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erto was known in
Maris [37] it
over 150.000 hectares
”*-48 were demolished and
preaks of dikes, and hundreds of
damaged. The

total economilc
£T1) i 1 d e r 8 ©
government rapidly appointed a committee, consisting

of prominent hydraulic engineers, in order to design measures
for preventing similar disasters in future. As the domain to
be covered by its work should be the delta formed
Rhine, Meuse and Scheldt, it was called the "Delta-commission'.
For special questions the committee took several scientific
ingstitutions as advisors, like the Central Pl Bureau,
Dutch Meteorologic Institute, the Hydrolic Laboratory
of the Technical University at Delft and the Mathematical Centre
at Amsterdam, and, of courde, several departments of the Public
Works Department 1tself.

Since then the breaks in the dikes have been closed (al-
ready before the winter fell), the land has been reclaimed and
drained, and an energetic beginning has been made to repailr
the other material damage. The A -committee has advised the
government to close completely four of the six sea-arms. As the
entrances to the ports of Rotterdam and Antwerp must remain open,
the dikes along these arms have to be helghtened.

The mathematical problems raised by the flood belong to
three types: 1° statistical problems, oC hydrodynamic problems,
and 30 economic declision problems. At thls place I shall leave
the problems of the second group, concerning the question which
height of sea-level a storm of a given type can cause, complete-
1y out of consideration. I shall also not go far into the statis-
tical problems, although something has to be said on them in or-
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der to understand the economic problems, which form the subject
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rations about the frequence of floods of different heights have
been introduced. In 1939 the Dutch engineer Wemelsfelderlffj
determined the statistical estimate of the (cumulative) distri-
bution of the sealevel-heights, and drew important conclusions

from it. In 1940 the government appointed a Stormflood-~committee,

which also came fto the conclusion that no absolute upper l1limit
for the height of a flood exists. (When sayling '"'mo" upper limit
I mean, of course, no upper limit which can come into practi-
cal consideration. An upper limit of 40 meters, say, would have
Just the same meaning as an infinite one.) |

Hence to every height velongs a positive "exceedance pro-
bability". For this reason the expression "flood prevention"
iln the title of this paper might be considered as somewhat mis-
leading.

Wemelsfelder found that the exceedance frequencies during
high-tide at Hook of Holland during the period 1888-1937, when
plotted on logarithmic paper, very closely followed a straight
line, i.e. that the exceedance probability'4~!:(£)(where 7? is
the height of high-tide and F(-#4) the (cumulative) distribution

3
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function) is an exponential function -2 (fig. 1).
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in the estuaries

situation, which quite recently
iifferent.) In particula~
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at Che curve when extrapolated
to & veritlecal asymptole, which would be an absolute ugp-..

mit; on the contrary, the hig a persistanc,
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gical Institute, was analysed in th=
itathematical Centre kty Prof. J.Hemelrijk with the assistancc
H.Kesten en Mr J.Th.Runnenburg, and gave a significantly Ji:
ferent straight line. The estimated halving height was raisec
18 to 24 cm, and the .95 confidence limit from 23 to 27 <n
Nobody doubts, of course, that there is not the slighte: .
rtainty that this extrapolation will hold on the long run,
but, as no reliable data older than the year 1388 are availlaoi:,
‘ oest thing one can do is to make use of the only result
which could so far be reasonably ascertalned, whilst avoidingc
numerous possible pitfalls like dependencies between success: e
! “ same storm, etc.

rnglineers would prefer to replace the rather arbltrary

> or .99 level for the confidenze limit by insert
"safety factor", traditlionally fixed to the value 3,
in this case could |

applied to the exceedance
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ariations of depth and currents, wave-
dged by the en-

-ances, the maln tas
respect to this problem 1s
ature than of giving

actual numeri-

by Prof. J.Tinber-
Ir F.J.de Vos [6]
island of Terschelling. I must

gern [ ' %"' (0 n the se¢
Pr Ir J.van Veen on the

2a-arm closing project) and

time when most of the work was done we

For these reasons the
by Taking
really vary locally or in time.

problem has been treated roughly

only, constant average values for quantities which

SO we consider a definite part of the country, situated
gainst the sea 1) by surrounding

sea-level and protected

King account of the cost of dike -bullding, of the ma-
terial losses when

dike-break occursand of the fre-
quency distribution of the different seawlevels,to de -
cermine the optimal height of the dikes. o

For discussing the solution of this problem we assume
Chat the future dikes around the land under consideration will
all have the same height H above a given standard level, and
lace the present height (which may vary from place to
DY an average value HM so that the amount X by which
the dikes have to be heightened, is

place)
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310 polder. Let »f at any mo-

that all buildings, farms, cattle, in-

contalined N0 10 a

shall call it shortly: the value of the goods
"consequential loss", e.g.

population and cattle, priva-

are included in it — then the

The probability distribution of the high-tide sea-level
assumed to be known in the economic problem. By P(,,Q’ ) we de-
the probability that any A exceeded at

least once durling a year,

are: the value V of
g 11ng probability distribution are con-
stant in time; the latter 1s of the exponential type, as found
by Wemelsfelder | 7] ,

made

0 , where a’ is the "decimating

If break occurs during one year, 1t wlll be assumed that the
dilkes will have been

next year and that the exceedance

way of treatment 1s to consider
assume that
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of iﬂt“?@Stif, it must cover
e. p(H)V each

£t member of (3) being a function of X , this 1s an equa-
tion in X, the solution of which (which 1s unique in all 1m-
agses) glves the optimal heightenilng X .

If only a2 relatively small interval of values of X need

poxr tant ¢

d, J can be assumed to be 2 linear functilon of X :

(4 ) y = :7 + X

o

Here I is the initial cost, to be made as soon as 1t 1iIs decl-
ded that the dikes will be heightened over whatever positive
height, and K then is the subsequent cost of heig]
over one meter.

ubstitution of (2) en (4)

(5) y+L$Z+kX+_I_%Q&V€#d

tening them

X

so that (3) becomes

imple 1Interpretation. According to
COBS t : 9 i N t COS t Qf ight

ning
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and

of (7)

has the form Y e’ = const. with y = L X *f-* and

const. =

If w X 1is small, we can replace /+x X by e”” This 1is egulil-

wilth saying that we can write within the domain of prac-
mportance JY=7 - {._.* (e“"x — f). Then (7) becomes

ve X —eX X
Ke ”fﬂﬂgvde . = 0

with the solution

differing from (©

lmportance.

we shall, however, further use the linear approximation

__ ‘ h and o
greatly simplified. In
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fluctuations in the value of )
outs and

mes (wearing
Nevertheless, a secular

found useful, to introduce the reduced interest
and to express time in centuries instead of
nd 7 a time expressed 1in years

Moreover d and

~enouries respectively, so that 7 = 1007 .
exrressed in percento per annum, can also be consi-

cxp.ococzed in "perunum' per century. Taking csr To

the coutlnuous
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rate, the present valueJ?f an amount
A e is the
cinally was A and has in-
wealth.
place the exceedance probability distribu-
about 9000 years the Nether-
This 1s

of the earthcrust to the loss of load,

, whereas

4 o by takinz part in the increase of

CE Ssecord

is rot ccocnstant in time. Since

&
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away of the Fennoscandian icecap, aboul

ago. According

to a recent investigation by Prof.
Meinesz [5] we have sunk since that time about a hundred
but the

worst seems to

be over: we shall sink only abot

and much more slowly, so that the greatest

At present the rate

been about 2 metcr

century. It is counteracted
land, the rate of which, however,
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ted at 0,3 m/century
admittedly very uncertain. IT
cd in meters per century. Then
41ty of a dike, now heightened to H mete:
me, so p( ) changes over to p (HZ) .
will have fallen to H-p7z, or

_ot ((H-mT)-H,)

) s

expression (i however, 1s not self-consistent. In
probability, 1t must remain =1, whe
an ecxponential function of time, it would increase indefinirt

reas, belng

time, indeed, the dikes — 11

must be

ghtening them by the helght 97T
(Mathematically one might
continuous renewal of the dikes, but this 1s techni-
cally impossible, as one can not helghten a dlke yearly by a
millimeters. A reasonable choice might be mT= 1 (meter),
i.e. T = . Let the cost of
R, R,,.... They are slowly increasing, because the work has tr
nt above the

costs become now: ﬂo the cost -
1ight X , viz. 7 K X 2

these successlive renewals beﬂguf

Oone on sn i Noereas i Tl g he i fod rou l eve l .

The total dike buillding
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' the first

most 1important case
value of the total loss
g each subsequent
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crentiation with respect to
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[5], the obtained

newal time

correction term, which tends to zero 1if the

— . -d'T

I does. Here € is the volue reduction factor, viz. the
esent value of a2 unit of mone Yy W hich has par ticil pa ted in the

wealth a period [ . putting

voreovery,

so that J 1is the one perilod expressed in

?wﬂtiﬂQWh*iiht83

measures the increase of unsafety (viz. the ratio
probabilities) during one period.

less than 1ts limiting

value for T__j. e» , wWhich

. 50 1n this case we

may formally
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" This expression is for Large / approximately
0,43 a'(p ....d‘y I+ a’ 10/&;)}“%;

and tends to infinity if / does. For P = g (17) simplifies to

which tends slowly (logarithmically) to infinity if 7 _, co

6. The doubtful constants.
We have already mentloned the fact that several of the
constants entering into the problem are rather badly known. We

possess only rough numerical estimates of most of them, and

also rough interval estimates. These are no confidence intervals
in The strict sense, but have only the meaning that the compe-
tent workers in the fields think that it may be taken for grant-
ed that the constants are contained in these intervals. It also
ls not possible to improve the estimates within a reasonable
Ttime.

S0 The best thing we can do is to ascertain that our solu-
tion will hold under the most unfavourable circumstances which
must be considered to be realistic. This means that the prob!
1s considered as a minimaxproblem: the sum of cost and rig
minimlzed in the supposition that circumstances are such as fo
maximize it.

Now, from (13), (14) it is obvious that 8 , hence X 1in-
creases 1f p or V increasesor if K decreases (always, the
other constants remaining unaltered).

The dependence upon << , ™M and 4 | 1s somewhat more compli-
cated. If J>ﬁ C Increases,;, in accordance with our expectaticn
if « or d decreases or M increases, but in the case 6(/3 &
can decrease if o or d decreases, or ™ Iincreases. The case
cf(p must therafoyre be consicdered anomalous, as it is con*t~-
to expectation that 1° under increasing o, i.e. decreasing « |,
1.e. Increasing safety of the sea-level distribution the dikes
should have to be built hlgher 2° under increasing J the dikes
should be built higher and 3 under increasing M 1.e. Incrazag-
ing unsafeness the dikes should not have to be bullt higher.

SO 1n order to remain in the normal case on the safe side
we have to take the highest reasonable estimates of P s V , andg
m and the lowest ones of K «and s .
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AsS to 7—3 we must not maximize X under its varlation, as
we can fix it at willl.

7. The anomalous case.

This case arises 1if 5'</3, i.e, J-J<c><ﬂz . The meaning of
this 1nequality is the following. The 1lncrease of value of the
goods, as measured by 5 , added to the 1ncrease of unsafeness
because of the sinking of the dikes (if left to themselves!),
as measured by /3 =Y, 1.e. the dike-sinking per century ex-
pressed in the Neperating height as unit, is greater than the
increase of a capital by 1ts compound interest. In other words:
the risk of the goods increases so rapldly in time, because of

increasing value and increasing danger, that it is lmposslble
to insure them (except for a restricted period), as any rese.”
formed and invested at the rate of interest d , however large 1
might be taken, would on the long run become insufficient to
cover the risk. Evidently this case, though anomalous, 1ls by no
means impossible. It 1is not even unrealistic. The value of g
may be as small as 1,5 (interest rate cf = 3,5; 1lncrease of va-
lue é/ = 2), whereas <X almost certainly 1s near to 3 (halving
height @ = 0,23, with an 0,95 confidence 1limitT 0,26, yielding
X ,-_.,._-._’-g"-a—:g- ~ 3,0 = 2,64; for the decimating height o' the esti~-
is 0,77, the confidcnce limit 0,87; for the Neperating height
—— these numbers are 0,33 and 0,38 respectively). The sinkilng
height v 1s estimated at 0,2 till 0,5, but might rise to !0,6
or per'haz?s even higher. Already with <= 3, n = 0,5 and d -

we get cf--/a =a ; for this and higher values of /5 we have the
anomalous case.

8. The rentability. |

Inthe simple case dealt with in 4 it 1s easy to defilne and
compute the rentability of the project.

The total investment in dike helghtening is Y .U .KX ;
the yearly "yield" is the difference between the yearly losrc
expectation without dike-heightening, i.e. p V , and the same
with dike-heightening, l1.e.p V e“ﬁx, hence p V(/....., -e“d’y. Hence

the rentability, expressed in percent per annum, 1is:
o X
© = _EM
T KX

Hence, by (6)

S‘) = _ PQV-——- 0,0lcrk/o(

L « K _ 4, 100 p Vi
L2 yal



situation 1is

This quantity increases in time as the 1increasing
€ ) is reduced proportionally.

: abllity as
the ratio £ of the present value
rease 1n risk to the total investment.
Under the assumptions, made in 5 the present ve

tments 1s Yo .Y

risk (factor

order To express the rent

single number, we
of the total de-

me oo _
amount is




alterna
the

mosat of the '""con-

already discussed

into our proble

They of three different typ
Firstly 7n 1s ant, which will
ln the course of time by continued

& }. y k no W »

a physical const

statistical distributions of

similar nature
Lurther meteorological

group of constants, which describes the present
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however, csg
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infinitely long, but,
would make an equal

gsion of
rht
redemption, 1.e. to magke its
of the land,
distribution of burden impossible, un-
were replaced byBO renewal of dikes.

If, however, the investment were not paid for by a national
loan, but from existing national wealth
also becomes unrealistic. Although one could
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bpccause of the sinking

less it

and taxes, tThis model

remark, nations

loans, 1f not for one purpose then for another,
& 1rrelevant which part of the state bud

purpose, one might prefer a model depending less
speciiically upon special methods of financing the project 3)§

invest an erbitrary amount of natlonal wealth and labour in
dike-bullding instead of other projects, the old difficulties

] comparison of values for different
again.,

generations come

del 1s not unavoidable, as they
appreclably cifferent results. The question, ne
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[2] , W ho , W hen discussing the
worth of a human life at
are not readily inclined
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possible loss of human lives,
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35 of material
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1ts amount must be taken.

te human lives them-

ary to evalus
for this purpose only means
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pooking of on item
willing to spend a2 certaln amount of money
given number of human lives. In order to get a
dctecrmine statistically, how much the
state pays (or induces 1its citizens to pay) in other cases for

selves, as the
for saving

state 1s

a

definite figure one could

similar purpose (abolition of unguarded rallway-crossings at

prevention of factory acclidents; prevention of other

affic accidents, etc.). These amounts, 1if taken per head, vary

great-

ereatly. They become very large in a few cases appealilng
to public ims

the case, (even when lcaving

gination, but in many other cases, where this

war out of consideration),

relatively small amounts which could have prevented loss of

uman lives are refused. For thils reason it seems undesi-

&

case & consclous decision on this subject 1s

base it on an actuclly prevailing
which can be considered as d

average, instead of

esireble and providing
norm for future coases also. This, however, does not
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smount which has been "invested'
in the form of food and other material goods

o, together with the labour spent
on their education by their parents and teachers, But, apart
far from easy to compute, this still would leave the
for. A similar argument holds for

from belng
emotional factor unaccounted
ideal values like cultural goods.

There are some more hardly computable factors which ne-
rtheless somehow should be accounted for. In the first place
damage might be so serious that it would become practlically 1im-
possible to reclaim the land. In that case 1t would become 1in-
correct to reckon with the vaolue of land and buildings only, as
consequential loss would becomc all important. Moreover, the
creater the part of the land lost, the smaller the resources
people and cattle, for feedlng them, finding

to reclaim the lost land or part of
1ts industry.

possible to estimate 1° the proba-
bility of such an occurrence, 2° the loss caused by it. The

the curve representing the loss as

. SR
4 -

for them, for trylng

and rebullding

It is, however, hardly

we can say 1s tnat

function of the area floodcd is not linear (not even approxi-
the distribution of wealth were homogeneous), but
nave the typc of fig

AT some unknown point, where re-

resources for reclaimling
insuffi-
discontlinuaty

maining
part of the land becomes

g =R C i &n t 3 S ra t h er S h oYy

must arise, whereas furtheron the

curve must tend to an asymptote,

corresponding with the case where

The whole national existance be-

comes 1mpossible. Nothing more,

area flooded however, can at present be said

< " e . g
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economic "shock', the possibility that this might occur on &
moment that one is least prepared for it (e.g. during & war or
an economic depression), etc. etc. Generally speaking one can
say that this factor measures the difference in utllity of ex-
penditures one has under control and those one has not.

It seems thet the best thing we can do 1s to fix more or
less arbitrarily a factor ifB_, with which the value \/ is to be
multiplied in order to cover simultanecusly the value of human

lives and that of control, Like the safety factor fe* mentioned
at the end of 2, which in engineering practice is traditionally
ffixed on 3, and the period ] , or the height quover' whilch the
dikes may have sunk before tThey will be renewed, this factor f3
can not be determined on mathematical, statistical or economil-
cal grounds. Its determination i1s rather a decision which should
be made by the responsible authorifties than by the scientists,
at least as long as no better scientific methods and data are
avallable. In fact, even the deftermination of the wvalues of

the badly known constants which will be considered as best es-
timates is rather arblitrary, so that we must say Tthat part at
least of the ultimate decision hides itself behind the fixation
of thesc constants. '

1. Conclusions.

Resumling our results we may say that the solution of the
economic decision problem is mathematically simple, but can,
at least at present, only partly be made on a purely sclenti-
fic basis. Some of the constants entering into the result are
SO badly known, that a fixation of thelr values is almost &
non-scientific decision, some further factors must be inserted
elther arbitrarily or by tradition. With this proviso we can
give the result in the simple form

X = 1 A C

oK a

where

depends on the economic gquantities V, K s J and the unsafety
factors p, and < only, whercas
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