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2uvouyn

ZKOTT6G TNG epyATiag aUTAG eival va EpEUVACEl av Kal KATd
600 UTTopEi Kaveig va §exwpioel éva Kard Sounuévo OTOXAOTIKO
MOVTEAO Q1T Ta TTPAYHATIKG Sedopéva, XPNOIHOTTOIWVTAC TUTTIKA
OTATIOTIKA epyaAeia TTou €xouv avatTuxBei yia Tnv avixveuan
VTETEPUIVIOTIKAG XAOTIKAG CUMTTEPIQPOPAEC .

Fa 10 oKOTrd auTd PeAeTABNKE Pia Xpovooelpd €1 Xpdvwy aTrd
Eva BpoxoueTpiké oTaBud otn Florida twv H.M.A. .TTa dedopéva €yive
TTPOCApHOYH EVOG TTPOXWPNHEVOU [N YPAHHIKOU OTOXAOTIKOU HOVTEAOU
Kai TTapnxeén pia ouvBeTikr xpovooelpd idiag Siapkeiac .

Ma Tig 800 auTég oeipég utTToAoyioTnke n SidaTaon guoxETiong
(correlation dimension) xpnoigoToilvTac Tn péBodo EVOETEWC TWV
XPOVIKWV uoTeprioewy (time-delay embedding method).

AiamioTweOnke 6TI Ta ouvBeTIKG Sedopéva Sev TTapouaidlouy
S1AQOPETIKA CUUTTEPIQOPG aTTd Ta I0TOpIKE. ETTiong dev utripée évdeién
VTETEPUIVIOHOU OTIG 800 Telpég TTou efeTdoTnKay.

Abstract

The objective of this dissertation is to investigate if there are
distinguishing differences between a well structured stochastic model
and the real data, using typical statistical tools devised for description
and characterization of chaotic behavior.

In order to achieve this goal, a six year rainfall record from a
rain gauge in Florida, USA is studied. An advanced non linear
stochastic model is fitted to the data and a synthetic time series of
equal length is generated. For both data sets the correlation
dimension is calculated for various embedding dimensions by
implementation of the time delay embedding method.

It is found out that there is no substantial difference in behavior
between the synthetic and the historic data. Moreover, no evidence of

determinism is found in the sets examined.
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OfAw va euxapIcCTACW:

e Tov emBAETTOVTA KABNYNTA pou K. AnuATpn Koutooyidvvn yia tnv
auEpIoTn NOIKM, ETIOTAPOVIKA Kal UAIKA Tou gupTTapdoTach Xwpic
TNV oTroia dev Ba fATav duvaro va oAokAnpw8ei auth n gpyaoia.

e Tov Niko Mapdon kai Tov AAégavdpo MavéTa yia Tnv TTOAU
ouclaoTIK BonBeld Toug.

e Tov Udo Huebner yia To Tpédypappa TTou pou €0TEINE HECW TOU

Internet Kar Tou xpnoipeuce oTov £EAeyxo Tou avTioToixou SiKoU pou.
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ElcaywynR

2T10X0¢ Tn¢ epyaoiac - MeBodoAoyia

Ta teAeutaia xpévia, pe Tn BorBeia TG IOXUPHAC UTTOAOVYIOTIKAG
Suvapng 1oy uTTdpxel, e§eTadovTal EQAPUOYEC TN Bewpiag Tou xdoug
o€ BIAPOPEG ETTIOTNHOVIKEG TTEPIOXEG HE EVTUTTWOIAKG TTOAAEG Qopég
atroTeAéoparta. XTov Topéa TNG udpoAoyiag, HeAéTeC Exouv Beitel
(Rodriguez-lturbe et al., 1989; Sharifi et al., 1990; Rodriguez-
Ilturbe,1991) 611 n xpovikA e€ENIEN pIGG BpoxdTITWONG UTTOPEl VA
XapaktnpioTei wg xaoTikA diadikaagia. Etiong, Tautdxpovn pehétn
TToAAWV eTTeIcobiwv Tou 18iou peTeopoAoyikoU XapakTApa Seixvel 6TI n
XPOVIKA Toug e§EAIEN akohouBei TTapduola cupTtrepigopd (Tsonis, 1992
p. 169; Tsonis et al., 1993).

Map'dAa autd, dev ptTopei kavei¢ va BydAel ac@alni
CUNTTEPACHATA YIO CUVEXH apxeia BpoxOTITWaONG Ta oTroia
atmrotelolvTal T6o0 atrd KaTaypagéc emelcodiwv BpoxAc 400 Kal atd
MNdevIKEG KaTaypagég oTa evdidueoa diaoThpata. O Rodriguez-lturbe
et al. (1989) kal Rodriguez-lturbe (1992) &ev avixvelouv XaoTIKA
CUpTTEPIPOPA Tt apxeia eBSopadiaiag BpoxdTmTwong 148 xpovwy TG
Genoa. AvriBeta, ol Jayawardena and Lai (1993) avixvelouv XaoTIKA
duvapikfg ot apyxeia nueprioiag Bpoxdmrwong 11 xpévwyv oto Hong
Kong kai deixvouv 6T1 auTég o1 xpovooeipég povTeAOTTOIOUVTAl KAAUTEPA
Me HEBGDBOUG TNG Bewpiag Tou xGoug aTTd OTI HE ATTAG OTOXOOTIKA
HoVvTéAa 6TTwg To ARMA.

Eva amré Ta Baoikd mopioparta Tng Bewpiag Tou XAoug Kal TR N
YPAUUIKAG SuvapIkAg eival 611 TTicw ammd Sedopéva TTou @aivovTdl
Tuxaia Kai eival aexwploTa HETW TNG KAAOIKASG OTATIOTIKAC ATTé TOoV
B86puBo ptTopei va utrdpxouv atrAoi 4 KAl oUVBETOI VTETEPUIVIOTIKOI

Kavoveg. 'ETol, pEpIKE cuoTAPATA TTOU HEXP! TWPA TTEPIYPAQOVTAY



Xwpig 1d1aiTepn eTITUXIQ ATTO OTOXAOTIKA WOVTEAQ éyive Suvatd va
TTpooopolwBoUV pe TiIg VEeg HEBOBOUG TTOU TTpoéKUYaAY aTrd Thv Bewpia
HN YPAHUMIKWY CUCTNUATWY PE peyallTepn akpiBeia. |

H avixveuon xdoug¢ oe pepgovwpéva emeloddia BpoxodmTwong
odnyei moAAoUg epeuvnTég otV avalfTnon VTETEPHIVIOTIKWY HOVTEAWY
EVAVTI TWV GTOXAOTIKWY TTOU XpNoIHoTToIoUVTaV Ewg TWpa. QoTtdoo,
Sev eival Travra gekabapn n didkpion peTagl Touc. Ma Tapdadeiypa, ol
YEVVATPIEG TUXAIWY apIBUWYV EIVAl CAQUWS VTETEPHIVIOTIKEG dtadikaaoieg.
EmiTTA€ov TTOAAG OTOXAOTIKG pOVTEAQ TTEPIEXOUV VTETEPHIVIOTIKA MEPN
OTTWG KAl VTETEPUIVIOTIKG povTéAa TTepikAgiouv B6puBo. TéAoc, atnv
udpoloyia AOyw Tng HelwpEVNG aKPiBeElag Kal HIKPAC TXETIKA geukpivelag
TTOU UTTApXEl OTA TTI0 TTOAAG apyeia kail dedopévng TS MEYAANC
EVaICBNTIAg TWV BN YPAUUIKWY SUVAHIKWY CUCTNHATWY OTIC apXIKEC
ouvBnKkeg eival duCnTr']clpo TO £QIKTO ThG KAARG TTpoCOpOiwONg
Xpovooeipwy BpoxdTrTwong pe TiIg KalvoUpyleg HeBéSouc.

Omwg yiveTar gavepd aTtré Ta TapaATTavw, HéXp! TWPa EXEI
dlammioTwBei n UTTapgn xdoug Péoa ot pegovopéva eTTelcddia Kal n
S1aQOopPA TWV XPOVOoCEIpWY BPoXOTTWONG ATTé aTTAd OTOXAOTIKA
MOVTEAQ OTTWG 0 Aeukdg Bdpufocg kai Ta povréAa ARMA. AuTté trou Sev
Exel BlepeuvnBel Kal atroTeAel avTikeipevo Tng Trapodoac SITAWHATIKAC,
gival To Katd 1Téoo Siagépel éva KAAG SouNUEVO UN YPAUMIKS
OTOXAOTIKO HOVTEAO TO OTTOI0 Eival IKAVO va d1aTNPACEI ONUAVTIKEC
1810TNTEG TNG SOHAG TNG BPOXAG, ATTd TNV TTPAYUATIKY CUVEXA
Xpovocoelpd Bpoxomrwong. MNa auth Tn oclykpion XpnoidoTroloUvTal
TUTTIKA gpyaAgia TG PN YPAPMIKAG SuvapikAg yia Tn Sidkpion
OTOXAOTIKWY B1adikaoiwy armd xaoTikég. "Evag akéun okotrég Tng
SITTAWMATIKAG auTr¢ eival va epeuvnBei KaTd Téo0 cival KaTtdAAnAa

auTd ta epyaleia yia Tnv emeepyacia dedouévwy BpoxdTTwong.



H peBodoloyia mou akoAouBABnKe eival n e€R¢ :

® EmAoyn apxeiou ioTopikwy Sedouévwy. EreAéynoav ol METPAOEIC 6
XPOvwy (1984 - 1989) evog BpoxXoHETPIKOU aTABUOU oTtn Florida Twyv
H.M.A. (ZraBpdég Ortona Lock 2, Florida, USA). To apxeio
atroTeAeiTAl aTTO PETPAOEIG Avd TETAPTO TG WPAC TOU GYouc Bpoxng

TTOU €€l TTETEI O AUTO TO TETAPTO, HETPNUEVEG OE XINOOTONETPA.

* YioBeoia Kal Tpooapuoy 6ToXacTIKOU HovTEAOU. EtreAéyn 1O
MovTého OpoloBeaiag Yetoypagruarog Katalyidag (Scaling Model
of Storm Hyetograph) (Koutsoyiannis and Foufoula-Georgiou,
1993), 7o otoio expetaAAeleTai Tig 1816TNTEC KAipakac TTou
mapouciadouv Ta dedopéva BPoxg YIA va TTPOOONOIWTE! évVa
TANBuoud etTeicodiwv Bpoxdmrwang. Afilel va onpeiwBei £5W 6T ol
1816TNTEG KAIpAKAg OTTWE KAl N auToouoIdTATA eppavifovral va
Taifouv onNUavTikoe péAo oe XaoTIKG @aivépeva. MNa tnv
TTpooouoiwon TNG SIAPKEING TWV S1a0TNUATWY UNBEVIKAC
Bpoxomrrwong uloBetBnKe n katavouy Weibull kal yia tnv

TTpogopoiwon Tng d1dpKelag KGBe eTTeIC0BioU N EKBETIK KATAVOUH.

e [apaywyn evég apxeiou icou HAKOUG HE TO 1I0TOPIKO ATT6 OUVBETIKE

dedopéva pe BAon To GTOXACTIKG HOVTEAO.

o Yrroloylopdg Twy diagdpwy SeIKTWY XA0TIKAS SUVApIKAS yia Ta 0o
oUvoAa dedopévwyY (TTPAYHATIKA KAl GUVBETIKA) Kal cUYKpIon TwV

ATTOTEAETUATWY.

e Egappoyh Twv mapamdvw yia 0yn Bpoxnc kaBe 1/4 Tn¢ wpacg,1, 6
Kal 24 wpeg .

AETITOHEPEIEG VIO TNV EQAPHOYH TWV TTpOAVAQEPBEVTWY

avatrTiooovTal OTo Kupiwg Béua TnG epyaciac.



‘OI duokoAieg TTou cuvavTABnKav ATav Kupiwc TTPOYPAPHATIOTIKAG
PuoEwG, dev éAelyav SpwG Kai TTpoBARNATA akataAAnAdTnTtog oTnv
EQAPUOYA OpITHEVWY apIBUNTIKWY peBSSwY. Emiong n MIKpR akpifela
Kal To onpavTiké o@dApa atpoyyUAeuang TTou UTTHpXE OTa oedopuéva
Suoxépavav Toug utmoAoyiopoUs. Evac dAhog Tapdaywyv duokoAiag ATav
To pEYeBOG TWV apxeiwv KAl o TTOAU peydAoc aplOué¢ aTTAITOUNEVWY
Tpagewv. MNa K&Toloug UTToAoyIoUOUC ETTPETTE Va TPEXOUV TQ
TTPOYPAUNATA YIa HEPEG CUVEXWG, TTPdyHa BUoKoAo agol K&Be TéoO
KATT010G UTTOAOYIOTAG "KpepoUoe".

Mia Tedeutaia aAAd éx1 aoruavtn Suoxépelia oTn guyypa@r authig
NG SimAwpartikAg Atav n avumrapéia eAARVIKAC A HETAQPPATHEVNC
BiIBAloypagiag pe atrotéAeopa n eAMITIAG UTTApXOUTH OTA AYYAIKE va
TMepIEXEl opoAoyia apeTdPpacTn akdpa aTa eAANVIKA. Aedopévng Tng
aduvauiag Tou y.pd(povmg yia ammrédoon Eévwv Gpwv Kal TTPOG
ATTOPUYR YAWOTIKWY TEPATWY, Ol 6pOI AVAPEPOVTAI HE THV TTPWTATUTIN
Hop@n Toug oTa ayyAikd TTapdAAnAa pe pia amoTTelpa améd0ahC TouC
oTa eAANVIKG péoa oe TTapevBEéoeic.

Ooov agopd TNV TPAKTIKA xpnmpéfm‘a TNg epyaciag dev
TPEQOUHE auTatrateg. To av n BpoXSTTwWON eival VTETEPUIVIOTIKA
XaoTIKA diadikacia i 6xt dev €xel TTPAKTIKE Kapia afia yiaTi aképa Ki av
ATav, 1600 To TTARBOG TWV TTAPAPETPWY TTOU TRV eTTNpeddouv 600 Kail N
TEPACTIO EVAICBNTIA TWV XAOTIKWY QAIVOHEVWY OTNV AKPIBA yvWon Twy
ApXIKWY ouveBnkKWwyv atTokAeiouv kaBe duvatdoTnTa ASIGTIIOTNG ETTIXEIPITI-
akAg TTpoyvwaong. Qotdoo, uTTdpxel KATTOI0 ETTIOTNHOVIKG evdia@épov
WG TTPOG TRV KATEUBUVAN TTPOG TNV OTToia TTPETTEl VA OTPEPETAI )
TTPOCOMOIWON TN CTIYHA TTOU O VTETEPUIVIOHOG KAl N OTOXAOTIKOTRTA
gival avtiTraAeg évvoleg 1600 0To QUOIKS KOOHO 600 Kal OTIC

KOOHOBEWpPieg aUTWY TTOU ToVv gpeuvoUly.



1. The Scaling Model of a Storm Hyetograph
(MovTéAo OpoloBeciag YETOYpA@AMATOC
Karaiyidag)

1.1 Eicaywyn

To Scaling Model (S.M.) (Koutsoyiannis and Foufoula-Georgiou,
1993) mpoomaBei va Tepiypdyel kal va TTPOCOHOIWTEl TN CTOXAOTIKA
Sopn Tng évraong Tng Bpoxrnig oTo Xpdvo péda o€ KaTatyideg
HeTaBANTAg didpkelag. Q¢ kaTalyide¢ opilovral emeloddia Bpoxng
avegapTnta petagl toug. Q¢ yeyovdg BpoxrAc opileTal pia akohouBia
METPAOEWV pe pn pundeviki apXn Kal TENOC TTou aTTéxel XPOVIKA
aTréoTACN ATIO TNV £TTOUEVN PN PNSEVIKA péTpnan HeEYaAUTepn amd éva
ekAeyUévo 6pro TTou KaAeital xp6vog Slaxwpiouol (ouvABwe 1.0 éwg
2.0 gopég Tn péan didpkeia Twy eTelcodiwv Bpoxng). To Scaling
Model eival éva povTélo cuvexoUg xpovou (continuous time model), To
oTT0i0 6UWG eUKOAA peTaoxNuATIZeTal ge povTéNo SlakpiTol xpdvou
(discrete time model). Ztnv TeAeuTaia TepimTwon To yeyovég Bpoxnc
TEPIYPAPETAl WG pia akoAouBia pepikwv upwy (incremental depths)
TTOU aTTEXOUV XpoVvikd didoTnua A petafl Toug. To A To ovopdloupe
eukpivela (time resolution) kai emiAéyetal avaloya pe To Seiypa Kai TRv
EMIBUUNTA TTpoCOMoiwan. Avdpeoa oTi¢ dlagopeg I81OTATEC Tou
MOVTEAOU auToU eival N oTOXAOTIKA SOUNA TOU , N EKMETANEUON TWYV
I010TATWY opoloBeaiag (scaling) kal n SiAAeITTIKOTATA (intermittency)
TTou £xouv BpeBei oe apkeTéG opddec dedopévwy.

H avaykn yia povtéha cupBartd ye Tnv évvola Twv adiaoTaAToTTO!l-
NHEVWY aBpoloTIKWY KAPTTUAWY BpoxA¢, KAaBW¢ Kal ol EUTTEIPIKEC
TapaTNPROoEIG aTTd di1d@opeg HEAETEG OTI UTTApXEl MiIa eEdpTnOoNn TWV
OTATIOTIKWY ISIOTATWY TNG OTIypIaiag EvTaong KAl Tou GUVoAIKoU Uyoug
Bpoxrg armd tnv didpkeia TG kKatalyidag odrynoav otnv cUAAnYn Tou

Tapamdvw povrédou. Q¢ adlaoTtatomoinuévn aBpoioTiKn KAUTTUAR



Bpoxng evvoceital n ypa@ikAf mapdartacn Tou adlaoTatoTToinyévou
aBpoioTikol Uyoug Bpoxrg ard Tnv apxrn Tou eTTeEIg0dioU WG TTPOC TOV
adlacTatoroinuévo xpévo. To aBpoiaTiké Uyog Kai o xpovog
EKQPAJOVTAl WG TTOTOOTA £TTi TOIC £KATO TWV GUVOAIKWY HeyeBwv. H
XPNOIMOTNTA TWV KAPTTUAWY aQUTWV EYKEITAI OTO STl HTTOpOUV Va
TUTTOTTOINBOUV Yia PId CUYKEKPIPEVN TTEPIOXHA, ETTOXH KAl TUTTO Katpou
Kal va xpnoigorroinBolv gav HovTéha UETOYpAQRANATOC £QOTOV
atrodelx6ei n opo1éTNTE Toug avefdpTnTa aTTd TN SIAPKEIA TWV
Kataryidwv.

H Baoikr okéyn Tiocw amé To Scaling Model eivai &7 n oTiydiaia
Evraon Tng Bpoxoémrwong pécra OE HIO KaTalyida pidg opliopévng
SidpKelag eival wg TPog TN cuvAPTNON KATAVOURC TNC "6pola™ pe TNV
avTioToixn oTiypiaia évraon o€ Mia GAAN KaTalyida SIaQopeTIKAG
Siapkelag. H Aégn avtiotoixn avagépetal o1o id10 KAdoua TN
OUVOAIKAG BIdpKelag TT.X. CUYKPIVOUHE TIG OTIYHIAiE EVTACEIC GTNV
Héon Twv dUo eTTelgodiwWV i OTo éva TPiTo TWV BIAPKEIDV Toug. O 6pog
opola dnAwvel opoioBegia GTTWG XPNOIMOTIOIEITAI TT.X. OTAV éKPPAOH
"Opola Tpiywva". AUt n opgoIdTNTA CUVETTAYETAI OTI TA OTATIOTIKA
XAPAKTNPIOTIKA TNG évraong akoAouBoUv KATTOIOG HOP QPG EKOETIKG
voéuo og cuvdptnon Pe TNV OUVOAIKN B1dpKela Tou eTTeicodiou. Mia
akoua Baaikf 1816TNTa Tou S.M. eival n avaykaidtnTa oTAcIudTATAC
pévo péoa otnv idia katalyida ﬁpdvpa TToU To d1agopoTrolel atrd dAAa
HovTéNa Tn¢ iSlag kaTnyopiac. Evvoeital 8T avagQepOuaoTE OE
eTTeloddia BpoxdTTTWONG TTOU TUPBAiVOUV Ot HId HETEWPOAOYIKA

OMOYEVH TTEPIOXA KAl yia pia opoyevr €TToXN Tou Xpdvou.



1.2 Baoikég évvoies Kal opoAoyida.
‘Eotw D n Sidpkeia piag katayidag kai E@,D), 0<t<D, n
OTIyHIGia évTaon TNV xpovIKA oTIyuA ¢ .TéTe To aBpoioTikd Uyocg

Bpoxng A(t,D) opileTal améd Tn oxéon :
h(t,D):jO’ Es,D)ds , 0<t<D (1.2.1)

AvTigToIXa To peEPIKS UYOG TTOU KATAKPRUVIZETAI OE éva XpOVIKG
diaotnua A atrd TNV XpovikA oTiypA (i~1A éwc TN XPOVIKHA OTIYHA A
opiferal w¢ e€n¢ :

XA(i,D)=_[(i_A_I)A§(t,D) di ., i=12..k (1.2.2)

H Baoikr utré8eon Tou povTédou eival 8T n oTiydiaia évraon
§(,D), 0<r< D, eival autodpoia Siadikacia pe ekBETn KAipakag H yia

Katalyideg SiapopeTikAg didpkeiag D dnhadn :
E(t, D)} N { ATMEU, AD)} (1.2.3)

ESW n106TnTa éxe1 To vonpa OTI Ta péEAN HEOA OTIC ayKUAEC
~akoAouBouv Tnv iSla cuvdpTnen KATAvoung (HE SIAQOPETIKEC
TapapETpoug). Av To Heival undév T6Te n KATavouA TNG évraonc €ival n
idta avegaptnTa atmo tnv Sidpkeia dnAadn n évraon eival oTdaiun
diadikagia. Zav Guean CUVETTEIA TG TTAPATTAVW UTTEBECNC 01 POTTEC
kT1aEewg (péor TIPA, BiaoTropd KTA) gival autodpoieg (akoAouBolv vouo
ogoioBecgiag) :

E[E@W, DY 1= A™E[E(At, AD)' ] (1.2.4)
©étovrag A=1/D otnv (1.2.3) maipvouye :

£(t. D)} =

6trou £(¢/D,1) n évraon evOg KAVOVIKOTTIOINUEVOU £TTEICOSioU YeE SIdpKEIa

(D" EWD, 1))} (1.2.5)

1. TiveTal ¢avepo &TI HTTOPOUME VA ATTOKTHOOUHME TIC OTATICTIKEC
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1I816TNTEC TNG évTAONG Yia KGBe SidpKkela HeETaoxnuaTilovTag To
KavovikoTroinpévo emmelgddio atnv KATEAANANR kKAijoKa.

H deltepn Baoiki Tapadoxh Tou povréhou sival 6T UTTApXEl
oTaciyéTnTa (stationarity) uévo péoa ota emeicéSia Hlag oplopévng
Slapkelag SnAadn 6T n évraon Tng BpoxémTwong akohouBei TRV iSia
OTATIOTIKA KATavopr kaB'dAn tnv SidpKeia evéc emeicodSiou Kal Hévo
MECa ot 60a éxouv fon SIApKeIa HE QUTO :

EW.D)} = (&t +7. D)), O<ti+r<D (1.2.6)
Me dAAa Adyia, yia kGBe xpovikh OTIYUA { yéoa oOc MHIa KaTalyida piag
oOplopEVNG S1dpKelag n évraon éxel TA idia OTATIOTIKA XAPAKTNPIOTIKG
(aoBevng oTaoipéTnTa).
ExTég atré Tov ekBétn kAfuakag H opilovrtal ol TTapakdTw TTapapeTpol :
O péoog 6pog TNG KavovikoTToINUéVNG éVTAoNng ¢, w¢ £EAC :
¢ =E[E@WD, )] (1.2.7)
H diagmopd tou cuvoAikol Gyoug Bpoxng ¢, :
e, =Var[h(L)]  (1.2.8)
H potrA eutépag Td&ng yivouévou TNG KAVoVvIKOTToOINKHEVNG EVTaang
#(z/D) :
$(z/Dy= E[EWD, E((t+7)YD, )] (1.2.9)
Ma tnv ouvdptnon ¢(z/D) utToBéToupe OTI aKoAoUBEei Tov e€AC ekBETIKG
vouo : |
$(t/Dy=k(z/DYy* (1.2.10)
OTTOU & HIQ TTAPAUETPOG TTOU CUVSEETAI HE TIC UTTOAOITTEG e T oxéon :
k=(c,-c)H)(- 2~ pB)/2 (1.2.11)
Kal B TTapdueTpog 1ol eK@pdlel TNV Heiwaon TG CUTXETIONG ME TNV
mdpodo Tou Xpovou.
‘ ATTO Toug ava@epBévTeg oplopolg Kal TNV uTTé8gon TN¢ aocBevolc
OTAOINOTNTAG KAl HETA aTTO TTPpAgelg TpokKUTITOUV oI akéAouBol TUTTOI

yla Ta OTATIOTIKA TWV XAPAKTAPIOTIKWY HIa¢ KaTalyidacg Sidpkelag D :
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e XZTiypiaia évraon.

Méon Tiun : E[E@W, D)=, D" (1.2.12)
ZuvdlaoTropd : Ce(z. D) =Cov [§(t, D), &E(t + 7, D))= ($ (z/D) - c})D™
(1.2.13)

o Mepika Oyn .
Méon miuf @ E[X,(, D)]=¢, 8§ D" (1.2.14)
AiaoTtropd ar[X, (@, D)]=[(c, +c})67" —c2}g2D* ™+ (1.2.15)
ZuvdiaoTropd (Cov[ X, X, 1=[(c, +¢)6 7 f(1j—il. B)—c?16?D*™ D (1.2.16)
ZuvdpTNoNn AQUTOCUOYXETIONG :

(Cz + 012)5—ﬂf(7v ﬂ) - clz

Px, (@, D)= ) e (1.2.17)
e ABpoIOTIKO OUVOAIKS Uyocg .
Méon Tiu © E[h(D, D)]=c, D" (1.2.18)
Aiaotropd @ ar[h(D,D))=c,D*"*Y  (1.2.19)

6tmou S =A/D, f(r,B)=L(z=1)F +(@+1)**]-7*F,  (>0) : n XpOVIKA
Sdrapopd 500 OTOIXEIWSWY UYPWV.

Ma v amédeifn Twv Tapamdvw TUTTWY Kal TTAIpETAipW
TEKMNpiwaon, o avayvwoTtng mmapatméutreTal otou¢ Koutsoyiannis and

Foufoula-Georgiou, 1993 (BA. mapdptnua IN).

1.3 Mapauerpor rou Scaling Model kai ekTiunon roug.
O1 4 mapdpeTpol Tou povTéAou eival : H, ¢ ,c,, f KAl EKTIHWVTAI
atrd Ta dedopéva wg eENC :
e Ot H,c, amtd Td cuvolikd Gyn kal Tn oxéon (1.2.18) pe Tnv péBodo
TWV EAAXIOTWYV TETPAYWVWV.
e To ¢, ammd tn oxéon (1.2.19) pe Tnv idia péBodo.
e To f eKTIyATAl ATTO TNV AQUTOCUCXETION HE BAMA 1 TWV OTOIXEIWD WY

_In(ELX X1/ ELXT+D)

Uywyv pe Bdon Tov TUTTO @ B =1 s
n
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* To ¢, atré Tn oxéon (1.2.19) pe TNV idia yéBodo.
e To f ekTipdTal amé Tnv AQUTOCUOXETION ME BAPG 1 TwyY gToIXElWdwyv

CIn(E[X, X, ]/ E[X*]+])

i

Uywv Pe Baon Tov TUTTO : B =1 3
n

2. Npoocappoyn Tou Scaling Model oTa
TPAYUATIKA SESouéva.

2.1. Ta 6edouéva mou Xpnoiyomoinénkayv.

Ta dedopéva mpoépyxovral amd Tov oTaduod Ortona Lock 2 oTn
Florida twv H.M.A. ka1 ammoteAoGvTal a1 TIG N pNdevikég KaTaypagéc
TTOU HETPNONKAV oTo d1doTnua armd 1/1/1984 £wg 31/12/1989. Ztnv
EAGSa dev utrdpxouv wg Twpa oe éToiun, atrodnkeupévn oe
uttoAoyioTn, popcpr’] avdAoya dedouéva pe eukpivela 1/4 Tng wpag, yi'
auTd Kai Kataguyape oe Apepikdvika dedopéva. Ta dedopéva ATav
METPNUEVA O€ iVTOEG apXIKG Kal TTPOCPEPOVTAV ATTO TOV TTpounBeuThH O¢
ivroeg Kai xIAlooTd. ETreAéyn n erre&epvdcl'a oe XIAlooTd. H akpiBeia
TWV VYWV BpoxAg TTou petpriBnkav eival 0.1 Tng ivioac. Mpémel £8W va
ONMEIWBEI 6TI KATA TNV PETATPOTTA TWV Sedopévwy aTéd vToec oe
XIAlooTa £yivav xovdpoeldeig oTpoyyuleloeic e akpifeia 1Tmm atrd Tov
TTpounBeuTH o1 otroieg yivav avTIANTITéG ek Twv UoTépwy. Map'6Aa
auTd, n d1aQopd OTIG TINEG TWV SIAPEPWY TTAPAUETPWY ATAV aMeEANTEQ.

Ta kpitpia pe Ta otoia €yive n emMIAOYA Twv deSouévwy ATAV Ta
egng :

1. H kalumrTopevn k46e @opd xpovikA Tepiodoc. EmeiSA o1 péBodol

avaAuong TTou XpnoigoTToINBnkav amaiTodv HeydAo apiBud emeicodiwy,
N KaAuTITépEVN TTEpiodog ATav 600 SuvaTtdv peyahlTepn. ITn

CUYKEKPIYEVN TTEPITITWON €Ival 6 Xpdvia.
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2. H eukpivelg YyéTpnong Twv vwwy BpoxAc. Ma Tov iSio Adyo pe TTapa-

TTAVW KAl ETTEISA OKOTTOG TN epyaagiag givar n diepéuvnon oe MIKpEG
XPOVIKEG KAIHAKEG, eTTEAEYN N eukpivela TETAPTOU TNG WPAC (A=%h).

3. To mMo000T6 eAATTWHATIKWY HETPATEWY, TO OTTOI0 TTpETTel va eival

600 yivetai HikpdTepoO.

4. H yewypaeiki 8éon Tou otaBuol. To KAipa Tng Florida eival apkeTd

UYpO WOTE va UTTApXouv TTOAAG eTTEITdSIa KAl O Bepuokpaoieg va eivai
Tapopoieg ye Tnv EANGSa otnv otoia EXEl ueAeTnBei To Scaling Model.

ATIO Ta dedopéva agaipéBnkav ol Aiyec ENATTWHATIKEG HETPRAOEIC
Hali pe Ta eTTEI068IQ TTOU TIC TrEPIEiXaV. YoTepa éyive XwpIouo¢ o€
eTeloédia oTa omoia TepIAapBavovTal Kal evdidpeool xpodvol pn&svmng |
BpoxomTwaong pikpdTeEpol amé 7 Wpec. Me dAAa Adyia o xpdvog
Siaxwpiopol Twy eTTeIgodiwy BewpnBnke 7 Wpeg. ETol mpoékuyav 462
yeyovéTta Bpoxrig ek Twv oTroiwv 425 éxouv Sidpkera peyaAutepn amé A
(=15 AemtTd) evd Ta uTT6AoITTa 37 HeAeTABNRKAV exwpioTa.

Ta dedopéva xwpic emeepyaoia OTTWG Kal PETE TOV XWPICHE Toug

Ot eTTEl00d1a BpiokovTal oTo TapdpTnua A.

2.2 [1poocdiopioués mapauérpwy.

H di1adikacia mpooappoyrg kal utroAoyiopoy Twy TTapaAHETPWY
£ylve OTTwG TTeplypdgeTal ammd Toug Koutsoyiannis and Foufoula-
Georgiou (1993) (BA. mapdpTtnua ). Ta BAuaTa mou akoAouBnénkav
ATav Ta akdlouba :

1. Xwploudc Twy emelgodiwy ge é€1 kKAdoeic avdAoya LeE TN S1dpKkeld

Toug. O diaxwpioudg auTtdc yiveTal €101 WOTE Ot K&BEe KAdon va
UTTApXEl TTEPITTOU iS10¢ apIBuOC eTTEICOSiwY.

2. YmoAoylopdg TWY gTATIOTIKWY OToiXeiwy KABe kAdonc. ZUYKeEKPIYEVA

utroAoyidovTal yia kd8e kKAdon n péon TiuA Kai dlaoTtmopd TS
S1dpKeIag, Tou guvoAikoU UWoug Kal Th¢ évraong (Uyog ava

dekaTtrevTdAetTo) Tng Bpoxrc. Emione n aQuUTOOUOXETION HE BAMA éva.
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3. YmoAoyiopdg Twy TTapapéTpwy Tou Hoviéhou. AT TNV CUCXETION TN

auTtopaTa.

KwdikoTtroinBei oe éva ¢UANo epyaaiag Tou Excel Kai yivetal

HEang didpkeiag KGBe KAGONC HE TA OTATIOTIKG NG avTioToIXNg
Bpoxémrwaong mpoodiopilovTal ol mapdueTpol H,c,c,, B Ue Tic

HEBGBouUG TTou avagépBnkav oto TuApua 1.3 . H diadikagia auTn €xel

ITnVv apxA Ta eTelgddia xwpioTnkav og duo TepIodoug: Enpn Kal
uypn. H gnph mepiodog¢ cival yia Tn Florida amé OkTwBpio w¢ kat Mdio

Kal n uypn amo lodvio wg kar ZemréuBpro. Ta BrApaTa mou

avagépdnkav epapudéaTnkav oTic d0o TeP16d0ouUg OTTWGE KAl oTo TUVOAO

Twy eTelcodiwv. H KaAlTepn TTpooappoyh ETTETEUXON YyIA To eviaio

apxeio (kal o1 3o Trepiodor pali). ‘ETol UIoBETABNKE éva Kolvd gUVOAO

TapapéTpwy. H TauTéTNTA KAl TA OTATIOTIKE XAPAKTNPIOTIKA TNG KaBe

KAdong @aivovral atov Trivaka 2.2.1. AleukpivileTal 6Ti oTov THivakd ol

kAdoeig opifovrai ammé Tnv eAdXIOTN Kal PéyioTn SIdpKeld Twy

ETMEICOdiWY O€ TETAPTA TNG WpaAc.

lMivakag 2.2.1.

21anariké oroixela yia kKGOe kAdon emeicodiwv.

Méon | Tum. | Méon Tur, Méon | TuTr.
Tiu |ATOkA. | Tig | ATokA. | Ty |ATTSKA.
2 90 3.7 1 7.7 8.9 2.1 3
6 63 6.8 0.8 13 15.9 1.9 3.5
9-14 65| 11.7 1.9 17 16 1.5 2.5
15-22 71 18.1 2.2 18.4 15.6 1 2
23-35 62| 27.9 3.7 25.4 22.7 0.9 2
36-140 74| 50.9 14.8 35.6 28.1 0.7 1.5
To oeT TWV TTApPAPETPWY TTOU UIOBETABNKAV Eival TO €EAC :
1. H =-0449 3. ¢, = 8568
2. ¢ =874 4. B=0246
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Napatnpei kaveig TNV diagopd Tou H améd 1o pndév, mou deixvel
6T n avéhign Twv etelgodiwv BpoxhA¢ Sev givai OTAoIUn, aAAG UTTApXEI
oaeng e€dptnon amé Tn didpkeia Bpoxnc.

Ma va eTaAnBeutei N KA eQapuoyA Tou HovTéAou Eyivav
Slaypdupata TNG HEONG TIHAG KAl TUTTIKAC ATTOKAITEWS TWV CUVOAIKWYV
Kal HEPIKWY UWWY KABWG Kal TG aUTOCUTXETICEWC ME Bripa 1 Twv
HEPIKWY UYWV, Ot ouvdpTnon Pe TNV péan didpkela KABe KAdong. Ta

dtaypdppaTta autd akoAouBoUv.

100 T

E[h] [mm]

n
10 ¢

Tipég Movréhou —
Aedopéva (aUvolo eTTEICOBiWY) n

1 : : e : ‘ e
1 10 D [hr] 100

Ixnpa 2.2.1. Méoec Tiuéc ouvoAIKWY DWWy BPpoxAS yIa TiS HETEC TILEC TWV SIAPKEIWDV
KaBe kAdong. Mpayuarikg Sedouéva Kai TTPOCOUOIWHEVES TINEC HOVTEADU.
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100

E[h] [mm]

=
10 ¢

- Tipég Movrélou —_
AeSopéva (oUvolo eTreIcodiwy) n

1 10 D [hr] 100

Ixnpa 2.2.1. Méoeg Tiés ouvorikwv UWwwy Bpoxns via 1i1s HETES TINEC TWY BIApKEIDY
KaBe kAdong. Mpayuarikd Sedouéva Kai TTOOCOUOIWHEVES TILEC HOVTEAOU.
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Zxnpa 2.2.2. Tumkh ATSKAION TwWY TUVOAIKWY UWwy BpoxAg yia Tic HECES TILES TwY
Siapketv kGBe kAdong. Mpayuarikg Sedopéva kai TOOCOLOIWMLEVES TILEC LIOVTEAOU
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Zxnua 2.2.3. Méon 1iuf TWY LEPIKWY uwdv BPoxAC via TIC HEOEC TINES TWY OIQPKEIDYV
KGOe kAdong. Mpayuarikd dedopéva Kal TPOCOUOIWUEVEC TIWEC HOVTEAQU
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Zxnpa 2.2.4. Tumki amékAIon Twy PEPIKWY UWWV BPOXAS YIa TIC HECEC TILEC TWV
Olapkeiwy KGOe kAGong. Mpayuarikd SeSouéva Kal MPoooUOIWUEVES TIUES HOVTEAOU
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Zxnua 2.2.5. Aurodua)(ér/an He BApa 1 TwWV UEPIKWY UWWY BPOXASC YIA TIC UECEC TILEC
Twv Slapkeiwy kGBe kAdong. Mpayuarikd deSouéva kai TILEC HoviéAou.

1]
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0 T ¥ T T 1
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lag r

Ixnpa 2.2.6. AUTOOUOXETION TWV WEPIKWY UWWY BPOXAS VIa SIAQopeSs TILES XPOVIKAC
kaBuorépnong 1 kai 800 karnyoples emeigodiwy. £rnv mpwrn givai emeioddia He S1GPKEIES
Téooepa cws Oekaréooepa TETApTa v orn SeUTepn amd SeKATEVTE EWS EKATOV TAPavTa
rérarpa.
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3. NapaywynR cuvBEeTIKWYV Xpovooeipwy
Bpoxoémrwong pe Bdaon 1o Scaling Model.

3.1 Eicaywyn
ATI6 Tnv avdAuon trou TrponyRBnke éyive pavepd OTI To Scaling

Model TTpocopoIWVEl TIG OTATIOTIKEG 1I518TNTEC EVOG TTANBUCHOU

emelcodiwv Bpoxomrwong. MNa va eivai SuvaTth n mapaywyn ouvexoUlg

XPOVOOEIPAG TIPETTEl VA UTTAPXEI éva OXAHA TTOU va TTapdyel EKTOG ATTO

ETTEITODIA KAl TOUG eVSIAUETOUG XPAVOUG HNSEVIKAC BpoxomrTwong.

Emiong eival avaykaia n uio8érnon prag KaTdvopr’]g yia TIG OIAPKEIES

Twv eTTelgodiwv. TéNog, dAa autd TpéTTel va KwdikoTToInBoUv o€ éva

TTPOYPAUMA TO OTTOI0 EIGAYOVTAG TIG TTAPAUETPOUC TOU HOVTEAOU, TWV

KATAVOUWY Kai TIg NUEpOUNViEG apx¢ Kal TEAoug Ba TTapdyel pia

OUVvEX] Xpovooeipd.

Ma va emTeuxBolv ol TTapamdavw aTdxol akoAouBrABnke n TTio

Kdtw diadikaoia :

1. Kwdikotroinon tng dradikaciag Tapaywyrg evég emelcodiou Bpoxhc
ME oplopévn DIAPKEIQ KAl YIQ OpIOHEVN EUKPIVEID. TNPEIWVETAI 6TI N
Katavopn Tou ouvoAikoU Uyoug kal ol TTapdueTpoi Tng kabopilovral
atmé 1o povTého.Tia Tov EAeyX0 TOU TTPOYPAUPATOC AuToU éyive éva
dAAo BondnTiké, TTou yia Sidpkeleg eTTeICOSiwY ATTO pia ewg Séka
WPEG KAl EUKPiVEIX TETAPTOU TNG Wpag TTapryaye 5000 emeicddia kal
UTTOAGYIOE TIG TPEIG TTPWTEG POTTEG KAI TIC ACUMHETPIEC TOU TUVOAIKOU
KOl TWV HEPIKWY UYPWV. ZTN OUVEXEIA GUYKPIBNKAY QUTEC O) TINEC ME
TIG TIHEG TTOU Bivouv ol YEVVATPIEC TUXQIWY ap1Buwyv TTou
XPNOIYOTTOI0UVTAI KAl TIG BeWPNTIKEG TINEG TTOU TTPOKUTITOUV aTTd
Toug TUTTOUG TOU HOVTEAOU.

2. Mpooopoiwaon Tou xpdvou undevikig BpoXomTwong. YIo8eTHBNKE N
katavoury Weibull yia Tnv gnpn mepiodo (OkTWRplog - Mdaiog) kal pia

Katavoury Weibull pe 800 TuApata yia tnv uypn mepiodo (lolviog -
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2eTTEPBpiog). MNa kGBe prva xpnoigotoiRdnke dlagopeTikd aglvolo
TTAPAPETPWYV.

3.Mpocoopoiwon Twv SIAPKEIWV TWV ETTEITOSIWY Bpoxortwong. ESw
UI0BETABNKE N EKBETIKA KATAVOWN HE SIAQOPETIKEC TTAPAPETPOUC YIA
KaBe urva.

4. ZUYKEVTPWON SAWV TWV ETINEPOUC OTOIXEIWY T€ éva TTpodypapua TO
oTToio KATA OeIpd Yevvd pia TTepiodo UNdEeVIKAC Bpoxoémrwong, Hia
S1dpkela KaTalyidag, Ta PHEPIKA UYn Tou AvTigTolXou eTTelgoSiou Kal
eTTavalapBaver Ta TapatTavw yia Soapévo xpoviké Sidotnua. Ma Tov
EAEYXO TOU eyxelpApATOG UTTOoAOYiJOVTAV 01 TTAPAPETPOI TOU Scaling
Model yia Tnv ouvBEeTIK} XPOVOGEIPG KAl CUYKPIVOVTAV HE TIC
APXIKEG. |

Ta mpoypdupara mou éyivav ypdeTtnkav oe yAlbooa ANSI C kai

Ol TTPOCAPMOYN TWV KaTavopwy éylve ato Excel.

3.2 [Napaywyn svég emeiocodiou Bpoxnc ue Baon ro Scaling
Model.

3.2.1. OewpnTik} avamruén
To Scaling Model ptropei va xpnoipotroin®ei yia rapaywyn

ueToypapupdaTwy pe otroladnimoTe eukpivela A SoBeiong piag Sidpkeiac.
AUTO pTTopEi va yivel pe SUo TPOTTOUG €iTE TTAPAYOVTAC TA HEPIKA Oyn
éva Eva oTTéTe TTaipvoupe To OUVOAIKG Uyo¢ aBpoilovTag, eiTe
TApAyovTag Eva ouvoAlkd UYog atrdé KATTola KaTavoun Kai etmigepilov-
T4G To O€ WePIKA UYn. Ze auTh TNV epyacia epapuoéobnke n éutepn
HEBOBOG OTTWG TTEPIYPAQETAl OTIC epyaciec Twv Koutsoyannis and
Tsakalias 1992, Koutsoyannis 1994, Mamassis et al.,1994. To povTéAo
XPNOIYOTTOIEITAI YIA TOV TTPOCTSIOPICHO TWV TTAPAUETPWY TWV SIAPOpWV
KATAVOHWYV OTO OXAMaA TTapaywyng.

Eorw X=[X,,D),X,(2,D).L X, (k,D)]' 6mrou k=D/A (aképaiog) To

S1AVUOHA TWV HEPIKWY UYWV. YTToBEToupE OTI Ta X, akohouBouv
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KaTtavoun ydpa 2 mapapétpwy. H uréBeon auth dev eival aTToAUTWG
aAnéng dpwg BpiokeTal KOVT& oTnv TTPAYHATIKOTNTA YIG Ta Sedopéva
TTou egeTdloupe.

H mapaywyn twv pepikwv vydv oTnpileTal oTo akéAouBo oxAMa

X=QV  (3.2.1)
dTToU Q=[(U,»j] : mivakag cuvteAeoTwy KXk kai Vz[VPVZ’L>Vk]T
diavuoua apoiBaia avaldpTnTwy TUXAiwy HETABANTWYV TTOU akoAouBouv
KATAavoun yaua TPIWV TTapapéTpwy He SiaoTropd 1. loxUouv Ta e€nc¢ :
X=QV = E[X]= QE[V], X=QV=X"=V"Q"
X~ E[X]= Q(V-E[V]) = (X- E[X]}(X- E[X]) = Q(V-E[V])(V- E[V])T QF
E{ (X- E[X])(X- E[X])’ } - 0 E{ (V= E[VI)(V=-E[V]) }QT

To otoixeio i,j Tou Tivaka E{ (X—E[X])(X—-E[X])T} eival Tng pop@ng :
E{(X, G, D)~ E[X, (i, DYI\X, (> D) - E[X,(J, D))} snAadn eivai n
ouvdiaagmopd tou X, (i, D) pe to X,(/,D), 4 ouvdiacTropd pe uaTépnon
(lag) li-j]. Ta iSia 10xUoUV yia Tov Trivaka E{ (V- E[VI(V-E[V]) }
Opwg aTa Siaywvia oToixeia (lag = 0) éxoupe TNV diacTropd TTou gival 1
Kal oTa uTT6AoITTa oToIXEla AGYW TNG OTATIOTIKAG aveéapTnoiac Twy V)

n ouvdlacTtropd eival pndév. ETol éxoupe Tov povadiaio trivaka. TeAikd

n oxéon (3.2.1) maipvel TNV Hopon :
QQ" =CovX, X] (3.2.2)

étrou Cov[X, X] o mivakag Twv ouvdiacTropwy. O1 cuvdiaaTTopéc Twy
X, utroAoyifovTai atré TN oxéon (1.2.16) Kai petd 1o pnTpwo CoX X]

SlaocTtratal otov mivaka £ ATé Tov Trivaka Q uTToAoyilovTal ol

23



Tapdparpol Tng katavoung Twv V. H Aucn Tng Sidommaong Sev eival
HovadIKA Kal dlagépel avdloya Ye TNV péBodo TToU XpnoigoTtrolgiTal,
2Tnv apxn dokipdaTnke n Abon tng didoTacnc pe 1I510TIPEG (singular
value decomposition) 6pwg €ixe cav cuvéreia UYnAég TINEG OTIG TpiTEC
potég Twv V. Eto1 o QumoTéBnke KaTw TpiywvikdC Kal o Cov[X, X]
dlaomdaoTtnke avdAoya. MeTd fnv di1doTraon, Ta OTATIOTIKG

XAPAKTNPIOTIKG Twv V) TpokUTToUV amé TOUG TTapaKATW TUTTOUC

EX= QEVI=FIX,. Dl}= Y, £1V,]

EIV,-]=-£——{ EIXAO,D)]—E%L{V,J} (3.2.3)

ii

X,(, D)= E[X, (i, D)]= ia),..,( V./‘ ! V,‘])

J=1

(X, G, D) - E[X, (i, D)))’ = (ij( vV, —ELV, ])J

At 2T DB St Bl

WX (.D)) A mlv;]

ﬂ3[l/;]=”a’)1'“[ﬂz[X (1,D)]- Z ;v j (3.2.4)

otrou [Vl kar ] X,(G,D)] o1 1piteg pomég Twv ¥, ki X, (i, D) avri-
oToixa.01 TUTrOI (3.2.3) Kat (3.2.4) eival emavaAnmrikoi dnA. Eekivape
yla i = 1 kai utrohoyifoupe éwg i = k xpnoipotroikvrtag ta £V ] kai
V] mou éxouv 18N umroAoyioTei. Emiong 1oxUer 671

wlV]=VarlV]=1 (3.2.5).
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Me Tnv BorBela Tng KATAVOUAC TTou éXel UTTOTEDE] yla Ta HeEPIKAE
oyn (yapa d0o TrapapéTpwy) Kai To Scaling Model mpoodiopiloupe Ta
OTATIOTIKA XAPAKTNPIGTIKA TOUC :

Méon Tiun E[X, @, D)]=c¢c, 6§ D" (1.2.14)
Alaotropd ar{ X, (i, D)1=[(c, +¢})5 77 -l )62 D> +Y (1.2.15)
Tpitn kevTpiki poTtry : [ X, G, D) =2Var*[ X, (i,D)]/ E[X,(i,D)] (3.2.6)

‘ExovTag utroAoyioel Ta xapakTnpIoTIKA TwWyV V. uTTopoUpe va ta
TTAPAYOUHE HECW KATTOIAG YEVVATPIAC KAl va UTTOAOYiOOUME Ta HEPIKA

gyn.

Kata tn Siadikaoia Tou eTTipepiopyou, TTapdyeTal éva SUVOAIKS
Oyog Bpoxrig kat emipepileTal oe PePIKE Uyn pe BAaon TV TTogoaTiaia
OUMMETOXN TwV TEAEUTAIWY aTO GUVOAIKS UWog. TNV TTapoloa epyadia
ul0BeTRABNKE KaTavour yapa Sto mapapétpwy yia to D) o1 oTroieg
TpoadiopifovTal pe Tn BorRbeia Twv oxéoewyv (1.2.18) kal (1.2.19). Z1n
OUVEXEIQ TTAPAYETAI Pia akoAouBia HEPIKWY YWV X, (i, D)atrd Tov TOTTO
(3.2.1). Av mrpokUyouv apvnTikd X,(i,D) autd undeviovral Kai n
akoAouBia KavovikoTToleiTal d1AIpWVTAG HE TO GBPOICHA TWV HEPIKWV

Uywv LS":Z::IX;(I',[))“ ‘Etol mpokUTITEl N TTOCOOTIAIA CUPPETOX KABE

MEPIKOU Uyoug oTo eTTelgddio X, (i, D)= X,(i,D)/S’ (3.2.7). ETreidf dev
utrapxel TTARpNG avegapTtnaia Tou guvohikol Gyoug aTrd TNV KATAvVouR
Tou Yyéoa oTo £TTeloddI0, yia va aTToPeuxB8o0v un pealioTiKoi
emipepiopoi auykpiveral To MD) pe o S'. Av o Aoyoc A(D)/S' eivai
pMeyaAUTepog atoé 2 fj pikpdtepog até 0.5 np akoAouBia Twv X (i, D)
ATTOPPITITETAI Kal TTapAyeTal ia dAAN.TéAog, Ta TeAikd X, (i, D)
uttoAoyilovTtal atrdé Tn oxéon : ;

X, G, D)=hD)X,(i,D) (3.2.8).
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Exel amodeixBei (Koutsoyiannis, 1994) 611 n oxéon (3.2.8) dev
glgayel pepoAnyia ota pepikd Uyn, Ut TIC TTpouTtroBéceic OTI auTd
akoAouBolv Katavouég yaua pe KoIVA TTapdueTpo KAiHakag katl Sev
€XOUV EVTOVN QUTOCUOXETION, TTPOUTTOBETEIC Ol oTroieg IoxUouV yia TRV
e§eTalduevn epiTmTwon.

ATTé Tov oplopo Tou eTTelgodiou BPpoXAGC Kal TRV HOPPH TwV
Sedopévwy TToU £xOUpE UTTAPXOUV KATTOIEC IBIGTNTEC TTOU TTPETTEl Va
efaopaAioBoulv. AuTéc eival :

e To TpWwT0 KAl TEAEUTAIO LEPIKS UWocC TTPETTEl Va gival S1d@opa Tou
pndevéc.

o Ta pepikd Uyn TTIPETTEI VA €ival UETPNUEVA OE YIAOOTA.

e Ta veyovoTta Sev TIpETTel va TTEpIKAEiOUV SIaOTANATA UNSEVIKAC

BpoxémTwong yeyaAUuTepd atrd To Xpdvo Slaxwpiouol Twy

ETTEICOdIWY.

MNa va d1atnpnBolv autég o1 1816TNTEG Ta TTapaySpeva X,(i,D) TpwTa
OoTpoyYyuAeUovTal oe XIAIOOTE O& AVTIOTOIXIA HE TN HOPQH TWV ICTOPIKWY
dedopévwy. YoTepa eAéyxovTal N TpWTN Kal TEAeuTaia TIUA av gival
MNOEvV, oTTéTE Kal TiBevTal ioeg pe 1Tmm. ETmriong eAéyxovral Ta
draotApaTta PundevikAg Bpoxri¢ Héoa oTo eTTelocddIo KAl av UTTApPXEI
XPOVOG HeEYaAUTEpOG Tou xpdvou SlaxwplopoU, TiBeTal To KaTdAAnAo
X,(i,D) ico ye éva. Etreidn dAe¢ autég ol yetaTpotréc aAAddouv To
OUVOAIKG Uyog, akohouBeital pia emavaAnmTikf Siadikaoia emiyepiopol
Kal oTpoyyUAeuong WOTE TO ABPOICHA TWV HEPIKWY UWPWV VA TUYKAIVE
OoT0 eKAeyHEVOo KABe @opd guvoAlkd Uyoc.

H peBodoAoyia 1Tou akohouBeital €xel d1GPopec TTNYEC
avakpiBelag 6TTwg N TTapaywyry apvnTIKWyY XA(i,D), TO YEYOVOC OTI TA
MEPIKA Uyn cav dBpoiopa YeTaBANTWY TTOU akoAouBoUv Katavour yaua
dev akoAouBolv ki auTd KATavoun ydpa, KaBwe Kal ol oTpoyYUAEUOEIC

ot XINOOTA.
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3.2.2 AAy6pi18pog Tapaywyng yeyovotoc.
2uvoyifovrag péxpl edw, n diadikaoia TTou akoAouBeiTal gival n
e§NG :

1. YmoAoyiopdg tou mivaka Cov[X,X] ye Bdon Tov TUTIO (1.2.16).

2. Mdomaon tou Cov[X,X] oe QQ kal oxnuationdc Tou Q ME TNV
Tapadoxn 0TI auTég eival KATW TPIYWVIKSC.

3. YTTOAOYIONGG TWV OTATIOTIKWY XAPAKTAPICTIKWY TWV X,(i,D) pe Toug
TUTTOUG (1.2.14), (1.2.15) Ka1 (3.2.86).

4. YT1roAoyiopdg Twv OTATIOTIKWY XAPAKTPICTIKWV TWV , HE TOUG
TO0TTOUG (3.2.3), (3.2.4) Kal (3.2.5).

5. Méow yevvATpIag TuXaiwy apiBuWwy TTou akoAouBouy KaTavoun yaua
TPIWV TrapapéTpwy Tapaywyn k=D/A apiBubv, SnAadh Twy
guvTeTaypévwy Tou diaviopatog V=[V,V, L I,T.

6. Méow yevviiTplag Tuxaiwv aptBuwy Tou akoAouBolv Katavouh ydua
dUo TapapéTpwy TTapaywyrf Tou ouvolikol Gyoug AD) Tn¢
KaTtalyidag.

7.YmoAoyiopdg até Tn oxéon X=QV (3.2.1) TWV CUVTETAYHEVWY TOU
apxikoU diavuouaTog X'

8. EAeyxog av 1o GBpoIoua TWV PEPIKWY UYWV ZleX,;(i,D) eTTaANBelel

mv oxéon : 05SHD)/Y, Xi(i,D)<20 .

9. Emipepiopdg Tou cuvolikoU UWoug o HePIKE Uyn e B&on Tov TOTTO
k
XA(i,[)):(Xg(i,l))/}:X;(i,[))Jh(D) (3.2.9).
i=|
10.Ta peptkd Gyn TToU TTapdyovTal aTpoyyuAelovTal og XIAIOOTA Kai
METATPETTOVTAI O QKEPAIOUG.
11.Av 1o TTpWwTO 1) TO TEAeUTAio HEPIKS Uyog eival undév, TéTe TiBeTal 1.
12.Av o¢ éva e1Tel06810 HEYAANG S1APKEIAG UTTAPXOUV UNDEVIKEG TIMEG

yia Xxpovo peyaAlTtepo atmd 10 Xpovo dlaxwplopol TwWy eTTEIT0diwy,
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TOTE TO HEPIKS UWOG TTOU AVTIOTOIXEI OTO TEAOC TOU XpOVOU
Sdlaxwployol TiBeTal ioo pe éva.

13.E1me1dn petd TiIg mapamdvw aAAayéc To TUVOAIKS uyog BpoxAg
MTTopEel va diagépel amo To AD), Eavayiveral o UTTOAOYIONOC TWV
TTOCOOTWY CUHHETOXAG TWV PEPIKWY UYPWV KAl 0 ETTIMEPIONOG TOU

(D). O1 Tipég Twv X, (i, D) oTpoyyuhelovTal ek véou Kal eEAEYXETAI AV
TO 4OPOICHA TWV PEPIKWY UYPWV Zf:]X;(i,D) looutal ye to A(D).

14 . E@doov Zf:IXg(i,l)):th(D) TO TTPOYPOAMHA ETTITPETTEl VO
emavalauBavovrai Ta BApata 11 éwg 13,

3.2.3. Ta wpoypdppqm evgen.c Kai testevg4.c.
To mpdypappa evgen.c eival n epappoyr oe kwWdika ANSI C Tou

aAyépiBuou Trou’pé)\l(; TeplypdgTtnke. Mafpvel cav dedopéva Tig
TTapapérpoug Tou Scaling Model H.¢,,¢,, B Ti¢ otroiec SiaBdlel améd 1o
apxeio evgen.in Kal Tnv ekdoToTe SiIGpKela eTTEIC0SioU KAl EUKPIVEIQ OE
WpPEeg atTd TO TTANKTPOASYIO. TNV £€080, TO TTPAYPAUHA YPAPEl OTO
apxeio evgen.out Ta pepikd Oyn Kal TIg TTapapéTpouc. AKkoAouBeiTal
akpiBwg n diadikaoia ka1 ol péBodol TTou avagépovral oTo TPAMA 3.2.2.
2KoTTég Tou evgen.c eival agoul Si1atioTwBel 671 Souhelel CWOTA va
amoTeAéoel HEPOg TOU HEYAAUTEPOU TTPOYPAUUATOG TTapayWYHC
XPOVOOEIPWV.

MNa tov éAeyxo Tou evgen.c éyive To testevg4.c To otToio TTapdyel
yla di1dpKeleg £TTEICO0iWY aTé pia w¢ SEKA WPEC TTEVTE XIANADEC
ETTEIOOdIA yia KABe didpkeia. ZTn cuvéxela uTToAoyilel yeon TiPnA,
TUTTIKA ATTOKAION KOt QCUPKHETPIA YIO Td GUVOMIKG Kal Ta HEPIKG UWn ME
Baon Tig TIHéG TTOU TTPOKUTITOUV aTrd TOug BewpnTIKoU¢ TUTTOUC ToU
Scaling Model, amé tnv yevvATpia Twv AD) kal ammé To oXAuaA Tou
TUAMaTog 3.2.2. ETriong utrohoyioTnkav Ta TTapatrédvw yia TINEC TWV

X,(,D) mou TTpoépyxovTal KaTteuBeiav amd Tov TUTTO X =QV Xwpig
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Méon Tipn Tumikni ZuvTteAeoThg

AmékAion Aocupperpiag

IR

Oswpnnzt’:g Tiyég, h 12.805 183.914 2.118
Apeoeg Zuvl. Tipyég, h 13.082 184.821 2.165
‘Eppeoceg Zuvl. Tipég, h 13.649 179.438 2.193
OQewpnrikég Tipég, X 1.601 6.482 1.432
ZuvleTikég Tipég, X 1.706 7.170 3.524

OewpnTtikég Tiyég, h 16.011 287.519 2.118
Apegoeg Zuvl. Tipég, h 16.295 284.342 2.047
‘Eppeoeg Zuvl. Tipég, h 17.015 278.426 2.066
OQewpnmikég Tiyég, X 1.334 5.148 1.530
ZuvOeTikég Tipég, X 1.418 1.418 4.031

‘@ewpnTikéc Tipéc, h 18.761 394.775 2.118
Apeoeg Zuvl. Tiyég, h 18.752 372.886 2.047
‘Eppeoceg Tuvh. Tigég, h 19.610 366.393 2.052
Oewpnrikég Tipég, X 1.173 4.357 1.602
TuvleTikég Tipég, X 1.226 4.785 4.154
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OewpnTtikég Tipég, h

Apeoeg Zuvl. Tiyég, h
‘Eppeoeg Zuvh. Tipég, h
OQewpnrikég Tipég, X

ZuvleTikég Tipég, X

Méon Tiun Tumikig ZUVTEAEOTAG

AmokAion Aocuppetpiag

183.914 2.118
13.082 184.821 2.165
13.649 179.438 2.193
1.601 6.482 1.432
1.706 7.170 3.524

Oewpnrikég Tiyég, h

Apeoeg Zuvl. Tipég, h
‘Eppeoceg Zuvl. Tipég, h
OQewpnTikég Tipég, X

ZuvleTikég Tipécg, X

OQewpnrikég Tiyég, h

Apeoeg Zuvl. Tiyég, h
‘Eppeoeg Zuvl. Tipyég, h
QewpnTikég Tipég, X

ZuvleTikég Tipég, X

16.011 287.519 2.118
16.295 284.342 2.047
17.015 278.426 2.066
1.334 5.148 1.530
1.418 1.418 4.031

18.761 394.775 2.118
18.752 372.886 2.047
19.610 366.393 2.0562
1.173 4.357 1.602
1.226 4.785 4.154
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Méon Tiun Tumiki ZuvreAeoTiig

AmékAion AocupueTpiag

QewpnTikég Tipég, h 21.215 504.829 2.118
Apeoeg Zuvl. Tipég, h 21.261 491.124 2.041
‘Eppeoceg Zuvl. Tipég, h 22.243 485.409 2.041
OQewpnrikég Tipég, X 1.061 3.822 1.659
ZuvleTikég Tipég, X 1.112 4.253 4.472

:&\Oswpnnxég Tipyég, h 23.457 617.166 2.118
Apeoeg Zuvl. Tipyég, h 23.544 588.387 2.014
‘Eppeoeg Zuvl. Tipég, h 24.623 583.512 1.999
Oewpntikég Tiyég, X 0.977 3.431 1.706
ZuvleTikég Tipég, X 1.026 3.802 4.441

OQewpnTikég Tiyég, h 25.536 731.438 2.118
Apeoeg Zuvl. Tipég, h 25.714 741.143 2.153
‘Eppeoeg Zuvl. Tipég, h 26.916 740.262 2.136
OQewpnrikég Tipég, X 0.912 3.130 1.746
ZuvleTikég Tipég, X 0.961 3.580 4.654
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Méon Tiun Tumikn ZUVTEAEOTAG

AmokAion  Aocupperpiag

Oewpnrikég Tigég, h 27.486 847.393 2.118
Apeoeg Zuvl. Tipég, h 27.970 849.849 1.988
‘Eppeoceg ZuvO. Tipyég, h 29.274 851.080 1.966
OQewpnrikég Tipég, X 0.859 2.889 1.781
ZuvleTikég Tipég, X 0.915 3.336 4.807

OewpnTtikég Tipég, h 29.329 964.839 2.118
Apeoeg Zuvl. Tipyég, h 30.070 961.609 2.068
‘Eppeoceg Zuvl. Tipég, h 31.481 965.808 2.037
Oewpnrikég Tipég, X 0.815 2.691 1.812
ZuvBetikég Tipég, X 0.874 3.106 4.810

OQewpnTiKég Tipég, h 31.082 1083.626 2.118
Apegoeg Zuvl. Tiyég, h 31.148 1063.143 2.021
‘Eppeoceg Zuvo. Tipég, h 32.680 1069.547 1.994
Oewpnrikég Tigég, X 0.777 2.525 1.841
ZuvleTikég Tipég, X 0.817 2.835 4.887
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Ymouvnua

Méon Tigl  :Méon Tiu Twy CUVOAIKWY UYWv. ZTiI¢ 800 TEAeuTaAiEC
oelpég KABe J1dpKeIag avaQEPETAl OTA HEPIKA Uyn.

Tum. AwékAion : AlaoTTopd Twv GUVOAIKWY UPWV. ZTI¢ U0 TeAeuTaieg
OeIpEg KABE BIApKEING AVAQEPETAI OTA HEPIKE UYnN.

ZUVT. ACUPPETPIAg: ACUPNETPIO TWV GUVOAIKWY UPWV. ZTI¢ 8Uo
TeAeuTaieg oeipég KABe dIApKEIAG AVAPEPETAI OTA HEPIKA UyN.

QewpnTIKEG TIpEG, h 1 Ava@épeTal OTA CTATIOTIKA TWV TUVOAIKWY
UYWwyV TToU UTToAoYiovTal atrd Toug TUTTOUC Tou Scaling Model.

Apeoeg Zuvl. Tigég, h : AvagépeTal oTa OTATIOTIKA TWV CUVOAIKWY
UYWV TTOU TTPpOEpXOoVTal aTTd TNV YEVVHTPIO TUXAiWY apIiOPWyY TTou
mapdyel ta A(D).

‘Eppeoeg Zuvh. Tipég, h . AvagépeTal OTA OTATIOTIKG TWV
aBPOICHATWY TWV PEPIKWY UYWV TTou utToAoyilovTtal atmé Ta BAuaTa 7
w¢ 14 Tou THApaATOG 3.2.2.

OewpnTiKég TiPég, X : AVa@EpPETal OTA GTATIOTIKA TWV HEPIKWY UYWV
6TTw¢ utrohoyifovTal amd Toug TUTTOUG Tou Scaling Model.

ZuvleTIKEG Tipég, X : AVAQEPETAl OTA OTATIOTIKE TWV HEPIKWY UYWV
TTou utToAoyifovTal amé Ta BAPaTa 7 wg 14 Tou THAMaTog 3.2.2. To
deiypa eival 6Aa Ta X, (i,D) trou mmapdyovrtal arrdé Ta 5000 eteioddia
yla kaBe d1dpkeld.

3.2.4 MNaparnpnoeig - Zupmwepdopara
o MapatnpoUpe 611 o1 TIHEG Twy A(D) TTou TTpoépyxovTal amd Thv
YEVVATPIA &ev CUPQWVOUV atTOAUTd HE T Z:‘le;(i,D). AuTé ogeileTai

oTnVv eTavaAnTiTikyg dladikacia oTpoyyUAguong Tou BAPartog 13 Tou
3.2.2. AvapéveTtal 671 n atrékAion dev Ba ATav T6oo peydAn av Ta

oyn dev OoTpoyyuAelovTav ot XIAIOOTA.
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e YTTdpxouv aTTOoKAICEIG OTN BIACTTOPA KOI TNV QOUMHETPIA TWV HEPIKWYV
upwyv. Kar autég ogpeilovTtal ev p€pel OTOUG AOYOUC TTOU ava@épovTal
Mo TTavw. Mapatnpoupe 4TI 01 ATTOKAICEIG QUTEG PEIWVOVTAI OTA
ouvoAIKd Uywn. Mia eEAynon yi'autd eivai 6TI n dBpoion TWV HEPIKWY
upwy e§opallvel Ta opdAparta. Av autd eival aAnBég, KkaTa TNV
TTapaywyrh cuvBeTIKWV dedoPéVwyY HIGG OpICHEVNC EUKpivEIag eival
TTPOTIMOTEPO VA ETTIAEYETAI UYNASTEPN EUKPIVEIA KAl OTH CUVEXEID VA
aBpoifovTal ol TTAapayOUeVES TIHEG AV TPEIG 1 TECOEPEIG, WOTE vVa

HNV aAlolwveTal N eTTiIAexBeica KaTavoun.

o [lap'dTi uttdpxouv atTokAioeig auTég dev eival cuoTnpartikég. ‘ETol

HTTOpEi va eimTwBei 611 n diadikacia TTapaywyng eival emiTuxnuévn.

3.3 Xapakrnpiorikd rwyv gmweicodiwv Bpoxns kara ynvda.

Ma TRV JeAETN Kal TTpocopoiwon Twv SIGPKEIWY KAl TWV
eVOIAPECoWY XPpOVWY UNOEVIKAC BpOoXOTITWONG Ta £TTEI06dI XwpioThKav
O€ HAVEG KAl UTTOAOYIOTNKAV TA GTATICTIKA XAPOAKTNPIOTIKA, EKTOG TWV
avaQepBEéVTwY, Tou cuvoAlkoU Uyoug BpoxNg Kal Twy evdlduecwy

Xpovwy agitewg. Ta amoteAéopaTta KatapTtifouv Tov Trivaka 3.3.1.

Q¢ evdldpeoog Xpovog HndevikAg BpoxdmrTtwong (time between
events, B) opileTtal To xpovikd didoTnua tTou PecoAaBei ammd 1o TéAog
evog emmeicodiou €wg TNV apxn Tou eTTduevou. O evdiduecog Xpovog
MNOeVIKAG BpoxXdTTTwong eival peyaAlTepog aTtrd Tov Xpovo
dlaxwpliopoU. LTnv TTapoloda epyaoia gival yeyaAUlTepog atrd e@Td

WpPEG.

Qg evdidpeoog xpoévog agitewg (interarrival time, T) opileTal To
XPOVIKS d1daTnua 1TTou yecoAaBei atmmd TNV apxn evog eTTeicodiou wW¢

TRV apXf Tou eTTOUEVOU.
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Mivakag 3.3.1. XapakrnpioTikd rwv emeloodiwv Bpoxomrwong kara unva. To

PAUNA m ava@Eperal arn Léon TIUA Kal 1o yeauua s ornv TUmikn  amékAion.
MNABog . . . . . ZuvoAika'Yyn . EvBiGueaog Xpovog
Mivag Aeiyparoc Ev3iduesog Xpovog APiSewg . dpreieg Eragodiuv Bpoxric ' MaBevikeic Booxric
o mrT sT  mnT maxT = mD sD mH sH mB sB
Javoudpiog 20/  196.075! 157.5624 105 6025 52375/ 7.074079°  12.15) 13.91431] 190.8375| 158.8879
DeBPOUAPIOg 21| 217.63096) 247.2179° 1075 1097.5 3.4285714] 3.989150] 12.80952] 12.62782| 214.2024] 246.0308
Mdpriog 27| 162.40741| 146.3959°  12.75/ 57775 67129635 7.512075| 28.88889| 32.76294| 155.6044] 145.2505
Antpikiog 23| 18229348/ 185.7115/  18.25, 641 5.4782609' 4.261291! 21.08696] 15.12648] 176.8152| 186.2797
Mdioc 26| 151.74038| 127.5602]  14.25| 40375/ 4.1153846| 4.600125] 20.11538| 24.21789| 147625 157 9097
{olvioc 65| 62169231/ 71.08666:  10.75| - 360.25 3.8307692 3.247628] 12.56462 10.7149| 58.33846| 70.97861
lo0NoC 84| 56.520833' 58.63764 9.25 258.75 4.3690476 4.253007 16.5| 16.76018] 52.15179| 58.88862
AlyougTog 76 52059211 61.35348 8.25 433.75| 3.8388158] 3.527205 16.43421 16.86364 48.22039] 61.3891
TeméuRpioC 56| 93.526786 125.0734' 1375 630.75, 4.8125 4.103837] 17.21420| 21.40564] 88.71429] 124.7181
OKTURPIOC | 23| 142.57609] 150.5554: 10.5, 538/ 5.076087| 4.577883{ 23.82600] 32.47888  137.5| 149.7142
NoépBpiog 24| 176.63542] 199.8912 925/ 66375/ 659375 59981031 27.20833] 31.73529] 170.0417| 200.3115
AskELRPIOS 18| 191.07353] 207.9784  17.75:  833.25| 54444444 487834 17.11111! 16.66235] 185.6291] 208.9395

3.4 lNpooouoiwon rng didpkeiac rwy enslaodlwv
Bpoxonmrwonc.

H mpooouoiwon twv diapKelwyv Twv emeicodiwy éyive
TPOCApUOJoVTAG TNV aTTAR EKBETIKA KATAVOUA OTov TTANBUOUS Twy
Slapkelwyv yia KEBe pva. H ekBeTIK KaTavoun emAéxOnke pe Bdon Tnv
TTPOUTTAPXOUCA EUTTEIpIA KAl HETG ATTO TTapaTApnon Twy Sedouévwy.
MNa TRV Tpocapuoyr auTh Ta eTTeloddia opadoTToIidnkayv Kata PHVEC
Kal utToAoyioTnkav n péon TIPA KAl TUTTIKA aTTOKAION TWV SIAPKEIDV
Ka@Be pyAva. MeTd améd TTapaTApnon TWV OTOIXEIWY AUTWY TTOU
Tapoucidfovrtal oTo oxApa 3.4.1 amoacioTnke va eTTIAEXBo0v

OI0QOPETIKEG TTAPANETPOI YIa KABE priva.
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jan feb mer apr may jun jul aug sep oct nov dec

Ixfipa 3.3.1. Méon nun (mD) kKai TuTikA amékAion (sD) rwv diapkeiiv Twv emeicodiwy
Bpoxdmrwong yia k46e unva.

H atAr exBeTikA Katavoun éxel pia TapdpeTpo Kai n guvapTtnon
TNG TBavaTnTag un uttépBacng Tng F,(d) divetal amé Tov TUTO :
F(d)y=1-¢""* (3.4.1)
étmou d n didpkela Tou eTTeigodiou Kar A N TTAPAUETPOG. ZUPNPWVA ME
TN H€Bod0o TwV poTTwy, To A ekTIgdTAlI ATTé T OXéon

(Kourooyravvneg,1995):
1
AzE[d]z;Zdi (3.4.2)

'vwpifovtag Tnv péon Sidpkela yia kKAaBe pAva (mmivakac 3.3.1) ol
S1dpKeleg TWV KaTalyidwyv Tapdyovral amméd Tov 100 (3.3.1) AOVOVTaC
wg Tpog d: d=Eld|(-In(-R)) (3.4.3)
610U OTn Béon Tou F, €xel TeBei o Tuxaiog apiBuog R Tou akoAouBei
OHOIOHOP PN KaTAVOMN aTTé undév w¢ éva. ZUVETTWGE, XPNOIHOTTOIWVTAC
MIG yevVATPIQ TuXaiwy apiBuwy e BGon ogolduopPn KATAVOUR KAl TOV
TUTTO (3.4.3) pe S1a@OpPETIKA avdAoya He To yAva E[d] TapAdyoupe TI¢

Cmoﬂpéveg d1apKEIEG.

35



3.5 lpooouoiwon rwv xpévwv undeviknc Bpoxoémrwoncg
HETAéU TWV KaAralyidwy.

Ma TNV mpooouoiwon Twv XpOvwy UNdevIKAC BpoxdémrTwong
METAGU Twv KaTalyidwv emAéXTNKe N Katavoury Weibull. Egetdlovtag 1o
HETO 6po TwWV Tapatmavw xpdévwy (BA. IxAua 3.5.1) mapatnpolye
onuavTikég dtagopég oToug Urveg louvio w¢ ZemTéuBplo atd TOUg
HAveg OKTWRpIo wg Mdio. ETal To ouvoAiké Seiypa xwpioTnke oé 500
TePI6d0oUg TTOU CUUBATIKG avagépovTal wg "EnpR" : louv.-SeTrT. Kal
"uypn" : OkT.-Mdio. H cuvapTtnon mBavéTnTag un utTépPBaong Tng

Katavoung mou xpnoipotroinBnke (Weibull) Sivetar amé tnv oxéon :

1«;(1;):1—6*”(:";J (3.5.1)
61rou b 0 xpdvoc METALU TWV eTTEICOSIWY (Tuxaia peTaBAnTh), «, 4,c
TPoadiopIaTéeg TTAPAUETPOI KAIJAKAG, OXAHATOG Kal Béone avTioToIXa..
H petaBAnTh & maipvel Tinég amd ¢ éwg dtreipo. ‘ETOI 0TH OUYKEKPIPEVN
TEQITTWON N € TAUTICeTal Pe TOV XpOVO SiaXwpioHol TwV eTTEITOSiwY,

dnAadA eival ¢= 7 wpeg.

180 J

jan feb mar apr may jun jul aug sep oct nov dec

Zxnpa 3.5.1. MEéon Tyl kai TUTIKG ammOKAIon Tou xpévou UEeraél Twv emeicodwy
Bpoxoémrwong. Méon ripn rou iSiou xpdvou xwpic Tov xpdvo Siaxwplouol TwV emeicodiwy
mou eival eprd wpeg.
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Ma va d1eukoAuvBei n TpooapuoyA Kal yia va evotroinBoulv ta Seiypara
TWV S1aQOpwWY PNVWY, To deiyua PHETAOXNUATIOTRKE [E Bdon tov T0TTO :
x=2=¢ (352

My —¢

OTToU Wy N MEON TIHA TNG b KaTd TN Si1dpkela Tou Ut oyIv uAva.
H petaBAnTh x eival mpogavég 61 éxel yéan Tiun ion pe éva Kal
Katavourny Weibull pe mapapértpouc « = K"(,ub -c)'i,/\, c.
H oxéon (3.5.1) yivetai :
F)=1-¢™ =i =—In[l-F,(x) (3.5.3)
Téhog, BéTovTag y=-In[1-Fs(x)] (3.5.4) maipvoupe :
y=xkx' (3.5.5)

3.5.1 Mpoodiopiopés Twv wapapéTpwv yia tnv "Enpi" mwepiodo.
H exTiunon Twv mapapérpwy éyive pe TRV uéBodo Twv ehayioTwy
TeTpaywvwy. To TPORANMA AVTIMETWTTIOTNKE Tav éva TTPSRANUa
BeATioToTrOinONG 6TTOU avalnTolUvTal ol TINEC EKEIVEC TWV K, A WOTE TO
HEoO TETpAYWVIKS o@daApa E[(y-y')?] va yiver eANdxioto, AapBdavovrag
utr'éyiv Tnv déopeuan E[x]=1 katd Tnv eAaxicTotroinon.
OTrou y o1 HETAOXNUATIOUEVES TIHEG TNG ETTEIPIKAGC CUVAPTNONC
KATAVOUNG KAl Y' O HETAOXNUATIOPEVES TINEC TRC BewpnTIKAC
ouvaptnong katavopunig. Xpnoigomoliénke To Takéto Excel kai
TTpoEKUYaAV ol e§AG TIMEG : k=1.12, A=0.78.
21710 oxAua 3.5.2 Tou akohouBei, TapouaidfovTal oe AoyapIBpIKA
KAIpaka Ta peyedn y=-In[1-Fg(x)] ouvapTAcEl TWV X yiatny BewpnTikA

Kal TNV EYTTEIPIK ouVAPTRON KATAVONAC.
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Xpovog peTagl Twv Karayidwv
Oxrwpilog - Mdiog
10
Ko}
o E;muleﬁ'
1 Karavopn
o ,
oy Cewpimkn
£ % Karavour
01 &
~
7S
0.0
o 01 1 10
X

Ixnpa 3.5.2. Meraoxnuaricuéves niyéc e EUTTEIPIKAGS Kai TNG BewpnTikAs ouvdprnong
karavouns rwv xpévwv peraéu rwy emeioodiwy yia tnv Enph mepiodo.

3.5.2 Npoodiopiopydg Twv TapapéTpwy yid Tnv "uypR" mwepiodo.
Ze auTh TNV TTEPITITWON XpNoIdoToINBnKke Katavoury Weibull pe
d0o TuApaTa. KaBe TURpa avagépeTal oe S10QOPETIKS S1GaTRHA Tou b
Kal €xel DIAQOPETIKO TUVOAD TTapapéTpwY K Kal A. KaTd cuvéTtrela, eKT6¢
aTro TIg TEooepig (dU0 yia KABe TUAHA) TTAPAMETPOUC K1, Ay, Kz, A2 TTOU
TTpETTel va BpeBolv, TTpéTrel va TTpoodioplaTei N Tiur eKeivn Tou b otnv
omoia aAAdlel n ékgpaon NG F,(b), é0TW bo- Ma va utrdpyxel ouvémeia
BewpnTIKAG HE EUTTEIPIKA KATAVOUN TTPETTEl VA €XOUV I0EC GAEC TIC
POTTEG TOUG Kal n F,(b) va eival ocuvexAgc aTo bo- ATTé TNV 100TNTA TWYV
TECOAPWY TTPWTWY POTTWYV KAl TN CUVORKN CUVEXEIAC HTTOPET Va
oxnuartiatei ocvatnua 5x5 atd Tnv emmiAuon Tou otroiou Ba TTpokKUYoUV

Ta {nToUEVa HEYEDN.
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Emreid 1600 o avaAuTikég uTToAoyIouéC Twy 4 poTTwv 600 Kal n
ETiIAUGN Tou ouoTANATOG Eival Suaxepeig, akoAouBARBNKE N apiBunTIKA
emiAuan cav mpdéBAnua BeATiotomoinong. Etol avalntodvral Ta
K, A, Ky, Ay, by EKEIVA YIQ T oTTOia EAaXIoTOTTOIEITAI N HéaN TETPAYWVIKA
Slapopd TNG BewPNTIKAG ATTG TNV EUTTEIPIKA KATAVOUR HE TNV ouvenkn
ol dUo Karavouég va éxouv idia yéon TIPA KAl va gival OUVEXEIG.

Mera Tov petaoxnuatiops (3.5.2), n ouvdpTnon KATAVouRC TTou

XpnoigotroloUe yiveTal :

—x M

[—e™" ) x<x

Fy()=<" ’ (3.5.2.1)
l—e™ ) x>x,

ZUVOAKN CUVEXEIQC : quol' =K2x0/12 (3.5.2.2)
AvTtigToixa, n ouvdpTnon TTukvaTNTAG TBAVETNTAC Eival :

dFB(x)__{/l KT <

Jp\X)= 2 3.5.2.3
5() dx A g, Xl x> X, (3.5.2.3)

H péon mign Tng BewpnTikAg KATAVOUAC uttoAoyiCeTal wW¢ €ENAC .

ET= xfy o= oty e+ of (o) = Aqu*'e‘“'*“dx+jj:w<2xhe*2"“dx

1
2 A Z; /1i 1 1 -l .
@étovrag Z; =K; X' éxoupe : x =| —+ , dx = PR dz, j=1,2.
’ Ki i Ki

Ma x=0=z, =0, x=0=>z, =0 kai amé TNV (3.5.2.2) civai

. - A A

VA -z, WAz s
Elx] _[ 1/,1 4 dz +J 1/,12 % dz,
Ky

(A +1) zoZl//ll -z (A2+1) 1/’12 =) .
Elx]= P J- I(AI+1)dl+ P2z j 2/1 +1)d‘2 (3.5.2.3)
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L1/A

e

L Z €
To oAokAfpwpa 0 mdz Tuxaivel va eival iS1o ye TNV ékppacn Tng

Katavoung ydua n otroia Sivetal amé tn pA mARPN ouvdptnon tng I
(incomplete gamma function) G(zo,(1/A)+1). ‘ETol givai :

N+ 1 I, +1 . 1
E[x]=MT)—({ZO,I—+1j+——-(’;/);——)lil—(1(zo,7+1):] (3.5.2.4)

174,
K 1 2 2

Adyw Tou peTaoxnuatiogol (3.5.2) n géon TIPA TwV X eival 1. Apa

1oxoel :

Iy +1 , Ity +1

_Q%T)(;(legl’i+lj+_g1572&2[1_({’(2x32’i+lﬂ=1 (3.5.2.5)
K A K, A,

XpnaigotolwvTag Tig ouvenkeg (3.5.2.5) kai (3.5.2.2) kai KAvovTag Tov
HETAaoXNHaTIoud (3.5.4) é1rwg oTo TUApa 3.5.1 avalnthoaue TIG TIMEG
TWV K, 4, &,, 4, X, YIQ TIG OTTOIEG TO HECO TETPAYWVIKS OQaApa Twyv
METAOXNUATIOHEVWY KATAVOUWYV YiveTal eAdxioTo. O Tipéc aQuUTéC eivai
| TpoadiopioTnkav Pe To TTakéTo Excel kal givar:
K1=2.50, A4=1.35, «k,=1.25, A,=0.64, x,=0.40.

210 ZxApa 3.5.3 Tmou akohouBei TTapouciddovTal ot AoyapiBuiknA
KATpaka Ta ueyédn y=-In[1-Fg(x)] CUVAPTAOCE! TWV X YId THV BewpnTikA

KAl TNV EUTTEIPIKI) CUVAPTNGN KATAVOURC.
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Xpovog petagi Twv Karatyidwv
loowviog - Zemrréuppiog
10 ]
i
P
O Epmeipiki
1 Karavoun
— OEWENTIKA
o Kartavoun
T
£
0.1
o()
o
0.01 A
0.01 0.1 1 10
X

IxApa 3.5.3. Meraoxnuariouéves Tinéc TN EUTTEIPIKAC Kal NS Bewpnrikng cuvaprnong
Karavoufic Twv xpdvwy peraéy rwv emeioodiwy yia Thv uyph mepiodo.

AUvovtag Tov TUTTO (3.5.2.1) WG TTPOG X KAl KAVOVTAG TOV avTioTpo@o
METAOXNUATIONO (3.5.2) TTaipvouyde Tn gxéon atrd TNV oTroia TTapdyoupe
Ta b.

3.5.3. ZuvoAIkd amoTeAéOPATA TNG TPOTAPHOYHS TWV

CUVAPTHOEWY KATAVOURG TWV XpOovwy undevikig Bpoxnig HeTAgU
TWV Katalyidwv.

OkTwRptog - Mdiog

0.78
_m( ’;77)
e JuvdpTnon Katavoung : F(h)=1-e " (3.5.3.1)

e lMapaywyn xpévwy PeTALl :
_ - Yo7 '
b= 7.O+(mB—7.0)[——l—tl(l—ll~2—F”lj (3.5.3.2)

loUuviog - ZemTéuPplog
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b-7.0 ¥
- e—Z‘SO(mB«;.O) __b_“—ZE_ <04
' © mB-70"
b-7.0 \*
(- e—l.ZS(‘,ﬂB-J.OJ _@i@_ .04
© mB-70" "

® 2UVAPTAON KOTAVOURAG : [, (x)=

(3.5.3.3)
e MNapaywyn xpovwv PETALY :
— — %35
7.0+ (mB - 7.0)(——1“—3-5—0—123—)) , F, <051
b= ' (3.5.3.4)

- 0.64
7.0 + (mB - 7.0)(-311%__)j , F,>051

To mB ¢ival S1agopeTIKé yia KGBe uAva Kal BpiokeTal oTov TTivaka
3.3.1. To R akoAouB¢&i opoldpopen Katavoun améd MNoEv wg éva.
3.6 I'Iapaywyn OUVOETIKWY XPOVOOEIPWY BPpoXomTwong
amo ro mpoypauua genser.c.

To mpdypappa genser.c Tapdyel cuvex apxeia BpoxnAg¢ yia éva
OpIOHEVO XPOVIKO S1doTnua. ZTa apXeia AuUTE TTapaTiBevTal KATE oelpd
EHQavioewg Ta eTTEICESIa Pe TNV npepounvia evapéewe, Tn d1dpKela, To
OUVOAIKO Uyog Kal Ta HepIKG Gyn Tou¢. AKoAouBoUv CUVOTTITIKG Td
XAPAKTNPIOTIKA TOU TTpOoypdppaTog agol Ta 1o TTOAAG éxouv avaAuBei

TTapaATTdvw.

3.6.1. Zroixeia g106d0v.
Kartd tnv évapgn tou, 1o Tpdypaupa {nNTa Ta SeSopéva TTou gival

atrapaiTnTa yia TNV Tapaywyn Twv e1reicodiwy. Xe aqutd

- TepthapBavovral ol TTapduetpol Tou Scaling Model, Twv Katavouwy, o

~ XPOVOG HETAGU TWV MEPIKWY LYWV (eUKpivela) Kai ol ueEpounViec apxhc
Kal TEAoug Tng {ntoluevng xpovoaoelpd¢. H elcaywyh yivetar amréd

| apxeio kal arrd Tnv oBovn.

1) Eicaywyn amwé apxeio. ATmé 1o apxeio 1rou )\éysral param.in

gelodyovTal Ta €€A¢ :
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a. O1 mapduetpol Tou Scaling Model H,¢,,c,, .

B. H péon miun kai TutikA atrékAion Tou cuvolikoU Uyouc Bpoxric
ETTEICOdIWY e BidpKela UIKpOTEPN 1} fon aTré éva TETAPTO TNC wpeag
(EUKpiVEIa TWV TTPAYHATIKWY SeSoNEVWY).

Y. O xpdévog SiaxwpiopoU TWV TTEICOdiWY C.

5. O1 mapdpetpor TN katavoprng Weibull «, 4 yia v €nph mepiodo.
e. Or mapdpetpol TG katavourc Weibull K, A, Ky A, YA TRV UYPA
Tepiodo, kKaBWG Kal n mlavéTnTa Fg yia Tnv omoia aAAdlel n
guvapTNON KATAVOURG TWY XpOVwY HETAEY TWV KATAIYiSWV.

oT. O1 péoeg TIpég Twy BIGpKEIWY TwV eTTEITOSIWY (TTapAHETPOI
EKBETIKAG KATAVOHRG) Kal TWV XpOVWY PETAEU TWV KATAIYiSwWY.

2) Eicaywyn amé tnv o8évn.

a. ZntoOpevn eukpivela, dnAadr xpbévoc oe Wpeg TTou peooAaBei
MHETAEU TWV B1a80XIKWY HEPIKWV UYPWV.
B. Huegpounvia apyxng Tng mapaywyRc Twy ETTEICOSIWY.
Y. Huepopnvia TéAoug Tng Tapaywyni¢ Twy emmeigodiwy.
3.6.2. AAyopiBuog
Kata tn Siadikaoia mapaywyrng akohouBolvTal Ta €f¢ BApATA :

1. Elcaywyn mapapétpwyv.

2. TiBeTal n Tpéxouca nuepopnvia ion pe TRV nUepounvia apxrc.

3.Eg@'600v n Tpéxouca nuepopnvia ponyeital Tng TeAIKAC To
TTPOYPAUHA TTPOXWPEI OTAV TTapaywYH £TTEICOSIWY. AAIWC
TEPHATICEL.

4. Ao yevvATpia Tuxaiwv apiOuwyv Tou akoAouBolv opoidpopen
KaTavopn arrd undév wg éva Kal XpNoIPoTIoIlvVTac Tov
METAOXNMHATIONS Tou TUTTOU (3.5.3.4) TapdyeTal évag evSidpeoog
XPovog pndevikAg Bpoxng. H Tpéxouca nuepopnvia TiBetal ato TéAog

auTtoU Tou Xpovou.
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5. Amé yevvATpIa Tuxaiwy apiBuwy TTou akoAouBoulyv oloidpopen
Katavourn amo undév wg éva Kal XpnoigoTToldvTac Tov
METAOXNUATIOUS Tou TUTTOU (3.4.3) TapdyeTal pia didpkela
eTTeicodiou.

6. Me Baon Tov aAyépiBuo Tou TuAuaTog 3.2.2 TTapdyerai To CUVOAIKS
Kal Ta WePIKA Uyn Tou eTTeigodiou. Av n TTapaywyn eival ETTITUXIC, TO
TTapaxBév emeig6dio kataypageTal 0To apyeio e€68ou g_event.out
Kal n Tpéxouoa nuepopnvia TiBeTal oTo TEAOC Tou eTTeIgodiou. ANNIWG
Kal eTTIoTpEQoupe oTo Brpa 5.

7. EmavahauBavovral Ta BApata 3 éwg 5 MEXPI N Tpéxouoa nuepopnvia

va TNV TEAIKA.

3.6.3. Apxeio E§680u ’
270 apxeio g_event.out kataypdgovrtal o aGEwy apiBuég, n nuepounvia

EVApEewg, N SIdpKela, TO CUVOAIKS KAl Ta PEPIKA oyn kaBe etreicodiou.
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4. Mn pappiki Auvapiki - AITIOKPATIKS Xdog

4.1 Eicaywyn

H peAétn Ta teAeutaia xpdvia pe Tn BorBeia TOAU IaxXupwyv
UTTOAOYIOTWY UN YPAHHIKWY CUGTAHATWY, dnAadn cuoTnudTwy yia Ta
oTToia dev ioxuel n apxi Tng emaAAnAiac, épepe oTo QWG KATTOIA TTOAU
evllagépovTa @aivoueva. Eva amd autd sival 67 uTTdpxouv cuoTANATA
TTOU TTEPIYPAPOVTAl ATTO UK YPAUPIKEG BIAQOPIKEC e§IOWOEIG KAl TTOU
AOYw auTAG akpIBWGS TNG HA YPAUMIKOTNTAC Eival TTOAD gvaiodnTa oTIg
apXIKEG OUVORKeg. Zav ouvétela, n TTETEPATHEVN akpifela e Ty
OTToia yVWPIiJoUupe TIC ap)IKéC OUVONKEG HEIWVEI SPAPATIKG TV
IKavoTnTa mpdBAewng TG HEANOVTIKHC KATAGTAONC Tou OUCTHMATOG.
AuTS ogeileTal oTo 4TI 01 PA ypaupikoi dpol Tou ouaTApaTOG PTTOPE( va
HeyevBUvouv pia piIkpA amdkAIon TTou UTTEpXEl aTTé TIG TTPAYHATIKEG
apXIkKég ouvlrkeg (TTou dev utropolye va YVwpiloupe pe TTARPN
HaBnuaTikA akpiBeia) pe amoTéAeopa To oUOTNHA VA akOAOUBE TTOAU
SIdQPOPETIKA TpoxXIG aTTd TNV TTpoPAegBeioa. Emiong avakaAlgenkay
CUOTAHATA Ta oTToia TTapdAo TTou N CupTTEPIPopPd Touc KaBopileTal ammd
auUOTNPG KABOPITHEVOUG VOUOUG (VTETEPHIVIOTIKE), TTApdyouV
aTroTEAéTUATA TTOU SeV TTAPOUTIGZOUV KAPia KavVoVIKOTATA, dTTWC
TOUAGXIOTOV TNV E€pae.

H kardotaon auth é1rou éva aitiokpatiké cUaTnpa CUUTTEPIQE-
PETAI U TTpOoBAEYINA Kal TTapdyel OTOXAOTIKA atToTeAéopaTa
ovopdaatnke Chaos, ammd tnv eAAnVIK AEEN TTou TTEpIypdQEl Ta
SpopoAdyia Twv Aewgopeiwv atnv ABrAva.llapatnpRoeIC TTAPOUOIEC ME
TIg TTapamavw gixav yiver amré peydAoug padnuartikolg émmwe o Henry
Poincaré 1moAAd xpévia mpiv, dpwg Kaveig oxed6v dev Toug eixe SWOoEl
ongacia péxpl Tnv dekaetia Tou '60. ATT6 TOTE, N SUVAMIKA TWV UN

YPOHUMIKWY CUGTNHAETWY UEAETETAI TUOTAMATIKOTEPA aAAE HOAIC TRV
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TeAeutaia dekaetia uTTépecav va utrdpEouv KATTOIEG TTPAKTIKG XPACIMEC
EQapHOYEG (KAIHATIOTIKA pe chaos logic).

Ta TUTTIKG OTATIOTIKA gpyaleia TToU XPNoIgoTTOoIioUVTAV KAl £€XouV’
VONUG KUPIWG YIa YPaPUIKG OuCTAPATA OTTWG O METAOXNMATIOHEC
Fourier, n epmeipiki ouvdpTtnon KATavouNG, Ta HOVTEAQ
autoguoxétiong (ARMA), k.a. arroSeixdnkav QVETTAPKN YIA TOV
XAPAKTNPITUS KAl TNV TTPOCOHOIWON TWV XAOTIKWY guotnudartwyv. Etol
eTTivonenkav véeg péBodol TTou TTpocdpuooav évvoleg atrd Tnv Bewpia
TTAnpo@opIwY Tou Shannon (1964), cite ekpeTahéudnKav Tig
YEWHETPIKES 1816TNTEG KATpaKAG TTou epavilouv Ta fractals
(HopQOKAATUATIKG avnxeipex)a), TWV OTTOIWV N YeEWHEeTPia PeAETABNKE
TpwTa atré Tov Mandelbrot (1983). Nepaitépw épeuva £@epe aTO QWC
VEQ HaOnuaTik@ avTikeipeva é&alpsnmg TTOAUTTAOKSTNTOG KAl OHOPPIAC
TToU poldfouv TTOAU pe Hop@ég TTou TTapaTnpouvTal oTn @Uon. ANAN pia
CUVETTEIO ATAV N OTPOPN TNG £peuvac aTméd TNV avadrnitnon véuwv
AITIGTNTOG TTOU SIETTOUV TA QaAIVOUEVQ TNV d1aTUTTWON YEWMETPIKWY
KAvovwy TTou TTEPIYPAQOUV T HOPQR TOUG.

To xdog, mapdho ou apxikd ayvoriénke oav padnuatiko
Tapadogo, £yive TN CUVEXEID ATTOBEKTO HE TTOAD evBouoiaoud amod
TOUG eTTIOTANOVEG. ToWG auTd va ogeileTal oTny 1316TUTTN opoAoyia Tou
(Xdog, yoppokAaopaTIKEC dlactdoeig, Tapdgevol eAKUOTEG K. . ), iocwg
Kai 670 OTi TMiow atmé pia KAGon @aivouévwy TTou Bewpoloape Tuxaia
utTovoeiTal vépog kal Tagn (law and order) kai duvatéTtnTa eAéyyou,
EVVOIEG TTOU TOOO Talplddouv OTo SUTIKS opBoAoylouo.

OTmwg kar va'xel, n amédeién 611 Ta fractals Kar Ta XaoTIKA
OUCTAHATA UTTApXOUV Kal oTH QUon, £Ew aTTé Tov utToAoyiaTh, eival

KATI {ntolpevo kal 61 5eSopévo yia TTOAG atrd auTd.
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4.2 Auvauikn Twv cuornudrwy. Baoikéc évvoisc.

Eva olotnua i diadikaaia Aéyetal TTPOCdI0pIoTIKS A
VTETEPUIVIOTIKS OTAV UTTAPXOUV TAQEIC KAl MovooripavTtol véuol
(cuvexeig dragopikég e€loWoelg N dIaKpITEG aTTEIKOVIOEIC) TTOU
kaBopifouv Tnv e£ENIEA Tou pe TNV Tapado Tou xpOvou ouvapTHOEl TWY
METABANTWYV TTOU SeXOHAOTTE OTI TO emTnpedfouv. To oUvoAo Twyv
HETABANTWYV TTOU TTEPIypdPouUV TO olaTnUa KATToIa XPOoVIKA OTIYHA
Aéyetal KatdoTaon (state) Tou ouaTtpartog. H akoAouBia Twv
S1adoxIKWV KaTaoTdoewy AéyeTal TpoxId (trajectory).

Ze éva VIETEPHIVIOTIKG oUaTNUA, AV yvwpiloupe Ti¢ peTaBANTEC
TTOU TTEPIYPAPOUV TNV KATACTATH TOU K&TTOIA XPOVIKA OTIYHA KAl TIC
dlagopikég Tou e€i0WOEIC, TOTE N KATAoTaon Tou ge pId HeAAOVTIKN
XPOVIKN OTIYUR eivai JovooruavTa opiopévn Kal yovadikh. AKOun, Adyw
TOU HOVOOHHAVTOU TWV VOHWY, Ol TPOXIEC TTOTE Sev TEpvovTal. Av
ouvEBaive autd, TOTE Ba cixaue Suo dlagopeTikég e§eAifeic amé TV iSia
apxikf kardotaon, mpdyua aduvarto. MNa TIC 31aQOPIKES ECITWOEIC
IoXUel Kat To avTioTpogo, dnAadn KGBe KATEoTAON TOU CUCTANATOC EXEI
MovadikA elkéva aTo TTapeABsv. MNa TIG dIAKPITEC arralKO\/ioslg auTo dev
eival atrapaitnto. Aedopévou 4TI OTIC TTPOCOHOIWOEIG TTOU YivovTal
OTOV UTTOAOYIOTH XpnoipoTroloUvTal S10KPITEG ATTEIKOVIOEIG YIa TNV
ApIBUITIKA TTPpoCEyyion TwY SIaQopIKWY EEICWOEWY, UTTapxel n
meavotTnTa gaikideuong Tng Suvapikic Tou ouUaTAMATOG aTd TIg
apIBuITIKEG eMIAGTEIC KAl OAOKANPWOEIC. Mpdyuari, o Lorenz (1989)
TTEPIYPAPEl TTWG N SiakpiToTroinon odnyel oe £€EMIEN Tou guoTANarTog
TTou efival aduvarn aTmé TIg S1aQopikéc Tou eflowoelg.

Eva glotnua f dradikaoia AéyeTal oToXaoTIKS av n eCEAIER Tou
Sev KaBopifeTal atmd kdmolo véuo, tival Tuxaia ToUuAdxIoTOV KATA éva

HEpog. ESW Sev atrokAeieTal n TopA Twv TpoxIwy.
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‘Eva vretepuivioTiké olotnpa eival YPAUUIKO OTAV OTIG S1apopIKEC
e§lowaoelg TTou kaBopifouv TRV €EENIEA Tou, oI peTaBAnTéc TTOU TO
ETTNPeddouv eu@avidovral pévo w¢ dpol TPWTNG Tagewg Kat dev
UTTApXOUV YIvopeva peTall Toug. Ze auTh TRV TTepiTTTwon 1oxUel o
VOpog TnG eTTaAAnAiag. ZUpewva pe aQuTh, TO OUVOAIKS ATTOTEAECHA TN
Spaong 800 rj TEPICTOTEPWY TTAPAYSVTWY 1000TAl HE TOo dBpoioua Twv
aTroTEAECHATWY av Spoloe KABe TTapdywy XwpPIoT4. AKoun, Hikpég
SlaKupavoeig pIdg yeTaBANTAC OUVETTAYOVTAl HIKPEG SIGKUMAVOEIC OTO
aTToTéAEO Q.

27OV avTimoda, oTa Un ypauuIKé CUCTHAMATA WIKPEG BIAKUUGVOEIC
TNV apxIkn Katdotaon uTropei va emigépouy TepdoTieg aAAayéc oTo
olaTnpa PeTd até KATTolo Xpovo, I1ISIwe av 1o ouocTNUA OE AUTH TNV
KaTaotaon eival aoTaBéc.

2Tnv npay‘paTlKéTnTa, Ta TTI0 TTOAAG CUCTApATA eival UN YPAHMIKA
OpWG TTOAAEG QOPEC OF PN YpaHHIKOI 6poi TapaAeiovTal "yapiv
atmrAdTNTOG" aAAoidvovTag €101 TH SUVANIKA Tou OUCTAMATOG.

Mpokelpévou va Teplypdyoupe éva gaivépevo mou Sev Eépoupe
TOUG VOHOUG TTOU To BiéTTouy, gival KaBopioTIKAG onuaciag va Bpolue
Tov eAdXI0TO aplBud avefdpTnTwy HETABANTWV TTou Xperaleral yia
TTEPIYPAQPEI ETTAPKWG N KATAOTAGCH Tou. O eNdYIOTOC apIBubC
HeTaBANTWV TTOU eival avaykaieg yia va cuAAn@Bei TARPWGS N duvauikA
TOU cuoTAHATog AdyeTal BIGOTAGN TOU CUGTANATOC.

Eva gOotnua mmou Siatnpei TV cuvoAiki EVEPYEIQ TTOU
TEpIKAEieTAl 0" auTd, dTTwWG ekppddeTal amé TNV XapIAToviavh Tou,
AéyeTail d1atnpnTiké | ouvtnenTiké (Tsonis, 1992). Zta pA diatnpnTikd
ouoTApaTta, Adyw NG ammWwAEIag TG OUVOAIKAG evépyelag Toug eival
duvaTo TPOXIEG ATTS SIAPOPETIKEC apXIKEG KATAOTATEIG va KaTaAREouv
g€ KATTOola TTEPIOX eUOTABOUC IC0ppPOTTiaC, aTd TNV oTroia dev éxouv

TNV evépyela yia va gavaByolv. H meplox auTrh amoTteleital améd éva
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oUvoAo KaTaoTdoewy, SNAASH TIHWY Twy HETABANTWY Tou cuoThuarog,
Kal AEYeETal EAKUOTHC.

TéToleg TTEplOXEG UTTOPET va eival oTabepd onpeia, KAPTTUAES 1 Kal
ETTIQAaveieg Tou EukAiSelou xwpou TTou opilouv ol HETABANTEC TOU
CUCTAMATOG. XZTNV TTEPITITWON TTOU KATTO10G TETOIOG XWPOC
KATAoTAgEWV €ival Hop@oKAATHATIKA ovToTNTA (fractal), Aéyeral
Tapdgevog EAKUOTHC.

Zav Tapddelyya UITopolue va BewpAcoupe To ATTAS ekKpeéC Pe
arr6oBeon. Metd amd kdmoio xpoviké Sidatnua, a KataAngel otnv
KaTwTaTn 8éon IgoppoTiag Tou KAl n Kataotaor Tou Sev Ba aAl&el
Xwpig eSwrepikA eméuBaon. ESW o eAkuoThc eival éva anMeio
IcoppoTTiag.

270 QuOIKS KOTNO, TTOAU Aiyec Qopég ol HeTaBANTEC TTOU
kaBopifouv éva cUoTnua eival yvwaoTég Kal Gueoca peTprolueg. ETol
avTi yia auTtég yeTpdpe KaToIeg GAAEC, Of oTToieg oxeTifovTai Karta
K&TTo10 Tp6TTo Ue To epeuvolpevo alaTnua. Mapadeiypartog xdpiv,
METEOPOAOYIKG @alvépeva dTTWG N BpoxdTTTwon eETTNPedadovTal amaé Tig
ouvenkeg Trieong, Bepuokpaciag, oXeTIKAC uypaciag TTou eTTIKpaToUV
O KATTOla HeYdAn TTEpIoxn Tn¢ aTpdoalpag Kal TARB0¢ GAAEC
TTAPAPETPOUG TTOU Sev PTTopolue va yvwpifoupe Gueoa. MpootmaBoulpe
Aoimév va BydAoupue ouptrepdopata yi' auTAv arrd apxeia HETPAOEWY
Tou Uyoug BpoxAg KAl TNG OTABUNG TWV TTOTAHWY TTou EXOUNE O¢€
Kdtrola 1mepioxA. Fivetal eGkoAa avTiIAnTITA N cnpacid s
AVTITTPOCWTTEUTIKOTNTAG TNG ETTIAEYEICAG HETPATIUNC METABANTAC
(observable) kai Tng kKataAAnASdTNTAC TNG VA TTEPIYPAYE! ETTAPKWCE TNV
duvapikn Tou cuaTApaTtoc. Eva TToAU ONMAVTIKG epwTNUA TTOU TiBeTal
O€ QUTEG TIG TTEPITITWOEIG Eival TTOOEG KAl TTOIEC METABANTEC TTPETTEl VA
ETTIAEGOUHE KAl Qv 0 XWPOG QUTWV TWV HETABANTWY diatnpei TIg
1I810TNTEG TOU XWPOU TWV KAVOVIKWY METABANTWY TOU CUCTAMATOC WOTE

va diatnpolvTal Ta SUVAPIKE XapakTnpIoTIKA Tou.
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2e TETOIAg UPAG EpWTAMATA TTpoOoTTaBei va SWwoel amTavrnon n
HEBoBog Tng évBeong oe xpovikéc uoTepniaoeig (time-delay embedding
method), n oToia 8a Tepiypagei oe ETTOHEVO KEQAAalo. AKoAouBei pia

olvToun avagopd oe HaBnUATIKEC £VVoIeG TTOU Ba XpelaoToUy.

4.3 AiaocraoioAoyia.

Ymapxouv 500 dnpogiheic S1a0TATEIC TTOU Xpnaoigotrolodvrai yia
Va TTEPIYPAWOUV TNV HOPPH TWV AVTIKEIMEVWY. H TPWTN €ival N
EukAidela Sidotaon kai n Seltepn eival n ToTmoAoyIKA. ATTo@elyovTag
auToavagopikoUg opiopolg, Ba S08ei éva TTapadeiyua WoTe va yivouv
KatavonTtég ol Slagopég Toug. O avayvwoTtne KaAeital va @avTtaoTei pia
TTETOETA KPEPAOHEVN OTo PTTdvio Tou. H EukAidela didoTaon NG
TTETOETAG gival N 3140TACN TOU XWPOU UETA OTOV OTTOI0 Bpiokeral
dnAadn 3 epdoov To uTTAvio eival Tp1od1doTaTOG XWPOG. H ToTToAoOYIKA
S140TA0N TNG EXEl VA KGVEI HE TIG TOTTIKEC KaTeuBUVaEeIg TTPOG TIC OTTOIEC
MTTopel va KivnBei Kaveig mapapévovrac Tadvw ot QUTH Kal eTTeIdr auTh
eivar em@dveia, n Tomoloyik d1doTaoh Tn¢ eival 800o. TevikE ol
TOTTOAOYIKEG B1ACTACEIG TWV ONHPEIWY,TWV KAUTTUADY, TWV ETTIQAVEIWV
Kal Twv oTepewy eival 0,1,2,3 avTioToixa.

A1amOTWBNKE OTI UTTAPXOUV AVTIKEIHEVA TWV OTTOIWY TO HAKOG A
To epBaddv i o 6ykog aAAdfouv avdAoya pe TV EUKPIVEIX HE TTOU Ta
HETPAHE BNA. To TT600 PIKPOS eival TO OTOIXEIWSEC TUANA TTOU
Xpnoipotrololye yia pétpo. AuTa Ta avTikeipeva ovopdoTtnkav fractals
(MoppokAaopaTika) kai emvoRBnkav Kaivolpyiol TPGTTOI yia va
HeTpOUVTAl OI S1ACTACEIG TOUG O1 OTTOIEC ONUEIWTEOV Sev eival aKépaleg
aAAd KhaoupaTtikég. ApydTepa auTéC ol SIAoTATEIC YEVIKEUBNKAV KAl
ouVoEBNKAV UE OTATIOTIKEG EVVOIEG GTTWE N EVTPOTTIA KAl N TTAnpogopia.
AtroTeAoUV éva KAAS TpATTO TTEPIYPAPAS KAl XapakTnpIiouoU TTOAU
oUVBETWY OVTOTATWY €iTe QUTEG Eival YEWHETPIKG QVTIKEINEVA oTTwg éva

oQouyydpl, eite onpeioclvola TTou TTepIypd@ouv Thv avéAIEn evoc
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OUOTAMATOG OTO V-3140TaTO XWpPo. A¢ onuelwdei e5W &TI ol dlaoTaoEIg
QUTEG Eival ETTEKTACEIG TWV TOTTOAOYIKWY S1A0TACEWV.

KahoUpe yevikeupévn evrpoTria H (¢) (Rényi, 1970) evdg ouvdlou
(utroouvéAou evég v-8idoTaTtou PeTpikoU XWPOU) TTou €xel XWPIOTEl amrd

M(e) Tov apiBuéd utTEpKUBOUG UAKOUGC AKHAC € TO HEyeBoOC:

l M(e) M(e) ;:[
H(e)=1=,n 2p/" Sq@):exp[—H‘,(a)]{Zn") e (4.3.1)
i=1 i=l
M(e) I—M(e) "|
H(s)=-2pInp, S\() =exp[-H @] =exg 2pnp |og=1 (43.2)
i=] 221

OTTOU p, €ival €éva PHETPO TOU HEPOUC TOU CUVAAOU TTOU foKeTal OTOV
D

M(g)
uUtTEpKUBoO i, €TOI WOTE Zp,. =1.ZTnV TepiTTTWON TTOU TOo TUVOAOD

i=1

atroTeAeiTal amd N v-8idoTaTta onueia ek Twv oTroiwv v,, Bpiokovral

Vei

. Mg
N

HEoa oTov uTTEPKUBO i KaTa Tov Slaxwploud KAipakac € sivai D=

aMa Adyia to p, exkppdlel TNV v-SidoTaTn TIBavVoBewpPNTIKA KATAVOUNA
Tou guvéAou oTov v-81daTaTo PeTPIKS XWpo. O dpog S, (&) eivai
Bon®NnTIKGG Kal ekppddel TNV poTTH g TAEewWC TN KATavoung uywuévn
ot Katola duvapun.

O1 yevikeupéveg d1aoTdoeig Tou e€eTalOUEVOU GUVOAOU opifovral

(Grassberger, 1983) w¢ €€A¢:

Af) '

In > p’

~-H : i

D, =lim 9 _ i = (4.3.3)
&0 lng £->0 q -1 ]ng

MNa didgopeg TIEG TOU g TTaipvoupeE:
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e q=0: H, (&)= InM', Sue= Vg, D, = lim= (4.3.4)

01rou M' 0 apiBudg TWV PA KEVWY UTTEpKUBwY. H SidoTaon D, Néyetai
MoppokAaouaTikh SidoTaon (fractal dimension) R didoTaon
Hausdorff. Aivel éva pétpo Tou karta méoo pia fractal ovréTnTa gival
KOVTd ToTToAoyIKd o€ éva anueio, ouvexn KautUAn, emi@davela n
6yko. lNa ta mapamdvw, n didotaon Hausdorff eival ion pe Tnv

aképala TotroAoyikf Toug didortaon (0,1,2,3).
M(s)

M) Mie) - Z piInp,
q=1:H,(e)= ~‘Zp,. Inp,, S,(¢)= exp{:Zp,. lnp,}, D, :ling—’ﬂi———-— (4.3.5).

i=1 i=1 £ ne
H didotaon D, Aéyetai Sidotaon mAnpogopiac (information
dimension) kai To H,(¢) eviportia Tng mAnpogopiac. H teAeuTaia
EKQPGZel KaTa KAToI0 TPATTO Tov Babuéd TTPpoBAeYIudTNTAG TNG
KATAoTAONG £VOG OUCTAUATOG. ZUGTAHATA HE HEYAAR EVTPOTTia £XoUv
TTOAAEG TIBavEG KATAOTATEIG KAl N TIOAVOTNTA EUQAVIONC TRC

kaBepiag eivar pikpA. Etol eivai oAU Aiyo mpoBAéyiua. H SidoTaon

D, ekppddel Tov BaBuod mrpoBAewipdTnTag yia pid Sedopévn eukpivela

E.
M(¢g) )
M) M(s) In Z Pi
q=2: Hy(¢)=-InY p’, Sye)=> p'. D, =ling—]—’='-—— (4.3.6).
i=1 i=l £ neg

H 8idotaon D, Aéyetai SidoTaon ocuoxétiong (correlation dimension)
Kal eEKQpAadel To TTog0oTd KATA PHECO SpO TWV CNUEIWY TTOU
BpiokovTal yEoa gt évav uTTEPKUPBO AKHAC € WC TTPOC TOV CUVOAIKG
apiBud TwV onueiwy, yia pid dedopévn eukpivela €. Me auth TNV
dldoTaon prropolue va Bydhoupe CUNTTEPAOHATA YIa TO TTOTO
'"TTUKVO' eival To gUvolo TTou e§eTAoude Kal TTOIG gival N XWPIKA

KaTavoun Tou.
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Ma Tov uttoAoyiopd Tng correlation dimension éxel TTpoTaBEi
(Grassberger & Proccaccia, 1983, Grassberger, 1983) va utroAoyiletal
AVTi YIo TO TTOCOOTS KaTa HECO SPpO TWV CNHEIWV TTOU BpiokovTal péca
o€ €vav UTTEPKUBO AKPAG € WG TTPOG TOV TUVOAIKS apIBud Twv OnMeEiwy,
TO TTOGOCTO KaTa HETO 6po Twv JEUYAPIWV ONPEIWVY TTOU aTTEXOUV
METAZU TOUG aTTéOTACN MIKPOTEPN aTT6 £. MpdyuaTi, av ot éva
utrepkUBo (A opaipa) TTou TTPUKUTITEI ATTS éva SiAUEPITUS (partition)
TOU PETPIKOU XWPOU UTTAPXOUV ., onueia, TOTE p'=vl /N AvticToixa,
TO TTOGOOTO TwV {eUyapIV onpeiwy TTou axnuatifovral w¢ TTPo¢ Tov

Vei '(Vsi“l) Vi ‘(ng"l) N ng2 Vei Vai2
N-(N-1) T N* T NT N ON?

OUVOAIKS apiBud Jeuyapiwy cival:

Yia € QpKETA HIKPS Kal N apKeTd peydho.
AkohoUBw¢ opigeTal To oAokAfpwpa cuoxétiang (correlation

integral) deutépag Tdgng:
N N
C(s)=ym%Z-]VZH(g—Hxi-xj”), izj  (4.3.6)
eI G IV D

6tmou H n ouvdpTtnon Heaviside pe H(u)=1 yia u>0 kai H(u)=0 yia u<0.
Ma tnv yétpnon Tng améoTaong “Xi—Xj“ Xpnoigotolgital karoia vépua
ouvnBwg n vopua Tou peyioTou. OTTwW¢ @AavNKe Mo TTEVW C(e)=S,(s)
(4.3.7) ka1 ydAioTa To oAokAfpwHa cuoxéTiong uttoAoyileTal TTio
guKoAa Kal akpIBéaTepa atré 1o S,(g).

Av 1o S,(¢) eival ekBeTIKA ouvdpTnan Tou € 8nA. S,(¢)x as”(4.3.8),
TOTE yia TRV KTiHNON TG 8140TAONG CUOXETIONE ATTS TNV EkQpaon
(4.3.6) 1o0x0e1 o kKavovag Tou del' Hospital ka1 eivar:

D, = lim =) _ py dCH @) _ o d(InC(e) (4.3.9)
«0 Ing 0 d(ng) > d(lng)
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‘Etor yia va BpeBei n correlation dimension Tou deiypartog,
uttohoyiletal To correlation integral kai oxed1aleTa)l ge SITTAS
AoyapiBpIké xapTi yia va Bpebei av utrdpyel TTepioxn yia TNV oTroida
loxuel n guvBnikn (4.3.8). Av umrdpxei, ovopdZeTal TTEPIOXA TTOU
uttdpxouv vépol kAipakag (scaling region) kal n didoTaon guoXETiong
uttoAoyideTal atmé TV KAian Tou Siaypdppartog logC(e) - loge.

4.4 The time-delay embedding method (ué6o5o¢ svOéoewc
TWV XPOVIKWV UCTEPNTEWV).

OewpoUpe Eva VIETEPUIVIOTIKO Suvauikd oloThpa pe 7 BaBpoug
eNeuBepiag, 1M.x. éva gloTnua 1 CUVABWY SIAQOPIKWY EEICWOEWY HE N
METABANTEG. OTTWG £XEI YPAPTEI TTAPATIAVW N KATAGTAGN TOU
OUCTAHATOG TTEPIYPAPETAI ATTS TIG TIMEG TWV PETABANTWY Tou KATTOIA
XpovikA oTiyun. O EukAideiog xwpog N" Twv dUvaATWY KATACTATEWY TOU
OUOTAMATOG AéyeTal XWpog KaTaoTdoewyv (state space) | xwpoc
pacewv (phase space) Tou ouoTApatog. H EukAideia SidoTaon # Tou
XWPOU KaTaoTaoewv AéyeTal 3140TAGH TOU CUCTANATOC KAl eKPPAEl
Tov eAdX10To apiOud PeTaBANTWY TTou gival avaykaieg yia va OUAAN@BEi
TTARPWGS N SUVANIKA TOU CUCTAUATOC.

Eotw pra BaBuwrA xpovooeipd peTprioewv X (1) Tou oxeTileTal ME
EVA VTETEPUIVIOTIKS gloTnpa. ZXnpaTioupe To didvuoua;

X={X (@), X(1-7), X(t-27)L Xt —-(m-1)r) (4.4.1) TTou ammoTeAeiTal aTTé M
Tov apiBuo diadoxIkég HETPATEIG TTOU €Xouv XpovikA ucTépnan (lag)
HETAEU Toug. ATTé Ta BiaviopaTa TWY XPOVIKWY UoTepAoewy (4.4.1)
dnuioupyeital o xwpog R". H EukAideia 8idoTacn m Tou XWpou auTol
Aéyetal didotaon évBeong (embedding dimension).

ATrodelkvieTal 611 (Takens, 1981) uttdpXel évag opaAdc
(TTapaywyiocipog) kal ap@igovooipavTog (éva TTpo¢ éva Kal
AVTIGTPEWIHOG) HETAOXNUATIOUOG TTOU ATTEIKOVIEl TIC KATAOTATEIC TOU
CUGTAMATOG ATTé TOV XWpPOo KaTaoTadoewv N oTa SiaviouaTa Twy

XPOVIKWY UCTEPHOEWY TOU XWpou R".
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Katd ouvétreia, agol Ta Siaviopata Twy XPOVIKWY UCTEPRTEWY
ATTOTEAOUV €IKOVEC TWV KATACTATEWY TOU OUCTAHUATOG, HTTOPOUME Va
AvVABOUACOUHE TOV XWPO KATACTATEWY aTTé Tov XWPO TWV XPOVIKWV
uoTtepioewyv. Adyw Tng euong Tou HETAOGXNMATIOMOU, ATTd TIG
YEWHETPIKEG IBIGTNTEG TNG TpOoXI&S TTou opilouv Ta Sdiaviopara Twv
XPOVIKWY UCTEPATEWY TUVAyovTal CUPTTEQPAOTHATA VIO Th YEWHETPIA TWV
TPOXIWV TWV KATACTACEWY Tou e€eTaldpevou OUGCTAMATOC.

Akdpa tTrapatrépa, amodukvietal (Sauer, York & Casdagli, 1991)
0TI av To oUoTNUA €xel KATTOI0 EAKUOTH (onpeio 1coppoTiag, Teplodikh
Tpox1d | Trapdgevo eAkuoTh) SidoTaong /,n TOTTOAOYIKI Tou Soun
diatnpeital @' 6cov n SidoTaon évleong Twy XPOVIKWY UCTEPNTEWY
eival peyaAOtepn amd d0o gopég Tnv Si1daTaon Tou eAkuoThA. ‘ETol, av
Ml TPOXIG OTOV XWPO KATACTACEWY EXE didotaon /,16Te av m=2/ +1 n
Tpoxia TTou KaBopifetal atd Ta SiaviouaTa TWV XPOVIKWV UoTEPOEWYV
Exel Tnv idia didoTaon.

Ma TNV emAoyA TwV M KAl Sev UTTAPXE! BewpnTikdg kKavévacg
Kal n emmituxia tng emAoyAg kpivetal ammd 1o amoTéAeopa. QoTéoo,
agoU xpnoiyorroioUvTal ol TINéC X (1) oav METAOXNUATIOHEVEC
HETABANTEG TOU QUOTAPATOG TTPETTE! va eTTIAEYOUV WOTE va eivai
OTATIOTIKA avefdpTnTteg peTall Toug. MNa To oKOTId AUTO KaTa Thv
ETTIAOYA TOU  xpnoigoToleiTal n ouvdpTtnon QUTOOUOYXETIONG TOU
deiypaTtog. To cwatd m tmrpoodiopileTal uttoAoyifovTag TI¢ d1a0TAoEIC
(Kupiwg TNV correlation dimension) tou delypatog yia augavoueveg
TIHEG Tou. Av éva gUoTnUa €iVal VTETEPUIVIOTIKG, Of d100TACEIC AUTEC
efval TTeTmepaoéveg Kal aTaBepoTTolodvTal METE ATTG KATTOIA TIHA Tou M
TTou eivai kal n kata@AAnAn. EmiTAéov, o1 81aoTdoElC auTéC 1I00UVTAl ME

TIG 3100TACEIG TOU EAKUCTH TOU CUCTANATOC.
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4.5 Xapakrnpiouyos ocuornudrwy Kai avixveuon
VIETEPUIVIOTIKOU XAOUS pE TNV time-delay embedding
method.

H avaddéunon Tou xwpou kataoTdoewy pe TNV HEBoSo evBéoewg
TWV XPOVIKWY UCTEPHOEWY TTapéxel éva TPOTIO vVa avixvelUoel Kaveig Tnv
UtTapén vreTepuIviodoU (aITiokpaTiag) oe éva @aivouevo Kal va
aTroKaAUWel, av UTTdpxel, TNV SuvVauikf Tou. Autég ouvigTarar oTnv
avadounon Tou xwpou yia SiId@opeg dlaoTdoeig évBeong m Kkal Tov
UTToAoyIoud yia KGBe m Twv S1aoTATEWY TToU TTEPIYPAQOVTAI OTO THAHA
4.3. Av oi TeheuTaieg oTraBeporoloUvTal augavovTag To M UTTApXEl
atmréddeitn o1 |
e To oloTnpa eival VTETEPUIVIOTIKS paAAov Kai 40Xl OTOXAOTIKG. AuTd
oupBaivel yiaTi ol KATAOTAOEIG EVEC OTOXATTIKOU oUOTHHATOC
KATaveéyovTal opoIdHopQa gToVv Xwpo N” xwpi¢ va mapouctdouv
KATTOIa SOUN, N oTToid QAVeEPWVETAl OTA VTETEPUIVIOTIKG cuoTApaTa
HOAIG auTd evTeBoUV ge XWpPo KATAAANANC didoTaonc.
e To oloTnua €xel EAKUCTH TOU OTTOIOU 01 dlaoTtdoeig rpoadiopilovTal
aToé Tig utTtoAoyioBévTeg. 'ETol KaBopileTal apIBP6g TwV PeETABANTWV
TTOU aTTaITOUVTAl Yia TNV £TTOPKNA TTEQIYPAPH TOU ouatrigatog 6go kai n
Hop®n TNG e§EMIENG TwWV HETABANTWY AQUTWY GTo Xpovo.
Ag eTTionpaveolyv £3W KATTOIO! TTEPIOPICHOI KAl 181a1TEPSETNTEG TNC
HeB6dou (Gershenfeld & Weigend, 1992):
e Mapéxel TAnpogopieg yia peTaBAnTéc dAAec atrd QUTEG TTOU
MeTpolvTal.
e ZTnpifeTal oe MBavoBewpnTIKEG UTTOBETEIC KAl £TOI Sev MTTOpEi
Kaveig va eyyunBei 611 eival KatdAAnAnR yia 6Aa Ta cuoTHpaATa.
e Mmopei va TTapdoyel mAnpogopieg uévo yia ToodTNTEC TTOU
TTAPAHEVOUV apETARBANTEG KATA TOV PETATXNMUATIOHG ATTO TOV XWpo

KATAOTAOEWY OTOV XWPO TWV XPOVIKWV UCTEPAOEWV.
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e H emTu)ia pe Tnv omoia cival SuvaTtov va aTToKaAUQOEei n Suvapiki
TOU cuoTApaTog e§aptdtal ToAU atméd Thv eukpivela Kal akpiBela Twv
METPAOEWV OE OxéOn PE TNV XPOVIKH KAIJOKA TTOU egeliooeral o

ogloTnua.
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S. Epapuoyn Tng pedoédou évlesong Twv
XPOVIKWY UCTEPACEWYV OTA TTPAYHATIKE KAl
OTA OUVBETIKA dedopéva.

5.1 Eicaywyn - MeBodoAoyia

Méow Tou Trpoypduuatog correl.c Tou ypd@TnKe 0t YAWOOQ
ANSI C umroAoyioTnke To oAokAfpwua cuoxéTionc (correlation
intregral) yia didgopa 51a0TAPATA € KAl S1ACTATEIC évBeonc
(embedding dimensions) atro 1 péxpr kar 32. H TTaparrdvw diadikacia
EQAPUOTTNKE YIA TIG TIPAYHATIKEG KOl TA GUVBETIKEG XPOVOTEIPEC
BpoxomTwong yia eukpivela TETApTOU ThE Wpac, wpag, 6 wpwv Kal plag
NHépag. H xpovikA uatépnon  mpoodiopioTnke w¢ o Xpdévog yia Tov
OTTOi0 0 GUVTEAEOTAG QUTOTUTXETIONG YiVETal undév yia ITpwTn Qopd.
YoTepa pe Tn xprion Tou Takétou Excel éyivav Ta dlaypduuaTa

logC(e) — loge Kai 61TOU UTTAPXAV TTEpIOXEC TTOU foXuUE VOHOG KAipakag
S,(e)cac”(4.3.8) uttohoyioTnke n KAion A(logC(gy , ONAadn n
A(loge)

Sidotaon cuoxéTiong, pe TRV péBodo Twv eAaxioTwy TETPAYWVWYV,
TéNog, éyive To Si1dypauua Twv S1a0TdTEWY gUOXETIONG yIa KAB¢
SiaoTaon évBeong. InpelveTal e3W 6TI yIa TRV €UKPIVEID TWV TETAPTWYV
TNG Wpag Sev TTPoEKUYE TTEPIOXK TTOU va IoXUEl N oXéon (4.3.8). Ta
HAKN TWV XpOVOOEIpWY KaBWC Kal TO  TTou Xxpnoigorroii®nke divovrai

oTov TTivaka 5.1.1.
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MNivakag 5.1.1. Mikn Twv xpovooeipyv KaBW¢ Kai xpoViKf vorépnon mou
Xphoigorroinénke yia rov umoloyiouéd rng didoraong ouaxériong (correlation dimension).

1/4 209 580 212 607 24
1 52 395 53 152 48
6 8 732 8 858 72
24 2183 2214 144

Ma Tnv eukpiveia Tou TeTdpToU TG WPAC Xxpnoigotromenkayv 70000

onpeia yia Toug uttoAoyiopouc.

5.2 To mpoypauua correl.c .

To mpdéypapua correl.c agol SiaBdoel Ta dedopéva atréd éva
ASCII apyeio, Ta KavovikoTrolel oTo SidoTnua ammd undév éwg éva kal
UoTepa utToAoyilel To oAokKAApwWHa OUOXETIONG Yia S100TA0EIg évBeanc
m aTmmé 2 w¢ pia HeYIoTn TIUA TTou KaBopileTal K¢ TTApAPETPOC TOU
Tpoypdpparog. O akyépiBuog Tmou e@apudleTal Sev eival KaTeuBeiay
Tapdywyog Tou T0TTOU (4.3.6) aAAd TTpoépXeTal atTé TNV epyacia Tou P.
Grassgerger "An optimised box-assisted algorithm for fractal
dimensions" (Grassgerger, 1990) (BA. mapdpTnpa IMN). O KWSIKAC TTOU
TapatiBeral oTnv epyacia peratpdmnke amé FORTRAN oe ANSI C kai
Eyivav pikpoBeATioelc. H AioTa Tou TTpoypAupaToC BpioKeTAl OTO
mapdpTnpa B. MNa m=1 xpnoiporroicital o T0TTOC (4.3.6) TTou

KwdIKoTToIRBnke pe TRV BorBeia Tou ANEEavdpou MavérTa.
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5.3 AmmoreAéouara.
Mapakdrw TTapouoiafovral Ta diaypdupata logC(¢) —loge yia
S1apopeg eukpiveleg. Ta 10TopIKG SeSopéva eival oxediaouéva pe

CUVEXNH YPAUUN EVW Ta CUVOETIKA pE SiaKeKOPEV.

e loTopikd ka1 ouvBeTIKd Gyn BpoXKH¢ KGBe TETapTo TG Wpac.

Op10o sukpiveiag
=1mm

1 1.5
log, € [mm]
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e Qplaia 10TOPIKA KAl CUVBETIKG Uyn Bpoxiic.

Oplo eukpivelag 2 E[x|x > 0]

=1 mm

logy C(e, m)

1.5 2
logy € [Mmm]

e loTopikd ka1 cuvleTikG Gyn Bpoxric KGOe 6 wpEeg.

Opio Evkpiveiag

=1 mm

2 E[x|x > 0]
=20.6 mm

62

1.5 2
logy € [Imm}



Huepnotla 10Topikd ka1 cuvBeTikd Uyn BpoxAc.

Opio gukpiveiag
=1 mm

2 Ex|x > 0]]

logC(e, m)

-1

0.5 "t m=

zmawasm ]

o~
e PP wooox B!

ey

-2
2.5 4 ; /
m=16 : m= 32
ey 3
"3 Nl P~ I} }
-0.5 0 0.5 1 1.5 2
logy € [mm]

Correlation Dimension versus Embedding Dimension

white noise[

= 4
)]
2 2
<1
= 1
)
Y7,
o))
)
= 14
<]
1/8
1/16
1/32
1/64
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Maparnpigeic oTa amroTeAéouara,

H opifovTia ypauur oTo KOTWTEPO PEPOC TWV KAMTTUAWY, dnA. yia
TTOAU pikpd € deixvel 6TI n SidoTaon ouoXETRoNG eKei eival pndév.
AUTS6 o@eileTal oTo peydho TToo0OTS HNdEVIKAG BpoXdTTTWOoNS TTou
Exel oav atToTéAeopa TTapa TTOAAG SiaviopaTta va éxouv pévo

I}JnS&VIKég ouvioTwoeg. 'ETol og pid Teploxh Tou € TTOAU KovTa oTo

MNOEv uttdpyel éva HeEYAAo TTOCOOTS anueiwy.

Ymapxer pia mmepioxr kKAipakag (ektdg atrd tnv mepimrwon A=1/4h)
XovdpIkd avapeoa oto dpio akpifelag Twy peTpoewy (1mm) Kal To

OITTAGOI0 TOU Yéoou GPOU TWV PN MNBEVIKWY UYPWV.

H kAion auTAg Tng mepioxn¢ kAipakag eival alfouoa ouvdpTnon Tn¢
diaoTtaong EvBeong. Aev uttdpyel oTaBepoTroinor TG KABWE To M

augdveral.

Ta arroteAéopata TNG avAAUTNG TwV CUVBETIKWY SeSONEVWY TTOU

TTPoEpXOVTAl aTTd TO 0TOXaoTIKG Scaling Model &ev Siagépouv

ONMAVTIKA aTTé Ta avTioToiXa TWV I10TopIKWY Sedopévwy. Kal Ta 0o

Siagpépouv atro Tov Aeukd BopuRo.
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6. Zupmepdopara

o Aev BpéBnke vreTeppIVIOPSS otV ICTOPIKA XPOVOOEIPA Yia eUKpiveld
améd 1/4 Ewg 24 wpeg Kal yia embedding dimension amé 1 éwc¢ 32.

e Aev UTTHpXAV OUCIAOTIKEG SIaQOpPEC oTn cuuTTEpIpOopPd TnG correlation
dimension peTagl TnNg 1I0TOPIKAC XPOVOOEIPpAG KAl TNG TUVOETIKFAC TTou
TapAyeTal atrd éva kaAd Sounuévo oToXaoTIKS HoVTEAO.

e Ymdpxouv SugkoAieg oTnV epappoyh NG time delay embedding
method Adyw TnG @uong Twv deSopévwy BpoxoTTwong mmou éxouv
MEYAAN ouxvoTNTA PNBEVIKWY TINWY O¢ MIKPEG XPOVIKEG KAIMOKEG.
Emiong, otn uéxpt Twpa BiRAioypagia Ta dedopéva ota otroia n
MéBoBocg éxel é(pappocTei ETTITUXWG €XOUV HIa GXETIKA OpOoIGHOP PN
EUTTEIPIKN KATAVOMA, EVW OTNV TEpiTTWEN TNC Bpoxng n eutTElpIKA
Katavour éxel uttepBoAIK HOPPH.

e Avapévetal 6T n péBodog Ba uTropei va EQAPHOOTE XWpig
TTpoBAApaTa yia KAIHAaKeS apKeTd HeYaAUTepeg Tou péoou Xpobvou
HNdevikAG BpoXdTTWONG 6TTWC TT.X. OF unviaia Bdaon. TéTola
EQAPHOYH OpWG aTTaITEl ApXEia EKATOVTESWY XPOVWYV yia eEaywyh
agIOTTIOTWY CUPTTEPAOHATWY.

e Kai ol 8Uo xpovooeipéc Siagépouv KaBapa atré Tov Aeuk6 Bépufo.
Eival eupéwg amrodektéd mAéov 6T n BpoxdémTwon mapoucidlel Sopn
o€ avTiBeon pe Tov Aeuk6 BépuBo. Aev UTTapxouVv Spwg evdeifeic 6T
auTti n dopA eivar oAiyodidaTatn (low dimensional) WwoTe va ptropei

Va TTEQIYPAQET ATTO VIETEPUIVIOTIKEG OXETEIC.
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Mapdaptnua A

1. Apxeio 1oTOpIKWY Sedopévwy Bpoxdmrwonc.
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EVAPGEWG, N nuepopunvia, n didpkela oe TETAPTA, TO TUVOAIKS Oyocg Kkai

TA MHEPIKA Oyn).
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9

9
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3

13

455 18.75 14 10 1989 11

7

8.25 19 10 1989 39

456 17.25 18 10 1989

457

3

44 12

O N

o O

o O

1 -1 458

0

3
2

13.25 27 10 1989 6
3

4

8 12 1989 57

459 22.00 29 10 1989

460

8.00 21 11 1989

2

23

461 20.50

—

4
4

462 23.50 12 12 1989

463 16.75 21 12
464 17.25 22 12

8
47

1989

1

1989 39
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2. Apxeio ouvlerikwyv dedouévwy Bpoxémrwonc.

KaraypdeovTal Katd oeipd o alwyv aplBP6¢ Tou eTreicodiou, N
wpa evdpgewg, N nuepopnvia, n SIdpKela oe TETAPTA, TO CUVOAIKS

Uyog Kail Ta PHEPIKA Oyn.

# RESULTS
#

#

# Scaling model parameters :
#

# H: -0449
#cl: 8.740
#c2: 85.680
#b0: 0.246
#bl: -0.002

#

0.2500.00 1 1 1984

# GENERATED EVENTS
#

#

1700111984 1 1 1-1

21525111984 7616 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
000000000001 00200000010O0O0O00O0
0601 1000000000000O0O0O0OO0OO0OT100O0O0?21
012 1-1

32000 51198412 41 0000101000 1-1
4675221984 5 2 1 0 0 0 1-1

519025221984 4 3 1 1 0 1-1

615501021984 10 18 1 4 2 3 2 1 0 2 2 1-1
740018 21984 3 13 1 1 11-1
8137518 21984 4 2 1 0 0 1-1
95252031984 10 5 1 0 2 01 0 O
10150027 31984 26 22 4 1 0 0 0 O
002102200 1-1
117752931984 7 4 1 0 0 1 1 0 1-1

1225031 31984 724 5 2 2 1 1 1 12-1

13122531 31984 16 3 1 0 0 0 0000 0OO0O10O0O0O01-1
14975 24198427 2 1 0 0 00 00 00O0O0O0O0O0O0OOO0DO
0000O0O0OOO0OTI-1

1

0 0 1-1
00000182000

15165017 41984 1722 1 1 0 0 0 01 0 01 0 0 0 0 9 4 5-1
16212520 41984 13 7 2 2 1 01 0 0 0 0 00 O 1-1
171325451984 14 18 1 2 1 1 1 1 001 41 2 1 2-1
181825551984 1737 3 5263 1311111015 21-1

25






19975 951984 516 1 2 5 5 3-1

20105011 51984 1 4 4-]

211400 3 61984 5 22 12

2219.0013 61984 32 4 1

01 0000O0O0CO

2395020 61984 5 2
3
3

342 1-1
0600000100O0O0OO0OO0CO0OO0OO0O0DO
0 0 1-1
1 0 1-1
2423.5021 61984 7
2515.0022 61984 4
2685023 61984 8 4 1
2795024 61984 8 7 1
2821.0025 61984 4 2 1
2910.0027 61984 1 1 1
3022528 61984 1 3 3-1
3111.2528 61984 1 3 3-1
32237528 61984 2 2 1 1-1]
330508 71984 14 5 1 0 0 1.1 00 00O0O0OT1O01-1
349.00 9 71984 21 17 1 0 0 0 0 0 0 O O O 2

4 2 1-1

3547510 71984 2429 1 0 0 0 4 3 1 10101222111
12112 1-1

36192512 71984 54129 2 0 0 1 1 0 0 0 09 5621110
251254213 21262211210017654212
411100010 1-1
3712514 71984 15 8 1 1 1 1 1
3895015 71984 10 4 1 0 0 0 O
39197517 71984 70 72 1 0 1 0 2 1 0 4 2 2 1 1 1 0 0 0 O

0 00 1-1
1-1
0000 1-1
0211 1-1
1-1

[ o
o o O e

0
0
1 1
2 0
1
1
0
-1

0
0

—

0
0

060000001 100000063211111121T13:2

221111143211 1000000222T1T1T11-1

406.5020 71984 8 2 1 0 0 0 0 O O 1-1

4140021 71984 18 4 1 0 01 1 0 0 0O OO OOOOO0OO0OO1-

1
42235021 71984 8 6 1 0 0 0 0 3 1 1-1

43112530 71984 15 7 1 20 1 1 1 0000000 0 1-1
44325 6819843911 1 00 0 0 0000000000000
00011411000100000000 1-1

459775 781984 11 6 1 0 0 0 0 0 0 0 0 3 2-1

4620014 81984 1131 53 55 42101 0 5-1

47200014 81984 4865 73 2 1 1 00000100025 2
1351054321 111000000000000200
100 1-1

4822.0016 81984 63 7 1 0 0 0 0 0 0 0 0 0 0 0000000
000000O0GO0O 000001100000
000000O0TO 10 1-1

4980019 81984 6

2
5027520 81984 14 23

5115.0020 81984 5 3

52 11.0021 81984 17 4
5311.0023 81984 1 134

5482525 81984 1

00100 0

000O0O 0

1 0000

4410010031314 1-1
-1

100020 600000000 1-1
1 1

—

0 0
9 2

-~y -

1-1

26



5523.0025 81984 16 31 1
5621.7526 81984 15 35 1 1
5752529 81984 3 3 1
589.0030 81984 8 4 1
59175 1 91984 20 55 4 1
1 1-1

602000 3 91984 1230 8 3 2 3 5
616251091984 735 1 1 1 14 11
62137524 91984 6 11 1 3 1
63152530 91984 720 1 O
645503101984 9 3 1 0
65222518 101984 5 31 12
6617.7519101984 5 3 1 0 0 1 1-1
67222526101984 2676 1 0 0 0 0 0 0 00003 7 2111 3
514 5946 31 1-1

6816.7527101984 2 2 1 1-1

6910013111984 3 1 0 1-1

7042515111984 8746 1 2 1 1. 0 0000 000O0O0O0OT1O0O0

04252 0
00110 1

O
O —
N —
— O
e I el

0
0 2
00

[ 8

2
4
000
1 1 111
0 0 00O
71147520 11 1984 65 23 0
7 0
0

0
0
0
1 1 000
0 0 00O
0

SN

0
0
0

oo @
—_ o ©

0
1 111000 0
0 000000 -1
72152524 11 1984 5
73 12.0029 11 1984 4
7427528 12 1984 18
-1

7537512 11985 12 42 1 0 2
764.50 14 11985 18 56 1 1

-1

7765015 119851843 4 3 1 1 1 1 1 114105 421111
-1

O -

7 4
31
51

1

78210025 11985 5 6 1 2 1 1 1-1

7907527 119851962 1 1 519673963 231111]1
1-1

80145027 1198513865 4 2 1 1 1 00 0000O0O0O0T1O02
1011101211001 0311002T1001T142
1110000001 000100000000O0O0O210
10010002101 0000000010000021
60211100100000000000O0O100O0O0O0CO
00000O0O0O0O0O0OT1O0T1-

8111.5029 11985 5 8 1 1 1 2 3-1

82100030 119852047 93 1 1 004 15103141210
0 0 I-1

83155031 11985 4 2 1 0 0 1-1

84 12.0027 21985 10 15 2 4 0

85220028 2198523 19 1 O 0
31100 1-1

1 03310 1-1
00020031112124001

27



86182510 31985 636 1 3 8 4 5 15-1

87202516 319852353 1 00 1 1000221285210 8
4 4 6 21 4-1
88157519 31985 3 3
89207522 31985 1 1
905.2525 31985 13 20

I 1 1-1
1-1
100010051513 3-1

9118.0025 3198513638 1 0 0 0 0 00O OO 0OO0OO0OO0O0O0OO0O
0000000000001 00O0O021000O00O0O0DO0
0000000000ODO00O00000O0210000O0CO0O
0000000000O0O0O0O0O0OO0O0OOO0O0OO0OT1O0O0OO0O00O0
6001131210000031111100200000
0001131210 1-1

92167531 319851410 1 0 0 0 1 0 0 0 O 0 0 4 3 1-1
9362514198511 6 2 110000000 2-1

94225441985 S 3 2 0 0 0 1-1

95200 541985 1 4 4-1

9612.0022 41985 5 2 1 0 0 0 1-1

97112523 4198555 71 0 0 0 0 0 00O 0OO0OO0OT100O0O0O00O

0000O0O0OO0OO 000000O0OO0O0OT1.1000DO0CO0O0O0
10 1-1

1 00 000
98 12.25 4 51985 3
02000000

0
0
217 101202020001200000
1
6

99325 9 51985 9 1

0100 2-1
42221003 2-1
100575261985 6 2 1 0 0 0 0 1-1

1011253 61985 10 15 1 2 1 1

0 2
1021375 56198510 5 1 1 01 0 0 0 0 1 1-1
1031350 6 61985 924 4 8 4 1 1111 3-1
104925 8619851217 1 2 411103111 1-1

105157510 6198533 9 1 1 1 0 01 1 0 00 000O0O0O0O0
2100000O00O0O0O
106 157511 61985 16 52 4
10720.0014 61985 1 3 3-1
10840015 61985 10 48 3 1 22210 4 1 2 2 1-1

10910018 61985 4 3 1 0 1 1-1

11045023 61985 1515 2 1 1 0 5100000220 1-1
11127524 61985 7 3 1 01 0 0 0 1-1

112135027 61985 2 2 1 1-1

1139253 719855021 1 0 0 0 0 0000111411110
1 T1000100000021000000O0OO0OT10UO00
0000 1-1

1149258 7198523 72 0 01 01 1 0000O0O0O0O0O0O0O0
1 000 1-1

1159259 719852356 1 3 1 233311003105 2110
I 6 53 1-1

116227514 7198518 7 1 0 0 1 1 2 000 00100000
1-1

117177516 71985 1 1 1-1
118 7.00.17 71985 1530 1 0
119155019 71985 5 5 1 2

1
72118625 41-1

—

08372520000 1-1
0 1-1

28



120 1.2520 71985 14 6 2
1213.0023 71985 10 3 1
12272526 71985 23 13 1
0000 1-1

12355027 71985 1 3 3-1
1241600 2 81985 4 2 1 0 0 1-1
125075 3 81985 3 2 1 0 1-1
126 19.50 3 81985 3 2 1 0 1-1
1272225 4 81985 12 15
128 14.00 5 81985 11 23
129 19.00 7 81985 16 31
130 19.00 8 81985 6 18 1
1311925 9 81985 1 1 1-1

13212.0010 81985 2 2 1 1-1

13310011 81985 833 6 511 4 3 1 1 2-1

134200011 819851419 1 1 0 6 2 1 0021031 1-1
1351300 4919853035 1 0 00003 114311212
110042110111 1-1
13622523 91985 751 113 6 4 219 6-1

13755024 91985 21 55 1 0 2 4 9 5 43 33232341
21 1-1
13885025919852022 1 0 00000 O0O0O1219310
I 1-1

13915026 919852719 1 1 3 1 0 000 00O0O0O0O0O0 4
00021041 1-1
140197526 91985 15 3 1 0 0 0 0 O 0000O0O0CO
14117.00 31019852721 1 0 0 0 0O O OO OOO0OOO0OOOO
0000096 21 2-1

1421600 4101985 13 3 1 0 0 0 0 0 1 0 0 0 O O 1-1

0 000 1-1
1-1

0021000

Pt p—
= wnm o o
Ob)n—i{/\
w oo w
—_

O W W)

143950 5101985 2 2 1 1-1

14417.00 51019853525 2 2 1 0021 00O0O0O0OO0OOO0OO
000000011 T100018311-1
14517.00131019854920 1 0 0 01 0 01 0 00O OO OQ
021000011021002220010000O00

000O0TI-1

14617.0014101985 1819 2 0 0 1 0 2 3 2 3 1 3 1 0 0 0
1-1

14772518101985 710 1 0 1 4 2 1 1-1
148825221019854592 1 2 01 0000001 T1TO0T1O00O0
21 0000321011311 74342211110

1-1

1492.0028101985 6 9 4 1 1 0 2 1-1

150100 6111985 3 2 1 0 1-1

1511800 6111985 58 5 1 0 0 0 00O OO0CO0O0O0O0O0O01
00000001 0000O0O0OCO0OO0OOOOOOODODOOQ
00000O0O0O0O0T1O0O0O0T1-1

1521600 7111985 18 5 1 0 01 0 000 OOO0OO0OT1O0T1@O0
1-1

153 197511111985 1 2 2-1
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154192513111985 1241 212 4 9 4 3 3 1 1 1 0 1-1
1551625141219853126 3 2 1 0 3 4421 111000T1O0
0000O0O10O0O0OO0OO0O0O01-I1

15622.001712198516 14 1 0 0 0 0 0O 1 1 0 0 0 01 7 2 1-1

157 147521121985 2 2 1 1-1
1587252512198527 3 1 0 01 0 0 00O O0OO0O0OO0OOO0O000
0000O0O0OO0OOTI-1
159325301219853260 1 1 01 1 1113863 2523T1]|1
1142121111 11112-

16013.2520 21986 10 5 3 1 0 0 0 0 0 0 O 1-1

161117524 2198621 13 1 1 0 0 0 01 3 1100000 0711
01 2 1-1

16225025 21986 2 2 1 1-1

16327526 21986 2 2 1 1-1

164130026 21986 3520 3 1 1 1 000 0023111111
100001 0000O0O0OO0OO0O0O0GO0T1-1

1656.00 1 31986 1 1 1

-1
166 23.50 16 31986 7 34 8
16723.7520 31986 1 7 7
168 11.0021 31986 1 3 3
169 19.7521 31986 33 17 1 0 0
003 031100O0O00 0
17097524 31986 7189 1 0 1 1 0 7 216 74 2 1 11110
000O0O0OO 9 4 0 0 1

1 000 21 0 1 0 I 1

1

772 2 3 5-1

-1

-1
0000200002100000
1 1 1-1

0 2
00

—_ O

0 21 1111 0 1 0
0 001000 0 00
171 8.2530 31986 16 2
1724775 1 41986 44 12
0000022000
173 15.00 22 4 1986 69 24
1 0000O0O0CO0OO
101021T1T1]1
174165024 4198 13 2 1 0 0 0 0 0 0 0 0 0 0 O 1-1
175220025 41986 3 2 1 0 1-1

1769.5026 41986 10 3 1 0 0 0 0 0O 1 O O 1-1
177155010 51986 1733 1 3 1 1 4 1 42 22 43 1111 1-
1

17819.7512 51986 23 13 1 0 0 0 0 0 0 O 0 01 1 2 1 0 0 O
1 0113 1-1

17997526 51986 1427 1 0 1 4 1 0 0 1 6 2 0 3 0 8-1

J— —
o
o O OOO

0 0 00O
0 0010
0 1 000
1 0000
0 0 00O
0 0 00O

e
[ NOO

0 0

1 0
0 0
0 2

1 0

0 0

180235027 51986 3940 1 0 0 01 003 111101002
1003111052111 1000053T1T1-
181157516 61986 9 4 1 0 2 0 0 O O O 1-1

18270017 6198 812 1 2 2 1 1 2 2 1-1

183120018 6198617 7 1 1 0 0 01 001 1 1.000O0O0 1-1
184227519 6198 8 8 3 0 1 2 01 0 1-1

185107527 61986 2550 1 1 0 01 § 783 31332211
1111111 1-1
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18607528 6198627 3 1 0 1 0 0 00 00O OOO0OO0OOO0ODO

0000O0O0O0OT-1

187197528 61986 76 50 5 4 2 2 1 1 1 1 11 00 00 0 11
6000021111121 111110001000T10
0000000010031 00000021000000
2100 1-1

188 14.7530 61986 532 2 4 4 9 13-1

1899502 7198 9 2 1 0 0 00 0 0 0 1-1

190075 3 71986 3126 4 2 2 2 1 0012101001204
10000100O0O0O0O0T1-1

1912225 4 71986 2 2 1 1

192025 9 71986 10 11 1 1204100 1-1

1931525 9 7198 1 2 2

19492510 71986 17 3 1
1953.00 11 71986 20 34 1
0 0 1-1

1964.7514 71986 8 7 1
19712515 71986 1 1 1
19820016 71986 96 8 1 0 0 0 0 0 00O 00O OOO0OOO0OO0OO0OO
0000O0O0OT1 0
000O0O0CO0O 0
0000O0O00O
199 1.50 18 7 1986 12 1
200 1.7520 7 1986 10 3
20119.7520 71986 7 6 1 O
202152521 71986 4 2 1 0
203000 78198626 3 1 1 0 0 0 00 00OO0O0O0OO0OO0O0OO0O
000O0O0O0OGO0CT1-

2041150 8819863611 2 1 1 02 11 10000O0O0O0O0O0
000000O0O0O0OOOOTT O0OO0O0OO0OOT1-1

205450 9 81986 1 1 1-1

2062025 98198641171 0000000010101 100
060100004 1121000000O0O000O0O0°T1 1-1
207 187510 81986 1 13 13 -1

208145012 8198620 8 1 0 0 0O 0O 0O OO 10O0O0CO0OOOT1 1
21 1-1

209122513 81986 944 9 5 1 0 0 0 12 13 4-1

210192525 81986 1715 1 0 53 1 101 1000O0O01O0 1-
1

1-
1
-1
000000O0O0O0OT1O0O0O0OO0O01-1
041043 12104110001

221000 1-1
-1

000 0 0 00
1 10 0 00O
0 00 0 1-1
8
5

2

0
>
0

—_— s
H,_‘

211185026 8198684 6 1 0 0 0 0 0O 0 0 OO OO OOOO1

000000O0O0O0O0OOOO0OOOOOOOOOO0OO0OO0OO0OO0OO0OT1
00000000O0O00OO0DO0OO0OO0OO0O0OOOOOOOO0CGOOO
010000O0O0OT1O0OO0OO0TI1-1

21252528 81986 7 9 1 0 4 2 1 0 1-1

213172530 81986 4 2 1 0 0 1-1
214167531 81986 17 6 1 0 0 0 2 1 1
2151100 1 91986 12 19 3 1 0 0 0 3 1
216650 6 919863320 1 0 6 2 1 01 00002004100
0100000O0O0GCO0OO0OO0O0O01-1

0 000O0O0CO0O©O0TI1-1
3 311 3-1
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2171575 7 91986 14 10 1 0O
218135011 91986 3 4 1 1
219167512 91986 4 2 1 0
220235013 91986 15 4 1 0
0
0
1

1101000210 1-1

1

l-1

1-1
221 12.25 1101986 o1 4 0
0100O0O02 2
1101002 -1

2221500 210198 10 4 2 1 0 0 0 0 O O0 O 1-1

223500 5101986 3 2 1 0 1-1

224275 71019864956 2 1 121 1000001100000

006221000000001242111152211F:1
0 00 1-1
2250001311198 2148 1 0 0 4 1 012831001714
364 1-1

2
2-
0
00000O0200O0O00O0
6 1 0000O0O0OO0OO0OO0OO0OO0ODO 00
0000 221421421211 11
1121 1 1101

22621.2517111986 10 9 3 2 1 1 1 0 0 0 0 1-1
227135021111986 45 7 1 0 0 0 00001 01110000
06000000000000O0O0DO0O0OO0OO0OO0OO0O0O1O0O0O0O0O0
I1-1

22892526111986 8 2 1 0 0 0 0 0 O 1-1
22950027111986124126 1 0 0 0 0 01 0000121011
6011100110001 00000141115312
1111168421111 11111000000O0O0T1°1
100100110001 0000100000141T11
421211111684211111111000¢0T1-1
2301759121986 94 77 3 2 1 2 1 1100010211210
31101010111 0000311110100034
21121110100100231111002T11H0P0
06001000101 000000010031 1-1
2314751112198 1 1 1-1

232155015121986 721 1 0 0 O O 16 4-1

23317.5020121986 6124 1 0 0 0 0 0O 0O OO O41000O0°1
06000000103 100100000013212T1°00
0000000O0OO0OO0000OO0OO0OOOT1-1 ‘
23411.2526121986 824 5 5 3 2 1 1 5 2-1

2352175 11198739 511 000100000000O0O0O0O

00000000000000001000O01-1
23600013 11987 94 2 0 0 001 0 0 1-1 ‘
23795016 11987 8 3 1 0 0 0 1 0 O 1-1

238162523 11987 18 3 1 0 0 0 0 01 0 0 00 OOOOOO
1-1

239170024 11987 10 9 1 0 0 01 2 3 1 0 1-1

240212513 31987 1118 1 1 7 2 1 1 2 1 0 1 1-1

2411525 9419872178 9 9 3 6 3387 332532121
1 1T 1 5-1

242195025 41987 13 9 1 0 01 0 23 1000 0 1-1
243220023 519872714 1 0 01 000 0O0OO0OOO0OOO0OO0OO
4311010160 1-1]

244217525 5198783 66 2 3 2 1 21 12111121T1T1]1
111002103211 00011010221¢0000




00000100000O0O0OO0O0O0O0O0O0O
06 3 15-1

( 9872618 3 1 000 000 0O0O0O0O0O0OZ2241
0 0 1-1

2469.00 12 6 1987 8 22 7
24795013 61987 12 26 1
248 13.5014 61987 5 3 1
24987515 61987 25 12 1
01 0104 2-1
250230017 61987 5 7 1 0 0 1 5-1

251160018 61987 2817 1 0 2 2 2 1 001 00021110
0000020000 T1-1

25223001961987 1129 2 6 1 2 1 02 9 41 1-1

25315024 61987 26 18 1 0 3 1 0 0 0 0 0 0 00210001
1 T0013 2 1-1

25475026 6198727 51 1 00 0 000O0O0O0O0O0OOOO0O0O0
0000T1TT1O0O0T1-1

255105027 61987 1324 2 0 73 2110 0 0 1 5 2-1
25612528 619873513 1 060 11 0 0000000100000
01000211000021001-1

2571100 8 71987 11 8 1 0 2 1 1 1 1 0 0 O 1-1
258725971987 1026 3 1 7 3 1 1 0 3 1 6-1

25940010 7198787129 1 0 0 3 6 2 753 1 10010T11

I 3 21 1-1
21100123 9-1

0 1-1
000210000O0O0O0O0O0CDO

0600311631167 74221110310002T12
1100000000521 1731111003T1T1T1:1
06003 111011000O0O0O0TI-

26002512 7198717 8 1 0 0 0 0 2 1 1 000 0O0O0O0OT1 2-1
26147513 71987 1 1 1-1

262190013 71987 915 1 0 7 1 0 2 1 2 1-1

26387514 71987 11 2 1 0 0 0 0 0 0 0 O 0 1-1

26420.0014 71987 16 3 1 0 0 0 0 0 O O
26557516 71987 24 18 2 2 3 2 2 1 010
01 010 1-1

26615018 71987 3 12 4 2 6-1

267110018 71987 2 2 1 1-1
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1.evgen.c

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <alloc.h>
#define M_PIl 3.1415926

unsigned long seed;

double myrand(void);

double gamma_area(double, double, double);
double parag(int);

double gamma(double);

I* gamma generators */

#define MISSINGVAL -999

double myrand()
{
unsigned long a, b, c;
a=1673;
b =596;
C = 4294967295;
seed = (a * seed + b) % c;
return (double)seed / (double) c;

void gen_normal(double mean, double std_dev, double *result)

double f, nrnd1, z;

z = sqrt(-2.0 * log(myrand()));
f=2.0 * 3.1415926 * myrand();
nrnd1=z * cos(f); :
*result=std_dev * nrnd1 + mean:

}

double gamma_gen(double kapa, double lamda, double c, double n)

{

double fx, y, ui;
label1:
fx = myrand();






if(fx >= n/(n+1.0))

{
y = n*kapa - log( (n+1.0)*(1.0-fx) );
y=y/ Iamda
y=y+

}

else

{
y = pow((n+1.0)/n*fx, 1.0/kapa);
y =y*n *kapa/lamda
y=y+

}

ui = myrand();
if(y < c+n*kapa/lamda)
{ if( ui < exp( -lamda*(y-c) ) )

return vy;
}
else
{
if( ui < exp(-n*kapa)*pow( (y-c)/(n*kapa/lamda), kapa-1.0))
return vy;
}
goto label1;
}
void gen_gamma(double kapa, double lamda, double c, double
*result)
{

double acc = 1e-15;

double GaussLimit = 30.0;

int k, i;

double n, rnd1, rnd2, s1, s2, s, product;

if(kapa < 0.9)

{
*result = gamma_gen(kapa, lamda, c, 1.0);
return;
}
= -3.0;
if(kapa <= 0.0)
exit(1);

if(kapa > GaussLimit)
gen_normal(kapa / lamda + c, sqrt(kapa) / lamda, result);
else



= (int)floor(kapa);
= kapa-k;
(n >= 1-acc)
{ .
k = k+1;
rnd1 = 0.0;
}
else
{
if(n <= acc)
rnd1 = 0.0;
else

{

K
n
if

while((s>=1.0)]||(s<0.0))
{

s1 =
pow(myrand(), 1.0/n);

s§2 =
pow(myrand(), 1.0/(1.0-n));

s =s1 + s2;

}
rnd1=-(s1/s)*log(myrand());
}

}
if(k == 0)
rnd2=0.0;
else

{

product = 1;

for(i = 1;i <= k;i++)
product = product * myrand();
rnd2 = -log(product);

}

*result = (rnd1+rnd2)/lamda + c;

}

return;

}

void graminv(double huge *input,double huge *result,int dim)

{
#define input(i,j) *(input + i*dim + j)
#define result(i,j) *(result + i*dim +j)

int i,j,k;



I* upper triangle = 0 */
for(i=0; i<dim ; i++)
{
for(j=i+1; j<dim ; j++)
result(i,j) = 0.0;

for(i=0; i< dim ; i++)
{
for(j=0; j<i; j++)
{
result(i,j) = input(i,j);
for(k=0 ; k<j ; k++)
result(i,j) -= result(j,k)*result(i,k);
result(i,j) = result(i,j)/result(j,j);
}
result(i,i) = input(i,i);
for(k=0; k<i ;k++)
result(i,i) -= result(i,k)*result(i,k);
result(i,i) = pow(result(i,i),.5);
}
#undef input
#undef result

}
I* multiplication of k*I matrices */

void matrix_mult(m1, m2, m1_m2, row1, col1, col2)
double *m1, *m2, *'m1_m2;
int row1, col1, col2;
{
#define m1(i,j) *(m1 + i*coll +j)
#define m2(i,j) *(m2 + i*col2 +j)
#define m1_m2(i,j) *(m1_m2 + i*col2 +j)
inti,j, k;
for(i=0; i<row1; i++)
{
for(j=0; j<col2; j++)
{
m1_m2(i,j)=0.0;
for(k=0; k<col1; k++)
m1_m2(i,j)+=m1(i,k)*m2(k,j);
}
}

#undef m1
#undef m2



#undef m1_m2

}

#define TRUE 1

#define FALSE O

#define LOWERLIM .5
#define UPPERLIM 2.0
#define M3ACCURACY 0.01

#define cov(i,j) *(cov + i*num_of_heights + j)
#define omega(i,j) *(omega + i*num_of_heights + j)

double H, c1, ¢2, b0, b1, interval, Duration;
double inv_n_h, b;

int num_of_heights;

void data_input()

{

FILE *in_file ;
in_file = fopen("param1.in","r" ) ;
if(in_file == NULL)
{
printf("Cannot find param.in\n") ;
exit(1) ;
)
fscanf(in_file,"%If\n%If\n%If\n%If\n%If",&H, &c1, &c2, &b0, &b1);
printf( "Enter duration of event in hours (decimal) \n");
printf( "e.g. for 2 1/2h enter 2.50 " );
scanf("%If" ,&Duration );
printf("\n Enter interval between succeeding incremental depths

in hours \n" );

}

printf(" e.g. for 15min enter .25 :");
scanf("%If", &interval);
num_of_heights = Duration/interval;
inv_n_h = interval/Duration;

b =b0 + b1*log(Duration);
fclose(in_file);

double cxi(int ac_lag)

{

double f, ¢, temp;
if( ac_lag == 0)
f=1.0 ;

else

{



temp = (ac_lag-1 == 0) ? 0 : pow((double)(ac_lag-1),(2.0-b));
temp = temp + pow((double)(ac_lag+1),(2.0-b));
temp = temp / 2.0;
temp = temp - pow((double)ac_lag, (2.0-b));
f=temp ;
}
¢ = pow(Duration,(2.0*(H+1.0)));
¢ = c*inv_n_h"inv_n_h;
¢ = c*((c2+c1*c1)*pow(inv_n_h,-b)*f-c1*c1) ;
return(c); '

}

I* calculation of matrix of autocovariances */

void covcalc(double huge *cov)
{
inti, j;
int ac_lag;
for (i=0; i<num_of_heights; i++)
{
for (j=0; j<num_of_heights; j++)
{
ac_lag = abs(j-i);
cov(i,j) = cxi(ac_lag);

}
}

/* calculation of meanV */

void fill_meanV(omega, Ex, meanV)
double Ex, *meanV, huge *omega;
{

inti, j;

double sum;
meanV[0]=Ex/omega(0,0);

for (i=1; i<num_of_heights ; i++)

{
sum = 0.0;
for (j=0 ; j<i; j++)
sum += omega(i,j)*meanV|j];
meanV][i] = (Ex - sum)/omega(i,i);
}
}



I* calculation of m3V */

void fill_m3V(omega,m3_x, m3V)

double m3_x, *m3V;

double huge *omega;

{

inti, j;

double sum;

m3V[0] = m3_x/(omega(0,0)*omega(0,0)*omega(0,0));
for (i=1 ;i<num_of_heights ;i++)

{
sum = 0.0;
for(j=0 ;j<i jj++)
sum += omega(i,j)*omega(i,j)*omega(i,j)*m3V[j];
m3V[i] = (m3_x - sum)/(omega(i,i)*omega(i,i)*omegal(i,i));
if((m3V[i] >= -M3ACCURACY) && (m3V[i] <= MBACCURACY))
m3V][i] = 0.01 ;
}
}

I* generation of h(Duration) */

void h_gener(double *result)

{
double E_h, var_h ,kapa,lamda ;
E_h = c1*pow(Duration,H+1.0) ;
var_h = c¢2*pow(Duration,(2.0*H+2.0)) ;
kapa = E_h*E_h/var_h;
lamda = E_h/var_h;
gen_gamma(kapa, lamda, 0.0, result) ;
}
void data_output( double *depths)
{ ,
FILE *out_file ;
inti;

out_file = fopen("g_event1.out","a") ;

if(out_file == NULL)

{

printf("Cannot write g_event1.out\n") ;

exit(1);

}
fprintf(out_file," RESULTS \n" );
fprintf(out_file,"---=--cmmmmm e \n\n");
fprintf(out_file," Scaling model parameters : \n \n" );



fprintf(out_file," H: %10.3If \n c1 : %10.3If \n c2 : %10.3If \n bO :
%10.3If \n b1 : %10.3If \n \n",H,c1,c2,b0,b1 ) ;
fprintf(out_file," GENERATED EVENT \n") ;
fprintf(out_file,"-=====meem el \n\n" );
fprintf(out_file," X[i] depth(mm) \n");
for(i = 0 ;i < num_of_heights ;i++)
{
fprintf(out_file," X[%2d] %5.21f ",(i+1),depths]i]) ;
fprintf(out_file,"\n");
}
fclose(out_file);

}

void roundoff(double *input,int row)
{
inti;
for(i=0 ; i<row ; i++)
input[i] = ((input[i]-(int)input[i])< 0.5) ? (int)input[i] :
((int)input[i]+1.0);
}

void evgen()

{

double *meanV, *m3V, *V, *X, *XX;

double huge *cov;

double huge *omega;

inti,j, counter=0 ;

double Ex,var_x, m3_x, h, S, kappa, lamda, ce ;
int done = TRUE ;

seed=152;

data_input();

I* calculation of matrix of autocovariances */

cov = (double huge *)farmalloc((unsigned
long)sizeof(double)*num_of heights*num_of_heights);
if(cov == NULL)
{

printf("\nCannot farmalloc cov\n");

exit(1); :
}

covcalc(cov);

I* deconvolution of cov ===>> omegali][j] */



omega = (double huge *)farmalloc((unsigned
long)sizeof(double)*num_of_heights*num_of_heights);
ifltomega == NULL)
{

printf("\nCannot farmalloc omega\n");

exit(1);
}

graminv(cov,omega,num_of_heights);

farfree(cov);

Ex = c1*pow(Duration,(H+1.0))*inv_n_h;

meanV = (double *)malloc(sizeof(double)*num_of heights) ;
fill_meanV(omega, Ex, meanV);

I* calculation of m3V */

var_x= cxi(0);

m3_x = 2.0*var_x*var_x/Ex ;

m3V = (double *)malloc(sizeof(double)*num_of_heights) ;
if(m3V == NULL)

{
printf("Insufficient memory \n ");
exit(1);
}
I* calculation of m3V */

fill_m3V(omega,m3_x,m3V) ;

I* generation of V[i] and final depths XX[i] */

V = (double *)malloc(sizeof(double)*num_of heights) ;
X = (double *)malloc(sizeof(double)*num_of_heights) ;

XX = (double *)malloc(sizeof(double)*num_of_heights) ;
if((V |} X || XX ) ==NULL)

{
printf("Insufficient memory \n ");
exit(1);
}
h_gener(&h);
while(!done == FALSE)
{
counter +=1;
for(i=0; i<num_of_heights; i++)
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{
kappa = 4/(m3V[i]"m3V[i]);
lamda = fabs(2.0/m3V]i]) ;
ce = meanV]i] - lamda ;
gen_gammal(kappa,lamda, ce , &V]i]) ;
if( m3V[i] < 0.0)

V[il = 2*meanV[i] -V][i] ;

}
for (i=0; i<num_of_heights; i++)
X[i] = 0.0 ;
matrix_mult(omega, V, X, num_of_heights,num_of_heights,1);
I* normalisation of X[i] and generation of final XX[i] */
S =0.0;
for(i=0 ; i<num_of_heights ;i++)
S += X]i] ;
if (h/S) >= LOWERLIM &8& (h/S) <= UPPERLIM )
{
S =0.0;
for(i=0 ; i<num_of_heights ;i++)
{
if(X[i] < 0.0)
X[i] = 0.0;
S += X[i];
}

for(i=0 ; i<num_of_heights ; i++)
XX[i] = (X[i}/S)*h ;

roundoff(XX,num_of_heights);

XX[0]=(XX[0] == 0.0) ? 1.0 : XX[O];

XX[num_of_heights-1]=(XX[num_of_heights-1] == 0.0) ?
1.0 : XX[hum_of heights-1];

for(i=0 ; i<num_of_heights ;i++)

{
if (XX[i]'=0)
i=0;
else
{
j++,
if((double)j*interval > 6.0)
XX[i]=1.0;
}
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}

done = FALSE;
}
else
{
if(counter > 10000)
{

printf("\nh/s not satisfied after 10000 repetitions");
exit(1);

}

done = TRUE ;

}

data_output(XX);
free(meanV);
free(m3V);
farfree(omega) ;
free(V) ;

free(X) ;
free(XX) ;

main()

for(Duration=1.5; Duration<=1.5 ; Duration+=.25)

{

evgen();

printf("\nDuration : %If", Duration);
}
printf("\nProgram terminated");
return(0);
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2.testevgd.c

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <alloc.h>
#define M_PI 3.1415926
#define KSI 0.13
#define BALAM 1.25
#define M3BALAM 0.5
#define initseed 100

unsigned long seed;
double myrand(void);

I* gamma generators */
double myrand()
{
unsigned long a, b, c;
a=1673;
b = 596;
C = 4294967295;
seed = (a * seed + b) % c;
return (double)seed / (double) c;

void gen_normal(double mean, double std_dev, double *result)
double f, nrnd1, z;
z = sqrt(-2.0 * log(myrand()));

f=2.0 * 3.1415926 * myrand();
nrnd1=z * cos(f);
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*result=std_dev * nrnd1 + mean;

}

double gamma_gen(double kapa, double lamda, double ¢, double n)
{

double fx, y, ui;

label1:

fx = myrand();

if(fx >= n/(n+1.0))

{
y = n*kapa - log( (n+1.0)*(1.0-fx) );
y=y/ lamda
y=y+

}

else

{
y = pow((n+1 0)/n*fx, 1.0/kapa);
y =y* *kapa/lamda
y =y+

}

ui = myrand();
if(y < c+n*kapa/lamda)
{ if( ui < exp( -lamda*(y-c) ) )

return vy;
}
else
{
if( ui < exp(-n*kapa)*pow( (y-c)/(n*kapa/lamda), kapa-1.0))
return vy;
;oto label1;
}
void gen_gamma(double kapa, double lamda, double ¢, double
*result)
{

double acc = 1e-15;

double GaussLimit = 30.0;

int k, i;

double n, rnd1, rnd2, s1, s2, s, product;

if(kapa < 0.9)
{

*result = gamma_gen(kapa, lamda, ¢, 1.0);
return;
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= -3.0;
if(kapa <= 0.0)
exit(1);

if(kapa > GaussLimit)
gen_normal(kapa / lamda + ¢, sqrt(kapa) / lamda, result);

else
{
k = (int)floor(kapa);
n = kapa-k;
if (n >= 1-acc)
{
k = k+1;
rnd1 = 0.0;
}
else
{
if(n <= acc)
rnd1 = 0.0;
else
{
while((s>=1.0)||(s<0.0))
{
s1 =
pow(myrand(), 1.0/n);
s2 =
pow(myrand(), 1.0/(1.0-n));
=s1 + s2;
}
rnd1=-(s1/s)*log(myrand());
}
}
if(k == 0)
rnd2=0.0;
else
{
product = 1;

for(i = 1;i <= k;i++)
product = product * myrand();
rnd2 = -log(product);

}

*result = (rnd1+rnd2)/lamda + c;

}

return;
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}
#define input(i,j) *(input + i*dim + j)
#define result(i,j) *(result + i*dim +j)
void graminv(double *input,double *result,int dim)
{

int i,j,k;

I* upper triangle = 0 */

for(i=0; i<dim ; i++)

{

for(j=i+1; j<dim ; j++)

result(i,j) = 0.0;.

}

for(i=0; i< dim ; i++)
{

for(j=0; j<i; j++)

{

result(i,j) = input(i,j);
for(k=0 ; k<j ; k++)
result(i,j) -= result(j,k)*result(i,k);
result(i,j) = result(i,j)/result(j,);
}
result(i,i) = input(i,i);
for(k=0; k< i ;k++)
result(i,i) -= result(i,k)*result(i,k);
result(i,i) = pow(result(i,i),.5);
}

}
#undef input

#undef result

I* multiplication of k*| matrices */
void matrix_mult(m1, m2, m1_m2, row1, col1, col2)
double *m1, *m2, *m1_m2;
int row1, col1, col2;
{

#define m1(i,j) *(m1 +i*col1 + )
#define m2(i,j) *(m2 +i*col2 + ))
#define m1_m2(i,j) *(m1_m2 + i*col2 + j)
inti,j, k;

for(i=0; i<row1; i++)

{

for(j=0; j<col2; j++)

{

m1_m2(i,j)=0.0;
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for(k=0; k<col1; k++)
m1_m2(i,j)+=m1(i,k)*m2(k,j);
}

}
#undef m1

#undef m2

#undef m1_m2

}

#define TRUE 1

#define FALSE 0

#define LOWERLIM 0.5

#define UPPERLIM 2.0

#define M3ACCURACY 0.01
#define INTERVAL .25

#define NUMBER_OF_EVENTS 50

#define MAXDURATION 10
#define MINDURATION 1
#define cov(i,j) *(cov + i*num_of_heights + j)

#define omegal(i,j) *(omega + i*num_of_heights + j)

double H, c1, c2, b0, b1, interval= INTERVAL, Duration:
double inv_n_h, b,h; '
int num_of_heights;
void data_input()
{
FILE *in_file ;
in_file = fopen("param1.in","r" ) ;
if(in_file == NULL)
{
printf("Cannot find param.in\n") ;
exit(1) ;
}
fscanf(in_file,"%If\n%If\n%If\n%If\n%If",&H, &c1, &c2, &b0, &b1);
fclose(in_file);

double cxi( int ac_lag)

double f, ¢, temp;

if( ac_lag == 0)
f=1.0 ;

else
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{

temp = (ac_lag-1 == 0) ? 0 : pow((double)(ac_lag-1),(2.0-b));
temp = temp + pow((double)(ac_lag+1),(2.0-b));

temp =temp / 2.0;

temp = temp - pow((double)ac_lag, (2.0-b));

f=temp ;
}
¢ = pow(Duration,(2.0*(H+1.0)));
¢ = c*inv_n_h*inv_n_h;
¢ = c*((c2+ct1*c1)*pow(inv_n_h,-b)*f-c1*c1) ;
return(c);
}

I* calculation of matrix of autocovariances */

void covcalc(double *cov)
{
inti, j;
int ac_lag;
for (i=0; i<num_of_heights; i++)
{
for (j=0; j<num_of_heights; j++)
{
ac_lag = abs(i-j);
cov(i,j) = cxi(ac_lag);
}
}
}

void fill_meanV(omega, Ex, meanV) /*
double Ex, *meanV, *omega;
{
inti, j;
double sum;
meanV[0]=Ex/omega(0,0);
for (i=1 ; i<num_of_heights ; i++)
{
sum = 0.0;
for (j=0 ; j<i; j++)

sum += omegal(i,j)*meanV[j];

meanVJi] = (Ex - sum)/omegal(i,i);
}
}

calculation of meanV

void fill_m3V(omega,m3_x, m3V) /* calculation of m3V ¥/

double m3_x, *m3V;
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double *omega;

{

inti, j;

double sum;

m3V[0] = m3_x/(omega(0,0)*omega(0,0)*omega(0,0));
for (i=1 ;i<num_of_heights ;i++)

{
sum = 0.0;
for(j=0 ;j<i ;j++)
sum += omega(i,j)*omega(i,j)*omega(i,j)*m3VI[j];
m3V[i] = (m3_x - sum)/(omega(i,i)*omega(i,i)*omega(i,i));
if((m3V][i] >= -M3ACCURACY) && (m3V[i] <= M3SACCURACY))
m3V][i] = 0.01 ;
}
}

void h_gener(double *result) /* generation of h(Duration)
*/

{

double E_h, var_h ,kapa,lamda ;

E_h = c1*pow(Duration,H+1.0) ;

var_h = c2*pow(Duration,(2.0*H+2.0)) ;

kapa = E_h*E_h/var_h;

lamda = E_h/var_h;

gen_gamma(kapa, lamda, 0.0, result) ;

}
void data_output(FILE *out_file)
{ |
fprintf(out_file," RESULTS \n" );
fprintf(out_file,"-----mmmmmmmm e \n\n ");

fprintf(out_file," Scaling model parameters : \n \n" );
fprintf(out_file," H: %10.3If \n c1 : %10.3l1f \n c2 : %10.3If \n b0 :
%10.31f \n b1 : %10.3If \n \n",H,c1,c2,b0,b1 ) ;
fprintf(out_file,"\nNumber of events : %d Time step : %10.3If
(M\n",NUMBER_OF_EVENTS,INTERVAL);

fprintf(out_file," E[ h] Var[ h ]

Csx[ h \n");

fprintf(out_file, ----mm o e
---------------- \n");

}

void
write(out_file,E_h,var_h,Csx_h,mean_hh,var_hh,Chh,mean_sx,var_sx,
Csx)

FILE *out_file;

double E_h,var_h,Csx_h,mean_hh,var_hh,Chh,mean_sx,var_sx,Csx;

{
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fprintf(out_file," Duration : %2.0If hours\n",Duration);

fprintf(out_file," Theoretical : %6.3If %6.3If
%6.31f\n",E_h,var_h,Csx_h);

fprintf(out_file," Estimated : %6.3If %6.3If
%6.31f\n",;mean_hh,var_hh,Chh);

fprintf(out_file," Calculated %6.3If %6.3If
%6.31f\n",mean_sx,var_sx,Csx);

}

void write2(out_file,mean,var,C)

FILE *out_file;

double mean,var,C;

{

fprintf(out_file," All the X : %6.3If %6.3If

%6.3[f\n",mean,var,C);

}

void write4(out_file,mean,var,C)

FILE *out_file;

double mean,var,C;

{

fprintf(out_file,"theoretical X : %6.3If %6.3If
%6.3If\n",mean,var,C);

}

void calculate(cov,omega,meanV,m3V)
double *cov, *omega, *meanV, *m3V;

{

double Ex,var_x, m3_x ;

/* calculation of matrix of autocovariances */
covcalc(cov);

I* deconvolution of cov ===>> omegali][j] */
graminv(cov,omega,num_of_heights);

Ex = c1*pow(Duration,(H+1.0))*inv_n_h;

/* calculation of mean V */

fill_meanV(omega, Ex, meanV);

I* calculation of m3V */

var_x= cxi(0);

m3_x = M3BALAM * 2.0 * var_x*var_x/Ex ;
fill_m3V(omega,m3_x,m3V) ;/* calculation of m3V

}

void roundoff1(double *input,int row)
{

int i, temp;

for(i=0 ; i<row ; i++)
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temp = (int)(pow(input[i], BALAM)+KSI+0.5);
input[i] = (temp<0) ? 0.0 : (double)temp;

}

}

I* generation of V[i] and final depths XX[i] */
double gen_event(X,omega,meanV,m3V)

double *X,*omega,*meanV,* m3V;

{

double *V;

int i, hmin,k,j ;

double S, kappa, lamda, c ;

int done = TRUE, counter = 0 ;

V = (double *)malloc(sizeof(double)*num_of_heights) ;

if(V == NULL)
{
printf("Insufficient memory \n ");
exit(1);
}
hmin = (num_of_heights == 1) ? 1 : ((hnum_of_heights-2)/28 +2);
h_gener(&h);
h = ((int)(h+0.5) < hmin) ? (double)hmin : (double)((int)(h+0.5));
while(!done == FALSE)
{
counter ++;
for(i=0; i<num_of_heights; i++)
{
kappa = 4.0/(m3V[i]*m3V]i]);
lamda = fabs(2.0/m3V]i]) ;
¢ = meanV|[i] - lamda ;
gen_gamma(kappa,lamda, c, &V]i]) ;
I* generation of VJ[i] */
if( m3V[i] < 0.0)
V[i} = 2*meanV]i] -V][i] ;
}
for (i=0; i<num_of_heights; i++)
I* initialisation of X[i] */

X[i] = 0.0 ;
I* X[i]=omegali][j1*V]i] */
matrix_mult(omega, V, X, num_of_heights,num_of_heights,1);
I* normalisation of X[i] and generation of final XX[i] */
S =0.0;
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for(i=0 ; i<num_of_heights ;i++)

X[i] =(X[i] < 0.0) ? 0.0 : X[il;
S += X[i];

}

S = (5==0.0)? 1.0 : S;
if (h/S) >= LOWERLIM && (h/S) <= UPPERLIM )

{

for(i=0 ; i<num_of_heights ; i++)

X[i] = (X[1}/S)*h ;

roundoff1(X,num_of_heights);

k=0;

while(k++<=100)

{

if (X[0] < 1.0)
X[0] = 1.0;

if (X[num_of_heights-1] < 1.0)
X[num_of_heights-1] = 1.0;

for(i=0 ; i<num_of_heights ;i++)

{
if(X[i}!=0.0)
j=0;
else
{
j++;
if((double)j > 28)
{
X[i]=1.0;
i=0;
}
}
}
S =0.0;
for(i=0 ; i<num_of_heights ;i++)
S += X[i};

if ((S-h==0.0) || (k == 100)) goto endloop ;
else

{
for(i=0 ; i<num_of_heights ; i++)
{
X[i] = (X[i][/S)*h ;
X[i] = (double)((int)(X[i]+0.5));
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}

S = 0.0;
for(i=0 ; i<num_of_heights ;i++)
S += X[i];
}
}
endloop :
done = FALSE;
}
else
{
if(counter > 10000)
{
printf(" h/S not satisfied after 10000 repetitions\n");
exit(1);
}
done = TRUE ;
}
}
free(V) ;
return(S);
}
double my_mean(double *sample,int n)
{
int i;

double s = 0.0;
for(i=0 ; i<n ; i++)
s += samplel[i];

s = s/n;

return(s);

}

double my_var(double *sample, double mean ,int n)
{

int i;

double s = 0.0;

for(i=0 ; i<n ; i++)

s += (sample[i]-mean)*(sample[i]-mean);
s = s/(n-1);

return(s);

}

double my_third_moment(double *sample, double mean, int n)

{
inti;
double s = 0.0;
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for(i=0 ; i<n ; i++)

s += (sample[i]-mean)*(sample[i]-mean)*(sample[i]-mean);
s = s/n;

return(s);

}

main()

{

FILE *out_file;

inti,j,k,ne;

double *sx, *hh, *X,far *XX, E_h, var_h, Csx_h, Csx, mean_sx,
var_sx, m3_sX;

double mean_hh,var_hh,m3_hh,Chh;

double *cov, *omega, *meanV, *m3V;

double meanX, varX, m3X, CX;

unsigned long dim, count;

seed=initseed;

out_file = fopen("test2_re.out","a") ;
if(out_file == NULL)
{
printf("Cannot write test2_re.out\n") ;
exit(1);
}

data_input();

data_output(out_file);

ne = NUMBER_OF_EVENTS;

for(i = MINDURATION ; i <=MAXDURATION ; i++)

{

Duration = i;

num_of heights = Duration/interval;

inv_n_h = interval/Duration;

b =b0 + b1*log(Duration);

sx = (double *)malloc(sizeof(double)*ne);

hh = (double *)malloc(sizeof(double)*ne);

if((sx || hh) == NULL)

{

printf("malloc error in sx, hhin ");
exit(1);
}

cov = (double
*Ymalloc(sizeof(double)*num_of_heights*num_of_heights);
omega = (double
*Ymalloc(sizeof(double)*num_of_heights*num_of_heights) ;
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meanV = (double *)malloc(sizeof(double)*num_of heights) ;
m3V = (double *)malloc(sizeof(double)*num_of heights) ;
if((cov || omega || meanV || m3V) == NULL)
{
printf("malloc error in cov,omega,meanV,m3V \n ");
exit(1);
}

calculate(cov,omega,meanV,m3V);

free(cov);

dim = (unsigned long)sizeof(double)*num_of_heights*ne;
X = (double *)malloc(sizeof(double)*num_of_heights) ;
XX = (double far *)farmalloc(dim) ;

if((XX || X) == NULL)

{
printf("malloc error in X , XX \n ");
exit(1);
}
count = 0;
for(j=0; j<ne ; j++)
{
sx[j] = gen_event(X,omega,meanV,m3V);
hh[j] = h;
for(k=0 ; k<num_of_heights ; k++)
{
XX[count] = X[k];
count++;
}
}
free(X);
free(meanV);
free(m3V);
free(omega) ;

I* Calculation of mean,var,C of estimated heights */
E_h = c1*pow(Duration,H+1.0) ;
var_h = c2*pow(Duration,(2.0*H+2.0)) ;
Csx_h = 2.0*pow(var_h,.5)/E_h;

/¥ Calculation of mean,var,C of generated h */
mean_hh = my_mean(hh,ne);
var_hh = my_var(hh, mean_hh,ne);
m3_hh = my_third_moment(hh, mean_hh, ne);
Chh = m3_hh*ne*ne/(pow(var_hh,1.5)*(ne-1)*(ne-2));
/* Calculation of mean,var,C of calculated sum of heights */
mean_sx = my_mean(sx,ne);
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var_sx = my_var(sx, mean_sx,ne);
m3_sx = my_third_moment(sx, mean_sXx, ne);
Csx = m3_sx*ne*ne/(pow(var_sx,1.5)*(ne-1)*(ne-2));

write(out_file,E_h,var_h,Csx_h,mean_hh,var_hh,Chh,mean_sx,var_sx,
Csx);
free(sx);
free(hh);
[*Calculation of mean,var,C of X theoretical*/
meanX= c1*pow(Duration,(H+1.0))*inv_n_h;
varX= cxi(0);
m3X = M3BALAM * 2.0 *varX*varX/meanX ;
CX = m3X/pow(varX,1.5);
write4(out_file,meanX,varX,CX);
[*Calculation of mean,var,C of X*/
meanX = my_mean(XX,count);
varX = my_var(XX,meanX,count);
m3X = my_third_moment(XX,meanX,count);
CX = m3X*ne*ne/(pow(varX,1.5)*(ne-1)*(ne-2));
write2(out_file,meanX,varX,CX);
[*printf(" Duration : %d hours\n",i);*/
farfree(XX);
}
fclose(out_file);
printf("\a\a\a\a\a" );
printf("\a\a\a\a\a" );
printf("\a\a\al\a\a" );
printf("\a\a\a\a\a" );
return(0) ;

3.param.in

H -0.449

c1 8.74

c2 85.68

b0 0.246

b1 -0.0017

one_interval_m,s2 2.65 11.84
Time_to_separate_events(hours)_c 7
Weibull_Parameters

Winter_kw 1.12 Iw 0.78
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Summer_ks1 2.50 Is1  1.35
ks2 1.25 1s2 0.64
FDLIM 0.51

Mean_times_for_each_month
rain_md drytime_mb-c

jan 5.24 183.8

feb 3.43 207.2

mar 6.71 148.7

apr 5.48 169.8

may 4.12 140.6

jun  3.83 51.3

jul  4.37 45.2

aug 3.84 41.2

sep 4.81 81.7

oct 5.08 130.5

nov 6.59 163.0

dec 5.44 178.6

4.genser.c

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#include <alloc.h>

#define M_PIl 3.1415926

#define MaxDur 40 /* 40 h max duration*/
#define MaxDry 1250 /* 1250 h max dry time*/
#define KSI -0.2

#define BALAM 1.4

unsigned long seed;

double myrand(void);

double gamma_area(double, double, double);
double parag(int);

double gamma(double);
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/¥ gamma generators */
#define MISSINGVAL -999

double myrand()

{

unsigned long a, b, ¢;

a=1673;

b = 596;

Cc = 4294967295;

seed = (a * seed + b) % c;

return (double)seed / (double) c;
}

void gen_normal(double mean, double std_dev, double *result)

double f, nrnd1, z;

z = sqrt(-2.0 * log(myrand()));
f=2.0 * 3.1415926 * myrand();
nrnd1=z * cos(f);
*result=std_dev * nrnd1 + mean;

}

double gamma_gen(double kapa, double lamda, double c, double n)
{

double fx, y, ui;

label1:

fx = myrand();

if(fx >= n/(n+1.0))

{ _
y = n*kapa - log( (n+1.0)*(1.0-fx) );
y =y /lamda;
y=y+c;

}

else

{
y = pow((n+1.0)/n*fx, 1.0/kapa);
y = y*n*kapa/lamda;
y =y+c;

}

ui = myrand();

if(y < ctn*kapa/lamda)

{ if( ui < exp( -lamda*(y-c) ) )
return vy;

}
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else

{
if( ui < exp(-n*kapa)*pow( (y-c)/(n*kapal/lamda), kapa-1.0))
return y;
}
goto label1;

}

void gen_gamma(double kapa, double lamda, double ¢, double
*result)

{

double acc = 1e-15;

double GaussLimit = 30.0;

int k, i;

double n, rnd1, rnd2, s1, s2, s, product;

if(kapa < 0.9)

{
*result = gamma_gen(kapa, lamda, c, 1.0);
return;

}

s = -3.0;

if(kapa <= 0.0)
exit(1);

if(kapa > GaussLimit)
gen_normal(kapa / lamda + c, sqrt(kapa) / lamda, result);

else
{
k = (int)floor(kapa);
n = kapa-k;
if (n >= 1-acc)
{
k = k+1;
rnd1 = 0.0;
}
else
{
if(n <= acc)
rnd1 = 0.0;
else
{

while((s>=1.0)]|(s<0.0))
{
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s1 =
pow(myrand(), 1.0/n);

82 =
pow(myrand(), 1.0/(1.0-n));

s =81 + s2;

}
rnd1=-(s1/s)*log(myrand());
}

}
if(k == 0)
rnd2=0.0;
else

{

product = 1;

for(i = 1;i <= k;i++)

product = product * myrand();
rnd2 = -log(product);
}

*result = (rnd1+rnd2)/lamda + c;

}

return;

}

#define  LEAP_YEAR(y) \
(((y) % 4 == 0) && (((y) % 400 == 0) || ((y) % 100 == 0)))

void HDate2Date(HDate, year, month, day, hour, minute)
long HDate;
int  *year, *month, *day, *hour, *minute;
{
long TotalDays;
int DaysOfMonth,y =0, m = 0;

TotalDays = HDate / 1440 + 1;
*hour = (HDate % 1440) / 60;
*minute = (HDate % 1440) % 60;
*year =y = TotalDays / 365;
if(--y)
TotalDays -= y*365+y/4-y /100 +y/ 400;
while(TotalDays <= 0){
TotalDays += 365 + LEAP_YEAR (y);
=Y ’
}
y++;
while(TotalDays > 365 + LEAP_YEAR(y)){

30




m++)

long
int

}

TotalDays -= 365 + LEAP_YEAR(y);
y++;
}
for(m = 1; TotalDays > (DaysOfMonth = GetDaysOfMonth(m, y));

TotalDays -= DaysOfMonth;
*year = y;
*month = m;
*day = TotalDays;
return;

Date2HDate(year, month, day, hour, minute)
year, month, day, hour, minute;

long TotalDays;

year--;
TotalDays = year * 365 + year / 4 - year / 100 + year / 400;
for(--month; month > 0; --month)

TotalDays += GetDaysOfMonth(month, year + 1);
TotalDays += day - 1;
return((long) (TotalDays * 1440 + hour * 60 + minute));

static int GetDaysOfMonth(month, year)

int

{

month, year;

while(month > 12)
month -= 12;

switch(month){

case 1:

case 3:

case 5:

case 7:

case 8:

case 10:

case 12:
return(31);

case 4.

case 6:

case 9:

case 11:
return(30);

case 2.
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return(28 + LEAP_YEAR(year));
default:
return(-1);
}
}

#undef LEAP_YEAR(y)

void graminv(double huge *input,double huge *result,int dim)
{

#define input(i,j) *(input + i*dim + j)

#define result(i,j) *(result + i*dim +j)

int i,j,k;

I* upper triangle = 0 */
for(i=0; i<dim ; i++)

{

for(j=i+1; j<dim ; j++)
result(i,j) = 0.0;

for(i=0; i< dim ; i++)
{
for(j=0; j<i; j++)
{
result(i,j) = input(i,j);
for(k=0 ; k<j ; k++)
result(i,j) -= result(j,k)*result(i,k);
result(i,j) = result(i,j)/result(j,j);
}
result(i,i) = input(i,i);
for(k=0; k< i ;k++)
result(i,i) -= result(i,k)*result(i,k);
if(result(i,i)<0.0)
printf("\n%lf %d\n",result(i,i),dim);
result(i,i) = pow(result(i,i),.5);
}
#undef input
#undef result

}

/* multiplication of k*I matrices */

void matrix_mult(m1, m2, m1_m2, row1, col1, col2)
double *m1, *m2, *m1_m2;

int row1, col1, col2;

{
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#define m1(i,j) *(m1 +i*col1 +j)
#define m2(i,j) *(m2 + i*col2 + j)
#define m1_m2(i,j) *(m1_m2 +i*col2 + ))
inti, j, k;
for(i=0; i<row1; i++)
{
for(j=0; j<col2; j++)
{
m1_m2(i,j)=0.0;
for(k=0; k<col1; k++)
m1_m2(i,j)+=m1(i,k)*m2(k,j);
}

}
#undef m1

#undef m2
#undef m1_m2

}

#define TRUE 1

#define FALSE 0

#define LOWERLIM .5
#define UPPERLIM 2.0
#define M3ACCURACY 0.01

#define cov(i,j) *(cov + i*num_of_heights + j)
#define omega(i,j) *(omega + i*num_of_heights + )

int num_of_heights;

double H, c1, c2, b0, b1, c, interval, Duration, inv_n_h, b;
double EH1, VARH1;

double kw, Iw, ks1, is1, ks2, Is2, FDLIM;

double md[12], mbc[12];

void data_input(long *output1, long *output2)
{
FILE *in_file ;
int startyear,startmonth, startday;
int finalyear,finalmonth, finalday;
int i; '
in_file = fopen("param.in","r" ) ;
if(in_file == NULL)
{
printf("Cannot find param.in\n") ;
exit(1) ;
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}

fscanf(in_file,"%*s%*[ \t]%If",&H);

fscanf(in_file,"%*s%*[ \t]%If",&c1);

fscanf(in_file,"%*s%*[ \t]%If",&c2);

fscanf(in_file,"%*s%*[ \t]%If",&b0);

fscanf(in_file,"%*s%*[ \t]%If",&b1);

fscanf(in_file,"%*s%*[ \t]%If%*[ \t]%If",&EH1,&VARH1);

fscanf(in_file,"%*s%*[ \t]%If",&c); ‘

fscanf(in_file,"%*s");

fscanf(in_file,"%*s%*[ \t]%If%*[ \t]%*s%*[ \t]%If",&kw,&lw);

fscanf(in_file,"%*s%*[ \t]%If%*[ \t]%*s%*[ \t]%If",&ks1,&ls1);

fscanf(in_file,"%*s%*[ \t]%!f%*[ \t]%*s%*[ \t]%If",&ks2,&ls2);

fscanf(in_file,"%*s%*[ \t]%If",&FDLIM);

fscanf(in_file,"%*s");

fscanf(in_file,"%*[ \t]%*s%*[ \t]%*s");

for(i=0 ; i<12 ; i++)

fscanf(in_file,"%*s%*[ \t]%If%*[ \t] %If\n",&md[i],&mbc[i]);

printf("\n Enter interval between succeeding incremental depths
in hours \n" );

printf(" e.g. for 15min enter .25 :");

scanf("%lIf", &interval);

printf("\nEnter starting date separated by blanks");

printf("\n[day(1-31)] [Month(1-12)] [Year(1-99)] : ");

scanf("%d%*[ \t]%d%*[ \t]%d",
&startday,&startmonth,&startyear);

*output1 = Date2HDate(startyear, startmonth, startday, 0, 0);

printf("\nEnter final date separated by blanks");

printf("\n[day(1-31)] [Month(1-12)] [Year(1-99)] : ");

scanf("%d%*[ \t]%d%*[ \t]%d",&finalday,&finalmonth,&finalyear);

*output2 = Date2HDate(finalyear,finalmonth, finalday, 0, 0);

fclose(in_file);

}

double weibull(double c,double mbc, double F, double ks, double Is)
{

double b,temp;

b = -log(1.0-F)/ks;

temp = 1.0/ls;

b = pow(b,temp);

b =b*mbc + c;

return(b);

}

long generate_Drytime(long date)

{
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int year, month, day, hour, minute, value;
double F, Drytime=0.0, test;

F = myrand();
HDate2Date(date, &year, &month, &day, &hour, &minute);
if((month>=6) && (month<=9))

if(F <= FDLIM)
Drytime = weibull(c,mbc[month-1],F,ks1,Is1);
else
Drytime = weibull(c,mbc[month-1],F ,ks2,Is2);
}
else

Drytime = weibull(c,mbc[month-1],F,kw,lw);
if (Drytime > MaxDry) Drytime = MaxDry;
value = (int)(Drytime/interval);
test = (Drytime/interval) - value ;
value = (value==0 && test!=0.0)? 1 : value;
Drytime = (test<0.5) ? (double)value*interval :
((double)value+1.0)*interval ;
printf("\nDry Time : %5.21f",Drytime);
value = (int)(Drytime/24.0);
day += value;
test = (Drytime/24.0 - value)*24.0;
hour += (int)test;
test -= (int)test;
minute += (int)(test*60.0);
return(Date2HDate(year, month, day, hour, minute));

}

long generate_Duration(long date, double *D)

{

int year, month, day, hour, minute, value;

double F, test;

HDate2Date(date, &year, &month, &day, &hour, &minute);
F = myrand();

*D =-md[month-1]*log(1.0-F);

if (*D > MaxDur) *D = MaxDur;

value = (int)(*D/interval);

test = (*D/interval) - value ;

value = (value==0)? 1 : value;

*D =(test<0.5) ? (double)value*interval : ((double)value+1.0)*interval

,return(DateZHDate(year, month, day, hour, minute+(int)((*D)*60.0)));
}

35




double cxi( int ac_lag)
{
double f, ¢, temp;
if( ac_lag == 0)
f=1.0 ;
else
{
temp = (ac_lag-1 == 0) ? 0 : pow((double)(ac_lag-1),(2.0-b));
temp = temp + pow((double)(ac_lag+1),(2.0-b));
temp = temp / 2.0;
temp = temp - pow((double)ac_lag, (2.0-b));

f=temp ;
}
¢ = pow(Duration,(2.0*(H+1.0)));
¢ = c¢*inv_n_h*inv_n_h;
c = c*((c2+c1*c1)*pow(inv_n_h,-b)*f-c1*c1);
return(c);
}

void covcalc(double huge *cov)/* calculation of matrix of
autocovariances */

{
inti, j;
int ac_lag;
for (i=0; i<num_of_heights; i++)
{
for (j=0; j<num_of_heights; j++)
{
ac_lag = abs(j-i);
cov(i,j) = cxi(ac_lag);
}
}
}

void fill_meanV(omega, Ex, meanV) /* calculation of meanV */
double Ex, *meanV, huge *omega;
{
inti, j;
double sum;
meanV[0]=Ex/omega(0,0);
for (i=1 ; i<num_of_heights ; i++)
{
sum = 0.0;
for (j=0 ; j<i; j++)
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sum += omegal(i,j)*meanV]j];

meanV]i] = (Ex - sum)/omega(i,i);
}
}

void fill_m3V(omega,m3_x, m3V) /* calculation of m3V */
double m3_x, *m3V;

double huge *omega;

{

inti, j;

double sum;

m3V[0] = m3_x/(omega(0,0)*omega(0,0)*omega(0,0));

for (i=1 ;i<num_of_heights ;i++)

{
sum = 0.0;
for(j=0 ;j<i ;j++)
sum += omega(i,j)*omegali,j)*omega(i,j)*m3V[jl;
m3VI[i] = (m3_x - sum)/(omega(i,i)*omega(i,i)*omega(i,i));
if((M3V[i] >= -M3ACCURACY) && (m3V][i] <= MBACCURACY))
m3V[i] = 0.01 ;
}
}
void h_gener(double *result) /* generation of h(Duration) */
{
double E_h, var_h ,kapa,lamda ;
E_h = c1*pow(Duration,H+1.0) ;
var_h = c2*pow(Duration,(2.0*H+2.0)) ;
kapa = E_h*E_h/var_h;
lamda = E_h/var_h;
gen_gamma(kapa, lamda, 0.0, result) ;
}
void write_first(long date, FILE *OutFile)
{

int year, month, day, hour, minute;
HDate2Date(date, &year, &month, &day, &hour, &minute);
fprintf(OutFile,"# RESULTS \n" );
fprintf(OutFile,"#----cmmmemmmm e \n# " );
fprintf(OutFile,"\n# Scaling model parameters : \n# " ),
fprintf(OutFile,"\n# H : %10.3If \n# c1 : %10.31f \n# c2 : %10.3If \n#
b0 : %10.3If \n# b1 : %10.3If \n# "

,H,c1,c2,b0,b1 ) ;
fprintf(OutFile,"\n%5.3If 0.00 %d %d
%d\n",interval,day,month,year+1900);
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fprintf(OutFile,"\n# GENERATED EVENTS \n#") ;
fprintf(OutFile, " ---mmm e \n#\n" );

}

void data_output( double *depths, FILE *OutFile, int counter, long
date)
{
int i, j, year, month, day, hour, minute, sum;
double hour1=0.0;
HDate2Date(date, &year, &month, &day, &hour, &minute);
hour1 = (double)(hour + minute/60.0);
sum = 0;
for(i = 0 ;i < num_of_heights ;i++)
sum += (int)depths]i];
i=0;
fprintf(OutFile,"\n%4d %4.2If %2d %2d %4d %3d %3d "

,counter,hour1,day,month,1900+year,num_of_heights-i,sum);
for(j=i; j<num_of_heights ; j++)

{
fprintf(OutFile,"%3.0If ",depths[j]);
if(j==num_of_heights-1)
goto endprint;
if(((j-i+1) % 10) == 0.0)
fprintf(OutFile,"\n "Y;
}
endprint :
fprintf(OutFile,"-1");
}
/*void data_output( double *depths, FILE *OutFile, int counter, long
date) :
{

inti, j, year, month, day, hour, minute, sum;
double hour1=0.0;
HDate2Date(date, &year, &month, &day, &hour, &minute);
hour1 = (double)(hour + minute/60.0);
sum = 0;
for(i = 0 ;i < num_of_heights ;i++)
sum += (int)depths]i];
i=0;
fprintf(OutFile,"\n%4d %4.2If %2d %2d %4d %3d %3d "

,counter,hour1,day,month,1900+year,num_of_heights-i,sum);
for(j=i; j<num_of_heights ; j++)
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fprintf(OutFile,"%3.0If ",depths[j]);
fprintf(OutFile,"-1");

+*

void roundoffi1(double *input,int row)

{

int i, temp;

for(i=0 ; i<row ; i++)

{
temp = (int)(pow(input[i], BALAM)-KSI1+0.5);
input[i] = (temp<0) ? 0.0 : (double)temp;

}

}

int evgen(double *X)

{

double *meanV, *'m3V, *V;

double huge *cov,huge *omega;

int i,j, done = TRUE, hmin;

double Ex,var_x, m3_x, h, S, kappa, lamda, ce;
unsigned long counter=0 ;

I* calculation of matrix of autocovariances */
cov = (double huge *)farmalloc((unsigned
long)sizeof(double)*num_of_heights*num_of_heights);
if(cov == NULL)
{

printf("Cannot malloc cov\n ");

exit(1);
}

covcalc(cov);

I* deconvolution of cov ===>> omegali][j] */

omega = (double huge *)farmalloc((unsighed
long)sizeof(double)*num_of_heights*num_of_heights) ;
ifltomega == NULL)

{
printf("Cannot malloc omega\n ");
exit(1); '
}
graminv(cov,omega,num_of_heights);
farfree(cov);

Ex = c1*pow(Duration,(H+1.0))*inv_n_h;

meanV = (double *)malloc(sizeof(double)*num_of_heights) ;
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iflmeanV == NULL)
{ )
printf("Cannot malloc invomega or meanV\n ");
exit(1);

}

fill_meanV(omega, Ex, meanV);

I* calculation of m3V */
var_x= cxi(0);
m3_x = 2.0*var_x*var_x/Ex ;
m3V = (double *)malloc(sizeof(double)*num_of_heights) ;
if(m3V == NULL)
{
printf("Cannot malloc m3V \n ");
exit(1);
}
fill_m3V(omega,m3_x,m3V) ;

I* generation of V[i] and final depths XX[i] */
V = (double *)malloc(sizeof(double)*num_of_heights) ;
if(V == NULL)
{
printf("Insufficient memory for V or X \n ");
exit(1);
}

I* generation of h(Duration) */

hmin = (num_of_heights == 1) ? 1 : ((hum_of_heights-
2)/(int)(c/interval) +2);

h_gener(&h);

h = ((int)(h+0.5) < hmin) ? (double)hmin : (double)((int)(h+0.5));

while(!done == FALSE)
{
counter++;
for(i=0; i<num_of_heights; i++)
{
kappa = 4/(m3V[i]*m3V[i]);
lamda = fabs(2.0/m3VJ]i]) ;
ce = meanV]i] - lamda ;
gen_gamma(kappa,lamda, ce , &V[i]) ;
I* generation of V[i] */
if( m3V][i] < 0.0)
V[i] = 2*meanV]i] -V[i] ;
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for (i=0; i<num_of_heights; i++)
X[i] = 0.0 ;

I* X[il=omegali][j1*V[il] *]
matrix_mult(omega, V, X, num_of_heights,num_of_heights,1);

I* normalisation of X[i] and generation of final XX[i] */
S =0.0;
for(i=0 ; i<num_of_heights ;i++)

X[il =(X[i] < 0.0) ? 0.0 : X]i];

S += X[i]; '
}
if (S==0.0)S =1.0;
if (h/S)>= LOWERLIM && (h/S) <= UPPERLIM )
{

for(i=0 ; i<num_of_heights ; i++)

X[i] = (X[i}/S)*h ;

roundoff1(X,num_of_heights);
k=0;
while(k++<=50)
{
if (X[0] < 1.0)
X[0] = 1.0;
if (X[num_of_heights-1] < 1.0)
X[num_of heights-1] = 1.0;

for(i=0 ; i<num_of_heights ;i++)

if(X[i]!=0.0)
i=0;
else
{
jt+;
if((double)j*interval > c)
{
' X[i]=1.0;
j=0;
}
}
}
S =0.0;

for(i=0 ; i<num_of_heights ;i++)
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S += X[i};
for(i=0 ; i<num_of_heights ; i++)

{
X[i] = (X[i}/S)*h ;
X[i] = (double)((int)(X[i]+0.5));
}
S =0.0;
for(i=0 ; i<num_of_heights ;i++)
S += X[i];
if(S-h==0.0) goto endloop ;
}
endloop :
done = FALSE;
}
else
{

if(counter > 1000)

{
printf("\nh/s not satisfied after 1000 repetitions\n
Change of Duration\n");
return(1);
}

done = TRUE ;
}
}
free(m3V);
free(omega) ;
free(V) ;
return(0);

}

main()

{

FILE *out_file ;

int eventcount=0, test;

int evgen();

long sdate, fdate, current_date, savedate;
long generate_Drytime(),generate_Duration();
double *X;

data_input(&sdate, &fdate);

seed=152;
current_date = sdate;
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out_file = fopen("g_event.out","a") ;
if(out_file == NULL)
{
printf("Cannot write g_evnt.out\n") ;
exit(1);
}

write_first(sdate,out_file);

while(current_date <= fdate)
{
++eventcount;
printf ("%d \n", eventcount);
current_date = generate_Drytime(current_date);
savedate = current_date;
do
{
current_date = generate_Duration(savedate, &Duration);
printf("\nDuration : %I/f\n",Duration);
num_of_heights = (int)(Duration/interval);
inv_n_h = interval/Duration;
b =b0 + b1*log(Duration);
X = (double *)malloc(sizeof(double)*num_of_heights) ;
if(X == NULL)
{
printf("Cannot malloc X \n ");
exit(1);
}
test = evgen(X);
if(1test)
data_output(X,out_file,eventcount, savedate);
free(X) ;
}
while(test);
}
fprintf(out_file,"\n-10\n");
printf("\nProgram terminated");
fclose(out_file);
return(0);

}
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5.correl.c

/* correl.c . Program to calculate the Correlation Integral C(r) for
various

distances r and Embedding Dimensions m.

Writer : Demetris Pachakis May 1995.

This progamm is based on the algorithm introduced by Peter
Grassberger in the

paper "An optimised box-assisted algorithm for fractal dimensions"
Physics Letters A Vol.148(1990), num.1,2 p. 63-68.The initial
programm was

converted in standard C and some functional modifications were
made.

Arguments
input : ASCII file with input.
long kmax : total number of data .
float eps : the largest distance up to which pairs of data are
considered as
neighbours . eps must be between 1 and
1/int(sqrt(kmax)) .
int min_delay : the minimal delay in units of delay time for which pairs
are to
be included in the correlation sum .

int tau : time lag in units of delay time between succesive coordinates
in the

state vector.
output : ASCII file with output.
Parameter
M_EMBED : maximal embedding dimension up to which the
correlation integral

is calculated.

Variables

double X(i) : ith data element .
int m ;: embedding dimension of the compared pairs of vectors .
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long MM(m,i) : percentage of vectors of emb. dimension m and
distance

less than 22(-0.5%).Maximum norm is
used.

Usage
correl input kmax eps min_delay tau output
*/

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#define VERYBIG 100000.0

#define VERYSMALL -100000.0
#define M_EMBED 16

#define MM(i,j) *(MM + 64*(i-2) + j)
#define box(i,j) *(box +(logimax+1)*i + j)
#define llist(i) *(llist + i-1)

#define X(i) *(X+i-1)

unsigned long m_atol(char *s)

{

inti;

unsigned long n=0;

for (i = 0; s[i] >= '0' && s[i] <="9'; i++)
n =10*n +s[i] - '0";

return(n);

}

void normalise(double *input,unsigned long num)

{

unsigned long i;

double max, min, range;

max = VERYSMALL;

min = VERYBIG;

for(i=0 ; i<num ; i++)

{
max = (input[i] > max) ? input[i] : max;
min = (input[i] < min) ? input[i] : min;

}

range = max-min;

for(i =0; i < num; i++)
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input[i] = (input[i]-min)/range;

}

void correl(X, kmax, eps, min_delay, tau, MM)
double *X;

unsigned long kmax;

float eps;

int min_delay, tau;

double *MM;

{

int logimax = (int)sqrt(kmax);

unsigned long k, kp, kpn, *llist, *box, ii;
inti, m,j,i1,i2,j1,11,j2,12, logdx ;
double epsinv, x1, x2, dx, dx2, constant;

box = (unsigned long *)malloc((long)(sizeof(unsigned
long)*(logimax+1)*(logimax+1)));
llist = (unsigned long *)malloc((long)(sizeof(unsigned long)*kmax));
if ((box==NULL) || (llist==NULL))

{

printf("not enough memory to open box or Ilist\n");

exit(1); :

}

for(m = 2; m<= M_EMBED ; m += 2)

for(i=0 ; i<=127 ; i++)
MM(m,i) = 0;

for(i = 0; i < logimax+1 ; i++)

for(j = 0 ;) < logimax+1 ; j++)
box(i,j) = 0;

for(ii = 1 ;ii <= kmax ; ii++)

llist(ii) = 0;

constant = -2.0/log10(2.0);
epsinv = 0.9999999999/eps;

for(k=1 ; k<=kmax-tau ; k++)
{
x1 = X(k);
i1 = abs(x1*epsinv);
x2 = X(k + tau);
i2 = abs(x2*epsinv);
for(j1=i1-1; j1<=i1+1 ; j1++)
{

11=j1;
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for(j2=i2-1 ; j2<=i2+1 ; j2++)

{

12 =j2;

kp = ((11<0) || (12 < 0) ) ? 0 : box(I1,12);
if((kp>0) && (kp<(k-min_delay)))

{

definedx :
dx = fabs(x1-X(kp));
if(dx<=eps)

{
dx2 = fabs(x2-X(kp+tau));
if(dx2<=eps)
{
m = 2;
dx = (dx>dx2)? dx : dx2;
conditional :
if(dx<1.0e-19)
fogdx = 127;
else
logdx = (int)(constant*log10(dx));
increaseMM :
MM(m,logdx) += 1.0;
if(m<M_EMBED)
{
m += 2,
if( (k+(m-1)*tau)>kmax || (kp+(m-1)*tau)>kmax
)
dx2 = 50.0;
else
dx2 = fabs(X(k+(m-1)*tau)-X(kp+(m-
1)*tau));
if(dx2<=eps)
{
if(dx2>dx)
{
dx = dx2;
goto conditional;
}
else
goto increaseMM ;
}
}
}
}
kp = llist(kp);
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if( (kp>0) && (kp<(k-min_delay)) )
goto definedx;

}
}
}
kpn = box(i1,i2);
if(kpn==0)
box(i1,i2) = k;
else
{
do
{ .
kp = kpn;
kpn = llist(kp);
}
while(kpn > 0);
llist(kp) = k;
}
}

for(m=2 ; m<=M_EMBED ; m += 2)
for(i=126 ; i>=0; i--)
MM(m,i) += MM(m,i+1);

free(box);
free(llist);

}
int main (int argc,char *argv[])

FILE *f1,*f2,*fopen();

int min_delay, tau, m;
double *X;

float eps;

unsigned long kmayx, i, size;
double *MM;

if (argec < 7)
{

printf("please specify kmax,0<eps<1, min_delay, tau>=1 as
arguments\n");

printf("correct use correl input kmax eps min_delay tau output”);
exit(0);
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f1 = fopen(argv[1],"r");

if (f1 == NULL)

{
printf("cannot open input file\n");
exit(1);

}

kmax = m_atol(argv[2]);

eps = atof(argv[3]);

if((eps==0.0) || (eps>1.0) || (eps<1.0/(int)sqrt(kmax)))
{

printf("eps must be <1 & >0 and >= %5.4f .Try

again\n",1.0/(int)sqrt(kmax) );

exit(0);

}

min_delay = atoi(&a+9Hargv[4]);

tau = atoi(argv(5]);

if(tau<=0)

{ |

printf("tau must be >=1 .Try again\n");

exit(0);

}

size = (unsigned long)sizeof(double)*kmax;

X = (double *)malloc(size);

if (X ==NULL)

{ v
printf("not enough memory to open X \n");
exit(1);

}

for(i=1 ;i <= kmax ; i++)

if(feof(f1)!=0)

{
printf("Correct number of data kmax :%!d\n",i-1);
printf("Try again with correct kmax\n");
fclose(f1);
exit(1);

}

fscanf(f1,"%*[ \t\n]%If",&X(i));
}

fclose(f1);
normalise(X,kmax);

MM = (double *)malloc(sizeof(double)*(int)(M_EMBED*0.5)*128);
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if (MM == NULL)

{
printf("not enough memory to open MM\n");
exit(1);
}
correl(X, kmax, eps, min_delay, tau, MM);
free(X);
f2 = fopen(argv[6],"w");
if (f2 == NULL)
{
printf("cannot open correl.out\n");
exit(1);
}
forlm=2; m<=M_EMBED ; m += 2)
{
fprintf(f2,"Embedding Dimension : %d\n", m);
for(i=0;i<=127 ; i++)
{
if(MM(m,i)!=0.0)
fprintf(f2,"%10.91e\t%10.9!f\n ",pow(2.0,-0.5%)
,MM(m,i)/MM(m,0));
}
}
fclose(f2);
free(MM);
return(0);
}
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Empirical evidence suggests that statistical properties of storm rainfall at a location and within a
homogeneous season have a well-structured dependence on storm duration, To explain this depen-
dence, a simple scaling model for rainfall intensity within a storm was hypothesized. It was shown both
analytically and empirically that such a model can explain reasonably well the observed statistical
structure in the interior of storms, thus providing an efficient parametrization of storms of varying
durations and total depths. This simple scaling model is also consistent with, and provides a theoretical
basis for, the concept of mass curves (normalized cumulative. storm depth versus normalized
cumulative time since the begirining of a storm) which’ are extensively used in hydrologic design. In
contrast, popular stationary models of rainfall intensity are shown unable to capture the duration
dependent statistical structure of storm depths and are also inconsistent with the concept of mass
curves, :

1. INTRODUCTION
modeling. ‘

are very often used in hydrologic applications and rainfall

This paper deals with the analysis and modeling of the
stochastic structure of rainfall intensities within storms of
varying duration. Storms are defined here as rainfall events
which are independent of each other as based, for example,
on Poisson storm arrivals. The need to parametrize the time
distribution of storms which are *‘similar’’ apart from total
storm depth and storm duration arose very early, and the
concept of mass curves, i.e., nondimensional cumulative
storm depth versus nondimensional cumulative time since
the beginning of a storm, has been extensively used for
hydrologic design [e.g., Grace and Eagleson, 1966, p. 90;
Huff, 1967; Eagleson, 1970, p. 194; Pilgrim and Cordery,
1975]. The idea behind those efforts was the recognition that
for a particular location or within a meteorologically homo-
geneous region and for a homogeneous season, storms are
expected to exhibit similarities in their internal structure
despite their different durations and total storm depths, In
addition, the concept of normalized mass curves was
adopted in some advanced rainfall models, such as those of
Bras and Rodriguez-Iturbe [1976), Hjelmfelt [1981], and
Woolhiser and Osborn [1985].

Empirical evidence from this and other studies (see sec-
tions 5 and 6) regarding the dependence of the statistical
properties of incremental and total storm depths on storm
duration led us to the hypothesis of a simple scaling model
for the instantaneous rainfall intensity within a storm with
storm duration as the scaling parameter. This model is
thoroughly examined in this paper, and the properties of the
total storm depth and incremental rainfall depths are analy-
tically derived and are used for mode! fitting and model
evaluation. Another motivation for examining the simple
scaling model is that it is consistent with, and provides a
good theoretical basis for, the concept of mass curves which
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Most of the available continuous time rainfall models,
e.g., the Neyman-Scott model {e.g., Kavvas and Delleur,
1981: Rodriguez-Iturbe et al., 1984], used to describe rainfall
intensities are stationary. In this paper we show that any
stationary model is unable to capture the duration dependent
statistical structure of rainfall intensities and is also incon-
sistent with the concept of mass curves,

This paper is structured as follows, Section 2 introduces
notation. In section 3 the simple scaling model for instanta-
neous rainfall intensities within a storm is presented. The
statistical properties of the total storm depth and incremental
storm depths, e.g., hourly depths, are derived in section 4.
In section S some important properties implied by the model
structure are compared with features of rainfall documented
in the literature. In section 6 the simple scaling model is
fitted to hourly data from 89 storms in Chalara, Greece, and
the performance of the model is evaluated in terms of its
ability to capture statistical properties not explicitly-used for
model fitting. In section 7, two stationary models of instan-
taneous rainfall intensity are examined, and it is shown both
analytically and empirically that these models are not able to

‘reproduce some of the observed characteristics of storm

rainfali that the simple scaling model is able to describe. In
section 8 the connection of simple scaling models to mass
curves is examined, and it is shown that mass curves are
consistent with the hypothesis of simple scaling but are
inconsistent with the assumption of any stationary model for
instantaneous rainfall intensities. Finally, in section 9 the
scaling model is applied to generating synthetic storm hye-
tographs and mass curves which are shown to compare well
with the corresponding empirical ones. Some concluding
remarks are given in section 10.

2. TERMINOLOGY AND PRELIMINARIES

Let D denote the duration of a storm and &, D), 0 =i t =
D, the rainfall intensity process within the storm duration.
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Fig. 1. Definition of terms.

Let h(s, D) denote the cumulative rainfall depth process
defined as

h(t, D) = f’ &s, Dyds, 0=t=D )
0

and X,(i, D) denote the incremental rainfall depth in the
interval (i ~ 1A, iA) i.e.,

,XA(i,D)=f"A (D) dt i=1,2, .k @

(-1
where k is the integer part of D/A (see Figure 1), It is
assumed that within a meteorologically homogeneous region
and season every storm of duration D can be considered as
a realization of an ensemble characterized by that duration.
Note that the process &(1, D) is a process of finite duration
(0 = t = D), and thus its ensemble average is, in fact, a
function of the duration D.

Let n,(¢, D) denote the ensemble average of &(¢, D), i.e.,

"lg(f, D) = E[g(tv D)] (3)

and R(t}, t;; D) the second-order product moment of (¢,
D) in the interval of a storm event, i.e.,

Rg(ty, 123 D) = EL§(t1, D)é(2, D)] @)
0=, ;s D

where again expectation refers to ensemble average. The
covariance function of &, D) is then given as

Clty, tz; D) = Cov [£(ry, D)§(1a, D)l = R (ty, t; D)
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= nety, Dnelty, D) (5)

In a similar manner we define the statistical properties of the
cumulative depth process A(t, D), i.e., n,(t, D), R,(ty, ta;
D), and C,(t;, t; D), and those of the incremental depth
process X (1, D) i.e., nx,(i, D), Ry (i, Jj; D), and Cy, (i, J;
D).

3. SCALING MODEL OF STORM INTENSITIES

The hypothesis is set forward that the process of instan-
taneous rainfall intensities within a storm, i.e., &¢, D), 0 =
t = D is a self-similar (simple scaling) process with scaling
exponent H, i.e.,

d
{£(t, D)} = {A"Hg(Ar, AD)} (6)

where the above equality is in terms of the finite-dimensional
probability distribution, i.e.,

, €(ty, D) = x,)
= Pr['\_Hé(Atlr /\D) sxlr Yy

P"[f(f], D)sxh e

A7Heae,, AD) = x,], Q)
0sty, v, t,sD

(see, for example, Lamperti [1962], where, however, infi-
nite-duration stochastic processes are considered). Conse-
quently, the kth moment of &, D) is given as

E[£(r, D)¥] = A ""*E[£(At, AD)"] ®)
and the (k, 1) second product moment as
E[¢(t1, D)*é(ry, D)']

= A “HE&T DB (A ey, ADYKE(A Ly, ADYT ()

An intuitive feeling of the notion of scaling in (6) can be
obtained from Figure 2 where, for example, if Dy = AD;
then under appropriate scaling of time, i.e., ; = Afy, the
statistical (ensemble) properties of the rainfall intensity in
storms of duration D, are related to the corresponding

E(,D)

Fig. 2. Schematic for explanation of scaling.




K OUTSOYIANNIS AND FourouLA-GEORGIOU: SCALING MODEL OF A STORM HYETOGRAPH

statistical properties of the rainfall intensity in storms of
duration D, according to .
[t is noted that by setting A = 1/D in (6) we obtain

d
{¢(t, D)} = {DPE@D, 1} (10)

where &(t/D, 1) represents the intensity process of a storm
event normalized to unit duration. 1t is then realized from
(10) that the hypothesis of scaling implies that the statistical
properties of the rainfall intensity in storms of any duration
can be obtained by appropriate scaling of the statistical
properties of the rainfall intensity in a storm normalized to
unit duration.

For reasons of simplicity we will assume that the process
&t, D) is stationary within a storm event, i.e., the finite-
dimensional distribution function is invariant to time trans-

lation within a storm, 7 PN (R R AR N \30(‘\
4 Wass vy TENE WL LA 0

d 7/ ~
{t(“ D)} = {€(I+T’ D)} (1)

Note that this is a weak stationarity condition in that it
represents stationarity of &1, D) only within storm events of
a fixed duration and not over any storm independent of
duration (or over the whole time axis), which would imply

o=st,t+r=D

d
(e} = {£¢t + 7} 12

as most available rainfall intensity models, e.g., the Ney-
man-Scott model, assume.

The weak stationarity assumption (11) should not be
considered as a structural constraint of the simple scaling
model but rather as a convenient simplification. The data
examined, as well as other data [e.g., Grace and Eagleson,
1966, p. 90}, are not far from this assumption. Note that this
assumption results in a “‘mean’’ mass curve which is a
straight line. Apparently, however, any mass curve derived
by the use of the model as a realization of a stochastic
function characterizing the mass curves (see development in
section 8 and application in section 9) will not be a straight
line, but it will have a nonlinear shape in agreement with
empirical evidence.

Under our assumption the ensemble statistical properties
of the process &1, D) do not depend on ¢ for a given duration
D, and the ensemble statistical properties of &4/D, 1) are
independent of ¢ and D. Let us define as ¢} the ensemble
mean of the process &(t/D, D, ie.,

= E[£(0/D, ] (13)
Since &(t/D, 1) is stationary we also define
¢ (/D) = E[¢@t/D, V)EW + 7D, 1)] (14)

Based on the above relations and (6) the ensemble statistical
properties of &, D) can be written as

E[£(t, D)] = ¢, D (15)
Cy(r; D) = Cov [gt, D), £+ 7y D))
= (¢(+/D) = ¢HD™ (16)

These equations imply that under the hypothesis of simple
scaling (equation (6)) and the assumption of stationarity
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within an event (equation (11)) the statistical properties of
&t, D) can be obtained from the statistical properties of the
notinalized to unit duration process &t/D, 1) and a scale-
changing transformation which is a power law of the storm
duration. Note that the mean of the rainfall intensity process
depends on the duration according to a power law with
exponent H, while the covariance of the rainfall intensity

process is also a power law of duration with exponent

2H.

Higher product moments follow - similar relationships as

implied by (10).

4. PropeERTIES OF TOTAL AND INCREMENTAL
STORM DEPTHS

To be able to test the hypothesis of scaling for &t, D)

using available rainfall data, the

statistical properties of

incremental and total storm depths need to be derived. In
this section we show that both total storm depths h(D, D)
and incremental storm depths X (i, D) follow simple scaling

laws, and expressions for their mean and covariance
derived.

4.1. Cumulative and Total Storm Depths

are

It can be shown (see Appendix A) that under some rather
mild restrictions on the covariance of £(t, D) the cumulative
rainfall depth process h(t, D) is also a simple scaling process

with exponent H + 1, i.e.,

{n(t, D)} - (A~H*Vp(At, AD)}

an

Setting t = D and A = 1/D in the above equation we obtain

d
{h(D, D)} = {DH* 'h(1, 1)}
Noting that‘E[h(l, D] = ¢, and defining
¢, = Var [A(1, ]

aw

\/[’\VL/!)/W%%'D

(19)

we can write the ensemble mean and variance of the total

storm depth as
E[h(D, D)} = ¢ pH*!
Var [#(D, D)] = ¢,DXHTD

Note that as a result of the simple scaling model for rai

(20)
@n
nfall

intensities, the coefficient of variation of the total storm

depth is constant and equal to (c) ey

4.2. Incremental Storm Depths
The incremental storm depth at discrete time t = i,

ie.,

X,(i, D) defined in (2), can be written as the difference of

cumulative storm depths as

X,(i, D) = h(i, D) - h((i = 1)A, D)

(22)

In view of the scaling of h(t, D) (equation (17)) the discrete-

time incremental depth process X Ali, D) is also scaling,

d ~(H+1
Xalis DY = (A TH DX AD)}
It is easy to show that the ensemble mean of Xali, D)

E[Xali, D))= c,AD! = c,6DH*!

i.e.,
23)
is

(24)
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where 8 = A/D. After some algebraic manipulations (see
Appendix B), one can derive the variance of X (i, D) as

Var [X,(i, D)) = [¢(0; 8) - cigp¥H Y (25)

where

9(0; 8) =2 f ® 56 =) dy 26)
0

Similarly (see Appendix B), the covariance can be derived as

Cx (m; D) = Cov [X,(i, D), Xy(i+m, D)}

= [y(m; 8) = c}8D¥*Y @D
where
'mb
wim; 6)=f (y - (m=1)8)¢(y) dy
(m-1)8
(m + 1)8
+J' (m+)5-yo(dy m>0 (28)
md
The autocorrelation function can then be written as
w(m; 8) — ct8?
29

Pl DYy ) - e

It is interesting to note that as a manifestation of the scaling

hypothesis for §(¢, D) ¢
incremental depth process
the integration interval normaliz

does

Before we embark
model to a specific data set a

he autocorrelation function of the
depends on & = A/D, that is, on
ed by storm duration, and it

not depend directly on the storm duration or the
integration interval, nor on the scaling exponent H.

S. DiSCUSSION OF MODEL PROPERTIES AND
RAINFALL FEATURES REPORTED
IN LITERATURE

(section 6) as well as theoretically and empirically comp
it to stationary models (section 7) we prefer to provide a
insight into some important properties implied by the
model structure and compare these properties with features

more

of rainfall documented in the lit

focus

variation of the total storm

on the details of fitting the proposed
nd evaluating its performance

aring
little

erature. Particularly, we will

on the average intensity of a storm, the coefficient of

and the correlation structure of incremental depths. Lat
section 8, we will examine the model consequences T¢

ing the normalize
illustrate that the propos
mathematical formulation,

features of rainfall and is in agreement with some m
while in disagreement with others.

5.1
As

Average Intensity of Storm

depth or the average intensity,

er, in
gard-

d mass curves. In both sections we will
ed model, in spite of its novel
describes adequately well-known

odels

results from (20), the time average intensity of a storm

{(D) is a function of the duration with expected value

by

E[fD)] = c,D”

given

(30)

The model allows H to take either positive, zero, or neg.
(but greater than —1) values. In the first case we havear
intensity which is an increasing function of duration, wh
the second the mean intensity is constant and independe
duration. The third case seems to be the most frequent, -
a negative correlation of duration and mean intensity is
common as will be discussed below. Note in that case
when D —» 0 it is easily shown that all the statistical mon
of both the iustantaneous and time-averaged intensity
to . However, this is not a problem since the total ¢
(D, D) — 0, as follows from (20) and (21). Thus with
0 when D = 0 we have a rainfall impulse with an ir
intensity but zero total depth, which seems to be reasos
Recall that other models (e.g., Poisson white noise 1
Neyman-Scott white noise model [see Rodriguez-Itut
al., 1984]) use the concept of rainfall impulses with
duration. ,

The dependence of total storm depth or mean intens |
the duration of a storm has been investigated in s |
earlier studies. For example, Grace and Eagleson
have studied summer storm data of Truro, Nova Scoti
St. Johnsbury, Vermont. After classifying the stor
three types (trace, moderate, and peaked storms)
established linear regression relationships between
depth and duration of the form (keeping the notation
present study)

E[h(D, D)]=aD + b

where a and b are parameters estimated by linear regi
using all the data of each type. From this equation it |
that

E[{(D)] = a + b/D

which is a hyperbolic form not practically different fre |
(as shown in their figures the power relationship m* |
used as well). Depending on the sign of b, the mean in
can be a decreasing (b > 0) or increasing (b < 0) fu
of D. In five of the six cases studied by the autho:
stations times three types), b was positive, which
sponds to a negative scaling exponent H, and in ong
was negative, which corresponds to a positive H
similar is the analysis of Woolhiser and Osborn
Closer to the present study is the approach and the !
of Hershenhorn and Woolhiser [1987], who studied a
data set of summer (July and August) storms fromare
at Walnut Gulch Experimental Watershed, Arizona, |
to determine the conditional distribution of duratio
the storm depth, they adopted a linear regression §
ship between logarithms of depths (minus a lower thi
and durations. This relationship is equivalent t0 ¢
relationship of the untransformed quantities similar
A conclusion on the correlation between mean inten
duration does not result directly from their stu
regression made concerns duration versus depth; !
verse regression is not seen in their paper). Hov
seems that there is a positive correlation between
and intensity (intensity increasing with duration)
corresponds to a positive scaling exponent,

The above literature findings as well as the y
scaling model are in disagreement with any st
model, i.e., a model which does not assume any der
of instantaneous or incremental rainfall intensity
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duration (see also section 7). In the case of a stationary
model the mean intensity is obviously a constant, indepen-
dent of duration. This may seem at first view as a special
case of the scaling model with zero scaling exponent. How-
ever, as will be shown later, the scaling model is structurally
different from any stationary model.

5.2. Coefficient of Variation of Storm Depth
or Average Intensity

As pointed out in section 4.1, a consequence of the scaling
assumption is that the standard deviation of the total storm
depth (or, equivalently, of the average intensity) is ex-
pressed as a power law of duration. This power law is
exactly the same as the power law of the expected value of
the depth (or average intensity) versus duration, Thus the
coefficient of variation is constant and equal to (cz)m/c,.

As will be shown later, this property is strongly supported by

the data used in this study (see Figure 4). In addition, this
property is consistent with other data sets and models of the
litgrature.

Grace and Eagleson [1966], in order to describe the
residuals from the mean storm depth given the storm dura-
tion, adopted a relationship of the form

h(D, D) - E[h(D, D)]
E[h(D, D)]
where ¢ is a constant and W is a beta-distributed random
variable, independent of D. Obviously, this form leads to a

constant coefficient of variation of A(D, D), independent of
D

cW-1 (33)

Eagleson [1978], using a data set from Boston and assum-
ing that the average intensity and duration are independent
random variables with exponential distributions, determined
the marginal distribution of the storm depth in terms of a
modified Bessel function of the first order. A similar assump-
tion was made by Brus and Rodriguez-Iturbe [1976] in order
to construct a rainfall generation model. They assumed that
the distribution of the total depth (averaged over an area)
conditional on duration is given by an exponential function
of the average intensity. This implies that the average
intensity is independent of the duration and exponentially
distributed. The assumption of an average intensity indepen-
dent of the duration apparently results in a constant coeffi-
cient of variation of the total storm depth as is easily
obtained from A(D, D) = ID. In fact, this assumption can be
considered as a special case of the scaling model with zero
scaling exponent.

On the contrary, no stationary model can yield a constant
coefficient of variation for total storm depth. Indeed, any
model of this category would imply

E[h(D, D)] = n,D (34)

where 7, is the mean instantaneous_intensity, and if a
constant coefficient of Variation is hypothesized then it is
required that

E[W(D, D)?*] = n,D? (35)

where 7 is a constant. However, as is proved in Appendix
C, the last equation is impossible for a stationary model,
except for the case where the instantaneous intensity is

constant with zero variance, which has no interest or phys-
ical meaning.

5.3.  Autocorrelation Structure of Incremental Depths

Another important consequence of the scaling model is
that the autocorrelation coefficient for a certain lag is an
increasing function of storm duration. Indeed, from (29) we
obtain, for example, that py,(1; D) = py, (1; 2D), which
means that the lag-one autocorrelation coeéicient of hourly
data in a storm of duration D is equal to the lag one
autocorrelation coefficient of 2-hour data in a storm of
duration 2D. Since, normally, the autocorrelation increases
with decreasing lag, it follows that the lag one autocorrela-
tion coefficient of the hourly data in a storm of duration 2D
is greater than the lag one autocorrelation coefficient of the
hourly data in a storm of duration D. Thus the lag one
autocorrelation coefficient is an increasing function of storm
duration, and this is also true for coefficients of higher lags.

As will be seen in the next section the hourly data we
analyzed support this property. To the authors’ knowledge,
this property has not been discussed elsewhere in the
literature, though it is not associated with the scaling model
only, This property can be considered simply as a conse-
quence of the constant coefficient of variation of the total
storm depth, which was discussed earlier. As a simplified
example, consider the disaggregation of the total depth into
incremental depths X, for a time increment A and assume a
Markovian dependence between X, with lag one correlation
coefficient equal to p. Also consider that the average inten-
sity is independent of D. In this case we have

S CovIXahXa(P] = (ny - nHD?  (36)
15i,js DIA {

or \
o
DIA-1  DIA |
pia+2 S S ol var[Xal= (= aDD? [
i=1 j=itl [
(37)3’ (
and after algebraic manipulations | <
20[(D/IAY(1 = p) = 1 + pP/4 \
DIA + pl(D/A) ;o)2 P /|
(1-p) o F

- Var [(Xa] = (n, - n)D*  (38)

In (38) we observe that the left-hand side depends linearly on
D (considering that p?'4 is very small) while the right-hand
side depends on D?. Thus we conclude that either p or Var
[X 4] should be an increasing function of D.

Another interesting point to note is that the theoretical
autocorrelation coefficient of the incremental process is
allowed to take on negative values (see equation (29)), a
property exhibited by rainfall data of this study and others
le.g., Grace and Eagleson, 1966, pp. 91-92] but not allowed
by many stationary models as will be discussed in section 7.

6. MODEL FITTING AND PERFORMANCE EVALUATION

6.1. Model Fitting Procedure

In section 4 the covariance function of X,(i, D) was
derived in terms of the covariance function of &(t, D). In
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order to be able to fit the model to incremental rainfall depths
a parametric form for the covariance function of &¢, D)

must be specified and the covariance of X(i, D) must be .

consequently derived. As is recalled from (16) the covari-
ance function of gt, D) involves a power function of
duration D and a function ¢(7/D) of the normalized lag.
Here we assume the following power law form for ¢(y):

o(y) =ky ? (39)

which implies the following power law second product
moment for &, D):
, (40)
Note that this is in contrast to stationary rainfall intensity
models for which the above product moment would be a
function of lag 7 only and not duration.

Based on this and after the computation of the integral in
(26) it is shown that

Cx,(0; D) = Var [Xa(i, D)}
=D Ik - B -t -eh
-

By considering Cx,(0; D) from the above equation (by
setting 8 = 1) and equating it to (21) one can see that the
parameters k, B of the covariance function of &, D) are
related to ¢, and ¢; by

cq+c}=2kM(1 - B2~ Bl

By computing the integral in (28) the covariance function of
the incremental storm depths is

Cx,(m; D) = DM o%{(cz + )8 ~Pf(m, B) - ¢il
43

. Caty

(42)

)
mz0
where
fim, B)=Lm=1D?"F +(m+ 1)2-PY2 - m?P
, (44)
m>0
f0, B)=1 (45)
Consequently,

(cy + C%)sﬁpf(mv B) - C%
(c, + e8P - ¢t

Pxé(m; D)= (46)

The model thus has four independent parameters H, ¢y,
¢y, and B (note that k is not an independent parameter, since
it is related to the others by (42)) which in the empirical
analysis that follows were estimated from the following
relationships:

E[#(D, D)1= c:D" " (47
Var [h(D, D)] = c, DMV (48)
(1 +cyfchHs P! 7P -1 -1
. D) = 49
px,(1; D) (1 + cyleh)s P -1 (49)
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From the first relationship, ¢, and H can be estimated by
least squares, and ¢, and B can be estimated from the second
and third relationship, respectively (see also next subsec-
tion). Then using (42) the parameter k can be obtained. To
further evaluate the model performance based on properties
not explicitly used for model fitting, the mean, variance, and
autocorrelation function of the hourly rainfall depths for
storms of different durations were estimated and compared
to the theoretical values for the fitted model (equations (24),
(41), and (46), respectively).

6.2. Performance Evaluation

The data used to implement the scaling model for &(t, D)
consist of hourly rainfall depths for a total of 89 storm events
of duration greater than or equal to 2 hours. All events
occurred during April and during 13 years of record (1971~
1983) at the Chalara station (latitude 40°39'N, longitude
21°14'E, elevation 880 meters above sea level) in the Aliak-
mon River basin, province of Macedonia, Greece. The rain
recorder of this station is a weekly drum chart type with a
rain depth resolution of tenths of millimeters, Due to ab-
sence of tabulated data, the charts were manually digitized
under the authors’ supervision, The set of one month (and
not the complete annual sample) was used in order to avoid
possible nonhomogeneity of the rainfall properties due to
seasonal variability. The reason for the selection of April is
that this month is characterized by a sufficiently high fre-
quency of rainfall events leading to an adequate sample size,
and, at the same time, the temperatures are greater than 0°C,
thus preventing the rain recorder from freezing and leading
to inaccurate data, which is not the case for previous
(winter) months.

Events were identified based on the assumption of inde-
pendence between events. This amounts ta testing for a
Poisson process of storm arrivals or exponential distribution
for interarrival times. A Kolmogorov-Smirnov test was used
for this purpose. Thus events were allowed to include
periods of zero rainfall. Starting with 2 trial value of the
maximum 2zero rainfall period allowed in an event (or.
equivalently, the minimum period for separating an even!
from the preceding and succeeding ones), a8 record of inter-
arrival times was constructed and tested for fitting an expo- |
nential distribution at a 50% significance level. With ar |
iterative application of this method, the minimum zer
rainfall period separating two events was found equal to ”
hours. This is very close to the arbitrary value adopted bt
Huff (1967, i.e., 6 hours. The 89 storm events had duration’
varying from 2 to 45 hours with a mean duration of 110
hours. General characteristics of the set of storms used ar
given in Table 1.

The meteorological conditions responsible for the gener:
tion of the 89 storms of April belong to several type
According to a classification of the weather types in Greec
by Maheras {1982; also unpublished data and personm |
communication, 1992], 37% of the 89 events belong to Sw
type, i.¢., passage of a depression possibly accompanied b |
a cold front (and rarely a warm front) having SW orbi |
Twenty-four percent of the events are produced by SW
weather type, i.e., passage of a depression originating fro |
the Sahara desert. Thirteen percent are produced by
special weather type (DOR) characterized by a cold upp
air mass (determined at the 500-mbar level) producing ¢
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TABLE 1. General Characteristics of the 89 Storms Used in the Analysis

Standard
Minimum Maximum Mean Deviation
Duration, hours 2 45 11.8 8.9
Interarrival time, hours 10 470 101.3 106.2
Total depth, mm 0.3 38.9 1.5 7.7
Mean intensity, mm/h 0.1 2.55 0.69 0.48
Hourly depth, mm 0.0 8.2 0.64 0.93

namic instability. Also 11% and 6% of the total events are  of each class around the mean duration [ assigned to that
produced by NW1 and NW2 weather types, respectively, class a correction procedure was applied (when necessary)
characterized by depressions and/or fronts with NW orbits. in estimating the variance of the total depth in each class.
The remaining 9% of events are produced by the other four  This correction consisted of subtracting from the calculated
of the total 16 weather types of this specific classification. variance the quantity oB(k} + k3) where o} is the variance
The orography of the region (North Pindos mountains) plays of the durations in that class and ky, ky are constants
an important role in all regional rainfall phenomena. It was obtained from the linearization of the mean and standard
found that storm durations and depths of the examined data deviation of total depths, respectively, in the neighborhood
set are uniformly distributed in each of the above five most of D, i.e., EL(D, D)1 = Ky b and {Var [A(D, D)} =
frequent weather types (SW1, SW2, DOR, NW1, and NW2), koD (the proof for the appropriateness of the above correc-
with the likely exception of the DOR type, which is charac- tion is omitted). For the scaling process we have ¢, D H¥l o
terized by slightly higher durations and depths. Thus no k,D and ¢, DHHTD = k2D?, and thus the correction applied
special treatment of the events classified by weather type was
was done, though one could consider application of the s, 2 M
model to different types of storms with different parameter opley +¢ 2D (50
values (obviously, this would require a large set of data).
To be able to estimate ensemble statistics, the 89 storms
were grouped in five classes (1-5) according to their duration
as shown in Table 2. For example, class 1 includes all 14
storms with duration 2 and 3 hours, and class 5 all 17 events
with duration between 19 and 45 hours. The basis for
selecting this grouping was 10 have approximately the same
number of events in each class. To each class a duration was
assigned equal to the mean duration of all events in that A=-020 & =1 05 &, =0.44 B =0.32 51
class. The events were further grouped into two larger ) e LS ’
classes (A and B) where class A includes all 39 events of por these parameters the value of k is £ = 0.88. The

clas§es 2 and 3 and clas§ B all 36 events of classes 4 and 5. parameters H and ¢, were estimated by least squares on the
Again the mean duration of °f‘°h class was used as & power relationship of the mean total depth of each of the five
representative duration Qf that class, and events in classes: A (lasses versus the mean duration of the class (equation (47)).
and B were used t0 estimate the ensemble autocorrelation  Then ¢, was ostimated as the average over all classes of Var
functions for two different storm durations. The enlarged h(D, D)V D2H+Y (equation (48)). Finally, g was estimated
sizé of classes A and B was necessary in order to achieve  with an iterative procedure for best fit of the theoretical
reliable estimates of the autocorrelation coefficients for large  cueve of py, (13 D) (equation 49)) to the empirical lag one
A
lags. T \ correlation coefficients of all classes (see Figure 5).
Because there 15 variability in the durations of the events The empirical mean and standard deviation of total storm
depth as a function of duration as well as the theoretical
curves from the fitted model are shown in Figure 3. Figure 4
shows the empirical coefficients of variation of the total

.

Number of Total Number storm depth, which is almost independent of duration, and

It was found that this correction was negligible for all classes
except the class with the larger durations (class 5). The
necessity of sucha correction implies an iterative process for
the estimation of ¢2 (one iteration is usually sufficient).

Based on the parameter estimation procedure discussed in
the previous section the following parameter estimates were
obtained for this data set:

TABLE 2. Classification of Storms According to Their Duration

Events of Hourly the theoretical coefficient of variation, which is constant and
Class  Dmin _Drmax D op (N Depths (N2)  equal to (c2)'*/c1 = 0.63. The empirical and theoretical 1ag
1 2 3 22 0.4 14 1 one autocorrelation coefficients of hourly rainfall depths are
2 4 7 54 1.2 20 108 shown in Figure 5 as a function of storm duration. Although
3 8 11 9.7 11 19 184 deviations between the empirical and theoretical values are
4 12 18 142 19 19 269 observed, the model captures the general behavior of the
i* 13 ﬁ 23',‘4 g'i ;Z, ;g; empirical data, and when 90% approximate confidence in-
Bt 12 45 20.3 19 16 730 tervals (computed by using the Fisher-Z transformation for
Total 2 45 118 89 89 1053 the autocorrelation coefficient) were positioned around the

) ; bl theoretical values only one of the five values was outside the
The storms in each class were used o estimate the ensemole  copfidence intervals as statistically expected. Note that the

statistics of that class. o . . .
*Class A consists of classes 2 and 3. empirical autocorrelation coefficients were calculated inde

+Class B consists of classes 4 and 5. pendently of any other estimated or theoretically anticipated
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Fig. 3. Scaling model: empirical and theoretical means (squares

and solid line, respectively) and standard deviations (triangles and
dashed line, respectively) of total storm depths as a function of
storm duration (log-log plot).

parameters, by considering all possible pairs (with a fixed
lag) of hourly depths located in each of the events of a
specific class.

To check the performance of the model we computed. the
empirical and theoretical mean and standard deviation of the
hourly rainfall depths for different durations (shown in
Figure 6) and the autocorrelation functions for classes A and
B (shown in Figure 7). It is seen that the scaling model
performs reasonably well in terms of capturing statistical
properties of total and incremental storm depths in storms of
different durations. The largest departure of the empirical
statistics from the theoretical ones are found for the standard
deviation of storms of duration 2-3 hours (see Figure 6).

Apparently, other interpretations of the examined data set
are possible, and other models can be used to capture the
statistical structure of the data. For example, motivated by
Figure 6, one can consider that the data point from the
smallest duration is anomalous and, for medium and long
durations, rainfall intensity is independent of duration and
rainfall depth does not scale with duration. However, the
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Fig. 4. Scaling model: empirical (squares) and theoretical (solid
line) coefficient of variation of total storm depths as a function of
duration.
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Fig. 5. Scaling model: empirical (squares) and theoretical (solid
line) first autocorrelation coefficient of hourly rainfall depths as a
function of duration, Dashed lines represent the 90% approximate
confidence limits.

selection and fitting of the scaling model must be considered
as a whole, i.e., with simultaneous regard to all properties of
the total and incremental storm depths. In that respect, the
model’s ability to capture the power function of the variance
of the total depth or the constant coefficient of variation
(Figures 3 and 4) and the increase of the autocorrelation
coefficients with duration (Figures 5 and 7), is worth noting.
As will be seen in the next section, it is not easy to find an
alternative simple model capable of capturing these second-
order properties, although any model can perform well with
first-order properties (i.e., expected values).

It should be noted that the above adopted parametet
estimation procedure depends on the selection of classes.
which raises a source of subjectivity and nonrobustness.
Another weakness of the procedure may be the estimation of
the two parameters H and ¢, from only the mean values 0!
the total depth, while they also appear in the equations for
variance of total and incremental depths, and autocorrela-
tion coefficients of the incremental depths. A more robus!
parameter estimation procedure is a feasible future improve
ment of the model. Finally, it is worth noting that the
developed model should not be considered a very detailed
and general model that can explain perfectly all properties of
the examined data set as well as of any other data set. The
authors are well aware of the fact that the rainfall structure
exhibits a wide variety of patterns in different regions of the
world or even in the same region under different weathe:
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Fig. 6. Scaling model: empirical and theoretical mean (square
and solid line, respectively) and standard deviation (triangles ar
dashed line, respectively) of hourly rainfall depths as a function :
duration,
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Fig. 7. " Scaling model: empirical and theoretical autocorrelation
function of hourly rainfall depths as a function of duration. Squares
and thin line represent small durations (4 hours = D = 11 hours and
D = 7 hours, respectively), while triangles and thick line represent
large durations (12 hours = D = 45 hours and D = 20 hours,
respectively).

conditions, thus making it impossible to develop a single
model applying to all situations. The proposed model is
better to be viewed as an improved alternative to the simple
stationary models, itself still having a simple structure (in
spite of .the somewhat complicated mathematical deriva-
tions) and being characterized by parsimony of parameters.
It is emphasized that the model has only four parameters
while other detailed models can have even tens of parame-
ters (e.g., the model of Woolhiser and Osborn [1985] which
has a total of 26 parameters).

7. CoMPARISON WITH STATIONARY MODELS

In this section we derive the statistical properties of total
and incremental storm depths for two simple stationary
models, i.e., models satisfying (12), and demonstrate both
analytically and empirically that these models are not able to
capture important statistical characteristics of storm rainfall
that the simple scaling model is able to capture.

1.1, Derivation of Statistical Properties

It is easy to see that
E(h(D, D)] = E[h(D)] = m\D (52)
E[X,(, D))= E[X()]=mA (53)

where 7, = E[§(t, D)) = E[&n). T derive the expressions
for the variance and covariance of h(D) and X, (i) we need
to specify functional forms for the autocorrelation function
of &(t). The following two common models (power law and
Markovian) are examined:

Model 1

Cylr, D) = Cylr) = kyr B (54)
Model 2

Celr, D)= Cylr) = kpe TP (55)
After algebraic manipulations it can be shown that for model 1

2k

LR 2= B
Var [M(D)] TETAEYD D (56)
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2k

\% XA([)] = e 2~
ar (XaW) = T ana = By

57
i

px,m) =3 [(m =12 P+ (m+ )2 B1] = m?~ A

(58)

where 0 < By < 1if k4 >0 (orl<p <2ifky <0),as
becomes apparent from (56) and (54). Similarly, for model 2

Var [h(D)] = 2(k3/BD(BD — 1+ ¢ 7#) - (59)

Var [X,()] = 2k3BH(BA - 1 + ¢ ~B:d)  (60)
(- e"""’A)2

P (M) = ST ) g~Pam=D8  (61)

Note that in both of the above models the coefficient of
variation of the total storm depth is not contant but is a
function of the storm duration. For example, for model 1 the
coefficient of variation is {[2k,/((1 = B2 — B
n,}D ~#’%. This property of the model is in disagreement
with the empirical evidence (se¢ section 5 and Figure 9) that
the coefficient of variation of total storm depths is constant
and independent of storm duration,

In the next section these two models are fitted to the data
from the 89 storms described earlier.

79. Model Fitting and Performance Evaluation

Both models have three parameters. Equation (52) can be
used to estimate m using the sample of total depths.
Equations (58) and (61), when setting m = 1, can be used to
estimate B, and By, respectively. The empirical lag one
autocorrelation coefficient used in these equations can be
calculated from the whole sample of hourly data. Finally, &,
and k, are estimated from (57) and (60), respectively, by
using the sample of total depths. The following parameters
were estimated for the above two models:

Model 1

A, =065 k=061 B,=0.51 (62a)

Model 2

7, =065 k=125 B,=1.58 (62b)

Figure 8 shows the empirical and theoretical mean and
standard deviation of the total storm depths. It is observed
that both stationary models are not able to capture the
duration dependent structure of these statistics. This is
further verified by Figure 9, which shows the empirical and
theoretical coefficient of variation of the total storm depths
as a function of duration. The empirical and theoretical first
autocorrelation coefficient of the hourly rainfall depths is
shown in Figure 10 as a function of duration. As was
analytically seen from (58) and (61), the autocorrelation of
hourly rainfall depths is independent of the duration and
cannot obtain negative values. As the lag increases, px (m;
D) is always positive in (61), and if the ranges of B, and k;
are as given in the previous subsection, this is also the case
for px,(m; D) in (58). This is in disagreement with the
empirical observations (see, for example, Figure 10).

To further evaluate the model performance based on
properties not explicitly used in model fitting we evaluated
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Fig. 8. Stationary models: empirical and theoretical means
{squares and long-dashed line, vespectively) and standard deviations
(triangles and short-dashed line for model 1, solid line for model 2,
respectively) of total storm depths as a function of storm duration
(log-log piot).
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the empirical and theoretical mean and standard deviation of
the hourly rainfall depths (equations (53), (57), and (60); see
Figure 11) and autocorrelation functions (equations (58) and
(61); see Figure 12) for models 1 and 2, respectively. These
figures together with Figures 8, 9, and 10 demonstrate the
superiority of the scaling model and the inability of the
stationary models to capture important statistical properties

of storm rainfall,

8. Mass CURVES

In this section we examine the concept of normalized mass
curves in reference to the scaling model and, also for
comparison, in reference to the stationary models. We will
see that the stationary models are incompatible with this
concept, while a scaling model can be compatible and, thus,
can provide a means for stochastically generating mass
curves for storms with independently generated totals. In the
next section we will see how the model can be practically

cvin(@.D)]

2 6 19 14 18

D (h)
Fig. 9. Stationary models: empirical (squares) and theoretical
{dashed line for model 1, solid line for model 2) coefficient of
variation of total storm depths as a function of duration.
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Fig. 10. Stationary models: empirical (squares} and theoretical
(solid line) first autocorrelation coefficient of hourly rainfall depths
as a function of duration. Dashed lines represent the 90% approxi-
mate confidence limits.

applied for the stochastic generation of storm hyetographs,
and, as a result of this application, we will observe that the
proposed model with only four parameters can be a rela-
tively good representation of the traditional mass curves
determined as a set of curves each corxesponding to a
specific probability level.

The use of dimensionless mass curves, i.e., normalized
rainfall depth h*(1/D) versus normalized time /D implies
that a stochastic function A*( ) can be found such that

h(t, D) = h*(t/D)R(D, D) (63)

where h(D, D) is a stochastic variable (the total storm
depth) apparently independent of ¢, whereas h*(1/D) is a
stochastic function independent of both D and A(D, D)
satisfying h*(0) = 0 and A*(1) = 1. A similar relationship
holds for the instantaneous intensity, that is,

&(t, D) = £*(1/D)I(D)

where &( ) denotes the derivative of h*( ) and D) =
n(D, D)/D. Taking k moments in (63) and (64), we obtain,
respectively,

E[h(t, D)1= E{h*(t/D)*E[R(D, D)X

(64)

(65)

Efele, DY = E[£*(/D)MIELT(D)*] (66)
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Fig. 11 Stationary models: empirical and theoretical mean
(squares and long-dashed line) and standard deviation (triangles andv
short-dashed line for model 1, solid line for model 2, respectively) of
hourly rainfall depths as a function of duration.
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Fig. 12. Stationary models: empirical and theoretical autocor-
relation function of hourly rainfall depths as a function of duration.
Squares and triangles represent empirical values for small (4 hours
= D = 11 hours) and large durations (12 hours = D. = 45 hours),
respectively, while thick and thin lines represent models | and 2,
respectively (same for all durations).

Similar relationships hold for the (k,
moments, i.e.,

E[h(t,, D)*hty, D))

1) second product

= E[h*(1,/D)*h*(12/D) \ELA(D, ) L I (1))
E[£(1,, D)*&(t2, D))
= E[£*(1/D)** (1 DYIELTDY 1] (68)

Under the assumption of stationarity over time none of the
above relationships can hold. Consider, for example, model
1 for which

E[h(t, D)) = nyt = m,(t/D)D (69)
Elh(t, D)2 = nit? + 2k/[(1 = B2 = gy~ A
= n3(D)D? + 2k, /10~ B2 = BN
(D)~ Ppr P (70)

It becomes apparent that for k = 2 no function A*(t/D) can
be found to satisfy (70). A generalized proof of the incom-
patibility of any stationary model with the concept of mass
curves is found in Appendix D.

On the contrary, the self-similar models are not incompat-
ible with normalized mass curves. It is easy to show that if
the process &(t, D) is defined by (64) (or, equivalently, if A(¢,
D) is defined by (63)) and at the same time the dependence
between total depth and duration is of a power type, ie.,

n(D, D) = DHW (71)

where W is a random variable independent of D -(or, equiv-
alently, the logarithm of the total depth is linearly dependent
on duration), then &1, D) is a self-similar (simple scaling)
process, as defined by (6). The proof is obvious and will be
omitted. As we will see below, the reverse is not valid in all
cases, i.e., not any scaling model can satisfy (63) or {64) in a
strict and complete way. Nevertheless, (65) and (66) are
satisfied for any simple scaling model. Indeed, for a scaling
model

E[h(t, D)1= pKH+VERD, 1] (72)
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while - \
EHD, DY) = DR VBN, D] )
Hence b l&
E[h(t/D, K]
Ky o bR 2 k
E[h(t, D)] Eih(1, e E[h(D, D)*} (74)
which is consistent with (65) since it results in
E[h(t/D, 1)¥]
® KY sy oo omomsimssrem
E[h*(t/D)*] Eh (T, A (75)

which is a function of only t/D. Equation (75) defines
completely the marginal distribution of h*( ) at every
dimensionless time position. Concerning the multivariate
distribution and joint product moments the situation is more
complicated. It can be shown that there exist simple scaling
models that satisfy (67) and (68), but this is not true for any
model. The problem originates from the constraint A*(1) =
1 along with the requirement of full independence of h*(¢/D)
and (D, D). In Appendix E it is proved that the assumption
of weak stationarity which was made for reasons of simplic-
ity (equation (11)) is inconsistent with (68). The task of
building a model fully consistent with the requirement of
complete statistical independence of h*(¢t/D) and k(D, D) is
possible but implies mathematical complexity and inflexibil-
ity. So we preferred in this study to build a simple and easily
applicable model by reducing the requirement of complete
independence to that of orthogonality of h*(t/D)* an h(D,
D)¥ (for k =1, 2,+++). It is apparent that the condition of
orthgonality is assured by (65) which is valid for any scaling
model, As will be shown later (section 9 and Figures 13-14)
this compromise is practically negligible.

9. GENERATING STORM HYETOGRAPHS

The scaling model can be applied for generating storm
hyetographs at an incremental basis for any time step A. One
can recognize that the correlation structure implied by the
scaling model, even in the case of the weak stationarity, is
somewhat complicated and differs from the structure of a
typical linear model, i.e., an autoregressive moving average
(ARMA (p, 9)) model. However, the introduction of a
nonlinear model for the generation is not necessary. Since
the consecutive storms are isolated and the number of
generation steps in each event is limited, a proper linear
model can be established to carry out the generation. Two
possible procedures are discussed below, both presuming a
given storm duration D. The first is a typical sequential
procedure where the incremental depths X (i, D) are gen-
erated one at a time and the total storm depth h(D, D) is
then obtained by summation. The second is & disaggregation
procedure where a given total storm depth is disaggregated
into incremental depths. In both cases the scaling model is
utilized to determine the parameters of the generation
model. ‘

Denoting X = [Xa(l, D), Xa(@, D).+, Xalk, D),
where k = D/A (assumed to be an integer), the parameters
required for the generation of X are the first moments E{X]
given by (24) and the second moments Cov [X, X] given by
(27) or more specifically by (43). Also required is an assump-
tion about the marginal gistrib,utisiff;:ﬂere after examination

4
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of the data set of this study and in light of other studies the
two-parameter gamma distribution was adopted. The gener-
ation scheme for the sequential procedure can be based on

1=

where u3[V;] is the third moment of V; and u3[X,(/, D)] is
the third moment of X, (i, D) determined analytically from

the assumed marginal distribution. The £ matrix is consid-~
ered as lower triangular and is computed by deconvolution g

of QQT,

In the case of the disaggregation procedure, first one might
have to generate (D, D) (if it is not already known). This
can be done by using (20) and (21) after assuming a distri-
bution function (a two-parameter gamma distribution was
adopted here).

Motivated by the concept of normalized mass curves, the
following procedure was adopted for the disaggregation: (1)
apply the sequential procedure as described above to obtain
an initial sequence X'4(i, D), i =1, , k(2) determine a
normalized sequence X% (i, D) = X,y(i, D)/S', where §' =
sk, X4(i, D). This sequence determines a realization of a
dimensionless mass curve; (3) calculate the final sequence
Xu(i, D) = X'4(i, DD, D).

Both the above procedures have some sources of inaccu-
racy. The values of X,(i, D) generated by the sequential
procedure can be negative, a possibility arising either from
the three-parameter gamma distribution of V, or from pos-
sibly negative values w;. To avoid this, when negative
values X,(i, D) are generated they can be set zero, a
correction consistent with the definition of a storm which
allows for zero incremental depths. Furthermore, the sum of
three-parameter gamma variables implied by (76) theoreti-
cally is not gamma distributed, though a good approximation
can be obtained by the introduction of third moments.
Finally, a third source of inaccuracy is expected in the case
of the disaggregation procedure due to the incomplete inde-
pendence of the total depth and normalized mass curve
discussed in section 8. To delimit such an effect during the
execution of the generation we can reject sequences X (i,
D) leading to a ratio A(D, D)/§S’ quite far from unity.

By using the parameter set of section 6 we applied both the
above procedures for generating 10,000 synthetic hyeto-
graphs on an hourly basis for a storm of duration of 20 hours.
A series of comparisons between theoretical yalues of sev-
eral statistics with the corresponding values obtairied by
simulation were made. The examined statistics are first-,

W S FLOMY }:}ryyq*;;,,/\

Uy,
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10.0 (2)

X=QV (76) S0k
where © = [w;;] is a k X k matrix of coefficients and V = ) :'z B
‘V{VI" +++, V.17 is a vector of mutually independent random =~ |
7 variables with unit variance and a three-parameter gamma 8 1.0
C 6x(§6wdisu’ibution function. The parameters of this scheme are 8 =
Py, determined by the following equations which are easily v 8'2:
- obtained: . BN N gl
N L g) R 7 MC’VMW (n2 3
i 5 ot "-)“. E\/e) \[] \6 T " N \3 '0.2- -
BTSN Y )’ QO %= Cov [X, X] i an C .
AN U TN ‘
,,.’m”’l )\L,?(L 2.1 bl l Lodadadada I.llllllllvllIlllAlAIllLlllll
_ | 99.90 99 0500 807866564630 20 10 54 3 2 1
@ ELV]] = E[X,(i, D)1 = 2, wiELVi]  (78) P2
=1 -
1K ]
- N
3 = ; ‘ 3 19.0 (b)
wimalVi] = palXali, D)1= 2 winslVil  (79) :
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Fig. 13. Theoretical (solid line) and simulated (triangles) distri-
bution function of the incremental depth X (10, 20) (the tenth-hourly
depth of a storm with duration 20 hours). The simulated distribution
is obtained (@) by the sequential model and (&) by the disaggregation
model.

Y

second-, and third-order marginal moments, marginal distri-
butions, and autocorrelation coefficients of hourly depths.
All the comparisons (which are not presented here, except
for the following three examples) had satisfactory results.
Originating from this exercise, Figure 13 indicates the degree
of inaccuracy due to the first two of the above discussed
sources of inaccuracy in reproducing the distribution of the
hourly depths. It is shown that the deviation of the simulated
frequency curves from the theoretical ones is confined to
values of X,(10, 20) = 0.5 mm. The departures of the
disaggregation model-simulated curves are remarkably
smaller than those of the sequential model. Figure 14 shows
that both (sequential and disaggregation) procedures per-
form well in reproducing the covariance structure of hourly
depths as theoretically determined by the scaling method.
Note that Figure 14b corresponding to the disaggregation
procedure does not differ in performance from Figure 14a
corresponding to the sequential procedure. This means that
the potentially expected inaccuracy due to the previously
discussed violation of the complete independence of h*(t/D)
and A{(D, D) (we only satisfied orthogonality) is not substan-
tial and, consequently, this weakness of the model in being
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i=2¢

Corr [X,(i.20), X,;(j.20)]
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Fig. 14, Theoretical (solid lines) and simulated (symbols) corre-
lation structure of the incremental (hourly) depths for a storm of
duration 20 hours. The simulated structure is obtained (a) by the
sequential model and (b) by the disaggregation model.

fully compatible with mass curves does not appear important
for all practical purposes. .
Finally, Figure 15 referring to the normalized mass curves
was constructed from hyetographs of the so-called [after
Huff, 1967] second-quartile group (i.e., hyetographs having
their heaviest part in the second quarter of their duration).
The curves presented are similar and were drawn with the
same method as proposed by Huff [1967] and correspond to
the 50% (median) as well as 10% and 90% probability levels.
Three groups of curves appear in Figure 15. First are the
synthetic curves computed at step 2 of the disaggregation
procedure from that portion of the hyetographs that belongs
to the second-quartile group. Second are the curves com-
puted from the historical data of this study. Specifically,
from the total historical sample, 19 storms of a total of 75
(about 1/4) were found to belong to the second-quartile type
(note that the storms of class 1, i.e., those of duration less
than 4 hours, were discarded since it was not possible to
identify the quartile they belong to). Due to the lack of a
sufficient sample size of historical data in April, we plotted
also a third group of curves from historical data of 140
second-quartile storms recorded at the same station Chalara
but for all months of the year. The third group of curves
originates from another study [Stylianidou, 1985). The com-
parison plot shows that all three synthetic and historical
groups of curves are very close to each other without any
remarkable deviation (perhaps, except for the lower part of
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the 90% synthetic curve). Thus Figure 15 gives a good
indication that the scaling model with as few as four param-
eters can represent or summarize effectively the statistical
characteristics of a storm population otherwise given by a
family of curves. Additionally, note that the curves of Figure
15 are based on the assumption of weak stationarity, i.e., a
*‘mean’’ mass curve which is a straight line of uniform mean
intensity. However, as observed in Figure 15, the synthetic
curves (even the median curve) have nonlinear shape in
accordance with the historical curves. To understand this,
one must consider that the curves correspond to a portion of
the totally generated hyetographs conditionally selected so
as to have the main slope located at the second quarter of
their duration. .

It must be emphasized that the above model is not a
complete rainfall generator but rather is a generator of
hyetographs of individual storms. However, it can be easily
extended to a complete generator by appending a component
for the storm and interarrival {ime durations.

10. CONCLUDING REMARKS

The developed simple scaling model for the temporal
structure of storm rainfall has a simple mathematical struc-
ture with only four parameters, but it explains reasonably
well the statistical properties of the examined historical data,
thus providing an efficient parametrization of storms of
varying durations and total depths. In addition, it is consis-
tent with, and provides a theoretical basis for, the concept of
normalized mass curves.

It was found that the scaling model is superior to the
examined stationary models, which were unable to capture
important statistical properties of storm rainfall and were
inconsistent with the concept of normalized mass curves.
Furthermore, the scaling model provides a stochastic non-
dimensionalization approach which is apparently superior to
the popularly used mass curves, because of the contraction
into a few parameters of all the information otherwise given

h=(t/D)

@ 10 20 30 40 56 60 7@ 8¢ 90 100
t/D

Fig. 15. Comparison of historical and synthetic normalized
mass curves of second-quartile storms at Chalara station, province
of Macedonia, Greece, for 10%, 50% (median), and 90% probability
levels. Synthetic curves (thick solid lines) are obtained from a
simulated sample by using the disaggregation procedure. The two
groups of historical curves correspond to the records of April
(circles) and all months of the year (squares), respectively.
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by a family of curves and the implication of a stochastic
approach to storm hyetograph generation, which is not
possible by the traditional method of mass curves.

The proposed model, when combined with a stochastic
process of the storm arrivals (e.g., a Poisson process) and a
set of distribution functions for the rainfall duration and total
storm depth can give a complete rainfall generator at a point
or on an areal basis. Moreover, the scaling model alone can
be useful in hydrologic applications, such as in evaluation of
design storms, as an evolution of the concept of mass
curves.

Different configurations of the model can be obtained by
using, for example, different forms of the covariance func-
tion of the rainfall intensity. In addition, the weak stationar-
ity condition (i.e., stationarity within each storm), used here
as a convenient assumption, is not a necessary structural
constraint, and it can be removed or substituted in cases
where the historical data exhibit nonstationarities within
each event. A more robust parameter estimation technique
and model evaluation at time scales different than hourly are
feasible future improvements of the model.

APPENDIX A: SELF-SIMILARITY OF h(t, D)

Let us consider the (k, /) second product moment of

h(t, D),
E{h(t,, D)*h(t,, D)}
]

k
=E{U" £(s, D) ds U’ £(q, D) dq
0 0
1 'fl 173 Lt}
=f f f f E{é(s1, D)
0 Jo Jo 0

e é(iﬁn D)f(qh D) v E(qli D)}

Y

dsy e dsidqy 00 dq (80)
Similarly,

E{h(Aty, AD)*h(Aty, AD)Y}

A A ‘A
=f“'--~f"f"~--J"E{f<s,,w>
0 0 0 0

v f(sk, AD)&(QI» AD) M f(ql’ Al))} dS|
coordsydqycecd

q
=f"mf“ fu.”fu‘f{f(im,, AD) + -+
0 o Jo 0

«¢(Aoy, ADYE(AW, AD) * >

cEOY, ADIN oy s dagdyy s dyy (B

where the last equality has been obtained by setting s; = Aoy
and g, = Ay;. Note that this last equality would not hold if
any product moment contained Dirac delta terms. This can
be seen by considering for simplicity one term only, say
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E[&s, AD)], and observing that if that term had the form
f(s)8(s = o) then [§ E[£(s, AD)) ds = [§' fs)8(s = s¢)
ds = f(sg) while the term obtained by substituting s = Ac
would give [§ E[&Ao, AD)) A da = [§ flLAa)8(Aa — 54) A

do = M(sg) # flse).
In view of (9) the above equality can be further written as

E{h(At,, AD)*h(At5, AD)%}

) ' n [t t
=Ak+lhﬂ(k+l)fl"’Jl fz--~sz{§(A01, AD)
0 0 Jo 0

oot E(Aayy ADYEY, AD) <o+ E(Ady, AD)}

cday - dogdyy - dy (82)
By comparing (80) and (82) we obtain
AHEDEDEGR O ADYR(ALy, AD)Y}
= E{h(t), D)*h(12, D)’} (83)

This result can be similarly extended to the product mo-
ments of any order and thus we conclude that

d
{n(t, D)} = {A "W *Dp(rt, AD)} (84)

APPENDIX B:

COVARIANCE FUNCTION OF INCREMENTAL DEPTHS

From the definition of X (i, D) in (2) we obtain

iA fm
d-naJu-na

« E[£(ty, D)&(ty, D)) dty di;

i i
-"'—f f Rc(ll"“tz; D) dtl dt2
(i~NAa J@i~Da

=f” Re(; D)|A = 1| dr
-4

E{[Xali, D))} =

=2 f" Re(r; D)(A - 1) dr (85)

0

where the next to last equality results from simplification of
the double integral by setting 7 = t; ~ ¢, and observing that
the integration area is equivalent to |A ~ 7| dr with 7 varying
from —A to A, whereas the last equality comes from recog-
nizing that Ry(r, D) is an even function of r containing no
concentrated masses. Substituting R ¢(r; D) from (16) in the
above expression we obtain

E{[X,(i, D))%} = D*¥* 1y (0; 8) (86)

where & = A/D and (0; &) is as defined in (26). From the

above the expression (25) can be easily obtained.
Similarly, the second product moment of X4(i, D) is given

as
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Ry (m; D) = E[Xs(m + 1; D)X4(1; D)]

A (m )
=ff "U% gleqr,, D)Ets, DYty dey
0 mi

A [(m+1)A
"f f Rf(tl—tZ; D) dtl dtz
0 Jmh

mA
= f R¢(r; D)(r = (m — 1)A) dr
(m - 1)A

(m+ 1)A
+f R (r; D)((m + 1)A
mA

~-71)dr (87)

Substituting Ry(r, D) from (16) and setting 6 = A/D we
obtain

Ry(m; D) = D**Vy(m; 8) (88)

where W(m; 8) is defined in (28). Equation (27) for the
covariance function of X(i, A) is then easily obtained from
the above.

APPENDIX C: INCOMPATIBILITY OF STATIONARY
MODELS WITH SCALING PROPERTIES

The expected value of the storm depth in any stationary
model is given by

E{h(D, D)] = n\D (89)

where 7, is the mean instantaneous intensity. Let us exam-
ine the possibility that the second marginal moment is given

by a power function of D, i.e.,
E[h(D, D)*] = n,D° (90)

where n, and 6 are constants. In the case of a stationary
model we have

D D
Elh(D, D)*] = f f E[&(11)E(ty)] dty dny
0 0

D (D
= f f Ry(ty — 1) dty dty
0 0

where R( ) is the second product moment for the instan-
taneous intensity £(¢) (which is not a function of D). The last
double integral can be simplified [e.g., Papoulis, 1965, p.
325], and then equated to (90) to give

o1

D
2 f Ry()(D = 1) dr = n,D° (92)

0
Taking the derivative of the above equation with respect to
D we get

D
o [P oty dr = moop® ! (93)
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Taking derivatives once more and substituting D with 7, we
obtain the form of R (), that is,

CICER)Y)
MBI 7) Le-2

> >0

Re(r) = 94)

Besides, the variance of the storm depth is

Var [A(D, D)] = n:D° = niD* = 9}D’[(ny/nDD® "% - 11(95)

Now we can observe that the case where 6 > 2 is impossible
since it implies that Var [A(D, D)] would be negative for
some large D and, also, would yield a correlation function of
the instantaneous intensity increasing with lag r, which is
unreasonable, Likewise, the case where 8 < 2 is also
impossible since it implies a negative Var [A(D, D)] for
some small D (though in this case we do not have any
problem with the autocorrelation function). Finally, the only
possibility with mathematical meaning is the case where 6 =
2. But, as results from (94), in that case R ( ) is constant
and, consequently, the instantaneous intensity would be
constant with zero variance, a case with no interest or
physical meaning.

APPENDIX D: INCOMPATIBILITY OF STATIONARY
MobeLs WiTH Mass CURVES

Here we examine the compatibility of stationary models
with mass curves in the general case. From (65) for k = 2 we
get

E[h(1, D)*) = E[h*(¢/D)*]E[R(D, D)?)  (96)
Note that the left-hand side of (96), in the case of a stationary
model, is in fact a function of only t. Thus denoting ¢(¢) =
E[h(t, D)?] and y(A) = E[h*(A)*] we can rewrite (96) as

¢(AD) = ¢(A)$(D) o7
and since
$(AuD) = ¢(A)(uD) = ¢(A)¥(n)$(D)  (38)
while at the same time
d(AuD) = y(An)$(D) 99
we conclude that
yAp) = pA)e(p) (100)
Thus
| yA)=A° (101)

for some constant 8. Furthermore, with the substitution of
(101) into (97) and after setting A = 1/D we get

$(D) = n,D°

where the constant 1, = ¢(1). Equation (102) is equivalent to
(90), and thus it cannot be valid with the exception of the
case that 6 = 2, which was described in Appendix C. We
conclude that any stationary model is incompatible with the

(102)
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AppENDIX E: INCOMPATIBILITY OF INDEPENDENCE
orF NORMALIZED AND TOTAL DeptH WITH THE
WEAK STATIONARITY CONDITION

Starting with the obvious relation
1
J' () du=1 (103)
0
written in the form
) 1
J £ (u) du + I £ (u) du=1 (104)
0 3

where 8 is an arbitrary number (0 = 8 = 1) we obtain that

J' ’ J ® ELen(u)E(s)] du ds *
0 0
1 1
*-J' J E[£*(u)§*(5)] du ds
8 Jé

- f Efe* ) du - J" Elg* () du (105)
8

0

To prove (105), multiply (104) successively by the first and
second integral terms of its left-hand side, then subtract the
two obtained equations, and take expected values. It is easy

to show that (105) is inconsistent with the following concur-
rent equations:

E[£*w)] = ¢ (106)

EL£*(u)€* ()] = o*(u - s]) (107)

where ¢} is an arbitrary constant and ¢*( )isan arbitrary
function. Indeed, (107) implies that (see analogous cases in
Appendices B and C)

r .[6 E[§*(u)§*(s)] du ds =2 r e* ()8 —7) dr
o Jo 0

(108)

f f E(g*(0)€*(s)) du ds =2 J 18 a1 - 8- 7) dr
s Js 0
(109)

Thus (105) becomes
] 1~8

J ™ (7)(8 ~ r)y dr = I oM(r)(1 -8~ r) dr
0 0

=i - 12 (110

and, after taking derivatives with respect to 8,

8 1~8
J o*(7) d“J o*(r) dr = (11
0 0

or

r *(r) dr = (112)

1-98

It is apparent that there is no function ¢*( ) consistent with
the above equation (except for the case ¢*(7) = 0). Thus the
function £*(7) cannot have concurrently both properties
(106) and (107). At the same time the assumption of weak
slt]ationarity (equations (13) an (14)) along with (64) implies
that

E[£(1;, D)E(ta, D)) = DIty = 12l/D)

= E[g* (D)€ (/D)D) (113
and, if £*(¢/D) and (D) are hypothesized independent, then
E{£*(1/D)£*(1D)] = d({t = tall DY/ (e2+ ¢ (114

which is equivalent to (107) with o*(u) = dw)l(cy + ch).
We conclude that either *(1/D) and (D) should not be
hypothesized independent (but only orthogonal) or the co-
variance function C¢(ty, f2} D) should not be considered to
be a function of (|t} — t,\/D). If one wants 10 keep the
complete independence assumption, one has to adopt a

complicated covanance function which adds considerable
complexity to the model,
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We present an optimized algorithm for estimating the correlatidg dimension of an attractor based on very long time sequences.
The main idea is to use a mesh in order to count only near neighbours in the correlation sum., Using linked lists. this leads to an

distances.

"Inithe most straightforward implementation, es-

o ﬁmung the correlation dimension [1,2] of an at-
" \ractor from a time sequence of length N needs a time

of order A%, This time is further enhanced if the es-
timate is 10 be made not only for a single embedding
dimension. but for an entire range. Thus, even on
modern supercomputers, analysing time sequences
of length N> 10* becomes non-trivial. On worksta-
tions or minicomputers, a practical limit is reached
somewhere near N= (1-5) X 10%, This represents a
serious limitation, for instance in electronic experi-
ments, in EEG observations, or in seismic data - in
particular since one would like to perform dimen-

sion estimates routinely on large numbers of time

sequences.

As was pointed out by Theiler [3], the naive im-
plementation alluded to above is highly non-opti-
mal. In estimating a dimension, one is only inter-
ested in c/ose pairs of points in the time series. The
straightforward implementation does this by first
computing a// distances, and then simply discarding
the information contained in pairs which are not
close. In ref. [3] an algorithm is given which helps
in finding pairs with distance <¢ only, by using a
mesh of boxes. The size of each box is just ¢, and
candidates for close pairs are sought only in ncigh-
bouring boxes,

The most straightforward implementation of this
would consist in defining an array for each box,
whose elements are just the coordinates of the points

extremely fast and storage-cflicient routine, with running time and storage both x N, for N data points and N actually computed

in the box. and then scanning through these arrays.
The drawback of this implementation which renders
it practically useless is that the number of points per
box is unknown a priori, and assigning a maximal
number of A elements per box would need enormous
storage. In view of this, compromises had to be made
in ref. [3). leading to a slightly suboptimal algo-
rithm. Nevertheless, with it the author of ref. [3] was
able to analyse 64000 iterations of the Hénon map
(x. ¥)=(1+0.3y~1.4x% x) in 36 min on an IBM
PC with 4.77 MHz. Compared 1o the naive algo-
rithm, this represents a speed-up by a factor > 1000,

An alternative to using boxes (or “radices”, as they
are called in ref. [4]) are trees. Among computer
scientists. there exists a wide-spread opinion that
balanced k-d trees are optimal for searching close
neighbours in A-dimensional Euclidean space [5 6.
An algorithm using such k-d trees for estimating the
correlation dimension was presented in ref, [7]. It
seems that this algorithm is highly optimized, at lcast
as far as the neighbour search is concerned, and
within the class of algorithms using A-d trees.

It is the purpose of the present note to show that
an optimized box-assisted algorithm can be faster
than the algorithm of ref. {3]. and much faster than
that of ref. {7]. At the same time it is rather simple
and compact. While we shall present numerical re-
sults for the Hénon map only, we have applied it also
to lattices of coupled logistic maps [8]. In this case.
we went up to embedding dimension 15, with no loss
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SUBROUTINE CORREL (X, KMAX, EPS, LOGIMAX, M_EMBED, MIN_DELAY,MM)
REAL*4 X (KMAX) g

INTEGER BOX(0:511,0:511), LLIST (100000) ,MM(2:10,0:127)
INTEGER*2 1DDX

EQUIVALENCE (DDX, IDDX)

IMAX1=2**LOGIMAX-1
EPSINV»1./EPS

DO 20 Mw2,M_EMBED
DO 20 I=0,127
MM (M, T) =0
20 CONTINUE
DO 22 1=0,IMAX1
DO 22 J=0, IMAX1
BOX (I,J)=0 .
22 CONTINUE
DO 24 I=1,KMAX - .
LLIST(I)=0 ¥
24 CONTINUE

X1=X (1)
I1=INT (X1 *EPSINV) ,AND. IMAX]

DO 60 K=2,KMAX-M_EMBED+2
X2=X (K)+ ¢ 9
I2=INT (X2*EPSINV) .AND. IMAX1
DO 52 Jl=I1-1,I1+1
L1=J1.AND, IMAX]
DO 51 J2=I2-1,12+1
L2=J2.AND, IMAX1
KP=BOX (L1, L2)
IF ( (KP.GT.0) .AND. (KP.LT. (K~MIN_DELAY))) THEN
35 DX=ABS (X1-X (KP~1))
IF (DX.LT.EPS) THEN . .
DX2=ABS (X2-X (KP) )
,--IF (DX2.LT,EPS) THEN
M=2
DX=MAX (DX, DX2)
40 IF (DX,LT.1.E-19) THEN
LOGDX=127
ELSE

]
¢ The following two lines, together with the EQUIVALENCE statement,
¢ do the same as LOGDX=INT {~2.*ALOG (DX) /ALOG(2.))

c
DDX=DX**2
LOGDX=127,AND. ~ISHFT (IDDX, ~7)
’ ENDIF
41 MM (M, LOGDX) =MM (M, LOGDX) +1
IF (M,LT.M_EMBED) THEN
M=M+1

DX2=ABS (X (K+M=2) ~X (KP+M-2) )
IF(DX2.LT.EPS) THEN
. IF(DX2.GT.DX) THEN
DX=DX2
GOTO 40
ELSE
. GOTO 41
“ENDIF

f

Fig. 1. Listing of a FORTRAN subroutine computing the correlation sum, needed for estimating the correlation dimension.

i
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ENDIF
ENDIF
ENDIF
ENDIF
KP=LLIST (KP)
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IF ( (KP.GT.0) .AND, (KP,LT. (K~MIN_DELAY))) GOTO 33

ENDIF
51 CONTINUE
52 CONTINUE
KPN=BOX (I1,12)
IF (KPN.EQ.0) THEN
BOX (I, I2)=K
ELSE
55 KP=KPN
KPN=LLIST (KP}

LLIST (KP) =K
ENDIF
CX1=X2
Iiw12
60 CONTINUE

DO 70 M=w2,M_EMBED
DO 70 I=126,0,-1

70 CONTINUE

RETURN
END

IF (KPN.GT.0) GOTO 55

-

MMM, T)=MM (M, 1) +MM (M, T+1)

Fig. 1. (continued).

of efficiency. Indeed, it took only ca 50 h CPU time
on & VAXstation 2000 10 analyse data which ~ if we
had computed all pairs - would have led to 1.5x 10"
pairs. ‘

Whike we shall only discuss the correlation di-

mension in the present note, it is easy to modify the

mcthod so that it yields also other Renyi dimensions

{9). Very high statistics results of the latter in the

case of the Hépon map (= 10" pairs in toto, using
- ATAR]I MEGA ST home computer) were pub-
Nl b ref, (10), "

AFJORTRAN subroutine corresponding to our al-
parishom for 8 two-dimensional mesh s listed in fig.
) Bt expects as inputs
iy thee seQuEnce (X, 1k 1, ., Kny, ). as an array
X(K) -

. its Sength ko, as KMAX;
‘= the largest distance ¢ up to which pairs are
counted as EPS; the program expects €< |,

- the tunary logarithm log, L of the size L of a qua-
drausc asray of L X L boxes, as LOGIMAX.

- the largest embedding dimension m,, for which
s dimnension 1 needed, as M_EMBED:

- the minimal delay Ak for which pairs are 1o be
included in the correlation sum as MIN_DELAY.

It produces as output the histogram MM contain-
ing the numbers of pairs with given distances. More
precisely, MM(M,]) is the number of pairs (k, k')
(with time distance k— k' > Ak, measured in units of
the delay time) which, when embedded in an m-di-
mensional space of delay coordinates, have distances

lxk*xk|2<2‘ﬂ

The main idea of the present algorithm is 10 asso-
ciate to each box a linked list, and write all these
linked lists into one big array called “LLIST . In ad-
dition to this big array, which needs exactly N ele-
ments of N data points, we need an array (called
“BOX") of the size of the mesh, which provides the
information where the individual lists start in LLIST.
More precisely, each element of BOX contains a
pointer to the head of the list for the box. It is empty
if no such list exists yet. Schematically. this is illus-
trated in fig. 2.

Let us first discuss the filling of the boxes, defer-
ring the readout of the near neighbours (which ac-
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T
4 v ( LLIST

x,xzxsx,,xﬁxex,)(exgijx

T\

BOX

Fig. 2. In a mesh of 66 boxes, the first data point X, = (x;, X2)
has fallen into box (2. 4), points x; and x, have fallen into box
(4, 4), x, into box (4, 6), and x5 into box (6, 6). The figure
shows the contents of the arrays LLIST (K ). X (K), and BOX(LJ)
afier reading in the first five points (all empty elements ar¢ zero).

tually occurs first, in the DO-loops ending at labels
51 and 52) to the next paragraph. At the beginning,
all elements of BOX and LLIST are set to zero. Then
the data points are read in, one after the other. As-
sume that the kth data point falls into box (n, m).
If BOX(N,M) is still zero at this time, then we set
BOX(N,M) =K, and read in the next data point, If
however BOX(N,M) is equal to /, #0, then we go 10
the /,th element.of LLIST. If this is zero, then we set
LLIST(L1) =K. Otherwise, if LLIST(L1) is 1,#0,
we go to LLIST(L2). Thus we follow the list until we
reach the first empty place. set this equal to &, and
read in the next data point.

In order to find all near neighbours of the kth data
point, we go in two nested DO-loops through the nine
neighbouring boxes of box (n, m) (including this box
itself!). Whenever the corresponding element of BOX
is 1, #0. we first of all know that the /,th data point
is a candidate for a near neighbour. In addition, if
LLIST(L1) is /;#0, then x(/;) is also a candidate.
and so on. Thus, by walking through the linked lists
of the neighbouring boxes, we collect all candidates
for near neighbours. The loop over the embedding
dimension m is the innermost, and is implemented
via a conditional GO TO.
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We were careful to speak about “candidates” for ﬂ )
near neighbours. One reason is that not all points i ‘ { 1.} This
neighbouring boxes have distance <¢, if the box in. k. 1 udean M
dex (n, n’) of a point (Xi, Xes) is computed by o S8 tropy csi
simple coarse graining, L ua(a: if“l'l:;
3)

n=INT(x;/€), n =INT(xes(/€). 3o from »
. ghere st

of the array BOX, we do not use exactly this coarse - posnts. OF
graining, Instead, we use - 2 .”w“;:
k. i w v

n=INT(x;/€) mod L 3 :Wﬁo;
mesh the topology of a torus, and “wrap" phase space F “"”f"‘““m"‘:’!

several times around this torus. This is technicall
done by masking (using bitwise logical AND) wit
L~1 (notice that L is chosen to be a power of 2),
This “wrapping” is needed in particular whenever |
the range of values in the time sequence is not known
a priori. In other circumstances it reduces memory®
space substantially for small values of the cut-off dis-
tance ¢, at a modest reduction in speed. If the al. !
gorithm is 10 be applied to noisy data where a very
small cut-off is not meaningful due to the noise, and -
where the range Rpax Of the distances is limited, one * '
can set €3 R,.../L and delete the wrapping. In this
case, the code not only gets simpler but also rung .
somewhat faster. We add some remarks. -
(1) The program listed in fig. 1 uses mostly stan. i
dard FORTRAN, with a few exceptions where VAX Sl
FORTRAN extensions are used. These are: g |
(a) The use of bitwise logical AND in order to get
integers modulo powers of 2. Though not standard
FORTRAN, this is implemented in most modern &
compilers; |

(b) the use of masking and shifting in order 10 ex-
tract the binary logarithm of a floating point num- 3
ber. These operations can be done in practically all 73
modern FORTRAN dialects, though the name of thel'
shift routine might be different. An equivalent stan-3§

dard FORTRAN statement is given in a comment in

the code. Notice that we bin the square of the dis- ;
tances, in order to get a finer binning. If this is still u ; oner e o
not fine enough, one could square a section time /& We end
which still would be faster than using the ALOG /& soce of th
function. 2 {37

(2) The routine computes distances using the 4 Crond ¢
maximum norm, ||| =max, ¢,<m | %] for x= (X, « midylfi j
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s ysually more interesting than the Eu-
clidean norm. since it gives faster convergent en-
(ropy csimates. and it gives less systematic devia-
data are oversampled.
(3) When estimating the dimension of an attrac-
tor from 2 time sequence, one has to make sure that
exist no dynamical correlations between data
ints. Otherwise said, all correlations should be due
10 the geometry of the attractor, and not due to short-
rime correlations. If one has suspicions that such
correlations might be present in the sequence, with
range <Ak, then the best is to eliminate pairs with
1ime distance < Ak from the correlation sum [11].
W urge the reader 1o be very generous with this pa-
rameter (which has nothing to do with the delay time
between 1wo successive points in the time sequence,

"'.), This 1

.. we do nol advocate the custom to thin out the time

series until the delay time is larger than the corre-
tion time!). Quite a number of published results
gre obsolete due 10 the neglect of this precaution. The
subroutine expects Ak as an argument.

(4) In fig. 1. we assumed a 2-d mesh, If only
embedding dimensions > 2 are needed, use of a
higher»dimensional mesh might be advantageous.
The necessary modifications are straightforward, In
the application 10 coupled map lattices mentioned
above, e.g., we were only interested in embedding
dimensions 2 5, Thus we used a 3-d mesh where the
three directions corresponded to the first, third and
fifih delay coordinate. (Compared to the seemingly
more natural choice of first, second and third delay
coordinate, this has the advantage of a more uniform
population of the boxes.)

(5) In order to compute generalized dimensions,
it is advantageous to use correlations between points
in two different time sequences with N and N' points,
respectively, with N N'. [8]. The points in the for-
mer - called central points - are first organised in
linked lists as described above. After that, the points
in the latter sequence are read in, and by going
through their neighbouring boxes the close neigh-
bours of each central point are counted. Averaging
over the central points is only done at the end (8.10],

We end by quoting some examples of the perform-
ance of the algorithm, and by comparing it with refs.
{3.7].

Good results are obtained if one uses approxi-
mately N boxes, i.e. L \/N In this case, one has to
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store 2N integers in addition to the time sequence
and the histogram themselves. The running time is
O(N)+0(D), where D is the number of pairs with
distance <e.

To compare with ref, [3]. we first analysed also
64000 iterations of the Hénon map. In order to fit
into <640k of memory, we used L=128, Using the
same cut-off e as in ref. [3] (which leadsto 1.15x 10°
pairs with distance <¢), we needed 54 s on a VAX-
station 2000, Assuming this machine to be = 10~20
times faster than a PC with 4,77 MHz, we see that
our algorithm is in this case = 2-4 times faster than
that of ref. {3]. This would further improve for larger
N, since the search algorithm used in ref. [3] for
finding neighbouring points needs a time Q(Nlog A'),
Also, the speed of the present algorithm is further
increased by going to larger L. With L=256, CPU
time was reduced from 54 s to 31 s.

For comparison with ref. [ 7], we analysed various
time sequences of the Hénon map of length N be-
tween 2'* and 2'%. As expected, CPU times increase
forLx \/X linearly with N, for small values of ¢, For
small €, these times hardly increase (by <10%) if
one uses higher embedding dimensions. For inter-
mediate values of ¢, CPU times increase roughly as
¢-'2 reflecting the increase of the number of pairs
Dxe™!?,

For direct comparison, we ran also the routine of
ref. [7]. kindly provided by Dr. Kot, on our com-
puter (a VAXstation 2000). For small ¢, our algo-
rithm was faster by a factor of 10 (for N=2"*) 10 11
(for N=2'%), For larger ¢, this factor decreased 10
~ 5. The latter shows that our algorithm is faster
mainly due to the difference in the speed of the near-
neighbour search, not in the speed of the actual dis-
tance computation and binning.

We might add that the total number of pairs
checked in our algorithm was roughly 6D, for
L= \/X and for ¢ such that D=N. This holds true for
a wide range in N, 10°<N<2x10° If we had not
used any wrapping, the number of checked pairs
would be roughly 2D. The addition factor of 3 is du¢
to wrapping. It decreases fast with increasing ¢.

Finally, we should remark that our algorithm is for
€2 Rax (Where Ry, is the diameter of the attrac-
tor) only very little slower (by a factor ~1.8) than
the most straightforward algorithm. This shows that
it needs only little overhead,
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Summarising, we have presented what seems to be
a highly optimized code for estimating correlation
dimensions from time sequences. It is easily imple-
mented, and easily generalized to estimates of other
generalized dimensions. It is considerably faster than
an algorithm based on a k-d tree, although he latter
is commonly supposed 1o be preferrable. It might be
that k-d trees are more efficient if one wants to €s-
timate dimensions not on the basis of the number of
points falling into neighbourhoods of fixed size, but
rather on the sizes of neighbourhoods containing
fixed numbers of pairs [12].

I am indebted to Dr. M Kot for sending me his

routine, and to T. Schreiber for running this routine
and for very useful discussions.
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