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EFFICIENCY OF HYDROLOGIC DATA COLLECTION SYSTEMS
" ROLE OF TYPE I AND Il ERRORS'

Lucien Duckstein and Chester C, Kisiel*

ABSTRACT. The efficiency of hydrologic data collection systems is relevant to solution of environ-
mental problems, scientific understanding of hydrologic processes, model-building and management
of water resources. Because these goals may be overlapping and non-commensurate, design of data
networks is not simple. Identfied are four clements of error or nisk in such networks. (a) choice of
variables and mathematical model for the same process, (b) accuracy of model parameter estimates,
(c) acceptance of wrong hypothesis or rejection of correct hypothesis and (d) economic losses
assoctated with error. Of these four, the classical hypothesis testing problem 1s specifically evaluated
1n terms of costs of type I and Il errors for simple and composite hypotheses, mathematical models
for these economic analyses also include costs of sample data and costs of waiting while new data 1s
obtained. An illustrative computational example focuses on the hypothesis that natural recharge
might be augmented by a system of pumping wells along an ephemeral channel, The relationship of
the hypothesis testing problem to Bayestan decision theory is discussed; st 1s felt that the latter
theory offers a more comprehensive framework for design and use of hydrologic data networks.
(KEY WORDS hydrologic data networks; statistical inference, decision theory; error analysis;
groundwater recharge)

INTRODUCTION

The purpose of this paper is to review the overall problem of evaluating the efficiency of
hydrologic data collection systems, to present a mathematical basis for evaluating the relation-
ship of risk of Type I and Type II errors to one or more increments of data, and to present
examples. The definition of efficiency is taken to include not only the standard statistical
concept of relative vanance of one estimator in relation to a second estimator but also the
broader decision framework in hydrologic science and water management where data collec-
tion is accorded intellectual and social merit. The focus is on sample size in space-time, infer-
ence and model-building with the data, and the cost of errors associated with the data analysis
process. The actual collection, processing and storage of the data is not of concern here.

THE PROBLEM

Any data collection program must be concerned with the tradeoff between errors, costs
and benefits. Modeling errors, as illustrated by James, Bower and Matalas [1969] and param-
eter estimation errors are much more basic considerations in the design of data collection
systems than are the truncation and roundoff errors associated, respectively, with approxima-
tion and computation. To postulate a model of a process, either deterministic or stochastic,

paper No. 71054 of the Water Resources Bulletin (Joumal of the American Water Resources Associa-
tion). Discussions are open until December 1, 1971,
Respectively, Professor of Systems Enfmeenng and Prdfessor of Hydrology and Water Resources,
University of Anzona, Tucson, Anzona 85721. '
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and then to estimate model parameters without paying heed to the form or logical structure
of the model is a highly questionable activity, but so common. A model must be chosen and
data employed to estimate 1ts parameters, but it must not be forgotten that the parameter
values are not independent of the model. The available sample size, quality of data, cost of
data collection and manipulation, cost of modeling and computing, objectives of the project,
and cost of the errors in modeling and parameter estimation determine the choice of model.
The quantification of these factors n a decision framework 1s the challenge as hydrologists
and water resource spectahsts move into the computer age Given the substantial cost of data
collection under field conditions, 1t 1s a basic tenec of this paper that hydrologic data collec-
tion systems, be they ad hoc or permanent, must be linked quantitatively to managerial objec-
tives associated with water problems [Kisiel, 1970].

THE HYPOTHESIS TESTING PROBLEM

The overall process of analysts, synthesis, and problem solution as it relates to data collec-
tion systems can be clarified 1f a distinction 1s made between at least four aspects of error or
risk:

a) choice of mathematical model for the same process, including choice of variable,

because quite often a model may be incomplete,

b) accuracy and precision of parameter estimates,

c) acceptance of wrong hypothests or rejection of correct hypothesis,

d) economic losses associated with error.

Case (a) is concerned with the problem of choosing one from among m model forms being
considered as potential descriptors of the phenomenon, a problem attacked by Smallwood
[1968]. Case (b) focuses on parameter bias and variance of parameter estimates in relation to
the unknown true parameter value, an example of which 1s given in terms of parameter estima-
tion for a rainfall frequency model by Fogel et al. [1971]. Smallwood includes case (b) in lus
decision model. Case (c) applies to erther the testing of scientific hypotheses about hydrologic
processes or of economic Lypotheses about water resource development, the lutter hypothesis
testing problem being illustrated later 1n this paper 1n terms of costs associated with producer’s
(Type I) or consumer’s (Type II) nisk. Case (d) imbeds the parameter estimation problemin a
Bayesian theoretic framework wherein economic loss functions (associated with the action
and parameter value) are weighted according to the uncertainty associated with that parameter
value, an example of which 1s given by Davis and Dvoranchik [1971] for the problem of
designing bridge piers to withstand annual maximum flood flows on the Rillito Creek in
Tucson, Arizona.

In the hypothesis testing problem the following elements are always encountered (see
Table 1); ‘

- the states of natures 6,,8,, ..., . , e

- the actions a, and a, which consist in accepting or rejecting the null hypothesis H,,

respectively, : Ct e
- the sample or experimental data (x;) which serves as a basis for taking the action ayor
a,.
Regarding the action, two cases can be distinguished:
1) a, is the rejection of H, (alternative hypothesis 1s composite)
2) a, is the accepiance of a specific or simple alternate hypothesis H,.
Hydrologic examples of case (1) include: '
a) H, states that the mean values of a split discharge record exhibit no trend, that is, their

'
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differences are not- significantly different from zero.

)) Hy is that natural or human activities have no influence on watershed responses.
Moments of hydrologic time sertes or hydrograph properties (ime to peak, peak dis-
charge, total runoff volume) do not change over time as judged by split samples.

¢) H is that the annual maximum flood 1s a log-normally distributed vanate.

d) H,, is that regression between precipitation and elevation in a certain mountainous area
is not sigmificantly different from zero.

e) H, is that channelization of an ephemeral stream will not adversely affect natural
recharge patterns.

TABLE 1, Error Structure of Simple Hypothesis Testing Problem (Case 1)

Action concermng H,
State of nature

g Accept Hy a,° Reject H,
0, = Ho is true No error Type I error =
aerror

Type Il error =
0, = H,, is false Berror No error

Hydrologic examples of case (2) include:

a) H, is that no additional natural recharge is induced beneath an ephemeral stream by
mstallation of a system of wells along the stream; H, is that 50 percent additional
natural recharge is obtaned by that method. (This hypothesis is to be subjected to a
cost analysis later 1n the paper.)

b) H,, 1s that human action on a watershed does not significantly change the rainfall-runoff
relationship; H, 1s that the water yield after manipulation 1s 20 percent higher than
before.

¢) H,, 1s a mean value of runoff such that the frequency and amount of rainfall over a con-
stant area of land treated to capture runoff efficiently for use on a ranch or farm will
not justify the investment 1n land treatment; H, 1sa specific runoff value such that the
frequency and amount of rainfall justifies the investment on the average over the long
run.

d) H, is that a transpiration hibitor in a forested watershed has no sigmficant effect on
water yield; H, 1s that 1t reduces transpiration losses by 40 percent.

e) H, is that annual floods are not senally correlated at a certain design site for a dam; H,
is that annual floods are serially correlated (r;, = 0.3) because of a strong base flow
component [Carngan and Huzzen, 1967].

Note the strategy used to define the null hypothesis H,. because acceptance of H really
means non-rejection, H, should be so stated such that no action follows if H is accepted;
whereas the rejection of H, which has a much stronger level of certainty, should be made to
imply a positive action (take more data, in particular) To illustrate, n case (1a) the accept-
ance of H,, that 1s, no trend in mean value of a discharge time seres, signifies only that a
trend is not detectable with the existing data, whereas rejection of H 1s a much stronger
statement, Even a larger sample size may not ascertain that there 1s not a trend. A more
stnking example 1s given by case (1c) wherein a chi-squared test may show that either the
Gumbel or log-Pearson distnibutions for annual maximum flows may not be rejected, that is,
the possibility for using either one has been established. If it 1s vital to distinguish between the
two distributions before action can be taken, then three directions are possible: to take more
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data, to formulate an extreme value theory based on physical reasoning about atmospheric
and terrestrial processes, or to pursue both concurrently. On the other hand, if the Gumbel
distribution, for example, is rejected, then we have established sirong ground for rejection and
need not reconsider this density function further

In the above examples simple and composite hypotheses have been formed in both cases
involving the decision a, When testing a simple hypothesis H, against a simple alternative H, ,
there are exactly two ponts (u,, p1,) 1n the parameter space p and two points (a;, a,) in the
deciston or action space A (see Figure 1). In simple hypothesis testing the parameter space is
divided by a critical point y nto the sets y (containing the value of the hypothesized null
parameter u,) and Q2 (containing the value of the hypothesized alternative parameter u, ). In
the composite hypothesis case, to test H, versus H, either one or both may be composite
hypotheses 1n which case the parameter space §2,, (i =1, 2), has more than one point [de
Groot, 1970].

' ’ Ho™4 He 76

' SUBSET & ——l-— SUBSET Q5

s = {uj} = PARAMETER SPACE

Figure 1. Parametric spaces in the hypothesis testing problem.

Both scientific and managenal questions abound in the above hypotheses [Skellam, 1969] .
Quite often in the environmental sciences, the same data must be used to answer both sets of
questions. An important requirement is that H, be chosen 1n a serious vein as the best avail-
able description of nature. Typically, 1t 15 the generally accepted explaration of nature and
not just a “straw man” to be knocked down by artifical analysis. In many nstances rejection
of H, would disrupt the established order and ergender needless waste in the consideration of
alternative hypotheses. Even so, continued data collection 1n many cases 15 intended to re-
evaluate 1ts veracity. In hypothesis testing, it 1s common practice to make the probability of
rejecting H; a small one. Bayesian decision theonsts criticize this approach for 1ts informality
and for excessive rehiance on unaided istution and judgment, they also argue that no econom-
ic account is taken of the nisks and eirors [Hamburg, 1970, p. 741]. The latter point 1s also
made strongly by Wilson [1952, p. 59] in the context of scientific research. In defense of the
scientist who does not use decision theory to assess costs of uncertainty or errors, Hooke
[1963, p. v1] argues that the scientist 1s not making a decision His role 1s to draw conclusions.
Hooke states that “the scientist announces results on the basis of which many other people
may make decisions, each with a different set of costs attached to the vanious errors.” Further-
more, “the scientist does not know what these costs are, and, because of their different
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* amounts in different situations, probably could not use them if he did.” Hence, he contents
himself with construction of confidence intervals and does not count their costs. Another
reason for the rare use of deciston theory by the academic researcher in drawing his conclu-
sions is that the nature of the prior probabilities and posterior consequences is likely to be
unclear, that sctentists have been able to ignore pertinent information without being ques-
tioned, and that scientific or research problems are too new to allow for the formulation of
any meaningful prior beliefs as required by decision theory [Morgan, 1968, p. 110]. Rather
strikingly Tukey [1960] distinguishes between conclusions and decisions by emphasizing that
practical decisions “let us decide to act for the present as if” alternative A was better (or
worse) than alternative B. The deciston must be made now and the decision maker must act a.
if the scientific generalization or hypothesis 1s acceptable now or decide not to act at allif the
hypothesis 1s weak. Whereas, the scientist must not be rushed in making conclusions whose
long-run effects must be judged by their “truth” with respect to the whole body of scientific
knowledge, not by specific consequences of specific actions.

Notwithstanding these assertions, there 1s a growing conviction that scientists must face up
to the decision aspects of their conclustons in the face of dimmnishing margins for errors 1p
proposed “solutions” of environmental problems. To design optimal data collection systems
to sample the environment 1s at best a difficult task 1n view of the seemingly non-commensur-
ate goals of scientists and deciston makers. The former seeks “perfect” knowledge and under-
standing whereas the latter cannot wait but must make decisions here and now. Perhaps, joint
decision analysis in the spint of decision theory by both group . may serve to facilitate com-
munication and better designed data networks.

Even though the hypothesis testing problem can be imbedded in a Bayesian decision frame-
work [Larson, 1969, p. 315; DeGroot, 1970, p. 237], it 1s not clear how to compute the
probability of Type I and II errors. Nonetheless, the Bayesian approach appears to offer more
to the hydrologist 1 his efforts to efficiently collect data because prior degrees of belief and
subjective knowledge exphcitly enter the decision analysis. There is much room for further
research in these areas. It seems a truism that complete rationalization of design of data net-
works is not possible.

ECONOMIC ANALYSIS OF TYPE I AND Il ERRORS

In case (1) as p..2d above, two kinds of decision errors arise (see Table 1): rejecting H,
when in fact it is true, or accepting H,, when it is not true. a specifies probablity of the ﬁrst
kind of error (Type I) whereas f is the probability of the second kind of error (Type Il). In
performing the test in a traditional sense, specify H, and a; then select the critical value C,
such that (1 - ) is as large as possible. Ackoff [196Z, p. 299], Vance [1966] , Asgner [1968],
Myers and Melcher [1969] and Hamburg [1970). point out that the statistical and applica-
tions literature generally gives no guidelines for choosing a (or ) except to say that a is
chosen at either the five or one percent levels and that a and § errors can be reduced by
increasing n, the sample size, or improving the accuracy of parameter estimates, that 1s, by
reducing the vaniance 0?(x). While sample size and accuracy are important, the payoff is in
terms of the economic loss functions, L (a,/6,)and L (a, /6,), asscciated with a and 8 errors
(see Table 2).

"* The problem is then'one of obtaining rehable and realistic estimates of these functions,
which, in example (2a) can be interpreted as follows: L'(a, , 8, ) is the loss incurred by install-
ing wells along the river—where it is impractical—for a zero gain in natural recharge. L (a,, 0;)
is an opportunity loss incurred by not installing wells and failing to increase natural recharge.
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TABLE 2. Payoff Table for Natural Recharge Problem (Case 2)

Actions
.. State of Nature
a1 ]
0,: recharge = 0 L(a;/6,)
4 x 10° AF/yr -
0,: recharge = L(,/6,) 0
6 x 10° AF/yr ot '

More specifically, assume that we want to test the simple null hypothesis H, versus the
simple alternate hypothesis H, wherein:

H,: the mean recharge 1 remains unchanged when wells are drilled, near the river bed, i.e.,
Mo =4 in terms of 10,000 acre-feet (AF)/year,

H,: the mean annual recharge , is increased by 50 percent if wells are installed, that is,
#y = 6 x 10° AF/year. (Henceforth, the 10* AF/year will be dropped and understood to
apply to both mean ut and vanance ¢® of the example.) By fixing u, = 6 we imply that benefit
due to natural recharge offsets the cost of well system.

From previous studies we know that the recharge has a vaniance of o? = 4. Also, assume
that we deal with normal or normalized data for the sake of simplicity. The numbers used in
this example have some resemblance to a real world problem but the results of the analysis are
presented only to demonstrate the economic aspects of a and § errors.

Let Q. be the cnitical value of the mean recharge, such that when a sample of recharge
measurements q; of size n (qy, Gz, -, Q) 15 taken at each 1th site 1n space over one time

period with Q = -;—li (or some more complex measure of recharge volume based on the

dynamics of groundwater motion [Moench and Kisiel, 1970] ) one will take the following
actions:

a, FQ<Q, 1)
3, fQ>Q
[1f xg is the Qbsciésa,al!ohg the standard normal curve for thel,rgndom variable X s0 that
P{X>xg=a=1-® (=2 2
P {x>x) R @
and
= Hy
== (== 3
A"{%"‘p} B8 C=) (6]

v(ln‘ which & is the cuﬁ;ulatlve standard normal probability), then the relationships between
Q. n, a and f can be written as:

' q’l"(Qc’a’n)ch'“o'xav_:— =0 (f4)
‘l;zt(Qc.ﬁ.n)::Qc'ﬂl ".‘5‘/—!‘[:‘ =0, . (5)
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We thus have two equations between at least four variables of interest: Q_, n, @ and 8. We can
fix any two variables and determine the two other ones.

Usually a and g are fixed, and then Q,, and the sample size n, necessary to perform the test,
are calculated. If the number of tests, n, which can be performed are limited by physical or
financial considerations, then only a or § may be preset, but not both, on the basis of
economics or prior knowledge. It 1s important to note that in either case the focus is on a
single pertinent state of nature for which there exists some single true valye of the parameter
u to be estimated 1n the parameter space Q. The action space A = {a, , a, { contains only two
decisions. These are in contrast to Bayesian theory 1n which the uncertainty over a range of
true parameter values 1s explicitly considered and the action space contains two or more
decisions [DeGroot, 1970, p. 238].

The losses and costs of sampling and testing attributable to the actions A may be formed as
an optimization problem, that 1s,

mimmize i(a, B, Qc, n)

a,B,n,Q,
subject to two constraints represented by Equations 4 and 5 and a budgetary constraint:
¢s (1) = cn -B<0 ks)

Particular classes of the optimization problem are based on the nature of the null’and alterna-
tive hypotheses.

1) Simple H,: Q =y, simple H;: Q=p,.

2) Simple H,: Q = u, composite Hy = Q> pu,,.

3) Compostite H ;, composite H, .
and on the number of variables in the set (a, 8, n, Q) that are fixed:

a) Fix one of the four, vary one of the remaining variables and determine the remaining
two; 12 permutations result, for example

- Fix B; vary a, Q, or n. '

i
.

b) Vary two of the four variables and determine the remaining two; six permutations result,
The final form of the optimization problem depends on the degree of prior knowledge
possessed by the decision maker. As more of the four variables (a, B, n, Q) are preSpeciﬁed
fewer degrees of freedom exist in choosing among alternatives.

Consideration of simple H,, - simple H, . Consider first the simple H, - simple H, snuatnon

_wherein the total cost functlon is

4 '

Z=aC,(a)+pC,(B) +(cy, tchn+Cy . (7

in which C, (a) = cost of Type I error (or cost of installed wells in the case of example (2a)).’
C,(B) = cost of Type Il error (or lost water revenue for example (2a)).
= unit cost of waiting for more data to sharpen estimate of Q (or opportunity
costs associated with lost water revenues for example (2a)).
¢, =unit cost of sampling (either in space, time or both).
C,  =cost of conducting decision analysis (may be a function of n).
The three constraints are represented by Equations 4, 5, and 6. Combining Equatlons 4andS$,

Cw
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one obtains

-#°=(Xa'XB)\/a——— ' (8)

" The problem as stated is one of mimmzing a linear objective function Z wnth nonlinear con-
straints.

Given the above general problem formulation for the simple H,, - simple H, case, the
following conditions identify objective functions Z, (k=1,2, ..., 18) accordmg to the decision
maker’s prior knowledge and degrees of freedom 1n setting a, ﬁ, Q. and n. In each condition,
the probability density function f(Q = Q) 1s assumed to be normal with unknown mean u and
known vanance 0?(Q) so as to facilitate demonstration by example. The first 12 objective
functions are obtained by fixing one vanable, for instance:

Fix n and vary a to find the mmmum value of Z,. Hence, mmimize Z, (a, 8, Q). But
Q. = ¢;'(a) when n = constant and § = ¢3' [, (a)] so that

Z, =2, {a. ¢7 [¢i ()], ¢i' (@)] =Z,(a) (8]

wherein the inverse function ¢;' is simply a solution of Equations 4 or 5. -

The last 6 objective functions are obtained by letting 2 of the 4 variables determine the
optimum Z.

By fixing any two of the four variables the decision maker manifests a strength of convic-
tion and substantial prior knowledge. Consider the following examples based on the hypothet-
ical natural recharge problem.

Example 1

Given:  Qfixed at 5.5 x 10* AF/yr by decision maker,
n fixed at 16, and
o? assumed at 4,
Problem: What are the implied a and § errors?
Solution: H,:u,=4andH, :yu, =6.
" a=P(Q>Q,lr,=4=1-9(3.0)=0.0013
B=P(Q>Q,1n, =6)=%(-1.0)=0.1587
Discussion: a and $ errors are’ completely determined ny prior results and hypotheses
especially Hy. The a error is too conservative. No effort is made to compute the"economic
losses associated with risks in this case, Q. was preset either by prior economic analyses or
simply guessed.
Example 2
Giveng 0=2x 10" AF/yr and
Q S 5'
Totnl LOSl function: Z = aC,(a) + 5C,(13) v (cw + cs) n, + C,
in which C, (@)= 51100,0
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,(8) = $1,000
i n’ ¢

w =810

=81

C, =$50

Problem: Find n to minimize total cost.

Solution: Table 3 is based on computation of Z for each setting of n for fixed Q, (which 1n
turn determines the a and B error). The starred value of Z* = $386.60 per decision identifies
the minimum cost as occurring at n = 10at which point a=0.0019 and § = 0.1587.

Discussion: The above solution is conservative in that equal likelihood of the alternative
states of nature is assumed. In contrast to Example 1, exphcit specification of the loss func-
tions, L(a,/0, ) and L(a, /0,), as C, (a) and ¢, (8), respectively, along with other costs have led
to an optimum tradeoff between the two kinds of risk. Only one managerial use of the data is
considered. For multiple uses of the same data set, the problem set up would require a much
more involved objective function. It 1s possible that each use would not require the same
sample size. No budgetary constraints have been imposed on the total cost functions and the
cost of decision analysis is irrelevant, since it is a constant,

TABLE 3. Tabular Solution of Opimum @ and 8 Error for Example 2

n a B acy (@) fea cyh cgn 3 z
1 2266 4013 $226.60 $407.30 $1o $1 $50 $688.90
4 0668 .3085 66.80 308.50 40 4 50 469.30
9 0122 2266 12,20 226.60 90 9 50 387.80
10 .0019 1587 1.90 152.70 160 16 50 386.60*
25 .0001 1056 10 105.60 250 25 50 430.70
36 0 .0668 0.00 6.68 360 36 50 452.68
49 0 0322 0.00 3.22 490 49 50 591.22

*Minimum cost atn = 10, @ =.0019, §=.1587.

Example 3
Given: Ci(a),C,(8),ceCyp
Problem: Find Q. and n that minimizes Z,
Solution: MinZ =aC,(a)+ ﬂC, @) t(cgtcy)n
o ' gxcl;j:ct to Equation 8. Bu; because the altematives‘ H, a;;d ‘H, are not
equally likely, we parameterize this objective function by introducing I'as a

weighting parameter. Vance [1966] calls it the unconditional probability
that H, is true. Rewriting Z,

Min Z = TaC;(a) + (1-T)C,(B) + (cg + cy) n (10)
Q. n

inwhich . Priu=p,) =T
Prlu=p]=1T
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Fa is the “true™ frequency of Type I error and k(l-l")ﬁ that of Type 1I error.
Differentiating Equati:n 10 with respect’ to Q. and n, reSpectlvély, and
setting each equal to zero, we get the critical value Q* and optimum sample

size n*:

oz =0 l"C, erf xo = (l nc, erfx,
Q,
YA fx_ =
I =0 TI'x, erf x,, (l D) x, erfx, +n(cs+ cw)

~ where '

Q - / =c M1 ) 1
Xg =~ ,erfx-—-exp(-—)
°Tola ' oim Var

Iterative solution is necessary. An example 1s given by Vance [1966] .

Discussion: The solutions are highly sensitive to Q, n, and I'. Hence, one must be fairly
certain as to the costs and prior probabilities assigned to the costs as pointed out by Vance
[1966]. By choosing T at large levels, smaller optimal sample, sizes are required and the
minimum cost Z* or nsk s smaller. The arbitrariness of I' suggests formulation of the same
problem 1n a Bayes framework.

Consideration of simple H, - composite H;. In the case when we have a simple null
hypothesis H, (1= u,) and a composite alternate hypothesis (u > u,), the value of 5 becomes
undetermined, since f 1s a function of p, and g, is not known. The cost minimization prob-
lem becomes

Min Z = aCy (@) + B C2(8) * (cyy + ¢ n (11)

subject to !
Lo X;O L gt c}'#o
= —=— or a=l1lP(——= 12

The quantity 8 js written as a variate because it depends on the variate g :

8= Bl )= (A 7\,’?) (13).

If relation 13 is substituted into the objective function 11, the cost minimization problem is
then A ; 5 i SR

MinZ = Z(d, n, Q¢ fty) (14
sut;ject to Lo

QM= v
The only way this problem can be solved 1s by taking a Bayesian type of approach which

necessitates an a priori knowledge of the distnbution of ;.

For example, if we are testing
H,: the mean value of recharge isu = 104 AF/year
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versus . :
H,: u> 10* AF/year,

then we have to answer the question: what 1s a likely probabihity density function pdf for u;
between 10° AF/year and infinity? Reasonable guesses could be an exponential, a log gamma
with mean 1.2 x 10%, etc. Assume this pdf f#n (1) 15 known. Now the expected value of Z
Equation 14 can,be taken and we can proceed™with the problem :

Min EZ) =17 Z(a. n, Qc. k), ()01

0
or

Min E (2) =aC, (@) + fi, BGIC2 (B0, (du+ ey +egn+Cy =G (n,a,Q,)(15)

subject to
Qc - "o

a= l—(b(a/\/n (16)

In this problem we can either fix one of the three variables n, a, Q. and look for the
mimmum with respect to another one (six conditions), or search for the mimimum with
respect 1o two variables (three conditions). In either case, constraint 16 determines the value
of the third variable If we fix two vanables, then the problem 1s completely deternined and
no optimization 1s possible (see Lindgren [1968, p. 237], where n and Q. are fixed). Another
way to express this is to remark that we have two degrees of freedom 1r. the cost optimization
problem tfor simple H,, - composite H, . We shall next examine the case where both Hj and H,
ate composite.

Consideration of composite H, - composite H,. Let, for example, the hypothesis be,
respectively.

Hyeu<a
Hi:u>a
Both g and § are variates:
a depend§ on a variate Ho defined in (-, a)"
B dc'pends <;n n variate' g, ;{éﬁned in (a;(+c;°)

~

_et the unknown mean g have an a priori pdf f(u)du. Then the cost minimization problem can
se written as ~ :

Min E(Z)= /.2 C, (allald Fa)du 17" CABMNG) T+ (e +egn +Cs - (17)-
subject to

“dlgg) = 1 -d)(?’—;'\;/é‘;)' (18)
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Q. -u y
=P(_C_ 1y
B)=Ce a9)

Whérj Eduationfn 18 and -19. are used mn the objective function 17, one obtains the uncon-
»strained optimization .

Min E(Z) = H(Q,, n) (20)

One can still find Q. and n that minimize the total cost; however, there is no choice of @ and
B, which are given by the distributions 18 and 19. '
Note that the expected loss due to a error (for example) has the characteristics of a con-
volution of the cumulative density function (c d.f), ®(x), with the pdf f(i) around Qg (take
C, (a())=C, to simplfy):

a = a g H .
J% Cra@)i@)du=C, [~ 4’(0/ I J(u)du @n

This type integral 1s best evaluated 1f f(u) 1s taken as the conjugate distnibution of &; this
point is illustrated by Davis and Dvoranchik [1971] who perform the numerical convelution
of a normal with a chi-square to compute an expected opportunity loss (or cost).

SUMMARY AND CONCLUSIONS

In this paper, we have set forth a systematic classification of the various aspects of the
following problem: minimize an economtc cost function subject to constraints describing the
' relationships between a, B, Q. and n. Specific examples of cost functions and constraints have
been given. Three cases distinguishing between simple and composite hypother=s for H, and
H, have been discerned. For simple H, - simple H, , any two out of the four vanables a, 8, Q;
and n can be chosen as mndependent vanables For simple H, and composite H,, B becomes a
variate so that any two of the three vanables a, Q; and n can be chosen as independent vari-
ables provided a Bayesian apr.roach 1s taken (prior probability density function known). For
both composite H,, and composite Hy, only Q_ and n are left as independent vartables, since
both a and § are vanates, here agan the problem can be solved only if a prior probability
density function 1s known,

The analysis has focused primanly on an economic framework ior the classical hypothesis
problem as applied to hydrologic data collection systems It 1s important (and has rarely been
done) to put a and f errors 1 such a framework. Equations have been put forward for
determining optimum sample size for levels of risk n making Type 1 ard 11 errors These
results emphasize the importance of cost of a errors when the hydrologst 1s checking a theory
and cost of B errors (social costs) when people problems are being attacked. B errors are
important to a young evolving science whereas concern over a errors tends to dominate an
older science. B errors are important m poorly understood hydrologic regimes; a strategy of
multiple hypotheses 1s consistent with this viewpoint

ACKNOWLLDGEMENTS

The research was supported in part by a matcking grant (B-007-ARIZ) on “1 ffictency of Data Collec-
tion Systems in Hydrology and Water Resources for Pr:diction and Control” from the Office of Water
Resources Research, U.S. Department of the Intenor. Th* contnbutions of D. R. Davis and W, Dvoranchik

are gratefully acknowledged.



604 Duckstein and Kislel

LITERATURE CITED

Ackoff, R. L. 1962. Scientific method: optimizing applied research decisions. New York: John Wiley &
Sons, Inc, 464 pp.

Aigner, D, J. 1968. Principles of statistical decision making. New York: The Macmillan Company. 145 pp.

Carrigan, P. H., Jr. and C. S. Huzzen. 1967. Seral correlation of annual floods. Proceedings. International
Hydrology Symposium. 1.322-328.

Davis, D. R. and W. Dvoranchik, 1971, Evaluation of the worth of additional data. (To appear in Water
Resources Bulletin, v. 7, No. 4)

De Groot, M. H, 1670 Optimal statistical decisions. New York: McGraw-Hill Book Company. 489 pp.

Fogel, M., L. Duckstein 2nd C. Kisiel. 1971, Space-time vahidation of a rainfall model for summer-type
precipitation. Water Resources Bulletin  7(2):309-316.

Hamburg, M. 1970. Statistical analysis for decision making. New York: Harcourt, Brace and World, Inc.
817 pp.

Hooke, R. 1963. Introduction to scientific inference. San Francisco: Holden-Day, Inc 101 pp.

James, L. C., 11, B. T. Bower and N, C. Matalas. 1969. Relative importance of vanables in water resources
planning. Water Resources Res. 5:1165-1173,

Kistel, C. 1970, Mathematical methodology 1 hydrology. Proceedings, Ed. Ven Te Chow. International
Seminar for Hydrology Professors. v. 1,

Lindgren, B. W. 1968, Statistical theory Second ed. New York The Macmillan Co.

#oench, A. and C. Kisiel. 1970, The convolution relation as applied to estimating recharge from an
ephemeral stream. Water Resources Res. 6:1087-1094.

Morgan, B, W. 1968. An introduction to Bayesian statistical decision processes. Englewood Cuffs, N.J.:
Prentice-Hall, Inc. 116 pp.

Myers, B. L. and A. J. Melcher. 1969. On the choice of nisk levels in managerial decision-making. Manage-
ment Science 16 B(31-39).

Skellam, J. G. 1969. Models, inference, and strategy. Biometrics 25:457475.

Smallwood, R. D. 1968. A decision ane” s of model selection, LE.E.E. Trans. on Systems Science and
Cybemetics SSC-4.333-342.

Tukey, J. 1960. Conclusions vs. decisions. Technometrics 2:423-433,

Vance, F. P. 1966. An economic basis for setting confidence limits, Industrial and Engineering Chemistry
58:30-35.



The WATER RESOURCES BULLETIN in‘ .es the members of AWRA and of the water g‘y-
#~irces profession to suomit papers in all aspects of water resources for possible publication.
In rmation for other sections—Technics! Notes, Discussions, Of Professional Intere:t—of the
BJLLETIL are also solicited. The objective of the WATER RESOURCES BULLETIN is to
provide a medium for prompt publication of papers by members of the water resources profes-
sion which meet high standards of quality.

SUBMITTING MANUSCRIPTS

Technical papers submitted for possible publication should be accompanied by a statement
indicating that they have not been published or submitted for publication elsewhere. The full
names of authors and their affiliations as well as their complete addresses (with zip codes)
should be given. All papers are subject to review by at least two reviewers and the editor will
notify the author(s) of the resuits. Send manuscripts and all editorial correspondence to:

Dr. A. I, Kashef
408 Mann Hall

North Carolina State University
P.0. Box 5993

Raleigh, North Carolina 27607

INSTRUCTIONS FOR AUTHORS

Manuscripts. Manuscripts must be submitted 1n triplicate on 8% x 11 inch paper. Double
space between all lines of the manuscript (without exception). Titles should not exceed 12
words. Figures and tables should appear on separate pages and the figure or table number
entered in the margin of the text to indicate where each should appear. Figures should be
numbered consecutively and their titles should appear separately on one sheet, in order.
Number tables consecutively and provide a title for each.

Length of Paper. The manuscript should not exceed 25 pages prepared as above (including
all tables and figures). Authors are subject to a charge of $10.00 per page when this length is
exceeded, if their papers are approved for publication in their submitted form.

Abstracts. Provide a one-paragraph abstract of not more than 200 words on a separate
sheet of paper. At the end of the abstract list KEY WORDS for indexing and information re-
trieval.

Footnotes. Footnotes are vscd to give author’s position and place of employment, ac-
knowledgements or publicateun authorization, and, t rare nstances, to supplement informa-
tion appearing in the main body of the text. They-should be numbered consecutively.

Illustrations. Figures should be planned to fit the BULLETIN’S page size, and they should
not exceed 5 by 6% inches. Line drawings should be made with black India ink on a good
grade of white drawing paper. (Xerox or mimeographed material cannot be used.) All letter-
ing should be professional in appearance (no freehand lettering). Ali lines should be clear and
sharp, show a uniform degree ot blackness, and be proportionate to the size of the graph. If
the original drawing is too large, please submt it reduced photographically as a glossy print.
Photographs to be included should also be glossy prints. High-contrast glossy prints give opti-
mum results.

References. Cite references in text by author and date (for example, Black [1960] or
[Black, 1900]) depending on sentence construction. Under LITERATURE CITED list refer-
ences in alphabetical order using the following style:

Waggoner, P. E. and J. D. Hewlett. 1963. Test of a transpiration inhibitor on a forested

watershed. Water Resources Res. 1:391-396. ,

Babbitt, H. E. and D. H. Caldwell. 1948. The free surface around, and interference be-

tween, gravity wells. Univ. of Illinois Eng. Exp. Sta, Bull. 374, 60 pp.

De Wiest, Roger J.M. 1970. Geohydrology. John Wiley & Sons. 366 pp.

Reprints. Reprints are available at nominal cost. The author receives a reprint order blank,
with the galley proofs, giving information about reprint prices. It is requested that authors
order at least 100 reprints of their paper if sufficient funds are available for this purpose.



