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Annomayua - IlpencraBieH aIrOPpUTM TeHepalMd KBa3MIADMOHHYECKHMX aBTOKOJNEGaHWM C OLHOPOLHO YIIMPEHHOH
CHEeKTPaJbHOW JIMHMEH. AJITOPUTM OCHOBAaH Ha ypaBHEHHMU [BHXeHMs [IB-ocLunasTopa TOMCOHOBCKOrO THIA, B KOTOpOe
BBEJIEHO CJIy4YallHOe BO3[eHCTBHEe B BH/e I10JOCOBOrO 0eloro uyma. PeaqM3oBaHO ABa THUNA BO3[AeHCTBHM: afIUTHUBHOE
u napamerpuyeckoe. CrieKTpanbHble XapaKTEPUCTUKH [eHEePUPYEMBIX aBTOKOIEGaHHHM IPOaHATN3UPOBAHBI METOLOM YHCIIEHHOTO
aKcIepuMeHTa. [I0Ka3aHo, YTO afAUTHBHBIN ArOPUTM GOPMUPYET aBTOKOIEGAHUS C AMIUTUTYLHO-YACTOTHBIMU QIIYKTYaLUsIMH.
OnyKTyallid 4acTOTHI 3a[AI0T JIOPEHIEBY (pe3oHaHCHYy) GOpMy LEeHTPaJbHOM YacTHU CIEKTpa MOIIHOCTH aBTOKOJIEOAHHH,
GayKTyauMu aMIUIMTYAbl O6pasyloT LIYMOBOW MbefecTan CIeKTpPalbHOM JUHMHM. Ha OCHOBe aHaIW3a CTATHCTHYECKUX
XapaKTepUCTHK GIyKTyaLui yacToTsl [IB-0ocuuuIATOpa C aIJUTUBHBIM LIYMOBBIM BO3[€HCTBHEM TIPEJIOKEH apaMeTPUIeCKUN
QITOPUTM TreHepaluy KBa3MrapMOHHYECKHX aBTOKOle6aHMi. B HeM ciaydallHBIM BO3MYIUEHHSIM IOABEpPXKEHA pe30HAHCHas
4yacToTa KoyiebaTelbHOH CHCTEMBl TOMCOHOBCKOro [ B-ocuwmmisitopa. IIprBeneHbl pe3ynbTaThl YHCIEHHBIX 3KCIIEPUMEHTOB

C reHepaToOpamMy KBa3UrapMOHUYECKUX KOIeOaHHH.

Knouesble cnosa — aBTOKOI€GAHUST; CIEKTPANIbHAS JIMHUS; OHOPOJIHOE YIIHPeHHUe; GIIYKTyaly 9acTOThI; AUCKPETHOE BPEMS;
PasHOCTHOE ypaBHEHHe aBTOKONeOaHUH; ClIydaliHble BO3MYIIEHHSI.

BBepenue

[Ipy MaTeMaTHYeCKOM MOLEIUPOBAHUM PALHO-
3JIEKTPOHHBIX YCTPOUCTB U CUCTEM YACTO MPUXOLUT-
Cd HMMEeTb [eJI0 C KBa3urapMOHUYECKUMU CJ'[y‘-IaI‘/JI-
HBIMHU IIPOIECCAMH, BOCIIPOU3BOASIIINMU CHTHAJIBI
$U3HYECKH CYLECTBYIOLUX NCTOYHUKOB KOJIEOaHMH.
Takve CHTHajbl MOABEPKEHBI CIYYalHBIM H3MeHe-
HUAM - dnyKkTyauusim. PasnugaoT QayKTyanuu am-
IUIATYABl M 4YacTOTBl. AMIUIUTYAHblE QIyKTyauuu
«3aLYMJISIIOT» CIIEKTP BAAJIN OT CPeJHEN YaCTOTHI aB-
ToKOe6aHUN U GpOPMUPYIOT MbeNeCcTan CHeKTPaib-
HoW nuHuu. CrekTpanbHas opma Mbemecrana BO
MHOTI'OM 3aBHCHUT OT CX€MBI aBTOr'eHepaTopa.

OnyKTyauuy 4acTOThI NPOSIBISIOTCS B VIIHPEHUU
CMEKTPATIbHON JIMHUU aBTOKoJe6GaHui. I[lpu sTOM
HMMEIOT MEeCTO [Ba THIIA VIIHPEHHUs — ONHOPOLHOE U
HEOLHOPOLHOE. DTU TEPMHUHBI XapPAKTEPHBI /ISl OII-
TUYECKOTO OUana3oHa u3nydeHud. B pagmopuamnaso-
He yIIHpeHUs 4aiie 0603HaYaITCsl, COOTBETCTBEHHO,
KaK eCTECTBEHHOE U TEXHUYECKOE.

OfHOPOOHO VIUMpEHHAsl CHEKTPalbHAs JIMHUSA
HMMeeT JIOpeHLeBy $OpMy BHE 3aBHCHMOCTH OT KOH-
KpPeTHOU (pHU3UYECKON peajusalMu aBTOKoye6a-
TeJTPHOW CHUCTEMBl. B 3JIeKTpPOHHBIX Te€HepaTopax
pafgMofMAana3soHa MeXaHU3M OJHOPOLHOTO YU PEHUs
CBsI3aH C TEIUIOBBIMH U APOGOBBIMU LIyMaMH HOCH-
Tesiel 3apsifa. B KBaHTOBOM 3JIEKTPOHUKE CIUTAETCS,

zaitsev@samsu.ru (3atiues Banepuii Bacunvesuu)

YTO YUIMPEHHBIM CHEKTPOM H3IydeHHs obiafaer B
PaBHOM CTeleHM KaXK[IbIH U3 U3JTydaTesiel (AToM unu
MOJIEKYJIa) BCIENCTBHE KOHEYHOIO BPEMEHM HX KO-
[ePEHTHOI0 B3aUMO/ENUCTBUI C IEKTPOMATHUTHBIM
noneM. OrpaHu4YeHHe BpeMeHHM B3aMMOMAEHCTBUS
06yCI0B/IEHO, B YaCTHOCTH, CIIOHTAHHBIMH [I€PeX0/a-
MH MeXX/y YPOBHSIMH 9HEPIHH ATOMOB, YIIPYTHMH CO-
yAapeHHUsIMHM ATOMOB U JpyruMu paxkropamu [1].
OCHOBBI TEOpHUM €CTEeCTBEHHOM ILIMPUHBI CIIeK-
TPaNbHOU TMHUHU aBTOKOJIEe6AHUM W3JIOKEHBI B Kiac-
CHYeCKHX paboTax MO CTATUCTHYECKOH M KBAHTOBOM
panuodusuke [2-6]. B pamkax GpeHOMEHOTOTUIECKUX
NpefCTaBIeHUH MeXaHU3M VIIHPEHHUs OIMCHIBAET-
Csl MyTeM BBeHEeHMs B JUHAMHUYECKYI0 CHCTeMy (ak-
TUBHBIA OCLMUISITOP) BHELIHETO CIy4alHOrO BO3-
nedcTBUs. TakoW MOAXON peayn30BaH B HACTOSILEH
cTaTbe: aBTOKONE6aHWS B NHUCKPETHOM BpEMEHHU
eHEPUPYIOTCSI C YYE€TOM BO3[EHWCTBUSI HA aKTHB-
HBIH OCLWIISITOP IMOJI0COBOro Geyoro myma. duc-
KpeTHasl JUHAMH4YecKas cHUcTeMa npejcTasiaeHa [ B-
OCLIM/IIIITOPOM TOMCOHOBCKOTO THIa [7].

1. ApputuBHas [1B-mMoaens yluMpeHus
CIMEKTPATbHOM TMHUH AaBTOKOJIEOAHUI

B COOTBETCTBUHU C OCHOBHBIMH IOJIOKEHUSIMU Te-
OpUH dYHCIeHHOe MopenupoBaHue 3dpdekra opHO-
POHOTO YUIMPEHUs IPOBENEM, PEATTM30BAB BHELIHEE
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Fig. 1. PSD of white noise in the resonator band Fig. 2. Oscillations of self-oscillations of a DW generator
cydaifHoe Bo3felcTBHMe Ha J[IB-ocuunisTop, BBe- BBIIOJHEHHAs IO peaju3anuu IHHOH N = 219 =
LEeHHBIN B paccMoTpeHue B pabore [7] (cMm. Takxke [8]). =524388 ¢ 32768-ToueyHBIM NPeO6pPa3OBAHUEM

B sToMm cilydJae OCHH/UIATOP OIIMCBIBAE€TCS Cleny-
IOOIUM YpaBHEHHEM [IBUXKEHU:

X, —2cos(2nQO)xn_] +X, o = (1)
= va(pS(Xn_] )— 1) X, +&&,_1,
X,_1= cos(ZnQO )xn_l —X,_9,

rme QO U V:QO /Q - cobcTBeHHas 4acToTa U MO-
noca ocyusitopa (Q - O6POTHOCTB), p — HApaMeTp
[peBBIIEHNs Topora reHepanuu. Ois nuddepeHun-
ANBHON KPYTHU3HBI S(X) MPHUMEM MOZENb C HACBILIe-
HueM [8]:

S(x) =1—-tanh? %x ,

raoe tanh(o) - runepboNMYeCcKUN TaAHTEHC.

B ypaBHeHue (1) BBeieHO BHellHee BO3[EHCTBUE B
Buzie GpUIBTPOBAHHOIO OUCKPETHOro 6enoro imyma
€, c ammuTynoi &. IMonoca ¢umbTpanuu B OKpecT-
HOCTH 4YaCTOThl £, uMeeT mopanok V. Ouenka
CIEKTPaNbHOU MIOTHOCTH MoiqHocTtu (CIIM), BBI-
YHCJIeHHasi MeTOAoM IepuojorpamMmm bBaprierra c
512-ToyeunsiM npeobpaszoBanuem Dypbe mo peanu-
3anuu gnuHou N = 262144, mokasaHa Ha puc. 1. Pe-
3yJIBTATOM IIOJIOCOBOM QUIBTPALUU TAKXKE SIBIISIETCS
TO, YTO NepBOHAYaJIbHOE BEPOSATHOCTHOE paclpeje-
JleHHe 3Ha4YeHUH IIyMa CTAHOBUTCS HOPMAJIbHBIM.

[TpuBeneM pe3ynbTaThl MOAEIHMPOBAHUS aBTOKOJIE-
6anuii B IB-octunnarope c napamerpamu Q, =0,18,
Q=1000, p=2, £=0,2. Ocumwmuiorpamma ¢pparmes-
Ta peaNn3anUy aBTOKOIeGaHUU MMOoKazaHa Ha puC. 2.
CnydaiiHass MOAYNSLHUs aMIUIUTYAbl BHOHA HEINO-
CpeACTBEHHO U3 pUC. 2.

[ns BeisiBieHUs1 9deKkTa YIIMPEHUs CIEKTPaib-
HOM nuHUM TpoBefeHbl omeHKu CIIM Meromom

ycpegHeHUsi nepuoporpaMm bBaprierra. Onenka,

dypre, nMokaszaHa Ha puc. 3 TouykaMu. Hempepsis-
Has JuHUS - 3To annpokcumanus CIIM metomom
HaMMeHBIIUX KBafpaToB C IOMOIIBIO JIOpeHLeBa
dopm-dpakTopa:

D

25
0-Q,
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roe Q, =Q,, Ao u D -napaMeTpbl alllPOKCUMALIHH.

Puc. 3 peMmoHcTpupyeT Xopollee COOTBETCTBHE
OAHHBIX YHCJIEHHOIO 3KCIIepUMEHTa TeopeTHyYe-
CKOW MOMeNnu - JIOPEeHIEeBON (pe3oHaHCHOM) ¢op-
Me (2) OZHOPOJHO YIIMPEHHOHN CIIEKTPATBHON JIMHIH.
OrHOCHTeNbHAS IMPUHA JTMHMU paBHa Aw®/Q, =
:5,72~1074, 4YTO TO MNOPSAAKY BEJIHWYUHBI COOTBET-
CTBYeT 3HAaYeHUIO 1/Q.

CrnenyeT OTMETHUTD, YTO NMPU MPAKTUYECKOM CIIEK-
TPaJbHOM aHaJIK3e HeOOXOLAMMO YIUTBHIBATH YILHpe-
HU€e CIeKTPaJIbHBIX TMHUU HU3-32 KOHEYHOCTH AJIMHBI
o6pabarTpiBaeMON peanu3anuu (BKIAL BPeMEHHOIrO
okHa). Ha puc. 4 B morapudmuyeckom Macirabe Ha-
pPALy CO CIeKTpaJbHON JIMHUEHW B aHaIU3UpPyeMOH
Mopnenu npusenena onenka CIIM [IB-reneparopa (1)
6e3 BHelHero ImymoBoro Bosmelcteus (¢=0). Kax
BUJHO W3 PHUC. 4, BKJIa[ BPEMEHHOrO OKHA B VILIHU-
peHUe CIEKTPAJIbHOW JIMHWUK TPU OLEHUBAHUU C
32768-TroueunbiM MpeobpaszoBanueM PDypbe mpeHe-
6peXUMO MaJl.

Peanusanusi aBTOKone6aHul ¢ MopeHLeBod ¢dop-
MOM LEHTPAJIbHOU YaCTU CHEKTPATIbHOW JIMHUMU Ha
pHC. 2 OTYET/IMBO yKa3blBaeT Ha Hajauuume IyKTya-
OUP aMIUTATYAbl. Pasmenuts ammnutynasle u ¢aso-
Bble (4aCTOTHBIE) QIIYKTYAL[MU T03BOJISIET TEOPUsI aHA-
JUTUYECKOTO CUTHaa (cM., HanpuMep, [9]). Ha puc. 2
HEeNpepPBIBHOM IMHHEN OTMedYeHa aMIUIuTyna (oruba-
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Fig. 3. Shape of the spectral line of self-oscillations
10
a0’ !
Px(w) i | . q\
1x10Y s W
| | At | | | Wiy
13'(10;' : =15 : { 04 ¥ | |
I | I | [
—44 m}‘ ! |
-9.2 | 1'1 } W
| | :
0 ' ' s 4 5 5 5
'1}.1? 0.173 0.18 0.185 =10 L= 10 1510 2x10

Puc. 4. YiurpeHHast ¥ MOHOXpOMaTH4YecKasi IMHUU
Fig. 4. Broadened and monochromatic lines

Puc. 6. Muddysus dpasel aBToKoneGaHMi
Fig. 6. Diffusion of the phase of self-oscillations

o1as) An. C HUCrnonb30BaHUEM BBIIEJIEHHON oruba-
o1eld MOXHO chopMupoBaTh AM-cUTrHaN BUga
X,(fm) = A, cos(2nQ n). 3)

Ouenka CIIM curnana (3) mokasaHa Ha puc. 5, Tie
oHa comnocTasreHa ¢ orieHkol CIIM MoHOXpoMaTHye-
cKkuXx aBTOKoe6anui (¢ =0). ConocraBieHre OLEHOK
MOOTBEPXK/IAET HU3BECTHOE TEOPETUYECKOE ITOJIOXKe-
HUE O TOM, YTO aMIUTUTYAHbIE QIIYKTYAL[UU HE TPUBO-
OAT K YIIMPEHHUIO CIEKTPAIbHOM JTUHUY aBTOKOIe6a-
HUH, HO pOPMHUPYIOT €€ MbeieCTal.

O6paTtumcst Ternepb K aHanu3y $as3oBbIX (4acTOT-
HblX) ¢nykTyauni. Ludposast o6paborka ocumUIs-
LlI/II‘;I COCTOUT B BBbIACJIEHHHU B HHUX IIOCJIegOoBaTesIb-
HOCTH 3Ha4eHHH monHod ¢asel ¥, ¥ BEIYHCIEHHH
¢dasoBbIx pnykTyaunii no popmyie
v, =¥, —2nQ n.

Pe3ynbpTaThl BEIYUCIEHUH Il TPEX YUCIIEHHBIX 9KC-
IIepUMEHTOB OTpaXkaeT puc. 6.

Crny4aiiHasi HOCJIef0BaTeIbHOCTD v, - TUIIAYHBIN
OUCKPETHBI BUHEPOBCKUU mpouecc (mpouecc nud-
¢ysun) [10]. [TonTBEp>KAEHUEM DTOMY MOXKET CITYXKHUTh
NpeICTABIEHHBIN Ha PUC. / PABHOMEPHBIH (B moJoce
9AaCTOT) CIIEKTP MOIIHOCTHU GIIYKTyalnil YaCTOTHI

08 - Vn ~V¥na )

n 2n

Ha ocHose mpomecca y, MOXHO c$opmMHUPOBATH
CUTHAJI C OJHOPOLHO VIUMPEHHOH (IO0peHLeBOH)
CHEeKTPaIbHOM JIMHHEH, CBOOOLHBIA OT GIIyKTyaLui
AMIUTUTY/bL:

Xilfm) = A, cos(2nQ n+y, ), 4)
rme A, - Cpe/lHe 3Ha4Y€HHE AMIUTUTYMbI (B AaHATU3H-
pyemMom akcmepumeHTe A, =2,62). CnekTpanbHas
MIOTHOCTH MOIITHOCTH OCLUM/UISILKH (4) mpeacTaBieHa
Ha puc. 8. PakT yuIMpeHHUs CIEKTpPaIbHON JHUHUH,
KaK BUJHO U3 puC. 8, moaTBepxkaaercs. Puc. 9 neMoH-
CTpPHUpPYeT JIOpeHLeBy GOPMY CIEKTPANbHOU JIUHUU
ocuwsAnui (4).

OnucaHHyl BbIlle MOJENb OJHOPOMHOIO VIIH-
peHUs Ha30BeM afJUTHBHOH, T. K. OHA OCHOBaHa Ha
afIUTUBHOM BO3[EHCTBUH LIIyMa Ha aBTOKOIebaTeNb-
Hyl0 cucteMmy. Kak anpTepHATHBY MOXHO IMpeIo-
SKUTh MYTbTUIUIUKATUBHYIO MOJIETb.

2. I[TapameTpuueckas [I1B-mopens
YIIUPEHUS CNIEKTPATbHOU TUHUH

AHanus npoieccoB B afiIUTUBHON MOJENU YIINpe-
HUS CIEKTPaJbHOM JIMHUHM MOKA3BIBAET, YTO 4aCTO-



3ariiues B.B., Kapnos A.B., Anpansan X.K.-M. [IB-Mozieb aBTOKON€6aHUE C YIIUPEHHOH CIIEKTPAIbHOMN THUHUEH

30 Zaitsev V.V., Karlov A.V., Alalvan H.K.-M. Discrete time model of self-oscillations with spectral line widening
0.8
Puw(w) P((w)
6x107° M
W
42107 2 d T NW
. 04
2=10
0 = W g2
0 0.01 0.02 0.03
Puc. 7. CTIIM ¢aykTyanuit 4acToThl aBTOKOIE6aHUN W
Fig. 7. PSD of fluctuations in the frequency of self-oscillations 0
0 0.01 0.02

Puc. 10. CIIM nonocoBoro myMa Ha HU3KHUX 4acTOTax
Fig. 10. PSD of bandpass noise at low frequencies

0.1 [ I I
0.178 0.179 0.18 0.181

Puc. 8. Ouenka CIIM ®M-curnana (4)
Fig. 8. Estimation of the PSD of the PM signal (4)

0.182

o

I

/
£\

0.1795 0.18 0.1803

e10*

Puc. 9. Lentp cnekrpanbHoi nuHun OM-curHana (4)
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Ta aBTOKOJEOGAHWN MCIBITHIBAET HU3KOYACTOTHBIE
$NyKTyauu ¢ paBHOMEDPHBIM CIIEKTPOM (CM. puc. 7)

B mosioce 4actoT 0<w< Q rge MakCHMaJbHas

max’

X MHOI'O ME€HbIIE YaCTOThI

reHepauuu. Oty QIYKTyalHHd BBELEM B ypaBHEHHE

JacToTa B CIIEKTpE Qma

OBU>KEHHUS B Ka4YeCTBE BHEIIHEIr'o ].HyMOBOFO BOSJ:[eI‘;I'
ctBuA (, Ha yacToTy Q (cM. Takxke [11]. [Tomyuum
Cllefiylolilee Pa3HOCTHOE YPABHEHHUE:

X, —2cos(2n(QO + “Cn—l))xn—l + X9 = (5)
=27nv (p$(xn_l )— 1) X, 15
X 1= cos(ZnQO )Xn—l — X, 95

roe | - aMIUIMTyAa myma.

= | | |

_g n
l.--1-><104 l.-1-02)-<104 1.4-0:1-)-(1'0'4 1.4-06X104 1.408x 104

141« llﬂl4

Puc. 11. Arokone6anus ocumuisTopa (5)
Fig. 11. Self-oscillations of the oscillator (5)
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Fig. 12. The shape of the spectral line of the oscillator (5)

Mogpens (5) HazoBeM mapaMeTpUYECKOH (MyJIbTH-
[UIMKATHBHOHN) MOMENbI0 OLHOPOJHOTO VIIHPEHUs
CMEKTPATIbHOYN JIMHUU aBTOKoOJe6aHuM. PaccMoTpum
HEKOTOpble pe3ynbTaTbl MOAENUpoBaHUsA Ans [IB-
reHepaTopa C TEMHU XKe MapaMeTpPaMH, YTO U paHee:
Q,=0,18, Q=1000, p=2. [Ina urymoBoro Bosmein-
CTBUS WG, TpHUMEM CJelylol1ie XapaKTePUCTUKH
Qax =0,02, u=0,01.

Ouenka CIIM cnyyaliHOro mpoiecca Cn nmokasaHa

Ha puc. 10.



dusnKa BOITHOBBIX MIPOLIECCOB U pajuoTexHUYeckue cuctemsl. 2022. T. 25, N® 4. C. 27-32
Physics of Wave Processes and Radio Systems, 2022, vol. 25, no. 4, pp. 27-32 31

OTpes3ok peanusanuu aBTOKONEO0aHUN U UX Oruba-
olmas mokasassl Ha puc. 11. OTYeTIHBO BULHO IO-
CTOSIHCTBO aMIUTUTY/ABI B TApaMeTPUYECKOM MOfemH (5).

YuipeHve CHEKTPaNbHOM JIMHUHM U €r0 COOTBET-
cTBHe JopeHLEeBY popm-dakTopy (2) oTpaskeHO Ha
puc. 12: TOYKM — CIEKTPaIbHAs OLEHKA, HEMpPePbIB-
Hasi TVHUS - TOpeHIeBa PYyHKIHS.

Takum 06pa3om, napameTpudeckas Mozeis (5) mo-
3BOJISIET TeHEepUpPOBATh KBa3MMOHOXPOMATHYECKHE
aBTOKOJIEOaHUsT C QIYKTyalUsIMH Y9acTOTBL, HO 6e3
bnykTyan i aMImuTyoBL.

3ak/iIouyeHHue

[peniokeHHbIE AITOPUTMBI (AAJUTUBHBIA U MYJIb-
TUIUTMKATUBHBIH) TeHEePALUK ABTOKOIEOaHUHN C OLHO-
POIHO YVIIMPEHHOW CIEKTPaJbHON JIMHUEN [103BOJIS-
0T MOMIEJIMPOBATE peanbHble UCTOYHUKU CUTHAJIOB B
YHUCIIEHHBIX 9KCIIEPUMEHTAX C PAfHOdIEKTPOHHBIMH
cucremamu. CoBokynHocTe N ocuumiaTopos (5) co
CIIyYalHBIMH YaCTOTAMU (QO )n (npu 3agaHuu COOT-
BETCTBYIOIEN CTATUCTHKU YACTOT) MO3BOJISIET MOLe-
JIUPOBATH U3IyYEeHHE C HEOJHOPOLHBIM YIIMPEHHEM
CTIEKTPaTbHOUN IMHUU.
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Abstract - An algorithm for generating quasi-harmonic self-oscillations with a uniformly widened spectral line is presented.
The algorithm is based on the equation of motion of the Thomson-type DT-oscillator, which introduced a random effect in
the form of band-pass white noise. Two types of effects are implemented: additive and parametric. Spectral characteristics of
generated self-oscillations were analyzed by numerical experiment. The additive algorithm is shown to generate self-oscillations
with amplitude-frequency fluctuations. Frequency fluctuations set the Lorentz (resonant) shape of the central part of the self-
oscillation power spectrum, amplitude fluctuations form a noise pedestal of the spectral line. Based on the analysis of statistical
characteristics of fluctuations in the frequency of the DT-oscillator with additive noise impact, a parametric algorithm for
generating quasi-harmonic self-oscillations is proposed. In it, the resonance frequency of the oscillating system of the Thomson
DT-oscillator is subject to random perturbations. The results of numerical experiments with generators of quasi-harmonic
oscillations are given.

Keywords - self-oscillation; spectral line; uniform widening; frequency fluctuations; discrete time; difference equation of self-
oscillations; random perturbations.
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