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Real-time Probabilistic Flood Stage Forecasting
Using Support Vector Machines and Fuzzy Inference
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ABSTRACT

This study is to perform real-time probabilistic flood stage forecasting. The proposed
method consists of a deterministic stage forecast derived from the support vector
machines, and a probability distribution of forecast error based on the fuzzy inference
model. The probabilistic flood stage forecasts can then be obtained by combining the
deterministic stage forecasts with the error probability distributions. The proposed
approach is applied to the Lang-Yang River in Taiwan pertaining to validation events of
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six flash floods. The probability distributions of stage forecasts one to six hours ahead are

made, and the predictive uncertainty information is presented and discussed in various

aspects. Forecasting results examined by forecast hydrographs with a 95% confidence

interval, and the percentages of data included in the confidence region, indicate the

effectiveness of the proposed methodology.

Keywords: Flood forecasting, Probabilistic forecasting, Support vector regression,

Fuzzy inference.
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1.2.1 BEARTHR

PRASTHIRI TGRS - AWHEsRE T2
TR RS IR 7718 + H ICTHHCR (Bayesian
forecasting system) ~ R["JJ& (Kalman filter) ~ &
€ 7H #t 7 1% (ensemble method) J generalized
likelihood uncertainty estimation (GLUE) /5 i% ©
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B & - FTRE S A H R AR ERE R TEER(E » AL
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0 ﬁn‘%~{“f-dwg)+bﬂ<g

Lg(yi) =

Nt Sl B AR FiF 7 A R R (loss) » R TR R BB
L, (Vapnik’s e-insensitive loss function)3g7E 2 »

a0y -
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ELE 20, i=1,2,..1
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1 ! * * T
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i,j=1

! *
subjectto D (a; —a;)=0

i=1

0<g; <C

0<a; <C i=12,..,1

K = ZOF B E R AT 1 o, B o) o PR
Karush-Kuhn-Tucker conditions (Fletcher, 1987) »
AIAT#EH o, B o) 2RoR1F w K b WIR(13) Bk
(14) °

!

D N TR RL 16 5 WO (13)
i=1

;WD) +b—y, +E+E)=0 ... (14)

DKL S g e BB R 2 T 2R

S(x)= Ail(ai —a)0(x;)" “O(x;)+b .. (15)
=
QSR B (o, - o)) BIEEF—%
AREE K, ) * 8 (o - ) PR P2 RERTERY
BREPE Lok 2 BOE BR A AU 2T FRERY
(a; —a; ) AR EBRIAG F 2k 2 Bl jgt 37 i it
BB BRI [ 25 | (support vector) © fif]
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BT AMER S S T EmER] 4
TRATH 2R o ASHAS R AT B (o, -a)) B
FHIE R B E PR AR DB A - MIEE
B (o —a;) AT % HE R & BLES » AL &
\yi —w” ~<D(xi)+b]‘25{b%fff: T2 EE 2 5
H1 > IR BRI DS LSt
[ TE LR o

n12)X (15 XFR - BB IEGHEL
i BE R A 5 ox)” - ox)) I & A
15 o FEERHT O(x;) B d(x ;) > RELFHATAT L
) ALK B (kernel function)fJHET5 2R L ERE
3% TR A 1 B P R B T e A B R R R
i (curse of dimensionality) * FZE# K(x;, x ;) %
AN

KX, X ) =@(x)" D(X}) cooverrrreereereceeee (16)

# B B /£ Mercer’s  condition  (Vapnik,
1999) » FIIELIX BT F 28 VERE B © ARHFFE R ER
M2 1% i B R B8 IR 5 K B B (radial  basis
function) » HEH 28y -

K(x,-,xj)=exp(—;/|xi—xj|2) ............... (17)

B P S A ) B B R B 2R RS

f(x)= ifal. — KX, X ) +b (18)
=
B RN 2 2HRRER L
B ¢ AZE C RGEBC2H y b
A = {1 2 BUfE BN 7 32 5 1 & R A R E 2
B > ARUTFEER F WA S B AS M9 Sk Hsu et al,
2003 5 PRETEE A > 2006) K EEZH] -

2.3 IEHHEIEET

TR P 25 B S A R T Rk m S N
TRAGE R HEHLEIE R > —BiE R IRBE
HIRIRRE AR RO BIEE THERE o BORIHERR =AY
TEECE LS - BRI ~ RERIARRIEE ~ HE
[~ ERSEREA b o v T S Y E A (AT 3) > 555
SEABLRATT

A #h
| |
K1 FRAL AL
A 4 i 4

B IR R

3 RAAEIEEN
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FRRSIHE P P R A A RIS & HIAE
FPR R R > R A B S AR
HIBE (crisp value) T BfitE & > RILFFER
HEGIH B e P ISR & - IO RS A
b - B ETRZ SRS R e 2 - —iok
At M BT E . E R R
FH# T BT B R F B T A i ks K B -
232 RMIFAIE

TR FIT [k H A FORBRA P2 AR R (R R MR
BB > R g mT A B R SR Bt A A
HIET » BORTAL AT R AT RS 2 T i i A AR
AR B i i A R R o R AT R A

[IF-THEN J [t Ry sl a7 i A 88 o By 4 4t

ZTEHIRRARR - TIF 1 B B B &8 43 8 45 il 42
(premise) > [ THEN J A Bt ) &1 73 8 5 45 A
(conclusion) » FRAAL R @A AT AR R B

IF (xl is Al) AND (.)CZ is Az) ... AND (xm is Am)

THEN (y, is B;) AND (y, is B) ... AND (v, is B,)

0 xy, X0, .., X, B AEE 0 1, v, ..., v,
R A, 4,, ..., A, 2 By, By, ..., B, i TSR]
HBREE B EMES -

TRB AR HIET 73 BEE & XA 6 1 R AN R Bk B
AAMGRCERLRI - FE R LRGN TIF the rainfall
is heavy, THEN the water level is high| * BB
HIFLAUGEIAN TIF the rainfall is 8.2 millimeters,
THEN the water level is 2.4 meters] + T RRLHI
PIRGEEES 3 B e B AT SR R - RIS AR
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FH: B [ R P R %0 AT
il o P R A 2D BR T 3 R M AR
(implication) 5z T Bl &5 A (aggregation) Wi 8 73 (2
Hldl 4) » JTERCRATT ©

(1) TR

TR T B 3 e — BRI A > DUBORI B 22
FHEZ M A BT ER B - (S —{E
RUERBE - AN R B 7] 18 R RS
(firing strength) > PR 458 i P AQ AL G i HHAR & 1)
R F & o B HIRIBRBIRLE 7154 Mamdani
e/ IMEES AT Larsen i 8 HALH (Lee,
1990) » L& 4 £ » A58 —(ERIHT > Wi A
PRSI RINR KB AR - RS 2R
1y 5y 0 ] Mamdani £/ MEEE > BIEEA
RNEMBIE 1y > R gy B0 EE SRS i A8 = A
RAR S B T HIIAT (S8 4 Hp s —Ekl
FUTH i HE SR8 o BROMITR I B S O RH A &%
(IERRIAR HI P e T — M D BR - AME] 4 H2g
BRI A R S o AR 5

(2) R &R

TR 5 oI S5 R R e 55 O 15 5 T
AR SRR A Rl B — (RIS & - BRI & Bt
A —{lE i A AT — JGE R o DUE 4 B - F
A R B KA E B (fuzzy maximum operation)f&
G AR AR 158 - WIS R
HIBRI SRR &
2.3.4 fRERILEHE

A8 EET AR HHE B 257 B e 13 21 ) i 1 2 2 DA
RIS A SR RBL > — RS REI AR 41 P
FATEE R | - TR AR £ & 0 s b
5 BRHE K i 8 B T - AL TR
% B IR Ok (I 4) » BIE SR AR
MU KBTS R L B U OALE TS
Pl 5 i 2 R o

n
Z)’i “Hi
A= S N (20)

n
Z Hi
i=1

| R |
f 1
1.0 1.0 2 1.0
wall ul
- min ul
=
%#¥1 LE2 ke
1.0 1.0 1.0
A2 = B A
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4 EHEEESHE] - RIEEN RSN

Horfro y* FR B LI 2 WIRE(E » o, FR55 i AR
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24 RPN ZBRERMETE

P 7 g P AL T T i 5% R
G R A RS LTRSS - EEAARE S T T
FRER 5 BICER & P A i i BB U > o
R LR AR AR BB R S R » 788 2
HH A B S g HE GG T L R R L E - 20 20)
2 o [RIE - 58 SR 3 i I P A0 S 480 B
B AR i AL (A 288 A mTREME - IR TR
oM & BER & A 2l i A B AR 0 AT
B - KHFFEERH BADD 887 (basic defuzzifica-
tion distributions transformation) » it & 88 Bh i %
(importance sampling) 3R 73 1 7K {v7 3% 7= % 28 73
G > JREPHIBCRATT -
2.4.1 BADD ik

BADD #7453 Filev & Yager (1991)fff2
H ARTTEFTEAB SR AERRE Klir's principle of
uncertainty and information invariance (Klir, 1990)
PIRIE T - TR 6 AR AT RENE 7347 (possibility
distribution) (Zadeh, 19788 {1 pi #6473 1fi o

% y" AR Lre 2 HE(E > n PR RTRIRLAI
HH - AL TEE TR
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i=1

Horf g, 8256 i R AR Ry, fUREE -

A i) i A AL 7 1B B2 R A A Y ¢, S E 77

2 o I OISR > g, B

q; €[0,1]
qu‘ =1
i=1

FHT_ESILT AL » AR L 7 T AL St
B AR M - RISk
HUISBAE » LSS RIS AR 152 DR i -
Filev & Yager (1991)7 % BADD i {55
%

q9; =

n a
Z Hi
i=

Hefs o BB Hael0,0] - RRIFMEE
WL - ATLAQR 1) B (25) AR T i
a=1> RIEIER O -
242 IR

BB HiTRE AR P AT TR
FOREREHIEE » HF B E R e AT A
flg Rl - G Sl A R B
B RHI S el o &kl E BT bR
BRE w(y) ZRAGE > 21(26)=L

BlEE xS

6 BREBZEME

[w(y)dy =1

KHFFEFIFH BADD 8% FTS R 7>
7 B RS H R & B SR i 21 > A LA el
BEBA TR » AWFFEAS & BADD #5477 B 55 25 1l
ik USEIRIE G HIREAS A1 B -

P 7 5% {1y £ A8 o B {0 ) R B i 8 R AR SR
FBBTEEN & RE G E » JREIRRH ]
RE i 38 v (B R A R (D (B A mT BE N > RIBER
Bt 72 HC i B B I (22) U3k e 76 IR EIUER
AWFFEZ BADD #HUEF 2 E o (EE 1 -
5 FANHSCHE & BADD ik B g Btk vk -
IR A5 B £ & R TR L BB R AR I B2 R
°

=~ RESERK X E R

HATIR(E o) (I>EE RIS » FRkE
73 NE > TR ARG A S iR
VRRE A > Sl IS B A BT AT REE 5 5 BT B &1L
I > iR EE KRS 978 B AE - HHEUUKE
8,500 FOIT ;AR ©

AR5 LA 55 02 T 17 00 B 5 KR s 5
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x®1 HAREKSH
z; Py e FHHL B (hr) k%?éw) Qiiiﬁn -
1 1990/06/22 B 3F 31 2 A 62 210.75 3.61 R
2 1991/09/15 it 4 16 B, 111 212.78 3.54 BT
3 1996/07/30 18 B R 63 212.52 5.47 R
4 1996/10/09 - 55 210.30 2.98 R
5 1996/10/12 £@ 49 210.60 3.07 R
6 1997/08/28 5230 5 8, 68 212.00 5.41 B
7 2000/06/12 | 107 209.19 1.86 R
8 2000/06/16 - 133 209.39 2.30 R
9 2000/07/08 J 353:59:0 52 209.52 278 R
10 2000/07/16 # @ 23 208.99 1.77 BT
11 2000/07/18 | 24 209.14 1.94 R
12 2000/07/19 - 34 209.13 1.97 R
13 2000/08/01 £ 118 208.72 1.57 R
14 2000/08/11 #@ 73 208.85 1.64 BT
15 2001/05/11 0 5 % e A 139 209.35 3.03 B
16 2001/05/27 A& 115 209.01 3.01 SR
17 2001/06/07 @ 45 208.73 2.40 B
18 2003/06/06 Rl 82 207.97 2.60 BB
19 2003/06/16 #k 1 3 e A 111 208.23 2.66 R
20 2004/06/30 R A B R 178 209.35 2.87 SR
21 2004/08/23 A B A 67 211.47 5.75 B
22 2004/10/24 A 38 86 A 48 211.08 5.97 B
23 2004/12/03 g 3 AT IR B 74 210.56 5.63 R
24 2005/07/17 H E R 149 210.87 7.24 B
25 2005/08/31 E X lch: 74 211.54 6.70 B

SO o A DR A B R KA H R
BN R © BRI - AR
B R B A A (R LA AR L 2 AL 8% - il EE
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LA RE (RN > RS P E RIS 3.32 /)N
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A i RSB R a1 (4-15) K

St D)= syr[ SLEH1-m),R(t+1-mp),Sn(t+1-my)]

K m, =1,2,3 s mg=1,2,3,4,5"my=1,2,3
¢ (RERIFHE - TEEHT ¢ R BB G A8 S
ZEETAS (r+1-my), R(t+1-my), Sx(e+H1-my)] *
A FHARTEHR 41 IR0 Z B LA & Sy (e+1) ©

Xt B KA HER R A A = 2 HFE
FE o BIAZE C - AR « B H2
By o AEFFEERHT Hsu et al. (2003)2 51T RRME B
IS MR R Y - BV S = 2GR TIR
GiElSinE EERAIRE LS gvd (e e i R
TR S LR SR 2 8L - ATRSEH H
LIBSVM (Chang & Lin, 200131 T2 Mz ¢ Bl
S P R AR AR TR > T AR R i A
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XK NEER LR 0 2 1 (&
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ANTFRSEHF (28) 2R S P8 7 B A o /K 7 PR
2 PUEE R 20 AT nT B RE TR R 2R — 2 7/
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SL([+I) :,fSVR[SL([_‘_l*mL)a R(H‘lme), SN(H'lme)]
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B LA R A TR R s A= NER

RAHFZNBAE » AHFTEER K €A RN B PR
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S A ELAE RS LA BRI i
4.1.2 TEMEKNT TEHRS R

BBREs 2 BIRE K] TR ALRE - ST+
S aE R o0 R F 37 18 ) 2 20 B /K (0 PR R
BT RO EIE—27S/ NRER KA FER - 5335
R FERFAOIE 7 BIE 8 Fr + FHHRS R 27 IR
AR FE(RMSE) L FERUAE(REN(CE,) (Seibert, 2001)
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&2 TEEKUFERIBR

AT B 5 B (hr) RMSE (m) CE,
1 0.10 0.14
2 0.15 0.46
3 0.19 0.55
4 0.26 0.50
5 0.33 0.46
6 0.39 0.41

BAG ¢ AR/ INRFETEER - SRR ORI L
TR =/ INiF - BRI — R PR R - BT
B 0 ARG TR B SRR AR SR
K (TR R RAF A BITRE K(7 FEER
REST °

42 BEAITREER
421 R A

HAK TR 2 1T DUE K T
R SRR » OB Frot A R % 2
S YA © WIS BEHME TSR 0 B
(PR » TSR AR T LT + 2O
FHIAIIATAE » IAISE UK R BB B
S 0 B S B 2 2 S
e E > TR AR R
7R AT A S

2
y(x>=exp[ - ;”)]

e}

Hri o BElns k28 AR EnIR
FAMEE AN + m R sH & R TP & B - I
R B E A B x B FRHDRERE
[ REMDURE FEE T 8 FH R BB (P RE B (o) KA RE o 45
x IRFENT m 0 FRBE p(x) BT 1.0 3 #5F x &
HE m 5 BRIBIE pu(x) TG LR ECEAAIRZE 0 - %
FE v S0 0 s ARt B R P G A - T
POl 0 = A T k8 o 2 A R S
AR o ST 28 o ZEE - RIFTeiRE
o = BUSIUE TR - R LR B R
TR R ER » TIFBEL S\(@) ~ SLOFL R(t)HY
BB R 020 ~ 0.16 B2 0.13 ©

PEE T RO o 5 2.1 FifHEER
FHERTE AT > FERAREA A R R R xR
i A MEREREE > R FHERER 2 (R A o A 2 B L
g B R > IR R H
HOERE FPG A BT o AT RRR HE P A i A
5 T 5 R KA TE R AR A A & Bl
SL(0)S(t=1)~Sy(-2) ~ R(£)~ R(-=1)~ R(=2) * R(£=3) ~
R(1-4) ~ Sx(0) ~ Sn(t=1)5E Sx(e-2) ° SRT A5 (ERE
BRI R AN 73 % & % s & > HIln]REE
FURTEC ST FAREE » MO & R 8 ek &
()32 Y [R] IE AR TP 2 f 5 R A BT ) i 42 851
oy IR R =@ AR S~ RO
B S\ (0 REENTIERIALHI « i = A8 -
M FE B RIHTS — 275/ N TSR AR S > B
AR AT PR %

IF (S.(¢) is Fs1) AND (R(7) is Fz) AND
(Sn(?) s Figy)
THEN (e(#+1) is Fzy) AND (e(1+2) is Fio)
AND (e(#+3) is Fys) AND (e(+4) is Fes)
AND (e(#+5) is Fys) AND (e(+6) is Fieq)

Hr oy Fy ~ Fp L Foy 73RIREEE S.(6) ~ RO
B S\ (0 BB & RLZ R 8 5 B R 2 AR
G 1 e(tt]) ~ e(t+2) ~ e(t+3) ~ e(t+4) ~ e(t+5)H
e(t+6) 73 BB — BN/ N R FHAGGR 22 5 Fpgy
Fry ™ Fry ~ Fpy ~ Fps 8 Fpo AEAS ISR
75 R K B i IR R

AT FE I B2 LUK TEE R A S A T ) &
T e o B IR R RS > TR PR AR
BABREREAT > 7 RN S B e
(PRI - St gk R e B AR A B -

BRI B N3 & S (6)~R(£) 9L Sx(2)
BV » TR e(r+1) ~ e(1+2) ~ e(t+3) ~ e(t+4) ~
e(t+5) B e(t+6) AT AR RIS AR & R S A
ARHESR o FERIRE I e gt = AR HE R
SRR IR I T—— EL - SHAIIE(E AR
AT S = {ERBIE pey, pn, 13 ) HIEHETIERAAN
VRS BIBRE S 1 = min(uy, iy, p15) ¢ 4535 USR]
Sk £ 53 TR 1SF T {10 AL T ) i 4558 (B R R
RS Wl S o S
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