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Avalanche forecasting-an expert systeDl. approach 
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ABSTRACT, Al ala nc he forecas ting fo r a gi,'en region JS still a diffi cult task 
im'oh-ing g rea t responsibility , An y tools as isting the exp ert in the dec ision-ma king 
process a rc welcome, H owever , an effi cient a nd successful tool should mee t th e needs of 
the forecas te r, vVith this in mind , (wo mod els, )vere developed using a comm erciall y 
al'ailabl e soft ware: CYBER TEK-COGENSYS I CIf , a judgm ent processor for inducti ve 
dec ision-m a king - a prin cipa ll y data-based expert sys tem, Us ing wea ther, snow and 
snow-cover d a ta as inpu t pa ra meters, the m od els eva lu a te fo r a region th e d egree of 
al'a lanche h aza rd , th e as pec t and altitud e o f the most d a ngerous slopes, Th e output 
res ult is based on the snow-cO\'e r stability, The new models were deve loped a nd have 
been tes ted in the Dal'os region (Swiss Alps) fo r several years, T o ra te the models, their 
outpu t is compared to the a pos teriori I'e rifi ed hazard, Th e first model is p urely data­
based, Compa red to o th e r sta ti sti cal m odel s, th e diffe rences a rc: mor e input 
informa tion a bout the snow cover from snow profil es and Rutschbl ock tes ts, the 
specifi c m e th od to search for simila r situ a ti ons, the concise output res ult a nd the 
knowled ge base tha t includes the I'erifi ed degree of ava la nche haza rd, Th e 
perform a nce is about 60%, Th e second , m o re-refin ed mod el, is both da ta- a nd rule­
based, It tries to model th e d ec ision-ma king process of a pragma tic expert a nd has a 
perform ance of about 70 0/0 , which is compa rable to the acc uracy of th e public 
,\'arning , 

1. INTRODUCTION 

AI'ala nche forecas ting, in our context, m eans th e daily 
assessment o f the al'alanche haza rd for a g iven region, i, e, 
forecas ting a t the meso-sca le (MeClung a nd Sc haerer, 
1993 ), The resulting avala nche warnings a nd recommen­
da ti ons [o r th e public sh o uld describe th e a l'a lanche 
situa tion , i, e, gi,'e inform a tion about th e pl ace, th e time 
and the probability of re lease for a sp ecifi c type of 
al'a la nche (sla b or slufT, la rge or sma ll , we t o r dry), The 
mos t conl'enient way to ha ndle this so rt of informa tion is 
to summ a ri ze it as a degree of al'a lanch e hazard, Si nce 
1985, in Switzerland , th e d eg ree of hazard has been 
defin ed in d escending order b y the release pro ba bili ty, the 
a rea l ex ten t of th e insta bilities and th e size of th e 
al'a lanch es (Fohn , 1985) , The scale is genera ll y based 
on th e snow-cOl'er stability, I t copies the d evelopment or 
stepping of th e most typi ca l al'a lanehe situa tions and 
hence is no t linea r. I 'h e intensity of a n ava lanche 
situa tion increases stro ngly from one d egree to anoth er , 
may be el 'en exponenti a ll y , Consequentl y, the frequency 
of th e d egrees of hazard d ec reases accordingly with 
increasing d egree of hazard (Fig, I), An y expert sys tem 
should pro fit from this concept that was a d o pted in 1993 
by the wo rking group o f th e Euro pean al'a lanche­
wa rning se n 'ices , In thi s stud y, seve n d egrees of 
avala nche hazard a re used acco rding to the structure 
defin ed in 1985; details of the Swiss haza rd sca le hal'e also 
been given by NlcClung a nd Schaerer (1993 ) , 

Sin ce dry-slab ava la nch es represent th e mos t impor­
tant threa t fo r ski ers and bac k-country tra l'cllers, \\'e 

318 

degree of hazard 

Fig, 1, Relative .frequeJlc} oJ tlte verified degree oJ hazard 
ill Ihe Davos region : len winter seasolls including 1512d 
are considered, Lighl columns ( lift) Io r the old Swiss 
sel'fll -degree scale, dark [olul11ns ( right) and valuesJor the 
Ilew European Jive-degree scale , 

focused on th e hazard of dry-sla b avalanches, During 
spring tim e, ,,'e t-snow al'a la nches are partl y considered: 
the dail y in cr ease of the haza rd due to warming during 
th e day is no t ta ken into account , 

LaC ha pcll e ( 1980) d esc ribed th e tec hni q ue fo r 
assessing the ava lanche hazard: weather , snow and 
snow-cover d a ta observed d a ily a nd measured a t sel'era l 
loca ti ons representa ti,'e for a g iven area are evalua ted by 
human exp erts using th eir knowledge and long-term 
experi ence combined with individual intuiti o n, Since 
th en the procedure has not cha nged much, Th e core is 
still formed b y the classical process of syno psis supple-
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Fig , 2, The clo:,sical cOllvellliol1al melhod sll/J/)Iel/lenled 
willt differenl sllpjJorting lools 10 forecasl tlte allolanc/ze 
/1Ci::ard on l/ze regiollal scale, 

mented nowad ays by diffe rent sorts o f su p porting too ls 
(Fig,2 ) , 

H owel'er, th e dem a nds are stead il y inc reasing: more 
fi'Cq uen t a nd more d e ta i led in for m a ti o n is d es ired, 
T ouri sm is sti ll d eve lo pin g a nd , as in ma ny o th e r 
mou n ta inous regions, th e A lps hal'C become onc of th e 
fa l'ourit e p layg rounds in Europe, Ski lO uring is wid er 
ra ng ing a nd more po pul a r th a n it was prel' iously , 
Neve rth eless, the num ber 0 [' a\'a la nehe I'ic tims has no t 
acco rdin g ly increased (Fig, 3), whi ch m ay be due to th e 
beller educa ti on a nd aware ness of the ski e rs, pres uma bl y 
a lso d ue lO the stab ili zing e ITec t of more freq uent skiin g 
a fter eac h snoll'fa ll period o n popul a r slo pes a nd hopefu ll y 
due to be tter \\'a rni ng, 

In th e fo recast processes nO\I'adays, a lo t 0 [' electroni c 
tools a rc i Jl\'o lved: acq UI S111 0 1l , tra nsfe r and represen t­
ation o f the da ta, da ta base, snow-col'e r sim ulatio n , 
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Fig, 3, Amlanche falalilies ill Ihe SwiH : II/)s 1964 6510 

J99-1- 95, The falalilies are appoillled 10 Iltree calegories 
describing T('herl' Ihe {wa/al/che accidenls hajJjJelled: in 
blli/dillgs, 011 COlIll/IUllicalion lilles (illcllldillg cOlllrolled ski 
runs) and in Ihefree lermin ( back (0111111],), The 30)'ear 
average is aboul 28 falalities, indicaled b)' l/ie Ihill broken 
line , T he solid bold lille shows 0 5 ) 'ear IIlOl'illg average , 
Percentage Illlmbers give Ihe /)I'o/)orliol1 of falalities ill Ihe 
free terrain ( 10 ) )eal' average) showing deor~y Ihe 
increasing number I!/jalaiilies in Ihe free lerrain, whereas 
lite lolal IIlImber Irend is slalional)'. 

n umerica l wea th er forecas t , d ec ision -makin g tools a nd 
ex pert syste m s, a nd informa ti o n distribution , EI'e n so, th e 
data tha t a re m easured a re no t the mos t re leva n t ones, 
\Yh a t is rea ll y need ed is th e s tre ng th (compress ive, tensile 
a nd shear ) of individua l snow layers, the so-ca ll ed 1011'­
en t ropy d a la (LaC hape ll e, 1980 ) o r cl ass I d a ta 
(M cClun g a nd Schaerer, 1993 ) , The a l'ail a b le d a ta a rc 
just more or less appropri a te to pa ra meteri ze th e re!el'ant 
p rocesses , T h e interpreta ti o n o f th ese data is the mos t 
d eli ca te tas k a nd hence ma n y su pportin g too ls have been 
d el 'Cloped for human experts, Because th e 3\'alanc he 
haza rd canno t (ye t?) be ca lcu la ted full y in a st ric t sense 
(by algo rithms) , this is a fi e ld for hu ma n ex perts a nd 
co rres ponding ly for ex pert sys tem s, 

2. PRESENT APPROACHES 

The app roac h d esc ribed by L aC ha pell e ( 1980 ), th e 
c lassical me th od , sti ll forms th e basis of th e d ec ision­
ma king proced ure of mos t ava la nche-forecast sen'ices , U p 
till now, none of the supporting tools have bee n reli a ble 
enough to substitute for th e huma n expe rt a nd will 
probabl y nel'Cr bc, But may th ey become a n objec til 'e 
pa rtn er for " disc ussion"? A gene ra l O\'crl'iew 0 [' d iffe rent 
me th ods has bee n gil'en by F bhn a nd others ( 1977 ), Buser 
a nd o thers ( 1985 ) and mo re recen lly by l\lcClun g a nd 
Sc haerer (1993 ) , Ln th e fo llowing we focus o n fo recas ting 
models a nd too ls, 

Statistical approaches 

The mos t po pu la r sta ti sti ca l m e th ods a re the di sc rimin a nt 
ana lysis a nd the nea res t n e ig h bours (:\IcC lung a nd 
Sc hae rer, 1993 ) , 

Already, in thc 1970s the first studi es using d iscrimina nt 
a na lys is had becn pe rfo rm ed to find th e re le l'a nt 
pa ramete rs fo r <1 I'a lanche fo recas ting (e,g, Ped a, 1970; 
J udson a nd Erickson, 1973; A nnst rong a nd o th ers, 197+: 
Bois a nd o th ers, 1975; Sal way, 1976 ), Snow a nd weather 
d a ta a rc usua ll y used toge th e r with obse n 'a ti ons of 
al'a lanche ac ti l' it y, ~ew sno ll' dep th , tempe ra lUre a nd 
win d speed , to menti o n so m e, hal'e prol'ed to be 
i m po rta n t. Th e resu lts ha I'C con fi rmed th e ex pe ri ence of 
th e al'a lanche expen s, But , as none of the parame ters used 
is d irec tly rela ted to the process 0 [' a l'alanche fo rma ti on, it 
has not been possible to el'a lua te the al'a la nche haza rd, 

The d a ta uscd , the usua l o bsen 'ed a nd m easured 
para meters, a re a ll index va lues, (The data used a r e those 
th a t are a l'a ilab le a nd not th ose th at a rc mos t rclel'ant to 
th e process o f ava la nche fo rm a ti o n ,) They a re instruc til'e 
to a n ex pert a nd may gilT th e co rrec t hints to th e key 
p rocesses, suc h as se tt lement. H Ovl'e\'e r, th e res u lts o f'th ese 
sta tistica l studi es hal'e im proved th e understa nding a nd 
h a l'e hclJJed lO stru cture knowledge a nd fin a ll y to d el'Clop 
rule-based sys tems, Additiona ll y, as the sta tisti ca l mod els 
need long- te rm data, ma ny I'a lu a ble obsen' a ti ons hal'e 
bec n init ia ted, T he acc umu la ted d a ta base m ay nolV be 
used to im p ro l 'e th e memory o f' th e expe rt. 

Opera ti ona l sys tems based o n th e sta tisti ca l a pproach, 
a nd using a long- term da ta base, have been d eve loped in 
sCI'C ral countri es and a rc no\\' w idely used (Buse r a nd 
o th ers, 1987; N ava rre a nd o th e rs, 1987: M cClun g, 1994; 
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M cClung and Tweedy, 1994; }. Icrindol, 1995 ) both for 
loca l and for regiona l avalanche forecas ting. Except fo r rhe 
sys tem developed by McClung and Tweedy (1994), which 
is a combination of the two stat isti cal m ethods, all of'th em 
use th e nea rest-neighbour method. It is generally assumed 
th a t similar snow and weather conditions should lead to 
simil a r ava lanche situa tions, i.e. that obser\'ed a\'ala nches 
of's imilar past da ys should be representat i\'e ofth c present­
day situ a ti on. A geo metri ca l di stan ce in the input 
pa ra meter space is used in sea rch i ng for simila r si tua­
tions. The Euel idian distance between the ac tual-day data 
a nd the surrounding past-day data is in some mod els 
ca lculated direc tly in th e input parameter space (Buse r and 
others . 1987 ); in other models, the input data a rc first 
tra nsformed in the space of th e principa l components that 
was determined by the sta tisti ca l anal ysis of the da ta base 
(lV[ crindol, 1995 ) and then th e M a hala nobis distance is 
used (M cClung and Tweedy, 1994) . In some models, the 
input para meters a re weighted accOl-ding to the general 
experience of the expert forecas ter (Buser a nd others, 1987) 
and the weights may even vary according to the general 
wea ther type (Bolognesi , 1993b) . The output is generally 
based on the observed avalanches of' the ten or 30 neares t 
neighbouring days . This informa tion has to be e\'a lu ated 
by th e forecas ter. The simplest way to summarize thi s sort 
of inform a ti on is to just separa te betll'een avalanche days a nd 
non-avalanche da)'s (Obled and Good , 1980). In additi on to 

the list of the 30 nea rest neighbours , M cClung and Tweedy 
(1994) predi cted th e proba bility of a\'a lanching by using 
di sc riminant ana lysis. For the fo recasting of a\'a lanches at 
K ootenay Pass (B.C., Canada ) th is probability is com­
bined , using Baysian statisti cs, with the expert 's opinion, 
mad e a priori , to take into account additionallo\\'-entropy 
d a ta (e.g. th e snow-cO\'er situ ation) (W eir and }'[CClung, 
1994) . In other models. a number is given as output 
acco rding to the class ifi ca tion of obse rved avalanches used 
in th e country (Gu yo marc'h a nd M erindol , 1994) or an 
a va lanche index is calcula ted (N avarre a nd others, 1987 ). 
Th ese types of output are difIicult to relate to the ac tual 
hazard in a give n region. H ence, it is difIicul t to assess the 
real quality of th ese fore cas t models. They ce rtainly 
improve the refle cti ons of un experi enced forecaste rs and 
may influence experi enced forecasters but rarely may they 
be called a dec isi\'e help in dete rmining the deg ree of 
haza rd in a given region. 

DeterIIlinis tic approaches 

Th e a im of the d etermini stic approach is to simul a te th e 
ava la nche rel ease. \\'hereas the mos t rel evant snow-cover 
processes may be modell ed (Bru n a nd others, 1989, 1992 ) 
and some a ttempts ha\'e a lso been m ade to model th e 
ava lanc he fo rma tion (G ubler a nd Bader, 1989), it is still 
a lmos t impossib le to simulate the range of the num erous 
avala nche-fo rma tion processes on a m ountain slope - not 
to speak of a lI'ho le a rea. A poss ible way out is to use 
d ifferent method s, for exampl e, to d eve lop an expert 
sys tem whi ch ana lyzes the simulated snow-cover st ra t­
ig raph y (Giraud, 199 1). Fohn a nd H aec hler ( 1978) 
d e\'cloped a determ inisti c- sta ti sti ca l mod el which relates 
the snow acc umul a ti on by snowfa ll , wind and se ttl ement 
to the a\'a lanche ac tivity. Th e mod el is appropri a te to 

d esc ribe a\'a lanc he situ ations in periods of heavy snowfall. 

320 

Expert systeIIls 

Exper t sys tems· represent the idea of simulating the 
decisio n-m aking process of a n expert . Most of them are 
symboli c computing sys tems, i.e. using rules which were 
formulated expli citl y by human experts, e.g . }'IEPRA 
(G ira ud , 199 1) and A V ALOG (Bol ognesi, 1993a) . The 
Fren ch sys tem l\lEPRA a nal yzes the snow-cove r 
stra tig ra phy; the snow profi les a re simulated by th e 
snow-cover model CRO CUS (Brun a nd others , 1989 ) 
in pa ra ll el with m eteo ro logica l data prO\' id ed by 
SAFR A J (Dura nd and o thers, 1993 ) , a model fo r 
optim a l interpolation of meteorological d a ta. AV A­
LOG, assessing the ava la nche hazard slope-by-slope, is 
an assisting too l fo r the effi cient artificia l release by 
explosives in the res tric ted a rea ofa ski reso rt. R ecentl y, 
a hybrid expert sys tem has bepn d eve loped using a 
neura l ne twork a nd rules ext racted from th e data base 
with ne ura l network techniques (Schweize r a nd o thers, 
1994a, b ) . Bolognesi (1993b) has d e\' e loped ano ther 
hybrid sys tem ca ll ed NX-LOG b y com bi ning the 
statis ti cal mod el NXD (Buser and others, 1987 ) and 
the rul e-based system AVALOG. A furth er recent 
developm ent is a rule-based expert system to interpre t 
data fro m snoll' profi les with respect to snow stability 
(M cClung , 1995 ). 

3. A NEW APPROACH WITH THE CYBERTEK. 
COGENSYS™ JUDGMENT PROCESSOR 

In 1989, we began a new approach with the idea of 
building a system for region a l a\'alanche fo recas ting simila r 
to the sta tistical ones bu t wi th a d i fferen t method of 
searching for simi lar situations and with optimized inpu t 
and output parameters, ca ll ed DAVOS. \Ve tri ed to 
include some of the rel evant ph ys ica l processes, i.e. 
elabora ted input parameters and to give as a res ult 
direc tly what the ava la nche forecaster would like to have: 
the degree of haza rd (Schweizer and o th ers, unpublished ). 

In 199 1, we worked ou t a completely new approach , 
more process-oriented a nd part ly rul e-based , wh ich tri ed 
to mod el th e reasoning of the ava lanc he forecas ter, ca ll ed 
l\IODUL. 

Both models a re based on softwa re for inductive 
decision -making: CYBER TEK-COGENSYST~ I judg­
ment processor (version 19), which is primaril y used in 
the fin a nce and insurance world . 

The IIlethod: the judgIIlent proc essor 

The CYBERTEK-COGENSYSDI judgm ent processor is 
a comm ercia ll y a\'a ilable software fo r indu cti\'e auto­
matic d ec ision-making. Sin ce we had no access to the 
source cod e, we did not exactly know what the system does 

A traditi onal ex pert system consists o Cfive elements: th e 
dialogue component, the problem-so lving component , 
the knowledge base, th e explanato ry component and 
th e co mponent for incremental learning (DU DEN 
Informatik , 1988) . 
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(howeve r, it works ) . So, th e a lgo rithm cannot be g iven in 
all detail, but we sha ll try to o utline the general idea 
below. So far , th e co re of the sys tem m ay be consirlered a 
" black box" . The judgment processor is based on th e fact 
th a t pragmatic exp erts dec ide, using th eir ex perience a nd 
in tui tion rather than ex plici t rul es . The more complex a 
problem, the less structured is th e kn owledge . Experts are 
usuall y able to decide correc tl y and fas t in a real situ ation. 
H owe\'e r, they a re usuall y ha rdl y a ble to ex pla in their 
d ec isions completely following exact rules. Th e expert 's 
approach is to choose the rcle\'ant d a ta (which m ay diner 
substantiall y from one situat ion lo a noth er) , to elas. if I' 
a nd to analyze th e d a ta and fin a ll y to reach a co nclusion. 

Building up a model im'oh-es the fo llowing steps: 

1. A so-ca lled judgment jJ1'oblem consists of a list of questions 
a nd th e logic req uired to a rrive a t ajudgment - that is, 
to reach a conclusion or ma ke a d ec ision - based on 
the a nswers to those questions. By specifying the 
questi ons- to be a ns\\'ered by yes/ no, mu ltipl e choice 
or num er ica l responses - th e mentor, th e expe rt 
building up the system, d efin es the da ta needed to 
reach a spec ific d ecision and th e c riteria that a re used to 
ca tego ri ze or e\'a lua te th e data . Th a t m eans for 
num eri ca l questi ons th a t the possible answe rs must be 
g rouped into so-ca lled logical rallges (up to five ranges), 
so tha t th e sys tem can lea rn ho\\' th e response is 
normally categori zed. Numeri ca l qu es tions ca n ta ke the 
form of calcu lations including conditi ons. 

2. On ce a problem has bee n d e fin ed, th e mentor 
" teaches" the judgment processo r by ent erin g exam ­
ples (rea l or rea listi c d a ta ) and interpre ting the 
situ at ions rep resented b\' th ose exa mples. By obsen 'ing 
the relationship bet\\'een th e d a ta an d the mentor' s 
d ecisions . the judgment processor builds a logica l m ode l 
th a t a ll ows it to el11ul a tC' the m e ntor's decisio ns. The 
more compl ex the probl em the more situatio ns arc 
needed. H owe\'e r, as usua l in case-based reasoning 
sys tem s, the performan ce of th e sys tem increases fast a t 
th e beginning with increasing number of silU a ri ons, 
reaches a plateau and fin a lly ma y eH'n decrease (Fig. 4). 

3 . The judgment processo r calcu la tes the so-ca ll ed logiral 
im/Jortalll'e of each qu es tion based o n the obse rnl ti o n of 
th e mentor\ decision. Th e log ica l importance is a 
measure ofho\\' a particul a r quest io n contributes to the 
logica l model as a \\'hole, based o n hO\\' many situations 
within the kn owledge base wou ld become indistingu ish­
a ble if tha t qu es ti on were to be rem o\·ed. Based o n the 
logica l importa nce, gi\'en as a number fi'om 1 ... 100, 
the qu es ti ons are class ifi ed as so-ca lled II/ajor o r minor 
questions. Th e log ica l im po rta nce is con tin uousl y 
upd a ted, so th e sys tem can learn incrementally . 

After suffi cient tra ining of th e m od el by th e m e ntor, 
th e mod el performs the following steps to reac h a 
co nclusion for a new situation enter ed : 

1. If a new situ a ti on is encounte red , th e sys tem tri es to 
g ive a proposi ti on for the possi ble dec ision o n rh e 
basis of rhe past kn own situati o ns and on what is 
learned a bo ut th e dec isio n logic; parti cular ly, the 
class ifi cation into major a nd mino r qu es ti ons based 
on th e pre\'ious ly calcu la ted log ica l import a nce is 
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0.6 r:::: h 0 -(.) 
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500 1000 1500 

number of situations in knowledge base 

Fig. -1. A {),pical exam/Jle oJ the pelformanre oJ a case­
based reasoning 5,ystem with increasing knowledge base Ol'er 
time: the DA l'OS4 model. 

used. A new situ a tion is simil a r to a kn own p ast 
situation from th e knowledge base, if a ce rtain 
number of the a nswers (usua ll y 80 % ) to the m ajor 
qu es ti ons arc \\' ithin the same logica l range . That 
means th at primaril y onl y the m aj or qu es tions a re 
consid ered fo r sea rching for simil a l- situat ions . Two 
pa st situati ons th a t arc both s imi lar to a new 
situ a ti on ma y hence coincide in diffe rent ques ti o ns, 
e .g. if a prob lem co nsists of fi\ 'e major qu es ti ons, four 
a ns\\'C rs ha\'C to be in the same ran ge, and hence fi\'e 
diffe rent possibiliti es ex ist 10r a simi la r situat ion , in 
add iti on to th e case wh en a pre \'i o us situ at ion is 
found th a t co inc id es in all answc rs to the maj or 
questi ons. So simi la r situatio ns need not conseq­
u e ntl y be nea r , in a geo me tri ca l se nse in th e 
parameters space, to the new situ a ti o n. 

T I. Th e proposed d ec ision is deri\ 'Cd from the similar 
s i tu a ti ons fo und usi ng the so-call ed (lssertioll !el'el of 
th e difTerent sim il a r situa ti ons. All qu es ti ons a nd 
th eir logica l impo rt a nce arc conside red to determin e 
th e assert ion leve l. rt is a numbe r (o n a sca le of 1-
100) that ren ec ts ho\\' close ly the curren t situation 
compa res to ex is tin g situ a ti ons ill th e knowl edge 
base. The close r th e asse rtion le\'e l is to 100, the more 
simil a r th is examp le is to prev iously encountered 
situ a ti ons. The less th e answers agree. the sma ll e r is 
th e a sse rti on le\"el, i.e. for each ans\\'e r th at does not 
ag ree, a ce rta in a m ount is subtracted ri'om 100, 
depending on th e number o f ques ti ons a nd th e 
log ica l importance of the qu es ti on; in the case of 
p e rfec t agreem e nt , a so-ca ll ed full match, th e 
asse rti on le\'el is he nce eq ual to 100. 

rn . The quality of the proposed decis ion, based on the 
similar situ a tions fo und , is desc ribed by th e so-called 
cOlifidenre lerel, a n ind ica tor of how cer tain the system 
is that its interpretation is approp ri a te to the current 
situ a ti on: an excl a mati on mark ( I) for \ 'ery confid ent , 
a pe ri od (.) fo r I'easo nab ly confid e nt or a qu es ti o n 
mark (?) for not co nfident. A low !c\'cl of confid ence 
sugges ts th a t th ere a re fe\\' situ a ti o ns th a t the sys tem 
consid ers to be logica ll y simila r , or th a t th ose 
situ a t io ns that a rc simil ar have co nOicting inte r­
pre ta ti ons. Additiona ll y, th e simil a r situ at ions th a t 
a re used to deri\ 'C th e deci sion with th e acco rdin g 
asseni on le\'el a re a lso gi\'en as a n ex p la na ti on. J f th e 
sys te m is not ab le to lind a decisio n o n th e bas is of th e 
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prese nt kn owledge base it gives th e res ult " not 
possible to make an inte rpreta ti on", in th e foll owing 
simply called " no inrerpreta ti on" . 

In Figure 5 the different s teps to reaeh a conclusion 
(desc ribed a bO\·e ) are summ a rized in strong ly simplified 
graphica l fo rm. In T able I a n example o f th e system 
output is gi,·en. 

Sin ce the search fo r simila r situa ti ons forms the core of 
the mClhod , it may be call ed , in the broad es t sense, a 
nea res t-n eig hbour method . H o,,·e,·e r, th e m etri c for 
sea rching for similar situ a ti o ns differs substa nti a ll y from 
the commonl y used dista nce m easure, e.g. th e Eu clidian 
di sta nce . Th e catego riza ti o n of th e input d a ta, th e 
classifi ca tion into major a nd minor ques ti o ns and the 
metric to sea rch simi lar situ a ti o ns a re all non-linea r. Brieny 
summa ri zed , the system we ig hs a nd cl ass ifi es the ca tegor­
ized da ta, sea rches fo r simila r situa tions stro ng ly using the 
classifi ca tion a nd ca tegori za ti o n , deri ves a res ult from the 
simila r situat ions, desc ribes th e quality of th e res ult and 
fi nall y li sts th e similar situ a tio ns used for deri,·ing the result 
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+ and x: past situations with 
according output (+ or x) 

0 : new situation , output unknown 

similar situations 

(c) 

together ,,· ith th e pertinent sim il arity measure. T he 
adva ntage of the method is th e st rong concentra ti on on 
the qu es tions th at a re considered im portant. The fac t tha t 
th e majority of th e a nswers to th e m ajor questions h ave to 

be in the same logica l range m a kes the logica l importa nce 
o[ a ques tion, compa ra ble to th e we ig ht used in a d ifferent 
sys tem, to a decisive [acLOr, in contras t to simila r sys tems. 
So different ,·e rsio ns of a mod el, as we will use, wi th the 
same ques ti ons but with diffe rent logica l importa nce 
(ca lcula ted by th e sys tem, no t g ive n arbitra ril y), leading 
to a different p a rtiti on of majo r a nd m inor ques tions, ,\·ill 
find vcry different similar situatio ns. 

The application: the avalanche hazard 

In our case the judgment pro blem is the avala nche 
h azard and th e qu es ti ons will b e ca lled input pa l-am e ters 
a nd a re, fo r exa m pie, the 3 d su m of new snow d ep th or 
th e air temper ature . The answers a re the ,·alues o f the 
input pa ra mete rs in a rea l situ a ti o n , e.g. 15 cm o r - 5°C. 
A rea l situa ti o n is hence desc ribed by the se t of in put 

Fig. 5. CrB E RTEK-COGEKS r ST.1f J udgment Pro­
cessor: the different ste/JS to reach a conclusion are given 
(strongly sil7l/JLified) Jor a problem with on0' three injJut 
parameters (X/, ){2, .1.3 ) and one output /Jarameter 
("x" or "+") . (a) InjJut /Jarwneter space . (b) 
Categorization, leading 10 a cube (x/ , \2, 1"3) of 125 
identical boxes . (c) Reduction to the major /Jawmeters (x /, 
\"3), i.e. projection to this jJLane. Selecting simiLar 
situations (all situations in the shaded squares) based 0 11 

the Jollowing similarilJ' conditio,, : similar situations are 
all past situations with either x/or X3 ill the same categol)' 
as fhe lIew situalion . I II the shaded sqllares are often several 
similar /Jas t situatiolls; t/tese situalions that may have 
different output differ ill the third (minor) parameter 
(X2) . Based on the similar siluations, referring to the 
Logical il7ljJortallce and the minor parameter . the system 
/Jroposes the result; ill the above case, the /Jroposed output 
would be "+ ", with a confidence Level cif ")", i.e. not 
confident, since there are too mClll)' simiLar situations with 
different output. 
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T able I" Example oj screell oUlpu l: A"lODeL model, sub-problem Rel ease proba bility n ew snow" !l J anuary , 1995 
(see ledjor eX/Jlallaliol/ ojlerllls and Figure 8) " T he sub-/JToblem has six ill/Jul !)(/)"{//nelers; the S)'slelll /Jroposed the oll l/JUI 
largejor the release probabiLiry , but it is /l ol SlITe at aLL, so it /JII IS a question mark" As explanation,jolll" similar situalions 
are gIVell 

U se r ID : 

Pro ble m code: 

SLF 
RPROB_.\ S 
316 Situ a tion No: 

" \ ro" 
DATA 

01eslion 

i\ew sn o \\" d epth (5, 15 , 30 , 50 cm ) 

3 d sum of new snow d e pth ( 10, 30, 60 , 100 cm ) 

D a te : 
Pro ble m name: 

Applica n t code: 

Answer 

81 cm 

93 

1] ] allll(//Y 1995 09: 14 
Release probabiLi~)1 new SIlOW 

1/0195 (j L/j jJelzded) 

Ca lego l) ' 

#5 : > 50 cm 

#4: > 60 ::; 100cm 
I 
2 
3 Qu a lity o f new snow (ve ry loose" loose , s li ghtl y co nso lid a ted , 

quite consolid a ted , co n so lid a ted ) 

slight!)' consolidaled #3 

4 

5 

6 

Snow tempera ture (3 d ) (co ld , cold --+ w a rm , wa rm --+ co ld , 

warm , we t) 
Prospec ti\"e cha nges (stro ng ly \\"eakening , slightl y wcake ning , 

witho ut a ny inOuence, sli g htl y conso lid a tin g , strong ly co nso li­

d a ting) 
I ncrease of snow depth (3 d ) ( 10, 30, 50 , 80 cm ) 

I:'-ITERPRETATION 

R elease proba bility new snow: 
(ve ry lo w , low, mod era te , la rge , \"e ry la r ge ) 

EXPLANATIO:\T 

A tenta ti\"e co nclusio n fo r this exampl e is situa ti on :\To : 170 

raid 

slighl!)' weakening 

77 cm 

large? 

R elease pro ba bili ty new snow: large 
[t is importa nt to no te, however , th a t in th e a bo\"e ca se ne,," sno" " d e pth is: 

ins tead o f: 

L ess i m porta n t differ ences a re th a tin th is case: 

Th e ASSERTION LEVEL fo r thi s te nta ti I"C conclusio n is: 85 

A tenta ti ve co nclusion fo r this exa mple is situa ti on N o : 4 1 

NONE 

R elease proba bilit y n ew snow: l'e!} Lcuge 
I t is importa nt to no te, ho,,"e\"e r, th a t in th e a bo \"e case qu a lity o f n c \\' snow is: 

ins teael o r: 

L ess importa nt diffe rences a re th a t in thi s case: i\O:\,E 

The ASSERTION LE\"EL fo r thi s te nta ti\"e co nc lusio n is: 8 1 

A te nta ti\ "e conclusio n fo r this exa mpl e is situa ti on No: 86 

Release proba bilit y new sno\\' : hllge 
It is importa nt to no te, ho,,"ever , th a t in th e a bo\"e case qua lit y o f n c \\' snow is: 

instead o f: 

L ess import a nt diffe rences a re th a t in this case: 
Th e ASSERTION LEVEL [o r thi s tcntati\"C conclusio n is: 8 1 

A ten ta ti\"C concl usio n fo r this exa mple is si tLl a ti on N o : 29 1 

R elease proba bilit y new snow: 
It is import a nt to no te, however , th a t in th e a bove ca se nc,," snoll" d epth is: 

instcad o f: 

Less import a nt diffe rences a re th a t in thi s case: 

increase o f sn o ll" d epth (3 d ays ) is: 
ins tead o f: 

Th e A SSERTION LEVEL fo r thi s te nta ti I"C co nclu sio n is: 8 1 

NONE 

moderale 

# 1 

#2 

#4": > 50 ::; 80 cm 

> 50 cm 

2: 15 ::; 30 cm 

sli g h tl )" consolida ted 

loosc 

sli g hll y co nsolid a ted 

quit e co nso lida ted 

> 50 C I11 

2: 5 :s; 15 cm 

> 50 ::; 80 cm 

2: 30 < 50 cm 

p a ra m e te r va lues (weath er, snow a nd sn ow-cove r d a ta ) 

fo r th e g iven d ay" The logica l ra nges a re, fo r exa mpl e, in 

th e ca se of th e 3 d sum of new sn o w d epth 0 """ 10, 

10 """ 30 , 30"" " 60 , 60"" " 120 a nd 111 0 r e th a n 120 e l11" 

Fina ll y , th e d ec ision o r inte rpre ta tion is th e d eg ree o f 

haza rd a nd in most \"e rsions of th e m od e l DA \ 'OS (see 
below) the a ltitud e a nd th e as pec t o f th e most d a ngero us 

slopes" 
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4. INPUT, OUTPUT AND VERIFICATION 

\\'e haye chosen our input p a rameters (called ques ti ons in 
the judg men t processo r) from a da ta se t wh ich is believed 
to be representa ti\ 'C of the region consid e red (Da\·os : 
a bout 50 km 2): seven qu a ntities are m easured in th e 
morning (a t the e:-:perimental plot of SFISAR below 
\\·eissOuhjoch, 2540 m a.s .l. , o r a t the littl e peak a bo\·e th e 
institute, th e so-ca ll ed [nstitutsgipfel, 2693 m a. s.l. , by th e 
a utoma ti c weather sta tion of the Swiss 1\1e teorologica l 
Institute), four quantiti es a re prospec ti\"C \·alues for th e 
day consid cred and ten qua nti ti es desc ri be the ac tua l 
sta te o f the sno\\' cO\·e r based on slope measurements 
perfo rmed a bout every 10 d. These prin cipa l da ta a re 
give n in T a ble 2. 

A d esc ription of the ayala nche hazard is associated \-,·ith 
each d a ta se t consisting of th e abo\"C wea th er, snow and 
snow-cover da ta. I t seems most ap propria te to choose as 
output of an e:-:pert sys tem e:-:ac tl y the stru cture that is 
usua ll y used by forecas ters. So the assisting tool ·'speaks·' 
the same language as the fo recas ter. The ques tion thus is: 
which degree of haza rd d escribes the present avalanche 
situa ti on a nd where is it loca ted? Only the highes t ex isting 
degree of haza rd is gi\·en; the loca tion is give n by the slopes, 
desc ribed in terms of a ltitud e and aspec ts, th a t a re supposed 
to be the mos t dangero us in the region. So th e gi\·en degree 
of haza rd is not a t a ll a \·eraged o\·er all aspec ts; it is 
definit ely wrong to dea l with aYe rages in thi s contex t. 

The refo re, the a\·a la nche hazard is fo rmula ted first o f 
all as d egree of hazard (l .. . 7). Secondly, t he lower limit 

T ab le 2. Princi/Jal daLa lIsed ill the two different Dil J ·OS 
and J10D UL models. D, Data llsed in the DA J·OS 
model; AI , Data llsed ill the l\r/OD UL model 

1. IVI eaSllrements 
D, M 
D, M 
D, M 
D, M 
D, M 
1\1 
;,,1 

11. Prognostic data 
D, ~1 
D, M 
?If 
M 

Ill. Snow-cover data 
D 
D 
M 
M 
~r 

M 
M 
:vr 
M 
~I 
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new sn ow depth 
to ta l sno\\· depth 
penetra ti on depth 
wind p eed and wind direc ti on 
ai r tem pera tu re 
snow tem pera tu re 
new snow density 

progn ostic air tempe ra ture a t noon 
progn os ti c ind ex of d a ily radi a ti on 
prognos ti c mean wind speed 
prognos ti c new sno w d epth 

ind ex of snow-cover sta bility 
depth of criti cal laye r 
result o f Rutschblock tes t 
typ e of release (RE tes t) 
type of critica l laye r (RE test) 
to ta l sla b thi ckness (RE tes t) 
new sn ow slab thickness (RB tes t) 
type of profile (RE tes t) 
snow d epth at the test site 
d a te o f Rutschblock tes t 

of the prim arily endangered a ltitudes is giyen in steps of 
usuall y 200111. ( > 1200, > 1600 , > 1800. > 2000 . > 2200, 
>2400, >2500, >2600, >2800 ma.s.I. ). T hirdl y, th e ma in 
aspect is d escribed as ei th er o n e of the mea n direct ions 
( .\", XE. E , SE. S. ,\ ·W) a nd an accordi ng sec tor 
( ±4S', ± 67', ± 90 ) or as extreme slopes o r all slopes. 
The \I·es terl y secto r is not so fr equently end a ngered and if 
so, other asp ec ts are also enda ngered , so it may be 
d escribed by th e other ones. If the haza rd is giYen, for 
example, as 4, >2400 1110.5.1. , N E± 90°, this m eans high 
haza rd on slop es with aspec t from north wes t to southeast 
a bo\·e 2400 m a .s.1. Three exampl es are given in Figure 6. 

N 

s 

1, > 2500 m, N ± 45° 

N 

s 

3, > 2000 m, NE ± 90° 

N 

s 

5, > 1500 m, all 

Fig. 6. T hree e\'amples of hall' the regional avalanche 
hazard is described. 
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Verification 

The "real" ava la nche haza rd th at Vie use in the dat a base 
of the DA VOS mod el to teach the system is th e result of 
an "a pos te riori " criti cal assess ment of the hazard , th e so­
ca ll ed verification (Fbhn a nd Schweizer , 1995). Th e 
verification has again th e same stru cture as th e model 
ou tput . Otherwise, it is hard '" possible to verify th e 
a\'a la nch e haza rd. Se\'er a l studi es 011 the \ 'e rifi ca tion of 
th e a \'a la nche haza rd with the help of th e so-call ed 
a \'a la nche-act ivi ty ind ex were not sufTi cientl v successful 
U udso n a nd King, 1985; Giraud a nd o thers, 1987; 
Remund , 1993). One reaso n is that in the case when no 
a \'a lanches are present or o bse rved . th e ava la nche haza rd 
is nor necessa rily \'erv low o r even non-ex istent. H ence, it 
is ob\' iously wrong to use th e o bsen 'ed a\'a lan che ac ti\'ity 
as th e so le o utput pa ram e te r of an ass isting tool fo r 
regiona l ava lanc he fo recas tin g. 

Th e ava la nche \'C rifica ti o n IS not ide ntical to th e 
,l\'alanche haza rd described in th e public a\'a la nche 
warning . A s th e warning is prospec ti\'e a nd th e d ata base 
m ay be incomplete a t th e tim e of fo recas tin g. the 
a\'a lanc he haza rd might ha \'e been in fac t la rger o r 
sma ll er. It is a hl'ays eas ie r to assess th e a\'a la n che haza rd 
in hindsig ht! Opera ti onall y, th e \'e rifi ca ti o n has bee n 
d one some d ays la ter consid erin g the obsen 'ed a\'a la nche 
aCli\'ity (natura ll y a nd a rtifi cia ll y released ) , th e pas t 
weather conditi ons, the a dditi o na l snow-cover tes ts. th e 
bac k-country skiing ac ti\'ity a nd se\ 'C ral o th er, partly 
perso na l o bsen ·a ti ons. Snow-cover tes ts form a n impor­
ta nt part o f th e \'e rifi ca ti o n lI·o rk. Like th e rea l-tim e 
assess men t itself, it is an ex pert task . Wc estim a te th a t th e 
\'Crification d esc ribes th e ava la nche situa ti o n co rrec tl y in 

a bout 90'10 o f th e days a nd thus is much more accura te 
th a n th e forecas t. L'sing the d egree of haza rd fi 'om th e 
ava lanche fore cas t as o utput parameter would on ly be 
reaso nab le if the lI'arnin g were a hl'ays co rrec t. An 
erroneo us int e rpreta ti on shou ld not be enc losed in th e 
d ata base. Comparing th e fo r ecasted degree of hazard to 

th e \·e rifi eation. th e fo recast seems to be correc t in a bout 
70% of th e d ays. So it seem s ob\· ious that th c use of this 
type of \ 'C rifi ca ti on rep resents a substa ntia l impro\'Cment 
(or the d evelopment o f' ex pert sys tems in the fi eld of 
regiona l a \ 'a la nche foreca st i ng . Furthermo re, \ 'C rifi ca tion 
is a prereCJuisite [or c\'aluating th e qual ity of a n y assisting 
too l for regio na l a\'alanche forecas ting a nd , of course, a lso 
fo r impro \ 'ing th e lI'arning itself: 

5. MODELS 

Using the CYBERTEK-COGENSYST\I judg ment pro­

cessing sys tem , we de\'C lo ped two dif'rerent types of' mod el: 
DA VOS and I\ fODU L. Th e DA \ 'OS model uses 13 
weather, snow and sno\\'-co\'er parameters and e\'aluales 
th e degree o f' haza rd , th e a ltilUd e a nd th e as pec t. The 
mode l is exelusi\'ely d a ta-based, whereas th e ~IODU L 

model is both d a ta- a nd ru le-based. It uses 30 input 
pa ra mete rs step ll'ise a nd the e\'a lua ti on o f the d egree of' 
haza rd is th e res ult of 11 interconn ec ted judgment 
problems that a re formu lated according to th e relevant 
processes . The system tr ies to m od el th e d ec ision-ma king 
process o f a n ex pert a\'a la n che foreca ster. 

DA VOS IIlodel 

Gellf1'al Jeatllres : inpllt . OlltPllt and kllowLedge base 
The DAVOS m odel uses th e input pa ra meters gi\ 'en III 

Table 3. M os t of' th e va lues a rc calcula ted fro m nin e 
princi pa l va lues (Table 2) accord ing to our ex pe ri ence . 
The idea was to ta ke into accollnt certa in releva nt 
processes, e.g. new snoll' se ttl ement. D eta il s ha \'e been 
g iven in Schwe ize r and oth ers (unpub lished ) . I n th e 
fo llowing some o f th e ela bora ted pa r ameters are briefly 
d esc ribed. The settLemellt-qllotienl pa ra meter compares th e 
inc rease in snoll' depth during the las t 3 d with th e sum of' 
th e nell' snow d epth of th e las t 3 d. The sma ll e r th e \'a lue 
th e be tter th e se ttl ement. H owe\ 'e r , the se tt le m ent 
inelud es no t onl y th e new snow but a lso the old-snow 
se ttl ement. Th e consolidatio n o f the surface laye r is 
d esc ri bed by th e /Jenelraliol1-qlloliml parameter: th e penet­
ra ti on dep th today di\·ided b y th e penetra ti o n d epth 
yes terday. Th e heat tra nsport into the snow cO\'e r is taken 
into acco unt by a d egree-d ay pa ra m eter: the slim of the 
/Josilive air tem/Jeralllres alllOOIl oJ Ihe lasl 2 d and the presenl dCI)' 
(prospec ti\'ely ) al 200011/ a.s./ . (the average a ltitud e o f th e 
regio n consid e red ) . Th e snow tra nspo rt is includ ed by th e 
blowing-sl/ow parameter: th e slim of additi o na l wind­
tra nsported snow in leewa rd slo pes OHr th e la s t 3 d 
(Fb hn and Haec hl er, 19 78) . Th e radialioll illde.\ IS an 
es tim a ti on ( I , 2 o r 3) of th e daily lo tal g lobal so lar 
radiation fo r th e present day. I means below th e lo ng­
term mea n \'a lu c (or th e gi\'en d ay, 2 about and 3 a bove , 

respec ti\ 'C ly. Th e .mOW-CONr slabili£J' illde\ (I to 5 ) is an 
es tima le of th e s tate of th e snow CO\'er consid erin g th e 
snow pro(il es a nd Rutschb loc k tes ts th a t a re a\'ail a ble [or 
th e region. The deplh oJ Ih e crilical /c£J'er is a n es tim a ti on 
fi 'om the snow profiles a nd th e Rutschblock tes ts. We 
usua ll y dispose of th e snow profile from th e stud y plot and 
at least of one ty pi ca l sno'" pro (ile with a Rutschblock tes t 
ri'o l11 a slope in th e D a \'os a rea, th e la tt er often performed 
by ourse h-es. 

Besides th e input param eters, we ha\'e a lso chose n th e 
ranges for each of' th e input para l11 e te rs acco rdin g to o ur 

T able 3. Inpul jJarameters al/d /ogi{{{/ rallgeJ ./or the 
D.·( J 'OS model 

Inpul /Jaram elers 

Sum of ne\\' snow d ep th (3 d ) 
Penetra ti on d epth 
Tota l snoll' d ep th (3 d before) 
Sett lemen t quotient 
Penetra tion CJ uo ti en t 
SUI11 of blowin g sn ow (3 d ) 
Air tempera ture 
T emperature diITe rence 
Sum of th e positive tempera tures 

at noon a l2000I11 a .s.1. (3 d ) 
Ind ex of radiati o n 
I nd ex of sno\l'-cover sta bility 
W ind direc ti on 
D epth of criti ca l lave r 

B ollnda ries / choices 

10/30 /60fl2 0 CI11 

5/15 /30/50 e l11 
70/ 1 00fl50 /200 cm 
0.01 /0.36/0 .7/ 1.0 

0.4/0.8/ 1.2/3.0 
2/5 / 1 Ofl5 Clll 

15 / 8/-3/0 C 

5 /0 /5/ 10 c: 

0.0 1/3/6/ 10 C 
I , 2, 3 
I, 2, 3,4,5 
N W , NE, SE , S W , 00 

20 /40 /60/90 cm 
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experi ence . As mentioned above, eac h of th e input d a ta is 
assoc iated with one of up to fi ve logica l ranges. Aft er 
seve ra l yea rs of d a ta accumul a ti on , we are fin a ll y ab le to 

check whether the chosen ranges wcrc reasona ble o r not. 
T wo examples based on the 9 yea r d a ta base are g ivc n in 
F igure 7. \ Vh ereas th e 3 d sum of the new snow d epth 
seems to categorize quite we ll, com pared to th e verifi ed 
degree of haza rd , the set ti em en t q uotien t sh ows no 
specifi c trend. This is in acco rd 'vV i th the stud y of Perla 
( 1970) but it is in contras t to the opinion of expe ri enced 
forecasters. Th a t p roba bl y d oes no t mean th at th e 
settlement quo tient is not importa nt a t a ll ; it mi ght be 
relevant but onl y in ce rtain situa tions, i. e. combin a tions 
of input da ta . Sta tisti cal methods, in pa rti cular uni var­
ia te, do not tell th e whole truth. The DA VOS mod el also 
does not consid er th e set ti emen t q uotien t as im po rra n t 
(T a ble 4). 

The output resul t is the ava la n che hazard d escri bed as 
degree of haza rd , a ltitud e a nd as pect of th e most 
d a ngerous slopes (see above) . 

The knowled ge base of the D A VOS model con ists of 
the da il y da ta from nine winters ( I December- 3D April ), 
i.e . 136 1 situa tions. During thi s time period , 22 si tua tions 
we re pairwise iden ti cal, i. e. each of the in pu t parameters 
of the 2 d consid ered belong to th e same logica l ra nge. 
A bout 700 000000 situa tions a re theoreti cally bu t, of 
course, not ph ysica ll y poss ible . 

DijJerent versions: DA I "OS] , D A VOS2, 
D A VOS31/DA VOS32 and DA VOS4 
The origina l version of the DA VOS model was called 
DA VOSI. The exp erience wi th this ve rsion has give n rise 
to fu rt her versions. T he \'alu es of th e logica l importa nce of 
the original D AVOS I version (T a ble 4) show clearl y that 
this ve rsion is hardl y a ble to discriminate well. T welve of 
th e 13 input pa ra meters are considered as major o nes. As 
a conseq uenee, loo ki ng for si milar si tua ti ons m eans that 
ten of the prese n t-d ay inpu t para m eter valu es h ave to be 
in the same ra nge as the past-day va lues. T hi s represents a 
very stri ct condition for th e simila rity and resul ts in a 
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Fig . 7. Comparison oJ the 3 d slim !if the new SIlOW depth 
(a bove) and the settlement quotient (below) with the 
degree of hazard to check whether the logicaL ranges chosen 
categorize the data appropriately. Average degree oJ hazard 
Jar each category is also shown. T he da ta base consists of 
136/ situatiolls from nine winters. 

la rge number of unin terp reta ble situ a tions. This fac t 
seems d efinitely to he du e to the desired outpu t result th at 
consists of three ind ep endent and equi valent components 
(d egree of hazard , a lti t ud e and aspect) . 

In the case of different independent output results, the 
CYBERTEK- COGENSYSH 1 judgment processor offers the 
poss ibili ty or choosing one of them as the dominant outp ut 
res u I t. H ence, we used a second ve rsion or the model 
DA VO S: DAVOS2. 'vVhereas in the DA VO S I \'e rsion a ll 
three resul ts are eq ually important, in the DA VOS2 version 

T able 4. Values oJ lite logical imjJortance oJ the different versions of the D A VOS model. Bold 
figllres indicate so-called major parameters 

InjJut parameters DAVOSl DAVOS2 DAVOS31 DAVOS32 DAVOS4 
EHN < IDem) EHN 2: ID el11 

Sum of new snow d ep th (3 d ) 0 100 0 100 100 
Penetrat ion depth 83 28 14 47 29 
T o ta l snow depth (3 d before) 83 65 79 60 65 
Se ttl ement quo ti ent 50 2 1 15 18 19 
Penetra ti on q uo ti en t 41 24 18 36 27 
Sum of blowing snow (3 d ) 66 33 35 41 32 
Air tempera ture 66 23 22 18 15 
T empera ture difference 24 15 7 17 13 
Sum of the positive temperatures 

a t noon a t 2000 m a.s. 1. (3 d ) 41 29 30 4 22 
Index or radia ti on 44 II 17 II 16 
Ind ex of snow-cover stability 100 86 81 70 77 
Wind di rec ti on 33 26 26 18 2 1 
D epth of criti ca l layer 79 51 100 47 83 

326 https://doi.org/10.3189/S0022143000004172 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000004172


Sclill'ei::er and Fiilzn : .. h'a/allclie forecasting all e.\/Jnt sjlstem ajJProacli 

th e first out put res ult , th e degree of haza rd, is th e domin a nt 
one. This leads to different \'a lues of th e logica l importance 
and acco rdingly to d ifferent int erpre ta ti ons. ~los t rele\'ant is 
th e sma ll number (four) of major pa ra meters and hence th e 
better selection perform ance: ha rdl y a ny uninterpre ta ble 
situa tions, In th e D A VOS2 \'ersion, th e va lues of th e logica l 
importance seem to be closer to ge nera l ex peri ence th a n to th e 
DA VOS I \'e rsion ",here, for example, th e ne\\' snow depth has 
no importance a t a ll, The reason is the so n of output resu lt 
a nd th e predomina nce of situat ions wi th no new snow, 

From ex peri ence, it is ob\'ious th a t it is quite impo rta nt 
w he ther fo r a g i\'e n day th ere is new sno \\' or no t. H ence, 
wc tri ed to ta ke into account thi s fac t by de\'eloping t\I 'O 
new ve rsions: onc fo r th e more fi-cque nt situations with o ut 
sno \\'fa ll and th e o th er for th e situat io ns \I' ith sno\l'fa ll ­
th e DA \'O S3 l a nd D A \ 'O S32 \ 'e rsions, res pec ti\'e ly, 
These two \'e rsions conccntra te o n th e d egree of haza rd 
like th e DA VOS2 \'e rsion. The kn owl edge base o f th e 
D A VOS3 1 I'Crsion consists of a ll d ays from the las t nine 
winte rs, when th e 3 d sum of ne\\' sno w d epth was less th a n 
10 cm ; th e complem enta ry se t of d ays with th e 3 d sum o f 
ne\\' sno\l' depth cC] ua l to or la rge r th a n 10 cm fo rms th e 
kn owledge base of th e DA VOS32 \ e rsio n. The d iffe ren ces 
in th e logical im po rt a nce in th e two \'e rsions a rc quite 
typi ca l (T a ble 4 ). The \'a lu es of th e logica l importa nce of 
th e DA \ 'O S3 1 (no ne\l' sno\l' ) \ 'ers io n a re simila r to th e 
logica l importa nce of th e ori gin a l DA VOS I \'e rsio n, 
w hereas th e logiea l importance of th e DA \'OS32 version 
(new sno\l' ) a re simil ar to th e ones o f the D A \ 'OS2 \'e rsion . 
Th e num be rs of m aj or pa ramete rs a rc four a nd seven , 
res pee ti\ 'C ly, for th e D A VOS3 1 a nd DA VOS32 \'c rsio ns; so 
th ey should disc rimin a te q uitc well, 

Fin a ll y, th e output res ult \l'as reduced to the d eg ree o f 
h aza rd : D A VO S4. Th e D A \ ·OS4· \ 'e rsion is m os t 
a ppro pri a te fo r compa ri so n \I' ith simila r fo recas tin g 
m od e ls a nd \I'C ho ped th a t du e to th f' sing le ty pe of' 
o utput th e DA \ 'O S4- \'(' rsion sho uld di sc rimin a te be tte r 
th a n th e o th er \'e rsio ns, 

In a ll th e diffe re nt I'C rsions th e input pa ra m ete rs 
d esc ribing th e Sla te of th e snow cOl'e r pro\'ed to be 
impo rta nt (T a ble 4 ) , 

MODUL nlOdel 

General featu res alld structure 
Th e ex peri ences with th e di fferent \'e rsio ns of th e DA \ ' O S 
mod e l, d esc ribed a bOl'e, di rected us to try a different, 
m o re d eterministi c a pproach, Orig in a ll y, ~IT hoped th a t 
th e DA \ 'O S mod el. based on the judgment processo r, 
\l'o uld be ab le to choose th e rele\'ant pa ra meters fro m th e 
13 input pa ra me te rs accordin g to th e situ a ti o n a nd 
ge nerall y someho\\' to recogni ze th e hidd en stru c ture o f 
reaso nin g behind it. D esp ite th e sa ti sfac tol'\' results o f 
som e of th e \'e rsio ns of th e DA VOS m od el (sce sec ti o n 
be low), it secms that this aim was too ambiti o us; th e 
pro blem seems to be too complex or the meth od no t good 
e n o u g h, So \I'e d ec id ed to " h elp " th e sys te m b y 
stru c turing th e input d a ta. The d es ig n of th e :-IOD U L 
m od e l is th erefore q uitc simila r to th e \I'ay a pragm a ti c 
ex pert fo recas te r d ec id es (Fig, 8 ) . 

First of a ll , it is d ec isi\'e ,,'hcth e r th e re is ne\\' snow o r 

no t. Eith er th e ex pert has to assess th e new-sno\\' stabilit y 
o r he /she di rec tl y assesses , \\' itho ut new sno\\', th e o ld-

w eather. snow and 
snow cover data 

Fig , 8, Structllre qftlie MODeL model: 11 sub-problems 
alld their relatioll , Shaded bOles are 011£), considered in tlie 
((oe (if lIel(, SIlOl('. 

sno\\' s ta bili ty whi ch is o ften simila r to th e stability I cl 
befo re, except if there is, fo r exa mple, a large increase o f 

hea l tra nsport and /o r ra di a ti on , So he/she stru ctures the 
inpu l d a ta accordin g to th e dine- rent ste ps in th e d ec isio n 
process, I f bo th th e ne \\'-snow stabilit y a nd th e old-sno \\' 
sta bilit y, including bo th th e efIec t o f th e ,,'ea th er as 
fo recas t fo r today, ha \'c been assessed. th e t\l'O release 
pro ba biliti es a rc combin ed. T a king into account th e effec t 
or th e te rra in and of th e skier as a trigge r , th e degree o f 
haza rd is fin a ll y d ete rmin ed, At th e m o m ent, onl y th e 
deg ree o f haza rd is g i\'e n ; th e a ltitud e a nd th e as pec t o f 
th e l1l os t d a nge rous slo p es, as g i\'en in m os t o f' th c \'e rsio ns 
or LIlt' DA \ 'O S mod el, h ",'e no t )Tt bee n impl emented. 

Sub -j1mblellls 
Eac h o r th e sub-pro ble m s as , for exa mple, qllali{J' qf lIew 

SilO1£' o r stabili!J' DJ old SII01I' represents a judg m ent probl em , 
as d esc ribed abo\'e, a nd is hence principa ll y stru clured 
like the D A \ 'O S mod e l. The d iffe rent sub-problems a re 
just sm a ll e r th an th e D A VOS model , i. e , consist of onl y 
three to e ig ht input pa ra m eters, O ften. o nl y three of th e 
input pa ra meters a rc considered as m aj o r pa ramete rs. 
Thi s is a g rea t ach 'a nt age, since a mu ch sma ll e r 
kn o \\'ledge base is suffi c ie nt to ob ta in good interprc ta ­
tions a nd th e SI's tem usua ll\' lea rn s fas ter a nd better fro m , , 

th e log ic behind th e d ec isio n process , S ub-pro blems w ith 
onl y a bo ut fi\ 'e input p a ra metcrs mos t o f the tim e may 
find a simil a r pas t situ a ti o n that is ide nti ca l to th e new 
situa ti o n , based on a kn oll' ledge base o f o nl y a bout 100 
situa ti o ns. 

imjJ/icit I'll les 
It is e\'e n possible no t o nl y to build up th e kn o \l'ledge base 
\I'ith rea l situ at ions but a lso to co nSlru c t rea li sti c 
situ a ti o ns by \'a rying th e maj or input p a ra meters in a 
reaso na bl e sense. This is im poss ibl e in th e DA \ 'O S 
mod el. So, if th e ex pe rt fee ls sure a bo ut o ne of th e sub­
pro bl em s o n th e innuence o f one of' th e input pa ramete rs, 
may be in combina ti o n \I' ith a no th er o ne, he/shc may 
system a ti ca ll y constru c t rea listi c situa ti ons a nd d ec id e 
sys tem a ti ca ll y, But thi s m ea ns no thi ng o th e r th a n 
in cluding a rul e, n o t expli citl y but impli c itl y, An 
exa mple o r such a n impli c it dcc isio n rul e used in th e 
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T able 5. Gel/eral Tule to decide on the degree of lza::.ard in 
the sub-jJroblell1 fin a l me rging; principally dependent 011 

the combined (na tura l) release proba bility and the 
infl ue nee of th e ski er , but also de/mulml all lhe overa ll 
cri ti cal d ep th by lhe potelltial avalanche si::.e and volume 
and 0 1/ lhe d epth of sta bl e old snow b)i the lerraill 
roughness 

Influence oJ skier 

Low 
?-.l od erate 
High 

Combined release probabilil)' 
r 'ely Low lvIoderate High 
low 

I 
2 

I 
2 
3 

2 
3 
4 

4 
4 
4 

V a lid if o " era ll critical d epth H cril = 15 ... 50 cm, else, if 

H"'il < 15cm.l degree o f hazard lessor ifHcril ;:::50c m 
a nd com bined release p ro ba bilit y high , th en degree o f 
haza rd = 6 or 7 

and if d ep th o[ sta ble o ld sn ow H bouncl > 60 cm, else, if 
H bound = 30 .. . 60 cm , th en I d egree of haza rd less or if 
H boLl llcl < 30 cm, th en 2 d eg rees of haza rd less except i[ 
combined rel ease p ro ba bility = moderate, n o reducti on 
of h aza rd , o r i[ co mbined release proba bility 
consid e ra ble, onl y I d eg ree of haza rd less . 

sub-pro bl em Jinal merging is g i" en in T ab le 5 . This is, o[ 
course, ra th er ex haustin g wo rk bUL th e a d vantage is th a t 
one is m o re fl exibl e in o ne's d ec ision th a n in th e case 
where on e uses a stri ct ex pli cit rul e. It is easy fo r example 
to includ e no n-linea r rela ti o ns. Furtherm o re, it is possibl e 
to construc t ex treme but still realisti c situ a ti ons tha t a re 
usua ll y ra re but of course ver y importa n t. So one of th e 
disad va n tages of princi p a ll y sta tisti c (o r d a ta )-based 
mod els using rea l d a ta m ay be ovc rcom e. Fin a ll y, one 
a rri ves a t a knO\d edge base th a t is a mixture of rea l, 

historic si tua ti ons d ec id ed according to th e " erifi ed 
haza rd a t th ose tim es a nd rea listic si tu a ti ons direc tl y 
d ecid ed acco rding to ge ne ra l knowledge a nd ex peri ence. 
The pro blem is to have th e a ppropri a te mi x ture. 

InpuL parameters 
Thirty input pa rameters (T a ble 6) a re used in II sub­
problems interconnec ted pa rtl y by rul es . Alread y, to 

obta in some of th e d a ta, a user Wilh ce rta in skills a nd 
experi ence is required. Th e output result o f a sub-problem 
is usua ll y used as an input pa rameter to a nother sub­
prob lem th a t appea rs la te r on in the d ec ision-making 
process . ?-.1 a ny of th e input-pa rameter values a re calcula ted 
using rul es th a t depend themse lves on the input values . 
Th e overall critical depth [o r example depends, a mong oth er 
things, o n th e 3d sum of blowing-sllow dep Lh tha t is onl y 
conside red in certain situations when snowdrift is likely. 

NI odifications 
Due to th e modular stru c ture, it is easily possibl e to 
modify a n y of th e sub-problems. Additi o na ll y, th e 
rela ti ve ly sma ll number o f input pa ra m e te rs in each 
sub-pro blem ena bles th e knowledge base to a dapt quickl y 
to a n y m odifi ca tion, as [o r example adding a new input 
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Table 6. input jJarameters used ill the Ai 0 D U L model. 
The data are grouped according to the availability, i.e. how 
UIS} it is to gf't thp rlata 

A . Conventional data 
New snow d epth 
Sum of new snow dep th (3 d ) 
Densi ty of n ew snow 
Snow d epth 

Change of sn ow depth (3 d ) 
CoefIi cient of se ttl ement (3 d ) 
Penetra tion d epth 
CoefIi cien t of penetra tio n d epth 
Snow tempera ture 
M ean wind speed (3 d ) 
Sum of blowing snow (3 d ) 
Air temper a ture 
T empera ture difference 

B. Prognostic data 
New snow d epth in th e evening 
T emperature d evelopment until noon 
M ea n wind speed until tomo rrow 
Prognos ti c ind ex of radia ti o n for today 

C. S/Jecial snow-cover daLa 
R es ult of Rutsc hblock tes t 
T ype of re lease (Rutschblock test) 
T ype o f c riti cal layer (Rutschblock tes t ) 
T ota l sla b thi ckness (Rutschblock tes t ) 
New sn ow sla b thickness (Rutschblock tes t ) 
T ype o f ram profil e (Rutschblock tes t) 
Age o f Rutschbl ock tes t 
Change of sn ow depth sin ce Rutschbl ock tes t 
Criti cal d e pth of ne\\' snow sla b 
Cri li cal d e pth of old snow sla b 
O ve ra ll cri ti cal depth 

EfTcc ti ve c riti cal depth for ski er triggering 
Depth of sta ble old snow 

pa ra meter. So the importa nt sub-p ro blem influence oJ the 
skier is steadil y improved a cco rding to th e r es ults o[ 
specific stud y on sla b-ava la n c he release triggered by a 
skier (Schweizer , 1993). [n th e su b-problem sl1ow-jJ70Jile 
analysis, th e snow profil e with Rutsc hblock tes t is ro ughly 
interpreted , a n a im th a t would ac tu a ll y need a n ex pert 
sys tem itself. Eig ht principal v a lues (T able 2) a re used 
exclusively for solving this sub-problem. T oge th er with 
th e sub-problem sLabili!), of old snow, it should substitute 
th e mos t importa nt input p a r a m eter index if snow-cover 
stability in th e DA VOS mod els. So this sub-proble m is a lso 
under perman ent improvem e nt. R ecently, t)ipe of release 
and th e quali{y oJ the critical la)ier of th e Rutsehbl ock tes t 
we re in troduced. 

Operalionaluse 
The mod el has to be run inte ractively by a n ex perienced 
user. The mod el stops if th e pro posed decision in one of 
the sub-pro blem s does no t h ave a hi gh level of confidence, 
a nd th e use r h as to confirm th e d ecision before th e model 
continues to run. In th e example g iven in T a ble I , th e 
interpreta tion of th e release /)To babilil)! oJ new snow by th e 
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Table 7. Qj/OIiI)I requirements Jar determinillg the pelJonnance cif the 
DAVOS model 

Qualit)l D eviation : degree D eviatioll: alt iLude Deviation: aspect 
of hazard 

Good 0 ±400 m About rig ht 

F a ir 0 ±400m Not completely wro ng 
0 \ '\Trong (a ny result ) Wrong (any res ul t) 

±l ± 400 m About ri g h t 

Poor ±l > ±400 m Not complete ly wrong 

± I > ±400 m Wrong (any result ) 

Wrong > ±l (any result ) (any result ) 

sys tem IS large?, w hi ch means th a t the sys tem is not 
confid ent a nd the interactive run wou ld stop. A s a n 
exp la nation, four similar situations are given with the 
in terpreta ti o ns large, lIel} large, large and moderate . 
Compa rin g th e prese nt case w ith th e first simil ar 
situ a ti on indica tes ra th er vel)' large tha n l{JIge as o utput 
for the present situ ation; the second a nd third similar 
situations indica te th e output is be tween large and vel)' 
large; the fourth situ ation is too far from the present case 
to be conside red. So, based on simil ar situations, the user 
wo uld pres umably cha nge the interpretation to vel)! Large. 
Hmve\'er, th e interpretation proposed by th e system , 
large , wou ld no t be wrong bu t vel~Y large seems to b e more 
consistent with the present knowledge base , 

The final output res ult , the d eg ree of haza rd , is well 
explained by th e output res ults o f the diOerent sub­
problems. If the model proposes a different d egree of 
haza rd than th e use r has ind ependently es timated , the 
difference usually becomes obvious by inspec tin g th e 
output res ults of th e sub-problems. Due to this feature, 
th e use r experi ences the model not as a black-box system 
(d espite the principa lly unknown a lgorithm) but as a rea l 
supporting too l to th e forecaster . The interac tive use of 
th e mod el proved to be \'ery instructive. 

6. RESULTS 

Thanks to ve rifi ca tion data, it is poss ible to rate our 
m odels quite obj ec tively, comparing the model output 
day-by-day to the verifi ca tion. During the last 5 yea rs of 
opf'ra ti ona l use, th e kn owledge base has con ti n uous ly 
in creased. Since th e performance of th e mod els d e pends 
stro ngly on th e sta te of th e knowledge base, the res ults a re 
not homogeneo us. This is es peciall y true for the first 
winters with vers io ns of th e DAVOS mod e l. For 
consistency betwee n th e diITeren t mod els and \'e rsio ns, 
we will on ly present in the following the performance 
res ults of three winters ( 199 1- 92, 1992- 93 and 1993- 94) . 

DA VOS nlOde } 

To compa re the interpretat ions provided by th e sys tem 
with th e ve rifi ca tion , the require ments of quality (four 
classes: good, Jair, /J oor, wrong ) (Tabl e 7) were defined . If 

th e verifi ed aspect is e.g . AE ± 45'" , the rating in th e 
following cases]v' ± 67>, N Il ' ± 90° and S ± 90° would be 
abo1lt rigId, not compleleL)1 wrong and wrong, res pecti\·ely. 

Cons idering the deg r'ee of' hazard , the a ltitude a nd th e 
aspect the DA VOS I and DA VOS2 versions have on 
average a performancc of about 65 and 70 % good orJair 
(see T a bl e 7 for definiti ons ) interpretations , res pec tively 
(Table 8 ). To be ab le to compare the res ults of the 
DAVOS 1 and DAVOS 2 versions to the res ults ofdilIeren t 
sys tem s, it is more con ve ni ent to consid er on ly the degree 
of haz a rd. In that casc, in 52 and 54% of a ll situations, 
res pec tively, for DA VOS I a nd DA VOS2 , the degree of 
haza rd "vas co rrect compa red to th e ve rifica tion. 86 a nd 
89% of all situations, resp cc ti\'eh' , a re co rrec t or deviate 
± I d egree of hazard fro m the verili cation. 

Table 8 PelJormante oJ the D/l I 'OS 7 and DA rOS2 
versiolls considering all Ilzree Ollt/Jllt results: the degree oJ 
haz ard, the altitude alld tile as/leet. ,\ Jean vallles 
(proportions ) oJ tlte last Ihree zt'in ters ( /99/- 92 to /993-
94 ) Jor tlte different qualities defined ill Table 5 are given 

QjJaliljl oJ res1Ilt DJ flGSJ DA I'OS2 

Good 0.35 0.37 
Fair 0.32 0.33 
Poor 0.19 0.19 
Wrong 0.07 0.04 
No interp retation (n .i.) 0.07 0.07 

As th e output res ult no illter/Hetation is considered as 
neith er ri ght nor wrong, th e performancc ma y be g iven 
considering on ly th c inte rpreted situa tions. In that case , 
the proportion of co rrec tly interpreted situ ations (degree 
of hazard ) is 55 a nd 58 %, respec tively, for DAVOSl a nd 
DAVOS 2. The qualit y of these vers ions may dilfer from 
one winter to ano th e r b y abo ut 5%. An example of th e 
performance durin g a whole winter is given in Figure 9. 
The average perce n tage of correct in terpreta tion s 
(consider ing onl y the degree of' d a nger) during the 
winter of 1993- 94 for th e DAVOS2 vers ion was 56% . 
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Fig . 9. The degree of haz ard projJosed b), the D A r -OS2 
lIlode! comjJared 10 lite veriJied degree of haz ard Jor Ihe 
winler 1993-94 il1 the D avos area. 

HowevfT, as can be seen in Fi gure 9, besides the average 
perform a nce, it is the perform a nce in criti ca l situ ations of, 
[or example, increasing or dec reasing haza rd a t the 
beginning or end of a sn owfa ll peri od that is dec isi,-e. 

nfort una tel y, it must be ad mitted that th e performance 
in these situ a tions is fair to poo r. 

The performance of th e other ,·ersions of the DA VOS 
model is slightl y beller than that of th e DA VOSI and 
DA VOS2 yersions. This fo ll ows from th e con cept: split of 
the kn owledge base (DAVOS3 1/32 ) and only one output 
res ult (DA VOS4). Th e p erform ance of the DA VOS3 1 
ve rsion is even very good , about 750/0 . H owe,·er, the 
perform a nce of the DAVOS32 version is rather bad a t 
a bout 42%, probabl y due to the sm a ll er and more 
complex knowledge base. The combined performance is 
abo ut 6 1 %. The DA VOS4 ve rsion that only predicts the 
degree of hazard is on average correc t in 63% of all 
situ a ti ons. This result represents the best p erformance of 
a ll th e different ,-ersions of th e DA VOS model. H owe,-e r, 
considering the performa nce degree-by-clegree, the result 
is somewh at disillusioning (T able 9). The average of63% 
of co rrect interpretations is th e res ult o f 76, 55 , 47 and 
59% of co rrect interpreta ti o ns for the d egrees of hazard J, 
2, 3 and th e degrees 4 to 7 combined, respectiyely. I t is 
clear that th e intermedi a te degrees of haza rd are th e most 
difTicu lt to forecast. In th e case of low or very hi gh 
haza rd , the data are more often unambiguous. The 
ex tremes arc easier to dec id e. H OII·e,·er, since the ex treme 

Table 9. Detailed pe/formanee oJ Ihe DA VOS4 version: 
jJrognostic degree oJ Itazard compared 10 verified degree oJ 
hazard. Degrees 4- 7 (7 never o CCllrred ) are condensed. All 
!line winters (1361 siluations) are considered 

Degree of Verified Correctness 
ha;::ard % 

Prognostic 2 3 4 ... 7 

I 464 122 22 2 76 
2 8 1 280 137 15 55 
3 8 80 102 26 47 
4 .. . 7 0 2 7 13 59 

Total 63 
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e,"( nts a t the upper ma rgin of the sca le are rare, the 
correctness is no t a ll tha t good for either of th ese d egrees 
of hazard . Th e exampl e sho\\·s quite clearly that probably 
a ll generally statisti cs-based models usi ng a d ata base 
with real situatio ns, a rc not ab le to predict rare situ a ti ons 
co rrec tl y, sin ce these so rts of situ a ti on a re too rare. The 
sys tems always tend to follow the types of situati on tha t 
form the majority of the data base. 

MODUL lDodel 

Generally, the results of the !\,fODU L model arc better 
than those of the DA VOS model. This foll ows from the 
deterministic concept, more input parameters, es peciall y 
on the snow cm-er, and much more knowlcdge in the form 
of the structure (sub-problems) a nd of the impli cit rul es. 
Now, we a lso have three winters o f experience. During this 
tim e, the model has been continuo usly improved, e.g . the 
calcul ation of certain input parameters has been cha nged. 
So the performance has become better. As the m odel runs 
interactively, th e expe rt may slightl y influence the result 
during its op erationa l use. Thus, the performance gi,·en 
below may no t be quite comparab le to the more rigorously 
determined perfo rmance of th e D A VOS model and might 
be slightl y too optim istic. Th e ave rage performance during 
the las t three winters was 73% correct interpretations, i. e. 
the proposed d egree of hazard d id not deviate fi-om the 
verifi ca tion. All d ays were inte rpreted, i. e. th e result I/O 

illll'lprelalioll did not occur. De, ·iat ions of more th an onc 
degree of hazard are rare, in less than 2% of all si tuations. 
An example of the perfo rm ance during a whole winter 
season is given in Figure 10. The model follows quite 
exact ly the " e rifi ed degree of haza rd and also in times of 
increasing or d ec reasing hazard. 

7,-----0=====================,------, 
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gJ 5 
<Il 
.r: 4 
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Ql 3 
Ql 

0,2 
Ql 

"01 

o 
1.12.93 

-~ verification -- MODUL 

31 .12.93 30.01.94 1.03.94 31 .03.94 30.04.94 

winter 1993-94 

Fig. 10. The degree of hazard jJl'oposed b} the i\I/OD UL 
model comjJared 10 l/ie verijied degree oJ hazard Jor Ihe 
winler /993-94 ill Ihe Davos area . 

Experience sho\\'s that the l\IODUL model is more 
sens ili ,·e to single input parameters. A w rong input 
parameter or a wrong decision in one of the sub-problems 
may ha,·e substa nti a l consequences in the cnd , i.e. 
sometimes even a change in the degree of hazard of one 
or two steps. This is especia ll y due to the smaller number 
of inpul para m e ters treated at o nce in a sub-problem, due 
a lso to the fac t th a t the outpu t resu lt ofa sub-probl em is 
oft en used aga in as input in another sub-problem , and 
partly due to the fact that the input data are st ri ctl y 
categorized . The latter prob lem might be remm·ed by 
introducing fuzzy logic, i. e. defining blurred ca tegories . 
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COInparis on of different lDodels 

Beca use in th e las t \"inters a neares t-n eighbo urs a l 'a la nche­
forecas ting model was used b y the al'a la nch e-wa rning 

sec tion a t SF ISAR, it is poss ible to compa re o ur models to 

this type o f m od el, call ed NEX_yIOD (1'.Ieiste r , 1991 ) that 

was develo ped from the NXD model (Buse r a nd others, 
1987 ) , Th e o utput res ult of this model is, bes ides th e 

obsen 'ed a\'a la nches of the ten nea res t days looking bac k 

10 years, th e a I'erage of th e forecas ted deg ree o f haza rd of 

th ese ten nea res t neighbouring d ays, in contras t to our 

models th a t use the I"C rifi ed d egree of haza rd, Nevertheless, 
this type of o utput is th e onl y o nc available fo r compa rison 

\I'ith our I'erified degree of h aza rd , The percentage of 

correc t il1lerpreta ti ons of th e NEX_:\ IOD m odel during 

th e las t three winters (1991-92 to 1993- 94) was 38- 47%, 

dependin g o n how th e average degree o f h aza rd is 
round ed, H owel'er, since this operationa l nea res t-n eigh­

bours sys tem n eed s slightl y diffe rent input pa ra m e ters, thi s 

res ult does no t m ean th a t th e nea res t-n eighbo urs m e thod is 

not as good as o ur meth od, It represe nts just a compa rison 
betwee n sys tem s th a t gi\"es the sa me output resu lt: th e 

degree of hazard, 
Figure II is a compari so n of different fo recasting 

mode ls a nd th e effecti ve fore casting with th e I'erified 

degree of haza rd for th e Davos area during th e last three 

winters ( 199 1 92 to 1993-9'~ ) , Th e in creasing p e rform ance 

of th e DA VOS I , DAVOS2, DA VOS'~ a nd iVIODUL 
models foll o'lNs from th e concept : th e more num erous and 

more struc tured th e input para m eters or th e less numerou s 

th e output parameters. th e be tte r th e perform a nce. 
The tra nsi ti o n to th e five-d egree haza rd scale \I'o uld 

inc rease th e p e rfo rma nce o f a ny of th e m od e ls bl' 

probabl y less th a n I %, since silUa ti ons with a high 

d eg ree of haza rd a re ra re. 
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Fig, 11 , CO llljJarisoll of the jJeljo1'lI7allce of the statistical 
forecas t model J'v,/!'X_ilIO D , of 01l1'fOlll different forecast 
models DIII 'OSI. DAVOS2, DA l 'OS4 al/d MOD UL, 
and q/lhe /Jll blic lI'({millg BC LLET!. \' dl/ril/g the thlee 
l(lillters 1991- 9210 1993-9-1, The relative freqlle /lC)1 of tlte 
del'ialioll from tlte verified degree of ha::.ard ill the DOl'OS 
area 1.\ gIVen, 

7. CONCLUSIONS 

1' ll e C\1BE I~ rl'EK-COGENSYST~ 1 ' I I '\. JUc gmen t processo r, 
foll owing th e id ea of induc til'e d ec ision-mak ing, prOl'ed to 

be useful so ftw a re for del 'e loping spec ifi c a pplica ti ons in th e 
fi eld 0 (' ava la nche-h aza rd assess ment. Using weather, sno\l' 
a nd snow-cOl'er d a ta as input parameters, th e d e,'eloped 

models el 'a lu a te th e a\'a lanche haza rd for a g i,'en region, 

Th e ne\l' f'ca tures a re th e cho ice of ela bora te input 

parameters, espec ia ll y more snow-cOl'er data, th e non­
lin ea r ca tego ri za ti o n of th e input data, lhe sp ec ifi c 

a lgo rithm for th e sea rch for simil a r situa ti ons a nd fin a ll y 

th e co ncise output res ult. The avala nche hazard is d escribed 

as d egrce of haza rd , a ltitude a nd as pect of th e m os t 

enda nge red slopes, for th e first time acco rding to th e scale 
used in the fo recas ts, This sort of o utput result is m os t 

effi c ient for th c purpose of al'a la nche fo rccasting; it is much 

m ore ap prop ri a tc to the prob lem th a n, for example, th c 

o utput "al'a la nchc /non-antl anche d ay" , The use o f ob­

se n 'ational a l'a lanc he d a ta alone is insuffi cien t fo r both 
fo recas ting an d ve rification, The g i I'en ou t pu t resu I t is 

possibl e due to th e effort of perm a nen tl y I'erifying the 

avalanche haza rd, V erifica ti on is thc mos t st riking feature 

a nd completes th e d a ta set - al th e prese nt time nine 

winters of wea th er , snow and snow-cOl'er da ta with a 
co rrespo ndin g l 'C' rifi ed degree o f haza rd - pro babl y a 

u niq ue seri es, 

The snO\l'-COI'e r d a ta p rol'ed to be I'e ry importa n t. 

Actually, it is well knOlI'll th a t a l 'a lanc he fo recas ting 
d e pends strongly o n th e sta te o f th e sno\l' cOl'er. H o w el'e r , 

a pa rt from th e Fre nc h i\IEPRA m od el, until now h a rdly 
a n y of th e present m odels halT ta ken in to account this 
o bv ious fac l. fl lcClung and T\\'eed y ( 1994) introduced 

the sno\l' (,01,(, 1' so m ehow impli c itl y in th eir mod el by 

combining the es timates of' th e m odel a nd of the expert. 

Of course, thi s so rt o f data is no t eas il y avail a ble but it is 

a n illusion to expect th a t a supporting too l without a n)' 
sn o\\'-col'(' r d a ta is as powe rful as th e expe rt forecas te r, 

The present-day m e teo rology pl ays a n im portant ro le but 
m os t of the tim e it is not th e d ec isil'C onc, 

The int eraCl il'e use of th e m od els pro\'ed to b e a 

substa nti a l advantage and espec ia ll y th e \IODU L m od el 

is I'(' ry instru Cl il'C , It is I'er)' a pprop ri a te for the tra ining 
o f junio r fo recas le rs \I'ith a ce rtain basic kn o\l'led ge , Th e 

m od c l run by a junio r fo recas te r m ay ac hiel'e a bout th e 

same performan ce (a bout 70% ) o n averagc as a se ni o r 

ex pe rt fo rccaster using th e cO lll 'e n ti o na l meth od s. 

The DA \ 'OS m od el, a dat a-based mode l. and the 
flIOD U L model, a combined d a ta - a nd rul e-based m od el, 

hal,(, ac hi cI'('d a pcrformancc of a bout 60% and 70- 75%, 

res pec ti l'c ly, Th e re ex ist no compa rable or similar results, 

based on a long-te rm operat iona l test, of any diffe rent 

sys tem for th e forecasting of th e regiona l al'a lanche haza rd, 
H OII'CI 'cr, th e pe rform ance of a sys tem ca nn o t be full y 

d esc ribed by a n al'erage pcrcentage of correc t interprct­

a ti ons compa red to verifi ca ti on; th e pe rfo rm ance in c riti ca l 

situ a ti ons is dec isil'e , In such situa ti o ns, a ll present m od els 
a re still not good eno ugh, In el'a lu a ting the pcrfo rm a nce of 

o ur sys tems, lI'e have bee n quite ri go rous. Of co urse, a 

d evia lion of one degr ee of haza rd d oes not mea n th e sam e 

in a ll situa ti ons; it d e pends on th e d egree of' haza rd a nd on 

the Li irec tion of th e d el 'ia ti on, HowelTr, in contrast to th e 
pre ference of so m e a\'a la ncht: -forccas ling sen 'ices, we think 

th a t avalanche warning is onl y effi c ient and fa ir in the lo ng 

term ifno ma rg in o f se cur it )' is inc lud ed in the fo recas t. W e 

admit th a t, in a specifi c criti ca l situ at ion, a warn ing that is, 
for exa mple, onc d egree abol'c th e la tter on I'e rified hazard 

m ay help prevent accidents , But , if th e fo recas ted d egree is 

usua ll y LOO hi g h, th e lI'a rnings become ineffi cient a nd th e 
warning sr n 'ice I,,-ill soo n lose its credibility , So, in 

co nclusion, liT co nsid er a c!el'ia ti o n of onc degree eith er 
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up or down as a \\Tong dec ision , independentl y of the 
degree of haza rd . 

The nex t step in the de\'elopment will be to apply the 
models in dilTerent regions to assess their performance. 
Addition all y, several of the sub-p roblems will b e furth er 
improved and it is also planned to determ ine the a ltitude 
and the aspec t of the most d a nge rous slop es in the 
MODUL model. The corres ponding sub-problem s still 
have to be developed. Fina lly, th e hazard of wet-snow 
ava lanc hes in spring time will be taken into account more 
spec ifically. The MODUL mod el contains grea t potenti al 
[or future developments. 
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