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The significance of these values becomes apparent when the parameter blocks
are plotted on the Assessment Diagram. For this we need, in addition to the
information above the ratings for the strengths of the three blocks of parame-
ters. A fully accurate plot would require complete pedigree codings for each
of the ten parameters individually; here we estimate strengths for the three
blocks, as follows:

— Downstream: Although the spread is large, F,,, and Q, are well studied, and
I is reasonably estimated. We let the average rating for the block be 3 (out
of 4), giving 3/4 as the strength.

— Grass: Here the parameters seem to be estimated at best (¥, 4,,), or merely
assumed (R). We let the rating be 2, giving 1/2.

— Roots: Most of the parameters are strong, and the weak parameter r, is
absorbed into A,; but B, dominates the block, with its very large spread and
presumed low strength. We let the average rating be 1 or 1/4.

Figure 13 shows that for times of one week and one year, all the points lie

Relative contributlon to spread

Q .2 4 .6 .8 1
Strength

ROOTS GRASS DOWNSTREAM

Fig. 13. Assessment diagram, applied to a radiological model.
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within the zones of medium, good and high reliability. Thus, in spite of the
considerable spreads in some of the parameters, the blocks are of reasonable
strength, and the model as a whole is quite well balanced in the relative
parameter contributions to spread. Only in the case of ¢ = 100 years is there
a significant imbalance; the weakness of the roots block is displayed by a point
just inside the zone of poor reliability. By the prudent “weak link” principle,
the calculated model output is then given a poor (or perhaps “low to poor”
reliability rating.

By this illustration we see how the assessment mapping integrates the
qualitative with the quantitative aspects of uncertainty in a single perspicuous
display. By its means we can trace the propagation of uncertainty through the
model, and thereby evaluate the uncertainties in calculations of radiological
hazards, clearly and effectively.
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CHAPTER 13

FURTHER APPLICATIONS OF THE NUSAP SYSTEM

In this chapter we provide further examples of the flexibility of the NUSAP
system in policy-related research. As we have seen in the last two chapters,
each area of research has its own problems of uncertainty management. For
each one an appropriate technique can be developed within the general
approach of NUSAP. A great variety of special forms can be designed and
deployed.

The basic NUSAP scheme provides a coherent framework for all the
particular notations (including pedigree matrices). It also provides guidelines
for elicitation, to assist in the design of new notations. Since different areas
of research will have different critical distinctions among their characteristic
uncertainties, different pedigree matrices within the overall family will need
to be designed. We have already seen this, in the cases of statistical infor-
mation and radiological protection. In such work, we always keep in mind that
NUSAP is above all a simple and robust tool. It fosters the skill of working
at an appropriate level of precision, for both calculation and expression.

13.1. AN ARITHMETIC FOR ASSESSMENT*

We have already shown (Chapter 3) that when arithmetic is applied in con-
texts outside pure mathematics, the standard rules must be modified. In every
case, an artefactual arithmetic must be developed. The more quantitative
categories of NUSAP are very useful in clarifying these artefactual arithmetics
that are already being used, some self-consciously (significant digits) and
others not (“fossils joke”). With NUSAP we have been able to extend arith-
metical methods to more qualitative judgements as well. In connection with
statistical information (Chapter 11) we showed how, in the absence of other
information on reliability we could use the pedigree codes as the basis for a
very simple scoring system, providing a gauge for the assessment category
called Reliability Index.

In connection with radiological protection (Chapter 12), we could map
uncertainties by employing the interaction of spread and pedigree. The spread
of each parameter appeared as arelative Contribution to Total Model Spread;
and the contribution of pedigree was through Strength, derived from a scoring
procedure on the pedigree codes. Each parameter (or block of parameters)
was then described by a pair of attributes in coarsely quantified form. These

*The following two sections are based on research done with R. Costanza.
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defined a point in an Assessment Diagram, located against a background of
zones denoting reliability. Each parameter-point was thus identified for its
significance for the overall reliability of the model. Thus, in spite of the
deliberately coarse topology adopted throughout the exercise, refined dis-
tinctions could be meaningfully made.

In this application, we extend the arithmetic of spreads to an arithmetic of
assessment, in simple sums of the sort encountered in tabulated statistical
data. Here we will use the term grade, in the American sense of an index of
quality, of the sort that are routinely assigned in innumerable spheres of
activity in our society. (This differs from the British usage, as in “grading” of
hotels or restaurants, mentioned above.) Let us first consider the rules of
arithmetic which are appropriate for spread. These follow the traditional rules
of the calculus of errors: in sums and differences, absolute errors add; while
in multiplications and divisions, proportional errors add. We could adopt the
common rule that the root-mean-square-sum of errors is to be taken, but this
would introduce an inappropriate degree of complexity of calculation at this
stage. Thus, (with a, b, ¢, d all positive)

A+a)+(B+b)=(A+B)+(a+b)
Ata)-(Bxb)=(A-B)x(a+D)

and

(Ctck) X (D+dY%)=(CxD)x(c+d)y
(Cxc%)/(D£d%)=(C/D)+(c+d)y

The use of percentages to express proportional spreads must be done with
caution, as it is very easy to write meaningless percentages. When spreads are
as large as, or larger than the number itself, then the proper expression of
proportional spread requires some skill. Quite reasonable percentages can
give quite large spreads; thus spreads of + 339, + 50% and + 67 %, pro-
duce variations through log-ranges of 2, 3 and 5 respectively (since, for
example, (1 + 67%)/(1-67%) = 5). For larger proportional spreads than
those, we should use a notation for logarithmic range.

The rules of elementary arithmetic for the grade are nearly as simple,
although there are two exceptional cases to be observed. In the case of
addition and subtraction, we usually take the weighted mean of the separate
grades of the numbers. This reflects the intuitive judgement that the quality
of the result should be the average grade for the collection. The strengths or
weaknesses of the separate elements are given their influence, proportional
to the size of that element. Using the square brackets to denote the grade, we
have:

Elel + FIf1=(E+F),JExe+ Fxf)/(E+F)]

The two exceptional cases both apply when the two terms are nearly equal.
The reason for an exceptional grade is easier to see in the case of subtraction.
For if we have two terms that are nearly equal, as say 95 and 92, then any
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uncertainties in the initial terms will be magnified in their difference. This is
easy to see in the case of spread; if each has a spread of + 1, then their
difference will be 3 + 2. The proportional spread goes from about + 1 % for
each of initial terms, to + 67 %, for the difference; quite an enormous change.
It is hard to imagine such a number being in any way as reliable as either of
the initial terms. Hence we must construct a rule, inevitably somewhat
arbitrary in its details, for reducing the grade of the difference element, when
its spread is so dramatically increased. This will be a more general, simple and
coarse version of the rules for distinguishing the means of statistical distri-
butions. We divide the rule into three cases. There is no change in grade when
the ratio of the difference between the terms to their average spread is greater
than five. If that ratio is less than two, the grade is reduced by one-half. In
between, the reduction is linear, bearing in mind that grades are expressed to
the nearest single digit only.

The exceptional rule for addition is not quite so completely automatic in its
operation; it comes into play when two quantities which are derived from
independent procedures are averaged or compared in some other way. In this
case, there is a qualitative judgement that if two such quantities are equal, or
nearly so by some appropriate criterion, then this correspondence serves as
a corroboration of them both. Even if neither of them can be checked directly
against the empirical reality that it is intended to measure, the unlikelihood
that both have come to the same mistaken estimate serves as positive evi-
dence that they are both likely to be correct. For this case, we can apply the
above rule in the other direction: when the ratio of difference to (average)
spread varies between two and five, the grade is increased linearly by up to
one-half.

For multiplication of numbers, the rule for grade is simple; for here we
adopt a “weak link” principle: the grade of the product is the minimum of the

grades of the factors. Thus,
G,lg] x H[h] = (G x H),[Min (g.h)]

For this rule, there are no exceptional cases.

We notice that the grade almost always decreases in calculations, some-
times quite drastically. It could be that many computations which are up to
now accepted as reasonable, and as providing meaningful outputs, would on
such a grading system be judged as being of very low quality. In particular,
matrix-inversion operations, involving the sums and differences of many-fac-
tored products, would be especially vulnerable. The fault, however, might not
lie in the peculiarities of a grading system, but rather in a class of mathematical
operations over which there has hitherto been very little effective quality-con-
trol.
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13.2. AN EXAMPLE: THE VALUATION OF ECOSYSTEMS

To illustrate the usefulness of the proposed arithmetic of grades, we carry it
through for the example case of ecosystem valuation. We use a; well docu-
mented study of the economic value of wetlands in Louisiana (Farber and
Costanza, 1987, Costanza et al., 1989) which employed a number of different
models and methods to arrive at an estimate to the total value of the ecosys-
tem. The results from the original study are reproduced in Table XII.

. ’.[l}ere are two overall methods whose results are presented. The
willingness to pay” (WTP) based method enumerates the various com-
ponents of ecosystems value and derives an independent estimate for each
one. These components are then added to yield the total value. For example
shrimp production value was estimated as $10.85/ac/yr, and storm protectior;
value as $128.30/ac/yr. Option and existence value are known to be important
components of the total but no direct estimate was made for this ecosystem
A second method, “energy analysis” (EA), uses the total solar energy captured
b.y thc? ecosystem as an indicator for its economic value. It is more comprehen-
sive (in that it does not require adding individually measured components to
arrive gt the total) but the connection between energy captured and economic
value is controversial. Finally, the “present value” of the ecosystem is cal-
culated using various discount rates, based on the assumption that the ecosys-
tems provide a'constant stream of benefits into the indefinite future. In this

TABLE XII
Summary of wetland value estimates in 1983 dollars
Method Annual value Present value per acre at discount rate
per acre 8%, 3%
o
WTP based
Shrimp 10.85 ‘ 1
. 36
Menhaden 5.80 73 igg
Oyster 8.04 100 268
Blue Crab 0.67 8 22
Total commercial
Fisher_y 25.37 317 846
Trapping 12.04 151 401
Recreation 3.07 46 181
Storm protection 128.30 1915 7549
Subtotal 168.78
X 24
Option and » o7
existence values ? ? ?
EA based ' .
GPP conversion 509-847 6,400-10,600 17,000-28,000

Best-estimate 169-509 2,429-6,400 8,977-17,000
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) TABLE XIII
Simplified research pedigree matrix

Code Theoretical phase Empirical phase Social phase
Quality of model Quality of data Degree of acceptance
4 Established theory Experimental data Total
3 Theoretical model Historical/field data High
2 Computational model Calculated data Medium
1 Statistical processing Educated guesses Low
0 Definitions Uneducated guesses None

case: present value = (annual value)/(discount rate). The appropriate
discount rate to use in such a situation is, however highly uncertain.

The pedigree used in this study is a simplified version of the Research
Pedigree Matrix, as given in Chapter 10 (Table XIII). Pedigree codings are
based on an analysis of the individual models and methods used. For example,
the shrimp production estimate was based on a theoretical model relating
wetland area to shrimp catch, using Historical/Field Data from National
Marine Fisheries shrimp catch statistics; and measured wetland area in a
procedure (regression analysis) which has high but not total peer-acceptance.
Finally the grade for each estimate is given based on the average codes in the
pedigree (3 + 3 +3)/12 = 0.7. Note that the grades are rounded to one digit.

Table XIV is a recasting of the results in Table XII into the NUSAP system.
Here the numerical values are given only to the appropriate degree of pre-
cision, and the spreads on each number are shown, (using only 10 % incre-
ments except for 259 and 75%). Several quantities are calculated in
Table XIV using the NUSAP arithmetic described above. The total commer-
cial fishery value is the sum of four components. Its spread is the weighted
average of the percentage spreads of the components

(1E1 x 9.1 + 6E0 x 0.2 + 8EOQ x 0.3 + 1E0 x 0.4)/2.5E1 = 0.2
Its grade is the weighted average of its component grades
(1E1 x 0.7 + 6EO0 x 0.5 + 8EO x 0.6)/2.5E1 = 0.6

An estimate for option and existence value is given based on studies for
other areas, but as its spread and grade indicate, this application it is definitely
an order-of-magnitude estimate. The total WTP based value reflects the
quantitative importance of option and existence values and their relatively low
quality. We end with a spread of + 40 %, and a grade of 0.3 for this estimate.

The EA based estimate yielded a very similar quantity estimate to the WTP
based estimate; and this is taken as corroborating evidence, since the
likelihood that this would occur by chance is small. The average of the two
methods is therefore of higher grade than either of the inputs (0.6 versus 0.5
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TABLE XIV
NUSAP representation for the elements of the wetland valuation study

Element Numeral Unit* Spread Assessment  Pedigree

WTP based estimates

Shrimp 1 El $/afyr +10% 0.7 (3,3,3)
Menhaden 6 E0 $/afyr +20% 0.5 (2,2,2)
Oyster 8 E0 $/afyr +30% 0.6 2,3,2)
Blue Crab 1 E0 $/afyr +409, 0.6 (3,2,3)
Total commercial
Fishery 25E1 $/a/yr +20% 0.6
Trapping 1.2 E1 $/afyr +30% 0.5 (2,2,2)
Recreation 3 E0 $/a/yr +10% 0.8 (3,43)
Storm protection 1.3 E2 $/a/yr +209%, 0.6 (2,3,2)
Subtotal 1.7 E2 $/a/yr +209, 0.6
Option and
existence values 5 E2 $/a/yr +50% 0.2 (1,0,1)
Total WTP 7 E2 $/afyr +409, 0.3
EA based GPP
conversion 7E2 $/ajyr +259%, 0.5 (3,2,1)
Average of
two methods 7E2 $/ajyr +30% 0.6
Discount rate 5 EO % +50% 0.4 (1,3,1)
Present value ‘ 15 E3 $/afyr +80% 0.4

* Unit should read $,o55/a/yr

and 0.3) and we are left with a reasonably high quality estimate of the total
annual value production.

TE2: $ 1055 ¢ +30% : [0.6]

Converting this to present value significantly reduces the data quality,
however, because of the severe uncertainty about the discount rate. The
spread of the present values goes to + 80 % (a log-range of 9) and the grade
goes down to 0.4.

The NUSAP representation of the series of calculations that went into the
estimation of the value of wetlands offers a clear picture of the data quality.
It also allows the uncertainty in the final estimate to be easily communicated;
and its directs research to those areas most likely to improve the quality of
that final estimate.

13.3. RISK INDICES: A NUSAP ANALYSIS*

The risks of nuclear power have been dramatically demonstrated by the
Chernobyl accident. Here we use the NUSAP approach to calculate and
express what can reliably be said about the risks of six energy technologies.

*The following sections reproduce research done with C.W. Hope.
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The results of the exercise explain why debates about nuclear power and other
energy sources frequently generate much heat but little light. They show the
importance of expressing risk assessment in a notation which protects them
from misuse (Hope and Funtowicz, 1989).

In an earlier study (Fischhoff et al., 1984), Multi Attribute Utility Study
(MAUT) was used to combine into a Risk Index the different elements that
make up the ambiguous concepts of the “risk” of an energy technology. We
reproduce here just enough of the calculation to show how the conclusion was
reached. The elements, or attributes, that were incorporated in the Risk Index
were as follows:

~ fatalities amongst workers;
— fatalities amongst members of the public;
— illness and injury that did not lead directly to death;

and two elements representing the degree of concern engendered by the
technology:

— one labelled “unknown”, because new and mysterious technologies scored
badly; and

— the other labelled “dread”, because technologies associated with war and
catastrophe also scored badly.

The technique was applied to six energy technologies, starting from the scores
shown in Table XV for each technology on each attribute.

— Public Deaths: 0 means no death, 100 means 10 deaths per Gigawatt/year.
— Worker Deaths: 0 means no death, 100 means 10 deaths per Gigawatt/year.
— Morbidity: 0 means no injury, 100 means 60 days lost per Megawatt/year.
— Unknown: Hill climbing scores 0, DNA research scores 100.

_ Dread Risk: Home appliances score 0, nuclear weapons score 100.

To form the Risk Index it was also necessary to assign weights to the different
attributes. The weight on an attribute represents the importance allocated to
decreasing the score on that attribute by one point. Four separate sets of

TABLE XV
The scores of the six energy technologies

Attribute Coal Hydro Large- Small- Nuclear Conser-

scale scale vation

wind wind
Public deaths 80 10 20 5 10 5
Worker deaths 30 20 10 30 5 10
Morbidity 20 20 40 50 10 40
Unknown 70 60 90 50 80 40
Dread 50 50 40 20 90 10
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TABLE XVI
Four possible sets of weights

Attribute A B C D
Public deaths 0.33 0.40 0.20 0.08
Worker deaths 0.33 0.20 0.05 0.04
Morbidity 0.33 0.20 0.05 0.40
Unknown 0 0.10 0.30 0.24
Dread 0 0.10 0.40 0.24
Sum of weights 1 1 1 1

weights were designed, to illustrate four of the perspectives that members of
society might adopt. These were labelled weights A to D, and are reproduced
in Table XVI.

Given these scores and weights, it was computationally simple to calculate
the risk from the different technologies. For example, the risk from coal using
the A set of weights was 0.33 x 80 + 0.33 x 30 + 0.33 x 20 = 42.9. The
complete set of risk indices obtained from the four sets of weights are dis-
played in Table XVII, rounded to the nearest integer.

The Risk Indices for coal, small scale wind and conservation varied rela-
tively little across the sets of weights that were investigated, whilst those for
hydropower, large scale wind and particularly, nuclear power varied much
more. Consequently coal ranked consistently badly, whereas nuclear power
varied from safest to most risky, depending on the set of weights adopted.
These variations occurred despite the assumption of complete agreement
about the magnitude of the individual components of risk from each tech-
nology, as expressed by the single set of attribute scores that were used. This
showed that the controversy over the safety of nuclear power may have
reflected disagreements about the weights to be attached to different cate-
gories of harm.

. Although this calculation gave an intuitively appealing result, it did have an
air of precision that was not warranted by the facts. In particular, the scores

TABLE XVII
The risk indices of the six technologies
Set.s of Coal Hydro Large- Small- Nuclear Conser-
weights scale scale vation
wind wind

A 43 17 23 28 8 18

B 54 23 31 25 24 17

C 60 42 50 28 63 20

D 39 36 49 38 46 29
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reproduced in Table XIV were simply point estimates derived from a reading
of the relevant literature. There were considerable differences of opinion in
these publications. For example, the extreme values for worker deaths for coal
were 0.7 and 8 deaths per Gigawatt year of electricity generated. In the
calculation, this diversity of estimates was collapsed in a single score of 30,
equivalent to three worker deaths per Gwyr. One might ask how the results
would change if the whole range of values from 0.7 to 8 were used.

Another worry was the use which might be made of the final results.
Selecting a single set of weights from Table XVII would give a Risk Index
value for each technology, apparently precise to plus or minus one point. The
authors of the study were concerned not to produce another institutionalized
“magic number”, carved in stone and produced whenever debates about
nuclear power degenerated into propaganda. Yet that is exactly what the
numbers in the table could have become. The results contained no protection
against such a misleading use.

As mentioned above, MAUT is the technique in which the different tech-
nologies were evaluated. The first task for a NUSAP translation is to describe
the status of MAUT as an aid to decision-making. This can be done by
assigning a Pedigree to MAUT, which will condition the pedigree of any
results obtained by its use. At present the pedigree of MAUT, using the
Research Pedigree Matrix (TablesIV, V), is best described as

P(MAUT) = (3,1,2,2)

MAUT as a method has the structure of a Theoretically-based Model
because it is based on an axiomatic structure built from postulates of rational
behaviour (Keeney and Raiffa, 1976). It cannot aspire to the highest code, that
of an Established Theory, since there is no compelling body of evidence to
demonstrate that people do in general behave in such a rational manner; if
anything the opposite is true (Wright, 1984). On the other hand, it is more than
a simple model to aid calculation, devoid of theoretical content. MAUT works
with subjective data representing personally held degress of belief in the
likelihood of events occurring, or the relative merit of different outcomes.
These beliefs could be derived from experimental or historic data, but in
practice MAUT comes into its own when such a data are absent, and the
alternative to using MAUT is to abandon any attempt at formal analysis. In
these conditions, the skillful user of the technique will use Educated Guesses
as inputs to the calculation. Hence this is the data input entry.

The subjectivity of inputs precludes a high peer-acceptance of the results
of most MAUT analyses, since other experts could give other educated
guesses as inputs. Even a medium level of peer-acceptance can be expected
only if the analyst carrying out the calculation has an established reputation
in the field. There is no prevailing paradigm in the field worked by MAUT.
Other techniques include: Cost-Benefit Analysis, Social Judgement Theory
(Hammond et al., 1980, Analytic Hierarchies (Saaty, 1980) or Soft Systems
Analysis (Checkland, 1981). All have their ardent advocates, giving a

- Colleague Consensus of Competing Schools.
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Using the Reliability Index discussed previously, we find that MAUT scores
8/16, or 50 %,. This immediately sounds a note of caution: Do not expect any
results of a MAUT analysis to command universal approval! The justification
for using MAUT lies in the belief that the pedigree-based evaluative score for
any other technique in such a murky area of applied analysis would be no
higher or probably even lower.

We can now proceed to apply NUSAP to the scores of the various energy
technologies. We start with the pedigree. As we discussed above, the Risk
Index of any technology is obtained by multiplying the score of the technology
on each attribute, and adding over all attributes. There is potential for dis-
agreement about the attributes chosen. For instance, some might argue that
morbidity should also be split into public and worker, or, conversely, that a
single attribute to describe deaths would be sufficient. This is one reason why
the pedigree-based evaluative score of MAUT is not higher. The pedigree will
also be affected by the ambiguity and vagueness in the naming and the
operational definition of the attributes that we choose. For example, the data
input to worker deaths of a particular technology could be anything from
Historic/Field Data in the best case, to Uneducated Guesses in the worst. The
measurement procedure will also affect the assignment of pedigree to the
scores. This will be particularly true of the credibility of the organization that
carries out the measurement.

In the case of coal and hydro deaths and morbidity, many studies exist
which use Thebretically-based Models to project a wealth of Historic Data
into the future (Bliss et al., 1979, Baecher et al., 1980). There is a Total
Peer-Acceptance of the result of these studies, and All but Cranks would agree
that the techniques used are sensible. This yields a pedigree of (3,3,4,4) for
these scores. For large scale wind deaths and morbidity, and nuclear power
deaths, the theoretical structure of probabilistic risk assessment combined
with a modest amount of experience is just as strong as for coal and hydro

Attribute Coal Hydro Large Small Nuclear Conser-
) scale scale vation
wind wind
Public deaths XXXXX  XXXXX /1 "
Worker deaths XXXXX  XXXXX ////] ... /"
Morbidity XXXXX  XXXXX )] . e
Dread ... . L
Kepi T e e
Pedigree-based ranking: High Good Fair Poor None

A12/16 A9/16 A6/16 A3/16 A0/16

Fig. 14. The pedigree-based evaluative ranking of the attribute scores for each technology.
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(Birkhofer, 1980). However the data input has only the status of Calculated
Data from partial experiments extrapolated to full scale working systems.
Peer-Acceptance of the results is high, since even critics agree that the calcu-
lations have been properly carried out, but the field is one of Competing
Schools where criticism of the applicability of probabilistic risk assessment
is strong (Fischhoff et al., 1981). A pedigree of (3,2,3,2) results.

Less attention has been paid to the morbidity from nuclear power, since the
more dramatic deaths from catastrophic accidents have tended to claim the
headlines and the research effort. Consequently the studies of morbidity have
tended to be more sketchy, leading to less acceptance of the results by the
community. A pedigree of (2,2,2,2) would be fair for this score. The scores for
small scale wind and conservation, and the unknown and dread risk for all
technologies, have a very low pedigree. The Statistical Processing technique
of factor analysis is used to impose some order on Educated Guesses de-
scribing people’s psychological reactions to the different technologies
(Fischhoff et al., 1978). There is a medium level of Peer-Acceptance since the
researchers involved have a good reputation in the field, but it is obvious that
we are dealing with an Embryonic Field (Spangler, 1981). The pedigree is
(1,1,2,1). The pedigree-based evaluative scores are shown graphically in
Figure 14. The key to this figure associates the numerical codes with a descrip-
tive ranking system.

As with the pedigree, our knowledge of the literature enables us to assign
a spread and assessment to each of the attribute scores, to complete their
NUSAP representation (Table XVIII). Each spread is represented in the
notation as a “factor of n” (more familiar than A2 for log-range). Each assess-
ment is of the form “a %, giving a subjective confidence interval of finding
the true value within the range specified in the spread.

There are two different levels of confidence in the attribute scores, 80 7, and
95 9. For the purposes of comparison, it would be helpful to have each score
expressed with the same assessment entry. We can make a trade-off between
spread and assessment; fixing a common level of confidence a 80 %, we obtain

TABLE XVIII
The spread and assessment of the attribute scores for each technology
Attribute Coal Hydro Large- Small- Nuclear Conser-
scale scale vation
wind wind

Public deaths £2,95%, £2,95% f3,80%  f3,80%  £3,80% £2,95%
Worker deaths 2,957 £2,95% f3,80%  f3,80%  £3,80% £2,95%
Morbidity £2,95% £2,95% £3,80%  f3,80%  3,80% 2,959
Unknown £2,80%, 2,809, £3,80%  f3,80%  f2,80% 3,80%,
Dread 2,809, 2,80%, £380%  f3,80%  £2,80% £3,80%
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a reduced spread entry of f'1.5. We now have a full NUSAP representation
of each of the attribute scores that are the inputs to the Risk Index calculation.
Those for coal are shown in Table XIX, as an illustration. The richness of
information conveyed in the table emphasizes just how much was missing
from ostensibly the “same” information conveyed by the bald and unqualified
scores in the first column of Table XV.

The other inputs to the Risk Index are the weights representing the strength
of feeling about each attribute. The four sets of weights shown in Table XV1
were used in the original study, to give some idea of the range that might be
encountered across different groups in society. The value that any individual
weight can assume is circumscribed by the underlying theory of MAUT, which
states that:

— Since each weight represents an individual’s strength of feeling, it can take
only a single value, not a range or a probability distribution. This is the same
restriction that precludes the use of probabilities of probabilities.

— The weights must add to one across all the attributes. This is necessary if
comparison between different sets of weights is to be meaningful.

Each individual weight will therefore have numeral, unit and spread entries
of w:1 —, where w is the value of the weight as shown in the table, and “-"
in spread functions as a filler, since there is no spread. Leaving assessment
to one side for a moment, we ask what the pedigree of the weight will be. The
theoretical structure of MAUT, which we have already discussed is a
Theoretically-based Model. The Data Input is a subjective Educated Guess;
despite the best endeavours of a generation of economists, there is as yet no
compelling evidence that any one set of weights is more reasonable than any
other (Pearce, 1979, Hope and Owens, 1986). Because the weights are a
matter of subjective judgement, the Peer-Acceptance of any set will be low,
and the state of the field is characterized by Competing Schools, with some
authors supporting “objective” market forces or community valuation, and
others favouring “subjective” individual introspection (Keeney, 1977), or de-
cision conferencing (Phillips, 1984), to arrive at a reasonable weight values.
These considerations give a pedigree for each set of weights of

P(weights) = (3,1,1,2)

Finally for weights, the assessment category must be filled. We cannot have
anything like the 80 %, or 95 % confidence intervals that we used for scores,
since each weight is only allowed to take a single value. Instead, on the
absence of anything better for assessment, we can use the pedigree-based
evaluative ranking as a Reliability Index. For the weights it is 7 out of 16,
hence their NUSAP representations is:

wil:i=:7/16:(3,1,1,2)
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13.4. CALCULATING THE RISK INDICES FOR ENERGY TECHNOLOGIES

We are now in a position to start the calculation, having expressed each of
our inputs in the NUSAP notation. Only the calculation for coal is displayed
in full here; the calculation for the other technologies follows an identical path.
The Risk Index for coal on each set of weights will be the sum of five terms
(one for, each attribute), each of which is the score of the technology on that
attribute times the weight assigned to the attribute. Each score is as described
in Table XIX in the NUSAP scheme.

The notation for the spread category, a factor of 1.5 or 2, tells us that a
log-normal probability distribution would be an appropriate description for
each score, rather than a normal distribution which would have been appro-
priate if the spread had been expressed as, say + 1/10. Since the weights are
single values, each term of score x weight will also have a log-normal
distribution. However, the central limit theorem tells us that the sum of the
terms will tend towards a normal distribution, provided the individual terms
are independent. Even with only five terms, as here, the distribution of the
Risk Index will be close to normal. The only mathematics required is to
calculate the mean and standard deviation of the sum of the terms.

The mean of the sum of terms is just equal to the sum of the means of the
individual terms. Using the B set of weights from Table XV1 as an illustration,
the mean of the Risk Index for coal will be

80 X 0.4 + 30 x 04 +20x 02+ 70x0.1+50x0.1=54

This is the same value as shown in table XVIL

The standard deviation of the sum of terms is equal to the square root of
the sum of the squared standard deviations of the individual terms. The
standard deviation, S, of each score can be found by recalling that for log-nor-
mal distributions there is an 80 % chance that the score will be found in a
credible span of length about 2.5S (and a 95 7, chance of being in a credible
span of 48), from a lower limit, L, to an upper limit, U, located such that
U/M = M/L.SoS = (U - L)/25foran 807, cre Slespan; S = (U — L)/4
for a 95, credible span (R.L. Brown, 1971). Taking Public Deaths as an

TABLE XIX
NUSAP representation of the attribute scores for coal
Attribute N U S A P
Public deaths 8 10 : f1.5 : 80% : (3,344)
Worker deaths 3 10 : f1.5 : 809, : (3,344)
Morbidity 2 10 : f1.5 : 80% : (3,344)
Unknown 7 10 : f2 : 809, : (1,1,2,1)
Dread 5 10 : 2 : 80% : (1,1,2,1)
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example, the score has a 10 %, chance of being more than 1.5 times M, and
a 10 % chance of being less than 1/1.5 times M, where M = 80. So U = 120,
L = 53 and S = 27. Similarly, the standard deviation for Worker Deaths is
10, for Morbidity 7, for Unknown Risk 47, and for Dread Risk 34.

Using the B set of weights for illustration once again, we can calculate the
standard deviation of the Risk Index as

V(04 % 2707 + (0.2 X 102 + (0.2 x 7)% + (0.1 x 47) + (0.1 x 34)]

which gives a standard deviation of 12.5.

The calculation complete, we have only to recall that 80 %, of a normal
distribution lies within 1.28 standard deviations of the mean to deduce that
the calculated value of the Risk Index for coal on the B set of weights has an
80 9%, chance of lying within 1.28 x 12.5 = 16 points of the central value of
54.

How should this result be described in the NUSAP notation? It would be
possible to write it as

54:1:+16:80% :(ab.cd)

Guiven the uncertainties and approximations implicit in the data and calcu-
lations, however, there is an obvious pseudo-precision that is immediately
detectable from the number itself. If its spread is 16, how can we possible be
confident that its central value is 54, rather than 53 or 55? We cannot;
therefore one torrect treatment of the result would be to spread the number
a little more, firm up the assessment slightly, and write

5:10: +2:90% : (a,b,c,d)

Here the spread and numeral refer to the same unit.

The pedigree of this result is affected by the pedigrees of each of the
components used to obtain it. Each of the five attribute scores, and each of
the five weights. One simple way of compounding pedigrees is to take the
average of their Reliability Index. The values for the five scores are 14, 14, 14,
5, 5 and for the five weights 7, 7, 7, 7, 7. The average of these values is 8.5,
which translates to a verbal reliability of Fair, using the key to Figure XIV as
our guide. we now have our first complete result:

Risk Index (Coal, B)=5:10: +2:90% : Fair

The results for the other technologies, and coal using the other sets of
weights, follow in an analogous manner, to give the means and standard
deviations of the Risk Indices shown in Table XX.

For some technologies, on some sets of weights, the standard deviations are
as large as the mean values. This already gives some feeling for the imprecision
of estimates of risk given the present state of knowledge. This can be rein-
forced by completing the NUSAP representation, as was done for coal on the
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TABLE XX
Means and standard deviations of the risk indices
Sets of Coal Hydro Large- Small- Nuclear Conser-
weights scale scale vation
wind wind

A 43 (10) 17 (4) 23 (23) 28 (30) 8 (3) 18 (5)
B 54 (13) 23 (6) 31 (23) 25 (20) 24 (11) 17 (7)
C 60 (20)  42(18) 50 (47) 28 (26) 63 (29) 20 (19)
D 39 (13)  36(13) 49 (43) 38 (35) 46 (20) 29 (15)
Note: Each entry is mean (standard deviation)

B set of weights above. Thus, the Risk Indices for coal, for the four sets of
weights, are:

Risk Index (Coal, A) =4:10: = : 909, : Fair

Risk Index (Coal, B)=5:10: +2:90% : Fair
Risk Index (Coal, C) = 6:10: +£3:90%, : Fair
Risk Index (Coal, D) =4:10: +2:90% : Fair

All the representations look similar to the calculation that we followed in
detail, for the B set of weights. The only slight difference in notation is for the
A set of weights, where there is a “=" in the spread position. This is a
shorthand way of recording that the spread is the same as the unit. With the
assessment of 90 %, it implies that there is only a 10 %, chance that the Risk
Index lies outside the range adequately described by the numeral and unit
together: A Risk Index of four tens.

The Risk Indices for Hydro are as follows:

Risk Index (Hydro, A) = 17:1: £25% :907, : Fair
Risk Index (Hydro, B)=2:10: = :90%, : Fair
Risk Index (Hydro, C) =4:10: +2:90%, : Fair
Risk Index (Hydro, D) =4:10: +2:90%, : Fair

These expressions are of a similar form of those for coal, with the exception
of the A set of weights. The uncertainties in the index are small enough that
meaningful information would be lost if the result were expressed to the
nearest ten. The spread is also more intuitively appealing if written as a
percentage range: it is small enough here for such an approximation to be
permissable. In the full NUSAP notation, the Hydro Risk Indices for the C
and D sets of weights are indistinguishable. The apparent differences for the
mean and standard deviation shown in Table XIX are revealed as pseudo-
precision when the full range of qualifying factors is taken into account.
The indices for Large Scale Windpower require some new notations. On th.e
set A of weights, “U” in the assessment entry stands for an Upper Limit
indicator. For this set of weights, the Risk Index of Large Scale Windpower

MAPPING UNCERTAINTIES 207

is unlikely to be greater than five tens. The qualifications around this result
are so great that “unlikely” is as precise an expression as is warranted; “a 5 %,
chance” would be pseudo-precision. With the B set of weights, even this
degree of precision is not appropriate, the “~” for the spread and assessment
entries tell us that all we have here is an order-of-magnitude estimate. The 3
in the numeral position gives notice that the Risk Index is more likely to lie
towards the (geometric) centre of the order-of-magnitude than at the extremes
of one ten or ten tens. With the C and D sets of weights, even this is removed.
The “~” in the numeral position is a filler as before, indicating that we have
no meaningful information about where in the order-of-magnitude range the
Risk-Index is likely to lie. All that we can say is that it will be of order of ten,
rather than one or a hundred. The four NUSAP representations are as
follows:

Risk Index (Lsw, A) =5:10: — : U : Fair
Risk Index (Lsw, B) =3:10: ~ : ~ : Fair
Risk Index (Lsw, C) =-:10: ~ : ~ : Fair
Risk Index (Lsw, D) =-:10: ~ : ~ : Fair

The representations of the indices for Small Scale Windpower are similar
to those for its large scale cousin. If anything the reliability is even lower here,
as reflected by the “poor” entry in pedigree.

Risk Index (Ssw, A) =3:10: ~ : ~ : Poor
Risk Index (Ssw, B) =5:10: — : U: Poor
Risk Index (Ssw, C) =3:10: ~ : ~ : Poor
Risk Index (Ssw, D) =-:10: ~ : ~ : Poor

In the original study, nuclear power had the distinction that the value of its
Risk Index showed the greatest variation of all the technologies. The NUSAP
expressions for Nuclear are similarly the most varied in notational represen-
tation. If the B set of weights is believed, the risk from Nuclear power is low
and quite precisely known, with a spread of only about one ten. On the set
A an even more reassuring picture emerges. The %, 90 assessment entry is, as
we have seen before, a shorthand for the 90" percentile of the probability
distribution: there is only a 10 %, chance that nuclear power has a worst risk
than this. The D set of weights gives an index that is spread more, but can
still be eéxpressed as a confidence interval. On the other hand, the C set give
an index of the most imprecise nature, of the order of ten rather than one or
a hundred is all that can be said.

Risk Index (Nuc, A) =2:10: — :90% : Fair
Risk Index (Nuc, B) =2:10: — :90% : Fair
Risk Index (Nuc, C) =-:10: ~ : ~ :Fair
Risk Index (Nuc, D) =5:10: +3:909% : Fair

For Conservation, the indices are uniformly low, but once again of varying
precision. The A and B weights yield fairly tight confidence intervals, while
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C and D give orders-of-magnitude centre around the low tens. The reliability
of the Conservation results is low because of the diversity of technologies that
go to make up Conservation, and the lack of studies devoted to gauge their
risk. The NUSAP representation for Nuclear and Conservation are as
follows:

Risk Index (Cons, A) =2:10: — :90%, : Poor

Risk Index (Cons, B) =2:10: — :90%, : Poor

Risk Index (Cons, C) =2:10: ~: ~ :Poor

Risk Index (Cons, D) =3:10: ~: ~ :Poor

The flexibility of the NUSAP system allows us to attempt to go one stage
further here than was possible in the original study, by aggregating the results
for each technology across the four sets of weights. We recall that each set
of weights has been chosen to characterize one particular view that might be
held inside society about the relative importance of a worker death against
that of a member of the public, and so on. Each set of weights is merely the
outward manifestation of a complex value system as is relates to this particu-

lar small problem. In the absence of obvious internal incoherence, it is not
possible to dismiss any of the sets of weights as false, wrong or irrelevant. Thus
it is not sufficient to choose whichever of the sets of weights takes our fancy
and say that the results for this set are the ones that society should use in
deciding which energy technologies to adopt. There does not exist a reliable
empirical sociological study to tell us how the different sets of weight values
poll amongst members of the public (Prescott-Clarke, 1982), so we cannot
even form some sort of average index. All that we can do is use the results
for our characteristic sets of weights to form an envelope inside which the
views of society can be presumed to lie. This yields the following Risk Indices:

Risk Index (Coal) = 1/2:100: +1/3:90%, : Fair

Risk Index (Hydro) 1/3:100: f2 :90%, :Fai'r

Risk Index (Lsw) - :10: ~ : ~ :Fair

Risk Index (Ssw) =1:10: - : U :Pogr
Risk Index (Nuclear)= - : 10: ~ @ ~ : Fair
Risk Index (Cons) =1/2:100: - : U :Poor

Now we can see why debates about risk often yield so much heat and so
little light. When all the uncertainties and disagreements about value .strl.lc-
tures are taken into account, there is no definitive answer that quantitative
techniques can give at present about the relative riskiness of different energy
technologies. The NUSAP representations of the Risk Indices overlap to such
a large degree that there is not a single ranking of technologies from the best
to worst that we can consider to be “disproved by the facts”. We interpret the
results to say that society should probably view Hydropower and Conser-
vation as less risky than Coal or Small Scale Windpower, with Nuclear power
and Large Scale Windpower not locatable on the scale between them.
However, if anyone wishes to interpret the results to argue that society should
be more wary of Hydro and Conservation than all the other technologies, we

- would have to agree that such an interpretation is possible.

EPILOGUE

With the applications of NUSAP in our latter chapters we have shown how
an apparently simple notational scheme can be used as a framework for
sophisticated reasoning about uncertainty. In skilled hands NUSAP can be
effectively applied wherever uncertainty is an issue. Once there is an identifi-
cation of the elements of the uncertainty problem (including the actors along
with cognitive and pragmatic aspects) an appropriate form of NUSAP can be
devised. In policy-related research the cognitive uncertainties, frequently
severe and now politicized as well, can be translated through NUSAP into
evaluation of quality of policy inputs.

The effectiveness of NUSAP depends on its coherence; this is provided by
a particular philosophical understanding and historical perspective. Based on
these, we identify with, and participate in, the new shared awareness of our
time. This concerns the destructive impact of our inherited high-technology
civilization on the natural environment; and we understand this as the leading
contradiction for humanity in our time. The complexity of the issues arising
from that contradiction are forcing a new conception of knowledge, involving
a recognition of its dialectical character. We can no longer sustain the tra-
ditional oppositions, of knowing-that and knowing-how, of formal and infor-
mal knowledge, of facts and values and, most basically, of knowledge and
ignorance. It 'depends on our common awareness and skills, whether these
complementary pairs are synthesized as creative contradictions leading to
new understanding; or whether they remain stagnant and destructive oppo-
sitions.

The possibility of the diffusion of the elements of this philosophical con-
ception, so necessary for our survival, represents the positive side of that
leading contradiction. For the high-technology system not only provides op-
portunities for literate culture for growing sections of the population; it also
needs a broadly diffused high level of literacy for its effective operation. Hence
politics changes its form; the old oppositions between a rational and sophisti-
cated elite minority and an ignorant, oppressed majority, are being trans-
formed. Ideals of quality of life that transcend the never-ending accumulation
of material objects are now politically effective. The new politics of “partici-
pation” requires a broad sharing of knowledge; and therefore the skills and
power.

Numbers, however, are still esoteric knowledge, the property of a small set
of initiates who control their magic power on behalf of their masters. This
magic has continued to dominate policy decisions and debates. Unlike
literacy, numeracy is still not effectively taught. This failure reflects the con-
tinued dominanced of an obsolete philosophy of mathematics and of
knowledge. But just as the operation of a high-technology society requires a
broadly diffused literacy, so the struggle to resolve its contradictions requires

209
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a broadly diffused numeracy. Only when there is effect.ivg qual?ty control of
science for policy, through the management of uncertamtles,'wﬂl we be able
to cope intelligently with the crises we face. The demystification of the
mathematics of uncertainty is therefore a central part of the programme for
the democratization of scientific expertise. This is our contribution.
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