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MOYTH 1-TPAH3UTUBHOCTH B JIMHEMHO YIIOPAJIOUEHHBIX CTPYKTYPAX

AHHoTanusi. Hacrosmmasi crarbs KacaeTcs MHOHSTHS c1a00H O-MHHMMAalIbHOCTH, BBeAE€HHOTO M. JIMKMaHHOM u
MePBOHAYATILHO ITYO0KO rccinenoBanHoro 1. Makdepconom, JI. Mapkepom u Y. CretirxopHoM. Cnabast o-MHHIMAIBHOCTh
ABJISIETCSI 0000IEHNEM MOHATHS O-MHHIMAIBHOCTH, BBeIeHHOTO A. [Tnmmaem n Y. CTEHHXOPHOM B CEpHN COBMECTHBIX
crareii. Kak u3BecTHO, yIOPSIIOYEHHOE TIOJIE BEIIECTBEHHBIX YHCEN SBISACTCS MPUMEPOM O-MHHUMAIBHOW CTPYKTYpHI.
B Hacrosimeii paGoTe MBI MPOJOJKAEM HCCIIENOBAHUE TEOPETHKO-MOJEIBHBIX CBOMCTB O-MUHHMAJIBHBIX M CIabo
O-MHHHUMAJIBHBIX CTPYKTYp. B 4acTHOCTH, MBI BBOZMM TOHSTHE TIOYTH |-TPaH3UTHBHOCTH B JIMHEHHO YIOPSIOYEHHBIX
CTPYKTYpax M HCCIEAyeM ero cBoicTtBa. OnmcaHbl OYTH |-TpaH3WTHBHBIE O-MHHHUMAIbHbBIE U Cl1a00 O-MHHUMAIbHBIE
TUHEWHBIC TOPSAAKN. YCTAHOBIICHO, YTO TTOYTH |-TPaH3UTUBHBIN c1a00 O-MHHUMAIIBHBINA JTMHEHHBIN TOPSIOK H30MOP(EH
KOHEYHOMY YHCITy KOHKaTCHAIMH ITOYTH | -TPaH3UTHBHBIX O-MHHUMAaJIBHBIX JIMHEHHBIX MOPsIIKOB. MccieoBaHbI CBOHCTBA
oborameHnii ceMeicTB MOYTH |-TPaH3UTHBHBIX JIMHEHHO YHOPSIOYSHHBIX Teopuil. HalimeHsl 3HaueHWs paHroB IS
CEMEHCTB MOYTH |-TPaH3UTHBHBIX O-MHUHUMAIBHBIX U CJIa00 O-MUHUMAJIBHBIX JTHHEHHBIX MOpAaKoB. Halinen xpurepuit
COXpaHCHHUS TOYTH |-TPAaH3UTHBHOCTH W CJIa00# 0-MHUHUMAIBFHOCTH LISl 0OOTAIIEeHHUs MOYTH |-TpaH3UTHBHOW CIIaboi
O-MHHUMAaJIBHOW TEOPHH MPON3BOIBHBIM OJHOMECTHBIM IIPEANKATOM. YCTaHOBICHA IIOTHAS YHOPSAAOYCHHOCTh MOYTH
1-TpaH3UTHUBHOH c11a00 O-MHUHUMAIBEHON TEOPHH, SIBIIIOIICHCS TOYTH OMETa-KaTerOpUIHOM.

KoaroueBble c10Ba: THHEHHO YyHIOPSJOUEHHAS CTPYKTYpaA, 1-TpaH3UTHBHOCTB, O-MHHUMAIILHOCTD, CJ1adast 0O-MHUHUMAJTb-
HOCTbh, 00OTAIIEHNE TEOPHHA, TOYTH OMETa-KaTeTOPUIHOCTb.
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CbI3BIKTBIK PETTEJITEH KYPBUUIBIMIAPIOAT'BI 1-TPAH3UTUBTIK JEPIIT'T

Anpgarna. byn xymeic M. /lukmanH eHri3reH sxoHe O6actanksiga [{.Makdepcon, [I.Mapkep xoHe U.CTeHiHXOPH 3epTTEereH
QIICi3 O-MIHUMAIBIIBIK TYCIHITiHE KATBICTHI. OJICI3 O-MHHAMANIBUTBIK — 0y A. [Trimnaii men U. CTeHHXOpHHBIH OipiieckeH
MaKaJanap CepHsACHIH/A SHII3TeH O-MHHUMAJIBUIBIFBI YFBIMBIHBIH JKaNnbuiaybl. benrini Gonranmail, HAKTHl caHIapIbIH
pETTeNreH epici 0-MIHUMAIABI KYPBUIBIMHBIH anreOpaiblk MBICATBI O0JBIT Ta0bLTansl. byt xkyMeicTa 613 O-MIHUMAIIBI
JKOHE OJICI3 O-MHHHMANIBl KYPBUIBIMAAPIBIH MOIENbIIK-TCOPUSITBIK KAaCHETTepPiH 3epTTEYIi JKalFacThIpaMbl3. ATar
alTKaHIa, CHI3BIKTHIK PETTENTCH KYPBUIBIMIApFa AEpiiK |-TpaH3UTHBTIK YFBIMBIH €HTi3€Mi3 KOHE OHBIH KaCHETTEepiH
3epTTeiimi3. 1-TpaH3UTHUBTIK AEPIiK O-MHHAMAIIBI JKOHE QJICI3 O-MUHHUMAIIBI CHI3BIKTHIK PETTEp CHMaTTaiFaH. Jlepiik
1-TpaH3UTHUBTIK 9JICI3 O-MUHAMAIBI CHI3BIKTBIK PETTEITeH IepIiK 1-TPaH3UTHBTIK O-MUHHMAJIJIBI CBI3BIKTHIK PETTEPIiH
KOHKaTCHAIMSUIAPBIHBIH AKBIPFBl CaHBIHA HM30MOPQTHI OONATHIHBI aHBIKTANIBL. Jlepmik 1-TPaH3UTHBTIK CBHI3BIKTHI
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PETTEeNTeH TeOpHUsIIapABIH 0TOACKITAPEIHEIH OaWbITy KaCHETTEpi 3epTTemini. JJopexenik MoHaep 1-TpaH3UTHBTIK AEPITiK
O-MHUHHUMAJIZIBI ’K9OHE 9JICi3 0-MUHUMAIIBI CBI3BIKTHIK PETTEPAiH OTOACBIIAPHI YIIiH TaObIamel. Jepiik 1-TpaH3UTHBTIK
QJICi3 O-MHUHHMMAJIBI TCOPUSHBI €piKTi Oip OPBIHABIK MPETUKATIICH OaWbITy YIIiH JCpiK |-TpaH3WTHBTIK KOHE 9JICi3
O-MHUHHMAJIJIBUTBIKTBI CaKTay KpUTEpHidi Ta0bu1abl. OMera-KaTeropHsUIbIK AepiIiK OoNaThlH 1-TpaH3UTUBTIK JSpIIiK JIci3
O-MHUHHMaJIJIBl TEOPHSI YIIIH PETTENTCH THIFBI3ABIFEI JQJICIICHII.

Tipek ce3ep: CBI3BIKTHIK PETTEITCH KYPBIIBIM, |-TPaH3UTUBTIK, O-MHHUMAJIBUIBIK, SJICI3 O-MUHUMAIABIIBIK, TEOPHS-
Japel 0albITy, AEPITIK OMETa-KaTerOPHSIIBIK.
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ALMOST 1-TRANSITIVITY IN LINEARLY ORDERED STRUCTURES

Abstract. The present paper concerns the notion of weak o-minimality introduced by M. Dickmann and originally
deeply studied by D. Macpherson, D. Marker, and C. Steinhorn. Weak o-minimality is a generalization of the notion of
o-minimality introduced by A. Pillay and C. Steinhorn in series of joint papers. As is known, the ordered field of real
numbers is an example of an o-minimal structure. We continue studying model-theoretic properties of o-minimal and
weakly o-minimal structures. In particular, we introduce the notion of almost 1-transitivity in linearly ordered structures
and study tits properties. Almost 1-transitive o-minimal and weakly o-minimal linear orderings have been described. It
has been established that an almost 1-transitive weakly o-minimal linear ordering is isomorphic to a finite number of
concatenations of almost 1-transitive o-minimal linear orderings. Properties of expansions of families of almost 1-transitive
linearly ordered theories are studied. Rank values for families of almost 1-transitive o-minimal and weakly o-minimal
linear orderings have been found. A criterion for preserving both the almost 1-transitivity and weak o-minimality has been
found at expanding an almost 1-transitive weak o-minimal theory by an arbitrary unary predicate. Dense ordering of an
almost 1-transitive weakly o-minimal theory that is almost omega-categorical has been established.

Key words: linearly ordered structure, 1-transitivity, o-minimality, weak o-minimality, expansion of theories, almost
omega-categoricity.

1. BBenenne

ITycte L — cueTHsIN 361K TIEpBOrO nopsiaka. Berony B JaHHOM cTarbe Mbl paccMaTpuBaeM L-cTpyKTyphl
W TpearnonaraeM, 4Tto L comepKUT CHMMBOJ OMHApHOTO OTHOWICHMSA <, KOTOPHIH HMHTEPHPETHPYETCS Kak
JIMHEHHBIN MOPSIOK B 3THX CTPYKTYpPax.

Bynem roBopuTh, 4T0 JIMHEHHO YIOPSA0UEHHAs CTPYKTYpa M := (M, <, ... ) ABIAETCA 1-TPaH3UTUBHOM,
ecau i mo0eIX a, b € M

tp(a/®) = tp(b/0).

ByneM TOBOpHUTH, 4TO IHMHEHHO ymopsajgoueHHas crpykrypa M :=(M,<,..) sBuserca modtH
1-tpamsuTuBHoi, ectn ACl(@ ) = @ u moboe Hemyctoe & -ONpemeNIMMOE MOIMHOXKECTBO CTPYKTYPBI A,
He SBIIIONIEECS BBITYK/IBIM, IIOTHO B M, T.e. ams mobsix A1, a2 € A u3 yenosus @1 < A2 cnenyer, uro
cymectByeT @ € A Takoii, uto a1 < @ < dp,

®@axkr 1.1 Jlio6as 1-TpaH3uTHBHAS INHEHHO yIOPAI0YCHHAS CTPYKTYpa SIBIAETCS OYTH | -TpaH3UTHBHOM.

Ipumep 1.2 Tlycte $M: = (Q1(2), <), T.e. M — MHOXECTBO IYIUIETOB, YIOPAJAOYEHHBIX MO TUIY Q.
Torna M— noutn 1-TpaH3uTHBHAS HE |-TpaH3UTHBHAS CTPYKTYpA.

Hpumep 1.3 ITycts M: = ( , <) rue ©— MopsAa0K Ha MHOXKECTBE HATYPaJIbHEIX urceT. OUeBHIHO, YTO
M He SBISICTCS TOYTH 1-TPaH3UTHUBHOM, ITOCKOIBKY dcl(@) # Q-
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®akrt 1.4 [Tycts M-nioutu 1-TpaH3UTUBHAS JIMHEWHO YIIOPSAOUYCHHAS CTPYKTypa. Toraa

(1) M He uMeeT HU HAMMEHBIIIETO, HU HAUOOJIBIIETO IIEMEHTOB.

(2) JTroboe BEIyKII0€ ) ONpPENeIUMOE MOIMHOXKECTBO CTPYKTYPbl M HEe UMEET KOHIICBBIX TOYEK B M.

OTkpBITBIN UHTEpBad [ B CTPYyKType M ecTh mapaMeTpUUECKU OMpPeleTUMOe TOJAMHOKECTBO CTPYKTYPBI
M Buna

I={c€E M:ME a<c<b}

JUIsL HEKOTOPBIX a,b € M U {—00, 0}, rne @ < b. AmanormdnHO MBI MOEM ONPEIETHTH 3aMKHYTHIE,
MOJIYOTKPBITHIE-IIOy3aMKHYThIE U T.IL. UHTEpBaNbl B M Tak, 4T0, HalpUMep, TPOU3BOJIbHAS TOUKA CTPYKTYPHI
M sBnserca cama (TpUBHAJIBHBIM) 3aMKHYTHIM HMHTEpBajoM. [loAMHOXECTBO A JIMHEHHO YNOPSIOYEHHON
CTPYKTYpbl M Ha3bIBa€TCS BBITYKIIBIM, €CJIH 1is MoObix @, b € Au ¢ € M sesxuii pas, korma a < ¢ < b,
mbl umeeM € € A. Cnabo 0-MUHUMAIBHON CTPYKTYpOii [ 1] Ha3pIBaeTCsI IMHEHHO YIIOPSIOUYEHHAs! CTPYKTYpa
M :=(M,<,...) takas, uro moGoe ompeaeauMoe (C HApaMeTPaMH) MOIMHOXKECTBO CTPYKTyphl M
SABIISIETCSl 0OBENMHEHNEM KOHEYHOTO YHCIIAa BBIMTYKIBIX MHOXECTB B M. BcmoMHHMM, 4TO Takas CTPyKTypa
M Ha3pIBaeTCS O-MHHHUMAJIBHOHM, €CIIH KaXXJO0€ OMpEnenMoe (C mapameTpamMu) MOAMHOKECTBO CTPYKTYPHI
M sBisiercsi OObeTMHEHUEM KOHEUHOTO YHMciia HHTEPBAJIOB U TOYeK B M. BeliecTBEHHO 3aMKHYTHIE TIONS C
COOCTBEHHBIM BBIMYKJIBIM KOJIBIIOM HOPMHPOBAHHUS 00€CTIEUNBAIOT BAKHBIA MPUMeEp c1ab0 0-MUHUMAIIbHBIX
(HEe 0-MHHUMAaNBHBIX) CTPYKTYD.

IIpennoxenue 1.5 [Tycts M — mout 1-TpaH3uTHBHAS O-MUHUMAaNIbHAS CTPYKTypa. Torma

(1) M sBnsieTcst 1-TpaH3UTHUBHOM.

(2) mubo ( M, <) — TUTOTHBIN JIMHEHHBIN TTOPSAOK 0e3 KOHIIEBBIX TOYEK, TH00 ( M, <) — JUCKPETHBIM
JTUHEWHBIH MOPAIOK 0e3 KOHIIEBBIX TOUEK.

JoxkazarensctBo [Ipemmoxkenns 1.5. (1) JlomycTuM MpPOTHBHOE: CYIIECTBYIOT ,b € M Takue, 4To
a+ bu

tp(a/0) # tp(b/D):

CrnenmoBarenbHO, cymecTByeT L-popMyra ¢h(x) Takas, 9To
M E ¢p(a)A - ¢(b)

Paccmorpum ¢h(M). B cuity o-MuHuMaNbHOCTH ¢h(M) ecTh 00beIMHEHUE KOHEYHOT'O YMCIIa HHTEPBAJIOB U
TOYEK, IPUYEM KaXKIbIH TaKOH WHTEPBA WJIH TOYKA ABJISIOTCS (- ONMpPEAeTMMbIMU.

[ockonbky cornaco ponymenuio ¢p(M) #= M, 1o nomyqaewm, uto dcl(@) # @.

(2) Ecnu 910 HE Tak, TO PACCMOTPUM CIEAYIONIYIO hopmyiy:

OX): =V Vy, (V1 <x<y,—»3t;3t, )1 <t; <x <t <yp)]

B cuny nomymenus (M) # M u (M) # @. Taxxke B cumy o-muanmamsHoctn 6(M) ects
0GbeIMHCHIE KOHEIHOTO JHCIIa HHTEPBAJIOB 1 TOUEK, OTKy/a moxydnm, uto dcl(@) # @.

CnenctBue 1.6 Ilycts M — mouTtu 1-TpaH3WTHUBHBIA O-MUHUMAaNbHBIN JTUHEHHBbIN mopsnok. Torma M
usomopdua { Q, <) wmm M uzomopdpna { w* + w, <).

[Mpeanoxenne 1.7 Ilyctb M — OeckoHEUYHBIH JNHMHEHHBIH NOpPAAOK. Torma Cieayrolmue YycIOBUS
SKBUBAJICHTHBI:

(1) M — 1-TpaH3UTHBHBIIA;

(2) M —noutu 1-TpaH3UTUBHBII U O-MHUHUMAIIBHBIH.

2. MeTonst

B Hacrosen crartbe UCHOIB3YHOTCS METOABI, KOTOPBIE IONYYHWIA CBOE PA3BUTUE B TCOPUU MOJIENEH
B BOCBMUJECSTHIE TOJBI IBAIIATOIO BeKa U mozxe. Cpean HUX MOXHO OTMETUTh METOJOJIOTHIO M3yUEHUs
YIHOPSIOUEHHBIX CTPYKTYpP Ha OCHOBE TaKUX MOHATHH, KAK O-MUHUMAJILHOCTh ¥ BAPUAHTBI O-MUHUMAJIBHOCTH.
TUNUYHBIM B TaKOM CUTyallUu SIBJISETCS HAJOKEHUE CTPOTMX OrpaHUYEHHUI Ha MHOXECTBA, ONpeaeisieMble
(dopmynoii ¢ omgHOW cBOOOAHOM MepeMeHHON. Tak, o-MHUHUMaNIbHAsI CTPYKTypa M MOXET pacCMaTpUBAThCS
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kaK L-ctpykrypa, e L O L ={<},< — nuHelHbIi NOpAI0K Ha M, H KaX10€ ONPENETUMOE TTOAMHOKECTBO
CTPYKTYpbl M sBIS€TCS OECKBAHTOPHO L -ONPENENMMBIM. DTO NA€T yCTAHOBKY I JPYTMX IIOHATHH:
3aMeHseM L, Ha HEKOTOPBIA NPyroil M3BECTHBIA A3BIK, pacCMaTrpuBaeM L-CTpyKTypbl Takue, 4To L -pemyKT
uMeeT OOYCIIOBJICHHBIH THUI (HampuUMep, JHUHEHHBIH MOPANOK), U TpeOyeM, YToObl Ka)kaoe OIpeAeIMoe
TIOZIMHOXKECTBO CTPYKTYpbl M ABJIANOCH (0€CKBaHTOPHO) L -onpeneanMbiM (MOXKHO TpeGOBaTh 9TO JUIS BCEX
MoJIeNiel JAHHOM TEOpHUH).

3. Pe3yabrarhl

IMycte T — ceMeHCTBO TONHBIX TEOPHH (DMKCMPOBAHHOW CUTHATYPHI X, () — TIPOM3BOJBHOE X.-
npenjoxxenue. Torga MHOXECTBO T¢i = {T ETITE ¢} HasbIBaeTCs (D-OKPECTHOCTRIO ceMeticTBa T.

Omnpenenenne 3.1 [2] [Iycts T— ceMelCTBO IOTHBIX TEOPHUI (PUKCHPOBAHHOW CUTHATYPHI ..
Omnpenenum panr} RS ans cemeiicTBa Teopuii CeAyOIMM 00pa3oM:

(1) RS(T)=-1, ecru T= Q.

(2) RS (T)=0, ecnmu T — KOHEYHOE HEIYCTOE CEMEUCTBO.

(3) RS (T)=>1 ecnu T GeckoHeuHO.

(4)RS(T) = a + 1, ecnu cymecTByIOT IONApPHO HECOBMECTHBIE X -IpeIiokeHus Py, N € W, Takue
uro RS (T¢n) = a.

(5) Ecnn 8 — npenenshbrii opausan, 1o RS(T) = 6, ecmn RS(T) = B st moGoro B < 6.

Mg nonaraem RS(T)=a eciiu RS(T)>a n —[RS(T) = a + 1].

Ecmu RS(T)>a mst mo6oro a, To Mt moaraeM RS(T) = oo.

CewmetlicTBo T Ha3bpIBaeTCs €-TOTAJIBHO TPAHCIIEHIEHTHBIM MM TOTAJIBHO TpaHCUEHAEHTHBIM, eciid RS(T)
SIBIIIETCS] OPIUHAJIOM.

Ecnu cemetictBo T e-ToTansHo TpancueHaeHTHo, ¢ RS(T)=0>0 To B kauectse crenenu ds(T) cemeiicta T
paccMarpuBaeTCs MAaKCUMAJILHOE YKCIIO MONAPHO HECOBMECTHBIX MPEIOKEHHUH ¢, 1ist KOTOpbIX RS(T & )=a

Caencrue 3.2 Ilycte T — ceMelicTBO BceX MOUYTH |-TPaH3UTUBHBIX O-MUHHMAJBHBIX JHMHEWHBIX
nopsiakoB. Torga RS(T)=0, ds(T)=2.

Mpumep 3.3 Ilycts M:=(Q + 0"+ w + Q,<), rie ©* — 0o6paTHBIN MOPAJOK HA MHOKECTBE
HaTypaJbHBIX YHCEN (MU MOPSIOK Ha MHOXKECTBE OTPULIATEIbHBIX LENbIX YHCEN).

Torga M — moutu 1-TpaH3UTUBHBIN €1a00 O-MHUHUMAJBHBIA JTHHEHHBIH TMOPSAAOK, HE SBISIOMIMKACS
1-TpaH3uTHBHBIM. Taxke 3ameuaeM, 4YTO JJaHHas CTPYKTypa HE SIBIAETCA HU IUIOTHO YIOPSIOYEHHOM, HU
JUCKPETHO YIOPSA0UEHHOM.

Teopema 3.4 Ilycte M — nouTtH 1-TpaH3UTHUBHEIN c1a00 O-MUHUMAIBHBINA JTHHEHHBIH mopsaok. Torna M
n30MOp(HA KOHEYHOMY YHCITY KOHKAaTeHAIMH MOYTH 1-TPaH3UTUBHBIX O-MHUHUMAaIbHBIX TUHEHHBIX TIOPSIKOB.

Joxa3zareabcTBo Teopemsl 3.4. [Tycte M — outn 1-TpaH3uTuBHBIN c1ab0 0O-MUHUMATBHBINA JTHHEHHBIH

nopsigok. Paccmorpum Qopmyny  6(X), koropas o3HadaeT, 4TO X HE MMEET HHM HEMOCPEICTBEHHOTO

NpeaAmEeCTBEHHUKA, HU HEMMOCPECACTBEHHOI'O MOCICA0BATEIIA. B Cuity c11aboil 0-MUHUMAIIBHOCTH H(M ) €CThb
O6’LCI[I/IH6HI/IC KOHEYHOT'O YMUCJIa BBITYKJIBIX MHOXECTB, T.€.

O(M) = O Ui,
i=1

e kaxaoe U, Beimykino. OnsTs B Cuity C1a00 0-MUHMUMAIbHOCTH Kak10€ U, ABIIAETCS - onpenenumeIM,
1, CJIEIOBATEIHLHO, HE UMEET KOHIIEBBIX TOUCK, OTKYIa

(Ui: <) = ( Q'<>-

Paccmorpum Teneps dopmyny IS(x), 03HaYaIONIyro, YTO X UMEET HETIOCPEACTBEHHOTO TOCIIEA0BATEIS,
HO HE MMEET HEMOCPEICTBEHHOTO MpemecTBeHHuKa. [Ipennonoxum, uto IS(M) nemycroe. Torna B cuiy
cnaboii o-MHHUMANBEHOCTH IS(M) ecTh oObemWHEHWE KOHEYHOTO YHCNIA BBIMYKJIBIX MHOXECTB, OTKyIa
BIEMEHT, ymoBieTBOpstommni popmyne IS(x), nomanaer B dcl(@), T.e. dcl(@) # @. CnenosarensHo,
IS(M) = (. Ananoruyno MOXHO Toka3ath, yto IP(M) = @, tne | P(x) O3HAYaeT, 4TO X UMEET HEmo-
CPEICTBEHHOTO MPEIIECTBEHHIKA, HO HE IMEET HEeMOCPEICTBEHHOTO TocieaoBaresis. TakuM o0pa3oM, eciiu
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a € = 6(M)To 0 MMeeT KaK HEMOCPEACTBEHHOTO MPE/IIECTBCHHNKA, TAK U HEIIOCPEACTBEHHOTO MOCIIE/[0Ba-

tens. B cuity cna6oii o-muanumansaoctu —160 (M) ecTh 00beIMHEHHE KOHEYHOTO YMCIA BHITYKJIBIX MHOKECTB, T.€.

n
~O(M) = U v,
i=1

TJIE K&X/10€ V, BBIYKIIO, (- ONPEAETUMO U HE MMEET KOHIIEBBIX TOYEK, OTKY/A

(V, <) =(w" + w,<).

Teopema nokazaHa.

CaenctBue 3.5 [Iycts 7 — ceMelCTBO BCeX MOYTH |-TPaH3UTHBHBIX €200 O-MHHUMATLHBIX JTHHEHHBIX
mopsinkoB. Torma RS(T)=1.

Mpennoxkenue 3.6 Ilycts T — nuHelHO ynopsigodeHHas Teopus. Eciau T moutu 1-TpaH3uTHBHA, TO
HE CYIIECTBYyeT oOorameHus Teopuu | KaKUMH-THOO KOHCTaHTHBIMH CHMBOJIAMH, COXPAHSIOIIETO TTOYTH
TPaH3UTHBHOCTb.

Teopema 3.7 Ilycte T — moutu 1-TpaH3WTHBHAS ClIab0 O-MUHUMAabHas Teopus. Torma oborarmieHne
Teopuu 1 TIPOM3BOJNIBHBIM OJHOMECTHBIM MPEAWKATOM COXpaHsIeT MOYTH |-TpaH3UTHBHOCTH M CIIa0YIO
0O-MHUHUMAJIBHOCTH TOT/Ia U TOJBKO TOTZA, KOTJAa TaKOW MpPEIUKaT BBIIEISAET KOHEYHOE YHCIO OeCKOHEUHBIX
BBIITYKITBIX MHOJKECTB 0€3 KOHIIEBBIX TOUEK.

JlokazaresnbcTBO Teopemsbl 3.7. (=) Benny cnaboit 0-MHHUMAITEHOCTH JTF0OO0H OTHOMECTHBIN MPEIKaT
JTOTDKEH BBIIEISITH JTUIIH KOHEYHOE YHMCITIO BBITYKIIBIX MHOXKECTB. ECiH Kakoe-Im00 13 BBIICIEHHBIX BBITYKIIBIX
MHOXECTB SIBJISIETCSI KOHEYHBIM WJIM UMEET XOTs Obl OHY KOHIEBYIO TOUKY, TO TIOJIYYHM, YTO OTPENETHMOE
3aMBIKaHUE ITyCTOTO MHOYKECTBA HE SBISIETCS MTyCThIM, YTO IPOTHBOPEUNT MOYTH |-TPaH3UTHBHOCTH.

(&) Ecam omHOMECTHBIH HpeANKAT BBIICISET JIUIIb KOHSYHOE YHCIIO BBITYKIIBIX MHOXKECTB, TO B CHIIY
TeopeMbI 63 [5] Takoe oboramieHne coxpaHseT cnadyr 0-MHHUMATBHOCTb.

Ecnu xaxxnmoe BbIZETIEHHOE 3TUM NPEANKATOM BBIITYKIO€ MHOXKECTBO SIBIISICTCSI OECKOHEYHBIM H HE HIMEET
KOHIIEBBIX TOYEK, TO TAaKOE O0OTAIICHHUE SIBIISIETCS TIOUTH |-TPaH3UTHBHEIM.

Caencreue 3.8 Ilycts 7' — o-muHHManbHasg Teopus. Ecnu 7 modytH 1-TpaH3WTHBHA, TO HE CYIECTBYET
HETPUBHATLHOTO oOOoTrameHuss Teopud [ KaKUMHU-IIMOO OJHOMECTHBIMH TPEIUKAaTHBIMA CHUMBOJIAMH,
COXPaHSIONIET0 MOYTH TPAH3UTHBHOCTb.

Jlanee, o6o3HauMM depe3 Tfﬁ’&ffm,z CEMEUCTBO BCEX MOYTH 1-TPaH3UTHUBHEIX CJ1a00 O-MHUHHUMATBHBIX
TUTOTHO YIIOPSOYCHHBIX TEOPHA CUTHATYPHI Y, .

Caeacrsue 3.9 [lycth Z,lc = {<, Pil} i<k, TI€ k — HEeKOTOPBIH KapauHai. Torna uMeeT MeCTO CIEYIOIIee:

d .
()ecnn k < w, TO RS(TA;ﬁfm’Z}C) =K

T,wom,ZL
Joka3zarenncTBoO ciaeacTsus 3.9.

(1) B cummy Teopems 3.7 KaxIblii OJHOMECTHBIN NPEINKAT BBIICISET JIUIIb KOHEYHOE YHCIIO OECKOHEUHBIX
BBINTYKJIBIX MHOXECTB 0€3 KOHIEBBIX ToueK. [locTponM OECKOHEYHO BETBSINEECS JEPeBO JJIMHBI k IS

dense o
T AT, wom,SL .Ha IIEPBOM YPOBHEC pa3jandacM TCOPHUH, B KOTOPHIX IICPBbIU IIPEIAUKAT P1 BBIZIEIAET 1 O€CKOHEUHBIX

BBIITYKJIBIX MHOKECTB O€3 KOHIIEBBIX TOYEK JUTSI Kaxkaoro 1 < . Jlanee, Ha i-TOM YPOBHE (i <k pasinyaem
TEOPHH, B KOTOPBIX NPEIUKAT P, BBIAEISAET 72 OECKOHEUHBIX BBINYKIIBIX MHOXECTB 0€3 KOHIEBBIX TOYEK IS
Kak10ro N < @. [T0CKOJIBKY APYruX CocoOOB BETBJIEHHS HET, TO RS(Tdense

AT,wom,E,lc) =K.
(2) Tak kak umMeeTcs OECKOHEYHOE YMCIIO OJHOMECTHBIX MPEANKATOB, TO MOXKHO IMTOCTPOUTH OECKOHEYHO

(2) eci K = W, TO RS(T}”‘“ ) = o0,

T.wom, Ik
Hpenaoxenne 3.10 ITycts 7— o-MuHuMansHas Teopusi. Ecnu 7 noutH 1-TpaH3UTHBHA, TO HE CYILIECTBYET

HETPUBUATIBHOT'O O60l"a].L[eHI/I$I TCOpUHU TxaxkuM-1100 OTHOLIEHUEM OKBHBAJICHTHOCTH, pa36I/IBaIOH_[I/IM OCHOBHOC
MHOKECTBO CTPYKTYPbI Ha OECKOHEUHBIE BBIITYKJIBIC KJIACChI, COXPAHAIOMICTO MOYTH l—TpaHBI/ITI/IBHOCTI: n
O-MHHHMAJIBHOCTD.

I[OKal;aTeJIl)CTBO npeai10KeHUust 3.10.B CUi1y O-MUHUMAJIBHOCTH 11000€ OTHOIIIEHNE SKBUBAIEHTHOCTH

. d
BETBsALIEECS JEPEBO OECKOHEUHOM JIMHBI, OTKY/1a RS(TA ense ) = oo,
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E ¢ OeckoHEYHBIMU BBIITYKJIBIMHA KJIaCCaMU p8.36I/IBa€T OCHOBHOC MHOKCCTBO CTPYKTYPHI JIMIIIb HA KOHEYHOC
qHuCJI0 E-KJIB.CCOB, OTKyda Ka)KI[LIﬁ E-xmacc sBusercs @- OIIpeACIMMBbIM. HOCKOJ'H:KYB CHUIIy O-MUHUMAJIBHOCTH
KaXX10€ HCTPUBHUAJIIBHOC BBIITYKJIIOC OECKOHEUHOE MHOKECTBO, ABJAOIICCCA OMPEACINMBIM, NOJLDKHO UMCTH
KOHIICBBIC TOYKH, TO E sBnsercs YHUBCPCAJIbHBIM OTHOLICHUEM, T.C. HJIA THOOBIX a, b € M sBrimonusercs

E(a,b).

Mpennoxkenne 3.11 Tlycts XF:= {<,E?}, rme Oumapuwii cumBon E ompenenseT OTHONICHHE
HKBHBAJIEHTHOCTH, Pa30MBAIONIEe OCHOBHOE MHOXECTBO CTPYKTYpbl HAa OCCKOHEUHbIC BBIMYKIIbIE KIIACCHI.

Torna RS(Tdense ) = oo,

AT,wom,ZE

J]OKaSaTe.]IbCTBl() Ipeanoxenns 3.11. B cnabo o-MUHUMANBHON TEOPUU OTHOIIEHUE SKBUBAICHTHOCTH
MOXET pa30MBaTh OCHOBHOE MHOKECTBO CTPYKTYPBI Ha O€CKOHEYHOE YMCIIO OECKOHEUHBIX BHITYKJIIBIX KJIACCOB,
MIPY 3TOM YHUCIIO KJIaCCOB, MMEIOIIUX XOTsl OBbl OMHY KOHIEBYIO TOUKY, TOJDKHO OBITH KOHeuHO. Ho yunThiBas
MOYTH 1-TPaH3UTHBHOCTH, KAl E-KjlacC HE MMeeT KOHLEBBIX ToueK. Ecin M — oCHOBHOE MHOXECTBO
CTPYKTYpBI, TO B CHJIy claboii o-muHuManbHoctH M /E wuMeeT nuib KOHEYHOE YHCIO MAaKCHMATbHBIX
BBIMYKJIBIX TUCKPETHBIX YacTel (M, KaK CIeICTBUE, KOHEUHOE YMCII0O MAKCUMAIIBHBIX IUIOTHBIX YacTeil).

[Toctpoum OGeckoHeuHOE BeTBsIIeecs AepeBO OecKoHedHO# mHBL. Ha mepBom ypoBHE pasnudyaeM
MIOJICEMENUCTBA TEOPUI, B KOTOPBIX

M/E=my +Q+--,rael < m < w.

Ha Bropom ypoBHe Juist K101 7 -TOW BETBU Pa3in4acM MOJACEMENCTBA TEOPHIA, B KOTOPBIX

M/E

m +Q+my+ Q+--,rae2< my <w.

Ha k-tom yposue (k < ) mna xaxmoit (mq,my, ..., My_;)-TOil BeTBU pasnuyaeM MHOACEMEHCTRA
TEOPHIA, B KOTOPBIX

ME=m; +Q++my_1+ Q+my+ Q + -,

rae 2 < my, < w. Takum obpasom, RS(TX;_ﬁf:m,Ef) = .
Onpenenenne 3.12 [3, 4] IIycts T — cuetHas nonHas teopus, Pi(X1),...,Pn(x,) € S1(0). Bynem
TOBOPUTE, 4TO THII G (X1, ..., Xp) € Sy(D) sBnsercs (py, ..., Pn )-TUIIOM, €CIH

P1(x1) Upa(x3) U ..Uy () € q(xy, ..., Xy)

MmuosxecTBO BeeX (D1, - » Pn)-Tunos Teopun T GyneM 0603Ha4ath uepes Sp,,..pn (1).

Teopust T Ha3pIBacTCA MOUYTH (-KAaTETOPUYHON HIIM IOYTH OMETra-KaTeTOPUYHOM, €cin s JTHOOBIX
P1(x1), -, Pu(x7) € S1(D) cymecTByer aumb KOHEUHOE YUCIO THIOB (X1, ..., Xn) € Sy, p. (T)..

Mpennoxenne 3.13 ITycts M —1noutH 1-TpaH3uTHBHAS clIa00 O-MUHUMAaJIbHAS CTPYKTYpa. [Ipeanonoxum,
uyro Th(M) — noutn omera-kareropuuHas. Torna M sBisieTCs TNIOTHO YIOPSIOYESHHOM.

JoxkazareabcTBo npenaoxkenusa 3.13. CornacHo Teopeme 2.4 penyKT CTPYKTypbl M Ha JIMHEWHBIH
HOPSIOK {<} sBIIseTCS N30MOPHHON KOHEUHOMY unCITy KoHKareHawuit nopsakos @, <)u ( w* + w, <)..

[Tpennonoxum, 4To UMEETCsl XOTS Obl OUH MOPSIOK, U3oMopdHbll ( w* + w, <). Toraa paccmoTpum
CeqyoIue (GOPMYJIbL:

1S(x)-""x nMeeT HenmoCPeACTBEHHOTO TIocienoBares”,
IP(x)-"x uMeeT HEMOCPEICTBEHHOTO MPEAIIECTBCHHUKA",
S ,(x,y) -"'y — HEMOCPEICTBEHHBIA MOCIIEN0BATENb dIEMEHTa X"
S (x,)-"y-n-Tblii HENOCPEICTBEHHBIH MOCIIENOBATEND dIEMEHTa X", n> 1.

B CUITy AONYIICHHOTO NPCATIOJIOKCHUA CICAYIOIICC MHOKCCTBO (I)OpMy.]'I JIOKaJIbHO COBMCCTHO:

{ISC) A IP(x)}U {3y S, (x,y) | n> 1}.
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CrnenoBarenbHo, CymECTBYIOT p € S;((), PACIIMPSAIOLIMA 9TO MHOXKECTBO ¢dbopmyn, U dIEMEHTapHOE
pacimupenue M’ cTpykTypsl M, B KOTOPOM THUIl p peanusyercs. Toraa uid kaxaoro n < w MHOXECTBO

p(x) U p(y) U {Sh(x,y)}

COBMECTHO, OTKyZAa YHCIIO (P1, D2)-Tunos OeckoHeUHO, TAE Pi (x):=p(x),i € {1,2}. Ilomyuaem
NPOTUBOPEYHE C MOYTH ®-KaTeropuyHoCcThIO T/ (M).

Ipumep 3.14 Ilycts M = ( M; <, P}, P}, R?)--- muHelHO ynops104eHHas CTPYKTypa Takas, uto M ecTh
HETIEPECEKAIOIIEeCs 00bEIMHEHNE MHTEPNIPETALMEI YHAPHBIX IPpeAuKaToB P, u P, ipu 3tom P (M)<P (M). Mb1
OTOXKIECTBIIAEM KaXK1yt0 MHTEPIPETAuo P (i=1,2) C MHOXECTBOM PallMOHAIIBHBIX YUCeN Q, yHIOPSI0YEHHOM
Kak 00b1uHO. OTHOLICHHE R(X,)) ONPEASIAeTCs ClIeAYOMMM 00pa3om: 1iis ito0biX a, b € P; (M) umeer mecTo

R(a,b) © a< b<a++2.

MoxeT OBITh YCTaHOBIICHO, YTO0 M — mouTH 1-TpaH3uTHBHAS He 1-TpaH3WTHBHAS C1ab0 O-MHHUMAIIbHAS
CTPYKTYpa, BJISFOIIASICS TUIOTHO YIOPSAOUYEHHOM, ¥ TPH 3TOM T/ (M) He SIBIISIETCS TIOYTH OMETa-KaTeTOPHIHOM.

3akaouenne. B HacTosmiel craThbe BBEICHO HOBOE TMOHATHE — MOYTH |-TPaH3UTUBHOCTH B JIMHEHHO
YHOPSI0YEHHBIX CTPYKTYpPaXx; UCCIIETOBAHBI €70 CBOWCTBA M B3aMMOCBSI3H C IPYTHUMH MOHITHAMHA. 3aKITI09aeM,
YTO HOBOE TIOHSATHE OKa3aJiOCh BeChMa NMPOAYKTUBHBIM, MOCKOJIbKY OBUIM BBISBIEHB HOBBIE WHTEPECHBIC
(hakTHI B TMHEHHO yIOPSIIOYEHHBIX CTPYKTypax.

Nudopmanuss o ¢PuHancupoBanuu. J[aHHbIE UCCIENOBaHUA TMOAJAEp)KaHbl KOMUTETOM HayKu
MuHnuncTepcTBa HayKH U BhIcIero obpaszosanus Pecrryonmuku Kazaxcran (I'pant BR20281002).
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ON THE EXISTENCE OF UNIVERSAL NUMBERINGS

Abstract. The paper is devoted to research existence property of universal numberings for different computable families.
A numbering a is reducible to a numbering B if there is computable function f such that & = B o f . A computable
numbering o for some family S is universal if any computable numbering  for the family S is reducible to a. It is well
known that the family of all computably enumerable (c.e.) sets has a computable universal numbering. In this paper, we
study families of almost all c.e. sets, recursive sets, and almost all differences of c.e. sets, namely questions about the
existence of universal numberings for given families. We proved that there is no universal numbering for the family of all
recursive sets. For families of c.e. sets without an empty set or a finite number of finite sets, there still exists a universal
numbering. However for families of all c. e sets without an 1nﬁn1te set, there is no universal numbering. Also, we proved
that family 22 \ B and the family 21 has no universal 22 -computable numbering for any B € X5 1,

Key words: Computable numbering, computably enumerable sets, Rogers semilattices, Ershov's hierarchy, universal
numbering.

Hypaanéex JI./1.

On-Dapabu areiHgarel Kazak ¥urTeik Yausepcureti, 050000, Anvars! K., Kazakcran
E-mail: nurlanbek.dias2 1 @gmail.com

YHUBEPCAJI HOMIPJIEYJIEP TABBIJIATBIHIBIT'BI TYPAJIBI

Angarna. bynm makama op Typii ecemTemiMIi YHipIepAiH yHHBepcal HeMipieyiepi TaObITy KacHETTEpiH 3epTTeyre
arbrrranran. Kanaiina 6ip o Hemipneyi 6acka 6ip B Homipieyine keuripineni nen aransinanst. Erep & = f§ o f tenpirin
KaHaFaTTaHIBIPATHIH [ ecenTemiMal GyHKIUACH TaObIIaThIH OoJca, Ke3 KeNreH S yiipi YIIiH o HeMipieyi yHHBepcai
6ol TabbuTaAbl. Erep S yitipingeri ke3 kenreH 3 HoMipieyi o HOMipieyiHe KeuripineTiH Ooica, OapiblK peKypcuB
caHaJBIMIBI (. C.) XKUBIHAAP YHIPIHIH YHUBEPCAT HOMIpPIICY] TaObUIATBIHABIFGI OeIIrii. Bi3 GapIibIK AepITiK KUbIHAAPIBIH
y#ipiiepi, peKypCcHB >KUBbIHIAPABIH JKOHE OapIIbIK JEPIIiK P. C. KUBIHAAPBIH allbIPBIMBIHBIH YHIpJIepl YIIiH yHUBEpCcal
HeMipieysepi TaObUIaThIH TaOBIIMAaNTBIH KAacHUETTEpIH 3epTTelMi3. bi3 0apiblk peKkypcHB IKHMBIHAAPIBIH YHIpiHIE
YHHBEpcaJl HOMipJiey *KOK eKeHiH Janennenik. Conpaii-ak, 60¢ 2JIeMEHTI KOK, aKbIPIIbl dKUBIHAAP/IBIH aKbIPIIbI CAHBI XKOK
P. C. *KUBIHAAP/BIH YHIpiH/E YHUBEpPCAT HOMIpIiey OOJIaThIHBIH KOPCETTIK. AJI aKbIPCHI3 P. C. )KUBIHBI )KOK OapIIbIK p. C.
)KI/II)IH)IapILBIH yiiipiHe kenetin Ooscak, OyJ karaaiaa yHI/IBepcan HeMipiey OonManTBIHBIH gaeaenik. Connaii-ax, 0i3
22 \ B xone X~ yitipnepinze ke3 kenren B € 22 ymin X5 -ecenTenimi HoMipiey 60IMaHTHIHBIH TOMeIIEK.

Tipex ce3mep: ecenTeniMai HeMipIeylep, PEeKypCHB CaHAIBIMABI JKUBIHAAp, Pomkepc sxapTel Topiapsl, Epmros
HepapXHsCHI, YHHBEpCa HOMipieyIep.

Hypaantex J1.1.

Kazaxckuit HartmonanwpHbI# yHUBEpCcuTeT MMeHH anb-Dapadu, 050000, . Anmatsl, Kazaxcran
E-mail: nurlanbek.dias21(@gmail.com

O CYHIECTBOBAHUU YHUBEPCAJIbHBIX HYMEPAIIUI

AHHOTanusl. J[aHHAsT CTaThsl MOCBSIMICHA MCCICIOBAHMIO CBOMCTBA CYIIECTBOBAHUS YHHBEPCATBbHBIX HyMEpaImi Ui
Pa3IUYHBIX ceMENUCTB. [OBOPAT, YTO HyMepamus o CBOIUTCSA K HyMEpALUH 3, €CIIN CYMIECTBYET BBIUMCINMAsT (DyHKINS
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f Takas, 9To X = ﬁ o f . Beruncnumas Hymeparms o IJIi HEKOTOPOTO ceMeicTBa S yHHBepcaibHA, eciu Jrobas
BEIUMCIIUMAsT HyMmepaiust 3 Ui ceMelcTBa S CBOOWTCA K 0. XOPOIIO M3BECTHO, YTO CEMEWCTBO BCEX BBIYMCINIMO
MIEPEYNCITUMBIX (B.I1.) MHOXKECTB MMEET BBIUHCIMMYIO YHHBEPCAIBHYIO HyMeparuio. B maHHOW paboTe MBI H3y4aeM
CEMENCTBA MOYTH BCEX B.Il. MHOXKECTB, PEKYPCHUBHBIE MHOXKECTBA M IMOYTH BCE PAa3HOCTU B.I. MHOXKECTB, & UMEHHO
BOIIPOCHI O CYIIECTBOBAaHUM YHHMBEPCAJIbHBIX HyMEpaluil /Uil AaHHBIX ceMeHcTB. MBI 0Ka3anu, 4To Uil ceMeicTBa
BCEX PEKYPCHBHBIX MHOXECTB HE CYIIECTBYEeT YHHBEPCATBHON HyMepanuu. Takke JUIs CeMEWCTB B.II. MHOXKECTBa 0e3
ITyCTOTO JIEMEHTa, 0€3 KOHEYHOTO YHCIIa KOHEYHBIX MHOXKECTB, BCE €IIIe €CTh YHUBEpCalbHas HyMepalus. Uto kacaercs
CEeMEHCTB BceX B.II. MHOXKECTBA Oe3 OECKOHEYHOTO MHOXKECTBA, TO B 3TOM ciTydae YHUBEpCaJIbHON HymMepanuu He OyeT.
Takxe MbI JJ0Ka3bIBae€M, 4TO CGMGI/ICTBO 22 \ B u cewmeiictBo 21 HE UMEIOT YHHBEPCAIbHOMN 22_ 1_Brrancmmmoit
HyMepaIuu s ioboit B € 22

KiroueBbie cjioBa: BBHIYHMCIMMBIE HyMEpalWd, BBIYHCINMO MEPEYHCIMMBIE MHOXECTBa, Hoilypermerku Pomkepca,
nepapxus Epiiosa, yHuBepcaibHas HyMmepauusl.

1. Introduction

The paper studies computable numberings for different families. In particular, we will investigate families
for the existence of computable numberings and universal numberings.

The standard numberings of the family of all c.e. sets and of the family of all unary partial computable
functions are denoted by {VVx}an) and {(Px}xao, respectively. A binary function (x, y) given by the rule

(x+y)2+3x+y

is a bijection of @w? onto w, which is called Cantor s pairing function. By [ and r we denote the uniquely
defined functions such that (I(x),r(x)) = x, l({ x,y)) = x,and r({x,y)) =y for all X,y € w. For a
finite set X we denote its cardinality by card(X).

Let S be any countable set. By [1] any surjective mapping of the set of all natural numbers  onto S is
called numbering for the family S.

We say that numbering a is computable if the set {(x,n): x € a(n)} is computably enumerable, and by
Com(S) we denote the set of all computable numberings for the family S. A family S is called computable if
Com(S) is non-empty.

A numbering o is reducible to B, if there exists a computable function f'such that @(x) = B(f (x)) for
all x € w, and we denote itas a < f3.

We say that numberings o, {3 are equivalent if @ < f and f§ < @, and denote it as @ = . By deg(a)
we denote the set of all numberings which equivalent to a, i.e. deg(a) = {f: =a}. For family S the
degree structure ({deg(a): @ € Com(S)}, <) is called Rogers semilattice of S. It is important to note that
if the Rogers semilattice has the largest element, then the numberings to this degree are called universal. That
is, a computable numbering o of a family S is called universal if B < a for all computable numberings
f € Com(S). More details about the properties of the classical Rogers semilattice can be found, for example,
in [1-13].

Later, in [14], it was proposed to generalize the concepts of the Rogers semilattice for various computational
classes. In this paper, we will be interested in generalizations for the Ershov hierarchy. Recall here that a set
A € w is in Ershov’s hierarchy class X571 if A is n-computably enumerable (n-c.e.), i.e., if A = limg Ag
for a uniformly computable sequence of functions A_such that Ay = @ and for each x, there are at most n
many s such that Ag(x) # Ag41(X). Here, by A (X) we denote the characteristic function for the set 4 .
Furthermore, a set 4 is a difference of computably enumerable sets (d-c.e.) if A is 2-c.e., i.e., if 4 is of the form
Ag \ Ay for computably enumerable sets A and A,.

2. Main provisions. Material and methods.

We call a numbering o for a family S is Z_l—computable (or equivalently, n-computable), if the relation
{(x,n): x € a(n)}isin %1 Note that if a family of sets Shasa ¥ —cornputable numbering, then every set
inSisin X, 1. For a family S by Com;;! (S) we will denote the set of all ¥, 1-computable numberings for the
family S. The quotient structure of Com,, ~1 (§) modulo equivalence of the numberings ordered by the relation
reducibility of numberings is also called Rogers semilattice and denote it as R 1 n - (8). Similarly, a numbering

a € Comy,*(S) is called universal in Comp1(S)if p < aforall B € Com;l(S)
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The study of Rogers semilattices in the Ershov hierarchy is interesting because in it a number of unexpected
results have been obtained. For example, it was shown in [15] that there is a family S consisting of just two
d-c.e. sets such that Com; 1(5) has no universal numbering, despite the fact that in classical numbering
theory every finite family has a universal numbering. Khutoretskii’s theorem states that the Rogers semilattice
of any family of c.e. sets have either at most one or infinitely many elements [9]. Furthermore, a lemma used
in the inductive step of the proof of this theorem demonstrates that, no Rogers semilattice can be partitioned
into a principal ideal and a principal filter. But, Badaev and Lempp in [16] show that such decomposition is
possible for some family of d-c.e. sets. The question of whether the full statement of Khutoretskii’s Theorem
fails for families of d-c.e. sets remains open. In view of the properties of the F. Stephan operator [17], it suffices
to research Rogers semilattices for families of sets at two lower levels in the Ershov hierarchy. Other results on
Rogers semilattices in Ershov hierarchy can be found, for example, in [18-26].

In section 2.1, we prove that the following families have no universal computable numberings: the family
of all computable sets (theorem 1); for any infinite c.e. set 4 the family of all c.e. sets without set 4 (theorem
3). In case when 4 is a finite set, then the family of all c.e. sets without set 4 has a universal computable
numbering (theorem 2). From this result in the set of all c.e. sets we can characterize finite sets in terms
of Rogers semilattices. Namely, a c.e. set 4 is finite iff Rogers semilattice R 1(21 \ A) has the greatest
element (corollary 2). In section 2.2 we focused on 35 1_computable numberings. In particular, we prove that
the following famlhes have no universal X5 —computable numberings: the family of all c.e. sets; for any d-c.e.
set A the family 253\ A.

3. Results and Discussion

3.1. Computable numberings

This section provides the proofs of existence (or not) of the computable numberings and universal
computable numberings for some families of c.e. sets. Let's denote by Rec the family of all computable sets.

Theorem 1. The family Rec is computable and Rec has no universal computable numbering.

Proof: First of all, we will prove that the family Rec has a computable numbering (see also [27]). We will
construct, step by step, an approximation for numbering v as follow: we present the construction for a fixed
number e and additional, we will construct a computable function r.

Step 0. Assume that Vo(e) = @ and r(0) = 0.

Step s+1.1fV y < 1(S) [@e,s(¥) L€ {0,1}], then assume that

Vspr(e) = {x:x <1(s) & e s(x) =1} andr(s +1) =r(s) + 1.

Otherwise, assume that Vsp1(€) = vg(e) and r(s+1) =r(s).

The construction's description is complete.

Assume V(x) =Ug v4(x) forall x € w.

Now we show that v is a computable numbering for the family Rec. At first, from construction it is not hard
to see that v is computable numbering for some family, i.e. {(x,e): x € v(e)} isc.e.

Let's show that image of v is Rec. If Pe is characteristic function, i.e. {0,1}-valued total function, then
obvious that r(s) increases to infinite and v(e) to be a set {x: . (x) = 1} That is v(e) is computable
set whose characteristic function is @e. If Pe is not characteristic function, i.e. either {0,1}-valued nor total
function, then there is minimal n, such that @, ;(n) & {0,1} or e (") is undefined. By construction function
7(s) do not increase more than 7, so v(e) remains finite.

For any recursive set 4 there is e such that v(e) = A. So, for the set 4 there is its characteristic recursive
function Pe. Since Pe is {0,1}-valued total function, as discussed above v(€) is a set which characteristic
function is Q.

Now we will prove that for the family Rec there is no universal computable numbering.

Assume o be any computable numbering for the family Rec. Let {Ks}sew bea computable approximation
for the halting problem. We will define numbering [3 as follow: for any x € w

B(2x) = a(x)
and define B (2x + 1) with the following construction

16
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Step 0. Assume By(2x + 1) = @ and (0) = 0.

Step s+1. If @rs(2x+1) =y and B,(2x + 1) N [0,7(s)] = as(y) N [0,7(s)], then assume
Bs+1(2x +1) = KN [0,7(s)] and r(s + 1) = 7(s) + 1.

Otherwise, Bs11(2x + 1) = fs(2x + 1) and r(s + 1) = r(s).

The construction's description is complete. Assume f(x) =Ug Bg(x).

Let's show that  is computable numbering for the family Rec. Since o is computable numbering and by
construction clear that f is computable numbering for some family. It is clear that §(2x) € Rec. Now, let
x be any number. If ¢, (2x + 1) undefined, then by construction B.(2x + 1) = By (2x + 1) = @ for all

s € w. So B(2x + 1) = @ which belongs to Rec. If @x(2x + 1) is defined and equal to some y, then
B (2x + 1) is finite set, because a(y) # K. Really, let m be the least number such that a(y) and K different
from each other. Then fBs(2x + 1) N [0,7(s)] # as(y) N [0,7(s)] when r(s) = m. Function r(s) does
not increase more than m, so BRx+ 1) remains finite.

Now, suppose that S < @. Moreover, suppose P¢ is arecursive function which reduces f to a. Itis clear that
@e(2e + 1) | = y for some y. As discussed above there is m such that (2e + 1) n [0,m] # a(y) N [0, m].
So B(2e + 1) # a(p.(2e + 1)) which contradicts that @e is reduces P to a. Hence a can not be universal
computable numbering. Theorem 1 is proved.

Now, we will show that there still be universal computable numbering for a family of all c.e. sets even if
we remove any finite set.

Theorem 2. Let F be any finite set and S be a family of all c.e. sets without F. Then S has universal
numbering.

Proof. By Friedberg's work [3], we know that there is Friedberg numbering for the family of c.e. sets. For
instance, if we remove one element from the family, we still can have Friedberg numbering for a given family,
we just enumerate them in other way.

The construction of computable universal numbering for the family S is split into two parts.

Case I. Assume that F = (. We construct infinitely many a (x) numberings that enumerates W_with the

{i}, ie.an(x) = W, U {n}. Lets define the numbering B as follow:

B(n, x)) = an(x).

It is not hard to see that 3 is computable numbering for the family S.

Now, let v be a computable numbering for the family S. Since S € {W;:1 € w} there is computable
function f'such that v(x) = Wr(x). Let v_ be a computable approximation for the numbering v. Lets define a
function A(x) as follow:

h(x) = L(us[(I(s) € vs(x)])

Since v(x) # @ for any x the function % is total computable. So numbering v is reducible to B via
computable function g(x) = (h(x),f(x)). Indeed, since h(x) € v(x) = Wiy We know that

0 (f(X) = Wiy U {h(x)} = Wy(y)- Consequently, y(x) = Wiy = Qneo (f (X)) = B((h(x),
f(x))). Which means that B is universal numbering for the family S.

Case II. Assume that F # @. For this case universal numbering § we can define as follows: for any x let

B(x) =Us Bsex), where By(x) = @ and

Wysir if Wyse1 # F;
Bs(x), if Wy 541 =F.

Again, let v be a computable numbering for the family S. As in the previous case there is computable
function £ with V(x) = Wy for any x. Since v(x) # F there is infinitely many s such that Wy(y)s # F.
Then B(f(x)) = v(x). Theorem 2 is proved.

Corollary 1. If Sis a family of all c.e. sets without finitely many finite sets, then S has universal numbering.

We can see the change if we remove some infinite set from the family S .

Frn @ = |
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Theorem 3. Let F be any infinite c.e. set and S be a family of all c.e. sets without F. Then S has no
universal numbering.

Proof. Proof of this theorem looks like proof of theorem 1. So as not to be repeated, we will only give the
construction. Let F' be a computable approximation for c.e. set /" and o be a computable numbering for the
family S. We will define numbering [ as follow: for any x € w

B(2x) = a(x)

and define §(2x + 1) with the following construction
Step 0. Assume f5(2x + 1) = @ and r(0) = 0.

Step s+1. If Prsx+ D=y nq as(y) = Bs(2x + 1), then assume PBgy1(2x+1) =
Fsn[0;r(s)] and r(s + 1) = r(s) + 1.

Otherwise, assume Bs11(2x + 1) = f(2x + 1) and (s + 1) = r(s).

The construction description is complete. Let S(x) =Ug Bs(x).

According to previous theorems, in the set of all c.e. sets we can define the notion of "finite sets" in terms
of Rogers semilattices. i
_ Corollary 2. W is finite set iff there is universal computable numbering for the family (Wi e w}\
\ {We}.

3.2. x5 1-computable numberings

In this section, we will use the following approximation for zz—l-set.

Lemma 1. A set Bis Xg L iff there is {0,1}-valued computable function f{x,s) such that for all x, the
following conditions is hold:

1. B(x) =\limsf (x,5), with f(x,0) = 0;

2. {s:f(x,s+1) # f(x,5)}) <2

here, B(x) is characteristic function for B. The function fis called X5 1-approximation for the set B.

Theorem 4. Let B be a X3 1 set. Then the family § =X 1 \ {B} has no universal numbering in
Com;1(S).

-1
Proof. Let V € Comy~(S) be any numbering. We will construct a numbering 8 € Com; 1(5) such

that B £ v. Let fp(x,s) bea X, 1-approximation for B. Let f,(x,y,5) be a X3 1‘-approximation for
numbering v. We define a X5 1_approximation f; B (x,y, s) for numbering B as follow: for all x,y,s assume

f5(26,,5) = f,(x,7,5),

and define fg(2x + 1,¥,S) with the following construction.

Step 0. Assume fp(2x +1,2,0) = 0 forall x,z and r(x,0) = 0.

Step s+1. Let X = l(S) If (px,s(zx + 1) = y and fﬁ (Zx +1,z, S) = ﬁ/(y' Z, S)
for all z<r(x,s), then for all z<r(x,s) set fe2x+1,2z,s + 1) = fg(z,s +1) and
r(x,s+1)=r(x,s)+ 1,

Otherwise, assume f[;(Zx +1,z,s+1) = f[g(Zx +1,2,5) and r(x,s +1) =r(x,s),

Construction description is complete. Assume that, B(x)(y) = lim,f, B (x,y,s).

It is not hard to see that fg (%, 2,0) = 0 forall x,z, and card({s: fp (x,z,s +1) #f3 (x, 2, S)}) =2
because the function As. f B (2x + 1, z, s) can change its value just because changes value As. fp(2, s).

In the case when B is finite the construction undergoes a few changes: assume that fe(x,s) = x5 (%) for
all x,s. In this case at step 0 we start from the set © instead @ (this means we assume fi B 2x+1,2,0) =1
for all x,z.).

Now, suppose that (t < v, then there is total computable function ¢, such that p(x) =v(@e(x)) forall
x. On strength of # =V via o, follows p(2e +1) =v(y) for ¥ = @e(2€ + 1), Since for any z there is
infinitely many s such that fz(2e + 1,2,5) = f, (¥, 2, 5) the function As.7(e,s) is increase to infinite, so
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limsf,(y,z,5) = limsfﬁ (2e+1,z,5) = limyfg(z,5)

for all z. Hence v(y) = B. This is impossible, because v is numbering for family which does not contains
the set B. Theorem 4 is proved.

Corollary 3. The family X7 1 has no universal numbering in Com,, 1 (Z7 1).

B -c.e. set instead of & in the construction of the

For proof the corollary 3 enough to take any proper
theorem 4.

3. Conclusion

In conclusion, we proved that there is no universal numbering for the family of all recusive sets. Also, for
families of c.e. sets without an empty element, without a finite number of finite sets, there is still a universal

numbering. As for the families of all c.e. sets without an infinite set, then in this case there will be no universal
numbering. We proved that family X5 1 \ {B} and the family Xy ' has no universal x5 L _computable

numbering for any B € 25,
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CO3JIAHUE MOJEJbHOM YCTAHOBKH J1J1s1 TPOBEJEHUS UCCJEJTOBAHUM BHEIITHEN
U BHYTPEHHEM KOPPO3UU TPYBHOM CTAJIM B IABOPATOPHBIX YCJIOBHUSX

AnHoTanus. B craTtbe mpencTaBiIeHO OMUCaHNE MOACTHHOH JJa00OPATOPHOI YCTAHOBKH ISl IPOBEICHHS UCCIICIOBAHIIA
THIPOJMHAMHYIECKHX MTapaMETPOB, UCTIBITAHUH TEJIEBBIX MOPITHEH, MPUCAT0K ¥ HHTHOUTOPOB, UCCIEAOBAHUH BHETITHEH
1 BHYTPEHHEH KOPPO3UH TPYOHOU cTanr, pabOTHI CHCTEMBI IIEKTPOXUMHYECKOH 3aIUTHI, COCTaBa W CBOWCTB TPyHTA.
OCOOEHHOCTBIO YCTAaHOBKH SUIBISIETCS €€ MHOT03aJadHOCTh C IMTHPOKHM CIIEKTPOM OJHOBPEMEHHBIX M Pa3lelbHBIX
WCCIIEZIOBAaHNI C MOJIEIMPOBAHUEM TEXHOJIOTHH TpyOOompoBomHOTro TpaHcmopra. CTeneHp BIUSHHS TPHCAAOK Ha
peosoruyecKre mapaMeTphl WM HHTHONTOPOB KOPPO3UH, OIIEHKY BHYTPEHHEH KOPPO3UH TPOBOAAT B UCITBITYEMOM Cpeze:
HepTH/HEPTecMecH/Boae/HehTeBOAIHON cMecH. MccnmemoBaHns aKTUBHOCTH BHEIIHEH KOppPO3WH Ha TPyOOmpoBOI
MIPOBOZT ITyTEM ITO00pa apaMeTpoB paboThl cHCTEMbI DX3 M COCTOSHHUSA, Ka4eCTBa 3allIATHOTO TIOKPHITHS HA yJacTKe
TpyOOIIpOBOZia, TOTPYKEHHOTO B TpYHT. [IpM 3TOM BO3MOXXHO TpPHMEHEHHE TPYHTOB C Pa3HOOOpa3HBIX YYacTKOB
TpyOOIIPOBOIOB C pa3IMYHON KOPPO3MOHHOH aKTHBHOCTHIO, a TAKXKE€ M3MEHEHHME WX (PU3MKO-XMMHUYECKUX CBOWCTB —
BIIQXKHOCTH, coziepskanus coneil. [IpencTaBinens! npeBapuTEIbHbIE JaHHBIC BINSHAS BIAXKHOCTH TPyHTA Ha €T0 y/IEIbHOE
JNMEKTPHUECKOE CONPOTHUBICHUE U CKOPOCTh KOPPO3WH METANa, PE3yibTaThl KOTOPHIX KOPPEIHPYIOT C  IOJIEBBIMHU
HCCIIEZIOBaHUSIMH.

JlampHEHIINE HCCIIeIOBaHMS TTO3BOJIAT BOCIPON3BOANTE YCIOBHS, IPHUOIIKECHHBIE K peallbHBIM, IPH TPAHCIIOPTHPOBKE
HE()TH W BOABI C LENBIO OLEHKH M OMPENEICHHUS ONTUMAIBHBIX PEXMMOB TPAHCIIOPTHPOBKH M TEXHOJIOTHH 3AIIHUTHI
TpyOOITPOBOIOB OT KOPPO3HUH IS TOCTIKEHHUS ONITHMAIBHBIX TEXHHKO-?)KOHOMHUECKHIX MTOKA3aTeNeH AJIsl HPON3BOACTBA.

KnroueBble c10Ba: MOICTIBHBINM JTa0OPAaTOPHBIA CTEHA, TPYyOOIPOBOJ, PEOJIOTHS, MHTHMOUTOPBI, MEKTPOXUMHUECKAsS
3aMunTa, TPYHT.

Jdunyx A.I., AdayxaasikoB [1.b.,* Omup6exos C.H., Umames b.A., ArbiMmTaeBa Bb.K.

«Kaszrpancoitm» AK 3eprreynep meH a3ipiemenep opransire»y Gumuanel 050000, Anmars k., Kasakctan
*E-mail: d.abdukhalykov@kaztransoil.kz

3EPTXAHAJIBIK ’KAFJAMJIA KYBBIP BOJATBIHBIH CHIPTKbBI )KOHE IIIKI
KOPPO3UACBIHA SEPTTEVJIEP ) KYPI'I3YI'E APHAJIFAH MOJEJIBAIK KOHABIPTbI
KACAY

Annarna. Makanana ruapoIHAMUKAJIBIK ITapaMeTpiiepi 3epTTey, reilb MOpLICHbAEPiH, Kocraliap MEH HHTUOHTOPIIapab!
CBIHAY, 00J1aT KYOBIPABIH CBHIPTKBI JKOHE iIIKi KOPPO3USICHIH 3EPTTEY, MEKTPOXUMISITBIK KOPFAHBIC )KYHECiHIH )KYMBICHI,
TOTIBIPAKTHIH KYpaMbl MEH KaCHETTepi YIIIiH KYOBIPIBIH 3epTXaHAIBIK KOHABIPFRICHIHBIH CHITATTaMachl OepijreH.

KoHIBIpFBIHBIH epeKIIeNiri OHBIH KYOBIp TachIMaNay TEXHOJOTHSICHIH HMUTAIMSIAWTHIH KeH ayKbIMABI Oip Me3riime
’KoHe OeJIeK 3epTTeyiep CIIEKTPIMEH KOIl MAKCATTHUIBIFBI OOJIBIT Tabbu1a (bl KOCEIMAAPABIH PEONOTHSIIBIK TapaMeTpiiepre
HEMece KOppO3Ws MHTHOHWTOpIIapbIHA oCep €Ty HOPEeXkeci, IMKi KOPPO3HUAHBI Oaranay 3epTTENETiH OopTaga — MyHai-
MYHaH-KOCTIaChI-Cy-MYHai-Cy KOCTAaChIHAA XYprizieni. KyOpIpaarsl CBIPTKBI KOPPO3USHBIH OEICEHIITITIH 3epTTey
OXK xyieci KYMBICHIHBIH TTapaMeTpIIepiH KoHE XKepre OaThIpbUTFaH KYOBIp y9acKeciHAeri KOPFAaHBIC >KaOBIHBIHBIH
Kyl MEH camachlH TaHIay apKbUIBI JKy3ere acelpbuiafbl. by xarmadma opTyprmi KOppO3WSUIBIK OerceHminiri Oap
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KYOBIpIapIslH TYpJli y4acKeJIepiHaeri TOMbIPAKTHI KOJIaHy, COHaii-aK onapablH (HHU3UKATIBIK-XUMHUSITBIK KACHETTEPIH,
BUTFANIIBUTBIFBIH, TY3ABUIBIFBIH ©3repTyre 0onajpl. TOMbIpaK BUIFAABUIBIFBIHBIH OHBIH, 3JCKTPIIK KeAepriciHe KoHe
METaJIbIH KOPPO3USACHIHBIH JKbIIIAM/IBIFBIHA dCEPl Typasbl alJblH ala JePeKTep KEeNTIpilreH, oNapiblH HOTHKeIepi
JIANABIK 3EPTTEYICPMEH COKEC KeJe/Ii.

OpmaH opi 3epTTeyliep OHAIPICTIH OHTAWIBI TeXHUKAJIBIK-DKOHOMHKAIBIK KOPCETKIIMITepiHe KON JKeTKi3y MaKCaThIHIIA
TaChIMAJIJIAy/IbIH OHTANIIBl PEKUMICPIH KOHE KYOBIpIapapl KOPPO3HSAIAaH KOPFAy TEXHOJIOTHsUIAPBHIH Oaranay KoHe
aHBIKTAY MAKCaThIH/a MYHAll MEH Cy/Ibl TAChIMAIIAY KE3iH/Ie HAKTHI JKaF/1aiira ®aKbIHIaThUIFaH JKaFAainap/abl KenTipyre
MYMKIHIIK Oeperi.

Tipek ce3nep: Monmenpai 3epTXaHANBIK CTCHA, KYOBIP, PEONIOTHS, WHTHOMTOpIAp, 3JIEKTPOXMMHSUIBIK KOpPFAHBIC
KypaJiaapbl, TONBIPaK.

Didukh A.G., Abdukhaly'kov D.B.,* Omirbekov S.N., Imashev B.A., Aty'mtaeva B.K.

Branch “Research and development centre “Kaztransoil” JSC 050000, Almaty, Kazakhstan
*E-mail: d.abdukhalykov(@kaztransoil.kz

CREATION OF A MODEL INSTALLATION FOR CONDUCTING STUDIES OF EXTERNAL AND
INTERNAL CORROSION OF PIPE STEEL IN LABORATORY CONDITIONS

Abstract. The article describes a model laboratory installation for conducting studies of hydrodynamic parameters,
testing of gel pistons, additives and inhibitors, studies of external and internal corrosion of pipe steel, operation of the
electrochemical protection (ECP) system, soil composition and properties. A feature of the installation is its multitasking
with a wide range of simultaneous and separate studies, simulating the technology of pipeline transport. The degree of
influence of additives on rheological parameters or corrosion inhibitors, the assessment of internal corrosion is carried
out in the test medium - oil / oil mixture / water / oil-water mixture. Studies of the activity of external corrosion on the
pipeline are carried out by selecting the parameters of the ECP system and the state and quality of the protective coating
on the pipeline section immersed in the ground. In this case, it is possible to use soils from various sections of pipelines
with different corrosive activity, as well as changes in their physical and chemical properties - humidity, salt content.
Preliminary data on the influence of soil moisture on its electrical resistivity and metal corrosion rate are presented, the
results of which correlate with field studies.

Further research will make it possible to reproduce conditions close to real during the transportation of oil and water
in order to assess and determine the optimal modes of transportation and technologies for protecting pipelines from
corrosion in order to achieve optimal technical and economic indicators for production.

Key words: model laboratory installation, pipeline, rheology, inhibitors, electrochemical protection, soil

Beenenue. TpancnopTupoBaHue KUAKUX U ra3000pa3HbIX Cpesl MOCPEICTBOM TPYOOIPOBOIOB SBJISIETCS
OJIHOI M3 00BbEMHBIX U HAICKHBIX MyTel JOCTaBKH. B pupoae MeTamnyeckne KOHCTPYKIUH MOABEPTAIOTCSI
KOPPO3HOHHBIM IIpoLieccaM, U TpyOONpOBOIbI HE SBIAIOTCS UCKIOUYEeHHEM. B Hamiell pabore paccMoTpum
BO3JIeiicTBUE BHEUIHEH KOPPO3WH Ha ToOA3eMHBIe TpyOompoBoxabl. Tak, B crarbe [1] mpeacraBieH 0030p
MEXaHU3MOB KOPPO3UH M pa3pylleHHs NTOJ3€MHbBIX I'a30IPOBOIOB M HE(PTEIIPOBOIOB, TAKUX KAK BOIOPOAHOE
pactpeckuBanue (HIC), Bogoponnoe oxpymumuBanue (HE), xopposuonnas ycranocts (CF), koppo3noHHOe
pactpeckuBanue noxa HanpsbkeHuem (SCC) um mukpobuonormyeckas kopposusi (MIC). Taxke moapoOHO
PaccMOTPEHB! ¥ NIPOAHATU3UPOBaHb! (HAKTOPHI, BIUSIOIINE Ha BHELIHIOI KOPPO3HUIO, U BO3MOXHBIE (HOPMBI
pacTpeckuBaHUs TPYOHBIX CTaslell B TPYHTE MOA JeicTBHEM okpyxkatomieid cpeast (EAC).

B pabote [2] mpencTarieHs! (pakTOPBI pa3BUTHS BHEITHEH KOPPO3UH, KOTOPBIMH SIBJISIIOTCST aTMOC(EepHBIC
ocCaJKku, TeMIeparypa, Tomorpadus, pacmnpeiesieHHE BIard, pasMep YacTULbl TPYHTa, KiacCH(pUKaIus
MIOYBBI, HACBIIIEHHOCTH BJIATH, YIEJILHOE CONPOTHBICHUE, pH 1 XUMHYECKHI COCTaB KOMIIOHEHTOB TPYHTOB
(xnopuapl, cynbdarel, OukapOooHaThl). BlaxxHOCTE SBISAETCSI MHOTOMACIITA0OHBIM TAPAMETPOM U UCTIONB3YETCSI
JUISL XapaKTEPUCTUKHU, KOJIMYECTBEHHOTO ONpENEICHUs] U MOAEIMPOBAaHMs TPOLECCOB Kopposuu. [lamee
MOA3EMHBINA TPYOOIIPOBOA paccMaTpUBAeTCs KaK AJIEKTPOXMMHUYECKAsi CHCTEMa BBUAY TOTO, YTO B IOJIEBBIX
YCIOBUAX 00pa3yloTCs AIIEMEHTHI SIICKTPOXHUMUYECKON SUEHKM C aHOAaMU M KaToAaMU, paclpeaeleHHbIMU
II0 TOBEPXHOCTU MeETa/uIndeckoro Tpyoomnposoza. [lousa obecrieunBaeT HOHHYIO NPOBOISILYIO CpEly I
KaTHOHOB ¥ aHHOHOB, a METAJIIMYECKast HEIPEPHIBHOCTH CO3AaET KOPOTKHUI MY Th MEKIAY aHOAAMH U KaTOAaMH,
YTO TPUBOAMT K Pa3HOCTH IMOTEHIMAIOB BHYTPH METAJUTMUECKON KOHCTPYKIMH, IOTPY)KEHHOH B TPYHT.
KatonHble areHThl B OCHOBHOM COCTOSIT U3 KHCIJIOPOZAA, PACTBOPEHHOTO B BOAE (MEKTPOJIUT) WM BIAKHOM
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[ 2 L
rpyHTe. MccnenoBanus ABMKEHUS BOMIBI M PACTBOPEHHBIX BEIIECTB B TPYHTE M TPAHCIIOPTA KHCIOPOa CKBO3b
TPYHT paccMOTpeHsI B [3].

Pesynbrare! nccnenoBanuii aBTOpoB [4] MOKA3BIBAIOT, YTO KOPPO3MS CTAW 3aBHCHUT OT TOJIIWHBI CIOS
TPYHTa, TPU 3TOM MaKCHMallbHas CKOPOCTh KOPPO3WH PETHCTPUPYETCS IMOJ CIOEM TPyHTa TOIIIUHOW 5
MM 3a CYET KOHKYPEHTHOTO BJIMSHHUS OJOKHUPYIOLIETO JACHCTBHUS CJIOSI IPYHTa M €r0 BJIaroyaep KUBArOIIeh
CIOCOOHOCTH Ha KOppo3ui0. Tak, KOppo3Hs YCKOPSETCs C YBEeIHMUEHUEM TOJIIUHBI TPYHTA U3-32 BO3pPACTaHUS
KOJIN4YEeCTBa BOJbI. HpI/I [[aI[I:HCﬁHICM YBCINMYCHUN MOINHOCTHU TPYHTOBOI'O CJIOS HA4YMHACT HpCOGJIaILaTI)
OnmoKmpyrolee BIUIHUE TPYHTA Ha AUPQPY3HI0 KOPPO3ZHNOHHO-AKTHBHBIX BEIIECTB.

OcHoBHas 4yacTb. C IENbIO BBISBICHUS 3aKOHOMEPHOCTEH Pa3BUTHs KOPPO3UOHHBIX IPOIECCOB Ha
MarucTpalbHBIX TPYOOIIPOBOAAX, a TAKXKe pa3padOTKH B JaTbHEUIIEM HAydHO 000CHOBAHHBIX TEXHUYICCKHUX
pelIeHu 1o COBEPIIEHCTBOBAHUIO MEP MIPEAYIIPEKICHHUS Pa3BUTHS KOPPO3HH, OCHOBAHHKIX Ha 3(h(heKTHBHOM
PETYIMPOBAHUN CPEICTB MPOTHBOKOPPO3MOHHOM 3alIUThl (M3OJSIMS, CUCTEMa AIIEKTPOXUM3aluTa - X3,
WHTHOUTOPHI U T.1I.), pa3paboTaHa U H3TOTOBIIEHA JTA0OpaTOpHAs YCTAaHOBKA JJIT MOJCITUPOBAHUS TEXHOIOTUI
TPYOOIPOBOTHOTO TpaHCIIOPTa (PUCYHOK 1).
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Pucynok 1 — BHemrHmMit BU ¥ IpWHIMIIAAIBHAS CXeMa JIAO0PaTOPHOH yCTaHOBKH [T MOACTHPOBAHUS TEXHOIOTHI
TpyOOIIPOBOIHOTO TPAHCIIOPTA

JlaHHas yCTaHOBKA COCTOMT M3 HECKOJIBKUX OJOKOB W IMpeaHa3HAueHA JJIsi MOJIEIMPOBAHUS TEXHOIOTUH
Y TIPOIIECCOB TPYOOIPOBOIHOIO TPAHCIIOPTA U UCCIICAOBAHH MTPOIIECCOB BHYTPSHHEH U BHEIIHEH KOPPO3UH,
THIPOJMHAMUYCCKUX UCTBITAHUN (MTPOTHBOTYPOYIICHTHBIC MPUCAIKH), HCCICAOBAHUN TEXHOIOTHH (HUHKO-
XMMHUYECKOTO BO3JEHCTBUS Ha HEPTHh (PEKUMBI TPAHCIIOPTHPOBKH, NETPECCOPHBIE MPUCAAKH, TeJICBBIE
TTOPIITHA ).
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3agadell yCTaHOBKU SIBIsiCTCS HapaOOTKa ONTHMAJIbHBIX TEXHOJIOIHYECKHX ITapaMeTPOB MPH:

- UCTIBITAHUH PEKUMOB TPAHCTIOPTUPOBKH HEPTH/BOIBI;

- UCIIBITAHUU IIPUCAZIOK B HE(THU, IpeIHA3HAYEHBI JJ1s1 HCCIIEJOBAHMS BIMSHUSA PA3JIMUHBIX JETIPECCOPHBIX
NPUCAIOK Ha PEOJOrHYeCcKHe NapaMeTphl TPAaHCIIOPTUPYEMOH HepTH/HepTecMecH;

- otieHKe 2P PEKTHBHOCTH POTHBOTYPOYJICHTHBIX PUCAIOK HA THAPOJANHAMHYECKOH yCTAaHOBKE;

- ICTIBITAaHUH 1 ICCIIE0BAaHUY CBOMCTB I'eJIeBBIX MOPIIHEH IPU UMUTALUH QYHKIMH paboThl TpyOOIIpoBOAa.

- KOPPO3WOHHBIX HCCIIEJOBAaHHUAX BHYTPEHHEH KOPPO3WH IyTeM SKCIO3UIHMK 00pa3loB-CBUICTENCH
(rpaBUMETpHYECKUH METOA) M JUId MPOBENCHHUS H3MEPEHMH CKOPOCTH KOPPO3MU IIPH ONPEAEIECHUH
arpeccUBHOCTH IMEPEeKauYMBAEMBIX Pa0OUYMX Cpel IO BEIMYMHE COMPOTUBICHUS OAaTYNKOB KOPPO3UH
(anexTpoxumudeckuii Meton). C 1eNbio ONpeieeHns HTeHCU(pUKAIINHA BHYTPEHHEH KOPPO3HUHU H OTIPEEeIICHUS
3 PEKTUBHOCTH MPUMEHSIEMbIX Mep (MHTHOMTOPBI KOPPO3HH) 10 3aLUTE OT KOPPO3UH TPyOOIIpoBOAa;

- KOPPO3MOHHBIX UCCIENOBAaHMUIX BHEIIHEH KOPPO3UH B 3aBUCUMOCTH OT CBOWMCTB, COCTOSHUS, HATMYUS
TPYHTOB, M30JILHOHHBIX IOKPHITHH TpyOOmpoBOAa, 3JIEKTPOAOB CPaBHEHHs, ONY>KAAIOUIMX TOKOB IPHU
Pa3IMYHBIX MapaMeTpax paboTbl OJOKa MEKTPOXUM3AILUTHI U TOI00pe ONTHMANBHBIX MapamerpoB DX3. C
LIEJIBI0 ONTUMU3ALMH MEp T10 3aIUTe HEPTEIPOBOLOB/BOLOBOAOB OT KOPPO3HH;

- MPOBEJCHUU OMBITHO-NPOMBIIIJICHHBIX HCIBITAHUI pPeareHTOB (MHIMOMTOPHI MapadrHOOTIOKEHNS,
JIETIPECCOPHBIE/PEONIOTHYECKUE TIPUCANIKY, TPOTUBOTYPOYIICHTHBIC MPUCAIKU, HHTHOUTOPHI KOPPO3HUH) WK
TEXHOJIOTUH, UCTIONB3YEMBIX B TPyOOIIPOBOAHOM TpaHCHOPTE HE()TH/BOABI C OCIEAYIOIEH peKOMEHAAINEH O
BO3MOXHOCTH MX MPUMEHEHUSI B TPOMBIIUIEHHBIX YCIOBHUSAX.

[lanee paccMOTpeHBl B KaueCTBE IIPOTHBOKOPPO3UOHBIX MEp 3aLIUTHl OT BHEIIHEH KOPpPO3MM OJIOK
ANIEKTPOXUM3AIHUTHl U HCCIEAOBaHNUE TPYHTA.

bnox anexTpoxuM3amuTel MpeaHa3HadeH Ui KOPPO3HOHHBIX M DJIEKTPOMETPHUYECKHX HCCIIETOBAHHM,
NpeAcTaBIseT co00 MOJENb CUCTEMbI KaTOAHOW 3allUThl TPyOOIIPOBOAA U COCTOMT M3 CTAHLIMU KaTOAHOM
3auThl (1anee — CK3), anogHoro 3azemuuTens (ganee — A3) ¥ 3aluiaeMoi JMHSHHOM 4acTH TPpyOOmpoBoa.
Jng vccnenoBaHWii BHEIIHEH KOPPO3WH MPETYCMOTPEH yYacTOK JMHEWHOW 4acTH TPyOONpoBoOJa C JTHHHUEH
Oaiinaca. Bce ¢unaHumeBble cOoeqMHEHMs Ha MIAPOBBIX KpaHax 2-5 HMMEIOT H30JUPYIONIME IPOKIAIKH,
W30JIMPYIOIINE BTYJAKM M IIai0Obl Ha OOJTOBBIX COEOMHEHMSX (UIaHLEB U1 BO3MOXKHOCTH IPOBEACHUS
MCCIIeIOBaHUM KaTOAHOM 3aIIMTHl HAa OTAETBbHBIX YYacTKax. YCTaHOBIIEHA peryiaupyemas IMOICTaBKa s
MOJIEP)KKH €MKOCTH C TPYHTOM, B KOTOPBIH ITOMEMIAETCsl y49acTOK TpyObl ¢ Oaiimacom. CMmeHy TpyHTa
IPOM3BOAAT MEXaHWYECKUM IyTeM. B ciydae HeoOXOZMMOCTH IyTeM BpAalLICHUS MEXaHW3Ma Ha IOJACTaBKe
CHIDKAIOT €eMKOCTh C TPYHTOM HW)KE YPOBHS JITHEHHOW yacTu TpybonpoBoaa. TpyOorpoBoa nMeeT iaHIeBoe
COEIMHEHHE AJISI OTCEYEHUS 3aIUTHBIX TOKOB OT OCHOBHOIO TPYOONpOBOIA, & TAKXKE VI HCCIIENOBAHUS
3¢ GeKTUBHOCTH PabOTHl IUAIEKTPHUUECKUX NMPOKIANOK, BTYJIOK M INAHO MpH 3IEKTPOXMMHUYECKON 3aliuTe
TpyOompoBogoB. Hampspkenne B CK3 mombupaercss B 3aBHCHMOCTH OT BEITHYMHBI IUIOTHOCTH TOKA,
KOTOpasi COOTBETCTBEHHO KOPPENHpPYET CO 3HAYEHUSIMH IEPEXOIHOI0 CONPOTHUBICHHS MEXIY TpyOOoH M
3NEKTPOIUTUYECKON CPENOH, a TaKkKe KOPPO3ZUOHHOM aKTUBHOCTBHIO TPYHTOB.

MarepuaJjibl 4 MeTOAbI

B cooTtBeTcTBUM C TpeOOBAaHUSIMHU HOPMAaTHBHBIX JJOKYMEHTOB [5, 6] yCIIOBHS SKCIIEPUMEHTOB MOJ00paHbI
TakuM 00pa3oM, 4TOObl NPUOIM3UTBCS K PEAIbHBIM INPOU3BOIACTBEHHBIM YCIOBHMSAM O3KCIUTyaTranuu. B
MCCIIEIOBAaHUSX MPUMEHSITH 00pa3Lbl-CBUIETENH, M3TOTOBJICHHBIE M3 MeTaula TpPyOOmpoBOJa, a TakKkKe
MMOBEPEHHOE 000PYIOBaHHE.

Kak BuaHO 13 puCyHKa 2, 715 SKCIIEPUMEHTOB IOJTOTOBJICHA 3JIEKTPOXUMHUECKAs sTUeHKa, 3aIl0IHEHHAS
cpenoi (rpyHTOM), a TaKXKe IEKTPOJI CpaBHEHUS U Koppo3uMeTp (MoHHKOp, DKCIepT) JUId CHATHS MMOKa3aHUH
CKOpOCTH Koppo3uu. B rpyHTe HaxomuTcs nzonnpoBanHbii ([lomnkeHoM) TpyOOompoBo, 00pa3Ibl-CBUAETENH,
AHOJIHBIC 3a3eMJIUTENH (B HAILlEM CIIydae METaJUIMYECKHe CTEP>KHH), Pa3sHOCTh MOTEHLUAIOB CO3IAETCs C
IMOMOIIBLI0 UCTOYHHKA MTOCTOSHHOTO ToKa min CK3.

B wuccnenoBaHUsX MarucTpagbHBIX TPYyOOIIPOBOAOB AJsl ONPENENEHHUs] YIACIBHOTO 3JIEKTPUYECKOrO
comporusienus: rpyHta (YOCI) mpousBoamiock mrypdoBaHue W oTOOp Mpod HAa TIIyOMHE MPOKIAIKH
TpyOompoBoaa ¢ naTepBaiamu ot 50 10 200 MM u Ha pacctossHUE OoT 0,5 10 0,7 M OT OOKOBOI CTEHKH TPYOHI.
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Pucynok 2 — O6mwmii Bux 6oka X3 MonesIbHOM yCTaHOBKH

«IIpu uccnenoBaHUK MPUMEHSIIN CIEAYIONNE CPEACTBA KOHTPOJIS U BCIIOMOTaTeIbHbBIE YCTPOICTBA:

- ICTOYHUK ITOCTOSIHHOI'O TOK;

- MMJUIMAMIEPMETP Ki1acca ToYHOCTH He Huxke 1,5 ¢ nuanazonamu 200 unu 500 MA;

- BOJIETMETP C BXOAHBIM CONPOTHUBIIEHHEM He MeHee 1 Mowm;

- MOZIEJTBHBIN CTEH/ C TPUHITUIHAIBEHOM II. CXeMOH ( pHCYHOK 3a).

- anekTpoas! BHemHue (A, B) pazmepom 44x40 mm (40 MM - BBICOTA DJIEKTPO/Ia) B BUIE TPSMOYTOIBHBIX
IUTACTHH (M3 CTAJIM) C HOXKKOM, K KOTOPHIM KPEHMMINCh POBOAHUKU-TOKOIIOJBOABI, IIPH 3TOM OJHA CTOPOHA
Ka)XJIOW TITAaCTUHBI SUEHKH N30JUPOBAJIHCH;

- anexTponsl BHyTpeHHue (M, N) U3 MeITHO#M MPOBOJIOKH quameTpoM oT 1 mo 3 MM u muHON Ha 10 MM
OosbliIe BBICOTHI STYEHKY;

- WIKypKa nudoBansHasi;

- BOJla IUCTUIIIIMPOBAHHAS;

- anieToH» [5].

OTtoOpaHHy0 Npo0y NecYaHbIX I'PYHTOB YBIQXKHSUIM IO IOJHOIO BJIArOHACHIINIEHHS, & IIMHUCTBIX —
0 JOCTIKEHHS MSTKOIUIACTHYHOIO COCTOSHUS. 3aTeM IOBEPXHOCTH 3JIEKTPOAOB YUCTWINM aOpa3sHBHBIM
MarepuanoM, 00e3KUPUBAIN U MPOMBIBAIH JAUCTHIUTUPOBAHHON BOJOW. YCTAaHOBKY BHEIIHMX W BHYTPEHHUX
3NIEKTPOJOB NMPOBOAMIIM, KaK MOKa3aHO Ha pucyHke 3. YOCI' u3mepsiercs 1Mo 4eTBIPEXIIEKTPOTHON cXeme
(pucyHOK 3 6, B). BHemHue 51eKTPOIBI C IOBEPXHOCTBIO S| M’ OJIAPU30BAIM TOKOM |, M M3Mepsu majeHue
HanpsokeHus VI Mexty 1ByMst BHy TPEHHUMM SJIEKTPOAMU IIPH PACCTOSHUM [ MEXK Ty HUMH. DIEKTPUYECKOE
conporusienue rpynta R, Om, onpenensinu mo popmyie (1)

an = ﬂ 1

I4

e V| - maJicHue HaupsDKEHUs MEKTy IByMs BHY TPEHHUMU 3JIEKTpofamu, B; I, - cua Toka B siueiike, A.
p, OmM - YOCT BBICUHTHIBAIOT 1O popMyIie

RrnXSp
— m7°p 2
P = (2)

rne RMN — paccrosiHEEe MEKy BHYTPEHHUMU 3JIEKTPOJIaMHU, M.
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Pucynok 3 — CxeMatn4eckuii ¥ 0OIIHil BUJ yCTaHOBKH 11 onpeneneHus Y ICI B mabopaTOpHBIX YCIIOBHSIX
Pe3yabrarsl U 00CyxKAEHUE

N3MeHeHue CKOpOCTH KOPPO3UH TPYOHOH CTANU U YACTHHOTO COMPOTHBIICHHS TPYHTA B 3aBUCUMOCTH OT
€ro BIIAKHOCTH IPEJCTaBICHO B Tadmuie 1.

Tabmuma 1 — 3aBucuMOCTh ckopocTH Koppo3uu Metamia (171'1C) ot cTerneHn BIa)KHOCTH TPYHTA

Ne BraxxnocTs CKOpOCTh KOPPO3UH METallIa, MM/TO | YIeIbHOE CONMPOTHBICHHUE TPyHTa, OM M

wn rp}(/;ITa, I'pynt* + PactBOp I'pynT * I'pynT *
’ 3% NaCl + 3% Na,SO,

1 15,2 0,908 0,076 0,78

2 9,1 0,651 0,025

3 4,2 0,509 0,010

4 1,02 0,292 0,03

5 0,86 0,208 0,01 3341,3

* — 1. DNeKTpOnpOBOAHOCTh — 856,4 ps/cM

2.pH-7,11

3. Cynbdarsl — 3,26 mmoib Ha 100 r mousst = 0,16 %

4. Xnopuast — 6,5 mmois Ha 100 r mouss! = 0,23 %

5. bukap6onarsr: — 0,4 Mmoib Ha 100 1 moussl = 0,024 %

Jnst onpeienieHusi CKOpOCTH KOPPO3UH MeTajlla B TPYHTE B JJA0OPATOPHBIX YCIOBUSIX UMUTHPOBAIIH JIBE
KOPPO3HOHHBIE CPEJIbL: OfiHa Oe3 nobaBnenus conei, Bropas ¢ jobasnenuem 3% NaCl u 3% Na,SO,. B o6oux
CIIy4asx BIaXHOCTh IrpyHTa qoBoawin 10 0,86% u mo 15,2%. Kak BumHo u3 Tabnuier 1, CKOpOCTs KOPPO3UHU
MeTallla yBEJIMYMBAETCS C MOBBILIEHHEM BIaXHOCTH IpyHTa. [Ipu Brnaxxnoctu rpynra 15,2% nHanbonbiune
3HauUeHHs CKOpocTH Kopposuu (0,908 Mm/ro) HabmOna0TCs B Cpelie, Te J00aBIeH COIEBOW pacTBOP.

3akaouenue. [IpecraBieHHBIC PE3yNbTAaThl KOPPEIHPYIOT C PE3yIbTaTaMH ITOJIEBBIX HCCIIEI0BAaHHI
U (PUBUKO-XUMHYECKUX aHAIU30B IPYHTOB, OTOOpaHHBIX B IIypdax Ha MH, cBUAETENBCTBYIOT O TOM, YTO
0oJBIIOE comepKaHNe OCHOBHBIX KOPPO3MOHHBIX KOMITOHCHTOB (TaKMX KakK XJIOPHI W CYIb(ar-noHOB) B
MOYBE B COBOKYMHOCTH C BBICOKMMH 3HAUYE€HHUSIMU BJIa>KHOCTH HPUBOAUT K YBEIUUYCHHUIO CKOPOCTH KOPPO3UHU
MeTaiuia. JlaHHbIe pe3yNbTaThl MOKa3bIBAIOT MPUMEHUMOCTh JTA0OPATOPHON YCTAHOBKH JJISi MOJEITUPOBAHUS
TEXHOJIOTHH TPyOONPOBOJHOTO TPAHCIIOPTA Ul BBIIBICHUS 3aKOHOMEPHOCTEH pa3BUTHS KOPPO3MOHHBIX
MPOIIECCOB HA MarHCTPaJIbHBIX TPYOOTIPOBOJIAX.
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BJIMSIHUE COCTABA U TEMIIEPATYPBI IIOJIOT'PEBA HA TEKYYECTbh CMECH HE®TH
3ANAJTHOKA3AXCTAHCKUX/MAHI BIIIJIAKCKUX/AKTIOBUMHCKUX MECTOPOKIEHUM
U HE®THU MECTOPOXKJIEHUN KYMKOJbCKOM I'PYIIIbI, OGPABOTAHHBIX
JNEMNPECCOPHOM MPUCAJIKOMN

AHHOTanusi. B crarbe mpeacTaBiIeHBI pe3yibTaThl MCCIECJOBAaHMS BIMSHMS COCTaBa M TEMIIEpaTyphbl IOJOTPEBAa Ha
TEKy4eCTh CMEeCH He(TH 3araJHOKa3aXCTaHCKIX/MAHTBIIUIAKCKUX/aKTIOOMHCKUX MECTOPOXKACHUH (TPaHCIIOPTHPYIOTCS
1o MaructpainbHoMy HedrenpoBoay Kenkunsik — Kymkonb) u HeTu MecTopoxkieHuit KyMkosbckoii rpymisl (00paboTaHHBIX
JIETIPECCOPHOM TIPHCAAKON); CTENEeHb CHIDKEHUS PEOJIOTMYECKUX I1apaMeTpoB 3aBHCHT OT TEMIeparypbl Harpesa,
cozepxaHus napauHOB M ac(ajbTO-CMOJIMCTHIX BEIIECTB M YCIIOBHH OXJIaXICHHUS, KPOME TOTO, y NapaMHUCTHIX
HeTell cylecTByeT ONTHUMalIbHAsl TEMITEpaTypa IIo0rpeBa, Ipu KoTopoi d3hdekT TepMooOpabOTKH HanOOIBIIMA. JTa
TeMIIepaTypa BCer/ia BhIlIe TeMIIepaTyphl IuiaBieHus napaduHoB, Haxoasmumxcs B Hedru. [Ipu aToM coznarorcst Haubosee
OnaronpusATHBIE YCIOBHS ISl ACHAPUTHOM KpUCTAJUIM3alMK MTapadrHa ¢ 00pa3oBaHUEM HauMeHee IPOYHON CTPYKTYPHI.
[Ipn mozmorpeBe BHICOKO3aCTHIBAIOIINX HE(TEH HIDKE TEMIIEpaTyphl IUTaBICHHS TapagUHOB MOXKET HAOIIOAAThCS pe3Koe
YXYIIICHHE PEOJOTHUECKUX NapaMeTpoB He(Teld n3-3a 00pa3oBaHUS NMPOYHONW MENIKOKPHUCTAJUIMYECKOH CTPYKTYpHI;
TIOJyYCHHBIE PE3YJIbTaThl HCCICNOBAaHUN (M3MKO-XMMHUYECKHX M peojorndeckux cBoicTB Hedrecmecn 3KHC-
Kymxomnbcekast cocraBoB 30—70 1 40—-60% moka3any, 9To MpH MPUHATHN PELMICHHUS O TIPUMEHEHNH TEXHOJIOTHH ITOAO0TPEBA
He(TH TS yITydIIeHUs PEKUMOB IIEPEKauKN HEOOXOIMMO YUUTHIBATh HETAaTUBHBIN 3((PEKT OT HarpeBa 10 TEMIIEPaTypbl
35 u 45 °C, Tak KaK 3TO MPHUBEIET K YXYALUICHUIO PEOJIOTHUECKUX CBOUCTB HE()TH U CHU3UT 3((HEKTHBHOCTH AEHCTBUSA
JICTIPECCOPHOI Tpucanku (KOTOpPOH 00padarhiBacTCs KyMKOJIbCKas COCTaBisitoinas HedrecMmecw). s ymydineHus
tekyudect Heprecmecn 3KHC-Kymkonbckass MOKHO paccMaTpuBaTh BO3MOXKHOCTh HarpeBa HedTu 10 55 °C nmbo
YBEJIMYCHUE JIOJIN 3araIHOKa3aXCTaHCKOW COCTABIISIONIECH Hapsily ¢ OTCYTCTBHEM IMoAOTpeBa HedTecMecH (CMelIeHHe
KOMITOHEHTOB ITpU (JaKTHUECKUX TEMIIepaTypax).

KnroueBsble c1oBa: HC(I)TI), MECTOPOKACHUC, TEMIIEPATYpPaA IIOTECPU TCKYUCCTU, KWNHEMATUYCCKasl BA3KOCTh, HAI'PEB, COCTAB.
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BATBIC KA3AKCTAH/MAHFBIILJIAK/AKTOBE KEH OPBIHJIAPBI MYHA 1 KOCITACBIHBIH
"KOHE JEMPECCOPIBbIK KOCHAMEH OHJEJITEH KYMKO.1 TOBbIHBIH MYHAI KEH
OPBIHJIAPBIHBIH KYPAMBI MEH KbI3/IbIPY TEMIIEPATYPACBIHBIH OTIMLIITTHE
9CEPI

Anngarna. Makanana bareic Kaszakcran/Manrsimuiak/Akre0e KeH opblHAapbl MyHaWbHBIH —(«KeHKkusk-Kymkem
MarucTpaibIIbIK MYHal KYOBIPHIMCH TachIMaJIIaHAMIBI) koHE KyMKesn TOOBI KeH OpBIHAApHl MYHAWBI (IEIPECcCOPIBIK
KOCBIMMEH OHJICITCH) KOCIACBIHBIH AaKKBIIITHIFBIHA KypaMbl MEH KBI3IBIPY TEMICpPaTypachlHBIH JCEpPiH 3epTTey
HOTIDKEIIEpl YCHIHBUTFaH. AWJay peXUMIEPiH jKaKcapTy YIIiH MYHaWJbl KbI3IBIPY TEXHOJOTHICHIH KOJNJIAHY Ke3iHIe
35 xoHe 45 °C temneparypara JeHiHT KbI3ABIPY Tepic acep OepeTiHIIriH ecKepy KaXeTTirl kepceTinreH. OWTkeHi Oy
MYHAHIBIH PEONOTUSIIBIK KACUCTTEPiHIH HallapiiayblHA OKEJeHl KOHE JCIMPECCOPNBIK KOCBHIM OCEPiHIH THIMILTITIH
temenyereni. barsic Kazakcran xone Kymken MyHal KocmanapblHBIH aKKBIIITBIFBIH XKaKcapTy YIIiH MyHaiasl 55 °C
JICHIH KbI3IBIPY MYMKIHJIITiH, HEMECE MYHAH KOCIACHIH KbI3IbIPMall — HAKTHI TEMIIepaTypaap Ke3iHae KOMIIOHCHTTEeP IiH
apanacysl, bareic Kazakcran KypaMaacTapbIHBIH YIIECIH YIFAHTY MYMKIHAITIH KApacThIPy KaXeT.
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INFLUENCE OF THE COMPOSITION AND HEATING TEMPERATURE ON THE FLOW OF
THE MIXTURE OF OIL OF THE WEST KAZAKHSTAN/MANGYSHLAK/AKTOBE FIELDS AND
OIL FIELDS OF THE KUMKOL GROUP TREATED WITH THE DEPRESSANT ADDITIVE

Abstract. The article presents the results of the study of the influence of the composition and temperature of heating
on the flow of the mixture of oil of West Kazakhstan/Mangyshlak/Aktobe fields (transported through the main pipeline
«Kenkiyak-Kumkol») and oil fields of Kumkol group (treated with depressant); degree of rheological reduction depends
on heating temperature, wax and asphalt-resin content and cooling conditions, and paraffin oils have an optimal heating
temperature, where the heat treatment effect is greatest. This temperature is always higher than the melting point of the
paraffins in the oil. At the same time, the most favorable conditions are created for dendritic crystallization of paraffin with
the formation of the least stable structure. When heating high-frozen oil below the melting point of paraffins, there may
be a sharp deterioration of the rheological parameters of the oil due to the formation of a solid fine-crystalline structure;
the results of the physical-crystalline research are obtainedthe chemical and rheological properties of the oil mixture of
ZKNS-Kumkol formulations 30-70 and 40-60% have shown that the negative effect from heating to 35 and 45 °C must be
taken into account when deciding on the use of oil heating technology to improve transmission modes, because this will
lead to deterioration of rheological properties of oil and will reduce the effectiveness of the depressant additive (which
is used to process the Kumkol component of the oil mixture). In order to improve the flow of the oil mixture ZKNS-
Kumkolskaya can consider the possibility of heating the oil up to 55 °C, or increasing the share of the West Kazakhstan
component along with the absence of heating of the oil mixture (mixing of components at actual temperatures).

Key words: oil, field, pour point, kinematic viscosity, heating, composition.

Beenenue

[logorpes HedTH SABISETCS OAHUM U3 KIACCHYECKUX, JABHO IPUMEHIEMBIX ITyTEH yITy4dlIeHUS TEKy4eCTH
napapuaucTOl HepTH 17151 0OecneyeHus ee 0e30MacCHOM 1 CTaOMITbHON TPaHCTIOPTUPOBKH 110 MarHCTPaIbHOMY
TpybonpoBony. IIpn paccMOTpeHHH BO3MOXKHOCTH/LIENIECOOOPA3HOCTH MPUMEHEHHUS! TEIUIOBOIO IOIOTpeBa
He(TH HEMAJIOBAYKHBIM BOIIPOCOM SIBJISIETCS HCCIIeI0BaHUE M 000D 3P eKTUBHOI TeMIiepaTyphl IO0TPEBa,
TaK Kak 3TO B UTOTe BIMAET Ha SHEPrO- U pecypcocOepexeHne npuMeHsieMoi TextHonoruu [ 1-5].

Lenpto naHHOM cTaThbM SBISETCS HMCCIEAOBAaHME BIHMSHUS COCTaBa M TEMIIEpPaTypbl MOAOTpPeBa Ha
TEKy4YeCTb cMecH He()TH 3aragHOKa3aXCTaHCKUX/MaHTBIIIJIAKCKUX/aKTIOOMHCKUX MECTOPOXKIACHUN 1 He()TH
MecTopoxIeHN KyMKOIBECKOH TPYIITBL, 00pab0OTaHHBIX IEMPECCOPHOM MPUCAIKOM.

OcHOBHBIE I0JIOKEHH S

Kak wu3BecTHO, I TpPaHCIIOPTHPOBAHHS BBICOKOMAapagUHUCTBIX HedTell HCHONb3yIT cHocod
TeMIiepaTypHoi 00paboTku nepekadnBaemoit HeTu. [Ipu nanHOM 00paboTke HEPTH HEOOXOIMMO HATPEBATh
1o temneparyp Beie 60 °C. HarpeBanue u B janpHEHIIeM OXJIaxIeHHE HEPTH MPUBOIAT K 00Pa30BaHHIO
KpPHCTAUIOB TMapaduHOB pazauyHOM mnpoyHocTH. CleayeT ydecTb, YTO NPOYHOCTb KPUCTAJUIMYECKHX
PELIETOK 3aBUCUT OT COZIepKaHUs ac(aIbTeHOB M CMOJI M BETMYHHBI (hopMHUpyeMoro Kpuctaiia. HarpeBanue
napaduHUCTON HEe(TH TaKkKe M3MEHSET TaKHEe PEOJIOTMUECKHE XapaKTEePUCTUKU HEe(PTH, KaK HampsHKEHHUE
casura, 3gdexkTuBHas BA3KOCTh U TEMIIEpaTypa MOTepH TeKydecTu [6].

B Hacrosimeit paGore mpencTaBiIeHbI pPe3yNbTaThl MCCIENOBAaHUS aHAIM3a COCTaBa M TEMIEpaTyphl
MOAOTPEBa Ha XJIAZOTEKydne CBOiicTBa cMecel He(pTH 3amaqHOKa3aXCTaH CKUX/ MaHT bIIIAKCKUX/aKTFOOMHCKHX
MECTOpOXIeHUH [7], TpaHCIIOPTUPYEMBIX IO MarucTpaibHOMy HedrenpoBony Kenkusk — Kymkons (mamee
— 3KHC), ¢ nedrtrio MecTopoxnennit Kymkonabckoi rpynmsl (gajgee — KyMKojibckas HedT1h). Vccnenyembie
Heprecmecu 3KHC-Kymkonbckas nHedts umenn coctasl 3070 u 40-60 06beM %, COOTBETCTBEHHO.

CBoiicTBa HCXOAHBIX MPOO 3aMaHOKA3aXCTAaHCKOW M KyMKOJILCKOW He()TH MpecTaBiIeHbl B Tabnuie 1.
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Tabmura 1 — OcHOBHEIE CBOWMCTBA HCXOAHBIX He(TeH

IMoka3areyb 3KHC Kymkoabckast HepTh
Indicator ZKNS Kumbkol oil
Temneparypa notepu Tekyuects, °C -21 +12
ITnotrocTs 20 °C, XKI/M?
Density 20 °C, kg/m® 850.1 822,5
0, 2
KI/IHeN.[aTI/I‘{ef:KaF.I BA3KOCTb l'IpI;I 20 C,2 MM?/c 17.17 10,12
Kinematic viscosity at 20 °C, mm?/s
IMapadunst, %
Paraffins, % 6.8 10,5
CmMmomsl, %
Resins, % 12,0 8,0

U3 pe3ynbTatoB BHJHO, YTO KYMKOJbCKas HE(Th CONMEPKHUT OOJBIIOE KOIUYECTBO MapaduHOB, YTO
MIPUBOJUT K YBEIMUEHHIO 3HAYCHUN TeMIieparypsl otepu Texydectr [8—9] mannoi negtu. 3KHC, naobopor,
UMeeT MEHbIIlee KOJIMIEeCTBO MapadHHOB, HO XapaKTEepU3yeTcsl BRICOKUM cofiepKanueM cMoi. [loatomy st
JIAHHOW He() T CBOMCTBEHHA HU3Kas TEMIIeparypa MOTepH TEKyUECTH U BEICOKAs! BI3KOCTb.

MarepuaJjbl 1 METOBI

[Tpo6s1 3KHC 1 kyMKOIbCKO# HEDTH IpeABApUTENHEHO 0TOOpaHBI Ha He(hTenepeKaunBaONINX CTAHIHAX U
JIOCTaBIIEHBI 11 nccnenoBanus. [lepen moaroroBkoit HerecMecei KyMKoIbCKas He(pTh ObLIa MpeIBapuUTEITHHO
marpera 10 60 °C u obpaborana aenpeccopHoii mpucaakoi (mosuposkoit 200 ppm). Cmemenne 3KHC ¢
KyMKoJIbckoi HepThio mpoBoaunu nipu temmeparype 3KHC 0%/ kymxonbsckas 20%. Temmeparypy moTtepu
TEKy4eCTH OTpPENesUId ¢ MOMOIIbI0 mpubopa «S.D.M.— 530»; KHHEMATHYECKYIO BSI3KOCTH ONPEACISIN Ha
npudope «SVM3001».

3nagenns mwioTHocTH (ipu 20%) HedTecmeceit 3KHC-Kymkomnnckas coctaBum:

- s coctara 30-70% p20=830,7 xr/m?;

- nust cocraBa 40—-60% p20=834,1 xkr/m>.

Hanee mposogwu nmogorpes Heprecmecn 3KHC-Kymronmbckast (cocraBo 30—70%, 40—60%) mpu 35%,
45% u 55%. ITocne momorpeBa mpoOsI HehTECMECH OXJTAXKIATH ITPH MEIJIEHHOM ITEPEMEIITMBAHIH 0 KOMHATHON
temneparypsl. [lonydeHHyro cMech XpaHuinu npu Temrneparype 6—8 °C mpu peryiaspHOM IepeMernBaHuH.
Ileprnommyecku u3 o01Iero 06beMa CMeCH OTOHNPAITA KOIHMYECTBO HETH, HEOOXOMUMOE JIJIS aHaTN3a (aHAIM3HI
TIPOBOJMIIN B TIEPBBIA, cenbMoi, 14-i u 20-ii aens). st cpaBHEHNS TPOBOIMIIN MICCTIeNOBaHHUS HedTecMecei
0e3 TertoBoit oopabdoTku (manee — TO).

Pesynprare! nccnenoranuit Hedrecmeceit 3KHC-KyMkonbekast mpecTaBieHbl B TaOIUIax 2—5.

Tabnuua 2 — Vi3menenue Temneparypsl notepu Tekydectd (TnT) ¥ KUHeMaTn4eckoi BI3KOCTH HedTecMecei
3KHC-Kymxonbckas (¢ nenpeccopHoii mpucankoit) coctaBo 30—70%, 40—60% B niepBbIii I€Hb UCCIIETOBAHUIA

Cocras 3KHC — Kymkoub, % T, °C Kunematnueckas BSI3KOCTh, MM2/¢
Composition of ZKNS — Kumkol, | Pour point, Kinematic viscosity, mm®/s
% °C 20°C 30°C 40°C 50°C 60°C

Bbe3 TO/Without HT

30-70 +3 8,629 6,591 5,130 4,148 3,457

40-60 -9 9,031 6,865 5,375 4,344 3,717
TO35°

30-70 16 8,675 6,637 5,193 4,105 3,493

40-60 -3 9,044 6,905 5,397 4,395 3,828
TO 45 °
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30-70 +6 9,232 6,906 5,293 4,154 3,492

40-60 6 9,554 5,917 5,519 4374 3,716
TO 55 °

30-70 3 8,953 6,767 5,286 4,198 3,637

40-60 9 9,447 7,161 5,560 4,387 3,580

Tabnuna 3 — Mi3amenenne remneparypsl Hotepu Tekydectd (TIT) M KHHEMaTH4ecKoi BA3KOCTH HedrecMecel
3KHC-Kymkomnbckast (¢ menpeccopHoii npucaakoii) cocraBoB 30—70%, 40—60% B mepBEIii JCHb UCCICTIOBAHUI

Cocras 3KHC — Kymkoib, % Tur, °C Kunemarnueckasi BI3K0OCTh, MM?/C
Composition of ZKNS — Kumkol, | Pour point, Kinematic viscosity, mm’/s
% °C 20°c | 30°c | 40°c | soec | e0°C

Bbe3 TO/Without HT

30-70 +3 8,682 6,610 5,151 4,126 3,529

40-60 -6 9,068 6,887 5,374 4,245 3,647
TO35°

30-70 +6 8,752 6,654 5,206 4,130 3,532

40-60 -3 9,121 6,916 5,392 4,250 3,706
TO45°

30-70 +6 9,249 6,906 5,293 4,163 3,391

40-60 -3 9,591 7,172 5,510 4,323 3,518
TO 55°

30-70 0 9,523 7,185 5,563 4,379 3,724

40-60 -6 8,698 6,610 5,156 4,106 3,767

Tabnuia 4 — M3mMeneHne Temneparypsl motepu Tekydectr (THT) M KuHeMaTn4ecKoi BI3KOCTH HedTecMecen
3KHC-Kymkonbckas (¢ nenpeccopHoi mpucaakoif) cocraBos 30—-70%, 40-60% B 14-ii neHp uccneqoBaHuA

Cocras 3KHC — Kymkouib, % T, °C KuneMaTuueckasi BA3KOCTh, MM?/c
Composition of ZKNS — Kumkol, | Pour point, Kinematic viscosity, mm’/s
o ¢ 20°C 30°c | 40°c | soec | 60

Bbe3 TO/Without HT

30-70 +3 8,817 6,730 5,228 4,226 3,590

40-60 -6 9,273 7,126 5,514 4,640 3,772
TO35°

30-70 +6 8,559 6,583 5,078 4,151 3,309

40-60 -3 9,085 6,898 5,368 4,394 3,708
TO45°

30-70 +6 9,045 6,766 5,194 4,284 3,458

40-60 -3 9,591 7,190 5,530 4,543 4,031
TO55°

30-70 +3 8,525 6,533 5,123 4,226 3,614

40-60 3 9,656 7,241 5,605 4,551 3,872
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Tabmuma 5 — M3MeHeHue Temriepatypsl motepu TeKydecTr (THT) u KuHeMaTn4ecKoi BI3KOCTH HedTecMecel
3KHC-Kymkonbckas (¢ nemnpeccopHoit mpucaakoit) coctaBoB 30—70%, 40-60% B 20-it neHb HccieqOBaHHHA

KunemaTuueckasi BI3KOCTh, MM?/¢
Cocras 3KHC — Kymkoub, % Tar, °C Kinematic viscosity, mm?/s
Composition of ZKNS — Kumkol, % Pour point, °C
20°c | 30°C | 40°c | so°c | e0°C
Be3 TO/Without HT
30-70 +6 8,836 6,774 5,343 4,231 3,631
40-60 0 9392 | 7,044 | 5518 | 4695 | 4,005
TO35°
30-70 +9 9,078 6,898 5,396 4,208 3,582
40-60 +3 9,317 7,202 5,480 4,297 3,938
TO45°
30-70 +9 9,670 7,153 5,435 4,258 3,500
40-60 +3 9,473 7,236 5,494 4,455 3,793
TOS55°
30-70 +6 9,492 7,118 5,478 4,315 3,534
40-60 0 9,525 7,212 5,579 4,398 3,729

PesyabTatsl n 00cyxkneHune

Kak BuAHO ©3 AaHHBIX TaOmuly 2-5, yBeJIMUEHHE COACpPXKaHUA HEPTH 3araHOKa3aXCTaHCKUX/
MaHTBIIUIAKCKAX/aKTIOOMHCKIX MECTOPOXKICHUA B HepTecMecH yiaydImaeT XJIaJoTeKydne CBOMCTBa
Hedrecmecn 3KHC-Kymronbckasi.

MogenupoBanue ycioBuii HarpeBa Hedrecmecn 3KHC-Kymkonbckas mokasanmo (Tabmumpel 2-5), dro,
nogorpes Hedrecmecu 10 35 u 45 °C He TONBKO HE BIMAET, HO M IPUBOIUT K HE3HAYUTEIHHOMY YXYIIICHUIO
TeKkydyecTH popMHupyeMoil HedTecMech. DTO OOBIICHAETCS TEM, YTO MPH OXJIAKICHUH TepMOOOpaboTaHHON
HepTH (opMHpyeTCs HOBas IUCIEPCHAs CUCTEMa, B KOTOPOW MNPUCYTCTBYIOT KpYyMHbIE Hapa@rHOBBIE
accoluarbl, 3aTPYOHSIONIME TPOCTPAHCTBEHHOE CTPYKTypooOpa3zoBaHue Omaromapsi HEpPaBHOMEPHOMY
pacnpenenenuio B o0beMe HepTr. CHIDKEHHE 3HAYSHUH PEOJIOTHIECKUX TTApaMETPOB 3aBHCHT OT COJEPKAHUS
B He(tu mapadwHOB M ac(hajbTO-CMOJHUCTHIX BEIIECTB, a TaKXKe OT TeMIepaTypbl HarpeBa W YCJIOBHU
OXJIAKICHUSI.

JokazaHo 4TO, HOBBILICHHWE TEeMIEPaTypbl HarpeBa A0 55 °C MPUBOAWT K YITYYLICHUIO XJIJOTEKyYUX
CBOMCTB He(PTH, Tak Kak Mpu OoJiee BHICOKUX TeMIleparypax HaOmroaaeTcs Hanbosiee riyOoKoe pacTBOpEeHUE
BBICOKOMOJIEKYIISIPHBIX TBEPIBIX NMapaduHOB. JJaHHbBIC yCIOBUS HEOOXOMUMBI JIJIsI OTYYEHUS] MEHee MPOYHON
CTPYKTYPBIKPHUCTAITU3ANU TapaUHOB, TAKOW KakK AeHIpuTHAS. O THAKO TPUITOIOT PEBE BEICOKOTIAPA(PHHNUCTHIX
He(Tel HIDKe TeMIlepaTyphl TUIaBJIeHHUS MapaguHOB MOXKET HAONFOAATHCS PE3KOe YXYIIICHUS PEOIOTHIECKIX
CBOMCTB He(Tel n3-3a 00pa30BaHUs IPOYHON MEIKOKPHCTAITNYECKOH CTPYKTYPHL.

[Ipu aToM cnemyeT ydecTb, YTO MOBTOPHBIM HAarpeB HeTH C paHee NO3MPOBAHHOHN JempeccopHON
npucaakoil Beime 55 °C Takke NPUBOAMT K YIYUYIICHHIO XJIaJOTEKYYHX CBOWCTB Onaronapsi akTUBAalUU
NEeNCTBUS MPUCAIKH, TPHU 3TOM HaONIOaeTCd YMEHBIIEHNE CIUITAeMOCTH, I3MEHEHNE CTPYKTYPBI KPHUCTAIIIOB
Y YBeJHYEHHUE CTETIeHH JUCIIEPCHOCTH 3a CUeT M3MEHEHHS Ipollecca KPUCTATM3alluu napaguHoB B HeTH
[9-10].

Bwmecte ¢ TeMm, cormacHo moiy4deHHBIM pesyibsraram, cmemeHne 3KHC ¢ xkymxonmbckoit cmechio 0e3
JOTIONTHUTENIFHOTO HarpeBa HE MPHBOAUT K YXYAIICHHWIO PEOJOTHYECKHUX TIMapaMmeTpoB (opMmupyemoint
He(recmecn. HabOmiomaempie mpu 3TOM 3HAYEHHS PEOJIOTHYECKUX MapaMEeTPOB IOYTH COMOCTABHMEBI C
pesyipraTamu Tpu HarpeBe HedTH a0 55 °C, a Takke HIDKE 3HAUYEHHH, IMONyYEeHHBIX TOCIE MOJO0rpeBa 10
teMrreparypsl 35 u 45 °C 1 ocTaroTcs JOCTATOYHO CTAOMILHBIMY, HE3HAUYNTEIHHO MTOBRIIAsICh Ha 20-1 ACHb.

3akaouenue

TakuM oOpa3om, HcCCIIeTOBaHUS (PU3UKO-XUMUICCKAX U PEONIOTHYECKHUX CBOHCTB HedTecMmecn 3KHC-

34



o HE®TETASOBAA NHXXEHEPUA N TEONOTINA °

Kymkonsckas coctaBos 3070 n 40-60% mnoxkasanu, 9To IpH NPUHATHH PEIIEHNS O TPUMEHEHUN TEXHOJIOTHH
nojorpesa He(TH U YIy4IIEHHsS PEXHMOB IIEPEKAuYKd HEOOXOIMMO YUHTHIBATh HETaTUBHBIN 3PQeKT oT
HarpeBa 710 Temrieparypsl 35 u 45 °C, Tak Kak 3TO NMPHUBENET K yXYAIICHUI0 PeOIOTHIECKINX CBOHCTB HE(PTH
U CHM3UT 3(QQPEKTUBHOCTh ACUCTBHSA IENPECCOPHON MPUCAAKH (KOTOPOH 0oOpalaTbIBaeTCsl KYyMKOJIBCKast
cocrapmsitomas HedrecmecH). [ ymyumenns Ttekydectn Hedrecmecn 3KHC-Kymkomnbekass MOXHO
paccMarpuBaTh BO3MOXHOCTh HarpeBa HepTu m0 55 °C nubo yBenuueHHE IOIM 3aIlaJHOKa3aXCTaHCKOM
COCTaBIISIOLICH HapsAy C OTCYTCTBUEM MOJOTpeBa HehTecMecH (CMeLIeHne KOMIIOHEHTOB IIPH (PaKTHIECKUX
TEeMIIepaTypax).
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INVESTIGATION OF THE PROPERTIES OF MICROPARTICLES IN THE GLOW DISCHARGE
STRATUM IN A CROSSED ELECTRIC AND MAGNETIC FIELD

Abstract. In this work, the behavior of charged micron-sized particles in the DC glow discharge stratum at low pressure
in a crossed magnetic and electric field was experimentally studied. The experiment was conducted in a vertically oriented
gas-discharge glass tube. A homogeneous magnetic field was created using a two-section Helmholtz coil. The results
showed that the micron-sized dust particles move in the opposite direction to the ExB drift as the magnetic field induction
increases. Once the induction reaches a specific threshold (B>10 mT), the dust particles start rotating and forming counter-
rotating vortex pairs on the horizontal plane. Moreover, it was observed that the shape of the dust structures changes from
a disk to an ellipsoid. The PIV (particle image velocimetry) method was employed to analyze the dust vortices' dynamic
behavior, and the generation of the co-vortex rotation was explained through the dust particles' charge gradient, which
was orthogonal to the ion drag force.

Key words: glow discharge, magnetic field, complex plasma.
oonipaxmanoB A.P.,*! Mameesa P.Y.2

! Mmkenepitik Oeitinmi 3eprxana, on-Papabu arbiaaars Kaz¥V, 050040, Anmars k., Kazaxcran
’BurHep aTbiHIaFbl (PU3HKAHBI 3€PTTEY OpTaibiFbl, KereH i cyibIKThIKTap bl 3epTrey 6emmimi, H-1121,
Bynanewr k., Benrpus

AVKACKAH DJIEKTP )KOHE MATHUT OPICTEI'T COJIFBIH PA3PSIITAFBI
MUKPOBOJIINEKTEPAIH KACUETTEPIH 3EPTTEY

Anpgarna. By skyMmpicTa ailkackaH MarHMT JXKOHE DJIEKTP OpICiHIOEri TOMEH KBICHIMAAFBI TYPaKTHl TOKTBHI KapKbLI
Pa3psSOBIHBIH CTPAaTACBIHIAFHl MHKPOH OJIIEMJICT] 3apsITajfaH OeJIIeKTepAiH KO3FaJbIChl SKCIICPHMEHTTI Typae
3epTTENiHl. DKCIIePUMEHT BEPTHUKAIBIbl OArbITTaFbl Pa3pAOTHIK IMIBIHBI TYTIKIIEAE KacaiblHABL. biprekTi MarHuT
epici exi ceKIusIIbl [ eMbMTONBI] KaTyIIKaChIHBIH KOMeTiMeH TYBIHIaWpl. MarHuT epiciHiH HHAYKIUACH apTKaH Ke3le
MHUKPOH/BI enmeMi To3anasl Oemmekrep ExB mpeiidine xapama-kapcwl OarbITTa KO3FalIaTHIHBI OalKaimel. MarHuT
opiciHiH HHAYKIUACH Oenrimi Oip mrekrti MoHre XetkeHAe (B>10 mTim) To3aHabr GemnmmexTepi aifHaIMabl KO3FalIbICKa
re OONaTHIHBI JKOHE KOJNACHEH Xa3bIKTHIKTa Oip-OipiHe Kapma-Kapchl OaFbITTaNFaH KYWBIHIBI JKYIITAp TY31IETiHI
Oaiikanmpl. CoHmai-aK To3aHIbI KYPBUTBIMAAPIBIH MilTiHI AUCKIACH IUIAIICOUIKA IeHiH o3repeTiHi 6alikanapl. To3aras!
KYUBIHIapBIHBIH JHHAMUKANBIK KacueTiH 3eprrey yurid PIV (particle image velocimetry) omici Konnaabsuinel. KyHBHHBIH
0ip-0ipiHe Kapama-Kapchl alfHATYBIHBIH ce0e0i HOHIBIK eNiPTy KYIIiHEe OPTOTOHAIBABI TO3aH/IBI OOIIEKTEp 3apabIHBIH
TpagreHTIMEeH TYCIHAIpiIII.

Tipexk ce3nep: >KapKbUT pa3psil, MATHUT ©pPici, KOMIUIEKCTI II1a3ma.
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HCCJIEJOBAHUE CBOMCTB MUKPOYACTHUIL B CTPATE TJIEIOILETO PA3PSIJIA B
CKPEHIEHHOM JJIEKTPUYECKOM U MATHUTHOM I1OJIE

AnHoTanusi. B naHHOH paboTe SKCIIEpUMEHTANBHO HCCIEAOBAHO TIOBEACHUE 3apsDKCHHBIX IIBUIEBBIX YaCTHIL
MHUKpPOHHOTO pa3Mepa B CTpaTe TICIOIIEro pa3psijia HOCTOSHHOTO TOKa IIPU HU3KOM JaBJIEHUH B CKPEIIEHHOM MarHUTHOM
U DIEKTPUYECKOM IIoJIe. DKCIIEPUMEHT IPOBOAMICS B BEPTHUKAJIHHO OPHEHTHPOBAHHOHN Ta3opas3psiiHON CTEKISTHHOW
TpyOKke. OHOPOIHOE MarHUTHOE TI0JIE CO3/1aBaJIOCh C TIOMOIIBIO JIBYXCEKIIMOHHOH Karyiiku [ensMromnbua. Pesyisrarst
MOKa3aJIM, 4YTO C YBEJIMYEHHWEM HWHIYKIUM MAarHUTHOTO IIOJISl TBIJIEBBIE YacCTHIBI MHUKPOHHOTO pa3Mepa JIBHXKYTCS
B HAIIpaBJICHUH, ITPOTUBONONOKHOM npeiidy ExB. Ilpu mocrmkennn mHAyKIpel noporosoro 3Hadenust (B>10 mTum)
IIBUIEBBIE YaCTHUIbI HAYMHAIOT Bpamarhcs ¥ (POPMUPOBATH IPOTHBOBPAIIAIONINECS BUXPEBHIE Iaphl B TOPU30HTAIBHON
wiockocty. Takke OBUIO 3amedeHO, 4TO (hopMa IBUIEBBIX CTPYKTYp MEHSETCs OT JAWCKa A0 sjumnconaa. Jlis
aHaJM3a JUHAMHYECKOTO TOBEJCHHUS IBUICBBIX BUXpel ObUT Mcroib3oBaH Meron PIV (particle image velocimetry), n
BO3HMKHOBEHHE COHAIIPABICHHOTO BPAIEHNsI BUXPEil ObLIO 00BSICHEHO I'PaIMCHTOM 3apsi/ia TbUIEBBIX YaCTHUII, KOTOPBIHA
OPTOTOHAJIEH CHJIE HOHHOTO COTIPOTHBIIEHHUSL.

KaioueBrble ciioBa: TJ'I€IOHII/II71 pa3psia, MarouTHOC I10JIC, KOMIUICKCHAs 1jia3Ma.

Introduction

Dusty plasma refers to a type of plasma that contains electrically charged micro- and/or nanoparticles,
known as dust particles, alongside neutral atoms, electrons, and ions. These dust particles can either enter the
plasma from outside or be generated within it through internal processes. Compared to traditional electron-
ion plasmas, dusty plasmas display several unique and peculiar characteristics, such as strong coupling [1],
dust acoustic waves [2], and instabilities due to ion flux [3]. Furthermore, dusty plasma deviates from the
shielded Coulomb interaction [4], making it a fascinating subject for fundamental research in plasma physics.
Additionally, the significance of dusty plasma research extends to practical applications such as plasma etching,
sputtering technologies in microelectronics, and the production of films and nanoparticles [5-6]. A crucial task
for both fundamental research and practical applications in dusty plasma is to regulate the dynamics of dust
particles through methods such as the use of external electric fields [7], laser manipulation[8], and magnetic
fields[9-10]. In particular, magnetic fields are employed to control the spatial position, degree of ordering, and
motion of plasma-dust structures.

There is significant interest in studying the behavior of dust particles under the influence of crossed
electric and magnetic fields [11-12]. This is particularly relevant for advanced experimental facilities, such as
magnetrons and ion engines for future rockets, which heavily rely on such configurations [13]. When electric
and magnetic fields are crossed, an ExB drift velocity perpendicular to both fields arises, imparting additional
momentum to charged particles including dust particles. The ExB drift is exploited for removing silicon
particles from large-area homogeneous hydrogenated amorphous silicon films. The efficiency of silicon dust
removal is directly proportional to the strength of the external magnetic field [14].

Main provisions

For the first time, rotating dust vortices in a glow discharge stratum were observed.

Materials and Methods (Experimental Part)

To study the properties of microparticles, an experimental setup based on a glow discharge was developed.
In a vertically oriented discharge tube with a diameter of 3 cm, glow discharge plasma is ignited in the
interelectrode space of 60 cm. The following experimental parameters were chosen as optimal: argon gas
pressure of 0.36 torr and discharge current of 1.44 mA. A two-section Helmholtz coil, the axis of which
is perpendicular to the discharge axis, is used as a magnetic field source. The schematic diagram of the
experimental setup is shown in Figure 1.
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Figure 1 — Schematic diagram of the experimental setup. Anode denoted as "A" and the cathode as "K". Arrows are
used to indicate the force lines of both the axial electric field and the magnetic field.

Monodisperse micron-sized dust particles of melamine-formaldehyde are initially inside the tube and fall
downwards during injection with subsequent formation of a dust structure in the glow discharge stratum. It
should be noted that the electric field in the stratum is sufficient to compensate the gravitational force acting
on the dust particles. A Phywe Hall sensor was used to measure the distribution of magnetic field induction.
It was found to be uniformly distributed in the area where the dust particles were being studied. To observe
the dynamics of the dust particles, a solid-state laser was used to illuminate them, and their movements were
recorded using a video camera. Before examining the behavior of the micron particles levitating in the plasma,
let us first focus on the dynamics of the plasma itself, specifically the stratum in which the particles are
suspended (Figure2).

1% mT

(a) In the horizontal plane, the view is from the top.

OmT 3mT 16 mT 19 mT

(b) In the vertical plane, the view is from the side.
Figure 2 — Illustration of the glow discharge stratum in the presence of crossed electric and magnetic fields.
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Once the magnetic field is activated, there is a shift in the spatial position of the stratum that traps the
dust particles, indicating a change in the path of charged particles in the presence of crossed electric and
magnetic fields. The magnetic field exerts a force across the axial electric field, causing plasma particles to
move perpendicularly to both forces. This causes electrons and ions to drift in the direction of the ExB drift. A
clearer visualization of this process can be seen in Figure 3

a)

Figure 3 — Graphic representation of drift of charged particles in a crossed field a) horizontal plane b) vertical plane

Changing the trajectory of charged particles in a crossed field leads to a modification of the dust particle
dynamics in the glow discharge stratum. At first, the dust particles form a disc-shaped crystal structure. However,
when the magnetic field is turned on, they start moving in the direction opposite to the drift. This type of
behavior of nanoparticles has been observed previously in electron resonance plasma with gas SiH4. When the
magnetic field induction in the dust structure reaches about 5 mT, the vortex motion of dust particles begins,
where rotational motions are observed opposite to each other (clockwise (vortex 1) and counterclockwise
(vortex 2)), as shown in Figure 4.To analyze the rotational characteristics, such as the linear velocity of the dust
vortices, the PIV (particle image velocimetry) method was used.
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Figure 4 — Dust vortices in the glow discharge stratum. The direction of dust vortices is shown by an arrow.
a) Processed frames using the PIV method b) Original frames

The PIV method was utilized to automatically determine the linear velocity of rotating particles based on
the velocity map presented in Figure 4, for discharge current values of 1.4 mA. The velocity map indicates
that the dust particles located in the peripheral region of the discharge layer exhibit higher velocity than those
closer to the center, which is consistent with the vortex characteristics. Figure 5 illustrates the relationship
between the linear velocity of rotating vortices along the radius at various magnetic field inductions at 1.4 mA.
It can be observed that the velocity of the vortices increases with an increase in magnetic field induction.
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Figure 5 — The dependence of linear velocities of dust particles in vortices on radial distance

Results and Discussion

Studying the behavior of dust particles suspended in the glow discharge stratum proved to be an intriguing
subject. Upon activation of the transverse magnetic field, various types of dust particle movement can be
observed. It has been noted that for B<10 mT, charged particles such as electrons and ions undergo migration
towards the electric drift. The presence of charge causes heavy micron particles to be expelled in the opposite
direction. As illustrated in the schematic diagram, Figure 6 provides evidence of the formation of rotating
vortices originating from two sources. By superimposing two frames (first frame at 0 mT and second frame
at 8 mT), it becomes clear how the plasma (comprised of ions and electrons) and charged dust particles move
in opposite directions upon activation of the magnetic field. This phenomenon is driven by two mechanisms:
ion drag force and charge gradient. Upon reaching the critical point where B>10 mT, rotating vortices can be
observed rotating in the opposite direction. The schematic diagram in Figure 6 illustrates the direction of the
force, which is perpendicular to the direction of the transverse magnetic field generated by the coil. This causes
the dust vortices to rotate in different directions, which was observed during the experiment. Therefore, it is
anticipated that dust particles would rotate co-directionally in the horizontal plane. Similar behavior has been
observed in a strong magnetic field in the RF discharge, and previous studies have reported that the rotation
of vortices could be attributed to the charge gradient of microparticles, even in the absence of a magnetic field
[16-18].
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Figure 6 — Two primary mechanisms are responsible for the rotation of dust vortices.

Conclusion

In summary, in the experiment, the co-rotational motion of dust vortices in the glow discharge stratum
was recorded in ExB field configuration. The rotational properties were studied using the PIV method, and two
different mechanisms were identified. The orthogonal alignment of the magnetic field direction with ion and
charge gradients created dust vortices rotating in opposite directions from each other in the horizontal plane.
Further theoretical calculations will be necessary to provide a more detailed qualitative analysis, and this will
be a focus of future research.
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MOBILITY EMBEDDING FROM CALL DATA RECORD USING WORD2VEC TO SUPPORT
NETWORK WITH UNMANNED AERIAL VEHICLE

Abstract. Call Detail Records (CDRs) are records that provide information about phone conversations and text messages.
CDR data has been proved in several studies to give useful information on people's mobility patterns and associations
with fine-grained temporal and geographical characteristics. This paper proposes to embed the traces recorded in the
CDRs to extract meaningful information. These latter provide insights about the location that may need support to cover
or recover the network. After embedding the users' trajectories step, we use the embedding results to recommend the
antennas with coordinates and support demand needed to a fleet of Unmanned Aerial Vehicle. Finally, we ended up with
a capacitated vehicle routing problem that we solved using a Google open-source software named OR-Tools.

Key words: Mobility embedding, Word embedding, Word2Vec, CDR data.
HMmen Inaun Cemaccenb,*! Cagok Ben Sxua?

"TyHuc xaparblibicTany GakynpTeTi, nb-MaHap YHHBEPCUTETiHIH HH(OpMATHKA 0OTiMi
*TaJIMH TEXHOJIOTUSUTBIK YHUBEPCUTETI, TallIuH K., DCTOHHS
*E-mail: imededdine.semassel@fst.utm.tn

JAPOH KEJICIH KOJLJAY YIHIH WORD2VEC KOMEI'IMEH KOHBIPAY JEPEKTEPIH
KA3YJAH YTKBIPJIBIKTBI EHI'I3Y

Angarna. Konpipaymap Typansl manimertep xka36anapsl (CDR) tenedon ceitmecynepi MeH MOTIHIIK Xabapiap Typasl
aKmaparThl OepeTiH jxaz6anap 6onsin TadsrIanel. CDR nepekTepi amammapasie YTKBIPIBIK YATLIEP] MEH YCaK TYHIPIIiKTI
VaKBITIIA JKOHE TeoTrpadIsuIBIK CHUIIaTTaMajaphsl 0ap accoluanusiiap Typaibl Maimaisl akmapar Oepy ymriH OipHerre
3eprreynepae monenaeHai. by KykaT MaHeROE akmapartsl any ymid CDR-ge xa3surraH i3mepi eHrizymi YChIHAIBL.
By conrpumap xemniHi )kaby HeMece KaJlblHa KeNTipy YIIiH Koigay KakeT OOIysI MYMKiH OPBIH Typaibl TYCIHIK Oepei.
[NafinananymsmapAbH TPACKTOPUSCHIHBIH KaJlaMBIH €HTI3TeHHEH KeHiH 013 eHri3y HOTWXKeJepiH KOOpAMHATTapHl Oap
AQHTEHHAJIAP/bl YCHIHY JKOHE YIIKBIIICHI3 YIIIy anmaparsl (IOThIHA KaXKeTTi KoJiiay KepceTy YLIiH naiinananamsls. by,
Makanaga Google-nmerH OR-Tools nem atanaTsiH amrbiK 6acTamnks! OargapIaMalblK KypaibH MTaiaanaHbI, KoK KypajblH
OarpITTay MOCENECiH IISMITIK.

Tipexk ce3nep: YTKBIPIBIKTE eHAipy, Word ernipy, Word2Vec, CDR nepexrepi.
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BCTPAUBAHUE MOBUJIBHOCTH U3 3AITMCHU JAHHBIX O BBI3OBAX C
HNCITOJB30BAHUEM WORD2VEC JJIAA HOAAEPKKHU CETHU C BECIIMJIOTHBIM
JIETATEJIBHBIM AIIITAPATOM

AnHoTanus. 3anvcu cBeneHnit o Be3oBax (CDR) — 310 3ammcu, comepskamnire HHPOPMAITHIO 0 Telne(OHHBIX pa3roBopax
M TEKCTOBBIX cooOmeHnsx. HekoTopele mccnenoBanus noka3anu, urto ganaeie CDR nmarot momesnyro mH(OpManmo o
MOJICTISTX MOOWIIBHOCTH JIFOZICH ¥ CBSI3SX C TOYHBIMH BPEMCHHBIMH W Teorpa)MIecKiMU XapaKTepUCTHKaMU. B maHHOM
CTaThbe TpeIIaracTCs BCTPAWBATh TPACCHPOBKH, 3ammcaHHble B CDR, ams w3BiedeHUs 3HAYMMOW WHQOpPMAIIHH.
TpaccupOBKH MPEIOCTABIAIOT HHPOPMAITHIO O MECTOIOIOKEHUH, IS KOTOPOTO MOYKET MOTPeOOBAThCS MOICPIKKA IS
MOKPBITHS FUTH BOCCTAaHOBICHUS ceTu. [lociie BHepEeHUS TPacKTOPHUil MMOIB30BaTENIeH MBI HCIOIB3yeM 00paboTaHHBIE
PE3yNBTaThl, IS TOTO YTOOBI PEKOMECHIIOBATh aHTCHHBI C KOOPAWHATAMHU W 3alpOCOM Ha TOAICPXKKY, HeOOXOIUMBIC
JUTS TIapKa OCCITMIIOTHBIX JICTATSFHBIX anmnaparoB. B JaHHOW cTaThe MBI CTOJKHYIUCH C MPOOIeMON MapHIpyTH3AIHA
TPAHCIIOPTHBIX CPEACTB C BMECTHMOCTHIO, KOTOPYIO MBI PEIIIIM C ITOMOIIBIO MporpaMMHOro obecneuenus Google ¢
OTKPBITBIM UCXOMHBIM KoztoM o HazBanueMm OR-Tools.

KitroueBble coBa: BCcTpanBaHne MOOMIBHOCTH, BeTpanBanue Word, Word2 Vec, nanasie CDR.

Introduction

Mobile phones are used by over ninety percent of individuals in their everyday lives. These are moving,
arguably leaving traces of their movements, which may create a lot of data and information. A Telecom Service
Provider records the data of telephone calls or Short Message Services (SMS) that flows via such devices,
referred to as Call Data Record in the rest of this document (CDR). The latter is a data structure that stores
details on a certain telephonic activity.

Mobile phones are often regarded as the most popular and convenient mode of communication [1].
Researchers can investigate topics that primarily rely on CDR data to gain insights into the location of distinct
populations and their evolution over time using mathematical modeling methodologies [7,10].

By nature, CDRs are generated in large volumes. One of their main advantages is that they can be viewed
as a wide-area sensor network as long as they provide a statistically valid representation of the distribution
of individuals in a given region and can be combined with other data sources to track extensive and diverse
groups of people [2].

Furthermore, and despite this, they may be used to supplement self-reported data from interviews and
questionnaires, which are time-consuming, labor-intensive, and difficult to predict dynamic changes. CDRs
are one type of passively gathered data that is increasingly being used in research alongside other big data
types [5].

Telecom providers collect a large number of CDRs regularly, from which it is feasible to extract additional
information at little cost and develop valuable datasets. We may acquire helpful information from the study of
this data [8], such as city planning, user profiling, disease spread patterns, natural disasters, and the occurrence
and influence of social events.

The ability to predict population movement insights based on just a single mobile source, such as CDRs,
is a very challenging task.

We investigate whether valuable information is encoded in embeddings that a sequence of locations
includes. Our motivation comes from the Word2vec approaches, which recommends the following words based
on the assumption that similar words appear in similar contexts. Traces recorded by the telecom providers can
be modeled similarly and represented by the embedded vectors to predict the next population movement and,
thus, predict the activity load in the locations.

Our proposition embeds the traces recorded in the CDRs to extract meaningful information. The latter
provides insights about the location that may need support to cover or recover the network. After embedding
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the users' trajectories, we recommend the antennas with coordinates and support demand needed for a fleet of
Unmanned Aerial Vehicles (aka drones). We end up with a capacitated vehicle routing problem that we solve
using a Google open-source tool named OR-Tools.

We structure the remainder of the paper as follows. First, in section 2, we present scrutiny of the related
works that used the embedding technology. Then, Section 3 describes the CDRs dataset we have used. Then
Section 4 describes our proposition, starting with the main idea and embedding step, passing by evaluating our
work with a bunch of algorithms, arriving at a use case that uses a fleet of unmanned aerial vehicles to solve
the obtained routing problem. Finally, we present some concluding remarks and future work that can improve
results in Section 6.

Related work

In Natural Language Processing (NLP), word embedding technology refers to language models and
feature learning methods. It is frequently utilized in text and seeks to learn the vectorized representation of
words. Recently word embedding methods have been widely employed to learn dense vector representation of
locations in mobility data. Many methods rely on the word2vec model [9] aiming to learn trajectory embedding
vectors.

Zhu et al. [14] trained a skip-gram model word2vec [9] to create location embeddings, which were then
used to comprehend the human mobility between urban places. Location2vec was proposed, which uses mobile
cell stations as words taking advantage of the word2vec to learn embedding vectors considering the interaction
between locations and moving objects.

In [4], the authors generated vector representations of locations, constructed based on how people move
between them, their algorithm named motion-to-vector(Mot2vec) has two steps. First, the trajectories are
preprocessed and converted into sequences of locations. Then, the location embeddings are constructed using a
Skip-gram Word2vec model. The meaningful representation provided by Mot2vec defines a metric of similarity
for evaluating locations connectivity and identifying mobility patterns among different categories of people.

The study of [11] offered an inference technique that employs embeddings to represent GPS trajectories
using the Word2vec approach, which is then combined with multiple classification models to infer attributes
such as gender, age, marital status, and if the user has children. The results of this study confirmed the efficacy
of Word2vec outside of the NLP domain, demonstrating that the approach can predict demographics with
accuracy.

In [12] they trained a GCN aided skip-gram model named GCN-L2V to learn representations that embed
context information in human mobility as flow graph and spatial adjacency as a spatial graph. The approach
could capture relationships among locations and provide a notion of semantic similarity in a spatial environment.
Quantitative experiments and case studies demonstrated that the representations learned by GCN-L2V are
effective and may be imported as features for down-streaming tasks.

In addition to these works, there exist other works as [13] that focus on the recommending POI (point of
interest) with embedding vectors using word2vec.

We also rely on word2vec in our approach as all the mentioned works. The difference resides in the use
of only the CDR data users as inputs, which is less informative. These latter are embedded to predict and
recommend antennas that need support to cover or recover the charge in case saturation or antennas fail due
to a disaster. These recommended antennas are fed into a vehicle routing system that manages the unmanned
aerial vehicle fleet.

CDR Datasets

The anonymous CDRs data contains the time and location where every individual sends or receives a call
and/or a text message. In this regard, as part of the D4D challenge in $20158$, Sonatel-Orange Telecom made
CDRs available to the research community. The idea is to use data from mobile phone calls to accelerate a
country's socio-economic growth. Researchers can explore numerous areas directly influencing development
variables using anonymized CDR data sets.

The considered data includes the time and location where users make a phone call are briefly described
below:

Dataset 1: it represents the traffic per pair of antennas for the $1,6668 antennas (aka sites) hourly. The
dataset contains monthly voice traffic between the sites, and data about monthly traffic text messages between
the antennas (sites).

Dataset 2: It represents fine mobility data spread per user over an interval of two weeks for an entire year.
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These data are unique at the individual level for about $300,000$ users randomly sampled.

Dataset 3: It summarizes the rounded one-year mobility data volume (country district level) at the
individual level for approximately $150,000$ randomly sampled users.

Methodology

Our approach aims to automatically recommend antennas to a fleet of unmanned aerial vehicles based only
on CDRs data. The latter contains records that include users' mobility. We leveraged the user's fine mobility
data spread over two weeks to generate the user's mobility paths from it. Then we use these paths to determine
antennas that may need support. Finally, a routing algorithm manages a fleet of unmanned aerial vehicles
according to their capacities and the needs of the antennas.

The overall system model presented in our approach comprises three stages, and its workflow is flagged
in Figure 1:

Corpus extractions step,

Embedding step, and

Recommending step.

ingiull (user paths) Embedcings
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We proceed as node2vec algorithm, it aims to generate vector representations of nodes on a graph through
random walks to form a sequence of nodes as sentences in natural language processing (NLP), then pass it
to the word2vec algorithm to produce the embedding, and capture some of the semantics of the nodes by
placing semantically similar nodes close together in the embedding. First, we use the user's movements instead
of random walks in our proposed approach. Then we pass these walks as input to the word2vec to get the
embedding of the nodes. Finally, we use embedding to predict the next moves of users. This latter helps make
early actions to support the antennas in case of antenna saturation or failure.

We applied our work to a subset of the data, which contains records of one district. This latter includes 71
antenna spots with high activity on average compared to the other districts of the DAKAR region.

Node2vec applies arandom walks exploration on a given graph to generate many sequences of nodes. These
latter are considered sentences, the inputs for the word2vec model that embeds the nodes. The word2vec model
groups word with high context similarity in near neighborhoods. This method results in vector representations
of nodes.

In our approach, we apply node2vec starting with random walks. The latter is replaced with the user's
movements. We extract the path for each user, which results in a corpus of paths that can be interpreted as
sentences. Indeed since this corpus is produced from users' movements, it preserves contextual information of
areas. In other words, the corpus can be viewed as the description of the district through the user's movements.

After the corpus extraction, the word2vec model generates embeddings for each antenna. The embeddings
are vector representations of the antennas that capture the semantics produced on the basis of the user's
movements. Similar vectors are placed close together in the embedding space. Figure 2 shows the embeddings
for each antenna.

=
|
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Figure 2 — The embeddings for each antenna

Finally, we use the embeddings results to recommend unmanned aerial vehicle fleet antennas. This latter
supports the antennas to ensure the reliability of the communication services in case of saturation or help
rescue operations in case of disasters. First, we compute the mean distances between antennas according to the
user's trajectory. We considered the user mobility rate for each antenna visited since it can be viewed as how
far the user moves away from the antenna. Then we train a recommending algorithm with the resulted dataset,
and we predict the users' next moves. By counting this latter, we gain insights about the charge the antennas
will face as presented in Figure 3.

Approach evaluation

To evaluate our approach, we used three accuracy metrics named MAE (Mean Absolute Error), MSE
(Mean Squared Error), and RMSE (Root Mean Squared Error), with a list of recommendation algorithms
presented in Table 1, and Table 2.

MAE represents the average of the absolute difference between the actual and predicted values. MSE
represents the average of the squared difference between the original and predicted values. RMSE measures
the standard deviation and it is the square root of MSE.

The algorithms showed better results with our approach, where we used the distances between embedded
vectors of the antennas instead of using the geographical distances between antennas. Our approach outperforms
all algorithms in both accuracy and time. Statistics shown in Tables 1, and Table 2 are sorted according to the
RMSE metric.

Table 1 — The accuracy metrics for recommendation algorithms using the embedded vectors of the antennas

Algorithm RMSE MSE MAE fit_time test_time
KNNBaseline 0.147769 0.021836 0.110582 9.917238 11.370682
KNNBasic 0.151011 0.022804 0.111156 7.823353 11.032049
SVDpp 0.176208 0.031049 0.142616 7.016650 0.456572
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BaselineOnly 0.178941 0.032020 0.143688 0.231516 0.098518
SVD 0.180857 0.032709 0.146929 3.538417 0.300407
KNNWithMeans 0.182629 0.033353 0.137166 8.787129 11.479792
KNNWithZScore 0.183184 0.033556 0.137315 8.676554 10.777294
SlopeOne 0.193250 0.037345 0.147194 0.187910 0.202224
NormalPredictor 0.271933 0.073948 0.218916 0.0718180 0.166444
CoClustering 0.474721 0.225360 0.438905 2.116327 0.129506

Table 2 — The accuracy metrics for recommendation algorithms without using the embedded vectors of the

antennas
Algorithm RMSE MSE MAE fit time test time
KNNBasic 0.404790 0.163878 0.273863 14.272777 17.845253
KNNBaseline 0.4157248 0.172828 0.278298 14.757514 18.107223
SVDpp 0.464500 0.215766 0.335290 6.434196 0.632079
KNNWithMeans 0.535915 0.287218 0.369874 13.830763 17.630687
KNNWithZScore 0.571756 0.326909 0.376868 16.480092 20.197913
SlopeOne 0.621707 0.386525 0.425297 0.241426 0.317950
SVD 0.663268 0.439982 0.469696 2.962695 0.226513
BaselineOnly 0.677504 0.459033 0.500647 0.395443 0.199885
CoClustering 0.817951 0.669534 0.620654 3.089043 0.200401
NormalPredictor 1.060172 1.123993 0.823223 0.118616 0.236111

Next, since KNNBaseline has shown the best accuracy according to the metrics, we used it to predict
users' next moves by counting all users' top-five rated antennas. The latter gave us insights about the charge the
antennas will face, as presented in Figure 3. Finally, we use these obtained insights in a vehicle routing system
that manages the fleet of unmanned aerial vehicles. The system considers each antenna's capacity to cover or
recover the charge if saturation or antennas fail due to a disaster.
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Figure 3 — Insights about the charge the antennas will face according to the users movements

Indeed we end up with a capacitated vehicle routing problem to solve this latter. We use the OR-Tools
[6] of the google developers, which provides operations research software libraries and APIs for constraint
optimization, linear optimization, and flow and graph algorithms.

The capacitated vehicle routing problem (CVRP) is a vehicle routing problem in which vehicles with a
limited carrying capacity must pick up or deliver things at many locations. The items have a quantity, such as
their weight or volume, while the vehicles have a carrying capacity. The challenge is to pick up or deliver the
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[ L
products for the least cost while never exceeding the vehicles' capacity. In our case, the vehicles are the fleet
of unmanned aerial vehicles. Each vehicle has a limited covering capacity, and the network's antennas are the
locations that need support.

Before applying the solver to our example, we performed a constrained clustering [3] to divide the antennas
into groups where the sum of the distances between each antenna and the centroid of its cluster are minimized,
in addition to some constraints on cluster sizes. The cluster centroid is located where a base station for the fleet
can be mounted. Figure 4 shows the antennas with a blue marker and the centroid of the antenna clusters with
a red marker. In this example, we have applied clustering with a size of 10 antennas each. This latter can be

changed according to the size of the fleet.
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Figure 4 — Map with the clustered antennas and the centroid points where a base station for the fleet can be
mounted

After the clustering step, we performed a simulation example for one of the clusters. We set four as the
number of vehicles of the fleet, each vehicle has 15 as a maximum capacity, and the antennas demand as
follows (140:2, 185:1, 124:1, 150:2, 147:4, 120:2, 163:4, 165:8, 179:8, 130:1). Zero stands for the Id of the
base station. Figure 5 shows the results of the simulation and path each vehicle must follow to satisfy the

antenna's demands.

Figure 5 — The OR-TOOLS simulation results showing paths for each vehicle to satisfy the antennas requests
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Conclusion

This paper presented a method that uses word2vec to embed Call Data Records traces. The key idea is to
use the users movements as random walks and embed these latter with word2vec to get the embedding of the
locations. Results of the embedding provided movement insights of users, which were helpful to manage a fleet
of unmanned aerial vehicles. With this approach, CDR data can help make early actions to support the antennas
in case of saturation or failure due to crowd events or disasters.

We can increase the precision of this work and add time feature, and we can use multiple data sources. For
example, we can analyze traffic between antennas to determine the relationship between places based on the
connectivity and the site's frequent users.

Furthermore, it can also be expanded by including events aspects to determine their relationship with user
movement patterns.
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