorded) pulse would not necessarily agree with the computed value, it will
be greater. It was also neglected that the initial wave-form is not a spike and its
shape can change during propagation due to the above-mentioned factors. The
method of finding the shortest path can be improved so that it should yield the
incident energy as well, by decreasing the energy at each phase-boundary according
to the reflection coefficient and taking geometrical scattering into account. This
version of the method may be useful for a Monte Carlo investigation of the occurrence
of phase-skippings in sonic logging.

A further possibility is to extend the model to three dimensions. The method
can be also adapted to the case of a medium consisting of many components, where
the validity of the time-average equation is also taken for granted (Tegtand, 1970).
By an appropriate modification of the Monte Carlo method, in the generation of
porous media, besides porosity, also the grain size distribution can be taken into
account.

Summary

We have been concerned with the determination of the average velocity of
sound waves propagating in porous media. Two-dimensional random models of
porous media were generated by computer and the shortest path of acoustic waves
between two given points was determined by means of Ford’s algorithm. As a result
of our experiments we obtained the following formula:

where Ve = average velocity in the porous medium,
VAl =velocity in the fluid phase,
Vo  =velocity in the solid phase.

b —is the exponential function illustrated in Figure 4b.
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Appendix: Ford’s algorithm for finding the shortest path of a grapli

Suppose that we are given a connected graph*, to each edge of which there
corresponds some positive distance value. Let the distance of disconnected vertices
be +o0. Let us denote the starting point of the path by x0, its terminal point by S,
and let the other vertices be, in an arbitrary order, xv x2 x3, ..., xk.

We are going to attach a so-called potential value to each vertex, i.e. some value
li(Xj) to vertex x,. The potential will be initially zero, while at the end of the algorithm
it will be equal to the minimum distance from xo of the vertices in question.

In each step of the algorithm the graph will be split into two parts, let the sub-
graphs be denoted by A and B, respectively. Subgraph A will consist of those vertices
whose minimum distance from X0had been already determined, and B of those for
which this had not been done, i.e. whose potentials are not yet equal to the minimum
distance. In the first step**

XEA, {xy,x2,x3, ..., Xk, S)£B.

In course of the procedure subgraph A will be extended by elements from B
until S itself is included in A. The extension of A with one more vertex is done as
follows: let, in general,

Xg, Xfj, ..., xnm, CA,

XX, XB, ..., xv... £B
and denote the distance of vetices xn xvby tnv. Let us form now the value
Snv ~ [MXFf) -f- Xnv
for each pair of vetices xnC A xvE B and seek the value

Em,=min em.

n,v

The corresponding vertex xu will be inserted into subgraph A and its potential will
be em,. We have to show that the potential of any vertex in A will give the length
of the shortest path connecting the given vertex with x0.

Let the number of vertices belonging to A be I. If1—1, then A = $i0and p(x0)=0
for which the statement holds. Assume now, that

A =50, Xy, X2, ..., Xy}

and suppose the validity of the statement for these vertices. We proceed to show
that the potential of the point x;l which results according to the rules of the al-
gorithm will also equal the length of the minimal path. Indeed,

AMxu)=u(xm)+Tm,=min (y(xn)+rn) xneA, x,,CB.

* As to the basic principles and terminology of grapli theory we refer to the monographs of Kaufman

(1968) or Berge (1957).
** The notation XC.A, frequently used in set-theory, means that X belongs to set A.

7 Geofizikai Ko6zi. XX. 3—4
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Since, by the induction hypothesis 4 (xn) is the length of the shortest path from
x0t0 xn, 0.4xn) + Trvwill be the length of some path from xvthrough xn to xo. The value

min (i-i(x,) + xm)

is the length of a path which starts from a vertex in B, goes through xn and terminates
in xo. Taking now the minimum in » we obtain the distance from xo to the nearest
j>oint in B, which was to be proved. The algorithm is finished as soon as vertex

S gets incorporated to A.
There remains the problem how to determine the path itself. Let us choose

vertex X for which
ii(S) - n(xj) =rt

(it is possible, of course, that more than one such vertices exist which means that
there are many, equally optimal paths), then xt will |irecede S in the shortest path;
we repeat then this procedure for xt instead of S and obtain the next vertex etc.,

until xo will be reached.
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HANGHULLAMOK TERJEDESENEK VIZSGALATA
POROZUS KOZEGBEN MONTE CARLO MODSZERREL

KORVIN GABOR—LUX IVAN

A dolgozatban a porozus kdzegben terjedd akusztikus hullam atlagsebességének a
porozitastol val6 fliggését vizsgaltuk. Feltételeztiik, hogy a hulldamhossznal joval kisebb
inhomogenitasok esetére is alkalmazhaté Fermat-elve, vagyis a hulldam a porozus kozeg
két pontja k6zott mindig a legrovidebb id6t kdvetel§ utat valasztja.

A porbézus kozeg egy adott részét négyzetraccsal kozelitettiik, amelyet Monte Carlo
maodszerrel véletlen mddon toltottink ki — a porozitasnak megfelel6éen —folyadék, ill.
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szilard fazissal. A kapott modellben azutan az operaciokutatasbol ismert Ford-algorit-
mussal hataroztuk meg a legrévidebb utat. A két fazis sebességaranyanak 0,66; 0,5;
0,4; 0,33; 0,25 értékeire szamitottunk modelleket a ®=0,1; 0,2; ...; 0,8 porozitas-
értékekre. Minden sebességaranyra és porozitasértékre 50—50 modellt generaltunk és az
atlagsebesség valtozasanak statisztikus viselkedését a sebességarany és a porozitas fligg-
vényében hataroztuk meg. A szamitasokat MINSZK—32 szamitogépen végeztik. A kisér-
letek eredményeképpen a kovetkez6 formulahoz jutottunk;

024y, 1-® 4
ahol Va a kozegre vonatkozo6 atlagsebesség
Vf a folyadékfazisra vonatkozd atlagsebesség

V& a szilard fazisra vonatkozé atlagsebesség
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AHANN3 PACMPOCTPAHEHWSA 3BYKOBbIX BOJIH B MOPUCTOMN
CPEAE MO METOAY MOHTE KAPJ1O

. KOPBH—WN. JTYKC
MocTaHOBKa Mpo6siembl

3a nocnefHee fecATuNeTVe B psje paboT paccmaTpuBanach 3ajaya onpegene-
HWS CKOPOCTWM pacrnpocTpaHeHs aKyCTUYECKMX BOSIH B MOPUCTbIX cpefax. PelueHue
3a/laun annpoKCUMMPOBA/IOCh KaK C TEOPETUYECKOM, TaK M C 3KCMePUMEHTabHOM
CTOPOHbI. PacxoxieHMs MOoNyYeHHbIX TEOpPeTUYECKMX pe3ynbTaToB Bbi3BaHbl pas-
NINYMEM YUTEHHbIX NapameTpoB U JOMYLLEHHbIX PUNYECKMX MEXaHU3MOB (Offices,
1958; [MeTkeBU4Y—Bepbuuknin, 1970). O6nacTb [eNCTBUSA pe3yNbTaToB, MOYYEH-
HbIX 3KCNepYMeHTa/IbHbIM MyTeM, OMpPeAenstTCca YCN0BUAMU NPOBEAEHUSA 3KCrepu-
MeHTOB. Bonbloii 06beM 3KCMEPUMEHTOB 6bla1 NPOBeAeH NS ONpefesieHUs CKo-
poCTeil BO/IH B MOPCKMX 0cafkax. (Shumway, 1960, Nafe u Drake, 1957.) Hau-
6onee NpocToe Mo (hOpMe BbIPAKEHME, MONYYEHHOE MO 3KCMepuUMeHTaMm, Mpeasio-
YKEHO AVy I lie—Gregory— Gardner (Wyllie n Ap., 1956). [pn BbI4MCEHUAX YalLle
BCEro NPUMEHSIETCA WUMEHHO 3Ta dopMmyna:

1 @
Vep-

roe Voo — cpefHAS CKOPOCTb B MOpuUcTOl cpefe, Y>Ku VT — cKopocTu B cpefe
XuiKoli n TBepfoW (hasbl, COOTBETCTBEHHO M @ — nopucTocTb. DopMysa Bblpaxa-
eT, 4YTO B MOPWCTOW Ccpefle aKycTMUecKasi BO/IHA NMPoBOAUT D% OT BCEro BpPeMEHU
CBOero npobera B XXWAKOCTWU, YTO OAHO3HAYHO C TeM, YTO B MOPUCTON cpefe OHa
TaKXe pacrnpocTpaHsieTcs NpsMoNnHenHo. OfHaKo, 3TO AOMYLLIEHWE He YUUTbIBaeT
OCHOBHOI0 3aKOHa pacnpocTpaHeHWs1 BOJH, MO KOTOPOMY MEXAy ABYMSi N06bIMU
TOYKamMy BOSIHA MpoberaeT Mo MyTW, TpebyloLleMy HaMMeHbLUEro BpeMeHU (MpPuWH-
umn depmata), a B HalleM C/lyvae 3TO He 06513aTe/IbHO MpsiIMas JINHUS.

Llenb Haweil paboTbl CBOAUTCA K BUAOU3MEHEHUIO (hopMyfbl Bunam ¢ Takum
pacyeToM, 4YTO6bl OHa yaoBneTBOpMaa MU NpuHUMny depmata. [mMnoTesa 0 BO3IMOX-
HOCTM MPMMEHEHUS MpW MOPUCTON cpefe MNpuHUMna depmaTa ANS BOJH, AUHA
KOTOPbIX MPEBOCXOAMT XapaKTepHble pasmMepbl HEOAHOPOAHOCTElM, 6blna npenso-
XeHa Wyllie n gp. (1958).



102 . KopsuH- L. yke

MeTof, NPUMEHSIBLUMIACA 15 PeLueHUst npobiemMbl

MocTaBneHHas Nnpobnema aHaAM3MpoBasiacb C UCMO/b30BaHWEM MeToga MoHTe
Kapno, B gByMepHOM npubavkeHnn. Mpu nomowin 3BM 6bina co3gaHa nopucTas
MOf€eNb C 3afaHHbIMU MOBEPXHOCTbIO U MOPUCTOCTBIO M C C/y4YaiHbIM pacnpeje-
neHvem. MyTb Mexay ABYMS TouKamu, TpeOyrloLwMiA HaMMeHbLLEro BPeMeHU ANns
npobera, Haxogwusacs npuv nomouwim anroputMa dopga (cm. Hanp. Kaufmann,
1968). Mop MOpPMCTOCTLIO MoApasyMeBaeTcs MPONOpUUS MOBEPXHOCTM >KULKOCTM
Ha 3afjaHHOM MNMOCKOCTW. BbluMcneHUs MpoBOAMAINCL ANS KaXKAOro CKOPOCTHOrO
COOTHOLLEHUSA C 8 BENUUMHAMM MOPUCTOCTU Ha 50 mogdensix Kaxgoe. [N nonydeH-
HbIX TakMm 06pa3om pe3ynbTaToB BbIGUpanucb Hambonee noaxoasiime (opmbi
ABHbIX (QYHKUWMIA.

B nepBoM NpubnvMXeHWM 3aflaHHas M0CKOCTb pab3vBanachk rekcaroHasbHol
PELLETKOM Ha LIEeCTUYroNbHUKN, KOTOPble 3amo/HANUCE CAyYaiiHO >XUAKOCTHON Wn
TBepgon asoi. MNMpegnonaranocb, YTO M3 LEHTPaA LLUECTMYFO/IbHMKA BOSTHA MOXET
nepeiTN MO NPSAMON AIMHUN K LEHTPY COCEeLHEr0 LUECTMYro/IbHUKA; NpU 3TOM cpej-
HSI1 CKOPOCTb MONyYaeTcs NyTem [AefleHUs] PacCTOSHUS MeXAy ABYMS TOUKaMu Ha
BpemMsl, Heobxogumoe ansA npobera AOMaHOW JIMHWW, COEAVHSIOLLEN 3afaHHble
TakMM 06pa3oM HayaslbHYH0O U KOHEeYHyH TOuKW. HegocTaTok 3TOl mogenu 3a-
K/II0YaeTCA B TOM, YTO M3 OAHOM TOYKM BOSIHA MOXET PacnpoCTPaHATbLCHA TO/IbKO
B LLIECTM HanpaBneHusX (B TO BPeMSI Kak B AeiCTBUTENIbHOCTU, CamMo C060li pasyme-
€TCs, 3TO HanpaB/eHNE MOXET ObITb /106bLIM).

Bo BTOpPOM NpubamkeHMM MNofgobHbIM 06pa3oM MpMMeHsNacb KBagpaTHas pe-
LUeTKa, U3 3/1EMEHTOB KOTOPOI BO/IHA MOXET pacnpocTpaHATbCa no 16 Hanpasie-
HUAM, Kak 3TO MOKasaHO Ha puc. Ya. [MockonbKy mMpeanonaraeTcs, 4To BO/HA
pacnpocTpaHseTcss OT LeHTpa A0 LEeHTpa, YeTbIPEXYFO/IbHUKU MOryT ObITb Mpea-
CTaB/ieHbl UX LeHTpaMn. CBSIXKEM KaXKAbI LEHTP C COCEAHUMU C HUM 16 OCTas/IbHbIMMU
(B KOTOpble BOMHA MOCTYNaeT «OAHMM LIarom»). Takmm 06pas3om nosy4daeTcs Tak
HasbIB. rpaf, COCTOSALMA U3 NMYHKTOB M NpPsAMbIX. [psMble, CBA3bIBAKOLLNE TOYKU
rpacga HasblBalOTCSl MO MPUHSTON TepMMHONOrMK ayramm rpaga. K Kaxgoi ayre
npuypaymBaeTcsl BpemMsl, HeobXxoaumoe Ans npobera BOSIHOW PacCTOSIHUS MeXAy
[ABYMSl TOYKaMW W 3TO Has3blBaeTCA A/IMHOW AYrM WKW PaccTOSIHUEM MEXAY [ABYMS
nyHkTamu. B 3Tom rpade npeacTouT onpeaennTb CEpUI0 Hambonee KOPOTKMX Ayr,
CBSI3bIBAKOLMX Haya/lbHYHO TOYKY C KOHe4yHol. YacTb rpacha, COOTBETCTBYHLLEr0O
puc. |/a nokasaHa Ha puc. 1/6.

MopucTas cpefa MUMUTMpPOBaNacb NyTeM CnyyaiiHoli reHepaumm (C paBHOMEPHbIM
pacnpegeneHnem) uyucen ot 0 Ao 1, NnpuyeM OTAeflbHble 3/1EMEHTbI 3amno/HANNCH
XXUAKOCTbIO UM TBepAoin (asoii B 3aBMCMMOCTW OT TOr0, YTO YKasaHHble 4ucna
0Ka3blBalTCA MEHbLUMMWU N 60/bLUMMW MO CPAaBHEHWKO C BE/IMYMHOMA MOPUCTOCTU.
MeHepaums cnyvaliHbIX 4mcen NpoBoAMaacb MeTOAOM, WCMO/b30BaBLUMMCS aBTO-
pamun Adams u Denman (1966).

Kaxpaa mogenb coctosna n3 15x30 kKBagpaToB, NpUyemM B KauyeCcTBe Hayaslb-
HOM M KOHEYHOI TOYeK BOMIHbI BblGMPaINUCh ABe KOHeuYHble TOUKW 6osiee ASIMHHOMN
ocn cnmmeTpun. MofobHast mogenb MoKasaHa Ha puc. 2. Bce BbIMMCIEHUSA NPOBO-

annuce Ha 9BM MuHCK-32 NHCTUTyTA.
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TeopeTuueckue cooGpaXkeHNs

MpumeHUm 0603HauveHne v Ana OTHOLEHUA

nyctb 6yger
vep=" - =G(v,0).

ycp

Llenbto Haweli paboTbl SABASETCA onpegeneHne sBHOM (opmbl pyHKUMM G(iP).
K ¢yHkuumn G(v, P) npeabasnsieTca TpeboBaHWe YAOBMETBOPUTL C/EAYHOLLUM
YCNOBUSIM:

1 G(v,0)=v T. €. NPW OTCYTCTBMM XUAKON (hasbl Vp—V
T. €. Vop=VT
2. Gv, =1 T. €. NpY OTCYTCTBMM Cpedbl TBepaon ¢asbl vp—\
T. e. V=W
3. G6(L9)=1 ecnn VT =YK, 10 Vop=VT—YK
4. 1 CPefHSAs CKOPOCTb MPUXOAUTCA MEXAY CKOPOCTAMMW, Xa-

paKTepHbIMU ANst ABYX (has.

HepaBeHCTBO 4 Ha MPaKTUKe He BbIMO/HSIETCS MPU BbICOKUX BeIMUMHAX MO-
pucTocTn (P a:60%). B aTom cnyuyae (Hamilton, 1956; Shtxmway 1960; Officer,
—1958) CKOPOCTb pacrnpocTpaHeHWsi 3BYKOBOW BOJSIHbI B MOPOAAX, HACbILEHHbIX
XMUAKOCTbIO, MOXET 6bITb 60/1ee HU3KOW M0 CPABHEHMIO CO CKOPOCTbIO B XXWAKOCTU.
MonyyeHHble HamMuK pPe3ynbTaTbl MOTYT WCMO/Ib30BATLCH MPUMEHUTENIbHO K Ben-
yMHam nopuctocTn @ <60%, T. €. OHU O0XBaTbIBAOT BeCb MHTEPECHbI ana reodu-
3MKW [ManasoH BenuuuH nopuctocTu. (MocKonbKy npeanonaranack NpUypoueH-
HOCTb OTAENbHbIX (ha3 K onpeaeneHHbIM MecTaM — UTO He MOXET 6biTb felicTBU-
TeNbHLIM A8 YacTuL, MMaBaloWMX B XWAKOCTU — Mpeanaraemasl Mofeflb He Mo-
XET MPUMeHATbCS NS cnydaeB P«J1.)

[oMoNHNUTEeNbHOE OrpaHMyUeHMe 3aK/OYaeTcsl B TOM, YTO MOAESbi0 He YuuTbl-
BAlOTCS BELLECTBEHHbI COCTaB, MOTHOCTb M CXUMAeMOCTb OTAE/bHbIX (as.

MpeacTonT HaTn dyHkumo G(v, ) B dhopme

F(v, D) +®+ (1 - B)

D= p(ro)-0+1-0

roe F(v, ) saBnseTca noka Heu3BeCcTHOW yHKUMed. [JaHHas dopma yHKUMN
aBTOMaTU4eCKM BbINOHSAET ycnoBus 1-4. CnegyeT 3amMeTUTh, UTo B cnyyae P(L,d) =
= 1 cHoBa nony4yaetcsl Kak pa3 copmyna Wyl lie, Tak Kak B JaHHOM Cfy4ae

d+r(l_®) o 1% o]
=N - -
Gy, @) yep P+1-P Fr U ;

cnenoBaTesibHO

1 ¢ 1-¢
Yoo VM+~ W



104 . KopsuH- W. Jlyke

MonyyeHHble pe3ynbTaTbl

BbluncneHnss nposognnuce ans senndmH v=0,66; 0,5; 0,4; 0,33; 0,25, npnyem
ONA KaXA0ro COOTHOLUEHMA cKopocTel BenuuvHbl @ Bblbupanvcs ot 0,1 go 0,8
¢ warom 4epe3 0,1. Ana kaxgoin napbl BennuuH (r, @) 6bi11M NpUHATLI Mo 50 Mo-
neneii.

MofcunTaHHble BennuMHbI (hyHKUuuKM F(y, @) npeacTaBneHbl Ha puvc. 3, MpUYem
0fjHa TOYKa COOTBETCTBYeT cpefHei no 10 mogensim BennuuHe. Mony4veHHble Benu-
UYMHbI NPU 3af@HHbIX V, KaK (OByHKUMM 0T P, XOpoLLo COBMeLLaoTCA C MNPSMON, T. e.

F(v, ®)=a(r)-® ; b(v).

CoBMelLleHMe MPOBOAMNIOCH MO KPUTEPUIO MOFPELIHOCTU HaMMeHbLUMX KBaj-
paToB. YTrnoBble KO3(h(ULMEHTbI U OCEBbIE CEYEHMS] MPSAMbIX B (OyHKUUM OT V no-
KasaHbl Ha puc. 4/a n 4/6. YrnoBble KO3MULUNEHTbI ABASKOTCA, C XOPOLWINM Apnban-
>KEHVEM, MOCTOSIHHLIMU U PaBHbIMU

a(v)*0,22

a KpuBas, onpeaensieMast 0CeBbIMW CEYEHUSMU, MO MMEKLLMMCS MYyHKTaM W3Mepe-
HWIA, ABMSETCA 3SKCMOHEHUMaNbHON:

b(v)« B(&"' - 1).

BO3MOXHO, YTO UUC/EHHbIE BEMMUMHBLI BXoAsLleli B hopMy/ny MOCTOSIHHOL
0,22 ¥ napameTpOB 9KCMOHEHUMaNbHON KpuBoli b(v) He HocsAT yHMBepCasibHOIO
XapakTepa, a CBsi3aHbl C CreuuasnbHOl CMMMeTpueil U pasMepaMu BblBpaHHO

Mofaenu.
HanpasneHvs fganbHeiiliero ycoBepLIeHCTBOBaHUA MeTofa

Mpy BbIMUCNEHNAX HE YUUTbIBAIUCE 3(MMEKTbI OTPKEHWA WM NOr/OLLEHNS.
B cBA3M C 3TMM Bpems BCTYMJEHUS MepBOro (PerncTpuMpyemMoro) curHana B 3Kcre-
PUMeHTaxX MOXeT He COBMagaTb C BbIYMC/IEHHLIM BPEMEHEM, a MPeBbIWaTb Ero.
TOYHO TakKXe He YUMTbIBasIOCb, YTO WCXOAHOW CUrHan npeacTaBfieH He UrnoBuA-
HbIM UMMYNbCOM, MpMYyeM (hopMa CUrHana CUNbHO M3MEHSIETCA KaK pa3 Mo Bbille-
YKa3aHHbIM MpUYMHam. B MeTo4 HaxoX[eHWs KpaTyaillero mnyTM MOryT ObITb
BHECEHbI M3MEHEHUS C TaK/MM pacyeToM, YTO6bl OH OMpesensn v 3Hepruo BCTyMe-
HUS MMNY/Sbca NYTEM CHUXXEHUS 3HEPTrUW, UMEIOLLENcs Yy OTAeNbHbIX rpaHuy, das
B COOTBETCTBMU C KO3I((ULMEHTOM OTPaXeHWUs, a Takxe, yyeTa reoMeTpuUyecKoro
paccesHuss. Takum obpasom MeToa MoHTe Kapsio MOXeT Mcnonb3oBaTbCca U AN1s
aHanmM3a CKaykoB NepuvofoB, MpPeAcTaBAslOWMX CO60/ MOMeEXM B pesy/sibTaTax aky-
CTMYECKOr0 KapoTaKa.

Opyrum BO3MOXHbLIM Harpas/ieHMeM YCOBEPLLUEHCTBOBAHUA MeTofa SBMSETCA
NPUMeHeHe TPeXMEPHOM Mogenu.

VccnegoBaHuss MOryT 6bITb pacnpoCTpaHeHbl M Ha Ciydaii MHOFOKOMMOHEHT-
HOlA cpefbl, MpU KOTOPOM TakXke Mpeanofniaraetcs AeiCTBME ypaBHEHUS CpegHero
BpPEMEHU (Tegland, 1970). MeTog MoHTe Kapno MOXeT 6bITb M3MEHEH U C TaKUM
pacyeToMm, 4TO6bl NpW reHepauun cpefbl, MOMUMO MOPUCTOCTU YYUTbIBAIOCH U
rpaHy/IMMETPUYECKOE pacrnpeseseHue.
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BbiBoabI

MpoBegeHHass pa6oTa MpecregoBana LeM ONpeaennTb CPeAHUE CKOPOCTM
pacnpocTpaHeHUs1 aKyCTUYeCKUX BOH B MOPUCTbIX cpegax. MeTogom MoHTe Kapno
6blna co3faHa AByMepHasi MoOpuUCTas cpefa U ¢ UCMoNb3oBaHVeM anroputma dopga
Ha OBM onpegensinocb Bpems, HeO6GX0AMMOe ANsi npoGera akycTUYeCKOoh BOJIHOW
nyTU MeXZy OBYMsi TouKamMu 3Toli cpeabl. B pesynbTaTe NpoBeAeHHON pa6oTbl
nonydyeHa opmyna

Vep 1-0,78 @ +bNe 1)

— CPefHsA ANst faHHOW Ccpedbl CKOPOCTb

YK — CpefHsAs CKOpOCTb B XXWAKOWN (hase
VT — CpefHss CKOpOoCTb B TBepAaoi dase
b — 3KCMOHeHUManbHaa (yHKUWS, NpeacTaB/ieHHas Ha puc. 46

[o6aBneHue: Anroputm dopga Ana HaxOoXAeHWs KpaTdyaillero nytu

3agagmMmcsl CBSI3HbIM rpadoM™, K Kax[oih ayre KOTOPOro npuypayvnBatoTcst
MOMIOXMTENbHbIE BEIMUMHBI PacCTOsHWA. MycTb 6yfeT paccTosiHAE He CBSI3aHHbIX
MeXxJay Cc060M Touek +<*=. O603HAYMM Haya/lbHYKO TOukKy NyTu X0, a KOHe4Hyo
TouKy — 8. MNyCcTb OCTa/IbHble TOYKM, MO /HO60MY NopAaKy, 6yayT X1, x2,x3. .. X,C.

K Kaxjoli Touke rpaa npuypaymBaroTcs TakK HasbIB. NOTEHUWaNbHbIE BeIUYU-
Hbl, TaK K TOYKe X- — BennuyMHa u(x,). CHayana 3aTta noTeHUmManbHas Beu4vMHa
PaBHSIETCA HY/IH0, a B KOHLE afiroputMa OHa 03HayaeT MUHMMasIbHOEe PacCTOsIHWE
OTAEMbHbIX TOUeK A0 To4uku XO0.

B npouecce BbINOMHEHWS1 anropuTma rpad pasfensieTcs Ha ABe 4acTu; 0603Ha-
UMM 3TU YacTU4Hble rpadbl 6ykBamn A 1 B. B yacTuuHbIii rpag A BXOASAT TOYKM,
MUHVMasIbHbIe PacCTOSIHWUA KOTOPbIX A0 Touku X0yXe onpefeneHbl, a B YaCTUYHbIA
rpagy B — Toukm, 4151 KOTOPbIX 3TW PacCTOSHWUS He onpefesnieHbl, T. €. MOTEeHUUanbl
KOTOPbIX eLle He PaBHAKTCA MUHUMa/IbHOMY paccTosHuIO. [epBbiii Liar:**

x0eA {rL; x2, ...X kyS}£B.

B npouecce AaHHOIM onepauun 4YacTUYHbBIA rpad A AONOMHAETCA 3NeMeHTaMu K3
YyacTuyHoro rpaga B fo Tex nop, noka B A He BOMZeT 1 S.

* OTHOCUTENbHO OCHOB W TEPMWHONOTMK Teopuu rpacoB CM. Hanp. MoHorpadpuu Kaypmana (1968) nunn bepxa

** XEA — nNpuUHATOE B TEOPUM MHOXeCTB 0603HayeHune Toro, 4to X BXOAWUT B MHOXecTBO A.
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A [0oNoMHSEeTCA OAHOW TOYKOW cnegyrowmm obpasom. MycTb 6yayT B 0606-
LLIEHHOM BWfe

Xa’ "AQ ee o X eee A
X«,Xp,... %, ...€B

a pacCTosiHMe TOoYeK XM, Xr 0603Ha4yMm TIT.
3agaguMcs BeIMUNHON
& [T(XIN) 'Tov.

ona Kaxgaol napbl Todek XNCA, xvcB.

Haligem BennuuHy

Stii min crr-
n Vv

3aTeM COOTBETCTBYHOLLAs TOUKA X BBOAWUTCS B YaCTWUYHbINA rpad A 1 ee noTeHuman
nogbupaetca paBHbiM elTh HeobxogMMo MoKas3aTb, YTO TakK MOTEHUMaT Kaxion
TOYKM B 4acTUYHOM rpade A paBeH [/IMHe KpaTyalillero MyTu, COeAMHSIHOLLErO
ero ¢ X0.

MycTb KOAM4YECTBO TOUeK B 4vacTUYHOM rpage A 6yget 1 Ecim 1=1, 10 A=
={x0} n /In(xQ=0, ana uero AeNCTBUTENbHO YyKa3laHHOe YTBepXieHue. Tenepb
NpeanosiokKnMM, 4To

A**{x0,x1, ... xt X}

N NPEeANoNIOKMM NPaBUIbHOCTL YTBEPXKAEHUS ANt 3TUX TOYEK; HeTPYAHO BUAETH,
YTO MOTEHUMaN TOUKM X , MOMy4YeHHOV MO MpaBuMam asropuTMa, TakKXe paBHS-
eTC MUHUMA/IbHOW A/IMHE MyTU, TaK Kak

Kxn) =KxT)+ riu= min [u(xn) +r,,J.

MOCKOMbKY COrflacHO WCXOLHOMY AOMyLieHWto W(XM) npeacTaBnsieT CO60M amHy
Kpatyaliwero n3 nyTei Xn~XxO0, u{xn) +trv 6ygeT paBHATLCS LUHE MNYTU, UCXOAS-
Lero u3 x, 4yepes Xm Ao Xxn. BennumHa

min [a(x,,) + TR

npesacTaBnsieT CO60M AAUHY KpaTyailliero nyTW, MCXOASLLEro M3 OAHOr0 M3 3ne-
MEHTOB YacTM4HOro rpacga B uepes xn go x0. Ecnv B3siTb ero MuHuMym b n, nony-
YaeM paccTosiHMEe TOYKM YacTUYHOro rpadga B, pacnonaratouieinca Hanbonee 6/M3K0
K X0, T. e. ANMHY KpaTyaiillero U3 nyTeid Xu- X0, B YeM 1 3aKJ/IH0HaI0Ch Halle NoJsio-
KeHWe. JTa orepaums KOHYaeTCs BBEAEHWEM TOUKM S B YacTuUHbIl rpad A.

Mocne 3TOro onpefeneHve camoro NyTU YXe SABMSETCA MNPOCTOW 3afavel;
HaxoAuM TOYKY Xb AN KOTOpOW

MS) —K x g ="Sxi»

(BO3MOXHO, UYTO MMEETCA HECKO/IbKO TaKMX TOueK; 3TO 03HauyaeT, YTo CyLUecTByeT
HECKO/IbKO PaBHO OMTUMasIbHbIX MyTei) U 3Ta ToukKa HaxoAWTCS Ha KpaTdaiillem
nyTu nepeg S. 3aTtem Nofo6HbIM 06pa3oM Ha MecTe S € X- MoslydaeM MpeablayLyto
TOYKY M T. fi., NMOKa He goiigem go xO0.





